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Abstract Drought is a major abiotic stress that

adversely affects wheat production in many regions

of the world. The objective of this study was to

identify quantitative trait loci (QTL) controlling grain

yield and yield components under reduced moisture.

A cross between common wheat cultivars ‘Dharwar

Dry’ (drought tolerant) and ‘Sitta’ was the source of

one hundred twenty-seven recombinant inbred lines

evaluated for two-seasons in a field under differing

soil moisture regimes in Ciudad Obregon, Sonora,

Mexico. An SSR/EST-STS marker map was con-

structed and a grain yield QTL on the proximal

region of chromosome 4AL was found to have a

significant impact on performance under reduced

moisture. This region was associated with QTL for

grain yield, grain fill rate, spike density, grains m�2,

biomass production, biomass production rate, and

drought susceptibility index (DSI). Molecular mark-

ers associated with these traits explained 20, 33, 15,

23, 30, 26, and 41% of phenotypic variation,

respectively on chromosome 4A. Microsatellite locus

Xwmc89 was associated with all significant QTL

covering a 7.7 centiMorgans (cM) region and gener-

ally explained the greatest proportion of phenotypic

variation. The alleles associated with enhanced

performance under drought stress were contributed

by Dharwar Dry. Microsatellite marker wmc89 may

be useful for marker assisted selection to enhance

drought tolerance.
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Introduction

Wheat (Triticum aestivum L.) production is adversely

affected by drought in 50% of the area under

production in the developing and 70% in the devel-

oped countries (Trethowan and Pfeiffer 2000).

Genetic gain for yield in these environments is

estimated at about half of the yield under well-

watered environments (Rajaram et al. 1996). Apart

from poor or erratic rainfall, the developing coun-

tries’ wheat growing areas suffer from poor soils,

aggressive diseases, and sometimes extreme heat or

cold. The Green Revolution technology was slow to

spread to these regions and resulted in only modest
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gains due to the harsh agricultural conditions (Lant-

ican et al. 2002). By 2020, demand for wheat in

marginal environments will rise 40% over current

levels (Rosegrant et al. 2001), a demand unlikely to

be met unless wheat productivity in these environ-

ments is increased (Lantican et al. 2002).

It is difficult to make progress for grain yield and

yield components under drought as they are complex

characters that are influenced by environmental

factors and are characterized by low heritabilities

and large genotype · environment interactions under

drought conditions (Smith et al. 1990). Molecular

markers associated with quantitative trait loci (QTL)

for drought adaptive traits could greatly enhance

progress in breeding for drought tolerance.

Quantitative trait loci for agronomic traits have not

been reported for grain yield and yield components

under drought-stress in wheat. The objective of this

work was to identify QTL associated with yield and

other agronomic traits under reduced soil moisture.

Materials and methods

Line development and phenotypic measurements

The cross between cultivars ‘Dharwar Dry’ (-0IND)

and ‘Sitta’ (CM77091) was developed at the Inter-

national Center for Maize and Wheat Improvement

(CIMMYT). Dharwar Dry originated from Central

India, where wheat is grown mainly on residual

moisture while Sitta was developed at CIMMYT and

is considered to be moderately tolerant to drought.

The F1 seed was planted at Cd. Obregon (278290 N,

1098550 W, 40 m above sea level), Sonora, Mexico,

under adequate moisture supply for increase pur-

poses. The F2 seed was space-planted (10–15 cm

between plants), while subsequent generations were

seeded at 80 kg ha�1. Diseases and pests were

controlled. One-hundred plants were advanced from

the F2 population, and lines were discarded based on

visual assessment for agronomic type by the same

breeder in each generation. At the F6, a total of 140

progeny rows were selected, and 10 spikes from each

row were harvested and threshed separately. Kernels

from these spikes of each selected F2,6 line were

planted as head rows at El Batan (198310 N,

988510 W, 2,275 m above sea level) on sandy-clay

soil in central Mexico for advance to the F7 and

purification. Uniform rows from each F2,6 were

bulked and used as seed for the experiment.

Evaluation

Field evaluation was conducted at the Centro de

Investigaciones Agricolas de Noroeste (CIANO)

Experimental Station in the Yaqui Valley, Cd.

Obregon, Sonora, Mexico during the 1998–1999

and 1999–2000 growing seasons. The lines were

evaluated under 1-irrigation (stress) and 3-irrigation

regimes during 1998–1999 growing season, and

under 1-irrigation (stress) and 2-irrigation regimes

during the 1999–2000 growing season. For the 1-

irrigation regime, only a pre-seeding irrigation sup-

plying 120 mm of water was applied to the plots

while the increased irrigation regimes received 3 and

2 irrigations in the first and the second year,

respectively. The 3-irrigation regime was irrigated

after planting and later at 2nd node stage (Feek’s

growth stage 7) and at anthesis (Feek’s growth stage

10.5). The 2-irrigation regime only received the first

two irrigations. Pre-irrigation field soil samples

indicated that the soil had a reserve of about

250 mm of moisture. For the 1-irrigation regime,

the plots were treated to terminal drought stress

because no water was applied after planting.

Green leaf area was assessed from 10 days after

anthesis and thereafter weekly for 4 weeks in the LY

environment and up to 6 weeks in the HY environ-

ment. Plants were scored visually on a scale of 0 (all

leaves green and viable) to 9 (all leaves senesced and

necrotic). Intermediate values were assigned accord-

ing to the extent of loss of green color. A green leaf

index was calculated as the total green leaf rating

attained by a plot summed over all days during the

grain-filling period (Cox et al. 1995). The green leaf

index (GLI) was calculated as:

1 �
hX

(ti � ti�1) � si + 0.5
X

(ti � ti�1)

� (si � si�1)
i
� sn � tnð Þ�1;

where si is the green leaf rating for date i, ti is the

number of days between the heading date of the

earliest plot in the trial and date i, sn is the maximum

green leaf rating recorded on the final date, and tn is

the total number of days of grain filling.
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Days to heading and maturity were recorded when

50% of the spikes had emerged from the boot and

when 50% of the peduncles had turned yellow,

respectively. At maturity, plant height (cm) was

measured from the soil surface to the top of the spikes

excluding the awns. A sample of 50 tillers was

harvested randomly from each plot to measure the

yield components. This sample was also used to

estimate biomass production (ton ha�1), grains

spike�1, kernel weight (mg) and spike density

(number m�2). The remaining plants in each plot

were harvested with a small plot combine to deter-

mine grain yields (ton ha�1). Grain yields were

adjusted to 12% moisture after drying the samples at

728C for 36 h.

A drought susceptibility index (DSI) was calcu-

lated using the procedure of Fischer and Maurer

(1978) and was expressed by the following relation-

ship: DSI = [1�(Ys1)/(Yp1)]/SI, where Ys1 and Yp1

are the yields of a line under stressed and non-

stressed (potential) conditions, respectively. SI is the

stress intensity and is estimated as: [1�(Ys2)/(Yp2)],

where Ys2 and Yp2 are the mean yield over all

genotypes evaluated under stressed and non-stress

(potential) conditions, respectively. Grain fill dura-

tion (days) was the number of days from days to

heading to days to maturity. Grain production rate

(kg ha�1 day�1) was determined as the ratio of grain

yield and grain-fill duration while biomass production

rate (kg ha�1 day�1) was calculated as the ratio of

biomass production and days to physiological matu-

rity (Kirigwi et al. 2004).

SAS (SAS Inst. 1990) Proc Mixed procedure was

used for analyses. The genetic correlations and their

standard errors were estimated using multivariate

restricted maximum likelihood (REML)(Holland

2006). The 2-year data from the 1-irrigation environ-

ment were analyzed separately and also combined,

whereas those from 2- and 3-irrigations analyzed

separately because errors were non-homogenous. For

the combined data, Year was considered a random

effect while lines were considered a fixed effect.

Molecular marker analysis

DNA was isolated from Dharwar Dry and Sitta

following the CTAB DNA extraction protocol (Rich-

ards et al. 1994). SSR markers were screened for

polymorphism between the parents. Polymorphic

markers were used to genotype the entire RIL

population. Subsequently, 96 SSR markers with an

average of four markers per chromosome were used

to perform the initial single marker analysis by

simple regression (Qgene 3.06). A 210 bp band

amplified by SSR marker wmc48 was significantly

associated with DSI, grain yield, days to heading,

grain fill duration, grain fill rate, biomass and spike

density with R2 values of 0.35, 0.33, 0.11, 0.14, 0.22,

0.26, and 0.08, respectively. No other markers were

significantly associated with phenotypic traits. Due to

this result, the focus was subsequently placed on

further characterization of the chromosomal region

surrounding Xwmc48. The first step was to identify

the chromosomal location of Xwmc48. Previous

reports had placed this marker on the Group 4

chromosomes (Sourdille et al. 2004). DNA from

Chinese Spring (CS) and CS aneuploids (nulli-tetras

and deletion lines for Group 4 chromosomes) were

used as template DNA for amplification with the

wmc48 primer pair. It was not possible to physically

map Xwmc48 with CS stocks because the 210 bp

band was not present in CS (Fig. 3). The wmc48

primer pair was then used to amplify products

from the ITMI mapping population data (http://

wheat .pw.usda.gov/ggpages/maps/Tri t icum/

Wheat%20 W7984%20 x%20 Opata85%20group%

201%20mapping%20, verified 24th February, 2007).

The full set of marker data for this population was

downloaded from the Graingenes database and used

for linkage analysis using Mapmaker 2.0 (Lander

et al. 1987). The target fragment was mapped on

chromosome 4A (Fig. 1) and this chromosome was

subsequently targeted for marker enrichment. Wheat

ESTs from each of the deletion bins on chromosome

4A (Qi et al. 2003) were selected and sequences

downloaded from the NCBI database (http://

www.ncbi.nlm.nih.gov/entrez/query.fcgi, verified

24th February, 2007). These sequences were used to

design primers for EST-based STS markers using

Mac Vector 6.5.3 and targeting amplicons between

300 bp and 600 bp. An EST-based STS marker (Gene

bank designation BE637912) from deletion bin C-

4AL12-0.43 mapped 6 cM from Xwmc48. This EST

is syntenic to an EST on BAC clone AC027038 of

rice chromosome 10. Sequences from wheat ESTs

syntenic to rice ESTs on this and adjacent rice BAC

clones were used to design additional STS primers. A

consensus Group 4A genetic map of wheat from the
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integrated wheat science database (http://www.shi-

gen.nig.ac.jp/wheat/komugi/maps/) also showed

Xwmc48 to be located on chromosome 4A. Micro-

satellite markers near Xwmc48 on the Komugi map

were also used. For STS markers that did not amplify

a product, target region amplification polymorphism

(TRAP) marker sequences were used as arbitrary

sequences together with the targeted EST-based STS

sequence (Hu and Vick 2003). Primers producing

polymorphism on parents were mapped on the

population. Eventurally, 102 SSR- and 34 EST-STS

primers polymorphic between Dharwar Dry and Sitta

were identified making a total of 136 markers.

The procedures for polymerase chain reactions

were performed as described by Röder et al. (1998) in

25 ml volumes using a peltier thermocycler (MJ

research). Thermal cycling was programmed at 948C
for 3 min, specific primer temperature 1 min, 728C
for 90 s with 36 cycles. Amplified PCR products were

separated on 2.3% GenePure HiRes Agarose (ISC

Bioexpress), stained with ethidium bromide, and

visualized under ultra violet (UV) light. Non-poly-

morphic PCR products using electrophoresis with

agarose between the parents were separated in a 6%

100 ml denaturing gel run in 1· TBE buffer at 85 W

for 2 h and then silver stained according to the

protocol of Bassam et al. (1991). PCR products from

EST-STS primers were separated using the mutation

detection enhancement (MDE1) matrix (Cambrex)

according to Martins-Lopes et al. (2001).

Of the 136 markers, only 25 of them mapped on

chromosome 4A and were evaluated on 127 lines of

the population. The rest of the markers were not

pursued further because no association was found

between any of them and the traits. Map construction

was done using the MAPMAKER 2.0 computer

program (Lander et al. 1987). Linkage groups were

established using the Two-point/Group command at a

LOD score of 3.0. Marker order within linkage

groups was established using the ‘Try’ and ‘Ripple’

commands. Marker order on the Komugi map was

used for linkage map confirmation (Fig. 1).

The QTL analysis was performed by composite

interval mapping (CIM) (Wang et al. 2001–2004). A

window size of 10 cM and a maximum of five marker

cofactors per model were used. The forward-back-

ward regression model was used to select marker co-

factors with a critical P-value of 0.10. Threshold

levels were estimated using P < 0.05 for the

comparison of 1000 data permutations which is

adequate for estimating critical thresholds at

a = 0.10, and a = 0.05 (Churchill and Doerge 1994).

Results

During the 1998–1999 and 1999–2000 seasons,

rainfall was in the range of 3.1–3.4 mm, therefore,

water for wheat growth almost entirely came from the

Fig. 1 A linkage map of wheat chromosome 4A constructed

from marker data from the Dharwar Dry · Sitta population

using the Mapmaker 2.0 computer program (Lander et al.

1987). Data on the left not in brackets are in cM
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irrigation treatments. The 1-irrigation regime simu-

lated increasing drought stress throughout the grow-

ing season. The mean number of days to heading was

79.7 (range: 73�89 days) for the 1-irrigation regime.

The genetic correlation between grain yield and days

to heading was �0.06 (Std. error 0.071) (Table 1).

The 3-irrigation, 2-irrigation and 1-irrigation regimes

averaged 6.03, 4.36, and 3.08 ton ha�1of grain,

respectively (Table 2). The range for grain yield

under the 1-irrigation regime was about twice as large

for year 1 compared to year 2. Combined analysis for

the 2 years under this regime showed that the year

effect was not significant for grain yield and spike

density. All entry effects were significant except for

plant height (data not shown). Line effect mean

squares for DSI for grain yield computed from the

mean of 1-irrigation and 2-, and with 3-irrigation

regimes were significant (P < 0.0001)(data not

shown).

In the single marker analysis, the data combined

over years for the 1-irrigation regime revealed

significant associations between markers on all traits

except days to physiological maturity (Table 3).

Dharwar Dry alleles were associated with higher

drought tolerance as indicated by DSI results

(Table 4). Significant associations for DSI were

found at Xgwm601, BE637912, CA487065a, and b,

Xwmc48, Xwmc89, and at Xwmc420 using combined

data from the 1-irrigation regimes with the individual

increased-irrigation regimes. For data from the

1-irrigation regime of year 1, only Xwmc48 was

significantly associated with DSI.

Composite interval mapping was performed on

127 RILs using 25 markers mapped to the region

identified by single marker analysis (Fig. 1). Only a

few of the QTL identified using single marker

analysis were also identified by CIM. These QTL

were from data for 1-irrigation regime year 2 (stress)

and one QTL from combined data for the 2- and the

3-irrigation regimes (days to heading, data not

shown) that was not under water stress. No QTL

was identified for combined data from the 1-irrigation

regime and neither from 1-irrigation year Results for

the from CIM showed that one genomic region on

chromosome 4A had a considerable influence on DSI,

grain yield, biomass, spike density, grains m�2, grain

fill rate, biomass production rate (all from 1-irrigation

year 2 data) (Table 5, Fig. 2), and days to heading

(combined data for the 2- and 3-irrigation regimes,

data not shown). The QTL for grain yield was

associated with three markers, BE637912, Xwmc89,

and Xwmc420 and accounted for 15, 18 and 20% of

the observed phenotypic variation, respectively.

Similarly, these markers were associated with QTL

for biomass production explaining 29, 32 and 30% of

the observed phenotypic variation, respectively.

In this study, QTL for spike density was associated

with marker Xwmc89 and explained 15% of the

phenotypic variation. Similarly, a QTL for grain m�2

was found associated with Xwmc89 and Xwmc420

and explained 16% and 23% of the phenotypic

variation, respectively. Both GFR and biomass pro-

duction rate were significantly associated with marker

loci. Marker loci Xwmc601, Xwmc89, and Xwmc420

were significant and explained 9, 28, and 33% of

phenotypic variation for GFR. Similarly, a QTL for

biomass production rate was found at Xwmc89 with a

LOD score of 7.78 and explained 26% of phenotypic

variation.

Significant QTL identified for DSI were mainly

associated with Xwmc89. Additionally, significant

DSI QTL were also found at Xwmc601 and

BE637912 (Table 5). DSI QTLs associated with

Xgwm601 and at BE637912 accounted for 41% and

12% of phenotypic variation, respectively whereas, at

Xwmc89, the proportion of phenotypic variation

explained ranged from 13% to 38%. For all QTLs

identified under stress, alleles from Dharwar Dry

were associated with early heading, increased grain

Table 1 Genetic correlations and standard errors of genetic

correlations for traits for the 1-irrigation regime for 2 years

Trait Genetic correlation Standard error

Days to heading �0.06 0.071

Days to maturity 0.28 0.072

Plant height 0.74 0.403

Green leaf index 0.68 0.051

Harvest index 0.71 0.099

Biomass 0.98 0.008

Spike density 0.82 0.032

Kernel weight 0.21 0.076

Grains density 0.89 0.017

Grains spike�1 0.50 0.078

Yield production rate 0.99 0.003

Biomass production rate 0.96 0.013

Grain fill duration 0.32 0.290
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yield, GFR, biomass production and spike density

and low DSI values indicative of drought tolerance.

Rice synteny and physical mapping

Wheat EST BE637912 and CA487065 were found to

map near the target region. Both BE637912 and

CA487065 map to the wheat region syntenic to rice

chromosome 10 (BAC clone AC027038). The

Gra ingenes da tabase showed tha t probe

UMW135BE637912, which is derived from

BE637912, maps to wheat chromosomes 4A, 6A,

1AL and 2AL. The 4AL fragment maps to bin C-

4AL12-0.43. Xgwm601 and Xwmc420 were physi-

cally mapped to bins C-4AL12-0.43 and 4AL12-

0.43-0.59, respectively (Fig. 3). In addition, the wheat

consensus map from the Komugi map showed that

markers Xbcd808a-4A and XGermin fall within the

region flanked by significant markers in this study.

Xbcd808a is a barley (Hordeum vulgare L.) probe

from an EST with Genbank designation BE538742.

An STS marker designed from this EST was mapped

to wheat deletion bin 4AL12-0.43-0.59 but is not

polymorphic between Dharwar Dry and Sitta (Fig. 4).

A wheat EST (BE406676) with sequence homology

to the predicted Germin gene on rice chromosome 3L

was mapped to deletion bin C-4AL12-0.43.

Xbcd808a-4A and XGermin are 0.77 cM apart on

the wheat consensus map, but cover 17 BAC clones

spanning 1,790 KB of rice sequence (Fig. 4). The

mapping of BE406676 to deletion bin C-4AL12-0.43

provided evidence that the QTL identified in this

study is located in the C-4AL12-0.43 bin.

Discussion

Cultivar Dharwar Dry was selected for its outstanding

tolerance to drought by CIMMYT scientists in India

where wheat is usually grown under residual moisture

in the rice-wheat rotation system. The growing

conditions under residual moisture are characterized

by receding moisture throughout the growing season

and therefore, increasing water stress. In this exper-

iment, alleles from this cultivar contributed to better

performance under increasing water stress in the

mapping population. Cultivar Sitta was developed at

CIMMYT, Mexico, and has high yield potential and

moderate drought stress tolerance. The level ofT
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polymorphism between Dharwar Dry and Sitta was

lower than expected, given the origins of the cultivars.

The Dharwar Dry/Sitta cross consists of tolerant to

moderately tolerant parents rather than tolerant by

susceptible and thus the parents may contain common

alleles for tolerance. Since the pedigree of Dharwar

Dry is unknown, it is also possible that it is derived, in

part, from CIMMYT germplasm.

The population was not developed by standard

methods of producing recombinant inbred lines, as

selection was practiced throughout the development

of the population. Each RIL, however, does trace to a

unique F2 plant. The consistency of marker order and

distances with previously published maps is also

good evidence for the validity of the population.

Selected populations are often useful for these types

Table 3 Mean scores for a RIL population between Dharwar

Dry and Sitta 1-irrigation regime combined for the 1998–1999

and 1999–2000 seasons in Cd. Obregon, Mexico, for markers

around the identified QTL position on chromosome 4A for

number of days to heading, days to physiological maturity,

Plant height (cm), green leaf index, grain yield (tons ha�1),

biomass production (tons ha�1), number of spikes m�2, kernel

weight in (mg) grains m�2, grains spike�1, grain filling rate

(kg ha�1 day�1), biomass production rate (kg ha�1 day�1) and

grain fill duration (days). Genotype (1 = Dharwar Dry allele,

0 = Sitta allele)

Trait Genotype TC149903 Xgwm601 BE637912a CA487065a Xwmc48 Xwmc89 Xwmc420 CA487065b

Heading

(days)

0 80.98* 80.85** 80.77*** 79.96** 80.97*** 80.97*** 80.76* 79.88

1 80.11 79.81 79.57 78.72 79.39 79.58 79.67 79.00

Maturity

(days)

0 119.25 118.97 118.91 118.57 119.01 119.06 118.88 118.65

1 118.73 118.71 118.56 117.98 118.48 118.53 118.73 117.99

Height

(cm)

0 77.33 75.45 76.85 75.70 76.13 76.09* 76.44* 76.07

1 79.49 80.89 80.36 87.72 81.18 81.16 81.44 87.04

Green leaf

index

(ratio)

0 0.25 0.23** 0.23 0.23 0.23 0.23 0.24 0.23

1 0.24 0.25 0.24 0.22 0.24 0.24 0.25 0.22

Grain yield

(tons ha�1)

0 3.07 2.88*** 2.94*** 2.98 2.90*** 2.88*** 2.96*** 3.02

1 3.09 3.28 3.24 3.15 3.31 3.28 3.24 3.13

Biomass

(tons ha�1)

0 7.10 6.68*** 6.83** 6.84 6.75*** 6.69*** 6.88* 6.92

1 7.05 7.41 7.33 7.16 7.49 7.44 7.30 7.12

Spike density

(number

m�2)

0 234.66* 220.34** 220.56** 221.84 221.23*** 219.63*** 224.49** 226.75

1 222.93 235.51 234.86 223.20 236.38 236.56 231.21 219.49

Kernel weight

(mg)

0 35.92 35.47** 35.49** 35.63 35.40** 35.36** 35.41** 35.96

1 36.13 36.44 36.57 36.88 36.56 36.68 36.65 36.36

Grain m�2

(number)

0 8092.75 7702.80*** 7849.40** 7915.04 7781.98*** 7719.03*** 7904.81* 7912.29

1 8055.29 8470.95 8330.57 8116.91 8528.71 8441.82 8341.93 8199.24

Grains

spike�1

(number)

0 34.66** 35.04 35.84 35.89 35.38 35.40 35.50 35.25

1 36.15 36.13 35.63 36.71 36.19 35.72 35.98 37.64

Grain fill rate

(kg ha�1

day�1)

0 71.45 66.76*** 68.07*** 68.34 67.50*** 66.85*** 68.56** 68.83

1 70.76 74.81 73.94 71.46 75.32 75.04 73.82 71.52

Biomass

production

rate

(kg ha�1

day�1)

0 163.7 154.2*** 157.3** 156.1 156.0*** 154.5*** 158.5 157.1

1 160.8 168.3 166.4 161.7 169.6 169.1 165.5 161.8

Duration fill

duration

(days)

0 43.27 43.11*** 43.14*** 43.61* 43.04*** 43.09*** 43.13*** 43.77

1 43.62 43.90 44.00 44.27 44.08 43.96 44.06 43.99

*, **, *** = Significant at P < 0.10, P < 0.05 and P < 0.01 respectively
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of studies as undue influence of plants with extreme

phenological characteristics can be mitigated. The

remaining variability represents the useful variation

available to the breeder for practical plant improve-

ment. Additionally, procurement of good phenotypic

data for traits such as drought tolerance is far more

difficult to develop compared to the creation of

genetic maps. The presence of a high quality set of

phenotypic data far outweighed any slight potential

disadvantages associated with population structure.

Our efforts to increase marker density around

Xwmc48 revealed low levels of polymorphism. This

result was not completely unexpected as homoeolo-

gous group 4 of wheat is known to have lower levels

of polymorphism (Huang et al. 2002). Xwmc48 was

found to be located in a highly recombinogenic

region of chromosome 4AL in deletion bin 4AL12-

0.43 (Mickelson-Young et al. 1995).

This experiment identified a major QTL for grain

yield and yield components, spike density, grain m�2

and DSI under increasing drought stress on chromo-

some 4AL. Traits that are correlated, as in the case of

yield and yield components, are likely to have QTL

mapping to similar locations (Kato et al. 2000).

Similar correspondence of QTL for grain yield and

correlated traits has been reported in maize (Zea mays

L.)(Austin and Lee 1996), rice (Xiao et al. 1996), and

barley (Bezant et al. 1997). The coincidence of QTL

in one region of chromosome 4A may point to the

involvement of several genes for performance under

stress located together or a major gene located

upstream in the drought response pathway that

influences several yield traits. An earliness per se

gene (eps4L) (Laurie et al. 1995) and dehydrin

(Dhn6) (Choi et al. 2000) have been reported on this

chromosome in barley. Dehydrin expression has been

associated with increased drought tolerance in wheat

cultivars ‘Tam105’, ‘Gene’ and ‘Connie’ (Lopez

et al. 2003) but is not a likely explanation for our

results based on expression experiments with Dhar-

war Dry and Sitta (data not shown). The QTL

identified in this work may correspond to the QTL for

yield reported by Araki et al. (1999) and Börner et al.

(2002) on chromosome 4 although their work was

carried out under adequate moisture. In barley,

chromosome 4H was also found to carry important

genes for adaptation to water-stressed environments

(Handley et al. 1994).

In the CIM analysis, significance for markers in

the target region of chromosome 4A was limited to

the second year, indicating a significant genotype by

environment effect. The inability to detect this QTL

in the first year could have been due to the relatively

small number of replicates used in the trial. In this

scenario, QTL with small effects would not be

detected at the threshold levels set for QTL declara-

tion (Shah et al. 1999). The single marker analysis for

year 1 does provide some evidence that the Dharwar

Table 4 Mean scores for a RIL population between Dharwar

Dry and Sitta grown under drought during 1998–1999 (Year 1)

and 1999–2000 (Year 2) and the combined years (1998–2000)

in Cd. Obregon, Mexico, for markers around the identified

QTL position on chromosome 4A for drought susceptibility

indices (DSI). Genotype (1 = Dharwar Dry allele, 0 = Sitta

allele)

Genotype TC149903 Xgwm601 B637912a CA487065a Xwmc48 Xwmc89 Xwmc420 CA487065b

DSI stress 1998�1999

and 3-irrigations

0 1.00 1.04 1.01 0.93 1.03* 1.03 0.99 0.94

1 0.97 0.92 0.95 0.93 0.92 0.93 0.97 0.87

DSI stress 1998�1999

and 2-Irrigations

0 1.63 1.69 1.64 1.53 1.68* 1.69 1.62 1.54

1 1.59 1.50 1.55 1.51 1.51 1.53 1.59 1.43

DSI Stress 1999�2000

and 3-irrigations

0 0.99 1.06*** 1.07*** 1.02*** 1.08*** 1.07*** 1.06*** 1.04***

1 0.98 0.91 0.87 0.86 0.87 0.86 0.87 0.83

DSI stress 1999–2000

and 2-irrigations

0 0.92 1.23*** 1.20*** 1.24*** 1.21*** 1.21*** 1.19*** 1.19**

1 1.03 0.78 0.74 0.86 0.69 0.70 0.69 0.95

DSI stress 1998–2000

and 3-irrigations

0 1.01 1.05*** 1.05*** 0.98 1.06*** 1.06*** 1.04** 0.99**

1 0.98 0.92 0.91 0.90 0.90 0.90 0.93 0.85

DSI stress 1998–2000and

2-irrigations

0 0.99 1.18*** 1.13*** 1.12 1.17*** 1.18*** 1.12*** 1.06

1 1.00 0.82 0.83 0.92 0.77 0.80 0.83 0.98

*, **, *** = Significant at P < 0.10, P < 0.05 and P < 0.01 respectively
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Dry alleles in this region possess the ability to

influence drought tolerance across environmental

conditions.

In this study, the syntenic relationship between

rice and wheat was used to attempt to increase

marker density and obtain insight into the basis of

tolerance to drought. Both BE637912 and

CA487065 have been mapped onto BAC clone

OSJNBa0071K18. This BAC clone has 35 genes,

including an early nodulin gene (Enod), a response

regulator gene, and a mitochondrial chaperone-60

protein gene. Genes in the neighboring upstream

and downstream BAC clones include a stress

inducible protein and a putative flowering-time

gene, respectively.

The use of syntenic relationships can, however, be

complicated. A consensus group 4A genetic map of

wheat from the integrated wheat science database

(Komugi) was used for comparison with the map from

this study (Fig. 4). Microsatellite markers Xgwm601,

Xwmc48, Xwmc89 and Xwmc420 mapped in the same

order and at similar distances on the two maps. The

consensus map also showed two markers, Xbcd808a-

4A and XGermin, fall within the QTL region in this

study. Xbcd808a is a barley probe from an EST

(Genebank designation BE538742) that codes for an

alpha tubulin. A marker based on STS primers

designed from this EST mapped to wheat deletion

bin 4AL12–0.43–0.59. Germin is a hydrogen peroxide-

generating oxalate oxidase with manganese superox-

ide dismutase (MnSOD) activity and is important for

both abiotic and biotic stress resistance (Druka et al.

2002). A wheat EST (BE406676) with sequence

homology to the predicted Germin gene on rice

chromosome 3L was mapped to deletion bin C-

4AL12-0.43. Since the wheat EST homologous to the

germin gene maps to C-4AL12-0.43 and is distal to the

most significant markers, the QTL in this study is likely

to be in the most distal region of C-4AL12-0.43. It

should be noted that BE637912 and CA487065 both

Table 5 Genetic characteristics of QTL related to grain yield

production characters of a spring wheat RIL population

between Dharwar Dry · Sitta. QTL were detected by

composite interval mapping and significance was established

at an LOD threshold following 1,000 permutations (in brack-

ets) (different threshold for each trait). Size of the effect and

phenotypic variation explained (R2) are also presented

Trait Markers Marker position (cM) LOD score Additive effect R2

1-irrigation regime year 2 (Stressed)

Grain yield BE637912 80.31 5.74 0.25 0.15

Xwmc89 84.91 6.83 0.26 0.18

Xwmc420 90.41 6.09 (5.53) 0.26 0.20

Biomass BE637912 78.31 9.70 0.52 0.29

Xwmc89 84.91 10.45 0.54 0.32

Xwmc420 92.41 9.34 (5.00) 0.53 0.30

Spike density Xwmc89 84.91 4.54 (3.90) 15.93 0.15

Grains m�2 Xwmc89 86.91 4.78 651.18 0.16

Xwmc420 92.41 5.09(3.80) 776.31 0.23

Grain fill rate Xgwm601 71.41 2.15 4.29 0.09

Xwmc89 84.91 9.22 6.36 0.28

Xwmc420 94.41 8.34 (3.87) 6.92 0.33

Biomass production rate

Xwmc89 84.91 7.77 (2.2) 11.15 0.26

DSI 1-irrigation year 2 and 2-irrigations regime

Xgwm601 64.41 12.31 �0.28 0.41

BE637912 80.31 5.40 �0.20 0.12

Xwmc89 84.91 5.42 (4.12) �0.20 0.13

DSI 1-irrigation year 2 and 3-irrigations regime

Xwmc89 84.91 8.58 (3.90) �0.11 0.26
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map to this region of wheat chromosome 4AL but are

syntenic to a region on rice chromosome 10L, while

Xbcd808a and XGermin map to the same region of

wheat 4AL but are syntenic to a region on rice

chromosome 3L. The presence of markers based on

these genes in our target region indicates that large

scale synteny between rice and wheat in this region is

not fully preserved.

In summary, Dharwar Dry chromosome 4A

appears to carry important genes for production

under drought stress. The present results and earlier

reports of QTL for earliness per se, water use

efficiency, dehydrins (Dhn6), heat shock proteins

and early salt induced (Esi) genes in homoelogous

Triticeae group 4 chromosomes highlight the

importance of this chromosome group for stress

tolerance. The QTL is near breakpoint FL 0.43, but

further saturation of the region is needed to

determine how far the QTL is from the breakpoint.

In this study, Xwmc89 was associated with all

significant QTL and, in most cases, explained the

greatest proportion of phenotypic variation. This

marker could therefore be used for marker assisted

selection for drought tolerance. Further work to

verify the effect of this region in various genetic

backgrounds and environments is needed.

Fig. 2 Coincidence of QTL for grain yield (a), grain fill rate

(b), biomass (c), biomass production rate (d), drought

susceptibility index (e), and grains m�2 (f). The figures

represent data for 1-irrigation year 2 (1999–2000). The DSI

figure is from 1-irrigation year 2 and 3-irrigation regime. (Data

on Y-axis is in LOD units. Horizontal lines in graph indicate

significant LOD level after permutation)
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Fig. 3 Deletion mapping of Xwmc48, Xgwm601, Xwmc420
and Xbcd808a (Gene bank accession BE538742 (wheat

syntenic EST BE499340)) using Chinese Spring (CS) aneup-

loids and deletion lines of chromosome Group 4A. Xwmc48
band that maps on chromosome 4A and amplified in Dharwar

Dry (DD) did not amplify in CS lines. Xbcd808a was not

polymorphic between Dharwar Dry and Sitta (ST)(arrow).

However, it had polymorphisms for deletion lines N4A and

dt4AS relative to the other aneuploids and the diagnostic

fragment was missing. Deletion line dt4AL had a distinct

polymorphism for the diagnostic fragment

Fig. 4 Relationship

between a portion of the

Dharwar Dry and Sitta

genetic map QTL and the

wheat chromosome 4A

physical map, the wheat

consensus genetic map from

the wheat science database

(Komugi), and rice BAC

clones from chromosome

3L
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