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RESEARCH

ABSTRACT

Genetic control of yield under reproductive-

stage drought stress was studied in a popu-

lation of 436 random F
3
–derived lines from a 

cross between the upland rice (Oryza sativa L.) 

cultivars Vandana and Way Rarem. Screening 

was conducted under upland conditions at IRRI 

during the dry seasons of 2005 and 2006. Lines 

were evaluated in drought stress and nonstress 

trials in both years to identify QTL contribut-

ing to drought resistance. For QTL detection, 

a set of random lines and the highest and low-

est-yielding lines under both stress and non-

stress conditions were genotyped by 126 SSR 

markers. A QTL (qtl12.1) with a large effect on 

grain yield under stress was detected on Chro-

mosome 12 in both years. The whole popula-

tion was genotyped for additional markers on 

Chromosome 12, allowing QTL localization to a 

10.2 cM region between SSR markers RM28048 

and RM511. Under stress conditions, the locus 

also increased harvest index, biomass yield, 

and plant height while reducing the number of 

days to fl owering. Under nonstress conditions, 

qtl12.1 did not signifi cantly affect any trait. The 

additive effect of this QTL on grain yield under 

stress was 172 kg ha−1 per year over the 2 yr of 

testing, representing 47% of the average yield 

under stress and explaining 51% of the genetic 

variance. The yield-increasing allele was derived 

from the susceptible parent, Way Rarem, sug-

gesting an epistatic effect. This is the fi rst QTL 

reported in rice having a large and repeatable 

effect on grain yield under severe drought stress 

in the fi eld.
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Rice is the most important crop for human consumption, with 
production on over 150 million hectares yielding almost 600 

million megagrams annually (Khush, 2005). Global rice production 
doubled between 1966 and 1990 (Khush, 1997), but most of this 
increase came from irrigated areas, where yield growth is now stag-
nating (Peng et al., 1999). Upland rice, which represents 12% of the 
total production area (Khush, 1997), is grown almost exclusively by 
small-holders for household food security but is prone to damage by 
drought (Babu et al., 2004). Given the high risk of crop loss due to 
drought, upland rice growers are reluctant to invest in yield-enhanc-
ing inputs such as fertilizer, trapping them in a cycle of low pro-
ductivity (Courtois et al., 2000). By reducing risk and encouraging 
farmers to invest in yield-increasing inputs, upland rice cultivars with 
improved drought resistance could result in greater productivity both 
in drought years and years with adequate rainfall.

Progress in breeding for drought resistance has been slow 
(Fukai and Cooper, 1995). It has been suggested that the develop-
ment of drought-resistant varieties could be made more effi  cient 
by MAS to introgress alleles of QTL conferring improved drought 
resistance into the genome of widely used cultivars through back-
crossing. When the traits that need to be improved are low in 
heritability, MAS may be more effi  cient than  phenotypic  selection 
(Asíns, 2002). However, for MAS to be worthwhile, the  target 
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QTL must have a large and consistent eff ect on yield 
(Salekdeh et al., 2002).

Several experiments have reported QTL for yield and 
yield components under diff erent types of drought stress in 
rice. Babu et al. (2003) reported fi ve QTL related to grain 
yield over two diff erent trials conducted in southern India 
under upland drought stress in the population CT9993/
IR62266. In one trial, severe drought stress was applied 
toward the end of the vegetative stage while in the other, 
stress was mild, but was applied at the fl owering stage. The 
QTL with the largest eff ects explained approximately 20 
and 28% of the genetic variation for yield in the vegetative 
and reproductive-stage stress trials, respectively, but none of 
the yield QTL observed were consistent across trials. Lafi tte 
et al. (2004b), in a population derived from the cross Azu-
cena/Bala, used a drip-irrigation system to precisely with-
hold water from the beginning of panicle emergence until 
50% fl owering but failed to identify QTL responsible for 
increased yield under stress. Lanceras et al. (2004), in the 
CT9993/IR62266 population, reported on QTL analyses 
conducted in Thailand in fi ve diff erent water treatments in 
a single transplanted trial under line-source irrigation. They 
identifi ed four signifi cant QTL for grain yield under water 
stress, one of which was consistent in three of the fi ve water 
treatments and one which was detected twice. The larg-
est-eff ect QTL identifi ed in this trial explained about 30% 
of the genetic variance for yield under severe stress. None 
of those QTL corresponded to those previously identifi ed 
by Babu et al. (2003) in the same population. Yue et al. 
(2005) reported a QTL detected in two consecutive years 
aff ecting yield, biomass, and harvest index reduction under 
drought stress in pot experiments. The QTL identifi ed in 
this experiment (located on Chromosome 9 between mark-
ers RM316 and RM219) was consistent and stress-specifi c 
but of relatively small eff ect, explaining only 14 to 25% of 
the total phenotypic variation (Yue et al., 2005). Of all the 
QTL identifi ed so far aff ecting rice yield under drought 
stress, none are considered to be suffi  ciently large or consis-
tent to be useful in breeding (Lafi tte et al., 2004a).

Despite the large number of QTL reported to aff ect 
drought tolerance in upland rice, there have been only a few 
attempts to introgress drought-tolerance QTL into suscep-
tible genotypes (Courtois et al., 2003; Price, 2002). Large 
chromosomal regions bearing putative QTL associated with 
root length in a population derived from a cross between 
the deep-rooted upland cultivar Azucena and shallow-rooted 
lowland cultivar IR64 were introgressed into the IR64 back-
ground, but the majority of lines carrying the desired intro-
gressions failed to have deeper roots than IR64 (Shen et al., 
2001). The reasons for lack of eff ect of the introgressed seg-
ments on root length and yield may be that the target QTL 
were responsible for a relatively small proportion of the total 
phenotypic variation in the mapping experiment (5.6–17.7%) 
or because the introgressed region was large, and therefore 

desirable genes within it could be lost because of recombina-
tion during backcrossing. Azucena root-related QTL have 
also been introduced into the indica cultivar Kalinga III, but 
only one of the fi ve target QTL had an eff ect on root length. 
Such introgressions have not been reported to consistently 
improve grain yield under stress (Steele et al., 2006).

Most reported drought-related QTL mapping experi-
ments in rice have employed only fi ve populations (Price et 
al., 2002). Many of the upland parents used in these popula-
tions (e.g., CT9993-5-10-1-M and Azucena) are not con-
sidered to be highly drought-tolerant in terms of grain yield 
under severe drought stress. Many traditional and improved 
cultivars from drought-prone areas have some tolerance to 
reproductive-stage drought stress, but they have rarely been 
used in mapping studies. A more extensive survey of toler-
ant rice germplasm, currently underway at IRRI, may lead 
to the identifi cation of lines carrying major genes improving 
yield under stress. The objective of the present study was to 
detect QTL with large and repeatable eff ects on grain yield 
under reproductive-stage water stress in a cross between 
an eastern Indian cultivar, Vandana, which produces a 
relatively high grain yield under severe reproductive-stage 
stress, and Way Rarem, an Indonesian upland cultivar with 
high yield potential but poor drought tolerance.

MATERIALS AND METHODS

Population Development
The population was derived from a cross between Way Rarem, a 

drought-sensitive Indonesian upland rice cultivar, and Vandana, 

an Indian upland rice cultivar that is considered drought-toler-

ant. Way Rarem belongs to the indica varietal group. Vandana’s 

ancestry is 50% tropical japonica and 50% aus. The two parents 

diff er markedly in the number of days that they take to reach 

anthesis; Vandana and Way Rarem fl ower, on average, in 63 

and 90 d, respectively, when grown under well-watered condi-

tions during the dry season at IRRI.

Bulk F
3
 seeds from this cross were planted at IRRI during 

the dry season of 2004. F
3
 plants were harvested individually 

and their seeds used to constitute the current mapping popula-

tion. A total of 436 random F
3
–derived lines were used in the 

mapping experiment. F
3:4

 seeds were used in the 2005 experi-

ments and F
3:5

 seeds harvested from the nonstress treatment of 

2005 were used to establish the 2006 trials.

Phenotyping of the Mapping Population
Field evaluation was conducted under upland conditions at 

IRRI, Los Baños, Philippines (14°11' N 121°15' E, 21 m above 

sea level) during the 2005 and 2006 dry seasons. The soil of 

the IRRI upland farm is a Maahas clay loam (isohyperthermic 

mixed Typic Tropudalf ) (Zhao et al., 2006). In both years, the 

population was screened in one trial under nonstress conditions 

and one under stress during reproductive growth and grain 

fi lling. For each trial, the design was a two-replicate α-lattice 

with 2-m single-row plots. Rows were spaced 0.3 m apart in 

2005 and 0.25 m apart in 2006. Six checks with a broad range 

of drought tolerance (Vandana, Way Rarem, Apo, IR64, IR 
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55419-04, and IR 74371-54-1-1) were included in the trials and 

replicated 12 times each. Seeds were dry-direct-seeded in aero-

bic soil using a seeding density of 2 g per linear meter of row, 

resulting in a seed rate of approximately 305 seeds m−2 in 2005 

and 365 seeds m−2 in 2006. Basal applications equivalent to 40 P 

and 40 K kg ha−1 were applied in the form of single super phos-

phate and potassium chloride, and 120 kg ha−1 of N in the form 

of ammonium sulfate were applied in three even splits around 

21, 42, and 61 d after seeding. Planting dates were 22 Dec. 2004 

and 21 Jan. 2006 for the nonstress trials and 11 Jan. 2005 and 7 

Jan. 2006 for the stress trials.

The nonstress trial in 2005 was sprinkler-irrigated twice 

weekly, resulting in applications of approximately 36 mm water 

per irrigation, or 1224 mm over the entire growth cycle. Pan 

evaporation over this period was 637 mm. In 2006, basin irri-

gation was used once a week, resulting in the application of 92 

mm water per irrigation and a total of 1554 mm for the entire 

season. Pan evaporation totaled 672 mm for the 2006 season. 

The nonstress trial of 2006 was aff ected by a moderate stem 

borer infestation and a typhoon immediately before the major-

ity of the plots were harvested, which resulted in substantial 

lodging and seed shattering.

In both years, stress trials were sprinkler-irrigated twice 

weekly during establishment and early vegetative growth, but 

irrigation frequency was reduced at 56 and 40 d after sowing 

in 2005 and 2006, respectively. Plots were re-irrigated periodi-

cally when soil water tension fell below −50 kPa at a 30-cm soil 

depth. At this soil water potential, most lines were wilted and 

exhibited leaf drying. This type of cyclical stress is considered 

to be effi  cient in screening for drought resistance in populations 

consisting of genotypes with a broad range of growth duration 

(Lafi tte et al., 2004b) and ensures that lines of all durations are 

stressed during reproductive development.

In the stress trial of 2005, the crop received a total of 129 

mm of water from the beginning of stress until the end of fl ow-

ering (from 57–96 DAS), supplying an average of 3.2 mm of 

water per day while the pan evaporation averaged 6.4 mm per 

day. There was a total of fi ve irrigation and rainfall events: 46 

mm at 66 DAS, 35 mm at 72 DAS, 6 mm at 75 DAS, 33 mm at 

82 DAS, and 7 mm at 95 DAS. During that period, the mean 

daily minimum and maximum temperatures were 23.1 and 

33.3°C, with the temperature reaching a maximum of 37.6°C.

The stress trial of 2006 received 167 mm of water between 57 

and 104 DAS, resulting in an average of 3.6 mm per day while the 

average pan evaporation was 6.2 mm per day. There was a total of 

six irrigation and rainfall events during this period: 41 mm at 63 

DAS, 7 mm at 65 DAS, 28 mm at 76 DAS, 15 mm at 82 DAS, 41 

mm at 87 DAS, and 35 mm at 96 DAS. During that period, the 

mean daily minimum and maximum temperatures were 23.9 and 

32.5°C, with the temperature reaching a maximum of 34.8°C.

Days to fl owering was recorded as the number of days from 

sowing until 50% of the plants in a plot had fl owering tillers. 

Final plant height was the length in centimeters from the soil 

surface to the tip of the panicle on the main tiller at maturity. 

Grain yield under stress and nonstress conditions is reported on 

an oven-dried basis (0% moisture). Biological yield was sampled 

by selecting a uniform section 50 cm in length in each plot 

and harvesting the plants in this section at ground level. Bio-

mass samples were then oven-dried, weighed, and threshed. In 

2006, the number of panicles within the biomass sample was 

recorded in both trials. Harvest index was estimated as the ratio 

of grain weight to whole plant weight. Flowering delay was 

calculated as the diff erence between the 2-yr line mean days 

to fl owering under stress and days to fl owering under non-

stress. Drought-response index was calculated as the diff erence 

between predicted yield under stress based on the number of 

days to fl owering and grain yield under nonstress conditions 

and the observed grain yield under stress divided by the stan-

dard error of the line mean (Bidinger et al., 1987).

Plant height at 4 wk after seeding was measured on four 

plants per plot in the 2005 nonstress trial, the 2006 stress and 

nonstress trials, and in another trial using the same population 

and design sown on 7 Feb. 2006. The last trial could not be 

reliably drought-stressed because of an early onset of the wet 

season in 2006, so yield data from this trial have not been used 

in the current analysis. Data from the four trials where plant 

height 4 wk after seeding was measured have been combined 

because the trials were all treated in a similar way at the begin-

ning of the season, before the imposition of stress. Only the 

data combined over trials were analyzed for this trait.

DNA Extraction and Amplifi cation
Eight fresh leaves from each line were collected in bulk 21 DAS. 

The leaves were then freeze-dried and ground in liquid nitro-

gen. The powdered leaves were then mixed with CTAB (cetyl-

trimethylammonium bromide) extraction buff er and incubated 

at 65°C for 30 to 60 min. Chloroform: isoamyl alcohol (24:1) was 

then added to the mixture. The mixture was then put on a shaker 

at room temperature for 20 min. Samples were then centrifuged 

and the upper phase was then transferred into a 2-mL Eppendorf 

tube. DNA was then precipitated with isopropanol precooled to 

a temperature of −20°C. The samples were then place in a –20°C 

freezer for at least 1 h and then centrifuged in order for DNA to 

pelletize at the bottom of the tubes. The DNA pellet was then 

rinsed with 70% (v/v) ethanol and recentrifuged. The ethanol 

was then drained off  and then DNA pellet was left to dry. The 

DNA was then dissolved in 200 μL of TE (Tris-EDTA) buff er 

and treated with RNase. DNA was then quantifi ed with a spec-

trophotometer and subsequently diluted to a fi nal concentration 

of 10 ng μL−1 of double-distilled water.

Polymerase chain reaction (PCR) was performed using a vol-

ume of 20 μL per reaction. Amplifi cations were performed using 

40 ng of DNA, 1× PCR buff er, 100 μM of dNTPs, 250 μM of 

oligonucleotide primers, and 1 unit of Taq polymerase. This mix 

was prepared on 96-well polycarbonate plates and the thermocy-

cling used follows the method described by Panaud et al. (1996). 

After the PCR reaction was completed, 4 μL of 6× loading dye 

was added to each well. Four microliters of the resulting solution 

mix was then loaded into an 8% (w/v) polyacrylamide gel for size 

separation of the amplifi ed DNA fragments using a miniverti-

cal electrophoresis system (CBS scientifi c, model MGV-202–33). 

DNA fragments were then stained with ethidium bromide and 

visualized with a UV transilluminator.

Genetic Analysis of the Mapping Population
A total of 474 SSR markers were screened for polymorphism 

between the parents. A total of 169 markers showed polymor-

phism on our gel system out of which we initially selected 121 



R
e
p
ro

d
u
c
e
d

fr
o
m

C
ro

p
S

c
ie

n
c
e
.

P
u
b
lis

h
e
d

b
y

C
ro

p
S

c
ie

n
c
e

S
o
c
ie

ty
o
f

A
m

e
ri
c
a
.

A
ll

c
o
p
y
ri
g
h
ts

re
s
e
rv

e
d
.

508 WWW.CROPS.ORG CROP SCIENCE, VOL. 47, MARCH–APRIL 2007

to be used in the experiment. The markers were taken from 

previously published rice genetic and sequence maps (IRGSP, 

2005; McCouch et al., 2002; Temnykh et al., 2001).

Quantitative trait loci with large eff ects were initially 

detected by selectively genotyping (Darvasi and Soller, 1992; 

Lander and Botstein, 1989) the highest-yielding and lowest-

yielding 12% of lines from 2005 stress and nonstress trials. To 

compensate for the fact that grain yield under stress is nega-

tively correlated with the number of days to fl owering under 

nonstress conditions, selection of lines for inclusion in the tails 

was done on the basis of stratifi cation into three categories 

according to the number of days to fl owering in the 2005 trial: 

60 to 73, 74 to 83, and 84 to 96 d to fl owering. In each of those 

categories, the highest- and lowest-yielding 12% of the lines 

were selected for genotyping. A total of 39 and 38 lines from 

the highest- and lowest-yielding tails of the stress treatment and 

35 and 38 lines from the highest- and lowest-yielding tails of 

the nonstress treatment were genotyped as well as 92 random 

lines. This resulted in a total of 242 lines being genotyped.

Initial QTL analysis of the random lines and the tails 

of the phenotypic distribution (242 lines) identifi ed a major 

QTL on Chromosome 12. To increase precision of the posi-

tion and eff ect estimate, fi ve markers were added to Chromo-

some 12 and the whole population (436 lines) was genotyped 

at a total of nine marker loci on Chromosome 12 (RM3472 

to RM3739).

This genetic information was subsequently used to create 

a linkage map using MapManager QTX (Manly et al., 2001). 

The marker orders used to create the linkage map corresponded 

to the published rice genome SSR marker orders (IRGSP, 

2005). Map distances were calculated using the 92 random 

lines exclusively, except in the 10-marker interval (RM3472-

RM3739) on Chromosome 12 where the data from all 436 lines 

was used.

Statistical Analysis
The model for the combined analysis over years and within 

irrigation treatments was:

P
ijkl

 = M + Y
i
 + R

j
(Y

i
) + B

k
[R

j
(Y

i
)] + L

l
 + LY

li
 + e

ijkl
 [1]

where P
ijkl

 is a measurement recorded on a plot, M is the mean 

over all plots and both years, and Y, R, B, L, and e refer to years, 

replicates, blocks, lines and plot residuals, respectively.

For estimating line means within years, replicates, and 

blocks within replicates were considered random factors, with 

lines considered fi xed. For estimating line means over years, 

year eff ects were also considered random. The results for the 

yield trial were analyzed by the REML algorithm of PROC 

MIXED of SAS V.9.1 (SAS Institute, Inc., 2002–2003). Degrees 

of freedom were computed using the Kenward-Rogers ver-

sion of the Satterthwaite correction for estimating degrees of 

freedom (Piepho et al., 2003; SAS Institute, Inc., 2004). The 

REML algorithm of PROC VARCOMP was used to obtain 

the variance components required to calculate genetic correla-

tions (r
G
) among traits, broad-sense heritability (H), and pro-

portion of the genetic variance explained by QTL. For variance 

component estimation, the model described in [1] was used, 

with all eff ects considered random. Diff erences are only dis-

cussed when p < 0.05.

The following formula was used to compute H across years:

H = 
2

G

2 2 2
G GY E( / ) [ /( )]y ry

σ

σ + σ + σ
  [2]

(Cooper et al., 1996), where σ
G

2 is the genotypic variance, σ
GY

2 

is the genotype × year variance, σ
E

2 is the plot residual variance, 

and r and y are the number of replicates and years, respectively. 

For traits measured in 1 yr only, heritability was estimated as:

H ' = 
2

G
2 2

G E

'

' [ /( )]r

σ
σ + σ

 [3]

where σ
G
'2 is the genotypic variance from the single-year analy-

sis. This estimator of broad-sense H is biased upward by the 

genotype × year interaction variance but was used to approxi-

mately compare the relative repeatability of panicle number per 

m−2 across stress levels as this trait was measured in only a single 

season (Table 1a and b).

Genetic correlations between traits measured in diff erent 

environments were computed as:
P 12

G12

1 2

r
r

H H
=

×
  

[4]

(Cooper et al., 1996) where r
G12

, r
P12,

 H
1
, and H

2
 are genotypic 

correlation between traits 1 and 2, phenotypic correlation 

between the same trait pair, and H of traits 1 and 2, respectively. 

This estimation method assumes that the covariance between 

line means estimated in diff erent trials is entirely caused by cor-

relation of genotypic eff ects and that there is no environmental 

covariance. Genetic correlations were reported only when the 

phenotypic correlation between the two traits was signifi cant 

(p < 0.05).

For genetic correlations between two traits measured in 

the same environment:

12
G 12

2 2
G1 G2

Cov
r =

σ ×σ
  

[5]

(Bernardo 2002), where r
G12

, Cov
12

, σ2
G1

 and σ2
G2

 are the genetic 

correlation coeffi  cient between traits 1 and 2 within the same 

trial, genetic covariance of traits 1 and 2, and the genotypic 

variances of traits 1 and 2, respectively.

QTL Analysis
Composite interval mapping (CIM) was performed by QTL Car-

tographer (Wang et al., 2005). The minimal LOD value required 

to declare a QTL was obtained empirically from 1000 permu-

tation tests (Churchill and Doerge, 1994). The LOD thresholds 

obtained correspond to an experiment-wise type I error rate of 

0.05. The thresholds values obtained for diff erent traits varied from 

3.5 to 37.7 with an average of 8.0. The linkage map covered 1591 

cM using the Kosambi mapping function, resulting in an average 

of 1 marker every 12.7 cM (Fig. 1). CIM was conducted separately 

for means within years and means over the 2 yr.

To estimate the eff ect of a single marker and calculate the 

percentage of the genetic variance explained by a marker on 

a given trait, a model was used in which the line eff ect in Eq. 

[1] was partitioned into a component due to the marker (A
m
) 

and the residual genetic variation among lines within marker 

genotypes L
l
(A

m
). The genotype × year eff ect was similarly par-

titioned. This model is presented below:
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P
ijkl

 = M + Y
i
 + R

j
(Y

i
) + B

k
[R

j
(Y

i
)] + 

A
m
 + A

m
Y

i
 + L

l
(A

m
) + L

l
(A

m
)Y

i
 + e

ijkl
  

[6]

Variance components were estimated using the REML option 

of SAS PROC VARCOMP.

RESULTS AND DISCUSSION
Genotypic and Phenotypic Variation 
for Agronomic Traits in Stress and 
Nonstress Trials
In both environments, yields were lower in the 2006 tri-
als (Table 1a and b). The mean yield reduction due to 
water stress was 85 and 88% in 2005 and 2006, respec-

tively, indicating very high stress levels. Such high stress 
levels were desirable because a high percentage reduction 
of yield is necessary to remove the eff ect of yield potential 
and clearly identify lines that are drought-resistant (Babu 
et al., 2003; Lafi tte et al., 2006).

There was a higher average biomass accumulation 
under stress in the 2006 drought trial than in 2005, but 
a lower harvest index in that same year resulted in lower 
grain yield on average. The earlier onset of drought stress 
in 2006 might be responsible for the lower harvest index. 
In the nonstress trials, a higher biomass accumulation 
combined with a lower harvest index also contributed 

Table 1. (a) Means, ranges, and broad-sense heritabilities for 436 random F
3
–derived lines from Vandana/Way Rarem for agro-

nomic traits under drought stress at fl owering and grain-fi lling stages: IRRI dry seasons 2005 and 2006. (b) Means, ranges, 

and broad-sense heritabilities for 436 random F
3
–derived lines from Vandana/Way Rarem for agronomic traits under nonstress 

conditions: IRRI dry seasons 2005 and 2006.

 (a) Grain yield Biomass yield Harvest index
Days to 

fl owering
Height Panicle

Flowering 

Delay

Drought-

response 

index

kg ha−1 m−2

2005 2006 Mean 2005 2006 Mean 2005 2006 Mean 2005 2006 Mean 2005 2006 Mean 2006

Check

Apo 268 250 262 5436 8591 7051 0.07 0.04 0.05 100 89 95 73 73 73 347 2.5 0.61

IR55419-04 243 254 236 4614 6659 5608 0.06 0.06 0.06 87 82 85 72 72 72 313 1.2 −0.55

IR 64 28 22 17 2340 4546 3442 0.01 0.02 0.01 108 102 105 47 52 50 130 14.4 −0.63

IR 74371-54-1-1 649 346 499 5313 7885 6590 0.11 0.06 0.09 84 77 81 76 73 75 370 −2.2 0.75

Vandana 539 698 617 5531 6924 6228 0.16 0.17 0.16 63 64 64 70 76 73 350 −0.9 −0.01

Way Rarem 68 117 89 5324 7835 6591 0.03 0.02 0.02 96 87 92 75 74 75 217 1.3 −0.34

Population mean 405 321 363 5759 8189 6972 0.09 0.06 0.07 85 79 82 79 81 80 319 1.9 −0.04

Lowest line 0 0 0 2141 4546 3333 0 0 0.01 60 56 59 60 62 62 112 −14 −2.39

Highest line 1624 1590 1353 11225 13298 12060 0.27 0.23 0.24 118 104 109 95 109 96 536 17.6 4.78

Heritability† 0.54 0.70 0.32 0.49 0.56 0.72 0.84 0.91 0.37 0.54 0.38

LSD
0.05

 for 

comparisons 

between checks

284 186 241 1876 1695 1800 0.05 0.04 0.04 5 5 5 7 7 7 10

(b) Grain yield Biomass yield Harvest index Days to fl owering Height Panicle

Height 4 

wk after 

seeding 

kg ha−1 cm m−2

2005 2006 Mean 2005 2006 Mean 2005 2006 Mean 2005 2006 Mean 2005 2006 Mean 2006 Mean

Check

Apo 2499 2295 2380 7568 12598 10012 0.23 0.21 0.22 92 91 92 96 105 100 364 26.9

IR55419-04 2510 3099 2806 7521 11626 9575 0.3 0.29 0.29 85 82 83 88 94 91 398 29.4

IR 64 1081 2551 1841 5541 9946 7731 0.22 0.32 0.27 94 87 91 68 76 73 425 23.2

IR74371-54-1-1 2687 3466 3037 7937 12373 10067 0.35 0.33 0.34 84 82 83 88 96 92 378 28.4

Vandana 2372 2031 2180 7353 9049 8299 0.27 0.22 0.25 63 63 63 93 95 94 416 29.8

Way Rarem 1978 2014 2016 9500 9519 9553 0.26 0.2 0.23 89 92 90 97 106 102 234 30.3

Population mean 2807 2667 2738 9755 12351 11042 0.29 0.23 0.26 80 82 81 104 111 107 337 30.6

Lowest line 102 684 1318 2425 6428 4783 0.1 0.07 0.07 60 61 62 85 85 90 129 23.8

Highest line 4563 6293 4738 26845 22714 19487 0.5 0.38 0.4 96 99 96 140 140 127 581 36.3

Heritability‡ 0.13 0.23 0.14 0.25 0.19 0.31 0.83 0.91 0.43 0.60 0.32 0.56

LSD
0.05

 for 

comparisons 

among checks

732 839 782 3827 3230 3557 0.09 0.07 0.08 3 3 3 7 9 8 12 3.5

† Heritability was calculated as described in Eq. [2], except in the case of panicle number m−2 where Eq. [3] was used. Heritability was calculated on a line-mean basis over 

two-repliactes. All traits were measured over 2 yr, except panicle m−2 which was measured in a single year.

‡ Heritability was calculated as described in Eq. [2], except in the case of panicle number m−2 where Eq. [3] was used. Heritability was calculated on a line-mean basis over 

two replications. All traits were measure in 2 trials, except height at 4 wk and panicle number m−2 which were measured in 4 and 1 trials, respectively.
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to slightly lower grain yield in 2006. The lower harvest 
index in the 2006 nonstress trial can partially be explained 
by the stem borer (unidentifi ed species) infestation and the 
typhoon that hit this trial when a lot of material was ready 
to be harvested.

In all trials, there was a large growth duration diff er-
ence between Vandana (64 d to fl ower) and Way Rarem 
(91 d to fl ower). The two parents diff ered for grain yield 
and harvest index under stress but not under nonstress con-
ditions (Table 1a and b). Those diff erences do not neces-
sarily imply that Vandana is much more drought resistant 
than Way Rarem because of the large diff erence in growth 
duration. In this experiment, the drought-response index 
of the parents did not diff er signifi cantly, indicating that 
the diff erence in grain yield under stress between Vandana 
and Way Rarem may have been due mainly to their very 
diff erent phenologies (Table 1a). The parents also diff ered 
signifi cantly in the number of panicles produced per m2, 
with Vandana producing many more.

Under nonstress conditions, population means for 
grain yield, biomass yield, harvest index, fi nal plant height, 
and plant height at 4 wk were all higher than in either par-
ent. However, the mean number of days to 50% fl owering 
for the population was intermediate to the parental means 
(Table 1b).

Under severe drought stress conditions, large varia-
tion in performance was observed among the lines. Aver-
aged over the 2 yr, a total of 44 lines yielded less than 100 
kg ha−1, while 10 yielded more than 1000 kg ha−1. Popu-
lation mean biomass yield and plant height under stress 
were higher than for either parent in both years. Popula-

tion mean fl owering delay (1.9 d) was also higher than for 
either parent, but the average grain yield, harvest index, 
days to fl owering, and panicle number of the population 
was intermediate to that of the parents (Table 1a). Despite 
the relatively early onset of stress in 2006, panicle num-
ber was not greatly aff ected by stress, with a reduction of 
only 5% compared with the nonstress trials. Many lines 
fl owered earlier under stress than under nonstress condi-
tions, some by up to 14 d. Acceleration of fl owering under 
drought stress has been observed previously in some short-
duration rice cultivars (Lafi tte et al., 2006).

Heritability estimates for the number of days to fl ower-
ing and plant height were high in all trials. The estimate 
obtained from the combined analysis over years of grain yield 
under stress (0.70) was much higher than that obtained under 
nonstress conditions (0.23) (Table 1a and b). The genotype × 
year interaction variance for grain yield under stress was low 
(Table 2), and H estimates were relatively high within indi-
vidual years (Table 1). Biomass yield and harvest index also 
exhibited a higher level of heritability under drought stress 
than under nonstress conditions. This demonstrates that the 
drought screening protocol, which ensured that water-stress 
was imposed for the entire period of reproductive growth, 
was highly repeatable. Several factors such as germination 
problems in both years due to water-logging immediately 
after sowing, stem borer infestations, and the 2006 prehar-
vest typhoon contributed to the low H of the nonstress trials. 
Although rice commonly is grown in fl ooded fi elds, the crop 
does not always germinate well when direct seeded under 
anaerobic conditions (Dennis et al., 2000), and stem borers 
are a major insect pest of rice that cause formation of “dead 

Figure 1. Genetic map locating all QTL intervals identifi ed under drought stress and nonstress conditions in Vandana/Way Rarem.
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hearts” and sterile panicles. Eff ective chemical control of 
stem borers is diffi  cult since the insect lives within the rice 
stems (Ho et al., 2006). Stress trials were planted on diff erent 
dates compared with nonstress trials and escaped the worst of 
these problems.

Genotypic Correlations
The low but positive genetic correlation (0.44) observed 
between grain yield under stress and nonstress conditions 
indicates that selection for yield potential should also result in 
an improvement in yield under drought stress and vice-versa 
(Table 3). However, this relatively low correlation, combined 
with the higher heritability for grain yield under stress condi-
tions, indicate that greater gains in yield under drought stress 
would be obtained by selecting directly within a stress envi-
ronment than indirectly under nonstress conditions. Factors 
highly correlated with grain yield under severe stress were 
days to fl ower under stress (–0.73) and nonstress (–0.59) as 
well as harvest index under stress (0.94) and nonstress (0.57). 
The very strong correlation observed between grain yield 
under stress and harvest index under stress indicates that 
the yield diff erences we observed under drought stress were 
mostly the result of a large diff erence in the capacity of plants 
to maintain seedset under stress, rather than to accumulate 
biomass. This is consistent with many other reports that the 
main cause of yield reduction when drought stress is applied 
around fl owering is spikelet sterility (Liu et al., 2006). Under 
nonstress conditions, the contribution of harvest index to 
grain yield was lower, although it still remained high, with 
a genetic correlation 0.73. The reduced correlation of grain 
yield under water stress with days to fl ower under stress rela-
tive to days to fl ower under nonstress indicates that lines that 

yielded poorly under stress conditions tended to experience 
fl owering delay. Delay in fl owering under stress is caused 
by a combination of slower fl oral development and reduced 
panicle elongation rate (Lafi tte et al., 2004a). Delayed fl ow-
ering under drought stress is associated with susceptibility 
to drought and has previously been shown to be associated 
with reductions in grain yield and harvest index (Pantuwan 
et al., 2002).

QTL Analysis

Grain Yield
Results from the QTL analysis are presented in Table 4a 
for the stress trials and Table 4b for the nonstress trials. A 
very large QTL for grain yield under stress was detected in 
the centromeric region of Chromosome 12 (qtl12.1) (Fig. 
2). The CIM analysis over 2 yr using all 436 lines resulted 
in the localization of this QTL in the interval between 
RM28048 (45.2 cM) and RM511 (55.5 cM). The additive 
eff ect of the Way Rarem allele at qtl12.1 was 172 kg ha−1, 
explaining 33% of the total phenotypic variance for grain 
yield under stress. Signifi cant QTL were also detected under 
stress conditions in the qtl12.1 region for biomass yield, 
harvest index, days to fl ower, fi nal plant height, fl owering 
delay, drought-response index, and panicle number. Apart 
from plant height 4 wk after seeding, no traits measured 
in nonstress environments exhibited a QTL in this region. 
Surprisingly, the yield-increasing allele at this QTL is con-
tributed by Way Rarem, the more drought- susceptible 
 parent, suggesting an epistatic interaction between this 
locus and other loci from the Vandana genetic background. 
We could not, however, detect such an interaction at the 
digenic level in this population. There are other examples 

Table 2. Means of homozygous classes and variance partitioning of SSR marker RM511 for traits measured under drought and well-

watered conditions in a population of 436 random F
3
-derived lines from Vandana/Way Rarem. IRRI dry season 2005 and 2006.

Grain yield Biomass yield Harvest index Days to 50% 
fl owering

Height
cm

Plant 
height 
at 4 wk

kg ha−1

Stress Nonstress Stress Nonstress Stress Nonstress Stress Nonstress Stress Nonstress

Means of homozygous 

classes

Vandana homozygotes 216 2745 6367 11039 0.05 0.26 86 82 78 107 30

Way Rarem homozygotes 555 2835 7062 11221 0.10 0.27 79 80 82 108 31

p-value < 0.0001 NS < 0.0001 NS < 0.0001 NS < 0.0001 NS < 0.0001 NS < 0.0001

Variance components (%)

σ
G

2 44 10 24 8 44 12 78 78 19 25 22

σ
QTL

2 22 0 10 0 15 0 7 0 7 0 2

σ
Line(QTL)

2 22 10 14 8 29 12 71 78 12 25 20

σ
G × Year

2 14 22 12 7 8 0 7 9 14 9 13

σ
Year × QTL

2 2 2 1 0 1 0 0 0 0 0 3

σ
Year × Line(QTL)

2 12 20 11 7 7 0 7 9 14 9 10

σ
E

2 42 68 64 85 48 88 15 13 67 66 65

R2 of RM511 (%) 36 0 21 0 26 0 9 0 16 0 5

Genetic variance 

explained by RM511 (%)
51 0 40 0 35 0 10 0 36 0 8
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of grain yield under drought stress QTL being contributed 
by the drought-susceptible parent; however, those are often 
of small eff ect and likely to be related to yield potential 
rather than drought tolerance per se (Lafi tte et al., 2004b; 
Lanceras et al., 2004). In the case of qtl12.1, the eff ect is 
large and unrelated to yield potential.

This region has been reported to have some eff ect on 
drought-related traits in two other studies. QTL for yield 
reduction under drought stress and for panicle number 
under stress were reported in an advanced backcrossing 
QTL experiment (Xu et al., 2005). In this experiment, this 
region also contributed to grain yield under nonstress con-
ditions, but in our case, the allele is only expressed under 
stress conditions. Another backcross QTL experiment 
revealed that this locus contributes to drought-tolerance at 
the seedling stage using various concentrations of polyeth-
ylene glycol (Zhang et al., 2006). In both of these cases, 
the favorable allele was contributed by the indica recurrent 
parent. Qtl12.1 also overlaps with the Pup1 locus, a major 
phosphorus uptake QTL (Wissuwa et al., 2002).

A total of fi ve genomic regions had signifi cant eff ects 
on grain yield under nonstress conditions (qtl2.1, qtl3.1, 
qtl7.1, qtl8.1, and qtl10.1). The only region that had signifi -
cant eff ects in both years was qtl2.1, located near RM3212 
on Chromosome 2. This region was also associated with 
panicle number under stress. The yield increasing allele at 
this locus was contributed by Vandana and explains about 
11% of the phenotypic variation in the combined analysis 
over years (Table 4b).

Days to Flower

A large-eff ect QTL for days to fl ower under both stress and 
nonstress conditions was identifi ed on Chromosome 3 near 
marker RM523 (qtl3.1) (Table 4a and b). This QTL had a 
LOD of 34.4 (stress) and 52.3 (nonstress) for means over 2 yr, 
resulting in an additive eff ect of 11.2 and 8.6 d, respectively, 
for the stress and nonstress trials, with the duration-increas-
ing allele contributed by Way Rarem, the long-duration par-
ent. This region had a signifi cant eff ect on days to fl ower in 

all four trials as well as on biomass yield under stress and non-
stress conditions and plant height under nonstress conditions. 
The eff ect measured at this locus is probably caused by the 
gene Hd9, which has previously been fi ne-mapped within a 
few centimorgans of RM523 (Lin et al., 2002).

Another QTL (qtl5.1) aff ecting days to fl ower over 
more than one trial was signifi cant in the nonstress trial of 
2006 as well as in the stress trial of 2005 and for average of 
the two stress trials. The duration-increasing allele in this 
case came from Vandana. Two other QTL were detected 
for days to fl ower under stress in 2005 and over the 2-
yr average (qtl1.1 and qtl7.2). In both cases, the duration-
increasing allele was contributed by Way Rarem.

The eff ect of qtl12.1 on fl owering occurred only under 
stress conditions. The eff ect of the Way Rarem allele was 
to reduce days to fl owering under stress in both years by 
approximately 3 d, or, in other words, to reduce fl owering 
delay due to stress.

Biomass Yield

As noted above, qtl12.1 had a large eff ect on biomass yield 
under stress. Qtl3.1 and qtl6.1 also signifi cantly aff ected 
this trait in 2005, but not in 2006. The eff ect of qtl3.1 on 
 biomass probably results from the fact that the Way Rarem 
allele at this locus increases crop duration. In the case of 
qtl6.1, the favorable allele was contributed by Vandana and 
the increase in biomass is probably a consequence of an 
increased panicle number, as a QTL for panicle number 
under stress is located in the same marker interval.

Three QTL for biomass yield under nonstress condi-
tions were identifi ed on the basis of the 2-yr mean. One 
of those loci corresponds to Hd9 (qtl3.1) and is contributed 
by Way Rarem. A larger-eff ect QTL is also contributed 
by Way Rarem (qtl9.1), while the one with the smallest 
eff ect (qtl4.1) was contributed by Vandana.

Plant Height

A QTL for plant height under both environments con-
tributed by Vandana is located near marker RM315 on 

Table 3. Genotypic correlations among 2-yr trait means for 436 random F
3
-derived lines from Vandana/Way Rarem in stress 

and nonstress environments: IRRI dry seasons 2005 and 2006.

Grain yield Biomass yield Harvest index Days to 50% fl owering Height
StressStress Nonstress Stress Nonstress Stress Nonstress Stress Nonstress

Grain yield Nonstress 0.44

Biomass yield Stress 0.39 0.55

Nonstress NS† 0.49 0.65

Harvest index Stress 0.94 NS 0.19 −0.33

Nonstress 0.57 0.73 −0.26 0.07 0.56

Days to 50% 

fl owering

Stress −0.73 NS 0.16 0.35 −0.81 −0.49

Nonstress −0.59 0.21 0.37 NS −0.73 −0.35 0.98

Plant Height Stress 0.22 0.35 0.72 0.53 0.07 NS −0.05 0.14

Nonstress 0.15 0.08 0.31 0.69 −0.25 −0.35 0.21 NS 0.79

†NS, not signifi cant at p < 0.05.
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 Chromosome 1 (qtl1.1). This QTL was identifi ed in both 
nonstress trials as well as the 2006 stress trial and also aff ected 
plant height 4 wk after seeding. Given that RM315 has pre-
viously been mapped to the same location as RG220 (Robin 
et al., 2003) and that RG220 is known to be only 0.3 cM 
away from Sd1 (Lin et al., 2002), we assume that the dif-
ferences in plant height observed here result from polymor-
phism between the two parents at the Sd1 locus.

Under nonstress conditions, a further four QTL aff ect-
ing plant height were identifi ed (qtl3.1, qtl4.2, qtl5.2, and 
qtl6.2). Qtl3.1 was identifi ed in 2005 only and qtl4.2 in 
2006 only. Qtl5.2 and qtl6.2 were signifi cant based on the 
combined analysis and in both cases; the height-enhanc-
ing allele was contributed by Vandana. Qtl5.2 also showed 
a signifi cant eff ect on plant height 4 wk after seeding, but 
the three other QTL did not. Qtl12.1 is the only locus that 
had an eff ect on plant height under stress conditions only.

Analysis of plant height 4 wk after seeding, on the 
average of four trials, revealed fi ve signifi cant QTL (qtl1.1, 
qtl5.2, qtl8.2, qtl9.1, and qtl12.1). Three of those QTL had 
been identifi ed to have a signifi cant eff ect on other traits 
(qtl1.1, qtl5.2, and qtl12.1), while the last two were detected 
exclusively for plant height 4 wk after seeding.

Harvest Index

Only qtl12.1 had a signifi cant eff ect on harvest index under 
stress. Two loci (qtl2.2 and qtl8.2) had signifi cant eff ects 
on harvest index under nonstress conditions in 2005, but 

none did in 2006 and no loci had signifi cant eff ects in the 
combined analysis over the 2 yr.

Characterizing the Effects of qtl12.1 
through Single-Marker Analysis
To better understand the eff ects of the major QTL for 
grain yield under stress identifi ed at qtl12.1 in the CIM 
analysis, we performed a single-marker analysis for all traits 
under both stress and nonstress conditions for RM511, the 
marker within the qtl12.1 region with the largest eff ect on 
grain yield under stress. Under severe stress, RM511 had a 
 signifi cant eff ect on grain yield, biomass yield, plant height, 
days to fl ower, drought-response index, and fl owering 
delay (Table 2). RM511 had no signifi cant eff ect on any 
trait measured in the nonstress environments, except for a 
very small eff ect on plant height at 4 wk after seeding, with 
this locus explaining only 8% of the total genetic variance.

Variance components presented in Table 2 indicate 
that qtl12.1 explained a large proportion of the genetic 
variance for the following stress traits: grain yield (51%), 
biomass yield (40%), harvest index (35%), and plant height 
(36%). It contributed to the genetic variance of days to 
fl ower under stress (10%) and plant height 4 wk after seed-
ing (8%) to a lesser extent. Genotype × year interaction 
aff ected all traits except harvest index under nonstress 
conditions (Table 2). However, in the traits for which 
qtl12.1 had a signifi cant eff ect, the proportion of this inter-
action explained by qtl12.1 was very low, with most of the 

Figure 2. QTL likelihood curves of the LOD score of grain yield under stress for Chromosome 12. The SSR marker locations are listed on 

the Y axis. The black horizontal line indicates the signifi cance threshold of LOD score 13.8 to detect putative QTLs. The vertical dotted 

lines indicate the position of qtl12.1.
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Table 4. (a) QTL identifi ed under upland drought-stress conditions at fl owering and grain-fi lling stages in F
3
-derived lines from 

Vandana/Way Rarem: IRRI, dry season 2005 and 2006. (b) QTL identifi ed under well-watered upland conditions over two con-

secutive dry seasons in F
3
-derived lines from Vandana/Way Rarem: IRRI, dry season 2005 and 2006.

(a) 2005 2006 Combined

Trait Chr. Interval
Marker closest 

to LOD peak
Position 

QTL 

name
LOD Add.† R2 LOD Add. R2 LOD Add. R2

cM % % %

Grain yield (kg ha−1) 12 RM28048-RM511‡ RM28130 49 qtl12.1 29.7 221 30 21.2 146 24 34 172 33

Biomass yield 

(kg ha−1)

3 RM523-RM545 RM545 25 qtl3.1 4.8 914 19

6 RM587-RM314 RM225 11 qtl6.1 5.2 −425 5 4.8 −233 2

12 RM28048-RM28166 RM28130 51 qtl12.1 18 765 16 12.5 587 10 23 634 18

Harvest index 12 RM7195-RM28166 RM1261 61 qtl12.1 21.8 0.04 25 22 0.03 26

Days to 50% 

fl owering

1 RM431-OSR23 OSR23 184 qtl1.1 5.4 5.6 15 5.1 4.7 13

3 RM7332-RM545 RM523 14 qtl3.1 30 12.7 66 29.7 10.1 55 34 11.2 64

5 RM122-RM5374 RM122 4 qtl5.1 5.1 −4.3 11 4.8 −3.6 9

7 RM234-RM118 RM118 117 qtl7.2 5.6 6 18 5 4.7 14

12 RM3103-RM511 RM28048 47 qtl12.1 7.9 −3.3 5 5.8 −2.9 6 7.3  –3.2 6

Plant height at 

maturity (cm)

1 RM212-RM431 RM315 152 qtl1.1 3.8 −1.8 5 5.1 −1.8 9

12 RM28048-RM28166 RM1261 51 qtl12.1 9.1 2.2 8 4.9 0.7 1 9.8 1.4 5

Panicle 

number m−2§

2 RM1367-RM250 RM3212 148 qtl2.1 4 −14 3

6 RM587-RM314 RM225 11 qtl6.1 4 −22 5

12 RM7195-RM28166 RM28130 51 qtl12.1 12.9 26 9

Flowering delay¶ 12 RM7195-RM28166 RM28130 51 qtl12.1 19 −2.4 16

Drought-

response index
12 RM28048-RM511 RM28130 51 qtl12.1 39 0.89 37

(b) 2005 2006 Combined

Trait Chr. Interval
Marker closest 

to LOD peak
Position 

QTL 

name
LOD Add. R2 LOD Add. R2 LOD Add. R2

cM % % %

Grain yield 

(kg ha−1)

2 RM1367-RM250 RM3212 148 qtl2.1 6.3 −223 8 5.4 −167 3  10 −219 11

3 RM7332-RM545 RM523 14 qtl3.1 8.7 294 11 3.9 189 8

7 RM320-RM1973 RM11 47 qtl7.1 4.2 −146 2

8 RM337-RM3644 RM8020 28 qtl8.1 3.7 173 7

10 RM7300-RM333 RM7300 57 qtl10.1 4 −97 2

Biomass yield 

(kg ha−1)

3 RM7332-RM523 RM7332 6 qtl3.1 5.4 802 11

4 RM6487-RM471 RM261 38 qtl4.1 3.8 −415 3

9 RM201-RM205 RM6294 90 qtl9.2 4.1 979 13

Harvest index 2 RM208-RM138 RM208 186 qtl2.2 3.7 −0.021 9

8 RM3459-RM149 RM3459 81 qtl8.2 3.7 0.022 10

Days to 50% 

fl owering

3 RM7332-RM545 RM523 12 qtl3.1 63.6 9.5 85 24.6 7 51 52.3 8.6 79

5 RM122-RM5374 RM122 0 qtl5.1 6.9 −2.5 10

Plant height at 

maturity (cm)

1 RM315-OSR23 RM431 165 qtl1.1 7.7 −2.6 12 6.7 −3.4 11 10.2 −2.7 16

3 RM7332-RM523 RM7332 8 qtl3.1 4.6 0.3 0

4 RM8220-RM6246 RM8220 qtl4.2 3.9 −0.9 1

5 RM173-RM178 RM421 133 qtl5.2 4.6 −2.6 12 3.6 −2.9 7 5.1 −0.2 10

6 RM541-RM5371 RM5371 86 qtl6.2 3.8 −3.4 19

Plant height 

4 wk after 

sowing (cm)#

1 RM212-RM431 RM315 159 qtl1.1 7.5 −0.7 12

5 RM440-RM421 RM173 125 qtl5.2 4.5 −0.7 10

8 RM515-RM3459 RM3459 73 qtl8.2 4.4 0.3 2

9 RM316-RM5688 RM316 0 qtl9.1 4.3 0.6 9

12 RM28048-RM28166 RM1261 57 qtl12.1 4.5 0.4 3

† The additive value is half the difference between the phenotypic value of the two homozygous classes. A positive value indicates that the allele increasing the trait value 

originates from Way Rarem.
‡Loci that are italicized indicate loci that were detected in both years.
§Panicle number was counted in 2006 only.
¶Flowering delay and drought-response index were only calculated using the combined means over 2 yr.
#Plant height 4 wk after seeding was only analyzed using the combined data.
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genotype × year variance resulting from variation among 
lines within marker genotype classes. Qtl12.1 accounted 
for only 12% of the total genotype × year interaction for 
grain yield under stress and 7% for biomass yield under 
stress, indicating that this QTL is fairly stable across years 
and would be suitable for MAS.

CONCLUSIONS
In this experiment, we identifi ed 18 genomic regions infl u-
encing yield or yield component traits in drought-stressed 
and nonstress environments. We identifi ed a highly sig-
nifi cant locus (qtl12.1) for grain yield under stress. This 
QTL explained 51% of genetic variation for the trait and 
had an additive eff ect estimated as 172 kg ha−1 (47% of 
the trial mean). This is the fi rst report of a QTL with 
a large and repeatable eff ect on grain yield under severe 
drought conditions in a fi eld experiment. The eff ect of this 
QTL, located in a 10-cM region between RM28048 and 
RM511, was observed consistently during two consecutive 
dry seasons where plants were subjected to severe drought 
stress at fl owering. Qtl12.1 also had a signifi cant eff ect on 
a wide range of other traits under severe stress, including 
biomass yield, fl owering delay, harvest index, plant height, 
drought-response index, panicle number, and the number 
of days to 50% fl owering. This QTL therefore appears to 
increase grain yield under stress by increasing the num-
ber of panicles, the biomass accumulation, and the harvest 
index while reducing fl owering delay. Since qtl12.1 had 
no eff ect on grain yield under nonstress conditions and 
is not signifi cantly associated with days to fl ower under 
nonstress conditions, it seems to be specifi cally involved in 
drought resistance. The fact that this QTL for grain yield 
under severe stress coincides with QTL for harvest index 
under stress and fl owering delay, but not for days to fl ow-
ering under nonstress conditions, indicates that the locus 
aff ects grain yield under stress primarily through eff ects 
on panicle exsertion and spikelet fertility under stress and 
that its eff ects are due to its eff ect on plant water status 
rather than on drought avoidance through earlier fl ow-
ering. Research is underway to clarify the physiological 
eff ects of the locus.

The eff ect size of this locus in the current popula-
tion seems to be large enough to support fi ne-mapping, 
and the very low genotype × year interaction gives this 
locus a potential for use in MAS to improve the drought 
tolerance of the eastern Indian upland parent, Vandana. 
Because this parent is already considered to have good 
drought tolerance, and is currently grown in the severely 
drought-prone upland environment of the eastern Indian 
plateau, an improvement in its drought tolerance could be 
of signifi cant benefi t to farmers in the region who depend 
on upland rice for food security. Fine-mapping of the 
locus is currently under way.
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