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ABSTRACT

An integrated barley consensus map was constructed and used with durum wheat and rice maps to develop comparative genetic maps for
durum wheat, barley and rice. Comparative maps were constructed in three stages, each adding a new layer of information. In the first
stage, comparative maps were constructed based on common markers present in durum wheat (A and B genomes) and barley genomes
compared to rice maps. In the second stage, the marker sequences were matched according to sequence similarity across species. In the
third stage, the sequences of drought candidate genes and differentially expressed sequence tags (dESTs) were compared to Bacterial
Artificial Chromosome /Phage Artificial Chromosome sequences of the rice genome. The analysis of stress-related genes and dESTs in
durum wheat, barley and rice revealed that the genetic response to drought stress is partially conserved among these species. Comparative
maps identified conserved genomic regions that are associated with quantitative trait loci (QTLs) for drought tolerance in durum wheat,
barley and rice. Some QTLs were unique to only one species, whereas other QTLs for related traits were co-located in all three species.
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Quantitative trait loci (QTLs) mapping, gene cloning, ex-
pressed sequence tags (ESTs) and genome sequencing pro-
jects have led to a vast body of genetic information in pu-
blic databases and provided the scientific community with
powerful tools for comparative genomics (Gai et al. 2000;

maps allows scientists to compare genetic information from
diploid species with small genomes, such as rice, to species
with more complex genomic structure, such as wheat, and
increases the efficiency of molecular-marker and gene isola-
tion technologies applied to crop improvement. The integra-
tion of genetic information from related species could lead
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to the identification of highly conserved sequences and/or
regulatory mechanisms by which it is possible to predict the
function and location of genes in different organisms that
have traditionally been studied separately.

Molecular markers have been used to develop compara-
tive chromosome maps for several members of the Grami-
neae (Van Deynze ef al. 1995a, 1995b, 1995¢; Devos and
Gale 1997) and these have been used to study genes of
agronomic importance across species (for review see Snape
and Laurie 1996). Most comparative mapping among the
grasses has relied on Restriction Fragment Length Poly-
morphism (RFLP) probes (cDNAs or genomic clones) to
establish gross gene orders and distance in specific chromo-
some segments. Only to a limited extent have researchers
employed cloned genes, ESTs, or QTLs in comparative ge-
nomics. Identification of chromosomal locations of ESTs
and candidate genes facilitates the construction of more
comprehensive comparative maps for grass genomes. This
is particularly important for linking barley and wheat with
the rice genome, because rice was the first grass genome to
be sequenced.

Drought stress is highly heterogeneous in time (over the
seasons and years) and space (between and within sites),
and is unpredictable. The diversity of drought tolerance
strategies employed by plants, that may be targeted and
used as selection criteria, makes it difficult to identify or
simulate a representative drought stress condition. However,
substantial progress has been made in recent years, on dif-
ferent plant species, in terms of physiology, genetics and
molecular biology of drought tolerance.

In several cereal species, genetic maps have allowed the
identification of chromosomal regions controlling some
traits related to drought stress response. Many morpholo-
gical and physiological characters are known to be involved
in drought tolerance. Several segregating populations from
rice, barley and wheat have been studied for different quan-
titative characters such as root characters, photosynthesis
parameters, chlorophyll content, water-use efficiency, car-
bon isotope discrimination, water status and osmotic adjust-
ment parameters. Champoux et al. (1995), Lilley et al.
(1996), Ray et al. (1996), Redona and Mackill (1996), Price
et al. (1997), and Li et al. (1999) have mapped QTLs for
leaf rolling, root-related parameters, osmotic adjustment
and relative leaf water content traits in rice. Quantitative
trait loci for relative water content, osmotic adjustment, os-
motic potential, water soluble carbohydrate concentration
and carbon isotope discrimination have been identified in
barley recombinant inbred lines (RILs) population derived
from a cross between Tadmor and Er/APM (Teulat ez al.
1998, 2001). Using the same population, Diab et al. (2004)
reported the colocation of differentially expressed sequence
tags and candidate genes with QTLs for water soluble car-
bohydrate, accumulation of water soluble carbohydrate at
full turgor, osmotic potential and relative water content. In
a durum wheat population, derived from the cross between
Jennah Khetifa and Chaml, Diab et al. (2003) identified
locations of drought candidate genes and differentially ex-
pressed transcripts and associated some of them with the
QTLs for photosynthesis parameters, chlorophyll content,
water use efficiency, carbon isotope discrimination, water
status and osmotic adjustment parameters. Morgan and Tan
(1996) also mapped a major gene for osmoregulation in
bread wheat.

The analysis of drought stress response can be carried
out by sequence comparison of stress-related genes and by
looking for drought tolerance traits among regions of coli-
nearity in related genomes. Matching of mapped wheat and
barley probes (cDNAs, genomic clones, ESTs and candi-
date genes) with the rice genome sequence will identify pu-
tative orthologous loci between these genomes and will fa-
cilitate the transfer of information on a QTLs or a known
gene function between grass species.

Despite the progress in comparative mapping, the appli-
cation of this technology, especially for wheat and barley
will not be realized unless scientifically sound strategies for
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studying drought tolerance are devised that allow resear-
chers to utilize genetic tools and information developed for
model species such as rice. This requires more detailed
comparative genetic analysis from the DNA sequence of
genes all the way to comparative analysis of QTLs.

The objective of this work was to identify conserved
chromosomal regions and stress-related gene sequences that
are involved in drought tolerance in wheat, barley and rice
genomes through comparative analysis using sequence and
map-based tools. Because of extensive colinearity among
Triticeae genomes, wheat and barley in particular, the re-
sults presented in this work can be extended to other Triti-
ceae genomes.

MATERIALS AND METHODS
Genetic linkage maps and drought QTLs

Linkage maps (with drought-related QTLs) of durum wheat, barley
and rice were employed to identify conserved genomic regions as-
sociated with drought tolerance among these species.

Durum wheat map

A mapping population of 110 Fy RILs derived from two durum
wheat (Triticum turgidum L. var durum) parents Jennah Khetifa
and Cham1 (JK/Chaml) that exhibit contrasting traits for drought
tolerance was employed. Candidate drought genes and different-
tially expressed barley sequences were used to produce an integ-
rated genetic linkage map containing 468 markers. Map construc-
tion, identification of chromosomal locations and genetic contrib-
utions of genes controlling traits related to drought tolerance in this
population have been previously described by Diab et al. (2003).

Barley map

A segregating population of 167 barley (Hordeum vulgare L.) RILs
derived from a cross between Tadmor and Er/APM (Tad/Er/APM)
was used. An integrated genetic linkage map containing 166 loci,
including drought genes and differentially expressed sequence tags
(dESTS), was constructed and QTLs affecting variation in drought
traits were identified. Linkage map construction and identification
of QTLs have been previously described by Diab et al. (2004),
Teulat et al. (1998) and Teulat ez al. (2001).

Rice map

The Cornell rice RFLP 2001 map (http://www.gramene.org) was
downloaded and employed. This map is an updated version of the
Cornell RFLP 1994 map reported by Causse ef al. (1994) and re-
vised by Wilson et al. (1999). The mapping population was de-
rived from a backcross between cultivated rice, Oryza sativa, and
its wild African relative, Oryza longistaminata. Quantitative trait
loci related to drought tolerance in rice were gathered from diffe-
rent rice studies and integrated into this map for the purpose of
QTLs comparison (Table 1).

Construction of barley consensus map

Two segregation data sets, Tadmor X Er/APM (Diab et al. 2004)
and barley consensus map (Qi ef al. 1996) were downloaded from
the publicly available GrainGenes database (http://www.
graingenes.org). To integrate the Tad/Er/APM map into a barley
consensus map, each linkage group was divided into bins based on
the common markers between the two maps. Using the common
markers as a border for each respective bin, the genetic distance
between the markers within each bin was converted to a percent
fraction of the total bin length. Then markers from the Tad/Er/
APM map were integrated based on the percent fractions. The
QTLs that were identified in the Tad/Er/APM population were then
transferred to the integrated consensus map.

Construction of comparative maps

The comparative maps were constructed in three stages with each
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Table 1 Quantitative trait loci for drought related traits that are gathered
from different rice studies and placed on rice Cornell RFLP 2001 linkage
map for QTLs comparison purpose.

Trait QTLs Marker chromo Reference
some

Relative RWC RG182 5 Lilley et al. 1996

water C624 5 Price et al. 2002

content C734 4 Price et al. 2002

Root Rthic  C624 5 Price et al. 1997

thickness RZ892 10 Ali et al. 2000
BCD386 10 Ali et al. 2000
RGI939 4 Zhang et al. 2001
RG9 1 Zhang et al. 2001
WG110 1 Ali et al. 2000
CDO464 8 McCouch and Doerge 1995

Leaf rolling LR C624 5 Price et al. 2002
RZ892 10 Champoux et al. 1995
RZ400 10 Champoux et al. 1995
RZ69 4 Champoux et al. 1995
RG462 1 Champoux et al. 1995
RZ14 1 Price et al. 2002
RG96 3 Champoux et al. 1995
GRI10 3 Champoux et al. 1995
CDO475 6 Champoux ef al. 1995
RZ398 6 Champoux ef al. 1995
CDO595 8 McCouch and Doerge 1995
CDO464 8 McCouch and Doerge 1995

Root Rpent RZ892 10 Ali et al. 2000

penetration BCD386 10 Ali et al. 2000

index RGI39 4 Zhang et al. 2001
RG9 1 Zhang et al. 2001

Root length RL RG400 1 Price et al. 1997

Osmotic OA RG140 1 Zhang et al. 2001

adjustment

Osmotic (0)4 RG109 1 Lilley et al. 1996

potential RGY6 3 Lilley et al. 1996

Cell CMS CDO34 1 Tripathy et al. 2000

membrane RZ403 3 Tripathy et al. 2000

stability

stage adding a new layer of information. In the first stage, com-
parative maps were constructed based on common markers (an-
chor loci) present in durum wheat (A and B) and barley genomes
compared to rice maps. In the second stage, the marker sequences
were matched according to sequence similarity and this infor-
mation was used to identify additional links between the three spe-
cies. Finally, we compared the sequences of candidate genes and
differentially expressed transcript sequences to BAC/PAC sequen-
ces of the rice genome and were able to identify rice markers asso-
ciated with the same BAC/PACs clone.

Construction of framework comparative map

A relational database (MySQL) was created consisting of the in-
tegrated barley consensus and JK/Chaml maps in addition to the

| Barley consensus SH |

Glutathione
S-transferase

cdo57 < cdo57b

Chl ]‘3:3 816474 «—> Bm816474

thepsin B

cdo400
Dhnl

Gramineae maps downloaded from GrainGenes (http://www.
graingenes.org) and Gramene (http://www.gramene.org) databases.
The integrated barley consensus and JK/Chaml maps were com-
pared against themselves and to other rice maps based on common
marker/probe names. This information was used to construct
framework comparative maps between durum wheat, barley and
rice.

Sequence similarity of probes

A total of 4844 probe sequences mapped in grass genomes were
downloaded from GenBank and GrainGenes databases. In addition,
112 sequences of candidate genes and dESTs were downloaded
from GenBank. The sequences were subjected to masking of
known repeat sequences from the Poaceae family (MITES, etc.) as
well as low-complexity sequences, including the SSRs and inter-
spersed repeats, using the RepeatMasker Program (Smit 1999).
The masked sequences were then compared against each other
using NCBI BLASTN tool (Altschul e al. 1997) with an e-value
threshold of 1 ¢'°. The results of these sequence comparisons were
parsed, uploaded to the relational database and further filtered to
allow for hits of 80% similarity or greater, over 50 base pairs and
having at least half of each sequence present in the alignment. The
integrated barley consensus and JK/Chaml maps were then com-
pared against each other and the rice maps. The information ob-
tained from this stage was integrated with the framework com-
parative map.

In silico mapping of candidate genes and dEST

One hundred and twelve sequences belonging to candidate genes
and dESTs were compared to 3,406 rice BAC/PAC sequences
using BLAST (with an e-value threshold of 1¢™%). The rice BAC/
PAC name that matches each query dEST or candidate gene was
used to identify anchored rice markers from the Cornell rice RFLP
map (http://www.tigr.org/tdb/e2k1/0sal/BACmapping/description.shtml).

The results obtained from this stage were integrated with those
obtained from the previous two stages to construct a final compa-
rative map between durum wheat, barley and rice. Figs. 1 through
6 show the comparative maps of the conserved regions containing
significant QTLs associated with drought tolerance in the three
species.

RESULTS AND DISCUSSION

QTLs for drought tolerance in durum wheat, barley
and rice

The genetic and molecular dissection of drought tolerance
has led to the identification of either genomic regions in-
volved in drought tolerance (QTLs), or DNA sequences
known to play a role in molecular stress responses (stress
related genes, differentially expressed sequences).

In the durum wheat population Cham 1 x Jennah Ketifa,
the most significant QTLs were obtained for canopy tempe-
rature depression, photosynthesis-related parameters and

Fig. 1 Conserved genomic regions for

drought related traits between durum
wheat (chromosomes 5A and 5B) and

BM816242 ¢«——» BM816242  integrated barley consensus SH. For cla-

rity only partial chromosomes were drawn.
Vertical bars beside each chromo-some
indicate the position of QTLs for chloro-
phyll content (Chl), water soluble carbohy-
drates (WSC), accumulation of WSC at full
turgor (dWSC) and water index (WI).

cdo457 ¢

Il Conserved drought related genes
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[Durum 1A | [Durum1B | [Barley us1H | [Rice5 | Fig. 2 Conserved genomic re-
gions for drought related
utvl39la <—> utv1391b traits between durum wheat
zzigggs utvlllc (chromosomes 1A and 1B),
utv1699¢ utvi181b integrated barley consensus
bed249 bed249 1H and rice 5 and 10. For
cdol173 < cdo1173/RZ556 clarity only partial chromo-
mwg913 oo %ézl‘g somes were drawn. Dotted
bed200 < > bed200 arrows indicate that the mar-
P R kers were matched using
uaz299 < Rpont. Rthic LR — l;:;f;gg sequence similarity. Vertical
cdo105b < » % Rz400 Dbars beside each chromosome
bed386 < @ bed3ge indicate the position of QTLs
TRS cdo1340 for canopy temperature de-
Co624 pression (CTD), photosyn-
thetic active radiation (PAR),
transpiration (TRS), chloro-
ng‘z‘ggbg_’ bed442 > 1az243b phyll content (Chl), relative
edo202 —> cd0202 water content (RWC), water
We241 < wg241 soluble carbohydrates (WSC),
osmotic potential (OP), root
peneration indix (Rpent), leaf
B QTL unique to one species rolling (LR) and root thickness
[l Unrelated drought tolerance traits that co-locate in different species (Rthic).
[ Durum2B | [ Barley ¢ 2H | Fig. 3 Conserved genomic re-
Bmac0134 gions for drought related
01090 <o B‘s:ﬁggb bcd348 traits between durum wheat
bed718a wg516 RZ69 (chromosomes 2A and 2B),
dWSC , OP hvm36 barley consensus 2H and rice
bed221 bed221 4. For clarity only partial chro-
mosomes were drawn. Dotted
bed1069 arrows indicate that the markers
were matched using sequence
similarity. Vertical bars beside
BCA355 s csu6 each chromosome indicate the
[ Durum24 | it
m cdol1417 < » [R.thic cdo1417/RG939 position of QTLs for chloro-
Rpent phyll content (Chl), quantum
Chl Bm816370 < Bm816370 yield (Q), grain carbon isotope
alcohol dehydrogenase cdo680 —m—» cdo680 discrimination (CID-g), water
~ R soluble carbohydrates (WSC),
Chl cdo3h —> cdo36d < »> cdo36 / RZ787 accumulation of WSC at full
Q utvgel] +—m» utv861 turgor (dWSC), osmotic poten-

[l Conserved drought related genes

Il QTL unique to one species

tial (OP), leaf rolling (LR), root
penetration index (Rpent) and
root thickness (Rthic).

[l Unrelated drought tolerance traits that co-locate in different species

water status traits (Diab 2003). One hundred and seventy
eight different chromosome regions including 6 candidate
genes and 19 differentially expressed sequences were asso-
ciated with QTLs for various drought tolerance traits.

In barley, a total of 68 QTLs were reported for relative
water content, osmotic adjustment, osmotic potential, water
soluble carbohydrate concentration and carbon isotope dis-
crimination (Teulat ef al. 1998, 2001; Diab et al. 2004). For
the same population, forty-eight markers, including candi-
date genes and differentially expressed sequences were as-
sociated with QTLs for drought tolerance traits (Diab ef al.
2004).

In rice, QTLs for relative water content, described by
Lilley et al. (1996) and Price et al. (2002), root thickness
(McCouch and Doerge 1995; Price et al. 1997; Ali et al.
2000; Zhang et al. 2001), leaf rolling (Champoux et al.
1995; McCouch and Doerge 1995; Price et al. 2002), root
penetration index (Ali et al. 2000; Zhang et al. 2001), root
length (Price et al. 1997), osmotic adjustment (Zhang et al.
2001), osmotic potential (Lilley ez al. 1996) and cell mem-
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brane stability (Tripathy et al. 2000) were assigned to 23
corresponding markers in the Cornell rice RFLP 2001 map
(Table 1). Seven markers were found to be associated with
more than one trait. Some of these traits have been identi-
fied in different rice studies (Table 1). For example, QTLs
for leaf rolling and osmotic potential was assigned to the
same chromosomal region (RG96) on chromosome 3 (from
Champoux et al. 1995 and Lilley et al. 1996) and QTLs for
root thickness, root penetration index and leaf rolling asso-
ciated with the locus RZ892 on chromosome 10 (from
Champoux ef al. 1995 and Ali et al. 2000). Similarly, QTLs
for relative water content, root thickness and leaf rolling
were found in the same chromosomal region (C624) on
chromosome 5 (Price et al. 2002). The overlap of these
QTLs suggests a possible common genetic control.

Integrated barley consensus map

The 166 loci of the Tad/Er/APM map were merged with the
880 loci of the previously published consensus map to pro-
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Table 2 Comparison of number of anchor links between genomes for
three stages of comparative map construction for durum wheat, barley
and rice.

Comparative Map

Number of common markers

1* stage 2" stage 3" stage
(Frame work  (Sequence (in silico
map) similarity) mapping)
Tad/Er to JK/Chaml 13 13 -
IBC to JK/Cham1 26 32 -
Tad/Er to RC-2001 6 7 13
IBC to RC-2001 27 41 59
JK/Chaml to RC-2001 28 33 61

Tad/Er: Barley linkage map (Diab et al. 2004), JK/Chaml: durum wheat linkage
map (Diab 2003), IBC: integrated barley consensus map constructed in this
work, RC-2001: rice Cornell RFLP map 2001 (updated version of the Cornell
RFLP 1994 map reported by Causse ef al. 1994).

duce an integrated barley consensus map with 1011 mar-
kers (figures not shown). Thirty-five markers were found
to be common between the two maps. Two markers were
anchored for 1H, 7 for 2H, 5 for 3H, 4 for 4H, 8 for 5H, 3
for 6H and 6 for 7H. Comparison of the integrated map and
the Tad/Er/APM map revealed that the overall linear order
of markers was in good agreement. The total number of
shared markers between barley and durum wheat increased
from 13 to 32 when the integrated barley consensus map
was compared to the Tad/Er/APM map. The shared mar-
kers between barley and rice increased from 6 to 59 (Table
2). These results meet with the main objective of cons-
tructing an integrated barley consensus map to increase the
chances of finding anchor loci between durum wheat, bar-
ley and rice. This integrated barley consensus map, con-
taining dESTs and candidate genes, should be useful for
more precise mapping of cereals in general.

Stepwise construction of the comparative maps

The results obtained in this study indicate that the step-
wise construction of the comparative map effectively in-
creased the number of common probes between durum
wheat, barley and rice. For example, the number of com-
mon markers between JK/Chaml and rice maps increased
from 28 in the first stage to 61 in the third stage (Table 2).

The first stage (framework map) resulted in 81 total
common markers between the three species. This number
increased to 106 when information about the sequence

similarity of probes was integrated into the framework map.

When the results of the third stage (in silico mapping of

candidate genes and dEST) were integrated into those ob-
tained from the previous two stages the total common mar-
kers between durum wheat, barley and rice increased to 120
(Table 2). Comparative map loci that deviated from the
previously published comparative maps between wheat and
rice (van Deynze et al. 1995a) and barley and rice (Sher-
man et al. 1995; Saghai Maroof ef al. 1996) were noted and
analyzed separately. The third stage enabled us to locate 43
out of 72 dESTs and genes that had not been mapped in du-
rum wheat or barley due to the lack of polymorphism. They
were located on the rice RGP map by sequence matching
these genes and dESTs to rice BAC/PAC sequences.

Description of the comparative map

Comparative studies of RFLP maps between cereal species
have shown conservation of genome structure (Chao et al.
1989; Devos ef al. 1993; Devos and Gale 1993; van Deynze
et al. 1995a). A more extensive analysis of genome organi-
zation (Moore et al. 1995) has revealed that the genome of
rice can be subdivided into 19 linkage segments, which can
be aligned with the genomes of wheat and barley.

Based on previous comparative linkage mapping stu-
dies, the rice linkage groups 5 and 10 are known to be syn-
tenic with at least parts of the linkage group 1(1H), while
the rice chromosome 1 is syntenic with chromosome 3(3H).
Similarly, rice chromosomes (4 and 7), (3 and 10) and (6
and 8) are syntenic with chromosomes 2(2H), 4(4H), and
7(7H) respectively. Figs. 1 through 6 demonstrate that the
results of this study agree with expectations based on pre-
vious comparative linkage mapping studies. Despite sub-
stantial differences in DNA content and basic chromosome
numbers, colinearity of genes was shown to be widespread
across the genomes of durum wheat, barley and rice. How-
ever, as map data accumulate, it becomes increasingly dif-
ficult to find segments in which gene content and order are
strictly parallel in the three genomes, due in part to experi-
mental error, but also to high rates of insertion and deletion
of small regions of chromosomes. For instance, we found
colinear markers between 5A and 5B of durum wheat to 5SH
of barley but there was little or no conservation of gene or-
der with rice (Fig. 1). This inability to relate the genomic
structure of wheat and barley to specific rice chromosomes
(or chromosomal regions) may also be due to a lack of
comparative markers between them.

[ Barley consensus 3H

Fig. 4 Conserved genomic re-

gions for drought related

edo39s = f{lcoiggb traits between durum wheat
RG140 (chromosomes 3A and 3B),
cdo328 < cdo328 barley consensus 3H and rice
cdol95h +——> cdol195a 1. For clarity only partial chro-
bed115 mosomes were drawn. Dashed
utvdleh —> utvd16a arrows indicate transitive mat-
bcd828 < bcd828 ches between genes/dEST and a
inomethvitrans marker associated to rice BAC/
aminomethyliransterase PAC. Vertical bars beside each
Bm816303 <-------- RZ409 chromosome indicate the posi-
WSC, WSC Bm817178 RG462 tion of QTLs for carbon isotope
RZ252/RG9S ..~ .
discrimination (CID), relative
¢do345/csu38
OP RG109 water content (RWC), water
R RWC RZ14 soluble carbohydrates (WSC),
wgl10 <+——>[Rthic wg110b accumulation of WSC at full
turgor (dWSC), osmotic
cdo1396a potential (OP), osmotic
cdo394a > cdo394 adjustment (OA), leaf rolling

| Conserved drought related genes

B QTL unique to one species

(LR), root thickness (Rthic),
root length (RL), root
penetration index (Rpent) and
cell membrane stability (CMS).

B Unrelated drought tolerance traits that co-locate in different species
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bars beside each chromosome indicate the
position of QTLs for chlorophyll content

[Durum 4A | [Durum 4B | [ Barley [Rice3 | Fig. 5 Conserved genomic regions for
drought related traits between durum
wheat (chromosomes 4A and 4B), barley

Chl bed34ge consensus 4H and rice 3. For clarity only
wg232b «— [CID] wg9232¢ 4—» wg232 CMS RZ403 ; .
P100 cdo795«— [OP, LR ¢do795/RG96  partial chromosomes were drawn. Vertical

IPAR cdo457b <

[l Related drought tolerance traits that co-locate in different species

@ ¢do457/RG910

(Chl), photosynthetic active radiation (PAR),
carbon isotope discrimination (CID), osmo-
tic potential at full turgor (OP100), osmotic
potential (OP), cell membrane stability
(CMS) and leaf rolling (LR).

Fig. 6 Conserved genomic regions

[Durum7B | [ Barley e H_ | :
arginine decarboxylase for drought related traits between
[cTD, Flu, Q [Bm816648 | <> XCIX) [+¥—— durum wheat (chromosomes 7A and
cdod75 > cdod7]5 ——> cdo475/RZ516 7B), barley consensus 7H and rice 6
WSC Bm816463c RZ398 and 8. For clarity only partial chro-
mosomes were drawn. Dashed arrows
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Conserved genes and conserved function

Many fundamental aspects of cellular metabolism and
pathways are conserved among eukaryotes, reflecting their
early origin and importance to cell viability. The analysis
of stress-related genes and dEST in durum wheat, barley
and rice reveals that the molecular response to drought
stress is at least partially conserved among these species.
The gene BM816474, coding for cathepsin B (Ozturk
et al. 2002) that was associated with QTLs for chlorophyll
content on chromosome 5A in durum (Diab 2003), was
also mapped in barley SH (Fig. 1) and cosegregated with
QTLs for accumulation of water soluble carbohydrates
(Diab et al. 2004). These two traits are components of
drought tolerance and are correlated under drought stress
(Nachit and Ketata 1991; Rekika et al. 1998; Teulat et al.
2001). Diab et al. (2003) suggested that a possible role for
cathepsin B in maintaining chlorophyll content might in-
volve the degradation of proteins that cause cell damage in
response to drought stress. Another gene (BM816242), co-
ding for slutathione S-transferase or GST (Ozturk ef al.
2002), co-segregated with a QTLs for water index on chro-
mosome 5B (Diab 2003) and with water soluble carbo-
hydrates in barley SH (Diab et al. 2004). Water index and
water soluble carbohydrates are also correlated traits and
have been used for screening for drought tolerance in bar-
ley and durum wheat (Reynolds et al. 1994; Teulat ef al.
2001). It is also reported that GSTs attach to lipid hydro-
peroxides, which are harmful compounds generated in
plants exposed to various stresses (Plaisance and Gronwald
1999). Two GST proteins have been purified from sor-
ghum that have the ability to detoxify lipid hydroperoxides
(Plaisance and Gronwald 1999). The presence of this gene
in both durum wheat and barley suggests that it might have
a common role in protecting cells from toxic lipid hydro-
peroxides that are formed under drought stress conditions.
The gene BM816370, coding for alcohol dehydrogen-
ase (Ozturk et al. 2002), was mapped in durum wheat 2A
and barley 2H and co-segregated with chlorophyll content
in durum wheat and with water soluble carbohydrates in
barley as was observed for cathepsin B (Diab 2003, 2004;
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ble carbohydrates (WSC), relative wa-
ter content (RWC), leaf rolling (LR)
and root thickness (Rthic).

Fig. 3). Drought and temperature stresses induce the ex-
pression of the alcohol dehydrogenase gene in Arabidopsis
(Jarillo et al. 1993; Dolferus et al. 1997; Conley et al.
1999). 1t is also reported that this gene is induced by ab-
scisic acid in Arabidopsis (Bruxelles et al. 1996) and its
activity is increased under osmotic stress in maize (Kato-
Noguchi 2000). The presence of this gene in durum wheat
and barley and its association with those two traits indi-
cates that this gene likely plays a common role in drought
tolerance in both species. These results are supported by the
work of Tarchini et al. (2000), who reported that the al-
cohol dehydrogenase sequence is conserved in rice and
maize.

The gene BM816303, coding for aminomethyltrans-
ferase (Ozturk et al. 2002), on barley chromosome 3H was
cross-matched to the sequence for RZ409, which is associ-
ated with a rice BAC on chromosome 1 (Fig. 4).
BMS816303 was closely mapped (5.7 cM) to the locus
BM&817178 (Diab et al. 2004), which codes for isocitrate
dehydrogenase (Ozturk ef al. 2002) and associated with
QTLs for water soluble carbohydrates (Diab et al. 2004).
The role of these differentially expressed transcripts in
drought tolerance is not known yet, but the existence of
these coding sequences in both barley and rice suggests a
possible conserved mechanism for drought response in both
species.

An interesting example of conserved gene function is
the differentially expressed transcript (BM816648), coding
for arginine decarboxylase (Ozturk et al. 2002) found to be
orthologous in durum wheat, barley and rice (Fig. 6). This
locus is associated with QTLs for canopy temperature de-
pression, fluorescence index and quantum yield in durum
wheat (Diab 2003). The correlation between these traits has
been reported in durum wheat (Villegas et al. 2000; Merah
et al. 2001; Royo et al. 2002; Tambussi et al. 2002), bread
wheat (Richards and Condon 1993) and in barley (Acevedo
1993). Arginine decarboxylase is a key enzyme in polya-
mine biosynthesis. Capell ef 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 co-location of this expressed sequence
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in the three species strongly suggests a common role in
drought tolerance by reducing chlorophyll loss, and thus
enhancing photosynthesis under drought stress conditions.

Two genes on barley chromosome 7H were cross-map-
ped to rice chromosomes 6 and 8 (Fig. 6). The sequence of
the gene Bssl, coding for sucrose synthase (Sanchez de la
Hoz et al. 1992), was cross-matched to the sequence for
RZ588 on chromosome 6. The enzyme sucrose synthase is
a key enzyme in carbohydrate metabolism, catalyzing the
reversible conversion of sucrose uridine-diphosphate into
fructose and UDP-glucose (Kleines ef al. 1999). Synthesis
of sugars or compatible solutes has been widely observed
as a mechanism for plants to cope with water deficit
(Whittaker ef al. 2001). The co-location of this gene in
both barley and rice suggests a possible conserved role in
drought tolerance though accumulation of water soluble
carbohydrates and thus maintenance of the osmotic po-
tential in both species under drought stress. The sequence
of the gene Acl3 on 7H, coding for barley acyl carrier
protein III (Hansen and Von Wettstein-Knowles 1991) was
cross-matched to the sequence of RZ572, which is asso-
ciated with a rice BAC on chromosome 8 (Fig. 6). The role
of this gene in drought tolerance has not been established.
This gene encodes a co-factor protein of the fatty acid syn-
thetase involved in the de novo synthesis of the fatty acyl
chain, especially in chloroplasts. This gene could have a
role in the protection of membranes or in membrane flui-
dity during stress in both barley and rice.

One complication in comparative mapping is the possi-
bility of convergent evolution, in which genes with equi-
valent functions have evolved independently in different
lineages. This phenomenon has been clearly demonstrated
in secondary metabolite synthesis (Pichersky and Gang
2000). In these cases, genes identified on the basis of si-
milar effects on phenotype may be unrelated in sequence.
Another complication for comparative mapping is that pa-
ralogous members of gene families may retain the same
function (Alfenito et al. 1998; Pichersky and Gang 2000).
In these cases the genes will be related in sequence but
may not be colinear. This can complicate comparative
map-based approaches to gene isolation from wheat and
barley. If a trait can be mapped in a small genome species
such as rice then cloning from that species is preferred.
Genes in other species can then be isolated by sequence
homology. If the trait is not mapped in the small genome
species then this approach becomes much riskier because
the relevant gene may be absent. In such cases, map-based
cloning in diploid relatives of wheat or in barley may be
preferred because the target gene is likely to be present.
Even in these cases, comparative mapping can provide use-
ful markers even if candidate genes are not identified.

Colinear regions associated with drought-related
traits

Comparative genomics has shown that not only the candi-
date genes and dESTs are conserved, but the genomic re-
gions conferring drought tolerance in durum wheat, barley
and rice may also have a common ancestral origin. We
identified genomic regions that are associated with QTLs
for drought tolerance in durum wheat, barley and rice.
Comparative QTLs analyses were classified three ways.
Some QTLs were unique to only one species, whereas in
other cases QTLs for different traits were co-located in
more than one species. In the third category, QTLs for rela-
ted traits were co-located in all three species.

QTLs unique to one species

Quantitative trait loci for five related traits (chlorophyll
content, photosynthetic active radiation, canopy tempera-
ture depression, transpiration, and osmotic adjustment)
were located between the interval utv1391la — bcd249 on
durum wheat chromosome 1A. These two markers identify
a homoeologous region in durum wheat chromosome 1B.
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However, no QTLs were identified in this region for barley
or rice (Fig. 2). The marker interval cdo36b — utv861 on
durum chromosome 2A was colinear with rice, but the only
QTLs were for chlorophyll and quantum yield on durum
chromosome 2A (Fig. 3). Similarly, the cdo1417-RG939
interval on rice chromosome 4 is associated with QTLs for
root thickness and root penetration but in the corresponding
region on barley 2H no QTLs related to drought tolerance
were detected. Another interval delimited by the homoe-
ologous markers, cdo195 and utv416, on durum chromo-
somes 3A and 3B was associated with a QTLs for carbon
isotope discrimination (Fig. 4).

These results are not surprising due the fact that dif-
ferent drought tolerance related traits were measured in dif-
ferent studies using different species populations. The envi-
ronments used for these studies were different in terms of
their geographical locations and experimental conditions.
The presence of QTLs in only one homoeologous group
(e.g. Durum 1A or 1B) may be due to one or more of these
following reasons: a) no allelic variation for the genes res-
ponsible for QTLs in one of the genomes, b) gene expres-
sion in polyploid genomes may be controlled such that only
one copy of a gene or one genomic region is expressed, ¢) a
gap in linkage groups due to low coverage of genome by
markers and d) use of marker systems, such as AFLP, that
do not allow the identification of homoeologous chromo-
some segments.

Drought tolerance traits that co-locate in different
species

In some cases, QTLs for traits that do not seem to be
mechanistically related, co-located in different species
based on the comparative map. For example, QTLs for
quantum yield and grain carbon isotope discrimination
were located between the markers cdo1090 and bcd221 on
durum chromosome 2B, and these markers were cross-
matched to barley 2H with QTLs for water soluble carbo-
hydrate and osmotic potential. The corresponding region on
rice chromosome 4 was associated with a QTLs for leaf rol-
ling (Fig. 3). Water soluble carbohydrate and osmotic pot-
ential may involve a mechanism related to rice leaf rolling,
but these traits seem to involve a different aspect of drought
tolerance compared to quantum yield and grain carbon
isotope discrimination in wheat. The locus cdo395, which
is associated with accumulation of water soluble carbo-
hydrates on barley chromosome 3H, was cross-matched
with rice chromosome 1 where QTLs for root length and
osmotic adjustment have been mapped (Fig. 4). The same
case occurred on barley chromosome 7H near BM816463c¢
(a gene coding for blue copper-binding protein) and the or-
thologous region on rice chromosome 6 in the interval be-
tween cdo475 and Bssla/RZ588 (Fig. 6). Root length is
likely under different genetic control; however, accumula-
tion of water soluble carbohydrates and osmotic adjustment
may be affected by the same mechanism. Just proximal to
cdo475 in durum, QTLs for canopy temperature depression,
fluorescence index, and quantum yield cosegregated with
BM816648 (a gene coding for arginine decarboxylase), but
this seems to be a different locus from the nearby region in
barley and rice. Thus, while these QTLs were located in
homoeologous regions in the different species, they do not
always seem to be mechanistically related. The underlying
candidate genes may suggest a possible mechanism.

In durum chromosome 1B, the locus bcd386 is closely
linked to the QTLs for transpiration efficiency and its or-
thologous region on rice chromosome 10 is associated with
QTLs for root penetration index and root thickness. An-
other example of unrelated traits that are co-located in dif-
ferent species is represented by the interval wgll0 —
cdo394 on barley chromosome 3H with a QTL for relative
water content. These two markers were cross-matched on
rice chromosome 1 with a QTL for root thickness (Fig. 4).
Root penetration ability and root thickness are two im-
portant parameters contributing to drought tolerance in rice
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(Zhang et al. 2001). Roots are the main organs for plant
water uptake, and well-developed deep root systems facil-
itate water uptake from lower soil layers and thus help
plants to maintain better water status under drought stress.
Confirmation of this relationship would require QTL map-
ping of root characters in the wheat and barley populations
and evaluation of transpiration efficiency and relative
water content in the rice population.

Related traits that co-locate in different species

The most interesting case for the co-location of related
traits in durum wheat, barley and rice is shown in Fig. 5. In
durum 4A, a locus associated with a QTL for chlorophyll
content was mapped 12.5 cM proximal to wg232 locus.
This locus was associated with carbon isotope discrimin-
ation on durum 4B and closely mapped on barley 4H to the
locus ¢do795. This locus in turn is associated with osmotic
potential in barley and osmotic potential and leaf rolling in
rice on chromosome 3. The locus RZ403 on rice chromo-
some 3 is closely linked to cdo795/RG96 and is associated
with a QTL for cell membrane stability on the same chro-
mosome.

These results were expected because these markers are
associated with the most significant QTLs in durum wheat
(Diab 2003), barley (Diab et al. 2004) and rice (Table 1).
The correlation between chlorophyll content and carbon
isotope discrimination has been reported in durum wheat
(Merah et al. 2000; Villegas et al. 2000; Royo et al. 2002;
Tambussi et al. 2002), bread wheat (Richards and Condon
1993), and in barley (Acevedo 1993). These two traits are
components of drought tolerance and strongly affect the os-
motic potential status of plants, which in turn is responsible
for cell membrane stability.

This study utilizes a comparative analysis of durum
wheat, barley and rice based on linkage maps with the goal
of linking the complex wheat genome to simpler diploid
species such as barley and rice that serve as references.
However, more detailed comparisons are needed to verify
conserved regions associated with drought tolerance and to
differentiate the various mechanisms of drought response.
The linkage maps with ESTs developed for rice (Harushima
et al. 1998) and for barely and durum wheat (Diab 2003,
2004) enabled the use of in silico sequence comparison of
ESTs to align portions of the genomes. Complete sequen-
cing of the rice genome will permit a comprehensive com-
parison with higher ordering precision that physical and se-
quence maps will facilitate in the improvement of compar-
ative maps.

Examination of the comparative maps constructed for
durum wheat, barley and rice reveals the conservation of
several genomic intervals (Figs. 1-6), which contain geno-
mic regions and genes associated with drought tolerance.
Markers flanking these intervals may provide a starting
point for the characterization and positional cloning of
these genes in the smaller and less complex genome (e.g.
rice). Undoubtedly, as the resolution of the comparative
map of durum wheat, barley and rice increases, additional
orthologous loci will be identified. Such information could
then be applied to all related plant species such as pearl,
foxtail and finger millets, which are important for the agri-
culture of developing countries but are relatively under-re-
sourced in terms of research budgets.

Comparative genomics is very much dependent on con-
tinued developments in bioinformatics. Good databases are
needed to manage the vast amount of data produced by the
sequencing and EST projects and the genetic and physical
maps as well as phenotypic data. The establishment of data
management systems needs to be paralleled by the dev-
elopment of efficient visualization and data analysis tools
so that variation in gene sequence and gene expression can
be correlated with variation in key traits. This will allow
scientists in all areas of science to benefit from the wealth
of information that is available.
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