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Abstract Rice double-haploid (DH) lines of an indica
and japonica cross were grown at nine different locations
across four countries in Asia. Genotype-by-environment
(G � E) interaction analysis for 11 growth- and grain
yield-related traits in nine locations was estimated by
AMMI analysis. Maximum G � E interaction was
exhibited for fertility percentage number of spikelets
and grain yield. Plant height was least affected by
environment, and the AMMI model explained a total of
76.2% of the interaction effect. Mean environment was
computed by averaging the nine environments and
subsequently analyzed with other environments to map

quantitative trait loci (QTL). QTL controlling the 11 traits
were detected by interval analysis using mapmaker/qtl.
A threshold LOD of �3.20 was used to identify
significant QTL. A total of 126 QTL were identified for
the 11 traits across nine locations. Thirty-four QTL
common in more than one environment were identified on
ten chromosomes. A maximum of 44 QTL were detected
for panicle length, and the maximum number of common
QTL were detected for days to heading detected. A single
locus for plant height (RZ730-RG810) had QTL common
in all ten environments, confirming AMMI results that
QTL for plant height were affected the least by environ-
ment, indicating the stability of the trait. Two QTL were
detected for grain yield and 19 for thousand-grain weight
in all DH lines. The number of QTL per trait per location
ranged from zero to four. Clustering of the QTL for
different traits at the same marker intervals was observed
for plant height, panicle number, panicle length and
spikelet number suggesting that pleiotropism and or tight
linkage of different traits could be the possible reason for
the congruence of several QTL. The many QTL detected
by the same marker interval across environments indicate
that QTL for most traits are stable and not essentially
affected by environmental factors.

Keywords Common QTL · Locations · G � E
interaction · Molecular markers · Rice · Yield traits

Introduction

The phenotype of an individual is affected both by
genotype (G) and environment (E). Most agronomically
significant characters are inherited quantitatively and are
known to be affected by environmental factors. Selection
based on the phenotype would be difficult for such
difficult traits. In breeding programs, it is often difficult to
manipulate such traits, since several inter-componential
characters indirectly control them. With the advent of
molecular marker techniques as well as the availability of
saturated DNA marker maps it is now possible to identify
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and locate loci (genes) controlling complex traits like
grain yield and its contributing traits. The availability of
saturated molecular map (Causse et al. 1994; Kurata et al.
1994) has made it possible to elucidate the inheritance
pattern of both Mendelian and quantitative trait loci
(QTL). While the mapping of QTL traits has been
reported by several workers, there are not many reports on
the identification of the QTL in one mapping population
across several environments. Most of the investigations
have identified QTL either in two or three environments
(Paterson et al. 1991; Stuber et al. 1992; Hayes et al.
1993; Zhuang et al. 1997; Shailaja Hittalmani et al. 2002)
or used more than one population in same location (Lin et
al. 1995) or one population in single environment (Wang
et al. 1994; Champoux et al. 1995; Courtois et al. 1995; Li
et al. 1995; Xiao et al. 1996; Hemamalini et al. 2000).

The present study was conducted with the doubled
haploid (DH) lines of a IR64/Azucena rice cross in nine
environments in Asia and in the ‘Mean environment’
computed. QTL controlling 11 growth and yield traits in
rice were identified together with common QTL across
different environments. G � E interaction of traits was
also observed. The study was mainly aimed to detect QTL
that are stable across environments and find out their
phenotypic contribution to trait for the use in selecting the
right type of plant material and help the breeding program
to be more focused. Identifying QTL for traits that are
stably expressed across diverse environments could also

help in the possibility of using closely associated markers
in marker-assisted-selection (MAS) for quantitative traits.
Use of markers to select for quantitative traits is not
common because of the skepticism that most QTL are not
stable due to the environmental influence.

Materials and methods

Plant material

One hundred and twenty-five rice (Oryza sativa L.) lines of a DH-
population developed from a cross between IR64, an indica variety
adapted to an irrigated condition, and Azucena, an upland
traditional japonica variety (Guiderdoni et al. 1992) developed in
France and maintained at IRRI, Philippines, were used for the
experiment. IR64is a semidwarf, heavy-tillering, high-yielding and
widely grown variety in rice-growing regions of Asia, while
Azucena is a tall, sparse-tillering, low-yielding and long-grained
aromatic variety from the Philippines.

Experimental locations

The experiment was carried out in nine different environments in
four rice-growing countries in South and South-East Asia differing
in a wide range of agro-climatic conditions (Tables 1, 2). The
latitude varied from 12�NS in UAS, India to 30�NS in CNRRI in
China. The longitude varied between 75�W and 122�E.

Table 1 List of the different
locations at which experiments
were conducted

Sl. no. Institutes Country Abbreviations

1 Chinese National Rice Research Institute, Hangzhou China CNRRI
2 Indian Agricultural Research Institute, New Delhi India IARI
3 International Rice Research Institute, Los Banos Philippines IRRI94
4 International Rice Research Institute, Los Banos Philippines IRRI95
5 Punjab Agricultural University, Ludhiana India PAU
6 Rice Research Institute, Pistanulok Thailand RRI
7 South China Agricultural University, Hangzhou China SUE
8 South China Agricultural University, Guangzhou China SUL
9 University of Agricultural Sciences, GKVK, Bangalore India UAS

Table 2 Details of experimental conditions of different locations

CNRRI IARI IRRI94 IRRI95 PAU RRI SUE SUL UAS

Latitude (�NS) 30 13 14 14 31 20 23.5 23 12
Longitude (�EW) 120 75 122 122 75 98 112 113 77
Elevation above

mean sea level (m)
– 236 23 23 – – – – 921

Sowing date June 95 June 95 December 93 January 95 June 95 April 95 June 95 June 95 June 95
Design RCBD RCBD RCBD RCBD RCBD RCBD RCBD RCBD RCBD
Replication 3 2 2 3 3 3 3 3 3
Spacing between

rows (cm)
30 30 30 30 30 30 30 30 30

Spacing within
rows (cm)

20 15 25 20 20 20 20 20 20

Number of rows plot–1 – 3 3 5 6 4 – – 6
Fertilization Basal + top Basal + top Basal + top Basal + top Basal + top Basal + top Basal + top Basal + top Basal + top
Number of DH lines 125 113 101 117 125 122 125 125 106
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Details of the field experiments

The DH population along with the parental lines was raised in a
randomized complete block design (RCBD) at each location. The
experimental conditions prevalent at the different environments,
including number of replications, spacing, number of DH lines
used, are indicated in Table 2. Twenty-five-day-old seedlings were
transplanted to the main field under irrigated conditions. The
selected observations were recorded at the appropriate crop growth
stage during pre- and post-harvest stages. The various phenotypic
observations were recorded on ten randomly selected plants per
genotype and parents as per the guidelines of the Standard
Evaluation System (IRRI 1988). The average of these ten plants
was computed and used for analysis. The average of nine locations
computed constituted the ‘Mean environment’ (tenth location). The
traits measured for detecting QTL and their abbreviations used in
the paper are indicated in Table 3.

Data were not available for the traits BMS and HID at IRRI94,
and PEN at CNNRI. Data on parents was not available at CNNRI
on NOS, at IRRI95 on HDD and HID, at RRI on HDD, and at SUL
on BMS, FRP, HID, NOS, PEN, and TGW.

AMMI analysis for estimating G � E interaction

The 11 selected traits in nine locations were subjected to AMMI
analysis (Gauch 1992) to estimate G � E interaction and the extent
of interaction explained by the extraneous factors. This explains the
G � E through multiplicative terms and can also improve the
precision of the estimation.

QTL mapping

The chromosome map of IR64 � Azucena developed earlier (Huang
et al. 1994) using 135 lines consisting of 175 polymorphic markers
including 146 restriction fragment length polymorphisms, (RFLP)
three isozymes, 14 randomly amplified polymorphic DNA
(RAPDs) and 12 cloned genes was used. To this map 85 new
markers comprising of 76 Simple sequence repeats (SSRs)
(Ricegenes 2000) and two RAPDs were added. The overall map
length of this population is approximately 1,822 cM (Temnykh et
al. 2000). Distribution of IR64 and Azucena alleles for each marker
was roughly symmetrical around 0.5, suggesting no overall bias
toward either parent.

QTL mapping was carried out by interval analysis with
mapmaker/qtl (Lander and Botstein 1989; Lincoln et al. 1993).
The threshold LOD of 2.00 was used, considering the number of
locations, to reduce type-I error and identify suggestive QTL for
detecting QTL that are common across locations, as the map is not
a highly saturated one. However, only those QTL with LOD above
3.2 were treated as significant. This ensures a genome-wide
significance of P > 0.05 and chromosome-wide significance of P

> 0.004 (Van Ooijen 1999). Chromosome-wise significance at P >
0.01 corresponds to an LOD of 2.8. This relaxed LOD was used to
infer suggestive linkage if the QTL also appeared in another
environment. QTL for various traits in the ten environments – nine
locations and ‘Mean environment’ – were detected and mapped on
the rice chromosomes.

Results

Trait performances

The performance of the DH lines and their parents IR64
and Azucena in ten environments for 11 traits is tabulated
in Table 4. An approximate normal distribution was
observed for phenotypic performance of the traits in all
environments. A wide variation in the performance of the
DH lines for all traits except HDD was observed in all
environments. However, the performance of the parents
varied considerably for BMS, HID, NOP, PEN and PHT,
while the magnitude of variation was less for HDD, PLT
and TGW. Parents differed in performance for traits BMS
and YLD at a few locations but were largely similar in the
remaining locations. Transgressive segregants in either
direction were found for all of the traits measured.
Maximum variation was observed for PHT, PEN, NOS
and FRP, while PLT, HDD and HID had the least.

The mean performance of traits indicates the effect of
environment on phenotype. PHT, PLT, HDD, and TGW
were least affected by environment and had a fairly
uniform environmental index, as reflected by their
location mean values. PEN, YLD, BMS and NOP were
the most affected by environment. The YLD of the DH
lines and parents in the ten environments is depicted in
Fig. 1.

G � E using AMMI analysis

Genotypic variability, phenotypic variability and the
interaction effects were estimated for the 11 traits
(Table 5). The AMMI model dissected the interaction
component in three sects and explained the extent of
interaction. HDD, PHT and TGW had the least G � E
interaction, while FRP, NOS and YLD had higher G � E
interaction. Of the total G � E interaction effect, the
AMMI model explained 85.63% for HID, 76.19% for
PHT and 71.65% for HDD and NOP. This model
explained at least 58% of the total interaction effects for
the traits observed (Table 5).

QTL detection by interval analysis

The interval analysis detected a total of 292 QTL above
an LOD of 2.0, of which 126 were significant (above
LOD 3.2) (Table 6), for the 11 traits across the ten
environments, with an average of 1.15 per trait per
location. The maximum number of QTL were identified
for PLT (20) and NOP (20) and a minimum for FRP (1)

Table 3 List of traits recorded in the experiment and abbreviations
used

Sl. no. Trait Unit Abbreviation

1 Biomass plant–1 g BMS
2 Fertility percentage % FRP
3 Heading date Days HDD
4 Harvest index Ratio HID
5 Number of panicles plant–1 Number NOP
6 Number of spikelets panicle–1 Number NOS
7 Panicle exsertion cm PEN
8 Plant height cm PHT
9 Panicle length cm PLT

10 1000 grain weight g TGW
11 Grain Yield plant–1 g YLD
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Table 4 Descriptive statistics for traits, parents (IR64 and Azucena) and mapping population (DH) in ten environmentsa(SD standard deviation)

TRAIT CNRRI IARI IRRI94 IRRI95 PAU RRI SUE SUL UAS Mean

BMS IR64 80.80 42.00 – 86.40 67.60 112.80 46.44 – 82.41 74.06
Azucena 50.80 37.20 – 90.05 55.60 70.20 34.70 – 48.48 55.29
DH mean 56.25 35.60 – 83.30 54.35 71.45 40.42 36.70 60.61 56.30
SD 11.89 15.61 – 14.94 9.53 13.15 6.52 5.32 10.46 6.95
Minimum 27.74 10.23 – 48.57 28.40 42.20 24.44 21.80 38.00 40.05
Maximum 99.97 84.45 – 115.50 72.20 99.90 51.84 46.10 86.10 75.58

FRP IR64 47.00 90.00 94.00 93.00 77.00 70.00 74.50 – 86.57 79.01
Azucena 84.00 88.00 84.00 84.00 87.00 89.00 80.60 – 85.36 85.25
DH mean 55.68 67.42 78.18 72.66 71.57 70.77 53.36 70.16 70.89 69.12
SD 16.34 13.04 10.21 10.80 14.54 12.94 20.84 12.79 10.72 8.68
Minimum 13.64 29.20 49.80 33.41 26.79 34.17 11.05 31.51 40.91 47.77
Maximum 90.74 96.85 94.72 93.58 92.34 90.12 93.33 91.64 90.26 85.67

HID IR64 0.25 0.60 – – 0.27 0.40 0.35 – 0.48 0.39
Azucena 0.37 0.50 – – 0.31 0.50 0.42 – 0.43 0.42
DH mean 0.28 0.37 – 0.37 0.21 0.39 0.30 0.40 0.37 0.34
SD 0.08 0.10 – 0.09 0.06 0.09 0.10 0.08 0.08 0.06
Minimum 0.11 0.14 – 0.16 0.12 0.16 0.12 0.18 0.20 0.20
Maximum 0.48 0.59 – 0.54 0.35 0.57 0.52 0.54 0.55 0.44

HDD IR64 106.00 97.00 – – 118.50 – 123.30 107.00 107.33 109.86
Azucena 108.00 102.50 – – 104.50 – 116.40 105.00 98.67 105.85
DH mean 110.12 102.37 99.75 90.96 111.47 107.21 122.00 104.44 110.40 106.29
SD 6.49 4.92 7.33 10.09 5.40 8.21 6.15 5.28 7.46 4.73
Minimum 97.00 87.50 84.00 72.00 102.00 89.70 101.10 92.00 89.70 95.04
Maximum 129.00 113.00 120.00 110.00 124.50 125.10 136.80 115.50 123.70 116.35

NOP IR64 14.70 14.70 19.00 22.30 11.15 27.60 15.70 13.00 25.82 18.22
Azucena 7.40 7.60 8.00 8.00 8.05 10.50 6.20 5.15 7.45 7.59
DH mean 11.16 9.30 11.98 17.26 9.97 15.53 11.95 10.00 16.66 12.73
SD 2.27 2.86 2.40 3.91 1.76 4.19 2.73 2.50 4.39 2.09
Minimum 6.90 5.25 7.70 5.40 6.60 7.20 6.10 5.10 9.07 8.63
Maximum 17.80 18.50 20.80 27.07 14.95 29.10 20.10 17.65 28.82 17.61

NOS IR64 – 123.00 110.00 131.60 108.70 136.00 112.10 – 91.77 116.17
Azucena – 186.00 178.00 137.50 147.10 171.00 191.50 – 134.83 163.70
DH mean 115.53 145.45 149.76 132.97 118.19 146.35 135.09 152.44 99.68 135.57
SD 29.36 33.02 35.94 29.64 28.25 36.30 35.52 40.81 23.29 26.24
Minimum 55.09 77.68 76.00 82.10 44.40 80.10 72.20 79.25 58.00 78.53
Maximum 211.29 250.65 246.00 231.70 202.60 255.70 234.10 262.85 162.80 202.44

PEN IR64 – 1.80 1.00 3.01 6.95 8.90 5.10 – 2.79 4.22
Azucena – 6.60 6.00 8.15 8.50 8.80 7.40 – 6.78 7.46
DH mean – 1.17 1.39 0.43 4.44 4.72 4.66 2.47 2.13 2.78
SD – 3.59 3.59 3.23 2.80 3.57 3.49 3.63 3.02 2.79
Minimum – –8.09 –9.10 –7.20 –2.63 –5.20 –5.00 –9.25 –4.81 –5.72
Maximum – 11.60 8.30 9.80 13.08 12.70 13.50 11.45 8.61 9.81

PLT IR64 26.70 25.90 23.00 24.20 25.85 26.80 25.20 24.00 21.17 24.76
Azucena 26.80 29.90 29.00 25.80 28.95 29.30 33.70 29.80 27.24 28.94
DH mean 25.16 25.84 25.82 24.56 26.33 26.90 27.44 25.76 23.25 25.78
SD 3.41 3.14 3.12 3.10 3.12 3.79 3.67 3.05 2.88 2.84
Minimum 17.60 18.78 17.90 17.15 18.00 17.50 19.90 18.05 16.17 19.22
Maximum 33.21 32.95 32.40 32.17 34.05 36.00 37.60 32.25 31.72 32.48

PHT IR64 117.40 105.70 74.00 88.90 107.80 103.70 101.50 87.00 83.78 96.64
Azucena 167.20 159.30 142.00 123.00 158.80 149.50 153.80 143.10 127.00 147.08
DH mean 127.11 115.90 103.36 96.95 121.01 114.18 121.11 106.62 100.40 110.40
SD 22.87 22.35 22.71 16.25 22.03 20.21 23.07 21.76 16.49 18.68
Minimum 70.90 69.46 58.80 59.30 76.70 74.20 73.40 64.20 66.73 73.09
Maximum 183.90 176.50 157.00 139.70 178.00 160.00 181.40 157.90 136.47 154.93

TGW IR64 25.30 21.90 26.00 22.70 27.90 25.90 23.30 – 29.60 25.33
Azucena 25.80 26.10 30.00 27.80 29.40 31.30 27.40 – 33.80 28.95
DH mean 23.98 22.60 26.22 23.67 26.35 26.33 23.53 25.05 27.22 25.05
SD 3.17 3.30 3.27 2.90 3.16 3.67 2.94 3.02 2.98 2.72
Minimum 17.83 16.23 18.80 16.90 18.30 18.10 17.50 17.95 17.67 18.13
Maximum 34.25 31.06 33.70 30.17 34.30 34.30 32.10 34.00 34.33 32.23

YLD IR64 19.00 26.60 26.00 45.70 18.00 44.30 16.10 18.00 39.68 28.15
Azucena 18.60 18.90 22.20 20.15 17.10 36.50 18.47 15.20 21.15 20.92
DH mean 15.75 13.01 16.55 31.40 11.62 28.74 12.18 15.10 22.39 19.01
SD 4.98 5.65 5.79 9.82 3.76 8.32 4.63 3.64 5.65 3.33
Minimum 4.40 3.18 3.33 11.56 3.40 9.40 3.76 6.80 10.50 10.11
Maximum 30.63 36.70 28.97 53.77 24.00 49.00 23.91 32.60 34.83 25.65

a For abbreviations see Table 1
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and YLD (2). Mean environment detected maximum QTL
(20); the minimum (2) was at the UAS location in India.

Table 7 shows the QTL for various traits along with
marker interval of peak LOD, number of locations in
which QTL appeared, additive effect and direction of the
QTL, percentage variation explained and the peak LOD.
In total, 34 QTL were detected for 11 traits that appeared
in at least two environments. The additive effect of a QTL

was consistent in its direction when detected in more than
one environment, but its magnitude varied (Table 7).

Biomass (BMS)

A total of Six QTL significantly affecting BMS were
detected. Three were confined to one environment, while
other three were identified in more than one environment

Table 5 Proportion of pheno-
typic variability explained by
different factors by AMMI
model for 11 traits

TRAITS G E G � E REG AMMI 1 AMMI 2 AMMI 3 Total

BMS 10.78 62.66 26.55 0.23 30.97 20.89 17.00 68.85
FRP 32.80 23.42 43.78 0.31 32.91 14.99 13.69 61.58
HDD 20.19 58.42 21.39 0.25 37.10 20.11 14.44 71.65
HID 33.64 42.85 23.53 0.19 40.55 24.74 20.34 85.63
NOP 24.33 46.35 29.32 0.25 33.18 20.11 18.36 71.65
NOS 44.74 21.52 33.74 0.27 27.87 17.26 13.09 58.22
PEN 55.14 17.98 26.88 0.21 29.73 17.78 15.55 63.06
PHT 67.67 17.89 14.44 0.26 40.79 23.21 12.20 76.19
PLT 66.55 11.15 22.30 0.26 29.11 19.71 13.37 62.19
TGW 59.36 19.33 21.31 0.19 27.17 19.88 15.26 62.31
YLD 12.44 57.12 30.44 0.27 31.92 20.70 14.69 67.31

Fig. 1 The yield performance
of the DH lines and the parental
lines (IR64 and Azucena) in the
ten environments tested

Table 6 Number of QTLs identified for each trait in nine locations and mean environment by interval analysis (Threshold LOD � 3.20)

Trait CNNRI IARI IRRI94 IRRI95 PAU RRI SUE SUL UAS Mean Total

BMS 0 1 – 0 0 1 0 2 0 2 6
FRP 1 0 0 0 0 0 0 0 0 0 1
HDD 1 2 1 0 1 1 1 0 1 2 10
HID 2 0 – 1 1 1 3 2 0 3 13
NOP 2 0 3 1 2 3 3 3 0 3 20
NOS 0 1 2 2 1 1 1 1 0 3 12
PEN – 0 1 0 3 2 0 1 0 1 8
PHT 2 1 1 1 2 2 2 2 1 1 15
PLT 2 1 2 1 3 1 4 4 0 2 20
TGW 4 0 2 3 2 2 2 2 0 2 19
YLD 0 0 0 0 0 0 1 0 0 1 2

Total 14 6 12 9 15 14 17 17 2 20 126
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Table 7 List of common QTLs for different traits in more than one environment

Trait Interval Chromo-
some

QTLa Number
of
locations

Additivityb Percentage variance
explained

LOD score

Mini-
mum

Maxi-
mum

Mini-
mum

Maxi-
mum

Mini-
mum

Maxi-
mum

BMS RG810-RZ801 1 qBMS1-1 1 – +6.07 – 15.00 – 3.53
RZ801-RG331 1 qBMS1-2 2 +2.64 +3.83 10.40 14.10 2.62 4.02
RZ284-pRD10A 3 qBMS3-1 1 – –2.54 – 11.90 – 3.27
RG190-RG908 4 qBMS4-1 2 –3.06 –2.17 9.00 15.90 2.40 3.87
RZ488-RG477 7 qBMS7-1 1 – –6.94 – 16.50 – 3.84
RG477-PGMS0.7 7 qBMS7-2 2 –3.99 –2.57 9.50 11.50 2.53 3.21

FRP RG449-RG788 4 qFRP4-1 2 +6.24 +6.41 8.20 13.10 2.24 3.40

HDD RZ730-RG810 1 qHDD1-1 2 +1.72 +3.93 10.40 18.00 2.09 3.58
RG104-RG348 3 qHDD3-1 1 – +1.96 – 15.70 – 4.42
RG348-RM231 3 qHDD3-2 3 +3.16 +4.35 9.60 32.10 2.38 8.32
RG190-RG908 4 qHDD4-1 4 –2.57 –1.58 7.80 9.60 2.07 2.50c

RG477-PGMS0.7 7 qHDD7-1 7 –2.90 –1.68 8.50 18.90 2.32 5.00
AG8_Aro-A10K25 8 qHDD8-1 1 – –1.99 – 14.00 – 3.71
RM257-RZ228 9 qHDD9-1 2 +1.62 +3.15 9.10 11.00 2.18 3.01c

HID RZ730-RG810 1 qHID1-1 1 – –0.05 – 26.30 – 5.37
RZ801-RG331 1 qHID1-2 4 –0.04 –0.03 13.80 20.50 3.51 5.95
RZ574-RZ284 3 qHID3-1 4 +0.02 +0.05 11.30 20.90 2.24 5.69
RZ284-pRD10A 3 qHID3-2 2 +0.03 +0.03 12.80 17.80 3.20 4.59
RG190-RG908 4 qHID4-1 1 – +0.03 – 13.50 – 3.44
RG908-RG91 4 qHID4-2 2 +0.03 +0.03 10.20 13.10 2.18 3.21
RG91-RG449 4 qHID4-3 1 – +0.02 – 16.20 – 4.76
RG769-RG511 7 qHID7-1 2 +0.02 +0.03 11.40 12.10 2.97 3.17c

PGMS0.7-RM214 7 qHID7-2 1 – +0.03 – 17.00 – 4.49
RG978-RZ617 8 qHID8-1 3 +0.02 +0.04 8.50 12.20 2.09 3.05c

RZ617-AG8_Aro 8 qHID8-2 2 +0.02 +0.03 9.30 11.20 2.55 3.18c

NOP RZ730-RG810 1 qNOP1-1 8 –2.20 –0.85 15.10 27.70 3.20 6.19
CDO87-RG910 3 qNOP3-1 2 –1.59 –0.67 7.90 13.30 2.04 3.31
RZ675-RM241 4 qNOP4-1 1 – –1.00 – 13.60 – 3.35
RG163-RG214 4 qNOP4-2 6 –1.71 –0.91 18.00 25.70 2.45 6.62
RG901-RG958 12 qNOP12-1 1 – –1.05 – 19.80 – 5.66
RM235-RG181 12 qNOP12-2 5 –1.70 –0.82 15.00 19.10 4.04 5.57

NOS RM84-RM220 1 qNOS1-1 2 +8.99 +10.96 9.30 11.40 2.56 3.19c

RG449-RG788 4 qNOS4-1 1 – +15.30 – 23.10 – 5.86
RG788-RZ565 4 qNOS4-2 2 +12.05 +14.10 15.00 19.90 3.52 5.98
RG163-RG214 4 qNOS4-3 8 +10.40 +24.97 10.60 41.10 2.49 11.84
RG214-RZ590 4 qNOS4-4 1 – +17.62 – 23.60 – 5.67
RM70-Est_9 7 qNOS7-1 3 +9.83 +11.22 8.40 10.70 2.12 2.80c

PEN RZ730-RG810 1 qPEN1-1 6 +1.10 1.93 12.90 23.00 3.11 5.07
RG190-RG908 4 qPEN4-1 4 –1.56 –0.92 9.00 17.30 2.42 4.68
CDO99-Amp_2 8 qPEN8-1 2 –1.12 –0.91 11.50 13.10 2.53 3.51

PHT RZ730-RG810 1 qPHT1-1 10 +9.14 +19.84 25.20 63.30 5.02 18.92
RZ574-RZ284 3 qPHT3-1 6 –10.17 –7.04 11.40 18.00 2.12 4.31
RZ284-pRD10A 3 qPHT3-2 1 – –8.24 – 12.50 – 3.57
RG769-RG511 7 qPHT7-1 4 –7.59 –5.61 7.90 10.40 2.11 2.78c

PLT RZ730-RG810 1 qPLT1-1 9 +1.36 +2.28 15.60 37.10 3.46 7.44
RM218-RM232 3 qPLT3-1 1 – –1.71 – 16.80 – 4.07
RZ574-RZ284 3 qPLT3-2 5 –1.64 –1.13 12.90 16.90 2.66 3.91
RG910-RG418A 3 qPLT3-3 9 +1.09 +1.68 9.90 19.70 2.33 5.27
RG163-RG214 4 qPLT4-1 2 +1.24 +1.25 13.60 14.60 2.88 3.48
RG433-Cat_1 6 qPLT6-1 3 –1.21 –0.92 9.90 11.30 2.74 3.18c

RG769-RG511 7 qPLT7-1 2 –1.39 –1.00 8.40 11.00 2.14 2.80c

RG257-RG241 10 qPLT10-1 5 –1.62 –1.17 12.10 20.30 2.69 4.47

TGW RG690-RM212 1 qTGW1-1 2 +1.08 +1.11 12.10 13.50 3.35 3.54
RZ730-RG810 1 qTGW1-2 1 – +2.25 – 29.90 – 6.51
RZ801-RG331 1 qTGW1-3 6 +1.16 +1.47 12.20 20.90 2.73 6.22
RZ574-RZ284 3 qTGW3-1 6 –1.39 –1.00 9.80 16.80 2.28 4.24
RM55-RM49 3 qTGW3-2 1 – –1.25 – 14.40 – 4.03
RM49-CDO337 3 qTGW3-3 2 –1.29 –1.12 14.20 14.20 3.02 3.56
RG433-Cat_1 6 qTGW6-1 3 –1.18 –0.77 7.60 10.40 2.13 2.84c

RM258-G2155 10 qTGW10-1 2 –1.54 –1.32 18.90 23.80 4.59 6.63
G2155-RG134 10 qTGW10-2 1 – –1.25 – 14.60 – 4.18
RG134-RZ500 10 qTGW10-3 5 –1.88 –1.12 12.50 25.10 3.48 7.13
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albeit at lower LOD. The highest number of QTL (2) were
identified in SUL and Mean environment, while none
were detected at CNNRI, IRRI95 and PAU. Of the six
QTL, four had a negative influence.

Fertility percentage (FRP)

One significant QTL for grain fertility at CNNRI was
detected. This QTL also appeared at location RRI
although at a lower LOD of 2.24.

Heading date (HDD)

A total of ten significant QTL with five distinct QTL were
detected, of which two were detected in only one
environment and other three appeared in more than one
environment. A maximum of two QTL were identified in
IARI and Mean environment. None were detected at
IRRI95 and SUL. The region between PGMS0.7-RG477
on chromosome 7 showed QTL in seven environments.
One suggestive QTL between RM257-RZ228 was also
inferred. Interestingly, QTL in the interval RG190-RG908
appeared in four locations with the LOD ranging between
2.07 and 2.50. These two regions had a negative influence
on trait.

Harvest index (HID)

A total of 13 significant QTL, eight of which were
distinct, were found to affect HID and detected across ten
environments, with four QTL being confined to one
environment and the others detected in two to four
environments. Maximum QTL were detected in Mean
environment (3) and the least at IARI and UAS in India.
Two QTL, one each on chromosome 1 (RZ801-RG331)
and chromosome 3 (RZ574-RZ284) were consistent in
four environments and could explain up to 20% variation.
However, the former was exerting negative influence and
latter positive influence for harvest index. Three sugges-
tive QTL were also inferred on chromosomes 7 and 8.

Number of panicles (NOP)

A total of 20 significant QTL, with six being distinct,
were detected for NOP. The number of QTL at any
location varied from zero to three. QTL located between
markers RZ730 and RG810 on chromosome 1 explained
15.10–27.70% of the total phenotypic variation, and its
position was consistent across eight environments. An-
other QTL was consistently mapped between markers
RG163 and RG214 on chromosome 4 across six envi-
ronments and accounted for 18.0–25.70% of the total
phenotypic variation. Another QTL for panicle number on
chromosome 12 (RM235-RG181) consistent across five
environment explained variation ranging from 15.0% to
19.10%. Interestingly, all QTL were exerting negative
influence trait, contributing to a lower number of panicles
from the female parent.

Number of spikelets (NOS)

A total of 12 significant QTL with four being distinct
were detected. All of the QTL were located on chromo-
some 4. The number of QTL at a location ranged from
zero to three. Of the QTL identified, the one between
markers RG163-RG214 was detected in eight environ-
ments and accounted for at least 10.60% variation. In
‘Mean environment’ it could explain 41.10% of the total
phenotypic variation. This locus enhanced NOS by 24.97
per Azucena allele in SUL in China. Two suggestive QTL
were also inferred on chromosome 1 and 7.

Panicle exsertion (PEN)

A total of eight QTL, three of which were distinct, that
significantly affected panicle exertion were located. The
highest number of QTL (3) was detected in PAU and none
in IRRI95, IARI, SUE and UAS. The QTL located
between RZ730 and RZ810 on chromosome 1 was
consistent in six environments and explained variation
ranging from 12.90% to 23.00% of the total phenotypic
variation. Another QTL for PEN consistently mapped
between the markers RG190 and RG908 on chromosome
4 across four environments. The third QTL appeared in

Trait Interval Chromo-
some

QTLa Number
of
locations

Additivityb Percentage variance
explained

LOD score

Mini-
mum

Maxi-
mum

Mini-
mum

Maxi-
mum

Mini-
mum

Maxi-
mum

YLD RG91-RG449 4 qYLD4-1 3 +1.19 +3.48 11.40 11.90 2.56 3.42
RZ12-RM201 9 qYLD9-1 2 –1.07 –1.02 7.70 10.10 2.10 2.89c

RG257-RG241 10 qYLD10-1 1 – 1.88 – 15.10 – 3.62

a Names as suggested by McCouch et al. 1997
b Effect of replacement of a female allele by a male allele: +, increase; –, decrease
c Suggestive linkage

Table 7 (continued)
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two environments. The latter two had a negative impact
on the trait.

Plant height (PHT)

A total of 15 significant QTL influencing plant height
were detected in ten environments, of which three QTL
were distinct. The number of QTL detected in an
environment varied from one to two. Of these QTL
identified, the one between markers RZ730 and RZ810 on
chromosome number 1 was detected in all ten environ-
ments and explained at least 25.20% of the total
phenotypic variation. At IRRI94, this locus could explain
62.20% of the variation in PHT. This is the map position
of gene sd-1 (Huang et al. 1994; Cho et al. 1998). This is a
good example of major genes also harboring QTL (Beavis
et al. 1991). Another QTL between RZ284 and RZ574 on
chromosome 3 accounted for more than 11% of the total
phenotypic variation in six environments. At this partic-
ular locus, each allele of Azucena, the taller parent, could
reduce PHT by at least 7 cm. A fourth QTL on
chromosome 7 was inferred as it appeared in four
locations, although at a lower LOD. Although Azucena
is the taller parent, of the four QTL detected, only one
locus on chromosome 1 could enhance height.

Panicle length (PLT)

A total of 20 significant QTL, six of which were distinct,
were found to influence panicle length across ten
environments. The number of QTL found varied from
zero to four. Five QTL were common in more than one
environment. QTL between RG418A and RG910 on
chromosome 3 was identified in nine environments and
accounted for 9.90% to 19.70% of the total phenotypic
variation. One locus located between markers RZ730 and
RZ810 on chromosome 1 was consistent across nine
environments and explained at least 15.60% of the total
variation with a maximum of 37.10% at IRRI94. Another
two QTL, one each on chromosome 3 (RZ574-RZ284)
and chromosome 10 (RG257-RG241) were detected in
five environments and explained at least 12% of the
variation. Two suggestive QTL were inferred on chro-
mosome 6 and 10. Of these QTL, five were acting
negatively and other three positively, indicating the effect
of male and female parental alleles contribution for
manipulation in the phenotype.

1000 grain weight (TGW)

Nineteen QTL significantly affecting TGW were detected
with nine of these being distinct. The number of QTL
detected at each location ranged from four (CNNRI) to
none (UAS, IARI). Of these QTL identified, one between
markers RG134 and RZ500 on chromosome 10 was
detected in five environments and explained 25.10% of

total phenotypic variation in RRI. One QTL on chromo-
some 1 was found to enhance TGW by at least 1.16 g per
Azucena allele and explained more than 12.20% of
variation in six environments. Another QTL on chromo-
some 3 (RZ574-RZ284) caused a reduction in TGW by
more than 1 g per Azucena allele and explained a
minimum variation of 9.80% in six environments. Three
QTL were limited to a single environment. One QTL on
chromosome 6 was inferred based on suggestive linkage.

Grain yield (YLD)

A single significant QTL influencing YLD was detected
each in SUE and the Mean environment. The QTL located
between RG91 and RG449 on chromosome 4 exerted a
positive influence, explaining a minimum of 11.40% of
the total variation, and its position was consistent across
three environments. One QTL on chromosome 10
appeared only at RRI. Another QTL between RZ12 and
RM201 on chromosome 9 was inferred, based on
suggestive linkage. This was detected in two environ-
ments and exhibited a negative influence, contributing to
the lower grain yield.

Congregation of QTL

QTL affecting different traits are shown in Fig. 2.
Different QTL affecting HDD, HID, NOP, PHT, PEN,
PLT and TGW were clustered together between markers
RZ730 and RZ810 on chromosome 1 in six, ten, nine,
two, one, eight and one of the environments respectively.
Similarly, region RZ801-RG331 could explain variance
for TGW, BMS and HID in six, two and four environ-
ments respectively. Common QTL for both PLT and
TGW were detected on chromosome 6 (RG433-Cat-1) in
three environments. Chromosomes 2, 5 and 11 were
devoid of any QTL. On chromosome 3, the region flanked
by markers RZ574 and RZ284 detected common QTL for
PHT, PLT, TGW and HID consistently in six, five, six
and four environments. Another locus between RZ284 –
pRD10A showed common QTL for BMS, HID and PHT
in two, one and six environments. On chromosome 4, the
locus between RG190 – RG908 explained variance for
HDD, BMS, PEN, HID in four, two, four and one of the
environment. Similarly region between RG91 – RG449
could influence YLD and HID in three and one of the
environments, respectively. The interval RG449 – RG788
showed a QTL for FRP and NOS in two and one of the
environments, respectively. The region flanked by RG163
– RG214 possessed QTL for PLT, NOP and NOS in two,
six and eight environments respectively. QTL for HID,
PLT and PHT were detected on chromosome 7 between
markers RG769 and RG511 in two, two and four
environments. Similarly, the interval RG477 – PGMS0.7
also explained variance for HDD and BMS in seven and
two environments, respectively. The region RG257 –
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Fig. 2 The location and congregation of QTL affecting the traits investigated
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RG241 on chromosome 10 showed common QTL for
YLD and PLT in one and five environments, respectively.

Discussion

Grain yield in rice is a complex trait dependent on various
growth and component traits. Yield-contributing traits
such as NOP, NOS, TGW influence the yield directly and
are affected by environment. A number of QTL loci are
reported to control the growth and yield components. A
number of quantitative traits such as the ones we observed
show a high magnitude of G � E interaction. G � E
interaction is a challenge to plant breeders and has been
shown to reduce the progress of the quantitative traits
from selection. G � E interactions are vital in expression
of the QTL effect. The present investigation was under-
taken to estimate the G � E interaction on the growth
traits, grain yield and yield-contributing traits and map
them in the DH population of indica � japonica rice cross
in nine selected locations across four Asian countries. The
trial sites varied significantly with respect to geographical
locations and provided varied environmental conditions.
The experimental conditions, planting dates and seasons
varied in the different countries and also within locations
at IRRI, Philippines. In addition to these nine locations, a
tenth environment, ‘Mean environment’, was computed
by averaging over all nine locations. This virtual
environment reduces the variance due to error and
increases the precision of QTL environment (Knapp and
Bridges 1990). A few studies in maize have reported this
to be an efficient method (Veldboom and Lee 1996a, b;
Austin and Lee 1998). In this study, ‘Mean environment’
could detect 35 out of 55 common QTL and four new
QTL.

In a given genotype, genes acting in both positive and
negative direction would control expression of any
quantitative trait. Plant breeding is directed towards
accumulating favorable genes/alleles for trait by exerting
selection. Identifying the undesirable/desirable alleles at
different loci could efficiently and conveniently do this
task. Molecular marker technology is potential enough to
provide us such information. In this population, the
contribution of negative alleles from Azucena ranged
from none (NOS) to seven (TGW). Thus, the performance
of any trait was affected by presence of positive or
negative alleles at a QTL. This gives us ample scope to
exercise selection for desirable alleles at genotype or
molecular level.

The G � E interaction analyses by the AMMI
statistical model provided a more advanced tool in
dissecting the interaction effects and as well explained
the extent of interaction effect. The genotypic and G � E
effects estimated by AMMI analysis based on phenotypic
performance were consistent with the presence of QTL.
Traits with a higher genotypic effect were governed by
QTL explaining higher variance as observed for PHT,
PLT and TGW. Similarly, BMS and YLD having lower
genotypic effects had QTL explaining lower variance. For

traits with a high environment effect (>57%), like BMS,
YLD and HDD, few QTL could be detected. For traits
with a low environment influence (<18%), like PHT and
PLT, there were more QTL. FRP and YLD having a high
G � E interaction had fewer QTL. On the other hand,
PHT, HDD, TGW having a low G � E interaction, had
more QTL.

Quantitative traits show a range of sensitivities to
environment. QTL of such traits could be detected only in
one/two environments. In the present study, QTL of traits
such as FRP and YLD with a high environment main
effect could be detected only in two or three environ-
ments. Furthermore, consistent with this observation,
those genomic regions of quantitative traits with the least
genotype environment interaction and high genotypic
main effects would express the same way across different
environments. QTL of traits such as PHT and PLT with
low G � E interaction and high genotypic main effect
were detected across nine environments. PHT and PLT
were the only traits having common QTL in almost all
environments, strongly indicating the stability of QTL in
different ecosystems because of the minimum influence
of environmental factors. These are the traits that were
found to be stable. NOS, NOP were equally stable, with
one QTL for each trait present in eight environments.

Among the various common QTL identified, many
explained phenotypic variation larger than 30%. Some of
the QTL were located in interval RG163-RG214 on
chromosome 4 for NOS, RG348-RM231 on chromosome
3 for HDD and RZ730-RZ810 on chromosome 1 for PHT
and PLT. In these cases, one would assume that it would
be a major gene rather than a QTL. Consistent with prior
observations (Huang et al. 1994), the presence of major
gene for PHT would be assumed rather than a QTL in the
region RZ730-RZ810 on chromosome 1. This locus
affected all length components like PHT, PLT, and
PEN. Thus, the gene affecting cell elongation may be the
candidate gene at this locus to be dissected.

Phenotypically correlated traits are known to map
together (Albert et al. 1991; Paterson et al. 1991;
Lebreton et al. 1995; Shashidhar et al. 1999; Shailaja
Hittalmani et al. 2002). Molecular marker technology is
capable of identifying close relationships and would help
in discerning between pleiotrophy and tight linkage or
overlapping genes. The magnitude and direction of
influence of these loci on the different phenotypes will
bear heavily on the utility of such loci in selection for
simultaneous improvement of these traits. PHT, PLT,
PEN are strongly positively correlated among themselves
and with BMS, HDD, TGW. Traits like PHT, PLT, PEN,
HDD and TGW were negatively correlated with NOP,
HID. This relationship is brought out by congregation of
QTL at same locus as could be seen on chromosome 1, 3,
4, 6, and 7.

The congruence of the QTL loci on the chromosome
for various traits may be due to either linkage or
pleiotropism. This signifies the plural selection efficiency
by selecting markers closely associated with these traits.
Since the direction of the additive effect of the QTL was
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also in the same direction, selection if exerted would be
very effective.

In the present study using a DH population for
detecting QTL across ten environments, QTL were
detected to be stable across all environments for PHT
and for all other traits except BMS and FRP, in at least
three environments, indicating the stability of QTL for
some of the traits observed. This is an encouraging result
where QTL markers could be fine-mapped and made use
of for detecting even the complex traits like grain yield or
its contributing traits. Considering the geographic dis-
tinctiveness of the locations selected, the commonality of
loci detected indicates the broad-based environment
independent activity/expression of the gene(s) in question.
Loci with less consistent expression can be used for
selection at specific locations. QTL, which function
consistently over a range of environments, are preferred
for plant breeding and are most likely useful candidates
for MAS programs with immediate application or after
fine mapping for use in wider locations. Location-specific
QTL can be used for selection at specific locations or to
develop better genotype with different environment
specific QTL. The skepticism prevailing regarding the
stability of QTL can be set aside for the common QTL
identified and plant breeder is now in position to venture
into the practice of MAS for the QTL trait.
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