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Abstract A recombinant inbred population devel-

oped from a cross between high-yielding lowland rice

(Oryza sativa L.) subspecies indica cv. IR64 and

upland tropical rice subspecies japonica cv. Cabacu

was used to identify quantitative trait loci (QTLs) for

grain yield (GY) and component traits under repro-

ductive-stage drought stress. One hundred fifty-four

lines were grown in field trials in Indonesia under

aerobic conditions by giving surface irrigation to field

capacity every 4 days. Water stress was imposed for a

period of 15 days during pre-flowering by withholding

irrigation at 65 days after seeding. Leaf rolling was

scored at the end of the stress period and eight

agronomic traits were evaluated after recovery. The

population was also evaluated for root pulling force,

and a total of 201 single nucleotide polymorphism

markers were used to construct the molecular genetic

linkage map and QTL mapping. A QTL for GY under

drought stress was identified in a region close to the

sd1 locus on chromosome 1. QTL meta-analysis

across diverse populations showed that this QTL was

conserved across genetic backgrounds and co-local-

ized with QTLs for leaf rolling and osmotic adjust-

ment (OA). A QTL for percent seed set and grains per

panicle under drought stress was identified on chro-

mosome 8 in the same region as a QTL for OA

previously identified in three different populations.
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Introduction

Rice (Oryza sativa L.) is particularly susceptible to

water deficit compared to other crop species, and this

sensitivity is especially severe around flowering

(Lafitte et al. 2004). In South and Southeast Asia,

more than 50 % of a total of 40 million ha rainfed

lowland areas is affected by drought annually. These

areas are found mainly in northeast Thailand, eastern

India, Bangladesh, and Indonesia (Sarkarung and

Pantuwan 1999). In northeast Thailand, yield reduc-

tion is estimated to be between 13 and 35 % (Jongdee

et al. 1997). Drought during anthesis was found to be

the most important of the top ten causes of yield losses

in rainfed lowland rice in eastern India (Widawsky and

O’Toole 1990).

Practical progress in breeding for drought tolerance

in rice has been slow (Venuprasad et al. 2009).

Drought tolerance therefore requires an analytical

approach of dissecting and studying the contribution

of different trait components using a quantitative trait

locus (QTL)-based model. This approach is particu-

larly suited to crops like rice for which dense genetic

linkage maps are already available (Harushima et al.

1998; McCouch et al. 2002). Along with the avail-

ability of the map-based sequence of the rice genome

(IRGSP 2005), the dense genetic linkage map allows

rice molecular geneticists to narrow down the location

of QTLs into a small region and predict the putative

candidate genes in the region for gene cloning and

validation by reverse genetics approaches (Hattori

et al. 2009).

Many QTLs have been reported in rice for traits that

are putatively associated with performance under

drought, such as root system morphology (Champoux

et al. 1995), osmotic adjustment (OA) (Robin et al.

2003), leaf membrane stability (Tripathy et al. 2000),

and visual symptoms of leaf stress such as rolling and

drying (Courtois et al. 2000). However, it is still

unclear whether these secondary traits significantly

contribute to grain yield (GY) under drought stress.

In recent years more attention has been given to

mapping QTLs for GY and its components under

managed stress environments (Babu et al. 2003;

Lanceras et al. 2004; Yue et al. 2005; Vikram et al.

2011). Fukai et al. (1999) reported that flowering time

is a major determinant of GY under late-season

drought conditions in the rainfed lowland ecosystem.

They also emphasized the ability of rice plants to

maintain high leaf water potential as a trait relevant to

stabilizing yield in rainfed rice planting areas.

In this study we tested the association between

single nucleotide polymorphism (SNP) markers and

GY under reproductive-stage drought stress using a

recombinant inbred line (RIL) population derived

from a cross between IR64 (a lowland indica cultivar)

and Cabacu (an upland tropical japonica cultivar). We

tried to minimize the effect of flowering time by

choosing parental lines differing very little in flower-

ing time and to minimize the remaining effect of

flowering time by synchronizing the flowering date of

the RIL population in the experiment. Our results

showed that a region close to the sd1 locus affecting

gibberellic acid (GA) levels, which is associated with

leaf rolling, has a significant effect on GY under

drought stress. Comparison with three different pop-

ulations showed that this region conferring GY under

drought stress has been conserved across genetic

backgrounds. The association between GA, abscisic

acid (ABA), OA, spikelet fertility, and GY under

drought stress were discussed.

Materials and methods

Plant material

The plant genotypes used here are the progeny of a

cross between the cultivars IR64 and Cabacu (IRAT

177). IR64 is a lowland-adapted semi-dwarf indica

cultivar from the International Rice Research Institute,

Philippines. It is noted for high yield and a low level of

drought avoidance, with shallow, thin roots. Cabacu is

a tropical japonica cultivar from Brazil, with a

comparatively thick, deep root system, and low but

stable yields under drought stress in upland conditions.

A total of 154 of F6 lines were produced by single seed

descent (SSD).

Screening for pre-flowering drought resistance

Lines were evaluated for pre-flowering drought resis-

tance at the Banguntapan Field Station (latitude

7�48040.5600S, longitude 110�24030.6900E, altitude

100 m), grown on inceptisol soil type and located in

Yogyakarta, Indonesia, during the 2004 dry season.

The seeding date for each line was allocated to one of

four planting dates, spaced at 4-day intervals. The
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latest maturing lines were assigned to the early date,

and the earliest maturing lines were seeded at the

latest. The objective was to synchronize the flowering

time dates of all lines as closely as possible. The

experiment was laid out in a randomized complete

block design with two replications. The plot size was 3

rows 9 20 hills (20 cm between rows and 20 cm

between hills) with one plant per hill. All plots were

surface irrigated to field capacity once every 4 days,

except when water stress was imposed by withholding

irrigation from 65 days after seeding (Babu et al.

2003, Lanceras et al. 2004). Fifteen days after

withholding irrigation, leaf rolling scores (LRS) were

made at midday on a 0–9 scale standardized for rice

(IRRI 1996). After scoring, the stress was relieved

and, thereafter, all plots were regularly irrigated until

maturity. Ten plants from each plot were randomly

chosen for the evaluation of eight traits: (1) days to

heading (DTH), (2) plant height (PH), (3) panicles per

plant (PPL), (4) spikelets per panicle (SPP), (5) grains

per panicle (GPP), (6) percent seed set (PSS), (7)

100-grain weight (GW), and (8) grain yield per plant

(GY).

Screening for root pulling force

The lines were evaluated for root pulling force (RPF)

at Banguntapan Field Station in the 2005 wet season.

A randomized complete block design with two

replications was used. The plot size was 4 rows 9 11

hills (25 cm between rows and 25 cm between hills)

with one plant per hill. All plots were surface irrigated

to field capacity once every 4 days. Root pulling force

was determined at the flowering stage (O’Toole and

Soemartono 1981). Two hills per plot in each repli-

cation were randomly selected for determining the

RPF.

Evaluation of sensitivity to PEG-induced osmotic

stress in the parents

Three-week-old seedlings were transferred from nor-

mal nutrient solution [without polyethylene glycol

(PEG)] to one containing 20 % PEG 8000 (Capell

et al. 2004). A non-stress plot remained in normal

nutrient solution. Six days later, plant height was

measured both for stress and non-stress conditions.

Osmotic sensitivity index was calculated as the ratio of

plant height reduction due to stress compared to the

plant height under non-stress condition.

SNP genotyping

Genomic DNAs of 154 RILs and two parents were

isolated from leaves of 3-week-old seedlings using a

chloroform-based DNA extraction protocol as

described by McCouch et al. (1988). Approximately

2 lg of purified DNA at a concentration of 50 ng/ll

was delivered to the Molecular Marker Applications

Laboratory, International Rice Research Institute (Los

Banos, Laguna, Philippines) for genotyping with a

custom 384-plex single nucleotide polymorphism

(SNP) set (RiceOPA2.1) evenly distributed in 12 rice

chromosomes (Thomson et al. 2012). The genotyping

procedure was performed as recommended in the

GoldenGate Genotyping Assay for VeraCode Manual

(Illumina VC-901-1001) as described previously

(Thomson et al. 2012). The sample VeraCode Bead

Plate was scanned immediately using default settings

in the VeraScan software on the BeadXpress Reader

System. Raw intensity data were analysed using the

Genotyping module (v1.6.3) of the Illumina Genom-

eStudio (v2010.1) software. Genotype calling was

performed using ALCHEMY software package

(Wright et al. 2010).

Statistical analysis

Simple statistics of each trait and correlation coeffi-

cient between the traits were computed using pheno-

typic means. The linkage map was constructed using

the program MAPMAKER (Lander et al. 1987). The

phenotypic and SNP genotypic data of 154 RILs were

analyzed by composite interval mapping (CIM) using

QGene v4.3.10 (Joehanes and Nelson 2008). Because

sd1was detected in the RIL population with the largest

effect on PH, we divided the RIL population into the

sd1 subpopulation (65 lines) and the SD1 subpopula-

tion (67 lines) based on the genotypes of id1022408

(genomic position: 37,298,115 bp) and id1023892

(genomic position: 39,545,238 bp) flanking sd1

(genomic position: 38,381,339 bp) and performed

QTL analysis for each subpopulation separately

(Zhang et al. 2013). QTL names were designed

following the standard rice QTL nomenclature

(McCouch 2008). Construction of a consensus genetic
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map and QTL meta-analysis were performed using

BioMercator v3.1 (Sosnowski et al. 2012).

Results

Analysis of grain yield parameters under drought

The recombinant inbred line (RIL) population was

tested in a replicated field test for different yield-

determining parameters under drought stress before

flowering. During the experimental period (July–

October) the average maximum temperature was

32.4 �C and the average minimum temperature was

23.1 �C, while the average relative humidity was

89.3 % at 7 a.m. and 66.0 % at 1 p.m. There was no

rain throughout the experimental period. The mean

and range of values for DTH, PH, PPL, SPP, GPP,

PSS, GW, GY, RPF, and LRS in the RIL population

are summarized in Table 1 and phenotype data are

presented in Online Resource 1. Under the given

drought stress, the GY of IR64 was similar to Cabacu

with means of 17.5 g and 16.0 g per plant, respec-

tively. In the RIL population, GY ranged from 1.4 to

24.3 g per plant and showed transgressive segregation

in both directions, in which 91 % of the RIL popu-

lation had GY less than both parents (Table 1 and

Online Resource 2). Transgressive segregation in both

directions was also observed for all other traits

(Table 1 and Online Resource 2). The correlation

coefficients between all traits were calculated and are

shown in Table 2. GY under stress had higher

correlation with yield components (GPP, PSS, GW,

SPP, and PPL) than it did with primary trait (RPF),

secondary trait (LRS), phenology (DTH), and plant-

type trait (PH). RPF had positive correlations with

GPP and PH. LRS had a positive correlation with DTH

and negative correlations with PSS, GW, and GPP.

There was no significant correlation between LRS and

RPF.

Segregation analysis of SNP markers in the RIL

population

The parents of the population were screened for SNPs

using an Illumina 384-plex SNP set (RiceOPA2.1),

showing 52 % polymorphism between them (Online

Resource 3). This was comparable to the previous

results using the same SNP set on the parental lines of

two other indica/japonica mapping populations,

93-11/Nipponbare and IR64/Moroberekan, i.e. 52 %

and 50 %, respectively (Thomson et al. 2012).

Although this was lower than our previous simple

sequence repeat survey, which showed 61 % poly-

morphism (data not shown), the RiceOPA2.1 provided

201 polymorphic and well-distributed SNP markers

Table 1 Phenotypic performance of parents and 154 recombinant inbred lines

Traits Parental lines RILs

IR64 mean Cabacu mean IR64 versus Cabacua Mean Range CVb H (%)c

Leaf rolling score (LRS) 2.2 0.6 ** 2.7 0.0–8.0 27.7 92.0

Root pulling force (RPF) 11.4 19.0 ** 17.4 6.0–31.8 36.7 41.5

Grain yield per plant (GY) 17.5 16.0 ns 9.1 1.4–24.3 44.2 64.1

Panicles per plant (PPL) 18.7 11.5 ** 13.2 5.3–34.8 30.1 63.7

Spikelets per panicle (SPP) 82.5 103.3 ** 84.7 37.9–165.4 21.8 59.0

Grains per panicle (GPP) 66.6 88.6 ** 51.9 5.8–146.7 38.5 64.1

Percent seed set (PSS) 85.1 88.8 ns 61.3 9.0–91.8 28.0 73.1

100-grain weight (GW) 2.2 3.1 ** 2.2 1.5–3.1 15.1 53.3

Days to heading (DTH) 99.0 109.0 ** 97.0 82.0–114.0 4.0 83.5

Plant height (PH) 65.5 97.6 ** 77.1 45.6–132.5 8.5 92.8

ns not significant

** Significant at P\ 0.01
a Difference between two parents
b Coefficient of variation
c H2 estimates calculated on a family mean basis
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for the IR64/Cabacu population, with average distance

between markers of 7.9 cM (Online Resource 4).

Without selection, the expected genotypic ratio in the

SSD F6 generation would be 48.4:48.4:3.1 for the

homozygous IR64, homozygous Cabacu, and hetero-

zygous IR64/Cabacu genotype classes (or 50 % IR64

alleles to 50 % Cabacu alleles). Out of 201 marker

loci, 23.4 % (47 markers) were skewed toward one or

the other parent: 21.9 % (44 markers) showed over-

representation of IR64 alleles, while 1.5 % (3 mark-

ers) were skewed toward Cabacu (P\ 0.01). This

high frequency of distorted markers was not surprising

considering previous work showing that RIL popula-

tions had significantly higher frequencies of distorted

marker segregation (39.4 ± 2.5 %) than other popu-

lation structures, comparing 53 populations across 30

species (Xu et al. 1997). The segregation distortion in

the IR64/Cabacu population was observed in nine

chromosomes, varying from only one marker on

chromosomes 1, 4, and 12–13 markers on chromo-

some 7 (Online Resource 5). Some of the distorted

markers were randomly distributed along the chromo-

somes, but most occurred in clusters, and in chromo-

some 7 the marker distortion extended to the whole

short arm (Online Resource 5). Comparison of the

distorted regions in the current study with those in the

previous studies revealed several regions in common

(Online Resource 6). Six chromosomal regions (chro-

mosomes 1, 3, 4, 7, and 11) were located at or near

previously reported gametophytic gene loci (ga) and/

or sterility loci (S) associated with distorted segrega-

tion (Online Resource 6).

QTL analysis of grain yield under drought

Composite interval mapping was used to dissect a total

of 12 QTLs from the phenotypic data, located on

chromosomes 1, 2, 4, 8, and 10 (Fig. 1; Table 3). The

contributions of the 12 QTLs to the phenotypic

variation ranged from 8.8 to 38.6 %, and their LOD

scores ranged from 3.07 to 16.30. One QTL was

detected for GY under drought stress, located on the

long arm of chromosome 1. This QTL explained

9.1 % of GY variation, in which IR64 contributed the

favorable allele. This QTL co-localized with QTLs for

LRS (R2
= 9.1 %) and PH (R2

= 38.6 %), in which

IR64 alleles had beneficial effects. A QTL for RPF

was detected on chromosome 2 (R2
= 10.0 %), in

which Cabacu contributed the favorable alleles. TwoT
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QTLs for PSS were detected on chromosome 8

(R2
= 14.7 and 20.5 %), both co-localized with QTLs

for GPP (R2
= 11.2 and 16.4 %), in which IR64

contributed the favorable alleles. One of these QTLs

co-localized with a QTL for DTH (R2
= 8.8 %), with

the IR64 allele decreasing the DTH. Another QTL for

GPP was detected on chromosome 2 (R2
= 8.9 %), in

which Cabacu contributed the favorable allele. A QTL

for DTH was detected on chromosome 10

(R2
= 11.0 %), in the same region as the previously

identified Early heading date 1 (Ehd1) gene (Doi et al.

2004). A QTL for SPP was detected in the long arm of

chromosome 4 (R2
= 10.6 %), in the same region as

the recently identified Spike (Nal1) gene controlling

spikelet number (Fujita et al. 2013), in which the

tropical japonica parent contributed the favorable

allele.

Meta-analysis of QTLs for grain yield parameters

and drought response

The QTLs identified in this study were compared with

other published loci for GY parameters and drought

response using BioMercator v3.1 (Sosnowski et al.

Fig. 1 Mapping of QTLs for grain yield (GY) and component

traits under reproductive drought in an IR64/Cabacu population:

molecular linkage map of an IR64 9 Cabacu mapping

population constructed with 201 SNP markers. The position of

the significant QTLs are illustrated by black bars next to the

chromosomes. Centromeres are shown as black boxes
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2012). The qPSS8.2 and qGPP8.2 loci identified in the

present study were located in the same genomic region

as the QTL for OA detected previously (Robin et al.

2003; Lilley et al. 1996; Nguyen et al. 2004) (Fig. 2a).

The indica lowland parental lines contributed the

favorable alleles for PSS, GPP, and OA.

In a comparison of QTLs for GY under stress, the

qGY1.1 locus identified in the present study was

located in the same genomic region as the QTL for GY

under stress detected in other populations (Kumar

et al. 2007; Vikram et al. 2011) (Fig. 2b). The semi-

dwarf gene sd1 (Huang et al. 1996), which affects

many agronomic traits (Xia et al. 1991; Zhang et al.

2013), is located in this region. A QTL for GY under

aerobic growth conditions has been previously

mapped in this region in a population derived from a

cross between IR64 and Azucena (traditional upland

japonica cultivar) in four different experiments, in

which the IR64 allele consistently gave positive

effects to yield (Lafitte et al. 2002) (Fig. 2b). This

region on rice chromosome 1 is homeologous with a

segment of barley chromosome 3H where a single

locus putatively associated with GY was identified

(Cuesta-Marcos et al. 2009).

The QTL for leaf rolling, qLRS1.1, identified in the

present study was located in the same genomic region

in other populations as the QTLs for LRS (Courtois

et al. 2000; Price et al. 2002) and OA (Robin et al.

2003; Lilley et al. 1996) (Fig. 2b). The semi-dwarf

gene sd1 is located in this region, and in all cases the

semi-dwarf parental lines contributed the favorable

alleles for leaf rolling and OA.

Discussion

Grain yield component variation and correlation

GY under drought stress is a function of yield potential

and drought resistance mechanisms of crop plants.

These two factors should be considered in any attempt

to study the genetic mechanisms controlling GY under

drought stress. Flowering time is a major determinant

of GY and its components under drought stress,

Table 3 QTLs for leaf rolling score, root pulling force, yield, and yield components under drought condition identified from the

IR64/Cabacu population

Traits QTLs Chra Peak marker Increased effect LODb R2 (%)c Ad

Leaf rolling score qLRS1.1 1 id1025983 Cabacue 3.2f 9.1 –0.7

Root pulling force qRPF2.1 2 id2009319 Cabacu 3.5 10.0 –2.2

Yield per plant qGY1.1 1 id1023892 IR64 3.2 9.1 1.5

Percent seed set qPSS8.1 8 id8003838 IR64 5.3 g 14.7 9.2

qPSS8.2 8 id8005359 IR64 7.7 20.5 11.3

Grains per panicle qGPP2.1 2 wd2000409 Cabacu 3.1 8.9 –7.6

qGPP8.1 8 id8003838 IR64 4.0 11.2 8.2

qGPP8.2 8 id8005359 IR64 6.0 16.4 10.8

Spikelets per panicle qSPP4.1 4 id4010621 Cabacu 3.7 10.6 –8.7

Days to heading qDTH8.1 8 id8004029 Cabacu 3.1 8.8 –2.1

qDTH10.1 10 id10005538 Cabacu 3.9 11.0 –2.7

Plant height qPH1.1 1 id1024836 Cabacu 16.3 38.6 –12.3

a Chromosome no
b Logarithm of odds score
c Relative contributions of the putative QTLs to the phenotypic variation
d Additive effect. A positive or negative value indicates that the allele from IR64 or Cabacu increases the trait value, respectively
e A higher score for LRS is unfavorable (more leaf rolling)
f QTLs in regular type were identified at P\ 0.05 using permutation analysis
g QTLs in bold face were identified at P\ 0.01
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especially for late-season drought (Fukai et al. 1999),

probably working through a drought escape mecha-

nism (Xu et al. 2005). We therefore used parents

differing little in flowering time and tried to minimize

the remaining effect of flowering time by synchroniz-

ing the flowering date of the RIL population in the

experiment by staggered planting. We examined the

GY along with its components and two putative

drought-related traits, i.e. RPF and LRS. All

phenotypes showed transgressive variation in both

directions, indicating that the two parental lines

contribute favorable alleles for all the traits.

Aerobic rice is a cultivation method that conserves

water use and would therefore be useful in water-

scarce regions and periods. This condition is also

susceptible to drought at specific stages and the

stability of crop production depends on the resistance

of the rice crop at various stages during its life cycle. In

Fig. 2 Genomic regions of rice chromosomes showing co-

localization of QTLs. Construction of consensus genetic map

and QTLmeta-analysis were performed using BioMercator v3.1

(Sosnowski et al. 2012). a Rice chromosome 8 showing QTLs

for grains per panicle (GPP), percent seed set (PSS), and osmotic

adjustment (OA) across rice genetic backgrounds. The QTLs

qGPP8.2 (IR64/Cabacu) and qPSS8.2 (IR64/Cabacu) were from

Fig. 1 of this study, OA from the mapping population Co39/

Moroberekan (Lilley et al. 1996), OA from IR62266/IR60080

(Robin et al. 2003), and OA from CT9993/IR62266 (Nguyen

et al. 2004). b Rice chromosome 1 showing the common QTLs

for grain yield (GY), leaf rolling (LR), osmotic adjustment (OA)

and plant height (PH) under drought stress across rice genetic

backgrounds. The QTLs shown are (A) GY from IR64/Cabacu

from Fig. 1 of this study, (B) GY from N22/MTU1010 (Vikram

et al. 2011), (C) GY from IR64/Azucena (Lafitte et al. 2002),

(D)GY fromCT9993/IR62266 (Kumar et al. 2007), (E)GY from

Zhenshan97/IRAT109 (Yue et al. 2005), and (F) GY from

CT9993/IR62266 (Babu et al. 2003); (G) LR from IR64/Cabacu

from Fig. 1 of this study; (H) LR fromBala/Azucena (Price et al.

2002), and (I) LR from IR64/Azucena (Courtois et al. 2000);

(J) OA from Co39/Moroberekan (Lilley et al. 1996) and (K) OA

from IR62266/IR60080 (Robin et al. 2003); and (L) PH from

IR64/Cabacu from Fig. 1 of this study
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this study, we provided aerobic conditions by giving

surface irrigation to field capacity once every 4 days,

with a period of drought stress during pre-flowering

stage. Irrigation was withheld for 15 days during the

period 30–15 days before the average flowering date

of the RIL population. There was no rain throughout

the experiment period. Under this aerobic soil with

mild drought stress condition, the GY of the flood-

cultivation-adapted parent (IR64) decreased signifi-

cantly (50 % decrease in comparison to irrigated

condition, data not shown). More than 90 % of the RIL

population showed GY less than either parental line,

and in some cases very low absolute values (Online

Resource 2). This could be due to segregation of

unfavorable alleles from both parents or also perhaps

an indication of hybrid breakdown (sterility and

weakness in F2 or later generations) commonly seen

in crosses between indica and japonica varieties (Oka

1988). More studies are needed to distinguish the basis

of lower GY in the populations. However, the

recovery of progeny lines with higher GY under

drought than parents showed promise for improving

upland rice for high yield with QTL from the high-

yielding lowland cultivar IR64.

In this analysis, the correlation of GY under

drought stress was predominantly determined by its

components, i.e. grains per panicle (GPP) (r = 0.627),

percent seed set (PSS) (r = 0.600), 100-grain weight

(GW) (r = 0.320), spikelets per panicle (SPP)

(r = 0.237), and panicles per plant (PPP) (0.219).

These results support the concept that an important

criterion for obtaining stable and high yield of rainfed

lowland rice under drought conditions is to have high

potential yield under well-watered conditions (Fukai

et al. 1999). In addition, the most significant traits

related to GY (GPP and PSS) are the capacity of plants

to maintain the fertility of spikelets during drought

stress, and this might be related to their ability to

maintain high leaf water potential by extracting more

water from deep soil layers or to maintain cell turgor

pressure despite low leaf water potential by OA. In this

study, RPF showed positive correlations with GPP

(r = 0.184). On the other hand, LRS as a negative

indicator of OA (see below) showed negative corre-

lations with PSS (-0.198) and GPP (-0.160).

It is important to note that the grain yield data

obtained in this study reflects a combination of the

yield potential and the ability to maintain yield under

stress. Further research with the inclusion of an

unstressed control will enable the normalization of

the grain yield under stress for the confounding factors

by calculating the residuals of the multiple regression

of yield under stress on yield under non-stress and

days to heading under non-stress, as suggested by

Bidinger et al. (1982).

Co-localization of QTLs for PSS, GPP, and OA

Two QTLs for PSS were identified in this study on

chromosome 8. One of these QTLs co-localized with

QTLs for GPP in this study and QTLs for OA in two

other populations. This region on rice chromosome 8

is syntenic with a region on the short arm of wheat

chromosome 7 where an osmoregulation locus (or)

was identified (Zhang et al. 2001). This QTL co-

localization might indicate the important role of OA in

spikelet fertility during a water deficit period. OA

results in a decrease in the cell osmotic potential and

thus in maintenance of water absorption and cell

turgor pressure (Serraj and Sinclair 2002), which

might contribute to maintenance of stomatal opening,

allowing a continuous supply of carbohydrates to

spikelets and higher enzyme activities (Sheoran and

Saini 1996) which might assist fertilization and reduce

spikelet sterility (Saini and Lalonde 1998).

Co-localization of QTLs for PH, OA, LRS, and GY

under reproductive-stage drought stress

A QTL for GY under drought stress was characterized

here at the sd1 locus region. This QTL was consis-

tently identified across diverse genetic backgrounds

(Fig. 2b). QTLs for PH and LRS also co-localized in

this region. Interestingly, a QTL for OA was previ-

ously identified in the same region in two different

populations (Fig. 2b). In all cases, the semi-dwarf

parental lines contributed the favorable alleles.

The co-localization of QTLs for several traits can

be due to the pleiotropic action of a single gene or

multiple linked genes, each affecting one trait (Studer

and Doebley 2011). Co-localization of QTLs for GY

under drought stress and the sd1 gene in rice has been

previously suggested due to linkage rather than

pleiotropy (Kumar et al. 2007). This hypothesis cannot

be tested in primary mapping populations because

there is always a good possibility that the QTL is not

located precisely at the maximum likelihood position

and typical approximate confidence intervals for QTL
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positions are in the order of 20 cM (Holland 2004).

However, our current result showing that the semi-

dwarf parental line (IR64) contributed the favorable

alleles for PH, LRS and GY allows us to speculate that

the co-localization arose because of pleiotropic action

of the sd1 gene.

Accumulating evidence for pleiotropy stems from

the molecular drought tolerance literature. A micro-

array study showed that there is an antagonistic

regulation of almost all ABA-responsive and GA-

responsive genes by both hormones in rice (Yazaki

et al. 2004). In addition, another study showed that

ABA enhances IVR2 vacuolar invertase activity and

expression in maize (Trouverie et al. 2003). The

reduced level of GA in genotypes that contain the sd1

allele (Spielmeyer et al. 2002) may have a beneficial

effect through the activation of invertase by ABA,

which allows hydrolysis of sucrose for rapid accumu-

lation of glucose and fructose in leaves of drought-

stressed plants, with positive impact on OA. It has been

shown that OA delays leaf rolling to lower leaf water

potentials, thus maintaining the effective leaf area for

light interception and the diffusion of CO2, both of

which sustain photosynthesis (Hsiao et al. 1984).

It has been shown that, in general, the tropical

japonica rice varieties have low OA, while indica rice

varieties have higher OA (Lilley and Ludlow 1996).

Variety 63–83 was shown to be the sixth worst variety

of 61 tested while IR64 was the 17th best. The tropical

japonica parent in this study, Cabacu (IRAT 177), is a

spontaneous mutant selected from IRAT 79 (Châtel

and Guimaraes 2002), while IRAT 79 is a gamma-ray

mutant of 63–83. Our glasshouse experiment using

PEG showed that the osmotic sensitivity index of IR64

and Cabacu was 0.067 ± 0.057 and 0.245 ± 0.020,

respectively (data not shown), in which the higher

index indicates more sensitivity to osmotic stress

imposed by PEG.

It is interesting to note that in the IR64/Azucena

doubled haploid population, the effect of the IR64

allele in the sd1 region on yield in aerobic fields was

clearly positive, but there was no effect of this allele on

yield in lowland environments (Lafitte et al. 2002). A

recent study showed a pleiotropic effect of the loss-of-

function (sd1) allele on the spikelet fertility in this

population across eight environments (Zhang et al.

2013; Online Resource 8). Although these findings in

the mapping and molecular studies support the idea of

pleiotropy, more studies are needed to prove it. The

creation of near- isogenic lines in which the sd1 gene is

fixed for the IR64 haplotype, but the regions flanking it

are segregating for IR64 versus Cabacu chromosomal

segments, will enable us to verify whether tight

linkage or pleiotropy is causing the co-localization

(Studer and Doebley 2011).

Implication for breeding for rainfed systems

We divided the IR64/Cabacu RIL population into

two groups following the strategy of Zhang et al.

(2013), i.e. SD1 subpopulation and sd1 subpopula-

tion, performing QTL analysis separately, and iden-

tified three categories: the SD1-mediated, SD1-

repressed, and SD1-independent QTLs. The SD1-

mediated QTLs comprised those QTLs that were

detected only in the whole population and the SD1

subpopulation, but not in the sd1 subpopulation. The

SD1-repressed QTLs comprised those QTLs that

were detected only in the whole population and the

sd1 subpopulation, but not in the SD1 subpopulation.

The QTLs detectable in the whole and both the SD1

and sd1 subpopulations belonged to the SD1-inde-

pendent category. We found that in the SD1

subpopulation, in which the functional SD1 gene is

fixed, 66 % of the subpopulation had plant height in

between IR64 and Cabacu (Online Resource 7),

indicating the involvement of dwarfing genes other

than sd1 contributing to the quantitative variation in

PH (Online Resource 8). Our study also showed that

QTLs qGPP8.2 for GPP and qPSS8.2 for PSS under

drought stress, in which IR64 contributed the favor-

able alleles, were detectable only in the whole

population and SD1 subpopulation, but not in the

sd1 subpopulation (Online Resource 8), indicating

that these QTLs are mediated by the functional SD1

gene (Zhang et al. 2013). While adding new genes

for ‘green’ traits into the current high-yielding semi-

dwarf rice cultivars has been suggested to achieve the

Green Revolution II (Khush 2001), this strategy

should be more effective for high-input irrigated

systems and/or the short-day season of the tropics

where the SD1-repressed system tends to express

more strongly (Zhang et al. 2013). For low-input

rainfed systems, in which most semi-dwarf rice

cultivars show poor adaptability, partially attributable

to the association of sd1 with reduced root length

(Zhang et al. 2013), an alternative strategy to develop
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new varieties with high nutrient use efficiency and

better abiotic-stress tolerance while keeping SD1

should be applied. The QTL for PSS (spikelet

fertility) we identified in this study, which is

mediated by the functional SD1 gene (gibberellin

20-oxidase), will be useful in breeding programs to

develop superior rice cultivars that have better

drought-stress tolerance with different heights suit-

able for different low-input rainfed environments.

Percent seed set has been judged the most practical

character by which to score cultivar performance

under drought stress at reproductive phase (Garrity

and O’Toole 1994), and therefore a useful compo-

nent trait to select for.

This study demonstrates thatmeta-analysis of QTLs

across diverse populations enables identification of

consensus loci for GY and component traits under

drought on chromosomes 1 and 8 mapped in this study

and other published works. QTLs qGPP8.2 for GPP

and qPSS8.2 for PSS under drought stress, identified in

this study, co-localized with QTLs for OA in two other

populations, which indicates the important role of OA

in spikelet fertility during water deficit periods. This

conserved region provides a primary target for fine-

structure mapping and candidate gene identification

activity, which can be facilitated by genome and

transcriptome sequencing (RNA-Seq) and further

validation with reverse genetics approaches.

Acknowledgments We thank C. J. Dilla-Ermita, M.

Y. Reveche, and E. Tandayu for technical assistance in the

SNP genotyping, Masumah, A. Dadang, M. I. Ridwan, and S.

R. Wardayanti for technical assistance in the greenhouse, and

Agung for technical assistance in the field. We gratefully

acknowledge the use of the spring balance instrument for root

pulling force measurement from Soemartono. We thank Dr.

Arvind Kumar (IRRI) for sharing published data used for meta-

analysis of drought QTLs described here. This research was

funded by grants from the Generation Challenge Program (to

A.P.), from Koninklijke Nederlandse Akademie van

Wetenschappen (to K.R.T.), from US NSF project ‘‘Cereal

drought stress response and resistance networks’’ (DBI-

0922747) and USDA CSREES project ‘‘Molecular genetic

network of water use efficiency in rice’’ (VAR-2008-01133) (to

A.P.), and by the support of the Indonesian Center for

Agricultural Biotechnology and Genetic Resources Research

and Development (Bogor, Indonesia).

Open Access This article is distributed under the terms of the

Creative Commons Attribution License which permits any use,

distribution, and reproduction in any medium, provided the

original author(s) and the source are credited.

References

Babu CR, Nguyen BD, Chamarerk V, Shanmugasundaram P,

Chezhian P, Juyaprakash P, Ganesh SK, Palchamy A,

Sadasivam S, Sarkarung S, Wade LJ, Nguyen HT (2003)

Genetic analysis of drought resistance in rice by molecular

markers: association between secondary traits and field

performance. Crop Sci 43(4):1457–1469. doi:10.2135/

cropsci 2003.1457

Bidinger FR, Mahalakshmi V, Talukdar BS, Alagarswamy G

(1982) Improvement of drought resistance in millet. In

IRRI (ed) Proceedings of the international rice research

symposium on drought resistance in crop plants with

emphasis on rice held at Los Banos, Philippines, 4–8 May

1981. International Rice Research Institute, Manila,

pp 357–375

Capell T, Bassie L, Christou P (2004) Modulation of the poly-

amine biosynthetic pathway in transgenic rice confers

tolerance to drought stress. Proc Natl Acad Sci USA

101(26):9909–9914. doi:10.1073/pnas.0306974101

ChampouxMC,Wang G, Sarkarung S, Mackill DJ, O’Toole JC,

Huang N, McCouch SR (1995) Locating genes associated

with root morphology and drought avoidance in rice via

linkage to molecular markers. Theor Appl Genet

90:969–981. doi:10.1007/BF00222910

Châtel M, Guimaraes EP (2002) International partnership for

rice improvement in Latin America : CIRAD, a case study.

Crop Breed Appl Biotechnol 2(4):639–648

Courtois B, McLaren G, Sinha PK, Prasad K, Yadav R, Shen L

(2000) Mapping QTLs associated with drought avoidance

in upland rice. Mol Breed 6(1):55–66. doi:10.1023/A:

1009652326121

Cuesta-Marcos A, Casas AM, Hayes PM, Gracia MP, Lasa JM,

Ciudad F, Codesal P, Molina-Cano JL, Igartua E (2009)

Yield QTL affected by heading date in Mediterranean

grown barley. Plant Breed 128(1):46–53. doi:10.1111/j.

1439-0523.2008.01510.x

Doi K, Izawa T, Fuse T, Yamanouchi U, Kubo T, Shimatani Z,

Yano M, Yoshimura A (2004) Ehd1, a B-type response

regulator in rice, confers short-day promotion of flowering

and controls FT-like gene expression independently of

Hd1. Genes Dev 18:926–936. doi:10.1101/gad.1189604

Fujita D, Trijatmiko KR, Tagle AG, Sapasap MV, Koide Y,

Sasaki K, Tsakirpaloglou N, Gannaban RB, Nishimura T,

Yanagihara S, Fukuta Y, Koshiba T, Slamet-Loedin IH,

Ishimaru T, Kobayashi N (2013) NAL1 allele from a rice

landrace greatly increases yield in modern indica cultivars.

Proc Natl Acad Sci USA. doi:10.1073/pnas.1310790110

Fukai S, Pantuwan G, Jongdee B, Cooper M (1999) Screening

for drought resistance in rainfed lowland rice. Field Crop

Res 64(1–2):61–74. doi:10.1016/S0378-4290(99)00051-9

Garrity DP, O’Toole JC (1994) Screening rice for drought

resistance at the reproductive phase. Field Crop Res

39:99–110. doi:10.1016/0378-4290(94)90012-4

Harushima Y, YanoM, Shomura A, SatoM, Shimano T, Kuboki

Y, Yamamoto T, Lin SY, Antonio BA, Parco A, Kajiya H,

Huang N, Yamamoto K, Nagamura Y, Kurata N, Khush

GS, Sasaki T (1998) A high-density rice genetic linkage

Mol Breeding (2014) 34:283–295 293

123

http://dx.doi.org/10.2135/cropsci
http://dx.doi.org/10.2135/cropsci
http://dx.doi.org/10.1073/pnas.0306974101
http://dx.doi.org/10.1007/BF00222910
http://dx.doi.org/10.1023/A:1009652326121
http://dx.doi.org/10.1023/A:1009652326121
http://dx.doi.org/10.1111/j.1439-0523.2008.01510.x
http://dx.doi.org/10.1111/j.1439-0523.2008.01510.x
http://dx.doi.org/10.1101/gad.1189604
http://dx.doi.org/10.1073/pnas.1310790110
http://dx.doi.org/10.1016/S0378-4290(99)00051-9
http://dx.doi.org/10.1016/0378-4290(94)90012-4


map with 2275 markers using a single F2 population.

Genetics 148(1):479–494

Hattori Y, Nagai K, Furukawa S, Song XJ, Kawano R, Sak-

akibara H, Wu J, Matsumoto T, Yoshimura A, Kitano H,

Matsuoka M, Mori H, Ashikari M (2009) The ethylene

response factors SNORKEL1 and SNORKEL2 allow rice to

adapt to deep water. Nature 460:1026–1030. doi:10.1038/

nature08258

Holland JB (2004) Implementation of molecular markers for

quantitative traits in breeding programs—challenges and

opportunities. In Fischer T, Turner N, Angus J, McIntyre L,

Robertson M, Borrell A, Lloyd D (eds) New directions for

a diverse planet: proceedings for the 4th International Crop

Science Congress held at Brisbane, Australia, 26 Sep–1

Oct 2004. Regional Institute, Gosford, Australia

Hsiao TC, O’Toole JC, Yambao EB, Turner NC (1984) Influ-

ence of osmotic adjustment on leaf rolling and tissue death

in rice (Oryza sativa L.). Plant Physiol 75:338–341. doi:10.

1104/pp.75.2.338

Huang N, Courtois B, Khush GS, Lin H, Wang G, Wu P, Zheng

KL (1996) Association of quantitative trait loci for plant

height with major dwarf genes in rice. Heredity

77:130–137. doi:10.1038/hdy.1996.117

International Rice Genome Sequencing Project (2005) The

map-based sequence of the rice genome. Nature

436:793–800. doi:10.1038/nature03895

International Rice Research Institute (1996) Standard evalua-

tion system for rice, 4th edn. International Rice Research

Institute, Manila

Joehanes R, Nelson JC (2008) QGene 4.0, an extensible Java

QTL-analysis platform. Bioinformatics 24(23):2788–2789.

doi:10.1093/bioinformatics/btn523

Jongdee S, Mitchell JH, Fukai S (1997) Modelling approach for

estimation of rice yield reduction due to drought in Thai-

land. In Fukai S, Cooper M, Salisbury J (eds) Breeding

strategies for rainfed lowland rice in drought-prone envi-

ronments, proceedings of an international workshop held at

Ubon Ratchatani, Thailand, 5–8 Nov 1996. ACIAR, Can-

berra, pp 65–73

Khush GS (2001) Green revolution: the way forward. Nat Rev

Genet 2:815–822. doi:10.1038/35093585

Kumar R, Venuprasad R, Atlin GN (2007) Genetic analysis of

rainfed lowland rice drought tolerance under naturally-

occurring stress in eastern India: heritability and QTL

effects. Field Crop Res 103(1):42–52. doi:10.1016/j.fcr.

2007.04.013

Lafitte HR, Courtois B, Arraudeau M (2002) Genetic

improvement of rice in aerobic systems: progress from

yield to genes. Field Crop Res 75(2):171–190. doi:10.

1016/S0378-4290(02)00025-4

Lafitte HR, Price AH, Courtois B (2004) Yield response to water

deficit in an upland rice mapping population: associations

among traits and genetic markers. Theor Appl Genet

109(6):1237–1246. doi:10.1007/s00122-004-1731-8

Lanceras JC, Pantuwan G, Jongdee B, Toojinda T (2004)

Quantitative trait loci associated with drought tolerance at

reproductive stage in rice. Plant Physiol 135(1):384–399.

doi:10.1104/pp.103.035527

Lander R, Green P, Abrahamson L, BarlowA, DaleyM, Lincoln

S, Newburg L (1987) Mapmaker: an interactive computer

package for constructing primary genetic linkage maps of

experimental and natural populations. Genomics

1:174–181. doi:10.1016/0888-7543(87)90010-3

Lilley JM, LudlowMM (1996) Expression of osmotic adjustment

and dehydration tolerance in diverse rice lines. Field Crop

Res 48(2–3):185–197. doi:10.1016/S0378-4290(96)00045-

7

Lilley JM, Ludlow MM, McCouch SR, O’Toole JC (1996)

Locating QTLs for osmotic adjustment and dehydration

tolerance in rice. J Exp Bot 47(9):1427–1436. doi:10.1093/

jxb/47.9.1427

McCouch SR (2008) Gene nomenclature system for rice. Rice

1(1):72–84. doi:10.1007/s12284-008-9004-9

McCouch SR, Kochert G, Yu ZH, Wang ZY, Khush GS,

Coffman RW, Tanksley SD (1988) Molecular mapping of

rice chromosomes. Theor Appl Genet 76(6):815–829.

doi:10.1007/BF00273666

McCouch SR, Teytelman L, Xu Y, Lobos KB, Clare K, Walton

M, Fu B, Maghirang R, Li Z, Xing Y, Zhang Q, Kono I,

Yano M, Fjellstrom R, DeClerck G, Schneider D, Cartin-

hour S, Ware D, Stein L (2002) Development and mapping

of 2240 new SSR markers for rice (Oryza sativa L.). DNA

Res 9(6):199–207. doi:10.1093/dnares/9.6.199

Nguyen TT, Klueva N, Chamareck V, Aarti A, Magpantay G,

Millena AC, Pathan MS, Nguyen HT (2004) Saturation

mapping of QTL regions and identification of putative

candidate genes for drought tolerance in rice. Mol Genet

Genomics 272(1):35–46. doi:10.1007/s00438-004-1025-5

O’Toole JC, Soemartono (1981) Evaluation of a simple tech-

nique for characterizing rice root systems in relation to

drought tolerance. Euphytica 30(2):283–290. doi:10.1007/

BF00033989

Oka HI (1988) Functions and genetic bases of reproductive

barriers. In: Oka HI (ed) Origin of cultivated rice. Elsevier,

Tokyo, pp 181–205

Price AH, Townend J, Jones MP, Audebert A, Courtois B (2002)

MappingQTLs associatedwith drought avoidance in upland

ricegrown in thePhilippines andWestAfrica. PlantMolBiol

48(5–6):683–695. doi:10.1023/A:1014805625790

Robin S, Pathan MS, Courtois B, Lafitte R, Carandang S,

Lanceras S, Amante M, Nguyen HT, Li Z (2003) Mapping

osmotic adjustment in an advanced back-cross inbred

population of rice. Theor Appl Genet 107(7):1288–1296.

doi:10.1007/s00122-003-1360-7

Saini HS, Lalonde S (1998) Injuries to reproductive develop-

ment under water stress, and their consequences for crop

productivity. J Crop Prod 1(1):223–248. doi:10.1300/

J144v01n01_10

Sarkarung S, Pantuwan G (1999) Improving rice for drought-

prone rainfed lowland environments. In Ito O, O’Toole J,

Hardy B (eds) Genetic improvement of rice for water-

limited environments, Proceedings of the workshop on

genetic improvement of rice for water-limited environ-

ments held at Los Banos, Philippines, 1–3 Dec 1998.

International Rice Research Institute, Los Banos, pp 57–70

Serraj R, Sinclair TR (2002) Osmolyte accumulation: can it

really help increase crop yield under drought conditions?

Plant, Cell Environ 25(2):333–341. doi:10.1046/j.1365-

3040.2002.00754.x

Sheoran IS, Saini HS (1996) Drought-induced male sterility in

rice: changes in carbohydrate levels and enzyme activities

associated with the inhibition of starch accumulation in

294 Mol Breeding (2014) 34:283–295

123

http://dx.doi.org/10.1038/nature08258
http://dx.doi.org/10.1038/nature08258
http://dx.doi.org/10.1104/pp.75.2.338
http://dx.doi.org/10.1104/pp.75.2.338
http://dx.doi.org/10.1038/hdy.1996.117
http://dx.doi.org/10.1038/nature03895
http://dx.doi.org/10.1093/bioinformatics/btn523
http://dx.doi.org/10.1038/35093585
http://dx.doi.org/10.1016/j.fcr.2007.04.013
http://dx.doi.org/10.1016/j.fcr.2007.04.013
http://dx.doi.org/10.1016/S0378-4290(02)00025-4
http://dx.doi.org/10.1016/S0378-4290(02)00025-4
http://dx.doi.org/10.1007/s00122-004-1731-8
http://dx.doi.org/10.1104/pp.103.035527
http://dx.doi.org/10.1016/0888-7543(87)90010-3
http://dx.doi.org/10.1016/S0378-4290(96)00045-7
http://dx.doi.org/10.1016/S0378-4290(96)00045-7
http://dx.doi.org/10.1093/jxb/47.9.1427
http://dx.doi.org/10.1093/jxb/47.9.1427
http://dx.doi.org/10.1007/s12284-008-9004-9
http://dx.doi.org/10.1007/BF00273666
http://dx.doi.org/10.1093/dnares/9.6.199
http://dx.doi.org/10.1007/s00438-004-1025-5
http://dx.doi.org/10.1007/BF00033989
http://dx.doi.org/10.1007/BF00033989
http://dx.doi.org/10.1023/A:1014805625790
http://dx.doi.org/10.1007/s00122-003-1360-7
http://dx.doi.org/10.1300/J144v01n01_10
http://dx.doi.org/10.1300/J144v01n01_10
http://dx.doi.org/10.1046/j.1365-3040.2002.00754.x
http://dx.doi.org/10.1046/j.1365-3040.2002.00754.x


pollen. Sex Plant Reprod 9(3):161–169. doi:10.1007/

BF02221396

Sosnowski O, Charcosset A, Joets J (2012) BioMercator V3: an

upgrade of genetic map compilation and quantitative trait

loci meta-analysis algorithms. Bioinformatics 28(15):2082–

2083. doi:10.1093/bioinformatics/bts313

SpielmeyerW, Ellis MH, Chandler PM (2002) Semidwarf (sd-1),

‘‘green revolution’’ rice, contains a defective gibberellin

20-oxidase gene. Proc Natl Acad Sci USA 99(13):9043–

9048. doi:10.1073/pnas.132266399

Studer AJ, Doebley JF (2011) Do large effect QTL fractionate?

A case study at the maize domestication QTL teosinte

branched1. Genetics 188(3):673–681. doi:10.1534/

genetics.111.126508

Thomson MJ, Zhao K, Wright M, McNally KL, Rey J, Tung

CW, Reynolds A, Scheffler B, Eizenga G, McClung A,

Kim H, Ismail AM, de Ocampo M, Mojica C, Reveche

MY, Dilla-Ermita CJ, Mauleon R, Leung H, Bustamante C,

McCouch SR (2012) High-throughput single nucleotide

polymorphism genotyping for breeding applications in rice

using the BeadXpress platform. Mol Breed 29(4):875–886.

doi:10.1007/s11032-011-9663-x

Tripathy JN, Zhang J, Robin S, Nguyen TT, Nguyen HT (2000)

QTLs for cell-membrane stability mapped in rice (Oryza

sativa L.) under drought stress. Theor Appl Genet

100:1197–1202. doi:10.1007/s001220051424

Trouverie J, Thevenot C, Rocher JP, Sotta B, Prioul JP (2003)

The role of abscisic acid in the response of a specific

vacuolar invertase to water stress in the adult maize leaf.

J Exp Bot 54(390):2177–2186. doi:10.1093/jxb/erg234

Venuprasad R, Dalid CO, Del Valle M, Zhao D, Espiritu M, Sta

Cruz MT, Amante M, Kumar A, Atlin GN (2009) Identi-

fication and characterization of large-effect quantitative

trait loci for grain yield under lowland drought stress in rice

using bulk-segregant analysis. Theor Appl Genet

120(1):177–190. doi:10.1007/s00122-009-1168-1

Vikram P, Swamy BPM, Dixit S, Ahmed HU, Sta Cruz MT,

Singh AK, Kumar A (2011) qDTY1.1, a major QTL for rice

grain yield under reproductive-stage drought stress with a

consistent effect in multiple elite genetic backgrounds.

BMC Genet 12:89. doi:10.1186/1471-2156-12-89

Widawsky DA, O’Toole JC (1990) Prioritizing the rice research

agenda for eastern India. Rockefeller Foundation, New

York

Wright MH, Tung CW, Zhao K, Reynolds A, McCouch SR, Bus-

tamante CD (2010) ALCHEMY: a reliable method for auto-

mated SNP genotype calling for small batch sizes and highly

homozygous populations. Bioinformatics 26(23):2952–

2960. doi:10.1093/bioinformatics/btq533

Xia BS, Hanada K, Kizuchi F (1991) Character expression of the

semi-dwarfism gene sd-1 in rice. I. Effect of nitrogen levels

on the expression of some agronomic characteristics. Jpn J

Crop Sci 60(1):36–41

Xu Y, Zhu L, Xiao J, Huang N, McCouch SR (1997) Chromo-

somal regions associated with segregation distortion of

molecular markers in F2, backcross, doubled haploid, and

recombinant inbred populations in rice (Oryza sativa L.).

Mol Gen Genet 253(5):535–545

Xu JL, Lafitte HR, Gao YM, Fu BY, Torres R, Li ZK (2005)

QTLs for drought escape and tolerance identified in a set of

random introgression lines of rice. Theor Appl Genet

111(8):1642–1650. doi:10.1007/s00122-005-0099-8

Yazaki J, Shimatani Z, Hashimoto A, Nagata Y, Fujii F, Kojima

K, Suzuki K, Taya T, Tonouchi M, Nelson C, Nakagawa A,

Otomo Y, Murakami K, Matsubara K, Kawai J, Carninci P,

Hayashizaki Y, Kikuchi S (2004) Transcriptional profiling

of genes responsive to abscisic acid and gibberellin in rice:

phenotyping and comparative analysis between rice and

Arabidopsis. Physiol Genomics 17(2):87–100. doi:10.

1152/physiolgenomics.0 0201.2003

Yue B, Xiong L, Xue W, Xing Y, Luo L, Xu C (2005) Genetic

analysis for drought resistance of rice at reproductive stage

in field with different types of soil. Theor Appl Genet

111(6):1127–1136. doi:10.1007/s00122-005-0040-1

Zhang J, Zheng HG, Aarti A, Pantuwan G, Nguyen TT, Tripathy

TN, Sarial AK, Robin S, Babu RC, Nguyen DB, Sarkarung

S, Blum A, Nguyen HT (2001) Locating genomic regions

associated with components of drought resistance in rice:

comparative mapping within and across species. Theor

Appl Genet 103(1):19–29. doi:10.1007/s001220000534

Zhang F, Jiang YZ, Yu SB, Ali J, Paterson AH, Khush GS, Xu

JL, Gao YM, Fu BY, Lafitte R, Li ZK (2013) Three genetic

systems controlling growth, development and productivity

of rice (Oryza sativa L.): a reevaluation of the ‘Green

Revolution’. Theor Appl Genet 126(4):1011–1024. doi:10.

1007/s00122-012-2033-1

Mol Breeding (2014) 34:283–295 295

123

http://dx.doi.org/10.1007/BF02221396
http://dx.doi.org/10.1007/BF02221396
http://dx.doi.org/10.1093/bioinformatics/bts313
http://dx.doi.org/10.1073/pnas.132266399
http://dx.doi.org/10.1534/genetics.111.126508
http://dx.doi.org/10.1534/genetics.111.126508
http://dx.doi.org/10.1007/s11032-011-9663-x
http://dx.doi.org/10.1007/s001220051424
http://dx.doi.org/10.1093/jxb/erg234
http://dx.doi.org/10.1007/s00122-009-1168-1
http://dx.doi.org/10.1186/1471-2156-12-89
http://dx.doi.org/10.1093/bioinformatics/btq533
http://dx.doi.org/10.1007/s00122-005-0099-8
http://dx.doi.org/10.1152/physiolgenomics.0
http://dx.doi.org/10.1152/physiolgenomics.0
http://dx.doi.org/10.1007/s00122-005-0040-1
http://dx.doi.org/10.1007/s001220000534
http://dx.doi.org/10.1007/s00122-012-2033-1
http://dx.doi.org/10.1007/s00122-012-2033-1

	Meta-analysis of quantitative trait loci for grain yield and component traits under reproductive-stage drought stress in an upland rice population
	Abstract
	Introduction
	Materials and methods
	Plant material
	Screening for pre-flowering drought resistance
	Screening for root pulling force
	Evaluation of sensitivity to PEG-induced osmotic stress in the parents
	SNP genotyping
	Statistical analysis

	Results
	Analysis of grain yield parameters under drought
	Segregation analysis of SNP markers in the RIL population
	QTL analysis of grain yield under drought
	Meta-analysis of QTLs for grain yield parameters and drought response

	Discussion
	Grain yield component variation and correlation
	Co-localization of QTLs for PSS, GPP, and OA
	Co-localization of QTLs for PH, OA, LRS, and GY under reproductive-stage drought stress
	Implication for breeding for rainfed systems

	Acknowledgments
	References


