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Drought stress is one of the most important environmental factors reducing cereal yields. The genetic
and physiological bases of drought tolerance in durum wheat was investigated by QTL mapping and by
mapping candidate genes derived from differentially expressed genes and previous investigations. A
recombinant inbred population derived from a cross between two durum (Triticum turgidum L. var
durum) parents Jennah Khetifa and Cham1 that exhibit contrasting traits for drought tolerance was
employed. Twelve known genes and 103 differentially expressed sequence tags (dESTs) were surveyed
and 55 detected polymorphism between the two parental lines. In total, 162 loci including 6 known
genes, 37 dESTs, and an additional 119 markers that were unlinked in the previous map have been
merged with 306 previously mapped markers to produce a new map with 468 loci. Single point analysis
and composite interval mapping were used to identify the genomic regions controlling traits related to
drought stress. Significant QTL were identified for canopy temperature, photosynthesis-related para-
meters and water status index. One hundred and seventy eight markers, including 6 candidate genes
and 19 differentially expressed sequences were associated with QTL for drought tolerance traits. The
results indicate that there is considerable potential for improving drought tolerance of durum wheat by
using marker-assisted selection.
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INTRODUCTION

Drought is one of the most common environmental
stresses worldwide that affects growth and development
of plants through alternations in metabolism and gene
expression (Leopold, 1990). Despite many decades of
research, drought continues to be a challenge to agricul-
tural scientists in general and to plant breeders in parti-
cular. This is due to the unpredictability of its occurrence,
severity, timing and duration; and to the interaction of
drought with other abiotic stresses (Ceccarelli and Gran-
do, 1996). An understanding of the genetic and physiolo-
gical basis of drought tolerance would facilitate the deve-
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lopment of improved crop management and breeding
techniques and lead to improved yield in unfav-orable
environments. Durum wheat (Triticum turgidum L. var
durum) is an allotetraploid (genome AABB, 2n = 4X = 28)
with seven homoeologous groups.

Traits related to water use efficiency and photosyn-
thesis related parameters have been found to play a
major role in drought tolerance in durum wheat (Nachit et
al., 2000; Araus et al., 1997; Rekika et al., 1998). There
is no direct and simple strategy for characterizing QTL
affecting drought tolerance traits. Map-based cloning can
more readily be applied to small genome species, such
as Arabidopsis, rice or tomato. The mapping and analysis
of candidate genes can be a useful approach to identi-
fying genes affecting drought tolerance. As discussed by
De Vienne et al. (1999), the selection and validation of
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candidate genes may rely on two non-exclusive approa-
ches. The first one, the “functional” candidate gene app-
roach, is based on the a priori choice of gene(s) that may
be functionally related to the trait. A correlation between
the trait under study and allelic polymorphism of the can-
didate, regardless of the genetic background, is evidence
in support of the candidate gene. The second approach,
the “positional” candidate gene approach, relies on QTL
mapping and on examination of known-function genes or
sequences that map in the same region, the effect of
which may be related to the trait. Sequenced cDNAs from
a tissue-specific library (that is, tissues that express the
desired trait) can be identified and mapped, and potential
candidate genes can then be identified in conjunction
with QTL mapping.

The objective of this study was to identify chromosomal
locations and genetic contributions of genes controlling
traits related to drought tolerance in durum wheat. In this
context, positional and functional candidate gene approa-
ches were combined to detect and to begin the validation
of candidate drought genes in durum wheat. Candidate
drought genes and differentially expressed barley seque-
nces were used to produce an integrated genetic linkage
map containing 468 markers. The results indicated that
drought inducible genes and differentially expressed seq-
uence tags were associated with QTLs controlling traits
that are related to drought tolerance in durum wheat.
Locating parts of the genome that contribute to drought
tolerance in durum by the use of molecular mapping and
candidate gene approaches promises to increase our un-
derstanding of drought resistance and generate markers
for strategic improvement of durum wheat by marker-
assisted breeding.

MATERIALS AND METHODS
Plant materials

A durum population of 110 Fg recombinant inbred lines (RILs)
derived by single-seed descent from the cross ICD-MN91-0012
between Tamgurt (Jennah Khetifa) and Cham 1 was employed.
The CIMMYT/ICARADA durum-breeding program for Mediterran-
ean dryland developed the population at the Tel Hadya research
station (Aleppo province, Syria). Jennah khetifa (JK), a landrace
variety, is characterized by moderate resistance to drought and
shows specific adaptation to North African continental dryland.
Cham 1 is grown for commercial production in several countries of
the Mediterranean basin.

Growing conditions and treatments

The RILs trials were grown in 1996/97 at the Tel Hadya research
station (TH) 35 Km south west of Aleppo city/Syria, at 284 m above
sea level. To create different environmental conditions, a stress-
screening methodology that simulates different environments at one
site (Nachit, 1983; Nachit and Ketata, 1986) was used in this study.
The first environment was Tel Hadya rainfed (RF), characterized by
moderate drought stress. The date of sowing was November 15"
and the date of harvest was June 15"™. The second environment
was Tel Hadya late planting (LP), characterized by severe drought

stress. The sowing date was April 1% and the harvest date was

June 15" Fertilizers applied at sowing date were 60 Kg/ha nitrogen
unit (NHsNO3) and 40 kg/ha of P>.Os for both RF an LP. In contrast
to LP and RF environments, the third environment was Tel Hadya
irrigated (IR) and an additional 30 kg/ha of N fertilization and
supplementary irrigation of 50 mm were applied.

Experimental design

The 110 RILs were divided over 6 blocks where 19 RILs were
included in each incomplete block, with five durum genotypes as
checks (Omrabib, Haurani, Korifla, Cham1, and Gidara2). The field
design used was the augmented design (Federer, 1956; Peterson,
1985). The total number of entries of the whole trial was 152
(including 110 RILs, the 2 parents and the 5 checks repeated in
each block).

Measurements of traits

The parents and RILs were evaluated for twelve traits related to
drought tolerance as follows: Leaf relative water content (RWC)
was measured as described in Barrs and Weatherley (1968) using
the equation RWC (%) = [(W-DW) / (TW-DW)] x 100. Where, W:
sample fresh weight, TW: sample turgid weight, DW: sample dry
weight. To evaluate leaf osmotic potential (OP) values, the leaf
tissue was cut, wrapped in aluminum foil, frozen in liquid nitrogen
and stored at —20°C until measurement. Osmotic potential was
measured using a freezing-point micro-osmometer (Roebling 13
GS/IS, Germany). Relative water content and osmotic potential
were then used to calculate the leaf osmotic potential at full turgor
(OP100) as described by Wilson et al. (1997) using the equation
OP100 = OP X (RWC -B)/(100-B) where B is the apoplastic water
(Tetlow and Farrar, 1993). Osmotic adjustment (OA), which is a
mechanism of conserving cellular hydration under drought stress,
was calculated according to Ludlow et al. (1983). Water index (WI)
was calculated as described by Araus et al. (2000) as the ratio
between the reflectance at 970 nm (sensitive to plant water content)
and the reflectance at 900 nm (a reference wavelength in which the
absorption by water is null). Canopy temperature depression (CTD)
was measured as described by (Nachit and Ketata, 1991) as the
difference between air temperature and the average temperature of
the leaf canopy. Carbon isotope discrimination, the ratio of stable

carbon isotopes (13C/12C) in the plant dry matter compared to the
value of the same ratio in the atmosphere, was measured by
isotope mass spectrometry from mature grains (CID-G) and from
leaf (CID-L) according to Araus et al. (1997). Fluorescence index
(Fluo) was measured according to (Havaux et al., 1988; Ernez and
Lannoye, 1991). Photosynthetically Active Radiation (PAR), the
number of moles of photons in the radiant energy between 400 nm
and 700 nm, was measured as described by Araus et al. (2000). It
is a parameter relating the available visible solar radiation to the
absorption by chlorophyll. The quantum yield (Q), which is a
measure of photosynthetic efficiency expressed in moles of photons
absorbed per mole of CO,, and chlorophyll content (CHL), using a
remote sensing technique was measured as described by Araus et
al. (2000). Transpiration efficiency (TRS), the rate of photosynthetic
assimilation per unit of transpired water was also measured
according to Araus et al. (2000) and Royo et al. (2000).

Plant DNA

Fresh tissue from each of the parental lines and the 110 F9 RILs
was collected and ground in liquid nitrogen. Extraction buffer (pH
7.8 - 8.0) containing 5 M NaCl, 1M Tris-HCL, 0.25 M EDTA, 20%
SDS and 3.8 g/l sodium bisulfite was added to the tissue and incu-



Table 1. Probes mapped in durum (JK/Cham1) RIL population.
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Probes GenBank # Gene product or annotation |[Restriction enzyme Species Reference
AF210723 Fructan 6-fructosyltransferase Xbal Barley Sprenger et al., 1995
BM816620 Glycine dehydrogenase Dral Barley Ozturk et al., 2002
BM816848 Unknown Dral Barley Ozturk et al., 2002
BM816286 Unknown Xbal Barley Ozturk et al., 2002
BM816268 Ubiquitin-conjugating enzyme E2 Hindlll Barley Ozturk et al 2002
BM816248 Glutathione transferase Dral Barley Ozturk et al., 2002
BM816648 Arginine decarboxylase Dral Barley Ozturk et al., 2002
BM816904 Unknown EcoRlI Barley Ozturk et al., 2002
BM816571 Metallothioneine BamHI Barley Ozturk et al., 2002
BM815987 Jasmonate induced protein Dral Barley Ozturk et al., 2002
BM816940 Acyl carrier protein Il precursor BamHI Barley Ozturk et al., 2002
BM816953 Nitrilase-like protein Dral Barley Ozturk et al., 2002
BM816618 Glycine dehydrogenase Xbal Barley Ozturk et al., 2002
BM816624 Arginine 2-monooxygenase Dral Barley Ozturk et al., 2002
BM815936 ORF107a, Arabidopsis Dral Barley Ozturk et al., 2002
HC105A03 No annotation Hindlll Barley Ozturk et al., 2002
BM816579 Leucyl aminopeptidase Dral Barley Ozturk et al., 2002
BM816370 Alcohol dehydrogenase Dral Barley Ozturk et al., 2002
BM815946 Unknown (hypothetical protein, Dral Barley Ozturk et al., 2002

Arabidopsis)
BM816640 Unknown Xbal Barley Ozturk et al., 2002
BM817327 4-alpha-glucanotransferase Dral Barley Ozturk et al., 2002
BM815937 Blue copper-binding protein Dral Barley Ozturk et al., 2002
BM815931 hypothetical protein K8M16_30 Dral Barley Ozturk et al., 2002

Probes GenBank # Gene product Restriction enzyme | Species Reference
BM816242 Glutathione S-transferase 1 Dral Barley Ozturk et al., 2002
BM816257 actin depolymerizing factor 4 Hindlll Barley Ozturk et al., 2002
BM817360 Sugar transporter BamHI Barley Ozturk et al., 2002
BM816287 putative protein, Arabidopsis Dral Barley Ozturk et al., 2002
BM816608 Glutathione oxidase Dral Barley Ozturk et al., 2002
BM816153 Stearoyl-CoA desaturase Dral Barley Ozturk et al., 2002
BM816306 Oxalate oxidase Dral Barley Ozturk et al., 2002
BM816474 Cysteine protease Dral Barley Ozturk et al., 2002
BM816609 Aluminum induced protein wali 5 Dral Barley Ozturk et al., 2002
BQ740214 No annotation Dral Barley Ozturk et al., 2002
BM817222 G protein-coupled receptor Hindlll Barley Ozturk et al., 2002
BM816414 Early flowering protein 1 EcoRlI Barley Ozturk et al., 2002
BM816121 Stearoyl-CoA desaturase Dral Barley Ozturk et al., 2002

M96856 Protein associated with G-Box Dral Maize de Vetten et al., 1992
binding complex
D13042 Protein kinase Dral Arabidops| Koizumi et al., 1993
is
M94726 protein kinase Dra1 Wheat | Anderberg and Walker-
Simmons 1992
D13043 Cysteine proteinase Dral Arabidops| Koizumi et al., 1993
is
AF519805 Serine-threonine protein kinases Dral Wheat | Walker-Simmons 1997
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Table 2. Distribution of molecular markers, assignment and centiMorgan (cM) coverage across the 14 durum A and B genome.

Chromosome | RFLPs| SSRs | AFLPs SSPs Genes | ESTs Markers cM | cM/Marker
# | % |

1A 14 2 15 0 0 0 31 6.6 |339.7 [ 10.9
1B 26 1 16 3 1 3 50 10.7 | 448.2 | 8.9
2A 7 4 5 0 2 5 23 50 | 2684 | 11.6
2B 16 2 16 0 1 0 35 75 |466.1 | 13.3
3A 12 2 10 0 0 0 24 5.1 305.5 | 12.7
3B 17 4 19 0 0 1 41 8.8 | 422.7 | 10.3
4A 26 2 17 0 0 0 45 9.6 | 559.5 | 124
4B 8 2 12 0 1 8 31 6.6 |484.6 | 15.6
5A 11 3 3 0 0 1 18 3.8 | 2254 | 125
5B 8 1 12 0 1 4 26 5.6 |368.7 | 141
6A 14 1 14 1 1 2 33 7.0 |4942 | 149
6B 15 1 13 1 2 3 35 7.5 |509.3 | 145
7A 9 2 20 0 0 0 31 6.6 |327.5 | 10.5
7B 8 0 27 0 0 10 45 9.6 | 453 10.0
Total 191 27 199 5 9 37 468 100 | 5672.8 | 12.1

bated at 65°C for 30 min. Chloroform: isoamyl alcohol (24:1) was
added followed by centrifugation at 2800 rpm for 15 min. The upper
phase was collected and the DNA was precipitated overnight at -
20°C in 95% alcohol. After pelleting and resuspending in sterile
deionized water, one-tenth of the sample was used in a test gel to
verify DNA concentration. DNA was digested with eleven restriction
enzymes (EcoR1, EcoRV, Dral, Xbal, Hindlll, BamHI, Pstl, Xhol,
Haelll, Kpnl and Scal) and subjected to slow electrophoresis (16 h)
through 0.9% agarose in TEA buffer. After ethidium bromide
staining and photography, the DNA was transferred to a nylon
membrane. The gels were depurinated in 0.25 N HCI for 10 min,
neutralized in 0.4 N NaOH for few minutes and placed on blotting
apparatus filled with 0.4 N NaOH overnight. The DNA blots were
washed with 2X SSC, dried and stored at 4°C to be used for
hybridization.

Probes and hybridization

Twelve candidate genes from different sources (Table 1) and 103
dESTs from barley (Ozuturk et al., 2002) were used as probes to
detect polymorphism between the two parents. The 55 probes
detecting one or more polymorphisms were subsequently analyzed
for segregation among the RILs population (Table 1). The probes
were denatured for 10 min and radioactively labeled by random
priming using P-dCTP. 11 pl LS (oligonucleotide mixture), 2 ul
Klenow, and 3 ul **P were added to a 100 ng of DNA probe. The
mixture was incubated at 37°C for 2 h then was denatured for 10
min by adding 25 pl 0.4 N NaOH. Lambda Hindlll DNA marker was
added to the probes before hybridization. Prehybridization and
hybridization processes were performed at 65°C using hybridization
buffer containing 1M Na2PO4, 20% sodium dodecyl sulfate (SDS),
66.6 g/l bovine serum albumin and 10 mg/ml denatured salmon-
testicle DNA. Three washing steps were conducted at 65°C using
SSC buffers at 2X, 1X and 0.5X for washing steps 1, 2 and 3
respectively. 10 g per liter SDS was added to each of the washing
buffers.

Genetic linkage map construction and QTL detection

The 55 probes that showed polymorphism between the parental

lines were used to probe the DNA blots from the 110 RILs. For
each marker, the RILs were scored as ‘1’ or ‘3’ for presence of the
parental band of the female parent (JK) or the male parent (Cham
1), respectively, or ‘0’ for missing data. Linkage analysis and map
construction were performed by using Map Manager QTX14 (Manly
and Cudmore, 1997) using the Haldane function (Haldane 1919) to
convert the recombination frequencies to centiMorgans (cM). The
linkage groups were constructed using the “make linkage group”
command with a minimum LOD score of 3.0 followed by ripple
command for each linkage group to check the final order of
markers. Order information from the previously published map
(Nachit et al., 2001) was also considered in some regions. Single-
point analysis at significant P < 0.01 and interval mapping using
Qgene program (Nelson, 1997) were employed to identify putative
QTLs. Significance thresholds were established by permutation
testing (Churchill and Doerge, 1995). Where trait assays were
replicated, the averages over replicates were used for analysis
provided that individual replicates gave no qualitative and only
minor quantitative differences from the average.

RESULTS
Parental polymorphism and genetic linkage map

Of the 115 probes used, 55 (48%) detected polymer-
phism between the parental lines for at least one of the
11 restriction enzymes used. Fifty-three probes revealed
one segregating fragment, two probes allowed 4 different
loci to be mapped and 14 loci remained unlinked. In total,
162 loci (6 known genes, 37 dESTs and an additional
119 markers that were unlinked in the map developed by
Nachit et al. (2001) were merged with 306 previously
mapped markers (Nachit et al., 2001) to produce new
map with 468 loci and an average distance between
markers of 12 cM in 14 linkage groups (Figure 1). The
distribution of markers, chromosome assignment and
map coverage across the 14 durum chromosomes are
summarized in Table 2.
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Table 2. Distribution of molecular markers, assignment and centiMorgan (cM) coverage across the 14 durum A and B genome.

Markers | cM | cM/Marker
Chromosome | RFLPs| SSRs | AFLPs SSPs Genes | ESTs # % |
1A 14 2 15 0 0 0 31 6. 339. 10.9
1B 26 1 16 3 1 3 50 10 448. 8.9
2A 7 4 5 0 2 5 23 5. 268. 11.6
2B 16 2 16 0 1 0 35 7. 466. 13.3
3A 12 2 10 0 0 0 24 5. 305. 12.7
3B 17 4 19 0 0 1 41 8. 422, 10.3
4A 26 2 17 0 0 0 45 9. 559. 12.4
4B 8 2 12 0 1 8 31 6. 484. 15.6
5A 11 3 3 0 0 1 18 3. 225. 12,5
5B 8 1 12 0 1 4 26 5. 368. 14.1
6A 14 1 14 1 1 2 33 7. 494. 14.9
6B 15 1 13 1 2 3 35 7. 509. 14.5
7A 9 2 20 0 0 0 31 6. 327. 10.5
7B 8 0 27 0 0 10 45 9. 453 10.0
Total 191 27 199 5 9 37 468 10| 5672 12.1

Detection of QTLs

A total of 335 QTLs with a P value > 0.01 were identified
for the drought-related traits evaluated in different envi-
ronments (Figure 1). Multiple QTLs were found for all
traits except osmotic potential and osmotic potential at
full turgor, where a single QTL was identified for each of
them on chromosome 2A. Sixty-three QTL were identified
for canopy temperature depression, 43 for chlorophyll
content, 7 for fluorescence indices, 29 for carbon isotope
discrimination, 7 for osmotic adjustment, 62 for photo-
synthetically active radiation, 56 for quantum yield, 3 for
relative water content, 32 for transpiration and 31 for
water index. Many of the QTL for different traits were
overlapping indicating that either there are closely linked
genes or the same gene is affecting different traits. Over
all environments, the number of QTLs identified for each
trait varied from 1 to 34 with the phenotypic variation (R2)
ranging from 3.4 to 55%.

Candidate genes co-segregating with drought traits

Comparison of genome locations for QTLs for drought
tolerance and candidate genes showed coincidences on
chromosomes 1B, 2A, 3B, 4B, 5A, 5B, 6A, 6B and 7B
(Figure 1 and Table 3). For the IR environment, 3 genes
and 6 dESTs were found to be associated with QTLs for
canopy temperature depression, chlorophyll content, and
photosynthesis active radiation. In the RF environment,
QTL for chlorophyll content, fluorescence indices, carbon
isotope discrimination, osmotic potential, photosynthesis
active radiation, quantum yield, transpiration and water
index were associated with 4 candidate genes and 15
dESTs. Three candidate genes and 7 dESTs were asso-
ciated with QTL for canopy temperature depression and

and quantum yield under LP (Figure 1 and Table 3).

Correlation between traits

Some genomic regions were found where QTLs for differ-
rent traits overlapped. For example, QTL for canopy
temperature depression, photosynthetically active radia-
tion, water index and quantum yield were often mapped
to the same chromosomal locations (PaggMcag1, Pagg-
Mctg7, PaggMcgt12, PaagMctg9, PaagMcgc9) as were
the QTL for transpiration, carbon isotope discrimination,
photosynthetically active radiation, water index and
quantum yield (PacgMcag8, PaggMcag8, PaagMcag5).
QTLs for canopy temperature depression and chlorophyll
content were frequently located in the same regions
(PacgMcgc4, PaccMcgail1, PacgMcag8, and Pacc-
Mcga12). Also QTL for carbon isotope discrimination and
transpiration were mapped to the same locus (gwm389)
(Figure 1).

DISCUSSION
Genetic map

The development of genetic linkage map is a first step
towards the detection of factors controlling the expression
of important traits. The new map consists of 468 loci
covering 5672.8 cM, whereas the previous maps
developed by Blanco et al. (1998) for the cross durum X
Triticum dicoccoides and by Nachit et al. (2001) con-
sisted of 259 loci covering 1352 cM and 306 loci covering
3598 cM, respectively. In this mapping population the
marker distribution was relatively adequate and few
clusters of tightly linked loci were found. For the mapped
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Figure 1. Linkage map of durum wheat (T. turgidum L. var. durum) showing positions of QTL influencing canopy
temperature depression (CTD), chlorophyll content (CHL), fluorescence (Fluo), carbon isotope discrimination
(CID), osmotic adjustment (OA), osmotic potential (OP), osmotic potential at full turgor (OP10), Photosynthesis
active radiation (PAR), quantum (Q), relative water content (RWC), transpiration (TRS) and water index (WI). IR:
irrigation, RF: rainfed, LP: late planting. Markers with an * are dESTs and genes are underlined.

ESTs, the results showed clearly that on the genome based on the previous linkage map developed by Nachit
more ESTs were mapped than on the A genome et al. (2001) and there was generally good agreement for
suggesting that the B genome was more polymorphic marker order. However, five gaps on chromosomes 1A,
than the A genome. The map orientation of this map was 2B, 3A, 6A and 7B, 4 gaps on chromosomes 1B, 2A, 3B,
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Figure 1. contd.

5B, and 2 gaps on 3A were eliminated or reduced. The
chromosome with the most markers is chromosome 1B
(50 markers), followed by 4A (46 markers), 7B (45 mark-
ers) and 3B (41 markers). The chromosomes with the
fewest markers are 5A (19 markers), 2A (23 markers)
and 3A (24 markers).

Correlations between traits

Correlations between traits can be interpreted according
to their physiological effects to determine their relevance
to plant improvement under drought stress. Preliminary
information can be obtained from a correlative approach
conducted on a large population and from a colocation
(QTL-QTL, candidate gene-QTL) analysis within the
same species or within related species.

In this work, many genomic regions were identified with
significant effects on more than one trait. QTLs for photo-
synthetically active radiation, canopy temperature depre-
ssion, chlorophyll content, transpiration and carbon iso-
tope discrimination were often mapped to the same re-
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gion. The correlation between these traits have been
reported in durum wheat (Royo et al., 2002; Villegas et
al., 2000; Merah et al.,, 2001; Tambussi et al., 2002.),
bread wheat (Richards and Condon, 1993) and in barley
(Acevedo, 1993). Physiologically, canopy temperature
and carbon isotope discrimination are indicators of the
photosynthetic/transpirative activity of the crop in a parti-
cular environment. Thus, canopy temperature indirectly
reflects the instantaneous transpiration at the whole crop
level (Reynolds et al., 1994). Carbon isotope discrimina-
tion integrates the transpiration efficiency (that is, the
ratio of net photosynthesis to water transpired) over the
period during which the seed dry matter was accumu-
lated (Farquhar and Richards, 1984; Condon et al,
1990). Higher carbon isotope discrimination is sustained
by a higher ratio of intercellular to external partial pres-
sure of CO, during photosynthesis due a higher stomatal
conductance (Farquhar and Richards, 1984; Farquhar et
al., 1989). A decrease in canopy temperature is associa-
ted with more water transpired by the canopy (Blum,
1988) and these traits are related (Araus et al., 1993).
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Total chlorophyll content is an indication of the potential
photosynthetic capacity and these two traits are correla-
ted (Araus et al., 1997). Therefore, the co-localization of
QTL for these traits is most likely due to pleiotropic
effects of the same gene(s). The distinction between
linkage and pleiotropy is impor-tant for breeding purposes
as well as for scientific reasons. However, without fine
resolution mapping or molecular cloning of QTLs, such
distinction would be difficult and at best one can make
inferences based on morphological and/or physiological
relationships between traits under consideration. The
ability to dissect the gene-tic control of these traits also
allows one to determine which assay is most efficient for
detecting superior alleles within and across loci for this
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Candidate genes and differently expressed sequen-
ces co segregating with drought related traits

The co-localization of specific genes with QTLs can be an
efficient approach to identifying the genes controlling
drought tolerance or traits related to drought response.
The primary goal of this research was to identify associa-
tions between QTL for drought tolerance and candidate
genes. Six candidate genes and 19 different osmotic
potential at full turgor, transpiration, canopy temperature
depression, water index, photosynthetic active radiation
and grain carbon isotope discrimination (Figure 1 and
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Table 3). These traits are components of drought tole-
rance and have been proposed as selection criteria for
drought in durum wheat (Nachit, 2000; Araus et al., 1997;
Rekika et al., 1998).

Candidate genes

The genes M94726, AF519805 and D13042, coding for
protein kinase, co-segregated with QTL for osmotic
potential at full turgor and QTL for canopy temperature
depression, quantum yield, chlorophyll content and water
index. M94726 and AF519805 were originally cloned
from dormant seed embryos of wheat and their trans-
cripts accumulate in ABA-treated embryos and in se-
verely dehydrated or cold-treated seedlings (Anderberg
and Walker-Simmons, 1992). While the homolog of the
D13042 gene (responsive to desiccation) has been clon-
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ed from Arabidopsis thaliana, is not induced by ABA, and
contains signal peptides that function in protein secretion
under dehydration (Koizumi et al., 1993). ABA is a growth
regulator, which accumulates when plant tissues are
dehydrated. In view of the variety of regulatory systems
involved in the expression of drought-inducible genes,
there appear to be several signal-transduction pathways.
Because M94726 and AF519805 are ABA-responsive
protein kinases, they are potential candidates for an
intermediate in ABA signaling pathways. However, there
several genes that are responsive to desiccation stress
that do not respond to ABA (Guerrero et al., 1990), indi-
cating the existence of ABA-independent signal trans-
duction. Water deficit induces stomatal closure in leaves,
which reduces further water loss, and inhibits leaf and
stem growth and photosynthesis.

The loci Loxmijt and Lox11-1 (only PAR) genes coding
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for lipoxygenase, co-segregated with QTL for canopy
temperature depression, photosynthetically active radia-
tion, quantum yield water index on chromosome 4B and
with a QTL for photosynthetic active radiation on chromo-
some 5B respectively. Lipoxygenase is a non-heme iron-
containing enzyme, which catalyzes the hydroperoxida-
tion of fatty acids and is modulated in plants by water
deficit (Bell and Mullet, 1991). Despite its wide distribu-
tion in the plants, the physiological role of this gene has
only partly been elucidated. Lipoxygenase has been
proposed to play a role in senescence, pathogen, and
wound responses and has also been implicated in the
biosynthesis of ABA (Vick and Zimmerman, 1987). Bell
and Mullet (1991) reported that exposure of soybean
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seedlings to drought stress results in a rapid change in
lipoxygenase levels relative to the well watered plants.
This rapid change may be related to increased synthesis
of ABA in the stressed plants. The possible involvement
of lipoxygenase in ABA biosynthesis has been previously
suggested based on work by Firn and Friend (1972), who
showed that this gene could convert violaxanthin to
xanthoxin in presence of linoleate. Xanthoxin is a precur-
sor of ABA, and conversion of an oxygenated carotenoid
to xanthoxin may be the rate-determining step in ABA
biosynthesis in stressed plants (Sindhu and Walton,
1987). Ingram and Bartels (1996) have grouped the lip-
oxygenase gene, isolated from soybean, among genes
that are upregulated by drought. Also it has been report-
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Table 3. Differentially expressed sequence tags and candidate genes co-segregating with drought related traits in different
environments.

Locus Gene product Chr Associated trait(s) Environment
BM816287a | Putative protein, Arabidopsis 1B Quantum yield Late planting
BM816370 Alcohol dehydrogenase 2A Chlorophyll content Irrigation
Fluorescence indices Rainfed
M94726 Protein kinase 2A Osmotic potential at full turgor Rainfed
BM816268 Ubiquitin-protein ligase 2A Chlorophyll content Irrigation
AF519805 Protein kinase 2A Canopy temperature depression Late planting
Quantum yield Late  planting
Chlorophyll content Rainfed
Water index Rainfed
Rainfed
BM816257 Actin depolymerizing factor 4 2A Fluorescence indices Rainfed
BM817360 Sugar transporter 2A Quantum yield Late planting
BM815937 Blue copper-binding protein 3B Photosynthetic active radiation Irrigation
Quantum yield Late planting
Quantum yield Rainfed
BM815946 Unknown 4B Canopy temperature depression Late planting
Photosynthetic active radiation Rainfed
Quantum yield Late planting
Water index Rainfed
BM816306 Oxalate oxidase 4B Canopy temperature depression Late planting
Photosynthetic active radiation Rainfed
Quantum yield Late planting
Quantum yield Rainfed
Water index Rainfed
Loxmit Lipoxygenase 4B Photosynthetic active radiation Rainfed
Quantum yield Late planting
Water index Rainfed
BQ740214 unknown 4B Grain carbon isotope discrimination Rainfed
Photosynthetic active radiation Rainfed
BM816640 Phosphoprotein phosphatase | 4B Chlorophyll content Irrigation
BM816848 Hypothetical protein 4B Transpiration Rainfed
BM816121 Stearoyl-CoA desaturase 4B Grain carbon isotope discrimination | Rainfed
BM816474 Cathepsin B 5A Chlorophyll content Irrigation
BM816242 Glutathione S-transferase 5B Water index Rainfed
Lox11-1 Lipoxygenase 5B Photosynthetic active radiation Rainfed
BM816414 Early flowering protein 1 5B Canopy temperature depression Rainfed
Fluorescence indices Rainfed
BM815936 ORF107a, Arabidopsis 6A Photosynthetic active radiation Irrigation
Photosynthetic active radiation Rainfed
Water index Rainfed
Quantum yield Late planting
AF210723 Fructan fructosyltransferase 6A Chlorophyll content Irrigation
BM816904 Serine/arginine-rich protein 6A Water index Rainfed
BM816608 Glutathione oxidase 6B Chlorophyll content Rainfed
D13042 Protein kinase 6B Canopy temperature depression Late planting
BM816648 Arginine decarboxylase 2 7B Canopy temperature depression Late planting
Fluorescence indices Rainfed
Quantum yield Late planting




ed that lipoxygenase revealed an N-terminal extension
that could be a signal for chloroplast targeting (Fuks and
Schnell, 1997). A gene encoding a chloroplast-targeted
lipoxygenase in tomato leaves has been cloned and
characterized (Heitz et al., 1997). Although the physio-
logical function of lipoxygenase gene in plants is not well
defined, the association of this gene or linked genes with
components of drought tolerance suggests a role for this
gene in drought tolerance in durum wheat. The locus
AF210723 is homologous to a gene isolated and charac-
terized in barley and coding for fructan fructosyl-
transferase (FFT) (Sprenger et al., 1995), is associated
with a QTL for chlorophyll content on chromosome 6A.
Fructans are a class of highly water-soluble polysac-
charides consisting of linear or branched fructose chains
attached to sucrose (Sprenger et al., 1995). They also
represent a major nonstructural carbohydrate in many
plant species including wheat and barley (Lewis, 1993;
Edelman and Jefford, 1968). Fructans accumulate in the
vacuole and have a role in osmoregulation (Bieleski,
1993) and an important function in the temporary storage
and partitioning of assimilates (Pollock and Cairns, 1991;
Hendry, 1993). Fructans also may play a role in resis-
tance to drought and cold stress (Pontis and Del Cam-
pillo, 1985; Pollock, 1986; Hendry, 1993) as supported by
the finding that tobacco, a species normally incapable of
forming fructans, shows improved drought resistance
upon transformation with gene encoding a bacterial
fructan-forming enzyme (Pilon-Smits et al., 1995). Pilon-
Smits et al., (1995) suggested that the amount of fructan
accumulated in the tobacco leaves seemed too low to
have an osmotic effect. They also suggested that fructan
might protect membranes or other cellular components
against the adverse effects of drought or its biosynthesis
might influence the process of cell wall hardening, which
is the one of the first reactions to water stress (Chazen
and Neumann, 1994). The association between the FFT
gene and chlorophyll content in this study suggests
another role of this gene in the photosynthesis of durum
wheat. Lu et al. (2002) reported that photosynthesis and
carbohydrate metabolisms are linked and highly cell
specific in barley. It is also well known that the epidermis
is effectively sugar-free, and the mesophyll and
parenchymatous bundle sheath have different patterns of
starch and fructan accumulation in response to drought
stress (Williams et al., 1989; Koroleva et al., 2001). More
over, the expression of the barley fructan gene is
modulated by prolonged light treatment (Giuliano et al..
1988; Koroleva et al., 2000). This supports the finding of
Lu et al. (2002) who reported that the concentration of
fructan in barley plants decreased gradually in continuous
darkness and increased in light. Though FFT co-segre-
gates with the QTL for chlorophyll content the possible
biochemical link between this gene and the trait is not
clear. However, linkage of the locus coding for FFT
suggests that it might have a role in drought tolerance in
durum through reducing chlorophyll loss.
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Differentially expressed sequences

The location of differentially expressed sequence tags at
QTLs involved in drought tolerance could give some
information about their role. The dESTs that have un-
known function and co-segregated with QTL for drought
components include BM816287a, BM815946,
BM816848, BM815936 and BQ740214 (Table 3). The
association between these dESTs and QTL for drought
tolerance suggests a possible role in drought tolerance in
durum wheat; however, more research is needed to
identify functions for those dESTs and to validate their
role.

The loci BM816640, BM816370, BM816257,
BM817360, BM815937, BM816306, BM816242,
BM816474, BM816648, BM816268, BM816121,
BM816414, BM816608 and BM816904 coding respect-
tively for phosphoprotein phosphatase, alcohol dehydro-
genase, actin depolymerizing factor, sugar transporter,
blue copper-binding protein, oxalate oxidase, glutathione
S-transferase, cathepsin B, arginine decarboxylase,
ubuquitin-protein ligase, stearoyl-CoA desaturase, early
flowering protein, glutathione oxidase and
serine/arginine-rich protein, (Ozturk et al., 2002) also co-
segregated with several QTLs for components of drought
tolerance (Table 3). The role of these ESTs in drought
tolerance has not yet been established. However, studies
report a role for some of these genes in biotic and abiotic
stresses. For example, phosphoprotein phosphatase is
an osmoprotectant and regulates salinity, osmotic tole-
rance, and plant growth in Arabidopsis (Espinosa-Ruiz et
al., 1999). Stearoyl-CoA desaturase is a soluble enzyme
that catalyzes the insertion of double bond into saturated
fatty acids in plants and is considered a key enzyme in
fatty acid desaturation (Nagai and Bloch, 1968). Since
membrane fatty acid composition plays a key role in
regulating membrane fluidity and cell signaling, this gene
could have a role in the protection of membranes or in
membrane fluidity during drought stress. The expression
of this gene appears to be related to various environ-
mental stress responses (Im et al., 2001).

The locus BM816370, coding for alcohol dehydro-
genase, co-segregated with QTL for chlorophyll content
and fluorescence indices on chromosome 2 A. It is well
known that photosynthetic systems in higher plants are
sensitive to drought and other abiotic stresses (Falk et
al., 1996). The effect of drought stress on photosynthesis
has been a subject of controversy among plant physio-
logists for many years, and conflicting results have been
reported depending on the plant material, and the
experimental procedures used for investigation (Cornic
and Massacci, 1996). It has not been well established
how the chloroplasts are damaged by drought stress.
Chlorophyll fluorescence is one of the physiological para-
meters that have been shown to correlate with drought
stress and other abiotic stress (Belkhodja et al., 1994).
Alcohol dehydrogenase is induced by low oxygen stress
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in many plants and known to play an important role to
survive adverse conditions (Kennedy et al., 1992; Ricard
et al., 1994; Drew, 1997; Kato-Noguchi, 1999). Drought
and temperature stresses induced the expression of the
alcohol dehydrogenase gene in Arabidopsis (Jarillo et al.,
1993; Dolferus et al., 1997; Conley et al., 1999). It is also
reported that this gene is induced by abscisic acid in
Arabidopsis (Bruxelles et al., 1996) and its activity is
increased under osmotic stress in maize (Kato-Noguchi,
2000). The co-segregation of the alcohol dehydrogenase
gene with QTL for chlorophyll content and fluorescence
indices does not indicate a function for this gene in
drought tolerance but it may have a role in reducing chlo-
rophyll loss and maintaining photosynthesis.

The locus BM816257, coding for actin depolymerizing
factor (ADF), co-segregated with fluorescence indices on
chromosome 2 A. The ADF is part of the ADF/cofilin
group, a family of small proteins (15 — 22 kD) that
includes cofilin, destrin, depactin, and actophorin (Staiger
et al., 1997; Lappaleinen et al., 1998). The members of
this family are stimulus-responsive modulators of the cell
actin cytoskeleton dynamics. They show actin monomer
binding, actin-filament binding/severing, and nucleotide /
monomer dissociation-inhibiting activities in vitro (Lappa-
lainen et al., 1997; McGough and Chiu, 1999). Using
Arabidopsis ADF1, Carlier et al. (1997) have suggested
that one of the main functions of ADF is to increase the
turnover rate of actin filaments. Several cellular pro-
cesses are associated with the reorganization of the actin
cytoskeleton in plants. These include cell division and
differentiation, stomatal movement, gravitro-pic tip
growth, light induced plastid migration, wound repair, res-
ponse to pathogen attack, pollen development, nuclear
migration, cytoplasmic streaming, secretion, cell wall
biosynthesis, and transmembrane signaling (Aon et al.,
1999). Actin filaments are tightly linked to the plasma
membrane and believed to be involved in signal
transduction events in plants (Aon et al., 1999). Disrup-
tion or reorganization of the cytoskeleton could thus
impair or modify the activity of signaling molecules asso-
ciated with cytoskeletal elements. Based on the above
information and on the fact that ADF has shown to be an
indicator for drought response in rice (Leung, 2001) and
for cold stress in wheat (Ouellet et al., 2001), the asso-
ciation between ADF and QTL for fluorescence indices
suggests that important changes in the actin cytoskeletal
architecture may occur during drought stress, and that
these modifications may be related to fluorescence
indices in durum wheat under moderate drought (RF)
conditions.

The locus BM817360, coding for a sugar transporter, is
associated with a QTL for quantum yield on chromosome
2 A. Quantum yield is a measure of photosynthetic effi-
ciency expressed in moles of photons absorbed per mole
of CO, fixed or O, evolved and sugar transport is a
fundamental process for the allocation of assimilates. It is
reported that under light conditions, the sugar transporter

gene transcription is rapidly induced (Matsukura et al.,
2000). Light may affect induction directly through photo-
receptors and indirectly through carbohydrate accumu-
lation arising from photosynthesis. Some sugar trans-
porters have been cloned from different species, e.g.
potato, tomato, Arabidopsis, Plantago and rice (Gahrtz et
al., 1994; Sauer and Stolz, 1994; Hirose et al., 1997;
Kuhn et al., 1997). Although significant advances have
been achieved in cloning plant sugar transporters, little is
known about the regulation and function of most carrier
systems that contribute to assimilate partitioning in the
plant. This study shows a possible role of sugar trans-
porter in drought tolerance through an association bet-
ween this gene and quantum yield under severe drought
stress (LP).

The loci BM815937, BM816306, and BM816242 coding
receptively for blue-copper-binding protein, oxalate oxi-
dase and glutathion S-transferase co-segregated with
QTLs for photosynthetically active radiation, canopy tem-
perature depression, quantum yield and water index. A
gene coding for blue-copper-binding protein has been
isolated from Arabidopsis, which suppressed aluminum
absorption in roots (Ezaki et al., 2001). Aluminum toxicity
causes cell damage similar to that induced by drought
stress (Yang et al., 2002). Six oxalate oxidase genes,
known to be expressed in cell walls of cereal embryos,
have been isolated and characterized in barley and two
of those are salt-responsive proteins (Hurkman et al.,
1991; Lane et al., 1993; Lane, 1994; Hurkman et al.,
1994; Dumas et al., 1993; Wei et al.,, 1998). A gene
coding for glutathion S-transferase has been used to
transform tobacco (Roxas et al., 2000) and Arabidopsis
(Ezaki et al., 2000). The transformed plants obtained
form these studies showed sustained growth under cold
and salinity stress and resistance against aluminum
toxicity and oxidative stress. It has been reported that
exposure of plants to various environmental perturba-
tions, including drought, intense light, temperature stress,
the presence of metal toxicity (e.g Aluminum), can lead to
the generation of activated oxygen species (AOS) (Datta,
2002). These AOS cause extensive cellular damage, due
to oxidative stress, and inhibition of photosynthesis
(Allen, 1997). Plants have evolved systems to combat
this oxidative stress with a battery of gene products that
aid in reducing the AOS that damage membranes. Enzy-
mes such as oxalate oxidase and glutathion S-trans-
ferase in addition to the gene coding for blue copper
binding protein are involved in such protective processes
(Zhou et al., 1998; Datta, 2002; Halliwell and Gutteridge,
1984; Kampfenekel et al., 1995).

The locus BM816474, coding for cathepsin B, co-
segregated with a QTL for chlorophyll content on chromo-
some 5 A. Cathepsin B is an ancient family of eukaryotic
cysteine proteases (Vincent et al., 2000). The cathepsin
B proteases were originally identified in mammalian sys-
tems as lysosomal, hydrolytic enzymes. Because they
can degrade a wide range of peptide/protein substrates,



transferase in addition to the gene coding for blue copper
binding protein are involved in such protective processes
(Zhou et al., 1998; Datta, 2002; Halliwell and Gutteridge,
1984; Kampfenekel et al., 1995). The locus BM816474,
coding for cathepsin B, co-segregated with a QTL for
chlorophyll content on chromo-some 5 A. Cathepsin B is
an ancient family of eukaryotic cysteine proteases
(Vincent et al., 2000). The cathepsin B proteases were
originally identified in mammalian sys-tems as lysosomal,
hydrolytic enzymes. Because they can degrade a wide
range of peptide/protein substrates, a role in cellular
protein turnover has been indicated (re-viewed in Bond
and Butler, 1987). Most cathepsins are glycoproteins,
showing proteolytic activity against a wide range of small
peptides and large protein substrates and conesquently
are thought to play an important role in cellular protein
turnover (Bond and Butler, 1987). There have been few
reports of cathepsin B-like sequences in plants (Ward et
al.,, 1997). A gibberellin-responsive mRNA was isolated
from wheat and subsequently shown to be expressed in
the scutellar parenchyma of embryos and in the aleurone
layer, but not in roots (Cejudo et al., 1992). In Nicotiana
rustica, another cathepsin B-like pro-tein coded by a
wounding-responsive mRNA was isolated from roots and
expressed in most plant organs (Lidgett et al., 1995). The
results obtained in this study indicate a possible linkage
between this gene and maintenance of chlorophyll
content under rainfed conditions. Because this gene
degrades a wide range of peptide/protein sub-strates it
might be involved in the degradation of some proteins
that cause cell damage in response to drought stress.

The locus BM816648, coding for arginine decarboxy-
lase, co-segregated with QTL for canopy temperature
depression, fluorescence indices and quantum yield on
chromosome 7B. Arginine decarboxylase is a key en-
zyme in polyamine biosynthesis. Capell et al. (1998)
over-expressed an oat arginine decarboxylase gene in
rice and the plants showed improved drought tolerance in
terms of chlorophyll loss. Therefore, the association of
this gene with photosynthesis-related traits in durum
wheat strongly suggests a role in drought tolerance by
reducing chlorophyll loss, hence enhancing the photo-
synthesis under RF and LP conditions.

Understanding the roles of some of these candidate
genes and differentially expressed sequences could lead
to identification of novel drought responsive mechanisms
in durum wheat. However, the observation of colocation
between a QTL and a candidate gene does not provide
definitive evidence for the role of the genes in trait varia-
tion. Fine mapping and analysis of gene polymorphism in
coding and regulatory regions are required. Comparative
mapping is another indirect but valuable method that can
be used to validate the QTL association taking the advan-
tage of possible co-location of the same QTL/candidate
gene couples in different species of the same family.

With the development of molecular markers for many
quantitative trait loci (QTL) regulating specific drought
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responses. By comparing the coincidence of such QTL
with candidate genes for drought tolerance it is possible
to test more precisely whether a particular constitutive or
adaptive response to drought stress would be useful in
the improvement of crops for drought tolerance.
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