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ABBREVIATIONS

ABA Abscisic acid
AFLP Amplified fragment length polymorphlsm
"~ Al Aluminum

ASI . Anthesis silking interval

BA Betaine aldehyde

BADH Betaine aldehyde dehydrogenase

cDNA Complementary deoxyribonucleic acid .

CGIAR - Consultative Group on International Agricultural Research
CIMMYT International Maize and Wheat Improvement Center

CMO Choline monooxygenase ’

CSIRO . Commonwealth Scientific and Industrial Research
' - Organization (Australia) o

DMB  Dragon Motif Builder .

DNA Deoxyribonucleic acid ' : f
DT Drought tolerance ' :

- ECe Electrical conductivity

EST .  Expressed sequenced tags

eQTL Expression quantitative trait loci
-GB . Glycinebetaine .

GCP " Generation Challenge Program

GO Gene oncology

HI Harvest index
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ICRI,SA’I‘” International Crops Research Institutue for the Seml-Arld

. Tropics
LEA Late embryogenesis abundant-
MABC Marker-assisted backcross
MAS  Marker assisted selection
MATE Multidrug and toxic compound extrusion
NIL Near-isogenic line
NSF " National Science Foundation
NUE Nitrogen use efficiency
OA Osmiotic ad]ustment
PA Polydmine
PEG Polyethylene glycol-6000
PNHI Panicle harvest index
- QTL Quantitative trait loci
RED Rice expression database
RFLP Restriction fragment length polymorphism
RQAS Reactive oxygen species
RT-PCR  Reverse transcriptase-polymerase chain reaction
"~ RWC Relative water content '
SAGE Serial analysis of gene expression
SSR Simple sequence repeat
SOD Superoxide dismutases .
SPAD Soil-plant analyses development
TE Transpiration efficiency ’
WSC ' Water-soluble carbohydrate

WUE Water use efficiency

I. INTRODUCTION

The success of plant breeding in the 20th century led to new cultivars
that, to date, have provided enough food for an increasing world pop-
ulation (Conway and Toenniessen 1999; Mifflin 2000). The results of the
Green Revolution—led in the 1960s by Henry M. Beachell and Norman E.
Borlaug—resulted in a dramatic increase in rice and wheat grain yields
(Milford and Runge 2007; Ortiz etal. 2007). However, abiotic stresses and
climate change are becoming increasingly serious threats to crop pro-
duction worldwide at a time when food staple supply will need to be
significantly higher to meet the demand of the growing human popula-
tion. Water scarcity (Rockstrom et al. 2007), salinity (Rengasamy 2006),
and low soil fertility (Sanchez and Swaminathan 2005) rank among the
most important abiotic stresses worldwide. Similarly, increased climatic
disturbances due to global warming are causing the major stresses that"
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necessitate crop improvements to safeguard grain supply, particularly in
the developing world (Kumar 2006). Hence, genetic enhancement of
cereal crops with respect to abiotic stress tolerance will be essential for
ensuring grain yields in water-limited, increasingly hotter agricultural

zones, particularly if these conditions combine with poor and saline

soils, conditions that prevail in parts of the developing world. Crop
breeding for adaptation to abiotic stress—prone environments remains a
challenging task, not least because of the complexity of the stress-
adaptive mechanisms in plants and particularly cereal crops, which are
the staple of most of the world’s population (Reynolds et al. 2005). -
Limited available water is the single most important factor that reduces
global crop yields. Agriculture currently accounts for 70% of the fresh
water used by humans, an amount that is expected to increase 17% by 2025
(Molden 2007). The underground aquifers are rapidly being depleted due
to excessive water use (Morison et al. 2008). Although the perception of
“drought” may be distinctly different among people, farmers and scientists
agree that water shortage is a key limiting factor for crop yields (Pas-
sioura 2007). For a cereal agronomist, drought is the coefficient of variation
in grain yield across environments differing in rainfall. Water deficiency
significantly impedes sexual plant reproduction, particularly at the early
stages, when development may irreversibly cease although the plant may
remain alive (Boyer and Westgate 2004). Ovule abortion or pollen sterility
occursin cereal crops under water stress, and this in turn increases abscisic
acid in the plant that may lead to inhibited photosynthesis. Water-use
efficiency or water productivity are the distinct terms used by agronomists,
economists, plant physiologists, and crop breeders to refer to crop perfor-
Tnance in drought-prone environments (Bennet 2003). Irrespective of their
understanding, any farmer measures the success of anew cultivar crop by a
known (often >10%) yield advantage in challenging water stress—prone
environments, While some progress made in the privats or public sector in
thé genetic enhancement Jf cereal crops for drought-prone environments,
both ‘through conventional or genomics-led approaches (Campos et
al. 2004; Bénziger et al. 2006), farmers worldwide continue to struggle to
obtain satisfactory grain yields under conditions of water scarcity.
Salinity affects crop yields'and pollutes the environment, thereby
negatively impacting the economic welfare of nations, There are about
100 countries directly affected by salinity (Rengasamy 2006) with the
major impact in those where soil degradation, aridity, and salinization,
in part caused by deforesation, prevail. Most of the commonly used food
staples are sensitive to salinity (Flowers and Colmer 2008). Researchers
are assessing halophytes (i.e., salt-tolerant plants), which constitute
about 1% of the world’s flora, as potential gene sources to improve
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salinity tolerance in field crops. Halophytes have evolved a range of
adaptation mechanisms to tolerate high salinity. These include adjust-
ment of their internal water relations through ion compartmentation in
vacuoles, the accumulation of compatible organic solutes, succulence,
and salt-secreting glands and bladders (Flowers et al. 1986).

In addition, acid soils constitute about 38% of farmland in Southeast

- Asia: 31% of Latin America; and 20% in East Asia, sub-Saharan Africa,

and North America, Aluminum (Al) toxicity in these soils is the major
constraint to crop production (Wood et al. 2000). It is the second most
important abiotic constaint to world food production after drought (von
Uexkiill et al, 1995). At low pH (<5), Al is released as A1®* into the soil,
reducing root growth and development due to poor uptake of water and

. nutrient and resulting in reduced crop yields (Kochian 1995). The use of

lime in acidic soils is a common agricultural practice to raise soil pH and
minimize adverse effects of Al toxicity on crop plants. However, the
energy costs for application or actual cost of lime often prohibits wide-
spread adoption of this practice. Natural genetic variation for Al toler-
ance has been identified in many crop species, and Al-tolerant cultivars
in some crops are commercially grown (Samac and Tesfaye 2003).

Climate change caused by global warming is expected to significantly
affect grain yields of the most important cereals (Jones and Thorn-
ton 2003; Peng et al. 2004; Ortiz et al. 2008), although in cooler regions
we may expect grain yield increases. For example, rice grain yield
declined by 10% for each 1°C increase in growing-season minimum
temperature in the dry season in the Philippines (Peng et al. 2004). A
projected 10% yield reduction in maize will bring losses equal to U.S. $2
billion in Africa and Latin America (Jones and Thornton 2003). The
wheat yield is expected to decline 20% in China by 2070 (Hui et al. 2005)
and 13% to 32% in south Australia (Luo etal. 2005). Breeding for drought
and heat tolerance will therefore be the main task for adapting cereal
crops, particularly in the most affected areas of the developing world
(Long et al. 2006; Barnabds et al. 2008),

Furthermore, nitrous oxide (N,0) is a potent greenhouse gas generated .
through use of the manure or nitrogen fertilizer and susceptible to
denitrification, thus often unavailable for crop uptake and utilization.
Consequently, the transfer of nitrogen use efficiency (NUE) gene(s) to
main cereal staples will also be an important crop improvement goal to
react to climate change in an integrated and sustainable fashion.

It is not within the scope of this section to provide a comprehensive
review of drought, salinity, and aluminum toxicity. More extensive

“coverage of the problems and possible strategies to overcome them has
been presented elsewhere (Araus et al. 2002; Chaves et al. 2003; Samac
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and Tesfaye 2003; Condon et al. 2004; Bartels and Sunkar 2005;
Munns 2005; Parry et al. 2005; Reynolds et al, 2005; Slafer et al. 2005;
Tuberosa and Salvi 2006; Mathur et al. 2007; Barnabds et al, 2008;
Pennisi 2008; Takeda and Matsuoka 2008). The aim of this review is to
provide updates on novel sources of variation and genomic regions
" (quantitative trait loci; QTL) associated with abiotic stresses and trait-
based breeding for abiotic stress tolerance, and to assess the usefulness of
novel genes and regulatory pathways to increase abiotic stresses toler-
ance (drought, heat, salinity, and aluminum toxicity) in cereal crops..
Transgenic approaches for improving crops in high-stress environments
will need to address new and vigorous biosafety assessments before
obtaining regulatory approval. New. crop varieties with enhanced per-
formance in abiotic stress-prone environments are likely to be devel-
oped, and this in turn will increase competitiveness and have socioeco-
nomic downstream effects. However, new stress-tolerant crops obtained
as a result of transgenic interventions may pose serious questions
regarding their safety and impact on the environment. Although these
are important aspects, they do not fall within the scope of this chapter.

» II. NATURAL GENETIC VARIATIONS AND TRAIT-BASED
BREEDING '

Natural variation is the foundation of genetic improvement in plants.
Identification and utilization of undiscovered variation for abiotic stress
tolerance could enhance the adaptation of cereal crops. The Consultative
Group on International Agricultural Research (CGIAR) institutions house
336,325 accessions of cultivated and wild relatives of the major cereal
crops (http://singer.grinfo.net) that provide a unique resource for the
discovery of variation that eventually can be harnessed in crop improve-
ment programs. Precise phenotyping is the keytofinding and introducing
“new genes for abiotic stress tolerance. Phenotypic screens for drought,
salinity, and aluminum tolerance have been developed for identifying
tolerant germplasm and for dissecting the genetic, physiological, and
molecular basis of tolerance. Physiological and molecular understanding
of tolerance mechanisms will contribute toward developing more toler-
ant crops. In this section we discuss the progress made in identifying
germplasm resources tolerant to abiotic stresses, the physiological traits
associated with these stresses, genomic information for dissecting the
genetic structure and diversity in germplasm resources, and use of trait-
based selection to improve abiotic stress tolerance in cereal crops. -
Natural genetic variations for tolerance to drought (Table 2.1), salinity
" (Table 2.2), and Al toxicity (Table 2.3) have been reported in cereal crops.
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Wuyujing, Y134, Yumenohatamochi, Yunhui 290, Zale, Zhong-han 3, drought-
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core collection of 86 accessions

CML 449/CML 343, D 978, Danhuang 02, HI 209, HI 295, HI 536, HI1040,
Zheng 22

Tadmor, Ar_ta

Table 2.:1. Sources of drought tolerance in barley, maize, pear] millet, tice, sorghum, and wheat from 1996 to 2007.

Gharamalek, Giza 2000, IB78-26403, JR1 and JR2 of Hopfitfum spontaneum,

95TZEE-W, 95TZEE-Y, Ac7643, Ac7643Ss, Chang 3, GML 269/CML343,

8638, ICMP-83720, ICMV-9413, ICMV-94472, and PRLT 2/89-33

ASD 16, ASD 18, Azucena, Bala, Bg 300, Bg 400, CAR 3, CS 94, CT9993, Daitun 502,
“ Doddi, Gayabyeo, Han-501, Han-A03, Hu-han 3, Hu-han 7, IR55419-04, IR57514-

Barley (Hordum vulgare)

Maize (Zea mays)

Pearl millet (Pennisetum glaucum)
Rice (Oryza sativa)

Source
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From the published reports, it appears that the landraces and/or tradi-
tional cultivars provided a rich source of diversity for tolerance to these
stresses in maize, rice, wheat, barley, pearl millet, and sorghum.
Landrace is defined as an autochthonous (primitive) -cultivar with a
high capacity to tolerate biotic and abiotic stresses, resulting in high
yield stability and an intermediateyield level in a low-input agricultural
system (Zeven 1998), For enhancing the use of plant genetic resources in
crop breeding, researchers have developed core collections in barley,
maize, pearl millet, rice, sorghum, and wheat (reviewed in Dwivedi
etal. 2007), thus providing crop breeding programs with a systematic yet
manageable entry point into global germplasm resources. Trait-based
core collection for drought tolerance, consisting of 86 accessions (se-
lected after evaluating more than 2,000 rice accessions under rainout
shelter with a powerful water management system [www.plantstress.
com/methods/RAINOUT/Rainouts.htm]) has been reported for diverse
uses in rice breeding and genomics (Liu et al. 2006), More recently, the
Generation Challange Programme (GCP) provided support for the de-
-velopment of composite collections (3,000 accessions, or no more than
10% of the total number of available accessions for inbreeding crops and
1,500 accessions for outbreeding species where each accession must be
treated as a population) to cover global diversity for most of the CGIAR-
mandated crops including cereals, that have been molecularly profiled
using polymerase chain reaction (PCR)-based markers to study popu-
lation structure and form a genotype-based reference set (about 200-300
accessions) (www.generationcp,org) for diverse uses in breeding and
genomics studies. ' ‘ -
Malysheva-Otto et al. (2006) studied the molecular diversity in 953
cultivated barley germplasm (originating from various geographic areas
-worldwide, end use qualities, and form of spike) using 48 simple
sequence repeat (SSR) loci (distributed over the whole barley genome)
.and detected rich allelic diversity (799 alleles) with most of the molec-
ular diversity associated with geographic origin or agronomic traits. The
findings thus provide opportunities to identify germplasm with bene-
ficial traits for use in barley genetic improvement. Analyzing 3,942
accessions of the bread wheat originating from 73 countries with 38
SSR loci, Balfourier et al. (2007) detected 908 alleles and together with

passport data selected a subset of 372 accessions capturing most of the

geographic regions and 98% of the allelic diversity. There are large
numbers of landraces in rice, most of them untapped for rice breeding.
To better understand the allelic diversity, Thomson et al. (2007) studied-
the genetic diversity in 330 rice accessions, including 246 Indonesian
landraces, using 30 fluorescently leveled SSR markers, They detected
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394 alleles and characterized the landraces as 68% indica and 32%
japonica, with an indica gene diversity of 0.53 and a japonica gene
diversity of 0.56, and an Fy (fixation index, a measure of population

differentiation based on genetic polymorphism) of 0.38 between the two

groups. This turns out to be a valuable resource for improving Indonesian
rice. In an another example of the use of marker-based approach to broad-
ening the genetic base of rice in the United States, Xu et al. (2004a)
analyzed the genetic structure of 236 rice accessions using 113 restriction
fragment length polymorphism (RFLP) and 60 SSR loci. They detected
274 RFLP and 714 SSR alleles and identified a subset of 31 rice accessions
embodying 95% RFLP and 74 % of SSR alleles offering a valuable resource
for future crop improvement, Using 206 maize inbred lines (representing
temperate, tropical, and subtropical groups) and 94 SSR loci, Liu
ot al. (2003) detected 2309 alleles that grouped the inbred lines into five
clusters corresponding to major breeding groups and a set of lines showing

evidence of mixed origins. Further, comparison of diversity revealed that -

maize inbred lines capture about 80% of the alleles in the landraces and
identified a core subset of inbreds that capture maximum allelic richness
that can be used for a variety of genetic applications in maize. The
sorghum reference set of 384 accessions, selected from a composite
collection (3,367 accessions and 41 SSR loci data) captured 78% (615 of
the 789 alleles) allelic diversity of the collection (www.generationcp.org).

Wild relatives are the potential reservoirs of novel genes and alleles to
improve abiotic stress tolerance. Limited screening of the wild relatives
identified a number of accessions better adapted to drought and salinity
in barley and wheat (Tables 2.1 and 2.2) and to Al toxicity in wheat
(Table 2.3). In 110 wild emmer wheat accessions studied under two
moisture regimes (well-watered and water-limited conditions), Peleg et
al. (2005) detected wide genetic diversity between and within the wild:
emmer populations and greater productivity (spike-and total dry matter)
over controls under water-limited conditions. Most wild emmer wheat
accessions exhibited a greater carbon isotope discrimination (8**C) and
higher plasticity of §*°Crelative to controls, and populations originating
from hot dry locations showing outstanding drought-tolerance capacity.

- Nevo (2001) also reported wild emmer wheat germplasm as useful

genetic resources to improve drought tolerance in cultivated wheat.

A. Drought Tolerance

‘Breeding for drought tolerance is extremely challénging due to the
complexity associated with various stress-adaptive mechanisms, uncer-
tainity in onset of stress, and large genotype x environment interaction.
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Traditional approaches to improve drought tolerance in field crops have
S0 féi"'met with limited success. A number of factors contributed to low
genetic gain in drought-tolerance breeding: the focus on yield, lack of
simple physiological traits as a measure of tolerance, and complex
inheritance. Understanding the physiological basis of crop performance
under drought conditions will contribute to the identification and
manipulation of traits associated with improved water use efficiency and
yield under rainfed conditions. The most effective drought-adaptive
mechanism is drought avoidance through phenological escape, such as
early maturity to escape terminal drought (Reynolds et al. 2005; Slafer
etal. 2005). Using conventional crossing and selection, breeding for early
maturity has been successful in many cereal crops with potential to
escape for terminal drought stress. A review of breeding progress on
drought tolerance revealed that selection for high yield in stress-free

conditions has, to certain extent, indirectly improved yield under

different water-limiting conditions. Further progress will require the
introduction of traits that reduce the gap between yield potential and
actual yield in drought-prone environments. Plant physiology has pro-
vided new insights and new tools for understanding the complex
network of drqught-related traits (Tuberosa and Salvi 2006; de Dorlot
etal. 2007). Many QTL affecting yield under drought or the expression of

drought tolerance-related traits have been discovered, and these QTL

need further dissection to identify candidate genes to improve abiotic
stress tolerance through genetic engineering. Plant breeders should
integrate both physiological and genetic information by accumulating
the most effective QTL and/or transgenes to improve important phys-
iological attributes into new élite lines without incurring negative
effects on yield potential. This strategy is likely to lead tonew cultivars
with high yield potential and stability that in turn will result in_
superior performance in dry environments (Cattivelli et al. 2008),

1. Rice. Selection for high relative water content, panicle length, grains
per panicle, harvest index, biomass yield, root/shoot ratio, root length,
and low scores for leaf rolling, leaf drying, and drought recovery rate has
enabled researchers to improve drought tolerance and yield in rice
(Manickavelu et al. 2006). Donor lines with high drought tolerance,
identified through use of drought response index, are utilized in breed-
ing better-adapted cultivars for the rainfed lowlands (Ouk et al. 20086).
Lafitte et al. (2008) initiated large-scale backcross breeding by including
over160 donor cultivars from 25 countries to improve drought tolerance.
By evaluating these lines under drought conditions, they identified
several lines with significant variation in response to drought that they
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crossed to one to three recurrent parents and subsequently evaluated

* BC,F, (second backcross generation after F2) bulk populations under

drought in lowland or upland nurseries. While sévere stress eliminated
almost all seed set in recurrent parents, many putative drought-tolerant
lines produced grains under such stress conditions, thus representing a
useful resource to develop improved cultivars in rainfed or water-scarce
rice-growing regions. More recently, direct selection for grain yield under .
reproductive-stage drought stress showed 25% to 34% yield advantage
overrandom lines, when evaluated atstress levels similarto those inwhich
they were selected, and it was noted that the choice of donoris of particular
importance in breeding for drought tolerance (Venuprasad et al. 2007).
Furthermore, Kumar et al, (2008) also reported that selection under severe
drought stress (under both lowland and upland conditions) at the repro-
ductive stage resulted in greater gains under similar stress levels (yield
reduction of 65% or greater under siress) than did selection under non-
stress conditions with no yield reduction under nonstress conditions
(Kumar et al. 2008), The major QTL with large effects (32—33% variation)
for grain yield under drought conditions in upland and lowland rice have
recently been reported (Bernier et al. 2007; Kumar et al. 2007).

The ability of root systems to provide for evap oiranspirational demand
from deep soil moisture and capacity for osmotic adjustment (OA) are
now considered major drought-tolerance traits in rice. Azucena, a
japonica cultivar, is a good source of drought tolerance because of its
thick and deep root system. Four QTL on chromosomes 2, 7, 9, and 11
contribute between 5% to 30% phenotypic variance for these traits.
Using marker-assisted backcross, Steele et al. (2006) successfully trans-
ferred QTL on chromosome 9 in near-isogenic lines (NIL) in Kalinga IIL
genetic background that consequently showed significantly increased
root length under both irrigated and drought-stress environments. Shen

“et al, (2001) also showed the effectiveness of QTIL-based transfer of root
traits from Azucena to NIL in IR64 genetic background. Several shoot-
related traits (rapid leaf rolling, rapid stomatal closure, high water use
efficiency, thick epicuticular wax, osmotic adjustment, dehydration
tolerance, membrane stability, and photoinhibition resistance) also
confer drought tolerance (Price et al. 2002c and references therein).

NERICA, new rice for Africa, was developed from a cross between
African rice (Oryza glaberrima Steud.) and Asian rice (O. sativa L.},
combining the local-stress adaptation of African rice with high yield
potential of the Asian rice, revolutionizing rice farming in sub-Saharan
Africa. The characteristics of NERICA are profuse early vegetative

~ growth giving rapid ground cover and upright growth at reproductive
stage, enabling plants to support heavy seed heads from maturity to
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harvest. In addition, NERICA matures early (90~100 days), is tolerant to
drought, and resistant to pest and diseases. High growth and grain yield
of NERICA under drought conditions is associated with high stomata
conductance and low water uptake (Fujii et al, 2004),

2. Wheat. Early flowering has the potential to avoid terminal drought.
The relative contribution of stem reserves and ear photosynthesis to
grain yield varies depend on genotypes and environments, and reduc-
tion in photosynthetic assimilation under postanthesis moisture stress
induces greater stem reserve mobilization and utilization by the grains,
Thus, a significant proportion of reserves usually are retranslocated to
grains under drought to buffer effects of accelerated leaf senescence
(Bidinger etal. 1977; Schnyder, 1993; Blum et al. 1994; Blum 1985; Yang
~etal. 2000), Foulkes et al. (2007) studied the association of specific target
traits (early flowering, high accumulation of stem water-soluble carbo-
hydrate [WSC] reserves, presence of awns, and high green flag-leaf area
persistence) under late-season drought to quantify associations between
target traits and yield response to drought to prioritize traits. Their study
revealed that flowering time variation had neuiral effects on absolute
yield loss under drought, suggesting that there may be a trade-off
between water-saving behavior in the shorter preflowering period with
early flowering and a reduced capacity to access water associated with a
smaller rooting system. The potential advantage of awns for increased
water use efficiency (WUE) and sensible heat transfer responsible for a
' cooler canopy is of less significance under moderate drought than under
severe drought. Stem WSC is positively associated with grain yield
under both irrigated and drought conditions while green flag-leaf area
" persistence is clearly associated with the ability to maintain yield under
drought, demonstrating its potential usefulness as a selection criterion
for yield under drought. A combination of flowering time, stem WSC,
and green flag-leaf persistence may therefore be useful as indirect criteria
to select for drought tolerance. More recently, Zhang et al. (2008) mapped

three 1-fructan exohydrolases genes (1-FEH) to Chinese Spring chromo- -

some BA, 6B, and 6D that corresponded to published 1-FEH w1 (64),
1-FEH w2 (6D), and 1-FEH w3 (6B) cDNA sequences. The overall
correlation of the mRNA accumulation profile for the 1-FEH genes in
stem and sheath leaf tissue in relation to the profile of soluble carbohy-
drate accumulation was consistent with their postulated role in stem
soluble carbohydrate accumulation, The accumulation of the 1-FEH-6B
(1-FEH w3) mRNA was 300-fold greater than that of 1-FEH-6A and 1FEH-

6D. Thus, 1-FEH-6B can serve as new class of molecular marker to select ‘

for stem carbohydrates and grain filling in wheat breeding.
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High WUE or transpiration efficiency (TE) in wheat is a desirable
physiological trait for increasing grain yield under water-limited envi-
ronment. Stable carbon isotope composition (8*°C) of dry matter has
been widely investigated as a'selection tool in cereal breeding programs.
However, reports on the possibilities of using stable oxygen isotope
composition (5*°0) as yield predictor are very scarce and only cover
stresses other than water stress. Ferrio et al. (2007) studied the relation-
ships of grain §*°C and §'®*0-with wheat phenology and yield under
water-limited conditions. Both §*°C and 8'°0 showed higher broad-
sense heritability than grain yield. Grain yield was negatively correlated
with 8*3C but not with §*80. Both isotopes were correlated with grain
filling duration, whereas 8*°0 was also affected by crop duration from
planting to anthesis, 8*°C in grains is therefore a more robust tool as its
relationship with grain yield is independent of phenology under drought
conditions while 8*®0 under such conditions is not independent of
phenology. Selection for low 8*°C in the drier environments showed
increased grain yield, greater biomass, harvest index, and grain weightin
wheat, which resulted the release of the drought-tolerant wheat cultivars
Drysdale and Rees in Australia, with no yield penalty in absence of soil
water deficit (Rebetzke et al. 2002; Richards et al. 2002; Condon
ot al. 2004), Molnér et al. (2007) used wheat-barley 4H(4D) disomic
substitution lines to study the ability of barley 4H chromosome to
compensate for wheat 4D in response to mild drought stress. Their study
revealed that genes localized on the 4H chromosome of barley are able to
increase the WUE of the wheat substitution line and are thus suitable for.
improving wheat through intergeneric crosses. More recently, Tambussi
et al. (2007) reported that ears of barley and durum wheat have a higher
WUE pstantaneons than flag leaf, both under well-watered and drought

* conditions, probably because of higher refixation' capacity (i.e., the

capacity to reassimilate respired- carbon dioxide [CO,]). At the crop
level, decreasing soil evaporation is a crucial factor to improve WUEy;e1a
in Mediterranean conditions for which the early vigor (fast initial growth
of the crop) seems to be the relevant trait. Modern wheat cultivars with
gibberellic acid-insensitive dwarfing genes have higher yields but, con-
comitantly, have lower initial growth performance. However, some
newly developed giberellic acid-sensitive semidwarf cultivars with high
grain yield and high early vigor have been bred, thus opening new
avenues to increase WUEy;e1q in wheat. '

Wheat productivity under drought conditions is strongly related to
photosynthetic activity and TE. TE can be evaluated at the leaf level as
‘the ratio of leaf CO, exchange rate (CER) to stomatal conductance (g)
(Xue et al. 2002), Photosynthesis-related traits at anthesis and carbon
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isotope discrimination (A) in flag leaf at anthesis (AL,) and in grains at
maturity (AGy,) under rainfed and irrigated conditions in five durum
~wheat cultivars grown under Mediterranean environmental conditions
show highly significant correlation between both AL, and AG,, under
rainfed conditions, leaf CER, g, and internal to ambient CO, concen-
tration ratios (Monneveux et al. 2008b). AG,, was correlated negatively

with TE under rainfed conditions, and positively under irrigated con- -

ditions. At both conditions, AG,, was positively associated with grain
yield, while AL, and grain yield were notrelated. Breeding for high AG,,
would therefore lead, under Mediterranean drought conditions, to high-
er stomatal conductance, lower TE, and higher grain yield.
Senescence is an important stage of plant development, characterized
by the loss of the green pigments regulated by specific genes (Rampino
et al. 2006 and references therein), Elucidation of the molecular basis of
stay-green is not only relevant to understanding the senescence phe-
nomenon but also has potential significance for yield improvemnient.
Rampino et al. (2006) characterized a mutant of durum wheat cultivar
Trinakria as a delayed leaf senescence type, and analysis of photosyn-
thetic parameters showed that this.mutant is functionally stay-green.
The differentially expressed cDNAs in the mutant showed homology
' with photosynthesis-related genes. Further analysis using reverse tran-
scriptase-polymerase chain reaction (RT-PCR) revealed altered expres-
sion profiles of these genes in the stay-green mutant. This mutant
therefore has potential to increase yields by extending the period of
active photosynthesis during grain filling, especially in water- and
nitrogen-limited environments where postanthesis photoassimilation
is a likely limit to yield. ' .
The International Maize and Wheat Improvement Center (CIMMYT) is
using resynthesized wheat derivatives (obtained from interspecific hy-
bridization of the ancestral genomes) and landraces originating in abiotic
stress environments to increase the allelic diversity for drought tolerance
in wheat. Reynolds et al. (2007) recently reported that some of the
drought-adapted landraces were not only distant from the control culti-
vars but also showed significant allelic diversity among themselves,
Further, they demonstrated that improved performance ofresynthesized
wheat-derived lines compared with their recurrent parents was not
associated with a larger overall increase in root dry weight but with

increased partitioning of root mass to deeper soil profiles (between60cm . -

and 120 cm) and increased ability to extract moisture, Under drought
‘conditions, the best Mexican landraces showed superior ability to extract
water from soil depth as well as increased concentration of soluble
carbohydrates in stem shortly after anthesis, CIMMYTis making strategic
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crosses based on theoretical combination of useful stress-adaptive traits .

" (high biomass under drought combined with favorable expression of .

physiological traits such as stem carbohydrates, water extraction char-
acteristics, and transpiration efficiency) with a view to realizing additive
gene action in selected progeny. It is yet to be seen whether such strategic
crosses based on theoretical combination of useful stress-adaptive traits -
have anymerit to exploit additive gene action with desired combinations
of traits into progenies since compensatory or adversary mechanisms may
be in operation to offset the gains. '

3. Maize. In maize too, drought at flowering reduces grain yield

. substantially. Drought causes a delay in silking, an increase in anthesis

silking interval (ASI) and therefore a decrease in grain yield. ASIis an

~ important secondary trait with relatively high heritability and more

stability than grain yield. Zaidi et al. (2004) evaluated the performance
of hybrid progenies of drought-tolerant populations in stressed
(drought and low-N) and unstressed environments and concluded
that recurrent selection for midseason drought tolerance in maize
resulted in morpho-physiological changes (reduced ASI, increased
ears per plant, delayed senescence, and relatively high leaf chloro-
phyll content during the late grain filling) that proved advantageous
under both drought and low-N stress, without incurring significant
yield penalties, Selection for tolerance to midseason drought stress

_consistently reduced ASI and increased ears per plant under both

drought and low-N stress, and these constitutive changes facilitated
not only synchronization but also decreased ears and kernel abortion
under stress conditions, Using recurrent selection, Monneveux et
al. (2006a) demonstrated significant yield gains as a means of improv-
ing tropical majze source populations under water deficit conditions
associated with a significant increase in numbers of ears per plant .
and grains per ear concomitant with significant reductions in ASI,
ovule number, and abortion rate during grain filling. The mechanism
underlying thése changes also caused improved partitioning of assimi-
lates to the ear at flowering at the expense of tassel and stem growth.
Osmotic adjustment (OA) contributes effectively to yield maintenance
under drought ¢onditions. Chimenti et al. (2006) demonstrated that OA
.contributes to drought tolerance in maize crops exposed to water deficit
both before and during flowering and that the trait carries no yield
penalty under irrigation. High-OA maize population extracted signifi-
cantly more water from deeper in the soil, exhibited higher leaf area and
“harvest index and higher grain yields, in drought-stressed crop at flower-
ing than the low-OA population. - '
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In 1997, CIMMYT initiated a product-oriented breeding program
targeted at improving maize for drought-prone mid altitudes of southern
Africa. When compared a number of CIMMYT-bred hybrids with re-
leased and prereleased hybrids produced by private seed companies in
36 to 65 trials across eastern and southern Africa, the hybrids from
CIMMYT’s stress breeding program showed a consistent advantage over
private company hybrids at all yield levels (average yield ranging from
less than 1tha™* to above 10tha™"), with largest selection differentials
between 2 and 5 tha™" yield levels, The 40% yield advantages at the 1t
yield level were decreased to 2.5% at the 10 t yield level. It appears that
selection under high-priority abiotic stress conditions, including
drought, by a breeding program with adequate weighing can significantly
increase maize yields in a highly variable drought-prone environment
and particularly at lower yield levels (Banziger et al. 2008).

' A number of QTL associated with drought tolerance traits have been

reported in maize (Section IILA, Table 2.4). The introgression of favor-
able alleles at five target regions controlling yield components and
flowering traits increased grain yield and reduced the asynchrony
between male and female flowering under water-limited conditions.
More recently, Ribaut and Ragot (2007) recovered 85% of the recurrent
parent genome at nontarget loci by using marker-assisted backeross
(MABC) selection in four generations by screening large segregating
populations for three of the four generations. They crossed selected
MABC-derived BC,Fs families with two testers that they evaluated
under different water regimes. Mean grain yield of MABC-derived
hybrids was consistently higher than that of control hybrids under
severe water conditions. The best five MABC-derived hybrids under
those conditions yielded, on average, at least 50% more than control
hybrids. However, under mild moisture stress, defined as resulting in
<50% yield reduction, no difference was observed between MABC-
derived hybrids and the control plants, thus confirming that genstic
and transcriptional responses to drought are dependent on stress
- intensity. ' o , ' .

More recently, Monneveux et al. (2007} used carbon isotope discrim-
ination (A) as a selection criterion for yield under drought and well-
watered conditions in different organs of maize inbred lines differing for
drought tolerance. Drought stress significantly increased A in all organs
and was higher in leafs than ears and silk, Under drought, tolerant inbred
lines showed significantly higher A than susceptible ones. There was a
significant positive correlation amongleaf, ear, sitlk A, and ear dry weight
at flowering, a trait closely associated to grain yield. Further, drought-
tolerant hybrids have significantly higher grain yield and A than the

(continued)
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Table 2.4. Quantitative trait loci (QTL]/nﬁarkers associated with drought tolerance in barley, maize, pear! millet, rice, sorghum,

and wheat from 1996 to 2008.
8 of the 10 QTL for grain §'°C colocated with QTL for physiological traits related to plant water status and/or
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Reference
Dashti et al. 2007
Snape et al. 2007
Kirigwi et al. 2007
Kubo et al. 2007

et al. 2007
Farshadfar and
Mohammadi 2005
Shahram-Moammady
et al. 2005
Verma et al. 2004

Sanguineti

hromesome 4A associated with yield and yield components 15% to 41% variation; Xwmc89 linked

(Continued)
onc

stress, with QTL effects ranging from 13% to 34%; several QTL for drought tolerance indicators with effects

ranging from 13% to 36%
Genes on homologous group 2 chromosomes associated with stay-green variation under drought; a stable QTL on

chromosome 2AL {at Xgwm294), 7AL (at Xcfa2257 and Xgwn332), and 7BL (at Xgwm577 and Xcfa2040)

chromosome 6A consistent in different populations, seasons, and environments (drought and irrigated) -
Several drought-tolerance QTL on chromosomes 7A, 4D, 6D, and 2D in Sheynne background

A grain yield QTL on chromosome 4AL associated with improved performance under reduced moisture; several -

disc, root penetration index; a QTL for root dry weight linked to Xgwn11 on chromosome 1B
15 chromosome regions significantly associated with variability in root architecture, major. effects on

with all QTL (7.7 cM)
Xgwn617a and Xgwm427b on long arm of chromosome 6A associated with number-of roots penetrating the PV

‘QTL

6 QTL for 1,000-grain weight, 1 for grain yield, 3 for peduncle length, and 5 for grains per pénicle under drought

QTL for senescence on chromosomes 2B and 2D under drbught—snessed and o_ptimél environments

Multiple genetic loci for the leaf carbon isotope discrimination (5*°C)

Summary of QTL/marker information

Table 2.4.
Wheat
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controls; however, no correlation between A and grain yield within
tolerant hybrids was detected. It was concluded that use of A appears an
accurate measure for a first screening of lines or hybrids highly con-
trasting for drought tolerance but not for a more advanced selection
among tolerant hybrids.

4, Barley, Using participatory plant breeding in water-limited envir-
onments in Syria, Ceccarelli et al. (2007) developed two breeding lines
with grain yield potential of about 600 kg ha™!in situations where the
farmers did not consider it worth harvesting the local landrace. On
average, the new lines outyielded the local landrace by 89% to 108%.
Forster et al. (2004) tested a wide range of barley germplasm (cultivars,
landraces, and wild relatives) and identified positive traits associated
with drought tolerance in each gene pool that they crossed. When this
material was evaluated under varying moisture regimes in contrasting
environments, some of the progenies outperformed the best local
cultivar. Several QTL associated with drought-responsive traits cluster
around major genes controlling flowering time (sghl), plant stature
(sdwi and arieGP), and ear type (vrsi). These associations probably
represent pleiotropic effects of the developmental genes on drought
responsive traits, Hordeum spontaneum 41~1 when crossed with Arta
contributed drought and cold tolerance in its progenies in addition to
contributing positive alleles for agronomic traits (Baum et al. 2003).
Barley primitive landraces and related wild gene pools show greater
variation to abiotic stresses. The fingerprinting of these gene pools
revealed DNA markers associated with site-of-origin eco-geographic
factors as well with the experimentally imposed stresses. Genotypes
and collection sites show the desired variation for particular stresses.
They have been genetically mapped, and the marker/QTL association
can be used to select for drought tolerance (reviewed in Forster et
“al, 2002). As in wheat, several QTL associated with grain §*°C in barley
have been reported from drought-prone adapted cultivars and many
colocated with QTL for physiological traits related to plant water
status, osmotic adjustment, and/or for agronomic traits (Teulat
. et al,-2002). . ' .

Guo et al, (2008) identified two major loci on chromosome 2H at
116.cM and 135.7 cM, contributing 9% and 15% phenotypic variation
associated with chlorophyll fluorescence parameters under postflower-
ing drought conditions in barley. This observation, which is in agree-
ment with the results from wheat by Araus et al. (1998), suggests that
Ghlorophyll fluorescence could be used as a selection criterion for grain
yield under drought conditions. :
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5. Pearl Millet. Genotypes that flower early, possess few but effective

basal tillers, are low in biomass, and have high harvest index (including
panicle harvest index) perform better under terminal drought stress
(Yadav et al. 2003b; Bidinger et al. 2005). Trait-specific QTL (grain yield,
grain number, individual grain mass, and harvest index) associated with
terminal drought tolerance have beenreported in pearl millet (Table 2.4).
Recently, Bidinger et al..(2007) identified three QTL (on LG 2, LGS, and
LG4) as primary candidates for marker-assisted selection for improved
grain yield across variable postflowering moisture stress environments.
The QTL on LG2 and LG3 explained 13% to 25% of variation for grain

- yield across environments. These QTL comapped with QTL for harvest
index across environments and with QTL for both grain number and
individual grain mass under severe terminal stress, Neither QTL had a

. significant QTL X environment interaction. Both QTL are linked to SSR
markers and are therefore amenable to efficient marker-assisted selection
(MAS). The predicted response for each of the identified grain yield QTL
into other genetic backgrounds by MAS ranged from 7 to 10gm™?
(70~100 kg ha™") across environments and as much 16 gm™? in individ-
ual moisture environments.

6. Sorghum. Both preflowering and postflowering drought siress are
reported to significantly reduce the grain yields in sorghum. Postflow-
ering drought is associated with stay-green, and such genotypes retain
‘greater green-leaf area, higher levels of stem carbohydrates, and higher
transpiration’ efficiency than non-stay-green genotypes (Borrell
etal. 2000a,b,c; Mahalakshmi and Bidinger 2002). Several chromosome
regions with major effects on stay-green phenotype have been reported
in sorghum, and some of these regions are syntenic with regions of the
maize genome associated with stay-green (see Section III.A). Other
traits associated with drought resistance include heat tolerance, tran-
spiration efficiency, rooting depth and patterns, and epicuticular wax
(reviewed in Rooney 2004). Limited studies at the International Crops
Research Institutue for the Semi-Arid Tropics (ICRISAT) revealed that
stay-green genotypes had a larger proportion of roots (15% to 35%) in
the deeperlayers of soil (deeper than 150 cm) than senescent genotypes

(5% to 10%) under drought stress conditions. Interestingly, stay-green -

and senescent genotypes did not vary for root length under well-

watered conditions (ICRISAT 20086). Selection for stay-green trait has .

been the most effective approach to enhance postflowering drought
tolerance in sorghum (Rooney 2004). Harris et al. (2007) constructed
near-isogenic lines containing 1. to 4 stay-green QTL that showed
delayed onset of leaf senescence under pos‘tanthesis water deficit

2. ENHANCING ABIOTIC STRESS TOLERANCE IN CEREALS ' 59

conditions, ICRISAT has also initiated marker-aided introgession of
stay-green QTL into elite parental background for enhanced postflow-

~ ering drought tolerance in sorghum. Some of the marker-based intro-

gressed lines containing stay-green QTL, when evaluated for grain
yield under water-stressed and well-watered conditions under vertisol

- at Patancheru (India), showed significantly higher grain yield under

moderate water-stressed than under well-watered conditions
{(ICRISAT 2007), :

. B. Salinity Tolerance

Salinization is the accumulation of water-soluble salts in the soil to a
level thatimpacts on agricultural production, environmental health, and
economic welfare, A soil is considered saline if the electrical conduc-
tivity of its saturation extract (EC,) is above 4 dS m™*. Salinity stress

inhibits plant growth due to reduced water uptake and ion toxicity. Soil -

salinity can also induce nutritional imbalances in. plants. Seepage
salinity and transient salinity are the two major forms of the dryland
salinity, The former is caused by rising water tables that mobilize salts in
the soil and brings them into the root zone while the latter is associated
with accumulation of natural occurring high salt loads in sodic soils
(reviewed in Rengasamy 2006). Salt tolerance is a complex trait, con-
trolled by many genes encoding specific channel proteins, structural
components, and regulatory protein such as kinases. Inadequate screen-
ing techniques, low selection efficiency, and limited knowledge of the
stress and environmental interactions have contributed to slow progress

in breeding salinity-tolerant crops (Gregorio et al. 2002; Flowers and _

Flowers 2005; Ismail et al, 2007),

Barley, rice, and wheat are the most extenéively studied cereal crops-

for understanding the physiological basis of salt tolerance. The key traits
that govern salt tolerance include salt exclusion orlow uptake, enhanced
potassium/sodium (K*/Na*) discrimination, retention of toxic ions in
structural and older tissues, tissue tolerance, responsive stomata that
close faster upon exposure to salt stress, up-regulation of antioxidant
systems for protection against reactive oxygen species, osmotic adjust-
‘ment, enhanced vigor, water use efficiency, early flowering, and vigorous
growth to dilute salt concentration in plant tissue (Colmer et al. 2005;

- Ismail et al. 2007).

_ 1, Rice, Several sources of salt tolerance have been reported in

rice (Table 2.2). Many are already used as.donor parents in breeding
programs, A few salt-tolerant lines have been released as cultivars for
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‘Mano and Takeda 1997

Manneh et al. 2007
Lee et al. 2007

Lin et al. 2004
Koyama et al. 2001
Ma et al. 2007
Lindsay et al. 2004
Dubcovsky et al. 1996

Reference

, with gSNC-7 for shoot Na* and gSKC-1 for shoot K-+

Quantitative trait loci (QTL)/markers associated with salt tolerance in barley, rice, and wheat from 1997 to 2007.

concentration in durum wheat, and markers linked to Nax1 locus also associated with low Na* progeny in a

genetically unrelated population . .
Higher K*/Na™ ratio in leaves of bread wheat correlates with its higher salt tolerance, controlled by single locus,

effective during germination stage and QTL on chromosome 6DL tothe seedling stage while QTL on

chromosome 3AS and 3BL effective at both the germination and seedling stages
Nax1, a salt tolerance locus mapped on chromosome 2AL, accounted for 38% variation for low Na*

chromosomes 1 and 4; and 2 QTL for Na*:K™ ion ratio on chromosomes 1 and 4 (18.7%)

concentration explained 40% to 48% variation . )
1 QTL for Na™ uptake on chromosome 1 (8% variation); 3 QTL for K* uptake on chromosomes 4, 6, and 9

" (34% variation); 2 QTL for Na* concentration on chromosomes 4 and 6;.2 QTL for K* concentration on

Knai, and completely linked with Xwg199, Xabc305, Xbcd402, Xpsr567, Xpsr375

"5(1H), 6(6H), and 7(5H)

. and 3, respectively )
8 QTL for salt tolerance traits on 5 chromosomal regions

QTL for salt tolerance at germination on chromosomes 4(4H), 5(1H), 6(6H), 7(5H) while at éeedling stage on 2(2H),
8 QTL detected in more than 1 test condition, markers explaining between 37% and 48% variation .in yield

gST1 and qST3 confer salt tolerance, 35% to 37% variation at young seedling stage, mapped on chromosome 1
47 QTL for salt tolerance: 10 at the germination stage while 37 at the seedling stage; QTL on chromosome 4DL

Summary of QTL/marker information

Table 2.5.
Barley
Rice
Wh.eat'
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salt-affected areas in India, Indonesia, Philippines, Thailand, and Viet-
nam (Gregorio et al. 2002; Ismail et al. 2007). In a large-scale backcross
Breeding program using 3 recurrent parents and 203 donors representing
a significant portion of the genetic diversity in the primary gene pool of
rice, Ali et al, (2006) demonstrated significant progress toward devel-
oping large numbers of introgression lines with improved tolerance.
Introgression of genes from a diverse source of donors into elite genetic

"backgrounds through backcross breeding and efficient selection under
severe stress conditions is a powerful way to exploit hidden diversity for
improving abiotic stress tolerance.

Several QTL associated with salt tolerance have been reported (see
Section IIL.A; Table 2.5). A microsatellite marker, RM223 on chromo-
some 8, associated with salt tolerance at both vegetative and reproduc-
tive stages, predicted the performance of Fg plants under salt stress with
greater than 80% accuracy (Lang et al. 2001). A major QTL, Saltol, fine
mapped (within 1.2Mb), is currently being introgressed into several
popular rice cultivars using MABC breeding (Ismail et al. 2007). Using
stepwise multiple regression analysis, Manneh et al. (2007) identified

“superior genotypes based on their marker signatures, thus overcoming
the problem of low selection efficiency encountered during phenotypic
selection for yield under saline environment. A candidate gene for salt
tolerance, OsHKT8, has been identified (Ren et al. 2005), and this might
be agood source to introduce salt tolerance into otherrice cultivars using -
a transgenic approach, '

2. Wheat and Barley, Genetic variation in leaf Na™ and K*/Na*
discrimination ratio have been reported in barley and wheat (Table 2.2).
Bread wheat maintains a lower shoot Na* concentration than durum
"wheat. Barley uses a different mechanism to cope with salt than wheat
does. Rather than excluding salt, barley absorbs, compartmentalizes and
tolerates it within the plant leaves—a mechanism known as tissue
tolerance, The plant uses the segregated salt to balance the pressure
from the salt in the soil (Colmer et al. 2005). The potential sources of
tissue tolerance have also been reported in Triticum species (Munns and
James 2003), A novel source of Na* exclusion conferring salt tolerance
has been found in durum wheat, Line 149, which has low Na™* con-
centrations and high K™/Na™ ratios in the leaf blade similar to bread
wheat (Munns et al. 2000). It contains two genes, Nax1 and Nax2, that
exclude salts from different part ofthe plant; Nax1 is expressed in leaves
‘while Nax2 is expressed in the roots (Munns et al. 2003). The physio-
logical traits associated with Na* accumulation include the rate of
transfer from the root to the shoot (xylem loading]———tﬁis was much
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lower in Line 149—and the capacity of the leaf sheath to extract and
sequester Na™ as it enters the leaf (Davenport et al. 2005).

Screening for salinity at three-leaf stage has been more likely to reveal
salinity tolerance in both wheat and barley genotypes than in advanced
growth stages, and the K*/Na™* ratio could be used as selection criteria
for salinity tolerance as it is highly correlated with seed and straw yields

(Tajbakhsh et al. 2006; Thalji and Shalaldeh 2007). Salinity causes not .

only ion toxicity and imbalance, but also low photosynthesis in plants.
Stomatal conductance and chlorophyll content in leaves can be mea-
sured by a nondestructive, rapid, and easy technique using a porometer
and soil-plant analyses development (SPAD) meter, respectively.
El-Hendawy et al. (2007) reported genetic variation in net photosyn-
thetic rate, stomatal conductance, and SPAD values while screening for
salinity tolerance in wheat, thus demonstrating the potential of SPAD
reading as a tool for large-scale screening for salt tolerance,

Large genetic variations for Na™ and chlorine (C17) exclusion have
also been reported in wild relatives of wheat and barley (Table 2.2).
Several wild Hordeum species including H. vulgare subsp. spontaneum
had better Na* and Cl~ exclusion and high leaf K* concentration while
bread wheat progenitors [Aegilops tauschii, DD genome and Triticum
urartu, AA genome] and resynthesized wheat hexaploids involving
T. urartu showed enhanced Na™ exclusion or K*/Na™ discrimination
(Colmer et al. 2005). Interestingly, wild relatives of wheat have shown
higher salt tolerance than bread wheat, with wheat-tall wheatgrass
(Agropyron elongatum) amphiploids showing better salt tolerance and

less reduction in grain yield in comparison with control cultivars under

high saline conditions. Lophopyrum elongatum is a wild relative of
wheat that provides a source of novel genes for improvement of the salt
tolerance of bread wheat because of its improved Na™ exclusion asso-
. ciated with salt tolerance. Chromosome 3E largely (ca. 50%) controlsthe
regulation of leaf Na* concentrations in wheat-L. elongatum amphi-
ploids. Mullan et al. (2007) used comparative genomics to identify wheat
orthologs of Arabidopsis genes involved in Na* regulation during salt
stress. The majority of exons for Arabidopsis, rice, and wheat orthologs
_of NHX1, NHX5 and SOS1 were conserved except for those at the amino
and carboxy terminal ends. However, additional exons were identified in
the predicted rice and wheat NHX1 and SOS1 genes as compared with
Arabidopsis, revealing gene rearrangement during evolution from a
common ancestor. The identification of wheat orthologs of Arabidopsis
genes, map locations, and gene expression profiles will increase our
knowledge of the complex mechanisms regulating Na™ transport in
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wheat and wheat-L. elongatum lines under salt stress. In conclusion,
wheat-L: elongatum substitution lines will be suitable for developing
wheat germplasm with reduced Na ™ accumulation. Thinopyrum bes-
sarabicum Savul is tolerant of high levels of salt (upto 350 molm™ of
NaCl) because it can limit the accumulation of sodium and chloride ions
in its leaves (Gorham et al. 1985). A new salt-tolerant cereal, Tritipyrum,
an amphiploid involving wheat and Th. bessarabicum, has been devel-
oped and is the most salt tolerant at 150 molm™2; hence genes from
Th. bessarabicum have the potential for breeding salt-tolerant wheat
(King et al. 1997a,b). '

Targeted breeding for salt tolerance in wheat resulted in the successful
release of a few salt-tolerant cultivars in India, Pakistan, Egypt, and the
United Kingdom (Munns et al. 2006). Using highly accurate selection
methods, the newly identified source of salinity tolerance, and molec-
ular markers associated with salt tolerance (Lindsay et al. 2004), CSIRO
(Commonwealth Scientific and Industrial Research Organization,
Australia) researchers developed durum wheat lines, which are now in
advanced field trials in Australia, with same level of salt tolerance as
bread wheat (www.kondinin.com.au). .

3, Maize, Genetic variation for salt tolerance has been reported in few
commercial cultivars, hybrids, and landraces (Table 2.2). Using relative
root length at salinity threshold (NaCl congentration at which root growth
start to decrease) and salt concentrations at which roots stop growing,
Khan et al. (2003) detected considerable differences between accessions.
The expression of root growth as a function of NaCl concentrations
provides a useful guideline for salt tolerance in maize. More recently, de

. Costa et al, (2007) reported that the combination of partial osmotic

adjustment, possible reduction of the sensitivity of leaf growth under
salt stress to increased abscisic acid (ABA) concentrations, and growth-
promoting function regulated by ABA is responsible for resistance in the
first stage of salt stress in maize and that the genotypic variation in these
mechanisms can be utilized to breed salt-resistant genotypes in maize.

4, Sorghum and Pear] Millet. Whole-plant tolerance to salinity in
sorghum and pearl millet is associated with reduced shoot Na™ con-
centration while K¥/Na* and Ca®*/Na™ ratios are of lesser importance.
Genetic variation exists for salt tolerance biomass production (Table 2.2)
and that Na™ exclusion from the shoot may be a major mechanism °
involved in that tolerance in sorghum and pearl millet (Krishnamurthy
“et al. 2007a,b). ' ‘
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C. Alumiﬁum Toleranée

Aluminum (Al) resistance can be achieved by the mechanisms that
facilitate Al exclusion from the root apex (Al exclusion) or by mechan-
isms that confer the ability of plants to tolerate Al (Al tolerance).
Exclusion ‘mechanism is based on Al-induced carboxylate (malate,
citrate, and oxalate) release from the growing root tip under acidic soils
while tolerance is based om the internal detoxification of Al with
carboxylate ligands and the sequestration of the Al-carboxylate com-
pleXes in the vacuole (Kochian et al. 2005). Eticha et al. (2005) studied
the maize cultivars differing in Al resistance for variation in cell-wall
(CW) pectin content and its degree of methylation in root apices
and concluded that in addition to the release of organic anions and
Al-inducible changes in organic acid synthesis and compartmentaliza-
tion (Pifieros et al. 2002; Mariano and Keltjens 2003), differences in CW

pectin and its degree of methylation contribute to genotypic differences

in Al resistance in maize (Pifieros etal. 2002; Mariano and Keltjens 2003).
Hematoxylin staining of root tips (Polle et al. 1978) and root growth
evaluations (Baier et al. 1995) are the most widely used methods to

screen for Al tolerance. The former is a qualitative measure, but the latter .

provideés a quantitative measure of root health.
Novel genetic variations for Al tolerance associated with increased
root length following exposure to Al have been reported in cereal crops

(Table 2.3),representing a valuable resource for expanding the diversity '

of the gene pool from which Al-tolerant cultivars can be developed. For
example, AFLP analysis of 35 ‘Al-tolerant landraces in wheat revealed
that the germplasm are genetically diverse, which may offer unique
combinations of alleles for improvement of cultivated wheat (Stodart
et al. 2007). In another study involving 590 wheat accessions from
diverse geographic regions or breeding programs; Zhou et al. (2007a)
identified 88 accessions tolerant to Al toxicity. When molecularly
profiled using SSR markers, they detected two major clusters, an Asian
and an American-European cluster, and hence new germplasm for Al
resistance different from those derived from Brazil. Similarly, a global
SSR-based genetic diversity analysis using a broader sorghum set
revealed the presence of both multiple Altsp alleles and different Al
tolerance genes within highly related accessions (Caniato et al. 2007).
These results suggest that efforts toward broadening the genetic basis of
Al tolerance may benefit from a detailed analysis of Al-tolerance gene
diversity in crop plants. . ' :

Several key genes associated with resistance to Al have been reported
in barley, sorghum, and wheat, but it appears that more complex inher-
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itance governs Al resistance in maize and rice (Samac and Tesfaye 2003;

‘Kochian et al. 2005). Targeted breeding for Al resistance in wheat has led

to the development and release of Al-resistant cultivars in Brazil,
Australia, and the United States. Several resynthesized wheat and
advanced backcross lines of barley and wheat, all possessing resistance
to Al toxicity, have been developed (Samac and Tesfaye 2003; reviewed
in Dwivedi et al. 2007). Further, database searches revealed that Al
tolerance derived from Brazilian sources has been utilized in over
100. cultivars released internationally (www.genbank.vurv.cz/wheat/
pedigree/). '

A wild relative of wheat, goatgrass (Aegilops uniaristata), has been
reported as a useful source of Al tolerance. The 3n chromosome carrying
the Al-tolerant gene has been transferred into a wheat cultivar, Chinese
Spring, However, this introgression also led to the transfer of the unde-
sirable “split neck break” trait. Subsequently, the undesirable effect was
reduced either by inducing recombination between wheat and 3n or by
irradiation with fast neutrons and highly aluminum-tolerant lines, which -
the CIMMYT breeders are using to transfer into a range of popular wheat
cultivars from Brazil, Ethiopia, Kenya, and Nepal (www.dfid-psp.org/
ccstudio/publications/Annual Report/2004_aluminum.pdf). Further, an
SSR marker, barc 1040, has been found to be associated with Altolerance
in goatgrass. ' ' - S '

III, ENHANCING ADAPTATION TO ABIOTIC STRESSES THROUGH
BREEDING AND TRANSGENIC INTERVENTION

A, Mapping and Cloning Quantitative Trait Loci Associated with
Tolerance to Drought, Salinity, and Aluminum (Al) Stresses

High-density genetic linkage maps are a useful resource for identifying
markers tightly linked to agronomically important QTL for marker-
assisted selection and for cloning gene/QTL. Genetic maps of varying
marker density and genome coverage are available in cereal crops. High-
density maps have been developed in barley, maize, rice, sorghum, and
wheat while a less saturated map is available in pearl millet (reviewed in

. Dwivedi et al, 2007). In this section we review aspects of the progress

made in identifying and fine-mapping of QTL for traits associated with
better adaptation to drought, salinity, and aluminum stresses; QTL
validation across different genetic backgrounds and environments,
~which are essential step for marker-aided genetic enhancement; and
determination of the genetic function of individual QTL.
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1. Drought Tolerance. Variation inroot fraits in rice, maize, wheat, and
sorghum; osmotic adjustment in barley and rice; leaf-abscisic acid (L-
ABA), leaf relative water content (RWC), leaf (or canopy) temperature,
and-anthesis silking interval (ASI) in maize; harvest index (HI), panicle
harvest index (PNHI), grain number and individual grain mass in pearl
millet; stay-green and chlorophyll content and fluorescence parameters
in barley, sorghum, and wheat are diagnostic traits that confer better
adaptation to drought stress (see Section II). There is a large body of
literature covering the identification of putative QTL for drought toler-
ance in barley, maize, pearl millet, rice, sorghum, and wheat (Table 2.4).
Colocalization of QTL have also been reported, for example, QTL for ASI
and ears per plant, leaf growth (maximum elongation rate per unit
thermal time) and ASI, L-ABA and leaf temperature, RWC, ASI, and
grain yield in maize; QTL for grain yield, HI, PNHI, grain number, and
individual grain mass in pearl millet; QTL for grain yield and root traits,
canopy temperature, and flowering and RWC and OA in rice; QTL for
stay-green and chlorophyll content in sorghum; and QTL for chlorophyll
and chlorophyll fluorescence parameters in barley. Further, QTL for
stay-green in sorghum corresponded to stay-green QTL in maize and was
congruent with other drought-related traits in maize and rice. Several
QTL with major effects have beenreported under varying moisture stress
regimes; for example, QTL for grain yield, ASI, L-ABA, root lodging, and
stay-green in maize; QTL for chlorophyll fluorescence in barley; QTL for

grain yield in pearl millet and rice. QTL validation studiés revealed only

a few QTL common across different genetic background or environments
(varying moisture stress regimes); for example, a major QTL for L-ABA
concentration and root lodging, several QTL for morphophysiological,
root-, and grain yield-related traits in maize; QTL for spikelet fertility,
- 1,000-grain weight, panicle and spikelet numbers, OA and root traits in’
‘rice; and a QTL for stay-green in wheat, Further work is in progress to
clone major QTL for drought tolerance; for example, root-ABA1 (influ-
ences root architecture), L-ABA concentration, and grain yield in maize,

thus providing a more direct way to access and manipulate genetic -

diversity for traits enhancing the adaptatjon to drought stress (Tuberosa
and Salvi 2008). : _ '
Candidate genes may encode structural or regulatory proteins or
proteins involved in biochemical pathway affecting the trait expression
(Byrne and McMullen 1996). Four candidate genes have been mapped in
rice. OxEXP2 and EGase, involved in cell expansion, mapped on the
intervals carrying the QTL for root traits'common to the three popula-
tions (Table 2.4). EXP15 and EXP13 are associated with root number and
silicon content in the stem respectively and under varying moisture
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regimes. Using differential gene expression in response to polyethylene
glycol (PEG) simulated drought in three unique rice genetic materials (a
lowland rice, IR64 and its derived line PD86 introgressed with 11
drought-tolerant (DT) QTL, and an upland rice IRAT109), Fuetal. (2007)
identified more than 300 unique cDNA sequences covering genes of
diverse cellular activities and functions. They found that levels and
mechanisms of DT of these lines was associated with the number
and types of differentially expressed genes, suggesting different DT
mechanisms in rice are controlled by different sets of genes and different
metabolic pathways. In addition, most differentially expressed genes
under drought were able to contribute to DT. Second, there appears to be
-ahigh correspondence in genomic location between DT QTL and clusters

- of differentially expressed genes in rice, suggesting that some DT QTL

may represent clusters of coregulated and functionally related genes.
Four to six QTL for several drought-tolerance traits were found related to
candidate genes in barley (Table 2.4). Gene expression profiles of water-
stréss—tolerant ‘versus water-stress—sensitive wild barley using cDNA-
AFLP analysis of dehydrated samples at the seedling stage, Suprunova et
al. (2007) detected 70 transcript-derived fragments (TDFs) that displayed
differential expression between control and stress conditions, of which
11 showed distinct differences (up- or down-regulation) between tolerant
and susceptible genotypes. They selected TDF-4 as a promising candidate
gene for stress tolerance and sequenced the corresponding gene, desig-
nated Hsdr4, and determined the transcribed and flanking regions.
Further analysis of the Hsdr4 promoter region revealed a new putative
miniature inverted-repeat transposable element (MITE) and several
stressrelated transcription factors (MYC, MYB, LTRE, and GT-1), sug-
gesting a role of the Hsdr4 gene in plant tolerance to dehydration stress.
Hsdr4 gene mapped to the long arm of chromosome 3H between markers
EBmac541 and EBmag 705, within a region that previously shown to
affect osmotic adaptation in barley.
By using a microarray of approximately 16,000 unique wheat ESTs and
progenies, derived from Quarrion (high-transpiration efficiency, TE) and
Genaro 81 (low TE), with contrasting TE, Xue et al. (2006c¢) identified 93
genesthat differentially expressed between high- and low-TE progenylines.
One-fifth of these genes were markedly responsive to drought stress. Several
growth-related regulatory genes that were downregulated by drought were
expressed at a higher level in the high-TE lines than the low-TE lines and
were associated with a biomass production component of the Quarrion-
_derived high-TE trait. Further, the expression of 11 genes was positively
associated with the high-TE trait when measured as §*°C, thus these genes
are candidates for investigating processes that underlie the high-TE trait.
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2. Salinity Tolerance. Sahmty tolerance comes from genes that limit -

the rate of salt uptake from the soil and the transport of the salt
throughout the plant, adjust the ionic and osmotic balance of cells in
roots and shoots, and regulate leaf development and the onset of senes-
cence (Munns 2005). Salt tolerance in cereals is associated with sodium
exclusion, which limits the entry of sodium into the plant and its
transport to leaves, and results in high K*/Na™ ratio in leaves, For
example bread wheat restricts Na ™ transport to leaftissues (i.e. through
Na™ exclusion) and maintains high selectivity of K™ over Na™ while
barley is not so efficient with respect to these traits. However, the adverse
affects of Na™ within leaves of barley are minimized by its compart-
mentalization into vacuoles (with Cl™) and the production of organic
solutes to osmotically balance the cytosol (Garthwaite et al, 2005 and
reference therein). Genetic variations for salt tolerance has been reported
in cereal crops (see Section II, Table 2.2); however, genomic regions
‘associated with salt tolerance have been reported only in barley, rice, and
wheat (Table 2.5)—for example, QTL for Na* and K* uptake, Na* and
K* concentration, and Na® /K™ ratio in rice and Kna? in bread wheat
and Nax1 in durum wheat, both regulating low Na ™ uptake. Addition-
ally, gST1 and gST3 confer salt tolerance at seedling stage in rice and-
several QTL conferring salt tolerance at germination and at seedling
stage in wheatand barley. It is not yet known whether any of these QTL1is
common across these species; however, a few common QTL associated
with salt tolerance at germination and seedling stage in rice or wheat
were detected. Lindsay et al. (2004) validated SSR markers, gwm312 and
wmc170; closely linked to the Nax1 locus that has proven useful for the
selection of the Na™ exclusion in durum wheat populations from arange
. of genetic backgrounds.

A durum wheat, Line 149, contains two major genes for excludingNa
from leaf blades, Nax1 and Nax2 that James et al, (2008) separated into
families containing a single gene and later developed homozygous NIL
containing a single gene, Subsequently lines containing either Nax1 or
Nax2had lowerrates of Na ¥ transport from roots to shoots than their NIL
pairs due to lower rates of net loading of the xylem, not to lower rates of
net uptake from the soil or higher rates of retranslocation in the phloem.
Nax1 and Nax2 lines also had higher rates of K™ transport from root.to
shoot, resulting in an enhanced discrimination of K™ over Na ™, Further,
lines containing Nax1 differed from those containing Nax2 by unloading
Na™ from the xylem as it entered the shoot so that Na™ was retained at
theleafbase leading to a high sheath-to-blade ratio of Na* concentration.
Nax2 line did not retain Na™ at the leaf base, suggesting that it func-
tioned only in the root. It appears-that Nax2 has a similar function to
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Kna1 in bread wheat. More recently, two putative sodium 'tfansporter
genes (TmHKT7-A1 and TmHKT7-A2, with 83% amino acid identity)
related torice OsHKT7mapped to wheatchromosome 2AL. TmHKT7-A1

"cosegregated with Nax1. TmHKT7-A2 expressed in the root and leaf

sheaths of the salt-tolerant durum wheat Line 149 and its expressmn
pattern matches the physiological role of Nax1 in reducing Na™ con-
centration in leafblades by retaining Na™ in the sheaths and the control
of Na™ unloading from xylem in roots and sheaths (Huang et al. 2006).
Furthermore, the Nax2 locus on 5AL coincides with the locus for a

putative Na™ transporter, HKT1,5 (HKT8). The Nax2 region on 5AL is

homoeologous to the region on chromosome 4DL containing the major
Nat exclusion locus in bread wheat, Knal. A gene member of the
HKT1;5 family colocates to the deletion bin containing Kna1 on chro-
mosome 4DL providing evidence that Nax2 and Knal are strongly

_associated with HKT1;5 (Byrt et al. 2007).

QTL for salt tolerance (SKC1) in rice have been cloned and encode a
sodium transporter inyolved in regulating K*/Na™ homeostasis under
salt stress (Ren et al. 2005); SKC1 is preferentially expressed in the
parenchyma cells surrounding the xylem vessels.

3, AAl' Tolerance, Genetic variation (see Section II.C, Table 2.3) and QTL

 with major effects associated with Al tolerance have been reported

{Table 2.6),for example, eight QTL associatedwith\relative rootelongation
under Al-stress conditions in rice, of which gRRE-9 reduced to the
single Mendelian factor, Alt-9, present in different genetic backgrounds
while qRRE-5 and gRRE-11, respectively, syntenic to the major Al resis-
tance gene 6n chromosome 6 and 10 of maize; Altsp, a major Al tolerance
locus in sorghum is an orthologue of a major Al tolerance QTL on
rice chromosome 1. One of the two major QTL associated with variation:
in net root growth in Al-tolerant wheat cv. Atlas on chromosome 4DL
cosegregated with Al-activated malate transporter gene, ALMT1. A can-
didate gene, HvMATE, has been associated with Al tolerance and Al-
activated citrate efflux in barley cv. Dayton.

Sasaki et al. (2004) were the first to clone a Wheat gene, ALMT1
(Al-activated malate transporter), cosegregating with Al tolerance, that
encodes a membrane protein constitutively expressed in the root apices
of the Al-tolerant line at greater levels than in the near-isogenic but Al-
sensitive liné, Transgenic barley overexpressing the malate transporter
ALMT1 showed higher levels of Al resistance than wild type (Delhaize
etal, 2004), Homologs of wheat ALMT1 have been cloned in Arabidopsis -

“thaliana, rape, and rye; although the expression patterns of these genes

differ amongthese plant species (Hoekenga et al. 2006; Ligaba et al. 2006;
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Fontecha et al. 2007). Recently, two Al-resistant genes, HVACCT1 in

barley and SBMATE in sorghum, belonging to the multidrug and toxic .

compound extrusion (MATE) family, have been cloned (Furukawa et
al. 2007; Magalhaes et al. 2007). MATE proteins are members of a large
and complex family of transporters involved in the efflux of small
.organic molecules that confer resistance to toxins (Diener et al. 2001;
Li et al. 2002). HVACCT1 is an Al-activated citrate transporter that
constitutively expresses mainly in the roots of the Al-resistant barley
cultivar. Overexpression of this gene in tobacco-enhanced citrate secre-
tion and Al resistance compared with the wild-type plants. HvACCT1 is
localized in the epidermal cells of the barley root tips. Altgpis the major
Al-tolerance locus in sorghum mapped to the terminal region of chro-
mosome 3 (Table 2.6). SbMATE is also an Al-activated citrate transporter
and expressed only in the root of the Al-tolerant sorghum NIL that
correlates closely with the observed increase in the root citrate exuda-
tion. Furthermore, when examined in a genetically diverse sorghum
panel, the differences in SDMATE expression explained over 95% of the

‘phenotypic variation for Al tolerance, providing strong evidence that-

ShMATE underlies Altsz and that those differences in gene expression
constitute the basis for allelic variation at this locus (Magalhaes
et al. 2007). The major Al-tolerance loci in sorghum and wheat, Altgg
and. Altgy;, are distinctly different genes and presumably evolved inde-
pendently to encode similar physiological mechanisms of Al tolerance
involving Al exclusion from root apices based on organic acid release
(Magalhaes et al. 2007), whereas a major Al tolerance QTL on rice
chromosome 1 is possibly orthologous to Altgg (Nguyen et al, 2001;
Magalhaes et al. 2004). ,

Recent progress in detecting and isolating salinity and Al-tolerance
genes in cereals clearly opens the possibility of introgressing these genes
into locally adapted sensitive cultivars by using transgenic approach.

Obviously, more efforts are needed to clone QTL associated with traits

enhancing adaptation to drought stress in cereals before we see the
development of agronomically viable cultivars in the field.

B, Genes and Approaches to Engineering Increased
Abiotic Stress Tolerance

Plant adaptation to abiotic stress is achieved by cumulativé action of a
number of genes involved in different stress tolerance mechanisms in a
coordinated fashion. The coordinated involvement of these genes and
their interaction with timing and intensity of stress has made it difficult
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for plant breeders to develop stress-tolerant plants by conventional plant
breeding. Advances in genetics and genomics are beginning to enable
researchers to identify a large numbers of genes that express specifically
under abiotic stress conditions in different tissues with particular
temporal signatures (Denby and Gehring, 2006). Some of these genes
will be candidates for transgenic interventions as stress tolerance en-
hancers. Transfer and expression of such candidate genes into crop
species through genetic engineering offers considerable promise. In this
section, we provide evidence that candidate transgenes in barley, maize,
rice, and wheat can confer improved tolerance to abiotic stresses, mainly
drought, salinity, and extreme variation in temperature (Table 2.7).
Trehalose, a nonreducing disaccharide of glucose, is one of the most
effective osmoprotectants, and significant levels of trehalose accumu-
lation have been shown to result in abiotic stress tolerance in transgenic
plants, Garg et al, (2002) overexpressed E. coli trehalose bisynthetic
genes (otsA and otsB) as a fusion gene under the control of either tissue-
specific or stress-responsive promoter to increase accumulation of tre-

- halose to enhance abiotic stress tolerance in rice. The transgenic lines

accumulated 3 to 10 times more trehalose and showed better growth, less
photo-oxidative damage, and favorable mineral balance under salt,
drought, and low-temperature stress conditions. Recently, engineering
trehalose metabolism with a yeast trehalose-6-phosphate synthase
(TPS)- trehalose-6-phosphate phosphatase (TPP) bifunctional enzyme,
using either 35S or rd29A promoter, confered multiple stress protection

" (drought, extreme variation in temperature, and salinity) with no ad-

verse effect in Arabidopsisthaliana, making ita potential tool to improve
stress tolerance in crops (Miranda et al. 2007). Naurally, the agronomical
success of such future interventions is also dependent on the metabolic
cost incurred by expressing a transgene and producing new proteins

~ and/or metabolites in planta.

Majee etal. (2004) isolated and characterized anovel salt-tolerant gene
L-myo-inositol 1-phosphate synthase from halophytic rice, Porteresia
coarctata. Incorporating this gene into rice and other plant species
increased synthesis of inositol under salinity stress and enhanced
tolerance to salinity stress (Das-Chatterjee et al. 2006). Superoxide
dismutases (SOD) play an important role in scavenging the reactive
oxygen species (ROS). Jithesh et al. (2006) isolated a cDNA (Sod1)
encoding a cytoselic Cu/ZnSOD that accumulated during oxidative

stress in the mangrove species A. marina. Prashanth et al. (2008) trans-

formed Pusa Basmati-1 with Sod1, and the resulting transgenic plants .
were more tolerant to oxidative, salinitiy (150 mM NaCl), and drought
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et al. 2000
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et al. 2000

Tanaka

et al. 1999
Zhu

et al. 1998

et al. 2004
Pellegrineschi

et al. 2004

Reference
‘Wu 2002

Ohta
‘Wu 2001

" Fukuda
Roy and
Hoshida
Kishitani
Xue

Effect of the transgene
cold, and heat stress
salt/drought tolerance

Enhanced salt tolerance
salt and moisture stress

under salt, cold, and
Enhanced cold and

drought stress
Increased seedling growth

drought and salt stress
Increased photosynthesis

under salt stress
Enhanced salt tolerance

salinity stress .
Enhanced salt tolerance

salt siress
Increased biomass under

Increased tolerance to -

Enhanced tolerance to

Enhanced tolerance to salt,

Increased biomass under

Enhanced salt tolerance
‘tolerance

Enhanced salt tolerance
Ephanced drought

Cellular role
H™ antiporter
Possibly membrane’
photorespiration

protection
Trehalose
antiporter
Glycinebetaine
synthesis
Polyamine
synthesis’
Enhances
synthesis
antiporter

synthesis
Vacuolar Na+/H*

Vacuolar (Na¥, K+)/
Glycinebetaine
Reduction of ROS
Proline synthesis
Vacuolar Na™*/H*

Polyamine

Gene product

and Trehalose-6-P

" phosphatase
S-adenosylmethionine

protein kinase
5-carboxylate
-synthetase

dehydrogenase
‘Calcium dependant
Mn-Superoxide

decarboxylase
Na*/H™ antiporter

decarboxylas e
Glutamine synthetase

antiporter
dismutase
A-pyrroline-

LEA protein
Trehalose 6-P-synthase

Cheline oxidase A
Betaine aldehyde
Na*/H" antiporter
DRE-binding protein

(Na*, K+)yH*

. Arginine

Source
Rice
Barley
E. coli
Tritordeum
Atriplex
gmelini
Arthobacter
globiformis
Oat
Rice
Barley‘
Rice
S. cerevisiae
Moth bean
Arabidopsis

~ Arabidopsis

(Continued)

otsB
plastic-

GSz

BADH

Table 2.7.
Gene ‘
OsNHX1
HVA1
otsA arid
SAMDC
AgNHX1
codA
Adc
Choloro -
OstPK7 ‘
Mn-SOD
P5CS
- Wheat

. AtNHX1
DREB1A
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stresses. To the best of our knowledge, thisis the first report of the transfer
of a mangrove gene to rice and may make mangrove potential sources for
other abiotic stress-tolerance candidate genes. -

In addition, the transgenic wheat constitutively expressing barley
HVA1 gene outyielded the control in yield attributes and relative water
content (Bahieldin et al. 2005) while rice overexpressing OsLEA3-A
showed enhanced drought tolerance with no yield penalty under nons-
tress conditions (Xiao et al. 2007), ' .

The Na*/H™ antiporters play an important role in the maintenance of
cellular ion homoeostasis, cytoplasmic pH regulation, and cell turgor
leading to salt tolerance in plants (Horie and Schroeder 2004). Over-
expression of vacuolar Na* /H ™ antiporter gene OsNHX1 enhanced salt
tolerance inrice (Fukuda et al. 2004) whereas overexpression of the same
gene from wheat together with H*-pyrophosphatase (TVP1) improved
both salt and drought tolerance in Arabidopsis (Brini et al. 2007).
Although transgenic plants accumulated more Na™ and K* in the leaf
tissue, toxic effects of Na ™ in cytosol were reduced by the sequestration

of the Na* in vacuole, The V-NHX1 gene from Suaeda salsa increased
salt tolerance, photosynthetic activity, and activity of shoot V-ATPase in
rice (Zhao- et al. 2008a). When the SsNHX1 was combined with the
Arabidopsis AVP1 (vacuolar H*-PPase), the transgenic lines have higher
K*/Na* ratio in their shoots and showed higher level of salt tolerance
than the SsNHXI-transformed lines upon salt treatment (Zhao
et al. 2006b), Ohta et al. (2002) used a NHXI gene from a halophyte
Atriplex gmelini to generate transgenic rice lines that showed eightfold
higher activity of this gene compared to the wild rice. These transgenic -
lines survived in.300 mM NaCl for 3 days, but the wild types failed to
survive..A field trial of wheat trarisgenic lines expressing AtNHX1 gene
exhibited higher grain yield and heavier and larger grains in saline
conditions (Xue et al. 2004). There was less Na™t and more K+ accumu-
lation in leaves in transgenic lines compared with nontransgenic lines.
It is widely recognized that multiple mechanisms cooperate to confer-
stress tolerance in plants, Introduction of a single downstream gene may
not significantly increase stress tolerance. Therefore, regulatory genes
(e.g. encoding transcription factors) are likely to cause a cascade leading
to .the transcription of many stress-responsive genes that ultimately
confer abiotic stress tolerance. Indeed, transcription factor that upregu-
late stress responsive genes have been utilized to enhance abiotic stress
tolerance, Kasuga et al. (1999) showed in transgenic Arabidopsis that
overexpression of DREB1A under 35S promoter improved tolerance to
" drought, salinity, and freezing stress but incurred severe retardation of
growth. When a stress-inducible promoter rd29A was used to drive this
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DREB1A gene, growth was normal but so was the stress tolerance. In

contrast, Oh etal. (2005) reported that DREB1A and ABF3rice transgenic
lines did not show any stunted growth despite constitutive expression,
However, transgenic plants exhibited drought and salinity stress toler-
ance butlow level of freezing stress tolerance. DREB homologs have been
isolated from rice: OsDREB1A and OsDREB1B are cold inducible,
OsDREB2A is induced by dehydration and salinity stress (Dubouzet et
al. 2003). Overexpression of the OsDREB1 gene in rice and Arabidopsis
correlate with improved salt, drought, and low temperature tolerance
(Ito et al. 2006). OsDREB1F is one of the most upregulated genes isolated
from upland rice (Wu et al. 2005), The transgenic plants harboring
OsDREBIF gene led to enhanced tolerance to salt, drought, and low
temperature in both rice and Arabidopsis (Wang et al. 2008a). Transgenic
wheat with DREB1A gene under the control of stress-inducible promoter
rd29A exhibit improved drought tolerance under greenhouse conditions
(Pellegrineschi et al. 2004). A DREB2 homolog from maize, ZmDREB2A,
is induced in responsé to cold, drought, salt, and heat stresses in
seedlings (Qin et al. 2007). Maize transgenic lines with ZmDREB2A
improved drought and heat stress tolerance, which might be due to the
induction of LEA (late embryogenesis abundant), heat shock, and de-
" toxification genes.

OsNACS is a member of the NAC transcription factor gene family in
rice thatis induced by abiotic stresses, including cold, drought, and high
salinity. Transgenic rice plants constitutively overexpressing OsNAC6
showed tolerance to dehydration, salinity, and blast disease (Nakashima
et al. 2007); however, the plants exhibited growth retardation and low
reproductive yields. By utilizing stress-inducible promoters, such as the
native OsNAC6 promoter, it is hoped that specific stress-inducible
overexpression of OsNACS in rice can improve stress tolerance-by
eliminating effects of indiscriminate overexpression.

SNAC1 (stress-responsive NAC1) when overexpressed in rice im-
proved both salt and drought tolerance (Hu et al. 2006a). SNAC? encodes
a NAM, ATAF, and CUC (NAC) transcription factor and is expressed in
guard cells under drought stress, Many stress responsive genes were
upregulated in transgenic rice, and seed set was higher than control
under severe moisture stress under field conditions with no morpho-
logical abnormality or yield reduction,

The HARDY (HRD) gene, an AP2/ERF-like transcription factor iden-
- tified by a gain-of-function Arabidopsis mutant hrd-D having roots with
enhanced strength, branching, and cortical cells, exhibits drought re-
sistance and salt tolerance accompanied by an enhancement in the
expression of abiotic stress associated genes. Overexpression of HRD
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in rice improves water use efficiency by enhancing photosynthetic
assimilation and reducing transpiration. The transgenics are drought-
tolerant, low-water-consuming rice plants that exhibit increased shoot
biomass under well-irrigated conditions and an adaptive increase inroot
biomass under drought stress. Further, overexpression of HRD in Ara-
bidopsis produces thicker leaves with more chloroplast-bearing meso-
phyll cells, and in rice, there is an increase in leaf biomass and bundle
sheath cells that probably contributes to the enhanced photosynthesis
assimilation and efficiency. Thus, a gene from the model plant Arabi-
dopsis improves water use efficiency coincident with drought resistance
in rice (Karaba et al. 2007). C 4

AtNF-YB1, a transcription factor from nuclear factor Y (NF-Y) family,
also confers improved performance in Arabidopsis under drought con-
ditions. Nelson et al, (2007) identified maize homologs (ZmNF-YB2)
that they used to transform elite maize inbred plants. The transgenic
maize plants constitutively expressing ZmNF-YB2 showed less leaf
rolling, cooler leaf temperature, and a higher chlorophyll index, pho-
tosynthetic rate, and stomotal conductance. All these stress adaptive
traits contributed to grain yield advantage under water-limited environ-
ments. The best-performing transgenic lines produced about 50% in-
crease in grain yield relative to the irrigated control.

Phospatidylinositol-specific phospholipase G (PI-PLC) plays an im-
portant role in a variety of physiological processes in plants, including
drought tolerance (reviewed in Wang et al. 2008b), and the maize
ZmPLC1 gene is upregulated in roots' under dehydration conditions
(Zhai et al. 2005), Using Agrobacterium-mediated transformation, Wang
etal. (2008b) produced transgenic maize expressing a ZmPLC1 transgene
in sense or antisense orientation. The sense transgenic plants under
drought stress conditions showed higer relative water content, better
osmotic adjustment, increased photosynthetic rates, lower percentage of
ion leakage, and less lipid membrane peroxidation and higher grain
yield than the wild type, whereas the antisense transgene exhibited
inferior characters compared with the wild type. Thus, drought toler-
ance could be improved substantially by the manipulation of ZmPLC1
gene expression in maize. -

Cold shock proteins (CSPs) from bacteria, CspA. from Escherichia coli
and CspB from Bacillus subtilis, promote stress adaptation in many plant
species. Castiglioni et al. (2008) demonstrated that expression of CSP
proteins in maize is not associated with negative pleiotropic effects,
indicating that stress tolerance does not have to come at a cost to crop

~ productivity under well-watered conditions. The CspA transgenic en-

tries provided yield increase of 4.6% under water stress, with the two
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best-performing events demonstrating superiority of 30.8% and 18.3%.
Yield advanatages of CspB-positive plants as a group were significantly
greater than control by 7.5%. The best-performing events, CspB-Zm
event 1 and 2, demonstrated yield improvement of 20.4% and 10.9%,
respectively. These are the same events that demonstrated significant
improvement in leaf gréwth, chlorophyll content, and photosynthetic
" rates, providing evidence that these improvement in vegetative produc-
tivity will translate into improvements in reproductive performance and
grain yield. Furthermore, CspB-Zm positive entries exhibited improve-
ments in end-of-season grain yield across the different hybrid back-
ground under both water-stress regimes when compared to a conven-
tional wild type control of the same genetic background, The yield
benefit ranged from 11% to as much as 21% across yield values that
averaged 6.4 to 8.5 tha . The transgenic CspB plants consistently out-
yielded the nontransgenic controls by atleast 0,5 tha™ across most of the
reproductive and vegetative stress treatments, highlighting the potential
agricultural benefits that this technology can deliver. This research
demonstrate that as water resources become increasingly scarce and the

global demands for grain continue to increase, the ability to bring yield -

stability across water-limiting environments presents an important ad-
vancement in the area of stress tolerance research. '

Drought accelerates leaf senescence leading to a decrease in canopy
size, loss in photosynthesis, and reduced yields in plants. Senescence
isatype of cell death program that could be activated indppropriately in
different plants during drought; however, it is possible to enhance
drought tolerance by delaying drought-induced. leaf senescence. The

first proof of concept came when stay-green QTL were detected in
maize, rice, sorghum, and wheat tolerant to postflowering drought (see
Section IILA). Leaf senescence could also be delayed in planis by
expressing isopentenyltransferase (IPT), an enzyme that catalyzes the
rate-limiting step in cytokinin (CK) synthesis (Gan and Amasino 1995).
Rivero et al. (2007) recently introduced IPT gene driven by a stress- and
maturation-induced promoter in tobacco that resulted in outstanding
drought tolerance as.shown by, among other responses, vigorous

growth after a long drought period that killed the control plants. The .

transgenic plants maintained high water contents and retained photo-
synthetic activity (albeit at a reduced level) during the drought. More-
over, the transgenic plants displayed minimal yield loss when watered
with only 30% of the amount of water used under controlled condi-
tions. The expression of IPT gene induced the synthesis of CKs in the
plant, which contributed to the enhancéed drought tolerance of the
transgenic plants. The introgression of IPT gene may facilitate the
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development of transgenic crops able to grow with reduced irrigation
without significant yield penalties.

The production of transgenics with conventional techniques (using
Agrobacterium tumefaciens T-DNA plasmid or biolistic delivery of DNA-
coated particles) has its limitations, such as intereference with plant
genes, poor stability and expression of transgene, difficulty to add
multiple genes at one time, and introduction of only limited amount of
DNA. Integration at random sites results in unpredictable transgene
expression due'to positional effect variation, variable copy numbers from
tandem integrations, and frequentloss of gene integrity. Moreover, it takes
large numbers of transgenic events to identify insertions with the desired
expression level, copy number, structure, and genomic location in ad-
dition to the long time frame required to produce varieties with multiple
genes (Birch 1997; Lorence and Verpoorte 2004). Autonomous minichro-
mosomes are convenient for manipulating and delivering DNA segments
containing multiple genes. Carlson et al. (2007) constructed maize mini-
chromosomes, using DNA sequences naturally occuring in maize cen-
tromeres, When minichromosome 1 (MMC1) is introduced into maize
cells, itbehaves like an ordinary chromosome, it remains distinct from the
other chromosomes, the gene cassette remains structurally stable from
generation to generation (at least for the four generations they tested), and
the genes are expressed and transmitted through mitosis and meiosis.
This novel approach for plant transformation can facilitate crop biotech-
nology by combining several trait genes on a single DNA fragment,
arranging genes in a defined sequence context for more consistent
gene expression, and providing an independent linkage group that can
be introgressed rapidly into various germplasms. This technology could
be used to all traits including those that increase hardiness, yield, and
nutritional content of plants. The United States Patent and Trademark

Office issued Chromatin patent No. 7,119,250, which extends the exclu-
sive right to use these minichromosomes to all plants.

While recent advances in biological sciences and in particular plant
genetics, plant physiology, plant biochemistry, and plant molecular
bhiology have led to an impressive body of work aimed, directly or
indirectly, at understanding abiotic' stresses with the ultimate goal to
engineer stress-tolerant crop plants (Xiong et al. 2002; Seki et al. 2003;
Ashraf and Harris 2004; Horie and Schroeder 2004; Denby and Gehr-
ing 2005; Valliyodan and Nguyen 2008), it is perhaps surprising that, to
date, there are no transgenic crop plants with increased abiotic, and in

_ particular drought and salinity, stress tolerance in the field. What are the
main reasons for this? First, strategies learned from highly drought-
stress-tolerant plant families such as Mesembryanthemacae cannot be
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transferred to crop plants, because the latter lack the specialized organs
such as salt glands that confer the high'degree of tolerance. Second, it
becomes increasingly clear that single-gene modifications in transgenic
plants are not a viable long-term strategy. While single-gene modifica-
tions can confer significant salt tolerance in the model plant Arabidopsis
(Kasuga et al. 1999; Shi et al. 2003), such interventions, if stable, will
almost certainly disturb development and physiology of the plant, thus
" having a significant fitness cost. The use of specific stress-inducible
promoters can help reduce gross growth effects (Kasuga et al. 1999), but
such transgenic lines have not been evaluated for fitness parameters such
as seed yield let alone agronomic performance under field conditions.
Third, it becomes increasingly clear that the knowledge gained from
experimental model plants such as Arabidopsis cannot be directly
applied to crops and especially cereals, hence the minimal success in
the field. In summary, it is becoming increasingly obvious that systems-
based research strategy with relevant plant species can yield insights
that will eventually translate into biotechnologically successful appli-
cations. One important step to achieve this goal is the development of
appropriate experimental model systems, : '

C. Experimental Model Systems and Genomic Tools for
‘Cereal Improvement

What makes an ideal experimental model system and in this case model
plant?

1. The model plant should be easy to grow, both under sterile condi-
tions and in a glasshouse. ' : ’

2. Since classical genetics remains a most valuable tool and pheno-.
types need assessment at-all stages in planta, generation times
should be short and ploidy ideally should not exceed diploid level.

3. Model plants should easily transform and regenerate.

4. The complete genome should be available in the public domain.

All conditions are fulfilled by Arabidopsis thaliana, and it is no
surprise that it has served, and continues to serve, as the first and
foremost model system in higher plants (Rothan and Causse 2007).
Concomitant with its use as model plantis an ever-increasing amount of
data and resources. They include a large number of well-described

mutants, the availability of the complete genomic sequence, large -

repositories of expression data both in the wild type and mutants easily
accessible through “Genevestigator” (www.genevestigator.ethz.ac.ch;
Zimmermann et al. 2004) and gene ontology servers (Al Shahrour
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et al, 2007) to name just a few. These are invaluable tools for a systems-
oriented biology where the focus is not on the response of a single
gene but on the transcriptome as a whole: the proteome and ultimately
the metabolome. In fact, a recent example demonstrates how the
sequential applications of Web-based tools can assist in functional
annotation of a novel gene and lead researchers to infer the function of
previously unknown genes in Arabidopsis at the systems level (Meieret
al, 2008). In essence, this systems approach to study stress responses,

_for example, requires access to the complete genome and a sizable
repository of publicly available microarray data, two conditions that
will be fulfilled by an ever-increasing number of crop and in particular
cereal species,

Furthermore, a detailed analysis of the heat shock response and the
transcription regulatory network required to convey temporal, spatial,
and stimulus specificity has been published (Swindell et al. 2007). A
genome-wide functional analysis of the responses to salt and osmotic
stress revealed highly differentiated expression patterns, both tempo-
rally and spatially, and the fact that the responses to osmuotic stress are
much more complex than the responses to-salt stress. Perhaps surpris-
ingly, there is little overlap between the two response types. This may
reflect different adaptation strategies of Arabidopsis to either stress
(Denby and Gehring 2005), and it is reasonable to expect that rather
different response patterns may have evolved in other species.

Tt has also been pointed out that our understanding of drought-
tolerance mechanisms is focused mainly on plant developmental stages
other than those immediately before and after flowering, while in fact in
most cereals, the agronomical interest is the reproductive parts since
they constitute the harvest (Valliyodan and Nguyen 2006). Consequent-
ly, success in producing crops with increased drought tolerance may rely
on improving reproductive success under specific abiotic stress condi-
tions, and the value of individual transgenes or pathways for drought
tolerance ultimately will be judged by agronomic performance rather
than biological extremities achieved in model plants.

One of several advantages of Arabidopsis over cereals as asystemisthe
relative ease with which reasonably stable homozygous transgenics can
be obtained. This is mainly due to the application of the Agrobacterium
tumefaciens transformation system and ease of regeneration. However,
more recently, significant success has been achieved with Agrobacter-
jum-mediated transformation in cereals, notably in maize (Ishida

_etal, 2007), but also rice (Datta and Datta 2006), wheat (Wu et al. 2008),
and other cereal crops such as barley, sorghum, and sugarcane (Shrawat
and Lorz 2006). Given that Arabidopsis, despite the experimental con-
venience it offers and the wealth of available data, is of only limited use
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in cereal research, we shall briefly evaluate some aspects of cereal-based
experimental systems and tools; - .

The genome sequencing status of different cereals is at different stages
and progressing rapidly. Most advanced is rice witha virtually complete
genome of 389 Mb in the public domain (IRGSP 2005). Rice is diploid,
and ofits 37,544 nontransposable-element-related protein-coding genes,
71% have a putative homolog in Arabidopsis, while 80% of the Arabi-
dopsis proteins have a putative homolog in the predicted rice proteome
(IRGSP 2005). The fact that in excess of 20% of rice genes have no
homolog in Arabidopsis is a strong indication of significant structural
and functional divergence. ' -

An additional level of complexity when working with rice stems from

the asymmetry of the genome, meaning the presence of orthologous genes

only in a small subset of the species. Genomic studies suggest that
structural rearrangements are frequent between genomes in the same
species. Two recently sequenced rice genomes, var. Nipponbare (japonica
rice) and var. 93-11 (indica tice), have provided an opportunity to

investigate the extent of this polymorphism systematically. When gene
contents and the genomic locations between two rice genomes were .

compared (Ding et al. 2007), it was concluded that at least 10% of the

genes in the genomes were either under presence/absence p olymorphism

(5.2%) or asymmetrically located between genomes (4.7%). The
proportion of these “asymmetric genes” varied largely among gene groups
in which disease-resistance genes (R) and the receptor-like kinase (RLK)
gene group had 11.6 and 7.8 times higher proportion of asymmetric genes
than housekeeping genes (Myb and MADS). The significant difference in
the proportion of asymmetric genes among gene groups suggests that
natural selection is responsible for maintaining genomic asymmetry.
 However, the nucleotide diversity in 17 R genes under presence/absence

- polymorphism was generally low, It was concluded that the genomic
symmetry was disrupted by 10% of asymmetric genes, thus causing
genetic variation through more unequal crossing over, since these genes
have no allelic counterparts and therefore are free to pair with homologs
at nonallelic loci during meiosis in heterozygotes (Ding et al. 2007).

With regard to functional analyses in rice, there are several tools |

available for expression analyses. They include the “Rice Expression
Database” (RED) (http://red.dna.affrc.go.jp/RED/) and notably the NSF
Rice Oligonucleotide Array Project (www.ricearray.org/), where the
whole genome can be queried for multiple expression conditions.
While rice is representative of temperate grasses using “C3” photosyn-
thesis, sorghum (Sorghum bicolour), like sugarcane, is representative of

the tropical grasses using “C4” photosynthesis, which requires a complex
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combination of adaptations, both structural and functional, resulting in
more efficient carbon assimilation at higher temperatures. For these
reasons, sorghum is a preferred candidate for biofuel production.
Sorghum has a genome size of approximately 770 Mb arranged in
on= 20 chromosomes encoding 54,067 proteins. More recently, initial
assembly, annotation, and preliminary analysis of the sorghum genome
was announced (Paterson et al. 2009). Considering that sorghum shows
comparatively high abiotic stress tolerance, it is not surprising that
transcriptomic responses to dehydration, high salinity, ABA (Buchanan
et al, 2005), methyl jasmonate, salicylic acid, and aminocyclopropane
carboxylic acid (Salzman et al, 2005) have been investigated with a view
to improving our basic understanding of how plants respond to stresses
and thus serve as a source of genes of potential value to agriculture.
Sorghum and sugarcane are thought to have branched from a common
ancestor about 5 million years ago. The two species have largely retained
a common gene order, and some genotypes can still be intercrossed.

~ However, sugarcane has undergone at least two cycles of whole-genome
_ duplication, resulting in a genome larger than that of Homo sapiens and

with fourfold or higher redundancy of most genes. By contrast, sorghum

is diploid with a genome about 25% the size of maize (Zea mays) or.
sugarcane (Saccharum officinarum), the latter having arguably the most

complex genome of any crop plant (Cuadrado et al. 2004).

The Sorghum genus is also noteworthy in that it includes “Johnson
grass” (S, halepense), one of the most nioxious weeds. The same features
that make it so persistent are actually desirable in many forage, turf, and
biomass crops that are both genetically complex and much less studied.
Therefore, sorghum may inform novel approaches and tools relevant to
weed biology and thus inform strategies toward the improvement of a
wide range of other crops, :

While maize is and has been a classical model for genetic and phys-
iological studies as well as being a crop of great economic importance, its
genome is justbecoming available (CINVESTAV, Irapuato, Mexico, 2007,
unpublished results), The reasons for this are the large size ofthe genome
and the expectation-that upward of 80% of the genome consists of
repetitive elements that are unsuitable for conventional sequencing and -
genome assembly methods. More promising approaches are based on
targeting gene-rich regions rather than concentrating on whole-genome
sequencing. o o ‘

" Positional cloning remains a powerful method for gene identification

_in Arabidopsis. With the completion- of the rice genome, positional

cloning in rice has also taken off, leading to the cloning of several
quantitative trait loci (see Section IILA; also reviewed in Dwivedi
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etal. 2007). In maize, with its large genome, this method was considered

nearly impossible because of the vast amounts of repetitive DNA."

Nevertheless, conserved sjmteny across the cereal genomes together
with new maize resources madde this approach feasible (Bortiri
et al. 2006). The consequently enabled “chromosome walking” is much
more efficient than gene isolation by transposon tagging. In addition,
there are a number of Web sites dedicated to genome resources (e.g.,
www.maizegenome.org/, www.maizegdb.org/genome/ and www.

- maizecdna.org/outreach/resources.html), Expression data can be

viewed and analyzed for more than 55,000 genes (www.maizearray.org).
The studies in the array database include aluminum treatment and

tolerance, response of maize to far-red light and UV-B, low or high

nitrogen, as well as tissue specific expression.

In wheat, the situation is somewhat similar to maize in that its
hexaploid genome has not been completely characterized due to its
complexity, large size of about 17,000Mb, and the high content of
repetitive elements within the genome. However, a number of genomic
resources have been developed or are being developed, including a
collection of more than 500,000 wheat-expressed sequence tags (EST),
bacterial artificial chromosome clones, and more than 5,000 bin-mapped

'EST markers (www.tigr.org/tdb/e2k1/tael/). A wheat genome microar-

ray offers comprehensive coverage of the wheat genome containing, for
example, 61,127 probe sets representing 55,052 transcripts for all 42

chromosomes (GeneChip® Wheat Genome Array) in the genome for

mapping translocation breakpoints (Bhat et al, 2007) or studying ex-
pression profiles (Gregersen and Holm 2007). Recently aspects of genetic
engineering in wheat have been reviewed (Bhalla 2006) and, much like
in other cereals, the emphasis is on increasing abiotic stress tolerance
(e.g. drought, salt, oxidative stress, aluminum, boron, and temperature)
and improving responses to fungal, bacterial, and viral pathogens as well
as insect and nematode pests. Other targets for biotechnological inter-
ventions are agronomic traits such as improved grain quality, including
improved micronutrient content. ,

Barley is the fifth most prodiced cereal, its use being mostly in animal
feeds and production for malting. While its genome (5,000 Mb) is more
than three times smaller than that of wheat, we are not likely to see its
genome assembled before that of wheat. Again, in barley much like in
wheat, several generations of selectable molecular markers have been
included in the genetic maps, and large numbers of qualitative and
quantitative traits have been located, some of which are being selected in
marker-assisted breeding. In addition, the number of EST markers
generated is steadily increasing, and these have been used for the
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development of functional molecular markers, preparation of transcript
maps, and construction of cDNA arrays. These functional genomic
resources combined with new approaches, such as expression genetics,
association mapping, allele mining, and bioinformatics tools and their
applications, will support the identification of genes responsible for
desirable traits and their deployment in breeding programs (Varshney
et al, 2007), : :

‘ D. From Target Gene Selection to Increased Abiotic Stress Tolerance

Since all single-gene (and/or single-promoter) modifications ‘have pro-
found systemic implications that will affect the whole organism and -
ultimately agronomical traits, a systems-based approach to target gene
identification and modification is.called for (Fig. 2.1). This requires the
availability of new tools that can extract and analyze information from

Genome-wide analysis of
stress response transcriptome
and proteome; transcription .
regulatory network analysis

Computational targe
gene evaluation

Designing the trans-gene/
vector constructs for:
tissue specificity

- stimulus spegcificity

Transformation

regeneration metapolomic

evaluation

Fig. 2.1. Overview of the key steps in the development of suitable transgenics with .
increased abiotic stress tolerance.
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the ever-increasing quantity of data. One such tool is transcription
regulatory network builders. :

A transcription regulatory network is a representation of relatedness
(presénted as a link/edge in the network) based on significant promoter
similarities, such as shared transcriptional regulatory potential as re-
presented by theidentified common motif families. The rationale behind

finding other genes in a genome that share a high number of common

family motifs with a particular target gene is that these genes are likely to

be coregulated with the original gene and their functions would be -

complementary to each other in producing common cellular responses.
In other words, a promoter-based network represents dynamic function-
al similarities of coregulated gene families in pathways or in response

types. Typically, one would start with a target gene and either its

functional or structural relatives (say in a pathway) or one would look
for expression of correlated genes, In order to build the actual network,
promoter sequences [—2000, +200] of these genes relative to the tran-
scription start site (TSS) need to be extracted. Using the “Dragon Motif

Builder” system (DMB; Huang et al. 2005), an ab-initio methodology is

applied to determine most common motif families present in the ana-
‘lyzed promoter sequences. For each of these motifs or motif families (cis-
elements), one determines the consensus sequence and then matches
this sequence to the known binding sites of plant transcription factors
(TFs). For this task, the PATCH program of the Transfac Professional
-version 10.4 database is used. In summary, the output is twofold: (1) a
network that can be viewed and displayed in different formats (using,
e.g., “Cytoscape,” a program in the public domain) and (2) alist of specific
TFs that are annotated as being involved in specific responses can be
obtained. The interpretation of the data, including the expression data
from microarray or serial analysis of gene expression (SAGE) databases—
often referred to as expression profiling—will then allow one to interpret
responses of individual genes or groups of genes in a systemic transcrip-
tional context. This approach, together with gene expression correlation

and gene ontology category studies; will yield invaluable new informa-

tion about and insights into gene function(s), thereby greatly enhancing
target gene selection and evaluation (Fig. 2.1), o
Animportant suite of tools for target gene identification are controlled
and structured vocabularies, such as Gene Ontology (www.geneontol-
ogy.org), that can significantly contribute to the analysis of genome-wide
response patterns. The Gene Ontologies (GO) addresses the need for
uniform and consistent descriptions of gene products in terms of their
associated biological processes, cellular components, and molecular
functions .in different databases and thus provides a link between
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different (model) species. Simplified vocabularies, such as the Plant GO
slim (www.geneontology.org/GO.slims.shtml), are particularly us efulin
that they provide a summary of the results of GO annotation ofa genome,
microarray, or cDNA collection when broad classification of gene prod-
uct function is required. ’ o .

Since the response to abiotic stress is highly complex, it is unlikely
that modification of a single structural or metabolic component will be
suitable for engineering drought and salt tolerance. It is more likely that
the molecular modulation of signaling molecules can mediate stress
response pathways and consequently may enable successful increases in
biotic stress resistance, However, the danger of such a top-down ap-
proach is that it could cause undesirably broad responses. Still, a

‘particularly encouraging recent example illustrates potential benefits

of using signaling components that critically depend on posttransla-
tional activation. The SRK2C kinase in Arabidopsis is activated by
osmotic stress, and overexpression of this kinase confers increased
drought tolerance (Umezawa et al. 2004); conversely, knockout mutants

+ of SRK2C exhibited drought hypersensitivity in their roots, suggesting

that SRK2C is indeed a positive regulator of drought tolerance in
Arabidopsis Toots, Despite accumulation of SRK2C mRNA, there was
no detectable SRK2C kinase activity in untreated overexpressing trans-
genic lines, However, after drought, SRK2C kinase activity increased
much more in the overexpressors compared to the wild type. Microarray
analysis of untreated transgenic lines identified only a small number of
genes upregulated compared to the wild type suggesting that (1) the
majority of SRK2C effects happen after activation of the kinase by
drought and (2) the extra cost of transcription due to the upregulation
of coregulated genes is kept low. The use of signaling components that
require stress activation despite overexpression of the gene may thus
prove to be a promising approach, since the functional response ulti-
mately is triggered by the abiotic stress itself. In this sense, we are looking
at a modified stimulus specific response rather than a preventive and

"almost certainly more costly adaptation strategy. While it is by no means )

sure that homologous genes in cereals would be showing equally prom-
ising results, we have reasons to believe that such a top-down strategy
can yield promising results in systems other than Arabidopsis.

' Purthermore, it may turn out that microRNAs (miRNAs) may have a
role in stress tolerance bicengineering. MiRNAs are single-stranded
RNA molecules of about 21 to 23 nucleotides in length that regulate
gene expression. They are not translated; instead, they are processed
from primary transcripts known as pri-miRNA to short-stem loop struc- -
tures called pre-miRNA and finally to functional miRNA. Mature
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miRNA molecules are partially: complementary to one or more mRNA
molecules, and their main function is to downregulate gene expression.
A recent report suggested that miRNAs are responsive to high salt and
water stress (Sunkar and Zhu 2004). These srall regulatory RNAs affect

gene expression through either degradation of transcripts or inhibitionof

translation (Dugas and Bartel 2004). Genome-wide expression profiling
of plants with altered miRNA expression has already been used to
identify downstream target genes of miRNAs (Palatnik et al. 2003) and
may prove to be a valuable tool for understanding the role that this class
of transcript has in the adaptation of a plant to abiotic stress, It is
conceivable that the design of specific miRNAs could be yet another
emerging approach to genetic engineering. The limitation of this method
is that the expression of target genes can be modulated downward only,
but it might be useful to target transcriptional repressors of abiotic stress
responses identified via analysis of whole-genome expression profiles,

Engineering cereals with increased abiotic stress tolerance has become
more and more reliant on novel systems approaches, including geno-
mics, proteomics, and metabolomics, These approaches have led to new
computational and predicting tools as well as to large and growing data
repositories that are invaluable for all steps, from the identification of
target genes through to the evaluation of target genes and performance
testing of engineered species. Naturally, the full benefit of this approach
requires access to the complete genomes.

At the center is the identification of target genes (black box). Compu-
tational support tools include transcriptomics, proteomics (including
the analysis of the phospho-proteome), and metabolomics (in red) as
‘well as the promoter content analysis that will identify coregulated
genes and putative transcription factors that play a critical role in the
target gene regulation. In addition, in the model organism like Arabi-
dopsis, extended computational target gene evaluation is made possible
by co-expression analysis of candidate target genes and expression
studies in mutants. While these investigations are not directly applicable
to cereals, they still yield considerable insight into abiotic stress Te-
sponse biology. The step ‘following regeneration includes the use of -
“omics” technologies to assess transgenic intervations in planta, |

IV. OUTLOOK

In the last'two decades, crop genetic enhancement has made significant
progress toward developing phenotypic screens, identifying novel
sources of genetic variation, dissecting physiological and molecular
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basis of the response and ‘adaptation to abiotic stresses, and detecting
multiple genes or quantitative trait loci associated with tolerance to
abiotic stress in cereals. While resistance to alumirium is associated with
major gene(s), drought and salinity tolerance are multigenic. Traditional
approaches to breeding for drought and salinity tolerance had limited
successes; however, when supported by applied genomics tools, the
QTL associated with drought tolerance in maize, rice, and pearl millet;
salinity tolerance QTL in rice, wheat, and barley; and aluminum toler-
ance QTL in wheat and barley were introduced into improved genetic
background, Wild relatives in barley, rice, and wheat have contributed
genes for better adaptation to abiotic stresses; the need to identify new
sources of genetic variations from tertiary gene pools and the use of
biotechnological tools to transfer these novel genes into genetic re-
sources of cereal crops remains. Candidate genes associated with toler-
ance to drouglhit, salinity, and aluminum has been proposed. Our un-
derstanding of physiological traits associated with adaptation to abiotic
stresses has been enhanced, and this knowledge assists in cereal breed-
ing. A major QTL for salinity tolerance inrice and aluminum tolerance in
sorghum, wheat, and barley have been cloned, and ongoing research
includes cloning major QTL associated with better adaptation to drought
in maize. '

A large number of candidate genes conferring tolerance to abiotic
stresses have been reported in a number of organisms, and some were
‘introduced through genetic transformation. The resulting transgeric
rice, barley, maize, and wheat showed improved tolerance to drought,
salinity, and extreme variation in temperature. However, in some cases,
this tolerance was associated with yield penalty in transgenic plants. Use
of stress-inducible promoter rather than constitutive promotet has been
suggested to minimize yield penalty in transgenic plants. Moving from
single gene intervention to the introduction of multiple genes may
enhance the outcome. New approaches are being discovered that avoid
disrupting the native genes and have the ability to introduce multiple

~genes at one time, The introduction of DNA segments containing mul-

tiple genes using autonomous mini-chromosomes may be a way forward.
We are currently experiencing a major paradigm shift where the

- approach of searching for “the one-gene” solution to increased abiotic

stress tolerance is superseded by a system-based approach. The system-
based approach makes increasing use of the “omics technologies”—
genomics, transcriptomics, proteomics, and metabolomics—and uses

_ computer-based tools to predict and monitor transgenic intervention

strategies. We have also become aware that the mechanisms that govern
responses to stresses such as drought have highly complex temporal
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signatures, ranging from seconds in the case of signaling molecules, and .

second messengers in particular (Donaldson et al. 2004), to long-term
adaptive changes thatinclude functional, developmental, and structural
changes. In consequence, the biology of abiotic stresses will have to
covermultiple aspects from the sensing of stress through to the long-term
biological adaptation. It is likely that the latter will most profoundly
affect agronomical performance. Clearly, there is no point in engineering
abiotic stress resistance into such crops as rice and wheat if the price to
pay is inferior yield or quality. : :

While the system-based approach to genetic engineering or molecular
marker assisted breeding may likely lead to positive results, there may be
alternative strategies based on hitherto unexplored plants that could be
exploited for agricultural use. At the level of experimental model, this
may be the case with Brachypodium distachyon—purple false brome—

-which has several advantages since it is a temperate grass with a

relatively small genome size (300-320 million base pairs on 5 chromo-
somes), thus. making it useful for genetic mapping and sequencing.
Brachypodium distachyon is also & small plant with a short life cycle
essential for genetic studies." S - .

Finally, there is the important question of public acceptance of ge-
netically modified plants. While “marker-free” genetic engineering is
now becoming the norm, it is by no means certain that genetically
modified (GM) crops will be acceptable to the majority of consumers.
Arguments used on both sides often are not governed. by reason. To ask
the genetic engineers to affirm, let alone prove, that an intervention is not
in all imaginable circumstances without side effects is not possible and
never will be. What we may seé is the development of novel transgenic
strategies that guarantee containment to a large extent of engineered
traits. One such strategy is built around chloroplast-based maternally
transferred gene technologies. Interestingly, chloroplast transformations

- recently have been shown to be less stable (in the sense of containing)

than initially believed; it was demonstrated that a surprisingly high
proportion of genes move from the chloroplast genome to the nucleus
(Huang et al.-2003). Finally, when it becomes clear that. GM crops can
deliver obvious benefits to the consumer, acceptance of transgenic
interventions will almost certainly grow.
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