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Abstract To investigate the genetic factors underlying
constitutive and adaptive morphological traits of roots
under different water-supply conditions, a recombinant
inbred line (RIL) population derived from a cross between
the lowland rice variety IR1552 and the upland rice
variety Azucena with 249 molecular markers, was used in
cylindrical-pot experiments. Eighteen QTLs were detect-
ed for seminal root length (SRL), adventitious root
number (ARN), and lateral root length (LRL) and lateral
root number (LRN) on the seminal root at a soil depth of
from 3 to 6 cm under flooding and upland conditions. One
identical QTL was detected under both flooding and
upland conditions. The relative parameters under the two
water-supply conditions were also used for QTL analysis.
Five QTLs for upland induced variations in the traits were
detected with the positive alleles from Azucena. A
comparative analysis was performed for the QTLs
detected in this study and those reported from two other
populations with Azucena as a parent. Several identical
QTLs for root elongation were found across the three
populations with positive alleles from Azucena. Candi-
date genes were screened from ESTs and cDNA-AFLP
clones for comparative mapping with the detected QTLs.
Two genes for cell expansion, OsEXP2 and endo-1,4-3-
D-glucanase EGase, and four cDNA-AFLP clones from
root tissues of Azucena, were mapped on the intervals
carrying the QTLs for SRL and LRL under upland
conditions, respectively.
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Introduction

With the increase in population, the shortage of water
available for irrigation and the need to reduce environ-
mental pollution, future increases in rice production will
rely on rainfed ecosystems (Garrity et al. 1986). Drought
is an important limiting factor for rice productivity under
rainfed ecosystems. Therefore, increasing drought toler-
ance is one of the major objectives of rice breeding
programs for rainfed ecosystems.

Plant roots play an important role in water and nutrient
acquisition. Both constitutive and adaptive root growth
have been implicated in the improved performance of rice
under rainfed lowland conditions (Kamoshita et al. 2002).
Root growth and development under flooding conditions
contributes to water extraction under water-limited stress
(Hoque and Kobata 1998). The development of a deep
and extensive root system is a drought-adaptation strategy
for plants. Upland rice usually has a deep and thick root
system, which allows the crop to satisfy its water
requirements under upland conditions (Nguyen et al.
1997). Therefore, it may be possible to improve the
drought tolerance of lowland rice by introducing such root
traits to increase rice production under upland conditions.

It is difficult to measure root traits under field
conditions and thus these have rarely been used as
parameters in breeding programs. Marker-aided selection
(MAS) based on the accurate mapping of root traits may
make it possible to develop a “water-stress tolerant root
system”-oriented breeding program. Many quantitative
trait loci (QTLs) associated with root characteristics under
different water conditions have been reported based on
genetic populations derived from crosses between low-
land indica rice and upland japonica rice varieties, or
between upland indica rice and upland japonica rice
varieties (Champoux et al. 1995; Price and Tomos 1997,
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Yadav et al. 1997; Price and Courtois 1999; Hemamalini
et al. 2000; Price et al. 2000, 2002a, b; Zheng et al. 2000;
Zhang et al. 2001).

One of the objectives of molecular genetics is to
identify and isolate genes for important traits (Pflieger et
al. 2001). A candidate gene approach is an alternative
strategy to cloning genes, and has been successfully used
in plant genetics (Byrne and McMullen 1996). Due to the
multiplicity of genes and their partial effects on pheno-
typic variation, the candidate gene approach is more
suitable for QTL characterization than positional cloning
or insertional mutagenesis (Pflieger et al. 2001). Rice
high-density linkage maps and the positions of many
genes or expressed sequence tags (ESTs) in the rice
genome are available for the candidate-gene approach to
clone QTLs for root traits under different water-supply
conditions and different genetic backgrounds (Harushima
et al. 1998; Wu et al. 2002).

In this study, we used a recombinant inbred line (RIL)
population from a cross between the lowland indica
variety IR1552 and the upland japonica variety Azucena
to examine QTLs for root growth under flooding and
upland conditions at the early seedling stage. Together
with two other genetic populations with Azucena as a
parent (Price and Tomos 1997; Yadav et al. 1997; Price
and Courtois 1999; Hemamalini et al. 2000; Price et al.
2000, 2002a, b; Zheng et al. 2000; Zhang et al. 2001), a
comparative mapping analysis was conducted based on
the common molecular markers mapped across these
three genetic populations. ESTs for cell expansion and
elongation, and cDNA-AFLP clones from root tissues of
Azucena, were also used for candidate gene-mapping
analysis.

Material and Methods

Plant material

A recombinant inbred line (RIL) population composed of 96 lines
from a cross between IR1552, an irrigated lowland indica variety,
and Azucena, an upland tropical japonica variety, was used to
detect QTLs for root traits under flooding and upland conditions.
The population was developed by single-seed descent in the Fg
generation, using bagged panicles. The parents showed contrasting
root morphology, notably in the ability of seminal and adventitious
roots to reach deep layers, based on our previous work (Zhang et al.
2001).

Pot experiments

Sandy soil culture experiments using cylindrical pots under
flooding and upland conditions were conducted in a controlled
environment room at Zhejiang University, China. Seeds of each
RIL line and the parents were germinated at 37°C for 2 days.
Germinated seeds were planted directly in cylindrical polyvinyl
chloride (PVC) pots (15.5 cm inner-diameter, 55 cm height) filled
with uniform sandy soil (3.5% clay, 2.5% silt, 93.5% sand;
PHwater1:1 6.0) to 5.0 cm from the top. The cylindrical pots were
sealed at the bottom with a stainless steel screen.

Three replications were made for flooding and water-deficit
conditions. For each replication, three plants for each RIL line of
three lines were grown per pot. Six plants of each parent were also

grown. The cylindrical pots were arranged randomly. Throughout
the entire experiment, half-strength Yoshida’s nutrient solution
(Yoshida et al. 1976) was used. For the flooding condition, the
cylindrical pots were placed in a plastic tank with the water level 2-
mm above the sandy soil surface, while the upland condition pots
were placed in plastic trays with the solution level kept 45 cm
below the sandy soil surface by means of a drainage hole on the
bottom of the pot. The top of the pot was sealed with polyethylene
film for 3 days after sowing (DAS) to maintain a stable saturated
humidity condition. For the upland condition, the water content at
0-15 cm, 15-30 cm and 30—-45 cm below the sandy soil surface was
determined at various times over 14 days using a gravimetric
analysis. The temperature of day/night was 30/24°C and the relative
humidity was 65%—70% with a 12-h photoperiod of approximately
300-320 pmol. m™2. s~! provided by 20 400-W sodium and metal
haloid lamps.

Root parameter measurements

Fourteen days after sowing, the sandy soil was carefully washed
with tap water and roots were sampled. Seminal root length (SRL)
was measured as the length of the longest root. Adventitious root
numbers (ARN) were counted for each plant. The lateral root length
(LRL) and lateral root number (LRN) on the seminal root at a soil
depth of from 3 to 6 cm were measured using a scanner connected
to an image-analysis system (WinRhizo, Regent Canada). Relative
parameters were defined as the ratio of the parameters under upland
and flooding conditions, and used to assess drought tolerance.

Statistical analysis and QTL identification

The data were subjected to ANOVA analysis using the PROC GLM
in SAS. Corrected means for the RILs under flooding and upland
conditions were calculated, and relative parameters were obtained
for each line. The broad-sense heritability (h%g) of root traits was
calculated as 1-mean variance of (Azucena+IR1552)/variance of
their progeny. QTL mapping was performed using the program
QGene version 3.06 (Nelson 1997), which is based on interval-
mapping analysis. Map units (cM) were derived using the Kosambi
function. A log likelihood ratio (LOD) value of 2.4 was selected
as the threshold for QTL detection to reduce the experimental false-
positive rate to P<0.005 (Lander and Bostein 1989). Estimates of
the additive effect and phenotypic variation (R?) explained by each
QTL were computed.

Comparative mapping analysis

The characteristics of three genetic populations are shown in
Table 1. The construction of the molecular maps for the RIL and
DH populations derived from IR1552/Azucena (Zhang et al. 2001)
and IR64/Azucena (Liao et al. 2001), respectively, has been
described previously. Twenty seven and 76 microsatellite (SSR)
markers were added to the two maps, respectively, using Map-
Maker 3.0 (Lander 1993). Polymorphic SSR markers were screened
with publicly available primer pairs (http://www.gramene.org).
Amplifications were performed according to Chen et al. (1997).
The silver-staining protocol described by Bassam et al. (1991) was
used to visualize amplification products. According to QTL
information from another RIL population derived from Bala/
Azucena (Price and Tomos 1997; Price and Courtois 1999; Price et
al. 2000, 2002a, b) and from the DH population derived from IR64/
Azucena (Yadav et al. 1997; Hemamalini et al. 2000; Zheng et al.
2000), six bridge RFLP markers, C86, G45, RG409, R3166, R2232
and G1085, were mapped to our RIL population and/or the DH
population using MapMaker 3.0 (Lander 1993) and six restriction
enzymes, Dral, EcoRl, EcoRV, Hindlll, Scal and Xbal, respec-
tively, for a comparative mapping analysis.
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Table 1 Characteristics of the

X . - Population name
three genetic populations with

Population size

Marker number ~ Population type  Reference

the upland rice Azucena as a IR1552/Azucena 96 249 RI The present study
parent useq for detecting QTLs 150 207 RI Zhang et al. 2001
for root traits IR64/Azucena 135 175 DH Yadav et al. 1997
109 175 DH Zheng et al. 2000
56 175 DH Hemamalini et al. 2000
Bala/Azucena 178 79 RI Price and Tomos 1997
205 215 RI Price et al. 2000
205 142 RI Price et al. 2002b
Table 2 EST clones and genes  cjope name  Size (bp)  Sequence similarity Accession no.  Chromosome
for cell expansion and growth,
and cDNA-AFLP clones S1746 1,500 Expansin (Os-EXP2) D40027 1
screened from root tissues reg-  S2106 1,300 Alpha-expansin (Os-EXP1) D40257 4
ulated by water deficit E1328 1,100 Endo-beta-1,4-glucanase (Egase) C72268 5
S3412 800 Endo-xyloglucan transferase (Xet) D41124 8
S2134 1,400 Endoxyloglucan transferase (Xet) D40273 11
S3187 1,500 Endoxyloglucan transferase (Xet) D40972 11
S10410 1,500 Extensin-like gene D46025 2
OsEXP4 1,200 Expansin U85246 5
T82 318 bHLH protein CB238451 2%
T17 225 Nickel-binding protein 2A AU093103 3
T59 289 Similar to CLIP-associating protein 2 CB238466 2%
L16 234 Similar to SART-1 protein CB238430 2

* No polymorphism in the RIL population (IR1552/Azucena)

cDNA-AFLP analysis

The upland tropical japonica variety Azucena was raised under
both flooding and upland conditions according to the pot exper-
iments. Seminal root tips (1 cm), adventitious root primordia and
lateral roots were harvested ten DAS. Total RNA was extracted
from seminal root tips, adventitious root primordia and lateral roots,
respectively, using Trizol reagent (GIBCO, Germany), and poly
(A)* RNA was isolated from RNA with an Oligotex mRNA Mini
Kit (QIAGEN, Germany). Double-stranded cDNA was synthesized
using a SMART cDNA Library Construction Kit (Clontech, USA)
according to the manufacturer’s instructions. LD-PCR products
were purified by a QIAquick PCR Purification Kit (QIAGEN,
Germany) and digested by the Tagl/Asel enzyme combination.
AFLP reactions were performed according to published methods
(Bachem et al. 1996). Selective amplification products were
separated on a 6% polyacrylamide gel run at 60 W until the
xylene cyanole reached the bottom. DNA fragments were visual-
ized by silver-staining according to the Silver Sequence DNA
Sequencing System Technical Manual (Promega, USA). The
cDNA-AFLP clones were recovered by PCR under the same
conditions as used for pre-amplification. Purified PCR products
were ligated to the pUCm-T vector. Sequencing of the cDNA
clones was performed using MegaBASE 1000 (Amersham Pharma-
cia Biotech, USA). Nucleotide sequences and translated sequences
were compared with sequences in GenBank by using the BLAST
sequence alignment program.

Mapping candidate genes

Candidate genes were collected by two strategies: (1) EST clones
and genes for cell expansion and growth were colleted from the
Ministry of Agriculture, Forestry and Fisheries (MAFF, Japan), and
(2) cDNA-AFLP clones were screened from root tissues regulated
by water stress. A total of 20 EST clones and genes were used as
probes, and screened for polymorphism between IR1552 and
Azucena. Polymorphic information was found for one gene for a-
expansin (OsEXP4) and seven ESTs, including S2106 for o-
expansin (OsEXP1), S1746 for a-expansin (OsEXP2), three clones

for xyloglucan endotransferase (Xer) genes (S3412, S2134 and
S3187), E1328 for endo-1,4-B-D-glucanase (Egase) and S10410 for
an extensin-like gene (Table 2). Rice bacterial artificial chromo-
some (BAC) clones were found based on sequence information or
the accession number for 50 cDNA-AFLP clones, and were shown
to be anchored to the Rice Genetic Map in silico (http:/
www.tigr.org/tdb/e2k1/osal/sequencing.shtml). Four clones near
QTLs for root traits in this case were used for polymorphism
analysis between IR1552 and Azucena. Two polymorphic cDNA-
AFLP clones (T'17 and L16) were mapped to the RIL population
using MapMaker 3.0 (Lander 1993).

Northern analysis

Total RNAs (20 ug) of Azucena root tissues under flooding and
upland conditions, respectively, were isolated using Trizol (GIB-
COBRL), separated on 1.2% formaldehyde-agarose gels and
transferred to Hybond-N* nylon membranes (Amersham Pharmacia
Biotech, USA) according to the manufacturer’s protocol. Hybrid-
ization was performed as described previously (Cho and Kende
1997). Hybridized membranes were scanned by a Typhoon 8600
scanner (Molecular Dynamics, USA).

Results

Water content at different soil layers

After drainage for 24 h, the water content in the first (0O—
15 cm) and second (15-30 cm) layers of sandy soil in the
cylindrical pots was dramatically decreased from about
30% to 10% and 20%, respectively. Over the next 13
days, the water content continued to decrease slightly in
both layers. On the 14th day, the water content in the first
and second layers was about 5% and 15%, respectively. In
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Table 3 Percentage of water

content of sandy soil in three Soil height from surface

Day after sowing (d)

layers from the soil surface to 0 1 5 10 14

the water level during 14 days

under water-limiting treatment 0-15 cm 28.8+0.6 10.40.1 9.3£1.0 6.5+0.4 5.4x1.5
15-30 cm 28.8+0.6 19.30.1 17.4+0.6 17.0+0.7 15.3+1.5
30—45 cm 28.8+0.6 26.8+0.5 26.3+0.2 26.3+0.8 25.1+1.0

Table 4 Mean values of the Trait Azucena IR1552 RIL population 7 value P h%g

four root parameters of the two

parents (Azucena anq IR1552) Flooding condition (F)

and the R({:L)Saggpslel‘;f; (‘i?)der FSRL(cm) 37.7+0.9 29545  23.1-43.0 440 00013 026

d.t.g q fft’h s FARN(number) 5+1 9+2 2-11 578  0.0002 0.39

conditions, ag %RL? re a.“’fl’ FLRL(cm) 20.4+5.8 36.124.9  6.8-74.5 464  0.0017 0.80

parameters (R). SRL: semina FLRN(number) 38+10 80+13 19-127 542 0.0010 0.83

root length. ARN: adventitious

root number. LRL: lateral root ~ Upland condition (U)

length on the seminal root at a  USRL(cm) 38.7+7.5 20.5+5.7 7.4-44.9 5.17  0.0001 0.50

soil depth of from 3 to 6 cm. UARN(number) 4%1 6=1 1-9 355 0.0023  0.73

LRN: lateral root number on the  ULRL(cm) 1707172 71.1+7.0  14.0-216.8 11.92  0.0000 0.92

seminal root at a soil depth of ~ ULRN(number) 294421 13124 84465 10.63  0.0000 091

from 3 to 6 cm Relative Parameter (R)
RSRL 1.120.2 0.6+0.2 0.2-1.4 477  0.0044 043
RARN 0.920.1 0.6+0.2 0.4-1.6 3.92  0.0056 0.67
RLRL 8.72.2 2.0£0.2 0.3-15.0 6.03  0.0046 0.6l
RLRN 8.5%2.9 1.8+0.4 1.3-16.0 495  0.0079 0.40

the third layer (30—45 cm), the water content decreased by
less than 5% over the whole 14 days (Table 3).

Phenotypic performance

The mean values of seminal root length, adventitious root
number, lateral root length and lateral root number in the
defined region of the seminal root of the parents and the
population under flooding (hereafter called FSRL, FARN,
FLRL and FLRN) and upland (USRL, UARN, ULRL and
ULRN) conditions, and the relative parameters (RSRL,
RARN, RLRL and RLRN), are shown in Table 4. The
parameters showed normal distributions, and transgres-
sive segregations were observed among the RIL popula-
tion. Highly significant (P<0.01) differences in all of the
parameters were found between the two parents. The
relative parameters indicate that the seminal root growth
of upland rice Azucena was induced, while that of
lowland rice IR1552 was suppressed. While both Azucena
and IR1552 showed a reduced adventitious root number,
the decrease in IR1552 was much greater than that in
Azucena. The lateral root length and number both
increased by more than 8-fold under upland conditions
in Azucena, while they only doubled in IR1552 (Table 4).
These results indicate that the change in the root system in
response to water-limited stress is genotype-dependent.
Broad-sense heritabilities (h%z) varied from 0.26 to 0.83
for the root traits under flooding, from 0.50 to 0.92 under
upland, and from 0.40 to 0.67 for the relative parameters.
The high h?g values of the relative parameters suggest that

it may be possible to exploit the genetic variation in
water-deficit-induced root systems in breeding programs.

QTL analysis

A total of 23 QTLs for the 12 root parameters were
detected (Table 5; Fig. 1). Under flooding conditions, two
QTLs for FSRL were found, one of which is identical to
that for USRL on chromosome 2 between CDO718 and a
cDNA-AFLP clone (L16) which encodes SART-1 pro-
tein. Another QTL for FSRL was detected on chromo-
some 7 flanked by RG650 and CDO497. Three QTLs for
USRL were found on chromosome 1 between RG109B
and an OsEXP2 (S1746), chromosome 2 between
CDO718 and L16, and chromosome 9 between RG570
and RG667, respectively, under upland conditions. Two
QTLs for relative seminal root length (RSRL) were
detected on chromosomes 1 and 9, respectively, which
were identical to those for seminal root length under
upland conditions (USRL). The positive alleles for all of
the seven QTLs for seminal root length are from the
upland rice Azucena.

Eight QTLs were found for adventitious root number
(ARN) on five chromosomes, with four for FARN, three
for UARN and one for RARN. No identical QTL was
found among the eight QTLs. Two QTLs for FARN were
found on chromosome 3 on the intervals flanked by
RZ399/R7Z448 and RG104/ACC-CTG2, respectively.
Two other QTLs for FARN were found on chromosomes
4 and 9, respectively. The QTL on chromosome 9 flanked
by RM328/RG570 accounted for about 20% of the total
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Table 5 Detected QTLs for root traits of rice grown under flooding and upland conditions, and of the relative parameters

Chrom.-interval Flooding Upland Relative parameter
LOD®  A° R (%) LOD A R? (%) LOD A R2 (%)

SRL?

1 S1746/RG109B 2.50 -248 113 2.53 -0.07 118

2 L16/CDO718 2.57 -1.51 120 2.58 -3.12 116

7 RG650/CD0O497 2.46 -1.38 115

9 RG570/RG667 2.99 -2.84 134 3.02 -0.09 139

ARN

1 RG109B/RM315 241 052 120

1 CD0920/BCD134 2.71 082 134

2 AGG-CAG13/G45 3.22 0.80 182

3 RM282/RZ574 272 -0.14 150

3 RZ399/RZ448 3.01 072 137

3 RG104/ACC-CTG2 2.46 075 114

4 AAG-CAA4/RG396 3.08 093 14.0

9 RM328/RG570 4.56 0.87 200

LRL

1 AAG-CAG1/RG462 243 482 118

3 RG409/T17 2.94 -1625 134

5 RG313/E1328 3.18 -2020 144

6 AAC-CTT10/RZ140 242 -1.93 119

6 RZ588/RG472 242 -740 118

LRN

3 RG191/AAC-CAGS5 2.48 -41.83 117

4 RM252/AGG-CAG7 2.48 -1.12 123

6 AAC-CAG7T/AAC-CTTI0  2.78 -1196 134

4 SRL: seminal root length; ARN: adventitious root number; LRL: lateral root length on the seminal root at a soil depth of from 3 to 6 cm;
LRN: lateral root number on the seminal root at a soil depth of from 3 to 6 cm

® LOD=log;o-Likelihood value

¢ Effects of substituting a single allele from one parent to another. Positive values show that allelic contribution is from IR1552 and

negative values from Azucena
4 Phenotypic variation explained by a single QTL

variation in FARN. Two QTLs for UARN were detected
on chromosome 1 flanked by RG109B and RM315, and
by CD0920 and BCD134, respectively. The third QTL
for UARN was detected on chromosome 2 between AGG-
CAG13 and G45. One QTL for RARN was detected on
chromosome 3 flanked by RM282/RZ574. The positive
alleles for the QTLs for FARN and UARN are from
IR1552, while that for the QTL for RARN is from
Azucena (Table 5).

Two QTLs for FLRL on chromosomes 1 and 6, two for
ULRL on chromosomes 3 and 5, and one for RLRL on
chromosome 6 were detected. Only one QTL each for
FLRN, ULRN and RLRN was detected on chromosomes
6, 3 and 4, respectively. The positive alleles for all of the
QTLs for FLRL, ULRL, RLRL, FLRN, ULRN and
RLRN are from the upland rice Azucena, except for that
for FLRL on chromosome 1.

The identification of QTLs for parameters from upland
conditions indicates that the water-limited stress-induced
changes in root traits are controlled by some genetic
factors that respond to such stress. Except for two
identical QTLs for USRL and RSRL, no identical QTLs
were found for other parameters under upland conditions
or the relative parameters, which suggests that the relative
parameters should be used to evaluate root adaptation to
water-limited stress in rice.

Comparison of QTLs in three genetic populations

The QTLs for the root traits detected here were compared
with those reported based on a double-haploid (DH)
population and a recombinant inbred-line (RIL) popula-
tion derived from crosses between IR64 and Azucena
(Yadav et al. 1997), and between Bala and Azucena
(Price et al. 2002b), respectively. The seminal root is
usually the longest root at the early seedling stage.
Identical QTLs for maximum root length under upland
conditions were found on chromosome 1 in all three
populations, as supported by the bridge molecular mark-
ers RZ730 and C86 (Yadav et al. 1997; Zhang et al. 2001;
Price et al. 2002b) (Fig. 2A). This is a region in which the
sd-1 gene, a major gene that controls plant height, was
mapped (Huang et al. 1996). The QTLs for maximum root
length under upland conditions mapped on chromosomes
2 and 9, respectively, may also be identical across the
three populations based on the common molecular
markers G45 and RG157 on chromosome 2 (Fig. 2B),
and RG667 and G1085 on chromosome 9 (Fig. 2F). One
identical QTL on chromosome 7 based on the bridge
markers RG650 and CDO497 was found for SRL under
flooding in this study and maximum root length under
upland conditions in the other two populations (Fig. 2E)
(Yadav. et al. 1997; Price et al. 2002a, b). QTLs for root
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Fig. 1 QTLs for SRL, ARN,
LRL and LRN detected based
on the RIL population derived
from a cross between IR1552
and Azucena. Those under
flooding or upland conditions
and of the relative parameters
are identified by empty, black or
gray symbols, respectively. The
symbols for different root traits
are shown below and the num-
ber above or below the symbol
indicates the LOD score
(LOD>2.4) for the QTL. A
positive LOD value indicates
that the allelic contribution is
from IR1552 and a negative
LOD value indicates that the
allelic contribution is from
Azucena. The marker name is
shown on the right and the
genetic distance between mark-
ers based on the Kosambi
function is shown on the left.
The markers in bold characters
indicate the locations of genes
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thickness (RT) and root dry weight (RW) detected in the
RIL population derived from Bala/Azucena and in the DH
population on chromosomes 1, 2, 7 and 9 are also linked
to QTLs for SRL (Fig. 2A, B, E, F).

The QTLs for UARN on chromosomes 1 and 2 may be
identical to the QTL for total root number below 100 cm
(NR100) on chromosome 1, based on the population
derived from Bala/Azucena under early water-deficit
treatment (WDO) (Price et al. 2002b) and to the QTLs for
penetrated root number (PRN) on chromosome 2 based on
the population from Bala/Azucena (Price et al. 2000), and
total root number (RN) on chromosome 2 based on the
DH population (Hemamalini et al. 2000) based on the
bridge markers C86 and G45 (Fig. 2A, B). The QTLs for
ULRL mapped on chromosomes 3 and 5, respectively, in

this study may be identical to the QTL for RT on
chromosome 3 (Price and Tomos 1997; Price et al. 2002b)
and the QTLs for maximum root length (MRL), RW and
RT on chromosome 5 detected in the other two popula-
tions (Yadav et al. 1997; Hemamalini et al. 2000; Price et
al. 2002b) (Fig. 2C, D). The QTL for ULRN mapped on
chromosome 3 may be identical to the QTL for RT in the
population from Bala/Azucena based on the common
marker RG191 (Price and Tomos 1997; Price et al.
2002b) (Fig. 20).
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Fig. 3 Northern-blot analysis of the EST and cDNA-AFLP clones
with 20 pg of total RNA of Azucena seminal root tip (7),
adventitious root primordia (A) and lateral root (L) under flooding
(1) and upland conditions (2). Each gel labeled with the name of the
EST and cDNA-AFLP clones. Ethidium-bromide staining

Candidate gene mapping and Northern analysis

One gene for OsEXP4 and seven ESTs for OsEXP, EGase
and Xer were mapped on six chromosomes (Fig. 1).
Among them, two EST clones for OsEXP2 and EGase,
respectively, were linked to the QTLs for USRL and
ULRL on chromosomes 1 and 5, respectively. Northern-
blotting analysis indicated that both genes were upregu-
lated by water-deficit stress in the seminal root tip
(Fig. 3).

Based on in silico mapping, three cDNA-AFLP clones,
L16, T59 and T82, for squamous cell carcinoma Antigen
Recognised by cytotoxic T lymphocytes gene-1 (SART-
1) protein, the protein associated with the cytoplasmic
linker protein (CLIP) and the basic helix-loop-helix
(bHLH) protein, respectively, were clustered at the locus
on chromosome 2 where the QTL for USRL was mapped.
The clone L6 is polymorphic between the parents and
was mapped (Fig. 1). Another cDNA-AFLP clone 717
(the nickel-binding protein) was mapped and linked with
CDO1395 on chromosome 3, where the QTL for ULRL
was located (Fig. 1). Northern blotting results indicated
that the clones for SART-1, the CLIP-associated protein
and the bHLH protein were upregulated in the seminal
root tip. The gene for the nickel-binding protein (717),
however, was induced by submergence in both the
seminal root tip and the lateral root (Fig. 3).

Discussion

The tropical upland rice Azucena has been used as a
parent to develop different genetic populations for the
investigation of QTLs for root characteristics under
different water-supply conditions (Table 1). This makes
it possible to perform a comparative analysis of the
genetic factors in upland rice for root adaptation to water-

limited stress under different genetic backgrounds. In this
study, a recombinant inbred line population derived from
a cross between the lowland rice IR1552 and Azucena
was used in experiments with flooding and upland
conditions, while considering the highly significant
differences in several root traits between the parents
under both flooding and upland conditions. The maxi-
mum root length of Azucena seedling reached to a depth
of 45 cm after 2 weeks of growth. Therefore, the water
level at 45 cm below the soil surface was maintained in
cylindrical pots to create an upland condition. The water-
content data in different sandy soil layers indicate that,
after 1 day of drainage, the water content was about 10%
in the first layer (0—15 cm), less than 20% in the second
layer (15-30 cm) and about 25% in the third layer (30—
45 cm) (Table 3). While the water contents in the second
and third layers remained relatively stable over the next 2
weeks, the water content in the first layer decreased to as
little as about 5% after 2 weeks of drainage. Based on
these results, growth during 2 weeks of drainage could be
used as water-limited stress under upland conditions.

Upland rice Azucena was characterized by longer
seminal and lateral roots, and fewer adventitious and
lateral roots, compared to lowland rice IR1552 under
flooding (Table 4). Under upland conditions, the growth
and development of the lateral root number and length in
Azucena increased by about 8-fold, while those in IR1552
only doubled. The seminal root length was induced by
upland conditions in Azucena, while that in IR1552 was
suppressed. The adventitious root number was decreased
in both parents under upland conditions. These results
indicate that upland rice has a stronger-root response to a
limited water supply as evidenced by an increase in root
length and the development of many more lateral roots.
However, extreme drought stress can reduce root initia-
tion and growth, as in the first layer. The phenotypic
performance of Azucena in this study is consistent with
that in earlier reports (Price and Tomos 1997; Yadav et al.
1997; Hemamalini et al. 2000; Price et al. 2000, 2002b;
Zheng et al. 2000; Zhang et al. 2001). The broad-sense
heritability analysis indicated that the genetic factors for
root traits from upland rice have greater heritability under
upland conditions.

Five limited-water-induced QTLs for four root traits
were identified. Among them, two identical QTLs were
found for both seminal root length under upland condi-
tions and relative seminal root length (Table 5), which
indicates that the seminal root length under upland
conditions could be used to evaluate the water-deficit-
inducible root length. No QTLs were detected for either
parameter under upland conditions or for the relative
parameters of adventitious root number, lateral root
length and lateral root number, which suggests that the
relative parameters may be used to evaluate the inducible
genetic factors for these traits; although it is possible that
some QTLs for the variations in the traits under upland
conditions and the relative changes were missed in this
study. The positive allelic effects for all of the QTLs



detected are consistent with the parental root character-
istics (Tables 4 and 5).

Three populations with Azucena as a parent were used
to detect QTLs for root traits under upland and lowland
conditions (Table 1). The comparison of QTLs across the
three genetic populations may provide a better under-
standing of the genetic factors in upland rice involved in
the root response to water stress. Twenty three QTLs were
found for the four root traits (Table 5). Several of the
QTLs detected were identical across the three genetic
populations based on bridge molecular-markers (Fig. 2).
The seminal root is usually the longest root before the
three-leaf stage. The maximum root length (MRL) was
measured under different experimental conditions in the
three populations. One QTL for MRL was detected on
chromosome 1 linked with the bridge marker C86, based
on an RI population from Bala/Azucena after growth for
49 days under sandy soil culture (Price et al. 2002b). In
our case, the QTL for SRL at this locus is water-deficit-
inducible, which is consistent with the result reported in a
DH population from IR64/Azucena after growth for 35
days under upland conditions (Yadave et al. 1997). The
QTL for MRL under solution culture was not detected
before 28 days (Price and Tomos 1997), which supports
our finding that at an earlier seedling stage the QTL was
not detected under flooding conditions. Using the same
population as used here, Zhang et al. (2001) reported a
QTL for SRL linked to the bridge marker C86 in paper
culture under aerobic conditions for 15 days. These
results suggest that the QTL linked with C86 on
chromosome 1 is water-deficit-inducible at an earlier
seedling stage in rice.

Using the DH population (IR64/Azucena) grown for
85 days in soil-containing tubes with low moisture,
Hemamalini et al. (2000) identified a QTL for root length
(RL) on chromosome 2 linked with bridge markers
RG157, RG171 and G45. On the same locus of chromo-
some 2, Yadav et al. (1997) also identified a QTL for
MRL under aerobic upland conditions after growth for 35
days using the same DH population. Price and Tomos
(1997) also reported two QTLs for MRL in 14- and 21-
day-old seedlings under solution culture at this locus. In
our case, the QTL was detected under both flooding and
upland conditions, but was not detected using the relative
parameter. Since relative parameters were not used in the
earlier reports (Price and Tomos 1997; Yadav et al. 1997;
Hemamalini et al. 2000), the results suggest that the QTL
at this locus should be for a constitutive trait and should
affect root growth at different growth stages under
different genetic backgrounds. On chromosome 7 linked
to the bridge marker CDO497, Yadav et al. (1997)
reported a QTL for MRL under upland conditions after
grown for 35 days using the DH population. Price et al.
(2002b) also identified a QTL for MRL under sandy soil
culture after growth for 49 days using the RIL population
(Bala/Azucena) linked to the bridge marker RG650. In
our case, the QTL for SRL after growth for 14 days was
detected only under flooding conditions (Fig. 2E). These
results indicate that the QTL at this locus should also be
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for a constitutive trait at the early seedling stage. One
identical QTL for MRL under upland conditions across
the two populations was also reported on chromosome 9
based on the bridge marker G1085 (Yadave 1997; Price
2002a, b). Our result suggests that this QTL is water-
deficit-inducible (Table 5 and Fig. 2). All of the positive
alleles for the reported QTLs are from Azucena, which is
consistent with our results.

The QTLs for root number were linked to the common
marker G45 on chromosome 2 in the two RIL popula-
tions, and the alleles at the QTLs are from the indica rice
parents IR1552 and Bala (Price et al. 2000) (Fig. 2).
Hemamalini et al. (2000) found a QTL for total root
number (LOD=1.8) on the interval flanked by RG171 and
RG157, which is close to G45 in the DH population.
These results indicate that the QTLs for root number may
be identical across the three populations.

Two QTLs for LRL linked to RG409 on chromosome
3 and to R2232 on chromosome 5 were detected under
upland conditions in this study. QTLs for root thickness
(RT), which is related to penetration ability under upland
conditions, were reported at the above two loci based on
the bridge markers RG409 and R2232 in the IR64/
Azucena population and the Bala/Azucena population
(Yadav et al. 1997; Hemamalini et al. 2000; Price et al.
2002b) (Fig. 2). MRL and root weight (RW) were also
reported on chromosome 5 linked to R2232 in the IR64/
Azucena population and the Bala/Azucena population
(Yadav et al. 1997; Price et al. 2002b) (Fig. 2). These
results indicate that these traits may be biologically
related or may be, at least partially, controlled by loci
with clustered genes.

Comparison of QTLs for root length with candidate genes

Stimulated cell expansion and elongation should con-
tribute to stimulated root elongation under water-limited
stress. Cell expansion and elongation are initiated by
relaxation of the cell-wall (Lee et al. 2001). Genes for
cell-wall loosening and expansion are involved in cell
expansion and elongation. Expansins can be classified
into two multigene families, the a- and [B-expansins.
There are at least 26 a-expansins and 14 S-expansins in
the rice genome (Lee et al. 2001). Many plant endo-1, 4-
B-D-glucanases (Egase) for cell-wall loosening have been
cloned, and these belong to the group of family 9 Egases
(Cosgrove 2000). In this study, two genes for cell-wall-
loosening proteins, an oa-expansin (OsEXP2) and an
EGase, were found to be linked to the QTLs for SRL
and LRL under upland conditions, respectively (Fig. 1).
These two genes were upregulated by water-limited stress
in the seminal root tip (Fig. 3), where cell-wall extensi-
bility is entirely confined (Brummell et al. 1997; Cho and
Kende 1997). OsEXP2 functions as a primary cell wall-
loosening agent, and its activity is rate-limiting for the
enlargement of cells, whereas EGase may act as a
secondary cell wall-loosening agent which makes the cell
wall more responsive to the action of EXPs (Cosgrove
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2000). Recent experiments using transgenic plants have
provided strong evidence that a-EXPs play an endoge-
nous role in cell growth and cell-wall modification (Lee et
al. 2001). Our results suggest that the enhanced expres-
sion of OsEXP2 and EGase in the root tip under water-
limited stress may be related to the stimulation of root
elongation.

LRL was greatly increased, especially in the upland
rice Azucena under upland conditions (Table 4). The
gene-encoding nickel-binding protein (777) was mapped
at the locus on chromosome 3 where the QTL for ULRL
was detected (Fig. 1). The major function of the nickel-
binding protein is to deliver the nickel to the appropriate
enzyme and to protect the cell from free nickel (Watt and
Ludden 1999). T17 was repressed by water-limited stress
in both the seminal root tip and the lateral root (Fig. 3).
These result suggests that 7/7 may negatively regulate
lateral root elongation, if it plays any role at all.

Three genes for SART-1 protein (L/6), a transcription
factor bHLH protein (782) and the CLIP-associated
protein (759), respectively, are clustered at the locus on
chromosome 2 where one QTL for SRL was located
(Fig. 1). The expression of these three genes was
upregulated by water-limited stress in the seminal root
tip (Fig. 3). Makarova et al. (2001) reported that SART-1
protein is essential for the assembly of mature splice-
somes. It has been reported that transcriptional activators
with a bHLH domain regulate the expression of drought-
induced genes (Abe et al. 1997). CLIP-associated protein
has been shown to play a crucial role in the regulation of
microtubule dynamics and / or the interaction of micro-
tubules with the cellular cortex, as documented by over-
expression and antibody inhibition analyses (Akhmanova
et al. 2001). This is an interesting locus with the QTL for
SRL linked to three water-stress-upregulated genes in the
seminal root tip.

QTL positions are quite imprecise because the asso-
ciated confidence interval covers several megabases
(Dupuis and Siegmund 1999). A QTL may cover a region
containing several-hundred to several-thousand genes,
which means that other factors are present in addition to
these candidate genes. Fine-mapping experiments are
necessary, based on the development of near-isogenic
lines that segregate for shorter chromosome segments and
that have homogenous genetic backgrounds (Touzet et al.
1995). The tight genetic linkage between these candidate
genes and the QTLs for root traits does not definitively
demonstrate a causal relationship. The further investiga-
tion of these genes for stimulated root elongation under
water-limited stress in rice is needed.
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