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Abstract We have developed 85 new markers (50
RFLPs, 5 SSRs, 12 DD cDNAs, 9 ESTs, 8 HSP-
encoding cDNAs and one BSA-derived AFLP marker)
for saturation mapping of QTL regions for drought
tolerance in rice, in our efforts to identify putative can-
didate genes. Thirteen of the markers were localized in
the close vicinity of the targeted QTL regions. Fifteen of
the additional markers mapped, respectively, inside one
QTL region controlling osmotic adjustment on chro-
mosome 3 ( 0oa3.1) and 14 regions that affect root traits
on chromosomes 1, 2, 4, 5,6, 7, 8, 9, 10 and 12. Dif-
ferential display was used to identify more putative
candidate genes and to saturate the QTL regions of the
genetic map. Eleven of the isolated cDNA clones were
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found to be derived from drought-inducible genes. Two
of them were unique and did not match any genes in the
GenBank, while nine were highly similar to cDNAs
encoding known proteins, including a Dnal-related
protein, a zinc-finger protein, a protease inhibitor, a
glutathione-S-transferase, a DNA recombinase, and a
protease. Twelve new cDNA fragments were mapped
onto the genetic linkage map; seven of these mapped
inside, or in close proximity to, the targeted QTL regions
determining root thickness and osmotic adjustment
capacity. The gene 112A1, which codes for a UDP-glu-
cose 4-epimerase homolog, was identified as a putative
target gene within the prt7.1/brt7.1 QTL region, as it is
involved in the cell wall biogenesis pathway and hence
may be implicated in modulating the ability of rice roots
to penetrate further into the substratum when exposed
to drought conditions. RNAs encoding elongation fac-
tor 183, a DnaJ-related protein, and a homolog of wheat
zinc-finger protein were more prominently induced in
the leaves of IR62266 (the lowland rice parent of the
mapping materials used) than in those of CT9993 (the
upland rice parent) under drought conditions. Homo-
logs of 18S ribosomal RNA, and mRNAs for a multiple-
stress induced zinc-finger protein, a protease inhibitor,
and a glutathione-S-transferase were expressed at sig-
nificantly higher levels in CT9993 than in IR62266. Thus
several genes involved in the regulation of DNA struc-
ture and mRNA translation were found to be drought-
regulated, and may be implicated in drought resistance.

Keywords Rice - Drought - Quantitative trait loci
(QTL) - Osmotic adjustment (OA) - Differential display
(DD)

Introduction

Rice is the most important staple food crop in the world,
and is grown under a broad range of environmental
conditions in terms of topography, soil type, water re-
gime, and climatic factors. Drought is one of the
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important factors that limit rice production in the most
rice-growing areas. Physiological studies suggest that
drought resistance in rice depends mainly on one or
more of the following components: (1) the ability of
roots to exploit deep soil water to provide for evapo-
transpirational demand; (2) the capacity for osmotic
adjustment (OA), which allows the plant to maintain
turgor and protect meristems from desiccation; (3) the
ability to control and reduce water loss (Nguyen et al.
1997).

Maintenance of turgor by osmotic adjustment is an
important physiological adaptation for minimizing the
detrimental effects of water deficit (Morgan 1984). Os-
motic adjustment is therefore considered to be a signif-
icant trait that contributes to reducing the effects of
drought on grain yield in various crops (Morgan et al.
1991; Moustafa et al. 1996). Quantitative trait loci
(QTLs) for OA have been mapped in rice (Lilley et al.
1996), barley (Teulat et al. 1998) and wheat (Morgan
and Tan 1996).

Water uptake by the root is a complex character that
depends on root structure, root anatomy, and on how
the different parts of the root contribute to overall water
transport (Cruz et al. 1992). Therefore, the efficiency of
water uptake by the root system is a key factor in
determining the rate of transpiration and tolerance to
drought. Root characteristics such as thickness, depth of
rooting, and root length density have been associated
with drought avoidance in rice (O’Toole and Chang
1979; Price et al. 2000). QTLs for root morphology and
root penetration index have been identified in several
rice populations (Champoux et al. 1995; Ray et al. 1996;
Price and Tomos 1997; Yadav et al. 1997; Zheng et al.
1999; Ali et al. 2000; Price et al. 2000; Zhang et al. 2001).
The introduction of traits which contribute to drought
avoidance or drought tolerance should improve the
drought resistance of rice, and this strategy therefore has
considerable potential for increasing rice production in
drought-prone areas (Fukai and Cooper 1995; Nguyen
et al. 1997).

At the gene expression level, the accumulation of
specific mRNAs in response to water deficit has been
well documented in numerous plant species (Claes et al.
1990; Bray 1998). Most of these genes are either involved
in, or related to, the production and/or accumulation of
compatible osmolytes (Bray 1993; Skriver and Mundy
1990), and the capacity to accumulate osmolytes has
been shown to correlate with drought tolerance (Le-
prince et al. 1993; Quick et al. 1989). Little is known
about the genes that contribute to root penetration
ability in plants undergoing drought stress. While
numerous drought-responsive genes have been identified
to date, it has been difficult to pinpoint the key genes
contributing to drought tolerance and avoidance in rice.

In this study, we set out to refine the map positions of
key QTL regions for drought resistance-related traits,
which were previously identified by Zhang et al. (2001).
We have combined RFLP, AFLP, SSR, candidate gene,
and physical mapping strategies, focusing on the

targeted QTL regions, to identify DNA markers that are
tightly linked to each QTL. Using differential display
(DD) analysis, we have also isolated, mapped and
characterized novel cDNAs.

Materials and methods

Plant materials

A subset of 154 doubled haploid lines (DHLs) derived
from a cross between the O. sativa accessions CT9993-5-
10-1-M and TR62266-42-6-2 (henceforth abbreviated as
CT9993 and IR62266, respectively) was used in this
study. CT9993 is derived from upland rice breeding
materials, has strong root penetration ability and low
OA, but is well adapted to rainfed lowland conditions.
IR62266 is an elite lowland breeding line, has good
osmotic adjustment capacity and a shallow root system.

The initial genetic linkage map was constructed with
315(145 RFLP, 153 AFLP and 17 SSR) markers at Texas
Tech University, Lubbock, Texas (Zhang et al. 2001).
The QTLs associated with various traits related to
drought resistance, such as osmotic adjustment (oa), root
penetration index (rpi), basal root thickness (brt), root
pulling force (rpf), total root dry weight (trdw),
penetrated root dry weight (prdw), and penetrated root
length (prl) were targeted for fine-scale mapping.

Saturation mapping of QTL regions using RFLP,
AFLP and SSR markers

The 382 RFLP and 24 SSR markers between or near the
targeted QTL regions were selected based on high-den-
sity RFLP maps (Causse et al. 1994; Harushima et al.
1998) and 27 drought-related ESTs from the Japanese
Rice Research Program were also used. The RFLP and
SSR markers were used to screen the 154 DHLs
according to standard protocols (Causse et al. 1994;
Panaud et al. 1996; Chen et al. 1997). AFLP analysis
was undertaken as described by Zabeau and Vos (1993).
Bulked segregant analysis was carried out essentially as
described Michelmore et al. (1991). Fifteen individual
DH lines from the extremes with the highest and lowest
scores for OA and root traits were bulked by pooling
equal amounts of DNA from each group. Twenty-three
primer combinations were employed to amplify frag-
ments from DNA samples obtained from the parent and
the bulks of each extreme. The eight primer combina-
tions, which generated putatively linked bands, were
then employed to genotype the 154 DHLs.

Differential display analysis

The parental genotypes CT9993 and IR62266 were
used for differential display analysis. Rice plants were
grown in a growth chamber (Conviron-15) on a 14-h



photoperiod (30°C day/25°C night, light intensity
600 uper m?/s. Plants were watered daily and fertilized
weekly with a complete nutrient solution for 45 days.
Beginning on Day 46, plants were subjected to pro-
gressive drought by withholding water for a period of
19 days. Leaf relative water content (RWC) was moni-
tored daily, and leaves that attained 80% and 65%
RWC were collected for RNA isolation. Leaf samples
from fully watered plants at 98% RWC were used as a
control. The RWC was measured in the middle fragment
(5 cm) of the fully expanded second leaf, and was cal-
culated as (fresh weight—dry weight)/(fully turgid
weight—dry weight). Total RNA was isolated according
to Logemann et al. (1987). Differential display was
carried out with 96 primer pair combinations as de-
scribed by Liang et al. (1992), and the analyses were
performed using RNAimage kits (GenHunter) accord-
ing to the manufacturer’s instructions. The cDNA
products were resolved on TBE-Urea sequencing gels,
which were then dried and exposed to X-ray films. For
the purposes of further analysis, we targeted cultivar-
specific cDNA fragments for both CT9993 and IR62266
lines, and among them we selected either drought
inducible (those for which the corresponding band was
amplified only in one and/or both stress RNA samples,
but not in the control) or constitutive (those for which
corresponding bands were similarly amplified in all three
RNA samples from the same cultivar, but with
increasing intensity in the samples derived from one or
both stages of the drought treatment compared to those
derived from the control sample).

Re-amplified fragments were used as probes in
Northern analysis. The fragments with confirmed dif-
ferential expression were cloned in the vector system
PCR-TRAP (GenHunter) or pGEM-T-Easy (Promega).
After cloning, differential expression of selected frag-
ments was re-confirmed by Northern hybridization.
cDNAs were sequenced using a CEQ2000XL DNA se-
quencer (Beckman Coulter). Sequence data was used for
homology searches in the non-redundant set of sequence
databases hosted by NCBI. cDNA fragments were then
mapped onto the genetic linkage map. Cloning of the
full-length cDNAs was done using conventional tech-
niques described elsewhere (Campbell et al. 2001).

Fine-scale mapping of drought resistance QTLs
using BACs

A Hin dIII BAC library of cv. Nipponbare (japonica)
with 10.6-fold genome coverage and an average insert
size of 130 kb (Clemson University Genome Center) and
Bam HI,Eco RI and Hin dIII BAC libraries of Teqing
(indica) with 10.4-fold total genome coverage and an
average insert size of 130-150 kb (Texas A and M BAC
Center), which consist of 36,864 and 31,488 clones,
respectively, were used to screen for overlapping clones.
The RFLP markers linked to the QTL regions were used
as probes for colony hybridization in order to identify
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BAC clones derived from the target regions. Each of the
labeled probes was added to the pre-hybridization
solution and hybridized to high-density BAC filters at
65°C overnight. The filters were washed twice with
0.2 M phosphate buffer containing 0.1% SDS at 65°C
for 15 min each with gentle shaking. The filters were
then exposed to X-ray films for 2-24 h depending on the
signal intensity. Individual candidate BAC clones iden-
tified by colony hybridization were then confirmed by
Southern hybridization with the DNA markers. Pulsed-
Field Gel Electrophoresis (PFGE) was used to deter-
mine the size of clone inserts.

The new markers were mapped onto the genetic
linkage map using MapMaker Macintosh v. 3.0. To
confirm the location of the target QTLs, MapMaker/
QTL (Lincoln et al. 1993) and Qgene v. 3.0 (Nelson
1997) were employed.

Results

Saturation mapping of QTLs using RFLP, AFLP,
SSR markers and candidate genes

In order to saturate the targeted QTL regions, we se-
lected a total of 382 additional RFLPs, 24 SSRs, 27
drought-related ESTs (from the Japanese Rice Research
Program), 51 differential display (DD)-derived cDNAs,
heat shock protein (HSP)-related cDNAs, and 20 AFLP
markers identified by bulked segregant analysis (BSA).
The cDNA and BSA markers were developed at the
Plant Molecular Genetics Laboratory, Texas Tech
University. These markers were mapped on the 154
doubled haploid lines obtained from the cross between
CT9993 and IR62266. The resulting genetic linkage map
comprised 400 markers (154 AFLPs, 195 RFLPs, 22
SSRs, 12 DD c¢DNAs, 9 ESTs and 8 HSP-encoding
cDNAs) and was 1686 cM in length, with an average
distance between adjacent markers of 4.2 ¢cM (Fig. 1). In
comparison with the earlier genetic map (Zhang et al.
2001); the new version contains 85 additional markers
(50 RFLPs, 5 SSRs, 12 DD cDNAs, 9 ESTs, 8 HSP
cDNAs and one BSA-derived). The map distance was
reduced by 102 cM (from 1788 cM to 1686 cM), and the
average genetic distance between adjacent markers de-
creased by 1.5 cM (from 5.7 cM to 4.2 ¢cM). This may be
attributed to the fact that with more/additional markers,
the degree of genetic interference is also reduced.

In the improved map, a total of 42 QTLs were
identified for OA and root traits (Table 1 and Fig. 1).
Most of the new QTL positions were consistent with the
QTLs reported by Zhang et al. (2001). Four new
QTLs— brt4.1, brt7.1, prdw5.1 and prt5.1—were also
identified. Two single QTLs controlling penetrated root
thickness on chromosomes 1 and 12 were identified in-
stead of a pair of QTLs on each chromosome as
reported earlier.

The positions of most of the previously identified
chromosome regions controlling osmotic adjustment
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have not been significantly altered, with a single excep-
tion. QTL oa3.lwas shifted from the location EM17_1-
C63 (Zhang et al. 2001) to a new location (RG722-
RG745) with the same R’value and length, due to the
addition of several markers in its vicinity. The marker
RG722 was tightly linked to this QTL (0.0 cM). The
positions of most QTLs for root penetration index also
did not change, although several new markers were ad-
ded in these chromosomal regions. However, the QTL
rpi4.2 on chromosome 4 was moved from the position
RG939-G476 to RG214-R2017, while its R’was in-
creased from 11.0 to 15.9% (Table 1 and Fig. 1).

Two new QTLs affecting basal root thickness, brt4.1
and brt7.1, were identified. A new RFLP marker,
RZ905, was mapped within the QTL region RG939-
RG476 for basal root thickness on chromosome 4. The
marker RZ572 was located in the basal root thickness
QTL region on chromosome 8 ( brt8.1) and replaced the
flanking AFLP marker EM14_1 of the QTL. The size of
the QTL interval was thus reduced from 10.8 cM to
3.2 ¢cM (Table 1 and Fig. 1).

The RZ19 marker was placed inside a chromosome
region harboring a QTL for penetrated root thickness
(prtl.1), and this QTL interval was reduced from 11.2 to
8.0 cM. On chromosome 7 the DD-derived cDNA
112A1 was localized in the QTL prt7.1 and its length was
reduced to 4.0 cM. The prti2.1 was relocated from
RG9-MEI0_1 (8.3 cM) to RGY9-ME6_12 (1.5 cM).
Several new markers were mapped within a QTL con-
trolling root-pulling force. The DD-derived cDNA
C17C2 was localized in the QTL prt2.1, whose length
was reduced from 7.5 cM to 1.4 cM. The RFLP marker
R2017 was placed inside rpf4.1 (RG214-RG620) and the
length of this QTL was reduced from 21.1 cM to
9.7 cM. The rpf5.Iregion included the new marker
R2217, which replaced the flanking AFLP marker
EM15_5. The interval length of this QTL was hence
reduced from 30.2 ¢cM to 12.5 ¢cM (Table 1 and Fig. 1).

Two new RFLP markers, R1261 and RG722, were
mapped to the QTL trdwl.1; the latter replaced AFLP
marker EM11_11. The QTL length here was reduced
from 4.8 ¢cM to 0.0 cM. The QTL prdw4.1 was moved
and its length reduced from 5.8 cM to 1.9 cM (Table 1
and Fig. 1).

In order to identify markers more closely linked
to the QTL regions, we attempted to use Bulked
Segregant Analysis (BSA)-based AFLP to screen the
isogenic DNA pools composed of all phenotypically
extreme lines corresponding to each of the parents’
phenotypes. Out of 20 BSA-AFLP-generated fragments,
we were able to map only a single marker on chromo-
some 3, and this did not co-localize with any QTL
region.

Fine mapping of drought resistance QTLs on BACs

The RFLP markers flanking QTLs were used to screen
the Nipponbare and Teqing BAC libraries. The RG147

marker flanking the OA QTL on chromosome 1 ( 0oal.1)
detected five overlapping Nipponbare BAC clones. The
other four BAC clones hybridized with RG532, which
flanks the other end of this QTL region. Six common
BAC clones hybridized with the markers R1394A and
G2132, which were linked to o0a8.1. Four RFLP mark-
ers, which flanked the region controlling major root
QTLs (rpi4.2, rpf4.1 and brt4.1), were selected for
screening. Four contigs from Teqing libraries were
identified in this region. Three markers (RG214, S5755
and S15741) detected nine overlapping BAC clones from
Teqing. The markers RG939 and RZ905, which flanked
brt4.1 on each side, detected three and two overlap
clones, respectively. The overlapped clones are being
used for the identification of BAC ends in order to map
them onto the genetic linkage map and walk closer to
the targeted QTL.

Differential display-based identification of putative
candidate genes for drought resistance traits

The differential display experiment identified 51 cDNA
fragments as a ‘candidate’ set. A full-length cDNA
corresponding to each selected cDNA fragment was
obtained and used for expression analysis and genetic
mapping.

First, we confirmed that expression of 11 cDNAs was
induced by drought (Fig. 2 and Table 2), while the other
40 cDNAs did not yield a detectable hybridization signal
when used as probes on Northern blots. Four of the
drought-induced cDNAs (I4Gl1, T18A1, 123Cl1, and
128G1) were up regulated in IR62266 as compared to
CT9993, while six (C9C1, Cl11C1, C18Gl, C27Cl,
C27G1, and C30A1) were up regulated in CT9993 rel-
ative to IR62266. The cDNA fragment 117A1 hybrid-
ized with an mRNA that was up regulated in CT9993 at
an earlier stage in the drought response than in IR62266
and, in CT9993, it was expressed at a similar moderate
level in mild and severely stressed leaves. In IR62266,
this RNA was induced to a low level by the mild stress
and further induced by severe stress. Furthermore, sev-
eral other drought-induced mRNAs differed in their
expression levels in mild and severely stressed leaves.
The c¢cDNA fragment 14G1 hybridized to a unique
mRNA species that was up regulated in leaf tissue ex-
posed to mild drought-stress, and was absent from the
severely stressed tissue (Fig. 2). The cDNAs CI18Gl,
C30A1 and 117A1 corresponded to mRNAs that were
expressed to higher levels in the severely dehydrated
leaves compared to leaves that had been subjected to
mild drought conditions.

A search for sequence similarities between these
cDNA clones and genes in the non-redundant gene
database of GenBank resulted in the assignment of
putative functions to the proteins encoded by 9 of the 11
cDNAs characterized by Northern analysis (Table 2).
Among the cDNAs that were highly expressed in
TR 62266, the 14G1 cDNA matched the benzothiadiazole
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Table 1 QTLs detected for osmotic adjustment (MPa), root penetration index, root thickness (mm), root pulling force (kg), root dry

weight (g), and root length (cm)

Traits® QTL Chr No.® Interval Length®  Position! LOD R%%)° Effect’
Osmotic adjustment oal.l 1 RG140-ME2_12 39 3.9 4.60 12.9 0.9910(I)
oal2.l 2 RM263-R3393 11.6 0.0 3.07 9.0 0.8227(I)
0a3.1 3 RG722-RG74 6.2 0.0 3.66 10.7 0.9281(D)
0a8.1 8 G2132-G1073 5.0 0.0 291 8.3 0.7979(I)
0a9.1 9 EM14_6-ME4_13 5.4 0.0 2.90 8.3 0.8537(I)
Root penetration index rpi3.1 3 EMI19 4-EM13_1 12.3 6.0 3.0 10.9 0.0635(1)
rpi4.1 4 EM14_5-ME2_13 0.7 0.0 2.91 8.3 0.0707(I)
rpid.2 4 RG214-R2017 9.7 8.0 4.53 15.9 0.0738(C)
rpil2.1 12 MEG6_12-G2140 44 0.0 3.63 10.3 0.0628(C)
Basal root thickness bre2.1 2 TGMSP2-ME9_7 6.3 0.0 4.27 12.0 0.1066(T)
bri3.1 3 EM19_11-RZ474 4.6 2.0 3.11 10.0 0.0648(C)
brt4.1 4 ME9 _4-C335 0.3 0.0 6.21 16.9 0.0778(C)
brt4.2 4 RG939-RZ905 6.1 2.0 13.17 373 0.1183(C)
brt7.1 7 EM17_3-ME2_15 7.1 2.0 3.44 10.6 0.0607(C)
bre8.1 8 RZ997-RZ572 32 0.0 3.81 10.8 0.0613(C)
brt9.1 9 ME2_17-C711 0.3 0.0 7.74 20.7 0.0849(C)
brti2.1 12 MEG6_6-123C1 2.8 0.0 3.20 9.1 0.0659(C)
Root pulling force rpf2.1 2 EM13_3-C17C2 1.4 0.0 3.15 9.0 9.1159(C)
rpf3.1 3 EM11_9-CDO20 1.4 0.0 6.02 16.5 14.520(1)
pf3.2 3 EMI13_1-R2170 1.5 0.0 424 119 10.259(1)
rpf4.1 4 RG214-R2017 9.7 4.0 7.98 24.7 14.596(C)
rpf5.1 5 RM164-R2217 12.5 6.0 4.05 13.7 10.900(1)
rpfll.1 11 ME2_6-RM21 7.9 4.0 3.36 11.1 8.3461(1)
Total root dry weight trdwl.1 1 RG727-RG109 0.0 0.0 3.25 9.3 0.3352(C)
trdw2.1 2 ME2_7-EMP2_7 35 2.0 3.71 11.0 0.3616(C)
trdwd.1 4 RG190-EM15_3 5.3 0.0 4.60 12.9 0.4088(C)
traw6.1 6 ME4_11-EAAM17_3 04 0.0 2.98 8.6 0.3114(C)
trdwl0.1 10 RG257-R1261 4.8 2.0 6.88 20.7 0.5085(C)
Penetrated root dry weight  prdw4.1 4 R0874-C1100 1.9 0.0 4.33 12.8 0.0730(C)
prdaw5.1 5 RM164-R2217 12.5 14.0 4.07 11.7 0.0712(C)
prdw9.1 9 R41-ME2_10 7.5 6.0 5.36 16.8 0.0889(C)
prdwl2. ] 12 MEI10_I-RG9 9.8 10.0 4.13 12.7 0.0737(C)
Penetrated root length prill.l 11 G1465-C950 5.2 4.0 5.80 17.0 3.7388(C)
Penetrated root thickness prel. 1 1 RGY57-RZ19 8.0 2.0 3.58 12.0 0.0702(C)
pre2.1 2 ME2_7-EMP2_7 3.5 0.0 4.49 12.6 0.0726(C)
pri2.2 2 ME9_7-K706 22.5 6.0 3.18 16.0 0.1054(T)
pri4.1 4 RG939-RZ905 6.1 2.0 10.35  30.6 0.1191(C)
pris.l1 5 R2217-BCD454 4.9 0.0 6.06 16.8 0.0872(I)
prt6.1 6 R2549-RG172 14.8 0.0 3.00 8.9 0.0643(C)
prt7.1 7 112A1-EM17_3 39 2.0 3.09 9.6 0.0634(C)
prt9.1 9 C711-C313 0.0 0.0 6.68 18.1 0.0884(C)
prtl2.1 12 RG9-ME6_12 1.5 0.0 4.62 14.5 0.0809(C)

“The data are based on interval mapping (MapMaker/QTL version
2.0) in 154 DH rice population derived from a cross between
CT9993-5-10-1-M and 1R62266-42-6-2

Chromosome number
“Distance between two flanking markers

and pathogen-inducible mRNA WCI-5 from wheat;
cDNA I18A1 was predicted to encode rice elongation
factor 18, 123C1 matched rice oryzain, and the putative
product of 128G1 was similar to a Dnal-related chap-
erone from maize. Among the CT9993-specific cDNAs,
C11C1 matched 18S ribosomal RNA, C18G1 matched
a zinc-finger protein, C27C1 and the corresponding
full-length ¢cDNA T1-C27C1 matched the senescence-
inducible subtilisin-chymotrypsin inhibitor, and C30A1
matched glutathione S-transferase. The mRNA homol-
ogous to the drought-inducible cDNA clone
117A1—that differed in its expression profile throughout
progressive drought in CT9993 and IR62266—matched
recombinases from various bacteria.

9Distance from the leftmost marker of the interval

°Percentage phenotypic variation explained by detected QTLs
"The letters T and C in parentheses indicate that positive favorable
alleles for the effects are from IR62266 and CT9993, respectively

Furthermore, we mapped the set of 51 cDNA clones
derived from the DD experiment onto the rice genetic
map. Twelve partial cDNAs were added to the genetic
linkage map of CT9993/IR62266. The remaining 39
fragments that could not been mapped either yielded
weak hybridization signals or multiple monomorphic
bands. The mapped cDNA fragments were localized on
chromosomes 1, 2, 3, 4, 6, 7, 8, 11 and 12 (Table 3).
Three of these cDNA clones (I112A1, 123C1, and C17C2)
mapped within previously identified QTL regions ( prt
7.1/brt7.1,brt12.1 , and rpf2.1, respectively). Four other
cDNAs (I11A1, 129G1, 128C1, and C9AT1) were located
in the vicinity of the QTL regions trdw6.1, oa3.1, prt6.1,
and brt3.1, respectively.
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Fig. 2 Northern analysis of RNA in control and drought stressed
rice leaf tissues. Lane 1,-CT9993 control; 2,-IR62266 control;
3,-CT9993/mild stress; 4,-IR62266/mild stress; 5,-CT9993/severe
stress; 6,-IR62266/severe stress. Total RNA extraction was carried
out according to Logemann et al. (1987). Samples containing 30 pg
of total RNA were blotted onto Zeta-probe GT membrane. The
cDNA fragments were labeled with [0->?P]dATP using a DECA
prime II labeling kit (Ambion) and used to probe the filter.
Hybridization was performed at 42°C for 18 h in Northern Max
prehyb/hyb buffer (Ambion).The filters were then washed in
2xSSPE and exposed to X-ray film

A search for sequence similarities in the GenBank
databases resulted in the matching of four of the map-
ped cDNA fragments to genes encoding proteins with
known functions. The cDNA clone 112A1 that mapped
within the root thickness QTL region on chromosome 7
showed significant similarity to an UDP-glucose-4-
epimerase gene (OsUGE-1). The cDNA clone 123C1 that
mapped in brti12.1 on chromosome 12, and the corre-
sponding full-length ¢cDNA T5-123C1, matched an
oryzain gamma sequence, while the cDNA 128C1 that
had been mapped in close proximity to a QTL deter-
mining penetrated root thickness on chromosome 6
(prt6.1) displayed a strong sequence similarity to a
homeodomain transcription factor implicated in disease
susceptibility (Table 3). Other mapped cDNA fragments
did not match with any entry in the GenBank or rice
genomic sequence database.

Discussion

The overall aim of this study was to refine the mapping
of the targeted QTL regions underlying drought resis-
tance traits in rice. For this purpose, we employed the
available molecular markers, and identified several novel
markers linked to the QTL regions using the differential
display approach. We have placed seven of the novel
DD-derived ¢cDNAs inside or in the close vicinity of
QTL regions determining root traits and OA capacity.
We also characterized a set of cDNA clones derived
from transcripts that are up-regulated by drought, and

Table 2 Characteristics of new drought-inducible cDNA clones in rice

BLAST similarity search results®

Size(bp)  Relative level of

Name

expression at RWC (%)

Conditions known to induce

similar genes

GenBank ID

Identity of top characterized match

80 65

98

Benzothiadiazole, pathogens (Gorlach et al. 1996)
Heat stress, development (Baszczynski et al. 1997)

None known

U32431
dbjID23674.1
AF053468.1

Triticum aestivurn mRNA, clone WCI-5
0. sativa mRNA for elongation factor 1 beta
Zea mays DnaJ-related protein (gene ZMDJ1)

No match

++
++

++

123
414
500
273

S11

128G1°
C9Cl1¢

14G1°
118A1°

+++
+++
++

+ 4+

+++

+

ClICI®

Senescence (Kleber-Janke et al. 1997)

None known
Various stresses

AF140722.2

AF062961.1
Y08625.1

Tetranychus urticae 18S ribosomal RNA

0. sativa zinc-finger protein
H. vulgare mRNA for subtilisin-chymotrypsin inhibitor 2

No match

+++
+++
++

++
++ 4

++

320
472
427

C18GI1°
C27CI1°
C27G1°

AF402804.1 Hormones, pathogens, heavy metals, heat shock

0. sativa putative glutathione S-transferase OsGSTU17

130 +

C30A1°¢

(Ulmasov et al. 1995)

None known
Gibberellin (Watanabe et al. 1991)

U35133
D90408

Recombinase (cloning vector pBSL175)
Rice mRNA for oryzain gamma (EC 3.4.22)

++ +++
+

+

450
332

117A1¢
123C1¢

“The translated sequence was used to query the translated non-redundant sequence database (TBLASTX). All reported matches had a minimum expectation value of e-10 and a score of

at least 60 bits

*Upregulated in TR62266 compared to CT9993
“Up-regulated in CT9993 relative to IR62266

d

cDNA fragments that show cultivar- and drought-dependent patterns of expression
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Table 3 Characteristics of new drought-inducible cDNA clones in rice

Name Size,bp Chromosome Maps inside Maps near to BLAST match
number QTL region QTL region, cM
I11A1 143 6 trdw6.1 (3.1 cM) No match
112A1 267 7 prt7.1 brt7.1 (7.1 cM) 0. sativa UDP-glucose 4 epimerase OsUGE-1
117A1 450 1 Recombinase (cloning vector pBSL175)
121Gl 370 8 No match
123C1 332 12 brei2.1 Rice mRNA for oryzain gamma (EC 3.4.22)
128C1 600 6 pri6.1 (2.5 cM) 0. sativa susceptibility homeodomain transciption
factor (HDTF)
129G1 320 3 0a3.1(7.9 cM) No match
129G2 181 3 No match
130Cl1 220 11 No match
132G1 215 1 No match
CIA1 300 4 brt4.1 (5.8 cM) No match
Cl17C2 266 2 rpf2.1 No match

are predicted to encode proteins that function in the
modulation of DNA structure, in translational regula-
tion, protein metabolism and folding, and in antioxidant
production. These genes add to the pool of putative
candidate genes underlying drought stress resistance in
rice.

RFLP and SSR markers are very efficient in
increasing marker density and saturating targeted
genomic regions. However, the degree of polymorphism
detected by the existing markers is limited. The aim of
this study was to provide additional polymorphic
markers for map-based cloning in the targeted QTL
regions. In an effort to identify markers tightly linked to
the target QTLs, we have selected a set of additional
genetic markers from the published maps and used them
for the saturation mapping of the QTL regions on our
genetic map. Here we report the addition of 85 new
markers to the genetic map of rice (Zhang et al. 2001).
Of these, 28 markers were mapped within or in close
proximity to the targeted QTL regions. New markers
were added to the QTL regions on chromosome 1 that
control osmotic adjustment (oal.l), penetrated root
thickness (prtl.1), and total root dry weight (trdwl.l).
The resolution of QTLs on chromosome 3, which con-
trol osmotic adjustment (oa3.1), root pulling force
(rpf3.2) and root penetration index (rpi3.1), was signifi-
cantly improved. In particular, 10 new markers,
including seven stress-related ESTs, were mapped within
or near the chromosome 4 region controlling major root
traits (rpf4.1, rpi4.2, pri4.1, prdw4.2and brt4.2). These
results indicate that the candidate gene approach is a
powerful tool for selecting desirable alleles in the tar-
geted QTL regions.

Notably, the definition of QTL regions on chromo-
some 5 that affect root pulling force ( rpf5.1), penetrated
root thickness (prt5.1) and penetrated root dry weight
(prdw5.1) was significantly improved by the addition of
five new RFLP markers. The new RFLP marker R2217
replaced the AFLP-generated EM15_5 marker and the
size of the QTL interval was concomitantly reduced by
two-fold. Indeed, the sizes of many of the QTLs were
significantly improved in the present study over the

previously published genetic map. The RFLP markers
that replaced AFLP markers linked to the QTLs can be
now used for marker-assisted selection of drought-
resistant genotypes. Furthermore, the available RFLP
markers closely linked to the QTL regions were used for
BAC library screening. We have identified overlapping
clones for the markers linked to several QTL regions.
Fine-scale QTL mapping of drought resistance QTLs
using BACs is now under way, and the overlapping BAC
clones are being used to identify markers more closely
linked to the QTLs.

Bulked segregant analysis in combination with AFLP
detection has proved to be a powerful technique for
identifying markers tightly linked to, or co-segregating
with, genes underlying monogenic traits (Thomas et al.
1995). We have used AFLP-based BSA to refine map
positions of the targeted QTLs. However, in our
experiments, only one of the 24 BSA fragments devel-
oped—E4M19_3——could be mapped, on chromosome 3
(Fig. 1), and it was not associated with any QTL region.
Hence, in our hands this approach was not an efficient
tool for dissecting targeted QTL regions for polygenic
drought resistance-related traits.

Furthermore, we used DD to identify novel markers
more closely linked to the QTL regions for drought
resistance trait in rice. We assessed the dynamics of
specific mRNA expression under mild and severe
drought stress, and assigned putative functions to sev-
eral isolated genes based on the availability of GenBank
matches.

Eleven genes characterized in this study were signifi-
cantly up regulated following exposure of rice plants to
drought. Seven of these genes have orthologs in other
species, while two (C9C1 and C27G1) did not match any
known genes in the GenBank databases. Of the nine
genes with orthologs in other species, six had orthologs
that have been characterized as pathogen-, senescence-,
or heat stress-inducible (Table 2). However, prior to this
work, none of these seven cDNAs had been implicated
in responses to drought. The other three cDNAs (I18A1,
C11Cl1, and I17A1) matched orthologous sequences in
other species that have not been shown to be stress
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inducible (elongation factor 1f, 18S ribosomal RNA,
and a DNA recombinase).

The cDNA clone 118A1 was predicted to encode
translation elongation factor 1. In our study, the cor-
responding gene was drought inducible, and the mRNA
level increased with the severity of drought stress; the
gene was also expressed to a much higher level in the
leaves of the drought-tolerant cultivar IR62266 than in
CT9993, which is more sensitive to water deficit. This
elongation factor may be related to the higher osmotic
adjustment capacity of IR62266, perhaps regulating the
synthesis of an enzyme (s) mediating osmolyte biosyn-
thesis.

The 117A1 cDNA encodes a homolog of a bacterial
integrase/recombinase protein. Interestingly, no matches
from eukaryotes have been identified by Blast similarity
search. It is unlikely that this cDNA results from bac-
terial contamination, as it produced a clear hybridiza-
tion signal with both rice DNA and RNA and it was
mapped on chromosome 1 of the genetic linkage map.
The corresponding mRNA was significantly induced by
drought, and accumulated throughout the development
of drought stress in rice leaves (Fig. 2 and Table 2), in a
cultivar-specific fashion. A comprehensive sequence
analysis of this cDNA with GENSCAN (v1.0, with both
Arabidopsis and maize matrix) and the program Rice-
HMM (at a probability level 9.8e-1), provided by the
Rice GAAS program on the MAAF of Japan website,
predicted that most of the sequence is derived from an
uninterrupted exon that was structurally highly similar
to bacterial recombinase genes, indicating a potential
retrotransposon origin for this gene. Stress-induced up
regulation of retrotransposon-encoded genes has been
noted in many eukaryotes, including plants, leading to
the hypothesis that abiotic stress may cause genomic
DNA rearrangements. Our results indicate that several
genes involved in the regulation of DNA structure and
mRNA translation can be regulated by drought, and
may be implicated in drought resistance.

Three of the genes identified in this study were
structurally similar to known genes implicated in path-
ogen and general stress responses. The cDNA clone
14G1 encodes a protein similar to that specified by a
pathogen-inducible cDNA from wheat; C18G1 encodes
a zinc-finger protein, while C30A1 encodes glutathione
S-transferase (GST). GST genes are known to be in-
duced by a variety of stress conditions, including heavy
metal treatment, heat shock and hormones (Ulmasov
et al. 1995). Both the GST cDNA C30A1 and pathogen-
responsive homologous cDNA C18G1 were expressed at
significantly higher levels in CT9993 compared to
IR62266 under drought stress, and accumulated to even
higher levels under severe drought stress. The 14Gl1
cDNA was overexpressed in IR62266 relative to
CT9993.

Three new cDNAs were mapped within QTL regions.
The cDNA 112A1 was mapped within the prt7.1 |/
brt7.1QTL region on chromosome 7. This cDNA did
not detect any mRNA species on Northern blots, and

thus we were unable to analyze the expression pattern of
the corresponding mRNA. However, the BLAST search
against GenBank sequence databases allowed us to
putatively identify the encoded protein as a UDP-glu-
cose 4 epimerase. This enzyme functions in the nucleo-
tide sugar interconversion pathway (converting
UDP-glucose to UDP-galactose), and hence is impli-
cated in cell wall biosynthesis as it helps to regulate the
monosaccharide pool available for pectin production
(Reiter and Vanzin 2001). Thus, this gene could perform
a critical function during drought by contributing to cell
wall thickening in rice roots.

The 123C1 ¢cDNA was mapped within the brti2.1
QTL region and it was putatively identified as encoding
oryzain 7y, based on its similarity to the published rice
oryzain gene. Oryzains (EC 3.4.22) are cysteine
proteinases, which are encoded by a multigene family in
rice; in rice seeds these genes are inducible by gibberellins
(Watanabe et al. 1991), where they function to promote
storage protein utilization upon seed germination. We
found that oryzain mRNA was almost undetectable in
the leaves of well-watered plants, was up-regulated by
drought in both CT9993 and IR62266 and, under mild
drought, it accumulated to approximately two-fold
higher levels in IR62266 than in CT9993. It is not known
whether protease function is critical for root thickening
upon exposure to drought. However, proteases are
essential for disposing of proteins that have been dam-
aged by osmotic and oxidative stresses.

Only two of the mapped cDNA fragments—I17A1
and [23Cl—gave detectable signals when hybridized
with RNA on Northern blots. There could be several
reasons for this. The isolated cDNAs could represent
rare mRNAs, which are difficult to detect using con-
ventional Northern blotting techniques, as the cloned
DD fragments were small (between 100 and 600 bp
long) and mostly derived from 3-UTR regions of
mRNAs.

The differential display approach and the expression
analysis provided us with a novel set of drought-related
cDNA clones (Tables 2 and 3). This strategy allowed us
(1) to identify two new drought-inducible genes with no
sequence database matches (C9C1 and C27G1); (2) to
classify nine rice genes with predicted functions (based
on GenBank matches) as drought-inducible (I4Gl,
I17A1, 118A1, 123C1, 128G1, C11C1, C18G1, C27Cl1
and C30Al); (3) to assign map locations to 11 new
cDNAs, and (4) to localize seven novel cDNAs to the
vicinity of QTLs determining drought resistance traits,
and thus identify them as putative candidates for roles in
osmotic adjustment, root thickness, total root dry
weight and root pulling force.

It is notable that seven of the 21 novel cDNAs dis-
cussed in this paper did not have matches in the Gen-
Bank sequence databases, indicating that a significant
number of rice genes remain unidentified, and some of
these may be involved in drought resistance. Based on
the similarity of the new drought-inducible cDNA se-
quences to mRNAs encoding proteins with known



functions, we predict that such cell functions as DNA
modification, mRNA translation, protein degradation,
protein chaperoning, and signaling may be modified in
response to drought stress in rice and/or be involved in
drought resistance mechanisms.

Overall, the combination of a number of different
approaches, such as using available RFLPs, SSRs, ESTs
and developing new DD-derived cDNAs as described
here, has provided us with a set of markers that are
tightly linked to QTL regions conferring drought resis-
tance in rice. These tightly linked markers are currently
being used for marker assisted selection in order to de-
velop near isogenic lines and facilitate map-based clon-
ing of the QTLs using BACs.
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