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ABSTRACT: Drought stress is the major constraint to rice (Oryza sativa) production and yield stability in rainfed
ecosystems. Identifying genomic regions contributing to drought resistance will help to develop rice cultivars suitable for
rainfed regions through molecular marker-assisted breeding. Quantitative trait loci (QTLs) linked to plant production traits
under drought stress were mapped by evaluating 155 F7 recombinant inbred (RI) lines of IR58821-23-B-1-2-1/IR52561-
UBN-1-1-2 under rainfed and irrigated conditions in the target environment. The RI lines were subjected to water stress
during grain filling by natural rainfall failure events in two successive seasons. The RI lines showed significant variation
in plant phenology, plant biomass, yield, and yield components under rainfed and irrigated conditions. Grain yield under
rainfed condition had a positive correlation with harvest index and negative correlations with spikelet sterility and the
number of days to 50% flowering. A total of 11 QTLs, identified for various plant phenology and production traits under
rainfed and irrigated conditions, accounted for 9.3-23.4% of the phenotypic variation. A genomic region identified on
chromosome 2 harboured a large effect QTL for grain yield (23.4%) under rainfed conditions. The region C499-PC11M1 on

chromosome 2 identified for grain yield under rainfed conditions was colocated with QTLs associated with root traits.
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INTRODUCTION

Rice (Oryza sativa L.) is grown on more than
150 million hectares' in a wide range of ecosystems
under varying temperatures and water regimes.
About 45% of the global rice area occurs in rainfed
ecosystems, which frequently experience severe water
deficit due to uncertain and uneven rainfall distribution
patterns. It is estimated that 18 million tons of rice
valued at US$ 3.6 billion is lost annually to drought?.
Drought stress is the major constraint to rice production
and yield stability in rainfed regions®. Developing
high-yielding drought-tolerant rice cultivars will
considerably improve rainfed rice production and/or
yield stability. Genetic improvement of adaptation
to drought is conventionally done by selecting for
yield and its stability over locations and years. The
progress is slow because of inherent variation in the
field, year to year variation in rainfall, and the fact that
there is only one crop per year*. Alternatively, yield
improvements in water limited environments could be
achieved by identifying secondary traits contributing

to drought resistance and selecting for those traits
in a breeding programme>®. The effectiveness of
selection for secondary traits to improve yield under
water-limiting conditions has been demonstrated in
sorghum’, maize®, and wheat.

Several putative traits contributing to drought
resistance in rice have been reviewed'®!. Since
phenotypic selection for these traits involves complex,
labour intensive protocols and cost demanding
experimental conditions, these traits are rarely selected
for in crop improvement programmes. Considering
these limitations to efficient selection, molecular
marker technology is a powerful tool for selecting
such traits. Quantitative trait loci (QTLs) have been
identified for several drought resistance traits in
rice!>"%. A significant proportion of the phenotypic
variability of several of these drought resistance
traits is explained by the segregation of relatively few
genetic loci, thus leading to the possibility of indirect
selection of these complex traits by means of a
marker assisted selection (MAS) strategy®. Although
QTL analysis indicates the map positions of QTLs
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associated with drought resistance traits, the effects
of those traits on plant production under drought is
unknown. Thus there is a need to determine whether
the QTLs linked to drought resistance traits also have
an impact on the yield under stress. By comparing the
coincidence of QTLs for specific traits and QTLs for
plant production under drought, it is possible to test
whether a particular constitutive or adaptive response
to drought stress is of significance in improving field
level drought resistance'.

Previous studies indicated colocation of certain
QTLs for root traits with those of the yield in the target
environment®>, However, these studies involved
rice lines derived from indicaljaponica crosses. The
necessity of QTL identification based on the variation
from the crosses between rice lines belonging to
the same subspecies has been emphasized'®". It is
therefore desirable to use a population derived from
an indica/indica cross to identify QTLs associated
with drought resistance traits. Few studies reported
mapping QTLs linked to drought resistance traits using
indicalindica rice populations'®"”. QTLs associated
with drought resistance traits and grain yield have
been identified in an indical/indica population from a
managed stress environment (MSE)®, but there has
been no corresponding study for populations from
the target environment (TE). Hence, the present study
was conducted with the objectives: (i) to identify
genomic regions linked to plant production and
drought resistance traits in indica/indica lines in the
TE, (ii) to identify collocation of QTLs of drought
resistance traits with those of plant production, and
(iii) to identify a set of QTLs for marker assisted
breeding for rainfed rice improvement.

MATERIALS AND METHODS

Plant materials

The rice breeding lines, IR58821-23-B-1-2-1
and IR52561-UBN-1-1-2, differ consistently for a
range of drought resistance traits. These include gross
root morphology, root penetration index, root pulling
force, and osmotic adjustment®'. A RI line population
was developed by single-seed descent from a cross
between IR58821-23-B-1-2-1 (abbreviated as
IR58821, a lowland indica accession which has
high root penetration index and thicker roots) and
IR52561-UBN-1-1-2 (abbreviated as IR52561, a
lowland indica line with low root penetration index
and thinner roots) at the International Rice Research
Institute, Philippines. Of the 166 F. recombinant
inbred (RI) lines of the population, a subset of 155
lines was used in this study.
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Field trials

Two separate field trials were conducted
in experimental fields of Tamil Nadu Agricultural
University at Paramakudi, India during the 2001-2
and 2002-3 wet seasons (September—February). In all
the trials, the RI lines were evaluated under two water
regimes, namely, rainfed and irrigated (nonstress)
conditions, following randomized complete block
design. The RI lines were replicated twice under
rainfed and thrice under irrigated conditions in Trial
1, whereas both the treatments were replicated thrice
in Trial 2. Experimental plots were 2.0 x 0.6 m? in
size. The spacing between and within rows were
20 cm and 10 cm, respectively. Seeds were hand-
dibbled into dry soil (100 kg/ha). NPK fertilizers
were applied at 50:25:25 kg/ha. P and FYM (12.5
tons/ha) were applied in full as the basal dose during
sowing, whereas N and K were applied in three splits
as top dressing. Paddy micronutrient mixture was
applied at 12.5 kg/ha during the early vegetative
stage. Insect and weed control measures were applied
periodically as required. The main soil and drought
stress characteristics of the trials are summarized in
Table 1.

Table 1  Site, soil, and drought stress characterization for
the trials conducted in Paramakudi, India
Site Trial 1 Trial 2
Elevation (metres above sea level) 40 40
Latitude and longitude 9°N, 70° E 9°N, 70° E
Soil texture Clay loam Clay loam
Soil pH 8.1 8.1
Characterization of the stress Severe Moderate
Timing of start of stress 101 DAE" 88 DAE
Duration of stress period (d) 21 33
Rainfall during stress period (mm) 0 0
Rainfall during crop period (mm) 435 460
Mean temperature (°C)
Maximum 332 35.9
Minimum 20.1 21.8
Average relative humidity (%)
Maximum 89.6 84.9
Minimum 65.4 67.5

* DAE = days after seedling emergence

Field measurements

Drought score (leaf rolling) was recorded
at midday during peak stress using the 1-7 scale
standardized for rice??. Data on days to 50% flowering,
grainyield, straw yield, spikelet sterility, total biomass,
and harvest index were recorded. Spikelet sterility
was calculated as the ratio of unfilled spikelets to
total spikelets per panicle. Relative grain yield under
rainfed conditions, which was the ratio of the rainfed
yield to the irrigated yield, was also computed.
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Statistical analysis

Analysis of variance was done using the general
linear model procedure of the SAS 9.1 program? in
order to check the genetic variance among the RI lines
for all the traits. Broad sense heritabilities (H) were
then computed from the estimates of genetic (Oé) and
residual (0:) variances using H = Oé / (062+ oez/k ),
where k is the number of replications. The frequency
distribution of all the traits was tested for skewness.
The Pearson correlations among the traits within a
trial were computed using the genotypic means?.

Linkage map and QTL analysis

The genotypic data of the 155 RI lines provided
by Dr. Henry T. Nguyen, Department of Agronomy,
University of Missouri, Columbia, USA were used
to map QTLs linked to various traits from the trials
conducted in the present study. The genetic linkage
map consisted of 399 marker loci including 303 RFLPs
and 96 AFLPs with a total map length of 2022 cM'.
Using the genetic linkage map, QTLs linked to
plant production and drought resistance traits
and their phenotypic effects were identified using
MAPMAKER/QTL version 1.1b**%, The threshold
LOD score used to declare the presence of QTLs
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was 3.0 which was derived on the basis of the total
map distance and average distance between markers
according to Lander and Botstein (1989)%. Putative
QTLs with LOD 3.03-4.16 were used to construct the
QTL map.

RESULTS AND DISCUSSION

Variation in drought resistance
production traits

The phenotypic means and range for the
various traits along with broad sense heritabilities
from the two trials are given in Table 2. Water stress
occurred in both trials, although the severity of the
stress differed as indicated by the mean values of
drought score (leaf rolling) and days to heading under
rainfed conditions for RI lines. Water stress was
terminal but severe in Trial 1 with a continuous stress
period of 21 days (without rain from 101 to 121 days
after seedling emergence) coinciding with flowering
and grain filling phases. The average drought score
(leaf rolling) across the RI lines was 4.3. The average
leaf drying was 4.8 under rainfed conditions in rice
doubled haploid lines’. Mean heading date was
delayed by 18 days under rainfed conditions as

and plant

Table 2 Trait mean values for 155 rice recombinant inbred (RI) lines tested under rainfed and

irrigated conditions.

RI lines

Trait Trial SD? H
Mean Range
. 1 43 1.0-7.0 1.6 0.43
Drought score (leaf rolling) ) 1.9 1043 08 034
. . 104 83-130 15.1 0.64
. 1

Days to heading-rainfed 5 85 7997 33 088
L 1 86 76-98 4.7 0.75
Days to heading-irrigated 5 38 78-100 46 080
Plant height (cm)-rainfed 2 88.7 66.3-109 7.7 0.44
Plant height (cm)-irrigated 2 106.1 74.8-134 10.5 0.43
o o 1 249 0.0-1017 300 0.84
Grain yield (kg/ha)-rainfed 5 204 0.0-1067 241 029
o L 1 1995 0.04644 1021 0.37
Grain yield (kg/ha)-irrigated 5 2054 0.0-4783 854 027
. . 1 5811 1536-13591 2056 0.71
Biomass (kg/ha)-rainfed 5 6515 110012056 1932 035
. . 1 6313 1888—15432 2780 0.68
Biomass (kgfha)-irrigated 2 10699 2375-22983 4493 0.5
Spikelet sterility (%)-rainfed 1 38.9 10.1-95.5 16 0.64
Spikelet sterility (%)-irrigated 1 20.7 4.1-52.9 8.7 0.41
. . 1 0.1 0.01-0.2 0.05 0.61
Harvest index-rainfed ) 008 0.01-1.0 013 049
. - 1 0.3 0.10-0.5 0.07 0.33
Harvest index-irrigated ) 025 011-1.0 010 018

Relative yield (%) 1 28 4-91 17 -

*  SD = standard deviation
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compared to irrigated conditions across RI lines.
Heading delay is a common drought response
observed in rice under drought stress”’. Late-maturing
cultivars suffered greater yield reduction than earlier
ones since the stress occurred late in the crop growth.
The water stress caused an average reduction of
87.5% in grain yield. Lafitte et al® tested 166 rice
germplasm accessions under mild terminal drought
in lowland conditions which on average reduced
grain yield to 84% of the control. The tested varieties
showed a wide range of yield response to the stress.
Some lines produced up to 150% as much grain yield
under stress as in the control, while others suffered
a yield reduction of over 90%. In the present study,
there was a 54% reduction in spikelet fertility under
stress across the RI lines. Similar results were reported
in rice DH lines under stress in Thailand®®. There
was a 67% reduction in mean harvest index under
rainfed condition in the present study. The relative
yield under drought stress ranged from 4-91%
with a mean of 28% across the RI lines. Similar
variation in morpho-physiological, plant phenology,
and production traits under rainfed conditions was
reported in several rice populations?-*. Transgressive
segregation in both directions was observed for most
traits. The frequency distribution of phenotypes
for the traits evaluated in this study approximately
fitted a normal distribution. Broad sense heritability
of days to heading, spikelet sterility percentage, and
total biomass under rainfed conditions was high
(0.64, 0.64, and 0.71, respectively).

There was a continuous stress period of 33 days
from 88 to 120 days after seedling emergence
coinciding with flowering and grain filling phases in
Trial 2. However, water stress was moderate. The
average droughtscore (leafrolling) was only 1.9 across
the RI lines (Table 2). Stress delayed days to heading
by only 4 days on average, while mean plant height
was reduced by 17 cm (16%) across the RI lines as
compared to the control. Average biomass, yield, and
harvest index were reduced by 39%, 90%, and 68%,
respectively, under rainfed conditions as compared to
the control. Harvest index is a primary determinant of
grain yield under rainfed conditions®', and the genetic
improvement of the harvest index would increase
grain yield**°. The broad sense heritability was low to
medium for most traits except days to heading under
stress (0.88). Babu et al® reported high heritability
for days to heading under rainfed conditions. The
frequency distribution of phenotypes for the traits
evaluated approximately fitted a normal distribution.

In summary, there was a significant genotypic
variation for most traits under rainfed conditions in
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both trials. Significant differences for plant production
and drought resistance traits have been reported among
a subset of 148 of these RI lines from an MSE®.

Correlations among drought resistance traits and
plant production

The correlation coefficients () among various
traits are presented for Trial 1 (Table 3) since water
stress was severe with an average yield reduction
of 87.5% under rainfed conditions as compared to
the irrigated conditions. A yield reduction of more
than 50% under stress is considered critical for the
expression of drought resistance potential in rice®.
Grain yield had a positive correlation with harvest
index (» = 0.77). The positive relation between yield
and harvest index in IR58821/IR52561 rice RI lines
under stress has been reported®. Significant negative
correlations between grain yield and days to 50%
flowering (r=— 0.47) and spikelet sterility (r=— 0.28)
under rainfed condition were noticed. Negative
correlations between grain yield and days to flowering
and spikelet sterility under stress were reported in
rice’!. This suggests that RI lines flowering late due
to drought suffered more yield loss*2. Drought stress
affected spikelet fertility inrice®. Spikelet sterility had
a negative correlation with harvest index (r =— 0.34)
under stress.

Although the stress was relatively moderate
in Trial 2, drought score (leaf rolling) was negatively
correlated with grain yield (» = — 0.33) and grain
yield showed positive correlation with harvest index
(r=0.86).

Table 3 Correlation coefficients among drought score (DS),
days to heading (DH), biomass (BM), grain yield (GY),
spikelet sterility (SS) and harvest index (HI) under rainfed
condition in the field in Trial 1 in RI line population.

DS DH BM GY SS HI
DS 1.00 -0.15 0.11 0.02 0.11 -0.07
DH 1.00 0.03 —0.47** 0.36*%*  —0.41%**
BM 1.00 0.11 0.16 —0.46%**
GY 1.00 —0.28*%*  0.77**
SS 1.00 —0.34%*
HI 1.00
= (p<0.01)

QTLs linked to plant production and drought
resistance traits

A total of 11 QTLs, significant at a logarithm
of odds (LOD) score of >3.00, were identified for
various plant production and drought resistance traits
under rainfed conditions from the trials (Table 4).
The number of QTLs identified for each trait within
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Table4 QTLs detected with LOD >3.00 for drought score (leafrolling), days to heading (days after sowing),
number of productive tillers, grain yield (kg/ha) and biomass (kg/ha) by interval mapping via MAPMAKER/
QTL version 1.1b in RI line population of 155 lines from IR58821 and IR52561 from two trials. Individual
QTLs are designated with the italicized abbreviation of the trait and chromosome number. When more than
one QTL affects a trait on the same chromosome, they are distinguished by decimal numbers.

Traits QTL Chromosome Interval LOD  Effect R”
number
ds4.1 4 PC11M4 - PC21M8 3.19 0.5450 (IR2) 9.7
Drought score
) ds5.1 5 PC34M5 - RG229 3.59 0.5686 (IR2) 10.5
(leaf rolling)
ds5.2 5 PC38M8 - PC35M 14 3.93 0.5898 (IR2) 11.1
Days to heading -
o dhi5.1 5 PC38M8 - PC35M14 3.54 3.0644 (IR2) 10.3
irrigated
Number of
productive tillers-  npti3.1 3 PC26M1 - PC20M2 4.16 -0.7927 (IR1) 122
irrigated
ayrs. 1 5 PC27M3 - RZ225 3.31 -199.49 (IR1)  10.8
gyr6.1 6 PC48M2 - PC31M1 3.09 -183.71 (IR1) 9.3
Grain yield -
) ayrl.1 1 PC26M7 - PC3M12 3.03 163.86 (IR2) 11.1
rainfed
ayr2.1 2 C499 - PC11M1 4.04 237.57 (IR2) 234
ayr6.1 6 PC31M1- PC28M15 3.32 -168.48 (IR1) 11.8
Biomass -rainfed ~ bmr6.1 6 PC28M3 - PC31M9 3.30 —1182.9 (IR1)

9.4

* Letters IR1 and IR2 in parentheses indicate that positive alleles for the effects are from IR58821 and IR52561, respectively.

° Relative contribution of the detected putative QTLs to the phenotypic variation.

a trial varied from one to three with the proportion
of phenotypic variation (R?) ranging from 9.3-23.4%.
QTLs linked to various plant production traits under
droughtstress were located in chromosomes 1,2,3,4, 5,
and 6. QTLs for different traits were mapped to similar
chromosomal locations between trials. For example,
ds5.2 and dhi5.1 were mapped to the PC38M8 —
PC35M14 region on chromosome 5 in Trials 1 and 2,
respectively. Colocation of QTLs for days to 50%
flowering and drought score index on chromosome 3 in
Bala/Azucena RI lines were reported earlier in rice®.
In both the trials, for traits related to plant production
under rainfed conditions, the majority of favourable
alleles came from IR58821, the indica parental line
with a high root penetration index. However, alleles
from IR52561 also contributed to plant production
under rainfed conditions.

Colocation of QTLs for plant production and root
traits

Understanding the genetic basis of drought
resistance in crops is fundamental for enabling breeders
and molecular biologists to develop new cultivars
with drought resistance. Physiological studies have

indicated that the ability of a root system to provide
for evapotranspirational demand from deep soil
moisture and the capacity for osmotic adjustment are
major drought resistance traits in rice''. Information
on genomic regions associated with grain yield and its
components under drought stress in field conditions
is limited in rice. A few QTLs linked to yield under
drought stress were reported earlier using CT9993/
IR62266 doubled haploid lines®*! and Bala/Azucena
RI lines® but these lines received favourable alleles
from the japonica ecotype. There was a single report
on QTLs for plant production traits using indica/
indica lines from MSE in IR58821/IR52561 RI lines.
The present study identified five QTLs for grain yield
under rainfed conditions in TE, namely, two QTLs on
chromosomes 5 and 6 explaining 10.8% and 9.3%,
respectively, of phenotypic variation in Trial 1, and
three QTLs on chromosomes 1, 2, and 6 explaining,
11.1%, 23.4% and 11.8%, respectively, of phenotypic
variation in Trial 2.

Previous studies have mapped QTLs for various
root traits'!°, days to 70% relative water content,
canopy temperature, and plant production under an
MSE? in IR58821/IR52561 RI lines. On comparing

WWwWw.scienceasia.org



270

Lo~ RGIT! os RG171 RG171 [
s oug| T RZ386 I 5o RZ386 RG257

' €499 €499 E| E
44.6cM PC11M1 33.5 PC11M1

Present study Alietal (2000)

IR58821/IR52561 RI lines

Grain yield-rainfed
(R*=23.4%)

IR58821/IR52561 RI lines
E Penetrated root number

H Root penetration index

ScienceAsia 34 (2008)

Hemamalini et al (2000)
IR64/Azucena DH lines

] Number of tillers EH Root length
E Root dry weight
E Total root number

@ Root volume

Fig. 1 Colocation of QTLs associated with grain yield under drought stress and root related traits in IR58821/IR52561 RI

and other rice lines.

the genomic locations, colocation of QTLs for various
drought resistance and plant production traits was
noticed in these RI lines. For instance, the region
C499-PC11M1 on chromosome 2 was found to carry
the QTL gyr2.1 associated with grain yield under
drought stress explaining 23.4% of the phenotypic
variation in the present study. This region harboured
QTLs for root penetration index and penetrated root
number in these RI lines'® (Fig. 1).

Comparison of QTLs across genetic backgrounds
To identify QTLs common across genetic
backgrounds, the results of the present study were
compared with QTLs for physio-morphological and
plant production traits under stress reported in other
rice populations. The linkage map developed by
McCouch et al** served as a bridge to compare maps
between different populations. The genomic region
PC27M3-RZ225 on chromosome 5 was significant in
terms of drought resistance in IR58821/IR52561 RI
lines. QTL for grain yield under drought stress (Trial
1) was mapped to this region in the present study. Price
et al*® reported QTLs for the ratio of penetrated roots
to total roots and the number of penetrated roots in this
region in Bala/Azucena RI lines. Yue et al*® identified
QTLs for maximum root depth under stress in the field
conditions in Zhenshan97/ IRAT109 RI lines in the
same region. Another QTL (PC48M2-PC31M1) for
grain yield under drought stress (Trial 1) was mapped
on chromosome 6 and Nguyen et al*’ identified QTLs
for penetrated root thickness in CT9993/IR62266 DH
lines in the same region. Another QTL, PC31M1-
PC28M15 was linked to grain yield on chromosome 6
under moderate stress (Trial 2). This chromosomal
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region was linked to penetrated root thickness in
CT9993/IR62266 doubled haploid lines*” and root
dry weight and root branching index in Akihikari/
IRAT109 RI lines of rice™.

CONCLUSIONS

In summary, a subset of 155 rice RI lines
derived from indica x indica ecotypes were subjected
to drought stress during the reproductive phase due to
a natural rainfall failure event under field conditions
in the target environment. The RI lines showed
significant variation in plant production traits under
droughtstress. QTLs linked to grain yield under rainfed
conditions were identified. Colocation of QTLs for
plant production traits under rainfed conditions and
QTLs for root traits was observed in these RI lines.
Consistent QTLs associated with drought resistance
and plant production across genetic backgrounds were
also detected and might be useful in marker assisted
selection for rainfed rice improvement.
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