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Foreword 
Rice, unlike other cereals, has remarkable adaptability to a wide range of hydrological 
conditions. Although it can achieve its highest yield in waterlogged conditions under 
irrigation, it is widely grown in rainfed lowlands and uplands where soils are kept 
aerobic for a certain period or the entire period of crop growth. Aerobic exposure 
drastically changes the micro-environment for rice growth and increases environmen- 
tal constraints that seriously affect crop production. 

About 45% of total rice area is currently planted without irrigation and about 25% 
of total rice production depends on that area. The major environmental constraint for 
rice production in that area is water deficit, to which rice is more susceptible than other 
cereals. The gap in productivity between irrigated and nonirrigated areas is still huge. 
Demand for rice because of population increases expected in the near future can no 
longer be satisfied only by more yield from irrigated areas. Much more effort should 
be made to narrow the gap through genetic improvement of rice for water-limited 
environments, including poorly or inadequately irrigated fields. Today, we are fre- 
quently reminded of the looming water crisis for agriculture in Asia as competition 
with urban and industrial users requires rice production to continue with less than ideal 
water resources. 

The issue of tolerance for water deficit in rice is somewhat classical and has been 
considered intractable. Many rice scientists, however, now believe that genetic 
improvement for this trait is possible given the recent advances in rice molecular 
biology and genetics and opportunities for interdisciplinary collaboration. The Inter- 
national Rice Research Institute was thus pleased to cosponsor, with The Rockefeller 
Foundation, the Workshop on Genetic Improvement of Rice for Water-Limited 
Environments, 1-3 December 1998, at its headquarters in Los Baños. 

The objectives of the workshop were to (1) review the current status of research on 
marker-aided selection in rice and other crops, (2) examine collaborative research at 
the interfaces of breeding, physiology, and molecular genetics, (3) identify opportuni- 
ties to exploit emerging knowledge and techniques, and (4) develop strategies to use 
research results for the production and testing of improved rice varieties. This 
publication contains the papers presented at the workshop and the recommendations 
developed from the group discussions. We hope that this book will guide future work 
on improving the adaptability of the rice plant to water-limited environments. 

V 

RONALD P. CANTRELL 
Director General 
International Rice Research Institute 
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Critical characteristics 
of rainfed rice environments 
and implications for 
rice improvement 
L.J. Wade 

This chapter begins by outlining the area and productivity of rainfed rice in upland, 
rainfed lowland, and flood-prone ecosystems of South and Southeast Asia. Critical 
characteristics of these rainfed systems are then discussed, particularly in relation to 
soil conditions and the implications for root growth, water extraction, and other traits 
likely to contribute to drought tolerance. Implications for effective phenotyping of 
breeding populations and for selection of lines with improved adaptation to different 
types of water stress are discussed. The chapter concludes that further field data are 
needed for identifying quantitative trait loci associated with drought tolerance, and 
that the benefits from incorporating particular traits must be demonstrated. 

Rainfed rice is grown on approximately 59 million hectares worldwide, representing 
45% of the total area planted to rice (IRRI 1993a). Water stress is the most severe 
limitation to the productivity of rice in rainfed ecosystems (Widawsky and O'Toole 
1990). Thus, drought stress has a significant impact on rice production under rainfed 
conditions, where yields average 1.1, 2.3, and 1.5 t ha -1 under upland, rainfed low- 
land, and flood-prone conditions, respectively (IRRI 1993a). Table 1 presents the 
distribution of rice area and yield by ecosystem for the major rainfed rice-producing 
countries in South and Southeast Asia. 

Ecosystems for rice are associated with toposequence position and are defined 
by the water regime encountered (Fig. 1). In the uplands, soils remain aerobic through- 
out the season, whereas in rainfed lowland and flood-prone ecosystems ponding and 
submergence can occur in the bunded fields (Garrity et a1 1986). These changing soil 
conditions have enormous consequences for nutrient availability, weed competition, 
and the adaptive strategies that the plant may need for successful performance (Wade 
et a1 1998). Spatial heterogeneity and seasonal variability in the timing, duration, and 
intensity of water stress and its interactions with other factors further complicate the 
development of strategies that will likely lead to the development of higher yielding 
varieties on average, with less probability of crop failure. This is especially important 
in subsistence agriculture, where survival of the farmer and family largely depends 
on the season's harvest. 
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Table 1. Distribution of rice area and yield by ecosystem for the major rainfed rice countries of 
South and Southeast Asia. 

Distribution of area (000 ha) Yield by ecosystem (t ha -1 ) 

RL a FP UR RL FP UR 
Country 

Bangladesh 
Cambodia 
India 
Indonesia 
Lao PDR 
Myanmar 
Nepal 
Philippines 
Sri Lanka 
Thailand 
Vietnam 

5,166 
864 

13,926 
713 
393 

2,512 
942 

1,198 
454 

8,568 
1,763 

2,492 
756 

2,954 
1,018 

0 
1,159 

118 
69 
25 

660 
692 

875 
36 

6,330 
1,121 

234 
290 
43 
68 
60 
52 

504 

2.5 
1.5 
2.4 
3.0 
2.6 
3.0 
2.2 
2.0 
2.5 
1.8 
2.0 

1.6 
0.9 
1.5 
1.7 
0.0 
1.5 
0.8 
1.3 
1.0 
2.0 
1.5 

0.8 
0.9 
0.8 
1.6 
1.4 
1.0 
1.0 
1.0 
1.0 
1.5 
1.0 

a RL = rainfed lowlands, FP = flood-prone areas, UR = upland rice. 

Fig. 1. Characteristics of rice ecosystems. 

Rice ecosystems are characterized by the natural resources of water and land, and by the adaptation of the rice 
plant to them. lrrigated rice may be found at any point in a toposequence if water delivery is available. 

Upland 
Level to steeply sloping fields; 

direct seeded on plowed dry 
rarely flooded, aerobic soil; rice 

soil or dibbled in wet, 
nonpuddled soil. 

Rainfed lowland 
Level to slightly sloping, 

tinuous flooding of 
bunded fields; noncon- 

variable depth and 
duration; submergence 

for more than 10 
not exceeding 50 cm 

consecutive days; rice 
transplanted in puddled 
soil or direct seeded on 
puddled or plowed dry 
soil; alternating aerobic 
to anaerobic soil of 
variable frequency and 
duration. 

lrrigated 
Leveled, bunded 
fields with water 
control; rice 
transplanted or 
direct seeded in 
puddled soil: 

with anaerobic 
shallow flooded 

growth. 
soil during crop 

Flood-prone 
Level to slightly 

fields: more than 10 
sloping or depressed 

consecutive days of 

flooding (50 to more 
medium to very deep 

than 300 cm) during 
crop growth; rice 
transplanted in 
puddled soil or direct 
seeded on plowed dry 
soil; aerobic to 
anaerobic soil: soil 
salinity or toxicity in 
tidal areas. 
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This chapter discusses the critical characteristics of rainfed rice environments, 
especially in relation to soil conditions before, during, and after drought, and their 
implications for root growth, water extraction, and other traits likely to confer some 
level of drought tolerance. Implications for effective phenotyping of breeding popu- 
lations for different target subecosystems and for selection of lines with improved 
adaptation to different types of water stress are discussed. The chapter concludes by 
emphasizing the need to collect further field phenotyping data for identifying quanti- 
tative trait loci (QTLs) for drought tolerance, and to understand and demonstrate the 
likely benefits from incorporating specific traits for drought tolerance for target 
subecosystems. 

Critical characteristics of rainfed rice systems 
Upland rice is grown higher in the toposequence on aerobic soils, sometimes on slop- 
ing lands. Three predominant agroclimatic zones with different risks of drought and 
sets of additional constraints are recognized, which differ geographically and climati- 
cally: dry plateaus of South Asia with permanent integrated systems, hilly subhumid 
areas of mainland Southeast Asia with slash and burn, and equatorial humid areas 
with perennials in Indonesia, southern Vietnam, and southern Philippines (Courtois 
and Lafitte, this volume). 

Likewise, in rainfed lowlands, several subecosystems predominate: late-season 
drought, early season drought, fast onset late-season drought, short-term submergence 
(up to 10 d), and combinations of these (Wade et al 1997). With long-duration, tradi- 
tional cultivars (Mackill 1986), late-season drought is most severe, but, with the change 
to short-duration, direct-seeded rice (Fujisaka et al 1993), early season drought is 
increasing in importance. The flood-prone ecosystem encounters greater water depths 
for longer durations than rainfed lowlands and water may be stagnant or may change 
in depth quickly. Floodwater quality problems caused by turbidity, low oxygen sup- 
ply, extreme pH, tidal influences, and salinity may also arise (Setter et al 1995). 

It is interesting to examine plant available water in different systems. Puddling 
changes the water content-tension relationship, with more easy-to-extract water avail- 
able in puddled soils (Boling et al 1999). The effectiveness of water extraction is also 
related to soil condition and establishment method, with transplanted rice on puddled 
soils extracting less water than dry-seeded rice on unpuddled soils. This response is 
attributed to the different rooting patterns and different water content-tension rela- 
tionships in the contrasting systems (Boling et al 1999, Table 2). When plant avail- 
able water is compared from 0 to 120 cm in upland conditions, and from 0 to 30 cm in 
puddled soil conditions, the actual amounts of extractable water can be quite similar 
(Jongdee 1999). Yet the ease with which plants can extract that water differs because 
of contrasts in soil anaerobiosis, water content-tension relationships, and the vertical 
distribution of roots and soil water. 

In the uplands, water extraction is related to root length density, with an exten- 
sive and deep root system likely to be advantageous (O’Toole 1982, Puckridge and 
O’Toole 1981). In rainfed lowland and flood-prone areas, evidence is less clear. In 
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Table 2. Water retention of puddled and nonpuddled soil. 

Soil moisture tension 
(kPa) 

Puddled soil Nonpuddled soil 
(cm 3 cm -3 ) (cm 3 cm -3 ) 

0 
1 

10 
100 

1,000 

0.70 
0.62 
0.47 
0.35 
0.26 

0.51 
0.49 
0.39 
0.26 
0.16 

Source: Boling et al (1999). 

pot studies simulating rainfed lowland conditions, genotypes differed in patterns of 
water extraction (Kamoshita et al 1999), and these patterns were related to changes in 
root distribution under drought (Azhiri-Sigari et al 1999). In the field, genotypes dif- 
fered in capacity to penetrate a hardpan (Samson et al 1999) and were able to extract 
water from deeper layers (Wade et al 1999). But it remains to be demonstrated whether 
the generally low root length densities at depth in rainfed lowlands in the field can 
extract all of the water that should be available (Samson and Wade 1998). 

The contrast in soil conditions between anaerobic flooding and aerobic drought 
provides special challenges for root growth and water extraction in rainfed lowland 
and flood-prone areas (Samson and Wade 1998, Wade et al 1998). Roots tend to be 
shallow in rainfed lowlands, perhaps because plenty of water is often available earlier 
in the season when roots are developed. Oxygen supply to roots is mainly through 
aerenchyma in these conditions, which may restrict roots to shallower zones, as may 
the presence of chemical (low pH) or physical barriers (hardpans or the transition to a 
nonpuddled soil layer). The rapid onset of water stress in soils of poor water-holding 
capacity may prevent roots from exploring deeper soil layers. In drying surface soil, 
signals from roots may result in stomatal closure and reduced photosynthesis, thereby 
reducing assimilate supply to roots and discouraging further root exploration of deeper 
soil layers where water may still be available. Root turnover under anaerobic/aerobic 
transitions may influence the capacity to extract water from depth. 

Table 3 summarizes the conditions encountered in different rice ecosystems for 
root growth and function. While uplands may encounter severe problems with hard- 
pans, low pH subsoils, and rapid onset of drought on coarse-textured soils, rainfed 
lowland and flood-prone areas are also exposed to anaerobic/aerobic soil transitions 
and their implications for oxygen supply, root signals, and the severe contrast be- 
tween saturated and unsaturated conditions. These situations must be considered in 
defining environments for phenotyping of breeding populations for drought tolerance 
and identifying appropriate QTLs. At issue is not simply the capacity of a line to 
develop good roots in conditions of aerobic water stress, but in the actual conditions 
likely to be encountered in target environments (Table 3). 
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Table 3. Critical characteristics of rainfed rice environments for phenotyping breeding popula- 
tions for drought avoidance and drought tolerance. 

Factor Upland Rainfed Flood-prone Comments 
ricea lowland rice rice 

Oxygen – 
Physical barriers ** 
Chemical barriers *** 
Rate of stress onset ** 
Nutrient distribution ** 
Root signals * 

*** 
** 
** 
*** 
** 
*** 

*** 
** 
** 
*** 
** 
** 

Anaerobic/aerobic soils 
Hardpans, puddled layers 
Acid subsoils 
Low WHC b , wet/dry contrast 
Poor subsoils 
Root tips in dry/wet soils 

a *** = believed to be extremely important, ** = believed to be moderately important, * = believed to have 
minor importance, - = no limit . b WHC = water-holding capacity. 

Adaptive strategies for rainfed rice 
Alternative strategies may be employed to reduce the impact of abiotic stresses in 
order to ensure consistency of crop performance (Ludlow and Muchow 1990). Breeders 
have been most successful in using the “escape” strategy, whereby the crop is ex- 
posed to low levels of abiotic stress, either by reducing crop duration or by altering 
the phenological pattern so that sensitive growth stages do not coincide with periods 
likely to encounter severe abiotic stress. Examples are short-duration rice to escape 
late-season drought, growing of boro rice in winter to escape severe flooding in the 
wet season, or the use of direct seeding of photoperiod-insensitive lines to minimize 
exposure to terminal drought. If complete escape is not possible, or reduced duration 
restricts yield potential too seriously, some level of abiotic stress “avoidance” or “tol- 
erance’’ may also be useful. 

An avoidance strategy implies that the genotype minimizes its exposure to the 
problem by gaining access to additional resources or by reducing losses of the critical 
resource. For prolonged submergence, an avoidance strategy would involve rapid 
stem elongation so that some of the canopy could remain above the floodwater, per- 
mitting conductance of oxygen to stem bases and roots. This is also advantageous for 
photosynthesis if floodwater is turbid. For drought, an avoidance strategy would in- 
volve a genotype gaining access to additional reserves of soil water, some from soil 
layers already explored or more from deeper soil layers not previously explored 
(O’Toole 1982). Drought avoidance therefore implies better root systems, although a 
smaller canopy and greater leaf rolling may reduce evaporative loss of the finite wa- 
ter resource. In their review, Fukai and Cooper (1995) believed that root traits for 
gaining access to additional reserves were more important than shoot traits for reduc- 
ing losses. 

A tolerance strategy implies that the genotype is able to bear the consequences of 
some level of exposure to the abiotic stress, but still continue essential functions. For 
short-term submergence (up to 10 d), a tolerant genotype would not elongate, but 
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would survive using anaerobic respiration until the stress was relieved (Setter et al 
1997). Reserves of nonstructural carbohydrates, higher levels of alcohol dehydroge- 
nase and pyruvate decarboxylase, and free-radical scavenging mechanisms are impli- 
cated as beneficial here. Likewise for drought, the ability of a genotype to tolerate 
partial tissue dessication, adjust osmotic potential, and maintain cell turgor, and, again, 
free-radical scavenging mechanisms are believed to be beneficial. 

Tolerance strategies may buy the crop time, but avoidance strategies should have 
a potential for greater impact, if additional reserves can be exploited. This may de- 
pend on whether the genotype can express a capacity to develop better and more 
effective roots, given constraints to their expression in different target subecosystems 
(Table 4; Samson and Wade 1998, Wade et al 1998). For drought, it appears that 
genotypes developed to date possess either better avoidance (greater maximum root- 
ing depth, greater hardpan penetration capacity) or better tolerance (better osmotic 
adjustment capacity). A special research challenge to follow from identifying QTLs 
for avoidance and tolerance traits would be to combine these strategies in one geno- 
type, ideally with appropriate phenology, so as to use the escape strategy as well. 

This review necessarily focuses on abiotic stress tolerance, especially for water 
stress. Recently, other reviews have considered adaptive strategies for nutrient stresses 
(Lafitte 1998) and for weed competition (Fofana et al 1995), which are also important 
considerations in rainfed systems. 

Critical issues for phenotyping of rice for water-stress tolerance 
In evaluating traits for improved adaptation to drought, both constitutive and adap- 
tive (inducible) traits may be important. For example, a genotype that is able to de- 
velop a better root system in well-watered conditions before the onset of drought 
(constitutive traits) may have a head start for extracting water from deeper layers as 
the drought proceeds. In contrast, a genotype that is able to modify its root system to 
better extract water from deeper layers as water stress intensifies relies on adaptive 
traits expressed only under water stress. 

It is important to recognize the difference between constitutive and adaptive traits, 
and to develop phenotyping procedures capable of identifying genotypes possessing 
advantages in one or both types for the target ecosystem. To do so effectively, the 
phenotyping conditions must reflect situations representative of those that occur in 
the target subecosystems (Table 4). These conditions are quite different for upland 
rice than for rainfed lowland and flood-prone rice. In upland rice, constitutive traits 

Table 4. Critical issues for phenotyping of rice for water stress. 

Trait Upland rice Rainfed lowland rice 

Constitutive Aerobic, well-watered Anaerobic, well-watered 
Inducible Aerobic, appropriate drought Aerobic, following anaerobic 
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are expressed in well-watered conditions in which soils are aerobic and, as water 
stress proceeds, inducible traits are expressed in aerobic conditions as well. In con- 
trast, for rainfed lowland and flood-prone rice, constitutive traits are expressed in 
anaerobic soils with ponded water, whereas inducible traits are expressed as water 
stress intensifies in aerobic soil conditions. These contrasts have implications not 
only for root traits but also for maintenance of leaf water potential, osmotic adjust- 
ment, and dehydration tolerance (Nguyen et al 1997), and for the capacity of the plant 
to maintain leaf water potential with variation in internal resistance to water transport 
(Jongdee 1999). 

Last but not least is the challenge of providing a defined and repeatable drought 
condition for consistent phenotyping (Blum 1988). Field conditions provide more 
realistic conditions than pots, where restricted soil volumes and disturbed soils alter 
the expression of drought tolerance. But untimely rainfall in the field may preclude 
effective screening. Dry-season screening is sometimes employed to avoid periods of 
higher rainfall expectation. But evaporative demand may be considerably higher than 
that to which plants would normally be exposed in dry periods in the wet season, thus 
altering the expression of traits that should be beneficial under the targeted drought 
condition. For this reason, rainout shelters are sometimes used to permit us to exclude 
untimely rainfall during the correct season. But rainout shelters are expensive and 
difficult to maintain. The net result is extreme difficulty in reliably phenotyping breed- 
ing poulations for drought tolerance in appropriate field conditions closely related to 
those of the target environment. We are likely to conclude that the greatest limitation 
to further progress in identifying QTLs and developing markers for effective drought 
tolerance is the lack of suitable field data on phenotyping for drought tolerance. 

Issues for interpreting avoidance and tolerance traits 
Traits conferring drought avoidance and tolerance are quantitative (with large geno- 
type by environment interactions), responsive to environment, influenced by timing 
and severity of stress imposition relative to crop growth stage, and modified by plant 
height and growth habit. Further, most of these traits are difficult to measure and 
require considerable effort and skill for interpretable data to result. Yet there is no 
alternative at present but to continue to take measurements, especially to phenotype 
breeding populations for drought avoidance and tolerance, because current field data 
sets for QTL identification are inadequate. For rainfed lowlands, for example, almost 
all data are from screening in controlled conditions in the greenhouse and the few 
field data that exist were collected in the dry season, in the absence of drought stress, 
or in upland conditions. Clearly, this deficiency must be addressed as a matter of 
urgency. The ideal of moving solely to marker-aided selection is only a dream until 
suitable QTLs can be identified and their contribution understood, and this will never 
happen until field phenotyping is adequate. 

A second concern is the number of QTLs identified for each trait in the analysis 
of phenotypic data. Commonly, many QTLs are identified, and those identified often 
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change from experiment to experiment. But how many directly control expression of 
the trait of interest, and how many modify its expression via an influence on phenol- 
ogy, plant height, canopy development, and other factors that modify the rate and 
severity of stress onset? We need a much clearer understanding of the component 
traits to be combined for improved adaptation to water stress in different target 
subecosystems, and must demonstrate the likely benefit from incorporating the com- 
ponent traits. Interestingly, efforts to develop populations for phenotyping are consis- 
tent with the development of near-isogenic lines, which are robust materials for such 
physiological studies. 

A clear understanding is only possible if related physiology studies continue along 
with phenotyping, with support from related disciplines such as soil physics, agronomy, 
population genetics, molecular biology, and plant breeding. Only such systematic 
studies are likely to lead to the identified goal of releasing more drought-tolerant 
genotypes capable of having an impact in farmers’ fields. Because the intent of this 
workshop is to achieve this within five years, a concerted interdisciplinary effort is 
the only one likely to be successful. Work should proceed at various levels, from 
traditional breeding to molecular approaches, but must be supported by studies seek- 
ing understanding and synthesis as well. Only in combination are we likely to achieve 
success against this most difficult of abiotic stresses. 
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Combining information from multi- 
environment trials and molecular 
markers to select adaptive traits 
for yield improvement of rice in 
water-limited environments 
M. Cooper, D.W. Podlich, and S. Fukai 

The principles used to design multi-environment trials (METs) are discussed. Results 
from METs provide much of the information used to make selection decisions in plant 
breeding programs. The resources available for conducting them must be used to give 
the most accurate and precise information possible. This requires attention to (1) the 
adequacy of the sampling of the target population of environments, (2) experimental 
design, analysis, and interpretation of results, (3) data and information management, 
(4) understanding the causes of genotype-by-environment (G x E) interactions, and (5) 
the merits of alternative selection strategies compared with those currently used. 
Most breeding programs do not optimize the use of METs to achieve breeding objec- 
tives. Much can be done to improve on common practice. Our work on rainfed lowland 
rice in northeast Thailand and Lao PDR has revealed that large G x E interactions are 
common for grain yield. A major component of these interactions results from genetic 
variation for flowering time and environmental variation in the timing of water deficits. 
Genetic variation for yield, after adjusting for the effects of flowering time, is related to 
the capacity of lines to maintain a favorable leaf and panicle water status. The pro- 
posed breeding strategy involves a greater use of METs in combination with targeted 
screening of traits contributing to drought tolerance. The value of putative drought- 
tolerance traits must be established prior to their use as indirect selection criteria. 
The efficiency of indirect selection for broad and specific adaptations by trait-based or 
marker-assisted selection (MAS) needs to be evaluated in comparison to the potential 
for direct selection for yield from optimized METs. Quantitative genetics theory in com- 
bination with computer simulation provides a powerful framework for evaluating and 
optimizing direct and indirect selection strategies. The relative merit of direct selec- 
tion and MAS strategies is influenced by the completeness of the molecular marker 
description of the traits and the adequacy of the MET in providing accurate and precise 
information on the adaptation of breeding lines for the target population of environ- 
ments. 
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The incidence of genotype-by-environment (G × E) interactions within the target 
genotype-environment system of a breeding program necessitates the use of multi- 
environment trials (METs) to evaluate genotype adaptation. The design of an effec- 
tive multi-environment testing strategy for yield improvement, like all aspects of a 
breeding program, requires both a clear definition of breeding objectives and an un- 
derstanding of the target genotype-environment system. Clearly, the complexity of 
the system will influence the nature and sophistication required in the conduct of 
METs and interpretation of their results. Our work on yield improvement of rainfed 
lowland rice in Thailand and Lao PDR has indicated a high level of complexity in this 
water-limited rice production system (Fukai et al 1997). Therefore, considerable at- 
tention needs to be given to the design of a MET strategy that gives accurate and 
precise information on the relative performance of genotypes in the target population 
of environments (TPE) to enable progress from selection. Recent publications by 
Cooper and Hammer (1996) and Kempton and Fox (1997) consider a range of issues 
relevant to the conduct of METs and their role in plant breeding. 

Breeding programs operate over cycles of selection with the aim of developing 
improved genotypes for a TPE. Figure 1 provides a schematic representation of the 
conduct of METs within the context of a breeding program. The aspects emphasized 

Fig. 1. Schematic structure of the role of multi-environment trials (METs) within the operation of a 
plant breeding program. SD = standard deviation. (Modified from Basford and Cooper 1998.) 
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are (1) sampling, the process of sampling the available germplasm and the range of 
environments in the TPE; (2) analysis, the conduct of the METs, the analysis of the 
results from the METs, and their interpretation, which involves an assessment of the 
accuracy and precision of the results; (3) selection, the use of the information ob- 
tained from the METs to make selection decisions; and (4) prediction, prediction of 
the performance of selected genotypes for the TPE and for further intermating and 
selection within the breeding program. Successful conduct of METs within a breed- 
ing program requires attention to all of these issues. Although their traditional func- 
tion is to provide the breeder with data for selection, METs can also be used to iden- 
tify and select for adaptive traits. Specific patterns of genetic variation observed in 
METs can be examined in more detail to determine their significance for improving 
plant adaptation. This may identify and introduce opportunities for genetic improve- 
ment by indirect selection via adaptive traits to complement traditional direct selec- 
tion based on yield and quality results from METs. The availability of molecular 
markers and the scope for marker-assisted selection (MAS) have created renewed 
interest in the role of indirect selection strategies within plant breeding programs. But 
comparisons of the efficiency of marker-based selection strategies relative to conven- 
tional direct selection, using results from METs, have received limited attention to 
date. 

The issue of selection efficiency within breeding programs can be examined in 
three general ways: theoretically, by simulation, and experimentally. Each approach 
has its own strengths and weaknesses. These methods can be used together in a comple- 
mentary way to give a more comprehensive assessment of the requirements for an 
efficient plant breeding strategy aimed at improving the adaptation of rice to water- 
limited environments. The objective of this paper is to consider issues related to the 
efficient use of METs within a breeding program, where options for direct and indi- 
rect selection are available. The implications of these issues will be discussed in rela- 
tion to current efforts to improve the adaptation of rainfed lowland rice in water- 
limited environments. 

Theoretical issues 
Quantitative genetics provides a framework for evaluating the relative efficiency of 
direct and indirect selection strategies within a plant breeding program. Prediction 
equations can be defined and used as a basis for comparisons between alternative 
strategies and optimization of resource allocations within a strategy. Optimization of 
the MET component of a breeding strategy requires joint consideration of the accu- 
racy of discrimination among genotypes in the MET relative to that expected within 
the TPE and the precision by which differences in the relative performance of the 
genotypes are measured in the MET. 

For direct selection, the heritability of the traits to be subjected to selection is 
fundamental. Where METs are conducted across sites for more than one year, the 
results can be analyzed taking into consideration the cross-classification structure of 
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years and sites. From the analysis of variance, components of variance can be esti- 
mated and line mean heritability (h2) can be estimated as 

where is the genetic component of variance, and are the G × E 
interaction components of variance involving years, sites, and year-site combinations, 
respectively, is the pooled within-environment error component of variance, and y, 
s, and r are the numbers of years, sites, and replicates within a year-site combination, 
respectively. With this expression for heritability, it can be seen that the components 
of G × E interaction act to reduce heritability. It can also be seen that increasing 
replication across sites and years and within year-site combinations can increase heri- 
tability. The impact of these forms of replication will depend on the magnitude of the 
interaction and error components of variance. The equation also shows that heritabil- 
ity is increased by the use of experimental techniques and methodologies that con- 
tribute to a reduction in experimental error. This expression for heritability, and ap- 
propriate modifications of it, can be applied to prediction of response to selection for 
broad adaptation across the types of environments for a TPE or to selection for spe- 
cific adaptation to repeatable types of environments or regions encountered within 
the TPE. The review article by Nyquist (1991) summarizes many of the issues associ- 
ated with the estimation and use of heritability in predicting response to selection for 
broad adaptation to a TPE. For a treatment of selection for both broad and specific 
adaptation, see Cooper and Hammer (1996). 

Where G × E interactions exist, a condition for any estimate of heritability to be 
a reliable indicator of the scope for making progress from selection is that the results 
must be based on a sample of environments that matches the expected mixture of 
"types" of environments in the TPE. Here a type of environment is defined as a set of 
biophysical conditions that result in a specific pattern of discrimination among geno- 
types. It is commonly assumed that the environments sampled in METs are a random 
sample from the TPE. If this were the case, the larger any such random sample were, 
the more likely that the MET would match the TPE. In reality, however, METs are 
extremely small samples from the TPE and the environments are unlikely to be a 
random sample. Many situations can result in METs that are mismatched with the 
TPE. This is a key issue in the long-standing debate on whether METs can be con- 
ducted on research stations or whether they need to be conducted on-farm. 

In theory, the match between genotype discrimination in a MET and that ex- 
pected in the TPE can be measured by either the genetic covariance or the genetic 
correlation between the discrimination among genotypes in the MET and the TPE. In 
practice, the performance of genotypes in the TPE is unknown. But the implications 
of mismatches between a MET and the TPE can be examined using the theoretical 
framework given by Cooper et al (1996). Consider two examples based on perfor- 
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Fig. 2. Graphical representation of the influence of genotype-by-environment interactions on the 
genetic covariance ( s g(M,T) ) between the relative performance of two genotypes in a multi-environ- 
ment trial (MET) and the target population of environments (TPE) as the frequencies of the two 
types of environments (E1 and E2) change in the MET and the TPE. Two examples are considered: 
(1) where only crossover interaction exists (A, C), and (2) where a combination of crossover and 
heterogeneity of variance interactions exists (B, D). 

mance profiles of two genotypes across two types of environments, referred to as E1 
and E2 (Fig. 2). In the first example, there is only crossover interaction (Fig. 2A) and 
in the second there is a combination of crossover interaction and interaction because 
of heterogeneity of genetic variance (Fig. 2B). The relative performance of the geno- 
types can be computed for MET and TPE situations where different frequencies of 
both types of environments occur. The genetic covariance based on genotype perfor- 
mance can then be computed for different combinations of MET and TPE as the 
frequency of the environment types changes (Fig. 2C, D). A match between the MET 
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and TPE can be considered as a combination where the frequencies of environment 
types in the MET and TPE are similar and a mismatch where the frequencies diverge. 
For both examples, where there is sufficient divergence between the environmental 
composition of the MET and the TPE, there is a negative genetic covariance between 
genotype performance in the MET and the TPE. The graphical presentation of the 
results for the two genotype profiles (Fig. 2) shows that, when there is a mismatch 
between the MET and the TPE in the presence of crossover G × E interactions, re- 
sponse to selection in the TPE can be negative. This can occur even when estimates of 
heritability from the MET suggest that a positive response to selection is expected. A 
further point to note from these examples is that, even if the correct environment 
types are sampled in the MET, if they are in proportions different from those in the 
TPE, it is still possible to have a negative response to selection in the TPE. Therefore, 
it is not sufficient to define an environment type as relevant. It is also necessary to 
have an estimate of the contribution of the environment type to the TPE to determine 
the optimal contribution of information from the environments sampled in METs to 
selection decisions. 

For indirect selection, the heritability of the target trait (e.g., yield) and the heri- 
tability of the trait used to implement the indirect selection (e.g., maturity, drought 
score, root characters, osmotic adjustment, or molecular markers), together with the 
genetic correlation between both traits, are the fundamental components of the pre- 
diction equation. Each of these genetic parameters can be influenced by G × E inter- 
actions. Therefore, to obtain reliable estimates, these parameters should be deter- 
mined from the results of METs that sample the range of conditions expected in the 
TPE. This provides a basis for evaluating the contribution of any adaptive trait to 
yield. Where molecular markers have been identified to be polymorphic within a 
cross, and are associated with a trait that is to be manipulated by selection, their role 
in selection can be considered within an indirect selection framework. The heritabil- 
ity of the marker variation should be close to 1.0 when a reliable marker technology is 
used. The genetic correlation will be a function of the closeness of the linkage and 
degree of linkage disequilibrium between the marker and loci contributing to varia- 
tion for the target quantitative trait, the so-called quantitative trait loci (QTLs). For 
yield improvement of rice in water-limited environments, these QTLs may be associ- 
ated with the control of flowering time, rooting depth, osmotic adjustment, and resis- 
tance to water flow in xylem vessels. 

Lande (1992) constructed a prediction equation to evaluate the relative efficiency 
of MAS for a quantitative trait within the context of a pedigree breeding program. For 
this treatment of MAS, a single target environment was considered and a selection 
index combining both phenotypic and marker information was used to identify situa- 
tions where response from MAS was greater than that from direct selection based on 
phenotypic data alone. Using the equation given by Lande (1992), the expected selec- 
tion response from MAS for different numbers of lines and plants within lines and 
different proportions of total genetic variance explained by the markers ( p ) can be 
examined. Although this framework does not explicitly deal with the effects of G × E 
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Fig. 3. Theoretical selection response per generation for selection among inbred lines in a pedi- 
gree breeding program as a function of the number of plants tested per line and the proportion of 
total genetic variance (p) explained by molecular markers. The selection scenario was based on a 
total of 50,000 plants measured and the top 50 lines selected (Lande 1992). Selection response 
is scaled in units of individual plant phenotypic standard deviations for the population as a whole. 
(A) h2 = 0.05 and (B) h2 = 0.20 on a single-plant basis. 

interactions, some indication of their effects can be obtained by considering that they 
contribute to a reduction in heritability. Figure 3 shows two examples. In the first 
situation, the heritability on a single-plant basis is 0.05 (Fig. 3A), and the second 
heritability on a single-plant basis is 0.20. The first case represents the situation with 
the greatest amount of G × E interaction. In both cases, it is assumed that a total of 
50,000 plants can be measured and that the best 50 lines are selected. Therefore, the 
maximum number of lines that can be examined is 50,000, with 1 plant line". At the 
other extreme, 50 lines could be evaluated, with 1,000 plants line". If 50 lines are 
evaluated and selected, however, no selection pressure is applied and no response is 
achieved. Hence, the selection response decreases to zero as the number of plants per 
line approaches 1,000. 

We can observe several points from the examples. First, using the selection index 
of Lande (1992), there is an increase in response to selection from improvement of 
heritability from 0.05 (Fig. 3A) to 0.20 (Fig. 3B). This increase in heritability could 
be achieved by improved experimental technique to control environmental variation, 
experimental designs and analyses that adjust for the effects of environmental varia- 
tion, or increased replication within and across environments in METs. Second, re- 
sponse to selection changes as a function of the number of plants evaluated per line. 
Third, response to selection improves as the proportion of genetic variance accounted 
for by the molecular markers increases for both levels of heritability. Fourth, response 
to selection can be improved in the absence of any information from molecular mark- 
ers by increasing the number of plants evaluated within a line from one to some 
optimum for both levels of heritability. Fifth, there are situations where selection on 
phenotypic information alone (i.e., P = 0) can achieve a greater selection response 
than the combined phenotype-marker index (i.e., P >O). For example, with a herita- 
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bility of 0.20, a greater response to selection is achieved for P = 0.0 when phenotypic 
evaluation is based on 10 plants line -1 compared with P = 0.25 when 1 plant line -1 is 
evaluated (Fig. 3B). It is clear from this theoretical treatment that the design of MAS 
strategies cannot be considered in isolation from the design of METs. These issues 
are examined further by computer simulation below. 

There is a long history of attempts to use physiological principles as a basis for 
guiding the genetic improvement of complex traits such as grain yield. Adaptation to 
water-limited environments has been of particular interest. Jackson et al (1996) evalu- 
ated the role of physiological understanding of adaptation in plant breeding within an 
indirect selection framework. They identified three main areas where physiological 
understanding can contribute to breeding programs: (1) identification of types of tar- 
get environments for effective selection in core breeding programs, (2) identification 
of traits that could be used as indirect selection criteria in core breeding programs, 
and (3) identification of traits as selection criteria for introgression programs. Physi- 
ological approaches to breeding have generally concentrated on the second and third 
of these areas, with only limited emphasis on the first. It is in the area of defining 
target environments and designing appropriate METs, however, that there is likely to 
be the greatest scope for improving the efficiency of breeding rice for water-limited 
environments. 

Computer simulation 
Investigations into the efficiencies of using MAS in breeding programs should be 
considered in combination with the design of METs. A theoretical argument for this 
was given above. But many issues relevant to breeding strategy are difficult to inves- 
tigate within this theoretical framework. In such situations, investigation by com- 
puter simulation can be a powerful tool to extend the theoretical treatment of the 
problem (Podlich and Cooper 1998). In this section, we use a computer simulation 
methodology to consider two issues: (1) the power of experiments to detect QTLs 
contributing to the traits that are to be manipulated in a breeding program and (2) the 
impact of G × E interactions and the size of METs on response from MAS. 

Beavis (1994) examined the influence of heritability and the size of plant popu- 
lation on the power of experiments to detect QTLs contributing to a quantitative trait 
(Fig. 4). The power of the experiments was measured as the frequency with which 
QTLs were correctly identified from 200 simulations. Using simulation methodol- 
ogy, Beavis considered a quantitative trait controlled by either 10 or 40 QTLs. Segre- 
gation for a diploid genome within an F 2 population was simulated for three levels of 
heritability on a single-plant basis (0.30, 0.63, 0.95) and three population sizes (100, 
500, and 1,000 plants). Beavis (1994) found a strong interaction between heritability 
and population size for the power of the experiments. With low heritability and small 
population sizes (100 to 500 individuals), the experiments had limited power to de- 
tect QTLs. Even when the heritability was increased to 0.95, with a population size of 
100, the experiment was still weak in detecting QTLs. For the genetic model based on 
10 QTLs, the combination of a population size of 500 individuals and heritability of 
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Fig. 4. The results of Beavis (1994) on the simulated power of a QTL experiment to correctly 
identify known QTLs in an F 2 population as a function of individual plant heritability and population 
size for quantitative trait models based on (A) 10 QTLs and (B) 40 QTLs. 

0.63 was powerful enough to reliably detect 86% of the QTLs. But this combination 
was weak for the genetic model based on 40 QTLs, detecting only 29% of them. For 
the more complex genetic model, the combination of a large population (1,000 indi- 
viduals) and a high heritability was required to detect 77% of the QTLs. Experimen- 
tal evaluation of these findings by Pioneer Hi-Bred International, in an experiment 
based on 976 F 5 maize testcrosses evaluated across 19 environments, confirms the 
results of the simulation experiments conducted by Beavis (Dr. S. Openshaw, Pioneer 
Hi-Bred International, 1998, personal communication). A significant observation was 
that small METs based on 100 to 250 lines tested in a limited number of environments 
were unreliable in detecting QTLs and that the effects estimated for the QTLs were 
generally biased up. 

These results have strong implications for the conduct of METs that generate 
phenotypic data to be used in linkage studies as the basis for detecting QTLs for MAS 
in breeding. For quantitative traits, even those controlled by a modest number of 
genes (5 to 10 QTLs), large METs with substantial numbers of lines and replications 
across environments will be required to sample the genetic variation and achieve the 
level of heritability necessary to reliably characterize the architecture of these traits. 
Beavis and Keim (1996) considered several of the issues associated with the analysis 
of METs to take into account QTL × E interactions. 

The QU-GENE software (Podlich and Cooper 1998) was used to conduct a simu- 
lation experiment that examined the joint impact of G × E interactions and size of 
MET on response to selection from three selection strategies: (1) selection on pheno- 
typic information alone (PS), (2) selection on molecular marker information alone 
(MS), and (3) an optimized index combining phenotypic and marker information 
(i.e., MAS). The breeding scenario considered was analogous to the pedigree breed- 
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ing strategy considered theoretically by Lande (1992) and discussed above. A quanti- 
tative trait controlled by 50 independent QTLs of equal additive effect was simulated. 
The extent to which the molecular markers were associated with the QTLs was varied 
in two ways: (1) by manipulating the number of QTLs identified by flanking molecu- 
lar markers, either 25 or all 50 QTLs identified, and (2) by manipulating the tightness 
of the linkage between the molecular markers and the QTLs, measured as recombina- 
tion frequencies of 0.0 (perfect association), 0.05, 0.20, and 0.40 (weak association). 
Two G × E interaction scenarios were considered: (1) no systematic G × E interaction 
in the TPE, and (2) systematic G × E interaction in the TPE, such that the crossover 
G × E interaction component of variance was approximately 2.5 times that of the 
genotypic component of variance. 

In our rainfed lowland rice METs, we have observed the interaction component 
of variance for grain yield to be up to four to six times the genetic component of 
variance (Cooper and Somrith 1997, Fukai and Cooper 1999). Heritability on a single- 
plant basis was assumed to be 0.20 in the situation with no G × E interaction. The 
within-experiment environmental component of variance was assumed to be N (0, 

An estimate of was obtained from the scenario with no G × E interaction and 
used throughout the simulation experiment. Two sizes of MET were considered: (1) 
ope environment sampled at random from the TPE, and (2) 10 environments sampled 
at random from the TPE. The pedigree breeding strategy commenced by crossing two 
homozygous parents with the favorable alleles for the 50 QTLs dispersed equally 
between the parents. The parents were used to generate an F 1 that was self-pollinated 
to produce an F 2 population. Selection was conducted among F 2 -derived lines in the 
F 3 generation. Following Lande (1992), it was assumed that 50,000 plants could be 
measured phenotypically and by markers. The top SO F 2 -derived lines were then se- 
lected. Therefore, some comparisons could be made between the results of the simu- 
lation experiment and the theoretical treatment given by Lande (Fig. 3). 

For the MET based on a single environment, the number of F2-derived lines ranged 
between 50,000 (1 plant line -1 ) and 50 (1,000 plants line -1 ). For the MET based on 10 
environments, the number of F 2 -derived lines ranged from 5,000 (10 plants line -1 and 
1 plant environment -1 ) to 50 (1,000 plants line -1 and 100 plants environment -1 ). For 
each combination of treatments, 250 simulations were conducted and the mean result 
examined. The response to selection was examined for the three forms of selection 
(PS, MS, and MAS) as a function of the number of plants sampled per line (single- 
environment MET) or number of plants per environment (10-environment MET). To 
assist comparisons between genetic models based on different levels of G × E interac- 
tion, response to selection was scaled as a percentage of the performance of the best 
possible genotype, possessing all favorable QTLs (target genotype) that could be pro- 
duced by recombining the genes from the two parents. 

For the case with no systematic G × E interactions, the response to selection 
varied in relation to the number of plants tested per line (Fig. 5A) in a manner compa- 
rable to the theoretical predictions (Fig. 3). Therefore, as with the theoretical treat- 
ment, in the absence of molecular marker information, increasing the replication from 
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Fig. 5. Simulated selection response per generation for a quantitative trait controlled by 50 QTLs, 
plotted as a function of the number of plants tested per line, the recombination frequency (RF) 
between flanking molecular markers and the QTLs, and the number of QTLs identified by molecu- 
lar markers: (A) all 50 QTLs, (B) 25 QTLs. Selection was among F 2 -derived inbred lines in the F 3 
generation of a pedigree breeding program. The selection scenario was based on a total of 50,000 
plants measured and the top 50 lines selected (Lande 1992). Selection response is scaled as a 
percentage of the best possible response that can be achieved from recombining the 50 QTLs; 
50% represents no response and 100% the maximum response. 

one plant to an optimal number contributed to an increase in the response to selection. 
Maximum response for selection based on phenotype alone resulted from replication 
based on 10 plants line-1 (Fig. 5A). As the linkage between the markers and the QTLs 
strengthened, MAS provided an opportunity to increase the response to selection over 
phenotypic selection when low levels of replication were used to evaluate the lines. 
When only 25 of the QTLs were identified (Fig. 5B), the improvement in response 
over phenotypic selection by MAS was less than when all QTLs were identified. 
Evaluation of MAS where the quantitative traits are only partially explained by mark- 
ers is a more realistic scenario given our current understanding of the inheritance of 
quantitative traits. 

For the quantitative trait model incorporating G × E interactions, two situations 
were considered: (1) where all QTLs were associated with markers (Fig. 6), and (2) 
where half of the QTLs were identified by markers (Fig. 7). Response to selection 
was maximized by MS and MAS selection when all QTLs were associated with tightly 
linked markers and the 50,000 lines were evaluated in a single environment (Fig. 
6A). Evaluation of the 50,000 lines in a single environment was also the situation 
where phenotypic selection was the least effective. Therefore, the difference between 
MAS and phenotypic selection was the greatest for this situation. As expected, con- 
ducting a MET based on 10 environments increased the response achieved by pheno- 
typic selection (Fig. 6B). But this necessitated sampling fewer lines and the effective- 
ness of both the MS and MAS strategies decreased. Clearly, with such a strong char- 
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Fig. 6. Simulated response per generation for selection on phenotype alone (PS), molecular mark- 
ers alone (MS), and marker-assisted selection (MAS) for a quantitative trait controlled by 50 QTLs 
influenced by genotype-byenvironment interactions, plotted as a function of the number of plants 
tested per line. All 50 QTLs were associated with molecular markers and the recombination fre- 
quency (RF) between the flanking molecular markers and the QTLs was either 0.05 (A, B) or 0.20 
(C, D). The multienvironment trial (MET) was based on 1 (A, C) or 10 (B, D) environments. Selec- 
tion response is scaled as a percentage of the best possible response that can be achieved from 
recombining the 50 QTLs; 50% represents no response and 100% the maximum response. 

acterization of the trait by markers, there was no advantage to either MS or MAS 
from conducting a more extensive MET, whereas there was the expected advantage 
for phenotypic selection. Such a comprehensive description of the QTLs contributing 
to a quantitative trait may be considered as an ideal to aim for if MAS is to be at its 
most effective. For most situations in plant breeding, however, we are nowhere near 
this ideal. Therefore, it is instructive to examine the relative effectiveness of the three 
selection strategies for a MET based on 1 or 10 environments as we reduce the ad- 
equacy of the molecular marker description of the trait. 

When the strength of linkage between the markers and the QTLs was decreased 
by increasing recombination frequency from 0.05 (Fig. 6A, B) to 0.20 (Fig. 6C, D), 
there was a reduction in the response to selection from both the MS and MAS strate- 
gies. As expected, response from phenotypic selection was unaffected. For evaluation 
of lines in a single environment, however, both the MS and MAS strategies were 
superior to phenotypic selection for all levels of replication, with a slight advantage 
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of MAS over MS (Fig. 6C). The conduct of a MET based on 10 environments con- 
tributed to a further reduction in the effectiveness of the MS and MAS strategies (Fig. 
6D). This, combined with the increase in response from phenotypic selection, re- 
sulted in phenotypic selection being comparable to MAS and superior to MS selec- 
tion, except at the lowest levels of replication where MS and MAS still had an advan- 
tage over phenotypic selection. 

When tight linkage was achieved for half of the QTLs contributing to the trait, 
response to selection was maximized with MAS in combination with low levels of 
replication in a single environment (Fig. 7A). There was a slight advantage of MAS 
over the MS strategy. Evaluating lines in the 10-environment MET improved pheno- 
typic selection over the MS strategy and made it comparable with MAS, except at the 
lowest levels of replication (Fig. 7B). The relative merit of the three selection strate- 
gies changed when the linkage between the molecular markers and QTLs was re- 
duced (Fig. 7C, D). There was a slight advantage for MAS based on the 10-environ- 

Fig. 7. Simulated response per generation for selection on phenotype alone (PS), molecular mark- 
ers alone (MS), and marker-assisted selection (MAS) for a quantitative trait controlled by 50 QTLs 
influenced by genotype-by-environment interactions, plotted as a function of the number of plants 
tested per line. Twenty-five of the 50 QTLs were associated with molecular markers and the 
recombination frequency (RF) between the flanking molecular markers and the QTLs was either 
0.05 (A, B) or 0.20 (C, D). The multi-environment trial (MET) was based on 1 (A, C) or 10 (B, D) 
environments. Selection response is scaled as a percentage of the best possible response that 
can be achieved from recombining the 50 QTLs; 50% represents no response and 100% the 
maximum response. 
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ment MET over the single-environment MET. This was apparent with replication 
levels of 1 to 10 plants environment -1 for the 10-environment MET (10 to 100 plants 
total) (Fig. 7D) when compared with the same levels of replication in the single- 
environment MET (10 to 100 plants) (Fig. 7C). Both phenotypic selection and MAS 
were superior to the MS strategy when a 10-environment MET was conducted (Fig. 
7D). This latter situation, where half of the QTLs were associated with markers and 
intermediate linkage levels were achieved, is probably still better than most of the 
situations that exist for the quantitative traits we are working with in breeding pro- 
grams. These results emphasize the clear need for the design of MAS strategies that 
jointly consider the quality of the molecular marker description of the traits and the 
design of METs. Simulation analyses, such as those conducted for the example con- 
sidered here, can serve as a basis for identifying target levels of molecular marker 
characterization of quantitative traits that will be necessary if benefits from MAS are 
to be realized. 

Experimental results 
Fukai and Cooper (1995) used an indirect selection framework to define target envi- 
ronments for rainfed lowland rice and evaluate putative traits for improving drought 
tolerance. In general, matching phenology with the water availability of an environ- 
ment has a major impact on yield variation and G × E interactions for yield of rice in 
water-limited environments. Yield variation among genotypes with similar phenol- 
ogy, however, indicates genetic variation for adaptation to water-limited environments 
that could be exploited to improve the drought tolerance of rainfed lowland rice (Cooper 
and Somrith 1997, Fukai and Cooper, 1999). Breeding programs need to exploit this 
latter source of genetic variation. We have found that genetic variation for ability to 
maintain a high leaf and panicle water potential is associated with significant variation 
in adaptation to water-limited environments (Jongdee et al 1997, Fukai and Cooper 
1999). 

The strong influence on grain yield of both genetic variation for flowering time 
and environmental variation in timing of drought development necessitates particular 
attention to characterizing the water balance of environments sampled in rainfed low- 
land rice METs. For example, in 1997 at the Chum Phae drought-screening facilities 
in northeast Thailand, a severe terminal water deficit developed (Fig. 8). The 450 
experimental lines, sampled at random from 7 breeding populations, and the check 
cultivars flowered between 80 and 135 days after sowing (DAS). There was no standing 
water in the paddy during the majority of this period. A rainfall event reduced the 
water deficit in the paddy between 80 and 90 DAS (Fig. 8A). Grain yield was strongly 
influenced by the flowering time of the lines (Fig. 8B). The earliest flowering lines 
(80 to 85 DAS) and those flowering after 95 DAS generally had a lower yield than 
those flowering between 85 and 95 DAS. Those lines flowering in this period would 
have obtained some relief from the water deficit because of the coincidence of flow- 
ering with the significant rainfall event. Selection for grain yield alone would empha- 
size early flowering lines in this trial. 
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Fig. 8. Grain yield variation among rainfed lowland rice breeding lines from seven populations at 
the Chum Phae drought screening facilities in 1997: (A) the water level in the paddy relative to the 
soil surface as a function of days from sowing; (B) grain yield of individual lines as a function of 
days from sowing to flowering. 

We have consistently observed this dominating influence of flowering time on 
yield of rainfed lowland rice in breeding METs (Henderson et al 1996, Cooper and 
Somrith 1997, Fukai and Cooper 1999). Although the influence of flowering time on 
yield was strong, there was still significant variation for grain yield among lines flow- 
ering at a similar time. Unless the analysis of yield variation in trials such as these 
takes into account the nonlinear effects of flowering time and timing of water deficit, 
it will be difficult to make genetic progress for grain yield from direct selection. Ap- 
propriate adjustments can be made by either separating breeding lines into separate 
flowering time groups or by statistically adjusting for the effects on yield of variation 
in flowering time prior to selection. We would recommend a combination of both 
practices. Clearly, it is critical that selection for yield should take into account the 
effects of variation in plant developmental patterns and in particular genetic control 
of variation in flowering time. At the same time, a practical strategy is required. Table 
1 summarizes the process that we would recommend for the analysis and interpreta- 
tion of the results from METs. Table 2 summarizes the selection targets for the drought- 
screening nursery at Chum Phae. 
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Table 1. Considerations for the analysis and interpretation of genotype-by-evironment (G × E) 
interactions in terms of their application to selection in plant breeding. The three levels of 
activity under the three applications categories—analysis methods, objectives of analysis, and 
selection strategy—should be interpreted in a cumulative manner as the forms of G × E interac- 
tion within the genotype-environment system are understood with increasing levels of detail 
and the likelihood of the patterns of G × E interaction being repeatable is quantified. (Modified 
after DeLacy et al 1996.) 

Application in plant breeding 
Form of G × E 
interaction Analysis methods Objectives of analysis Selection strategy 

Nonrepeatable 

Mixture of 
repeatable and 
nonrepeatable 

Repeatable 

Analysis of variance 
by residual maximum 
likelihood (REML). 

predictors (BLUPs) 
of line performance. 

Best linear biased 

Indirect selection 
relationships among 
types of environments. 

(combined use of 
cluster analysis and 
ordination methods). 

Pattern analysis 

Biophysical models 

1. Estimate components Selection for broad 
of variance to determine adaptation. 
the relative sizes of Decisions on MET 
sources of variation and size; i.e., how many 
estimate heritability. test environments 

of G × E interactions by specific screens), 
examining them for: replicates, and 
(a) Heterogeneity and genotypes to use. 

lack of correlation Appropriate 
partition. experimental 

(b) Rank change and no designs. 
rank change partition. 

(c) The impact of rank 
change on the 
composition of the 
select group of 
genotypes. 

2. Characterize the form (years, sites, 

3. Relationships among Selection for broad 
environments measured adaptation and 
in terms of genetic specific adaptation 
correlations and to types of 
indirect response to environments. 
selection. 

and partitioning of G × E 
interaction for groups of 
genotypes and environments. 

causes of differences in 
patterns of adaptation. 

characterization to 
identify types of 
environments sampled 
in the MET and their 
relevance to the TPE. 

7. Interpretation of Selection for specific 
the biophysical basis of adaptation in 
G x E interactions. combination with 

broad adaptation. 

4. Grouping, ordination, 

5. Investigation of the 

6. Environmental 

28 Cooper et al 



Table 2. Selection targets for improvement of grain yield of rainfed lowland rice, within a flower- 
ing time (maturity) group, against late-season drought using the Chum Phae drought-screening 
facilities in northeast Thailand. 

Water regime Target traits 

Irrigated conditions 

Rainfed conditions with 
drained water prior to anthesis 

High potential yield with 
• High harvest index 
• Intermediate height 
Small dry matter at anthesis 

Minimal delay in flowering 
Maintenance of favorable plant water status 
• Visual scoring for green leaf retention (drought score) 
• Reduced spikelet sterility 

Source: Fukai and Cooper (1999). 

An important consideration in progressing from basic to more sophisticated lev- 
els of analysis and interpretation of results from METs is whether any of the observed 
G × E interactions are likely to be repeatable (Table 1). If any are considered repeat- 
able, then there is an expectation that specific types of environments observed in 
METs will be encountered at other sites or in future years and that the specific pat- 
terns of genetic variation associated with the types of environments are relevant to 
achieving breeding objectives. Where interactions are considered to be nonrepeatable, 
then selection for broad adaptation would be appropriate. Where interactions are con- 
sidered to be a mixture of repeatable and nonrepeatable events, we need to consider 
the nature of the interactions and selection for a combination of broad and specific 
adaptation. Here, the relationships among the alternative analytical methodologies 
need to be appreciated (Cooper and DeLacy 1994, Cooper et al 1996). For situations 
where the patterns of adaptation are considered to be highly repeatable, detailed analysis 
by a combination of pattern analysis and biophysical models of plant adaptation would 
be warranted. 

Our experience with rainfed lowland rice METs in northeast Thailand and Lao 
PDR suggests that the observed G × E interactions for yield in water-limited environ- 
ments are the result of a complex mixture of repeatable and nonrepeatable events. 
The influence of flowering time can be accommodated by stratifying the breeding 
lines on maturity and appropriate analysis of results. Specific adaptation associated 
with repeatable G × E interactions has been associated with the ability of lines to 
maintain high leaf and panicle water potential under water deficit. Lines able to main- 
tain high panicle water potential suffered less delay in flowering and had a higher 
proportion of fertile panicles and spikelets, more filled grains, and a higher grain 
yield. Detailed experiments on a more limited set of lines indicated that genotypic 
variation for maintenance of leaf water potential was related to plant size and resis- 
tance to water flow within the plants. Other traits we have examined that were not 
related to a genotype’s ability to produce higher yield under water-limited conditions 
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are osmotic adjustment and the root characters root mass density, maximum root depth, 
and root-pulling resistance. To date, we have only examined these traits in a limited 
set of water-deficit conditions and for a specific reference genotype population. If 
there are any specific adaptation advantages associated with these traits, they may be 
associated with G × E interactions we have yet to encounter. 

A common problem in breeding METs is the large component of experimental 
error. These errors act to reduce heritability and therefore response to selection. Much 
work has been done on developing experimental designs and analytical methodolo- 
gies to adjust for systematic environmental variation within experiments. Basford et 
al (1996) gave an overview of these techniques and discussed their application in the 
analysis of METs. The impact of adjusting for the spatial environmental variation 
encountered in rainfed lowland rice experiments is demonstrated for four environ- 
ments sampled as part of a MET conducted in northeast Thailand in 1997 (Fig. 9). 
Each environment had a change in the ranking of the lines following adjustment of 
the best linear unbiased predictors (BLUPs) for spatial variation within the paddy. 

Fig. 9. Association between the best linear unbiased predictors (BLUPs) computed on a random- 
ized complete block model (RCB) and following spatial analysis for four sites in northeast Thailand 
in 1997: (A) Khon Kaen, (B) Phimai, (C) Sakon Nakhon, and (D) Ubon Ratchathani. 
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The adjustment was more pronounced at the Sakon Nakhon (Fig. 9C) and Ubon 
Ratchathani sites than at the Khon Kaen (Fig. 9A) and Phimai (Fig. 9B) sites. This 
example demonstrates that the spatial variation within the paddies used to conduct 
rainfed lowland rice experiments is sufficient to have significant effects on the selec- 
tions taken from an experiment. 

Conclusions 
The design of METs for a breeding program is based on the need to make accurate 
and precise predictions about the adaptation of breeding lines in a TPE. With the 
improvements that have been made in experimental design and analysis, together 
with our increasing understanding of the causes of G × E interactions, we can do 
much to improve selection efficiency based on the phenotypic information generated 
from METs. The central role of METs as a source of information on genotype adapta- 
tion in the TPE is emphasized in Figure 1. With the objective of prediction underpin- 
ning the design of METs, the optimization of their design requires attention to the 
effects of G × E interactions across all facets of the breeding program. The strategy 
we are recommending for rainfed lowland rice breeding in Thailand and Lao PDR is 
a shift away from intense early generation selection at a single site (intrastation trials) 
to early generation METs across sites for at least 2 yr (interstation testing) (Fukai and 
Cooper 1999). The results from these METs are combined with information from the 
targeted drought-resistance screening at Chum Phae. This strategy will improve the 
accuracy and precision of the evaluation of breeding lines over the current strategy 
and increase the opportunities for Thai and Lao rice breeders to identify broadly adapted 
lines and at the same time select for any repeatable specific adaptations observed. 

The availability of molecular marker methodologies and their applications to the 
understanding of the inheritance of putative drought-resistance traits in rice provide 
opportunities to further improve the effectiveness of breeding programs. But we need 
to avoid certain traps. Quantitative genetics and selection theory provide a frame- 
work for both (1) identifying and quantifying the opportunities that exist with our 
current capabilities, and (2) defining the necessary targets to aim for if the potential of 
MAS is to be realized. 
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Improving rice for drought-prone 
upland environments 
B. Courtois and R. Lafitte 

Drought is the main cause of yield instability in upland rice. But this general statement 
has to be put into perspective. Four different production systems of upland rice (shifting 
cultivation, integrated rice-based, perennial-based, and cash-based) are encountered 
in Asia. They correspond to three different agroecological zones with different risks of 
drought and sets of additional specific constraints. We define different breeding priori- 
ties for the different production systems and present the available germplasm in the 
light of improvement of resistance to water deficit. We discuss some important points 
for upland rice improvement, notably the strong G × E interactions and their implica- 
tions for decentralization of breeding work, and the tradeoff between productivity and 
stability. More specifically, we present the current breeding strategy for drought resis- 
tance, highlighting the difficulties involved in establishing relevant drought conditions 
and choosing relevant selection criteria. We emphasize the use of molecular markers 
to improve selection efficiency. We chose to focus on improving individual traits rather 
than on performance under stress. We are developing near-isogenic lines by 
introgressing QTLs for a structural root system and osmotic adjustment into elite 
backgrounds. This approach allows us to reconcile the need for rapid impact and the 
testing of physiological hypotheses on the value of the various traits. 

Upland rice in Asia: target zones and breeding priorities 
Upland rice is an important crop in Asia and occupies about 12 million hectares (IRRI 
1997). The conditions for upland rice production in Asia are highly diverse. Our main 
entry point to structure and understand this diversity is through production systems. 
The two driving forces that determine the nature of production systems are popula- 
tion pressure and market integration (Pandey 1996). Increasing population pressure 
through natural growth and/or migration pushes farming systems to become more 
intensive and sedentary. Increasing market access moves the systems from a subsis- 
tence orientation toward more commercial production of nonrice crops. Based on 
these two parameters, we generally identify four production systems (Table 1): shifting 
cultivation, integrated rice-based, perennial-based, and cash-based systems. 

Another way to structure the upland ecosystem is to use an agroecological char- 
acterization that determines the potential and constraints of the zones. Because physi- 
cal and human factors are not independent, each agroecological zone corresponds to 
a dominant mode of exploitation of the environment. This association is not perfect 
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Table 2. Characteristics of the three major agroecological zones of upland rice production. 

Agroecological zone Aus Hilly subhumid Equatorial humid 

Location 

Latitude 
Longitude 
Elevation (m) 
Slope 
Rainfall (mm) 
Length of rainy 

Rainfall pattern 
Risk of drought 
Type of drought 
Drought intensity 

Light intensity during 
cropping season 

Temperature during 
cropping season 

season 

(wk) 

Soil pH 

Soil fertility 
Potential for high 

yield 

Eastern India (Assam, 
Bihar, Orissa, Madhya 
Pradesh, Uttar Pradesh, 
West Bengal), Bangladesh 

30° to 20°N 
80° to 95°E 
100–150 
Gently rolling 
800–1,400 

3 mo 
Monomodal 
High 
Terminal + intermittent 

4–5 

Moderate 

Not limiting 

5.5–6.5 

Very poor 
Limited 

Northeast India, north 
Myanmar, Lao PDR, 
north Vietnam, north 
Thailand, South China 
(Yunnan), Indonesia 

30° to 15°N 
90° to 110°E 
300–2,000 
Steep: up to 60% 
1,200–3,000 

4-5 mo 
Trend to bimodality 
Moderate 
Intermittent 

2–3 

Moderate 

Cold problems above 
600 m 

5.0–6.0 

Medium, locally good 
Good 

Indonesia (Sumatra, 
Kalimantan), 
Malaysia, south 
Vietnam (Hauts 
Plateaux), south 
Philippines 
(Mindanao) 

15ºN to 5°S 
95° to 125°E 
300–1,000 
Gently rolling 
>2,500 

>5 mo 
Monomodal 
Moderate to low 
Intermittent 

1–2 

Low 

Not limiting 

3.5–5.0, 

Poor, locally good 
Limited, locally very 

locally >6.0 

good 

because of socioeconomic differentiation among upland farmers, but it gives a fair 
idea of the realities. Three zones are usually recognized on the basis of climate, soil 
conditions, and slope (Table 2): 
1. The hilly subhumid areas of mainland Southeast Asia, where shifting cultivation 

and slash-and-burn systems are dominant, 
2. The dry plateau areas of eastern India and Bangladesh, where rice is grown under 

permanent integrated systems, and 
3. The equatorial humid areas of Indonesia, south Vietnam, and south Philippines, 

where perennial-based systems are found in unfavorable areas and cash-based 
systems in areas with better soils. 

Shifting cultivation 
This traditional production system is sustainable in situations with low population 
pressure. It is a subsistence system with no inputs, relying on a long fallow period to 
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reestablish soil fertility. Under increasing population and land pressure, the system 
exceeds its carrying capacity and starts to have a negative impact on the environment 
(erosion in the watershed and deforestation). For this reason, in several Southeast 
Asian countries, government policies have been implemented to reduce this system's 
extent (e.g., Lao PDR, Keoboualapha et a1 1996). The typical shifting cultivation 
system is progressively evolving either toward degraded forms of slash and burn or 
toward more permanent and intensive agriculture (see the cash-based system described 
below). Its importance is therefore decreasing, though it still represents 14% of the 
upland rice area. The northern Thailand upland area has already undergone such a 
transition (Trébuil et a1 1997), associated with a strong reduction in the relative 
importance of upland rice. A similar shift is likely to occur in the surrounding countries. 

Shifting cultivation covers some 1 million hectares in extreme northeast India 
(Assam, Tripura, Manipur, Nagaland, Aruchnal Pradesh), north Myanmar, north Thai- 
land, north Vietnam, Lao PDR, and South China, which corresponds to the hilly 
semihumid subecosystem. But some slash and burn is also found in Indonesia (10% 
of the upland rice area in Sumatra, West Kalimantan, and Sulawesi according to Fagi 
1996) under equatorial conditions. 

In the hilly semihumid subecosystem, rainfall ranges from 1,200 to 3,000 mm. 
This is enough to sustain the needs of the crop, but the distribution can be erratic, with 
risk of moderate drought spells (2–3 wk) during the cropping season. Elevation var- 
ies from 300 to 2,000 m, with sometimes steep slopes (15–60% in Lao PDR, 
Keoboualapha et a1 1996) and severe problems of soil conservation. Cold can be a 
serious constraint common to all areas above 600 m (Keepthong et a1 1996). The 
main constraints are weeds and poor soil fertility. Drought is an intermittent problem. 
Blast can be important locally or annually but is not a general problem. Average yield 
varies widely: from 3.0 to 4.5 t ha -1 locally for a first year of slash and burn down to 
less than 1 t ha - 1 for harsher conditions (Van Keer et a1 1998). 

Upland rice varieties grown are generally traditional tropical japonicas (isozy- 
mic group 6 in Glaszmann's classification, 1987). The plant type is a panicle weight 
type with a limited number of tillers and panicles and a high number of long and 
broad grains. Early plant vigor is essential for competitiveness with weeds. A high 
proportion of the varieties are glutinous, the preference for a given grain type being 
related to ethnic group. In slash-and-burn systems, farmers have not adopted any 
improved varieties. 

Integrated rice-based systems 
Integrated rice-based systems are found in situations with high population pressure 
but limited market access. Upland rice is grown in permanent fields in rotation with a 
range of winter crops (wheat, early vegetables, pulses, oilseeds) or fallows, depend- 
ing on the availability of residual soil moisture after harvest of upland rice. Live- 
stock-crop integration is strong, with crop residue being used as cheap forage for 
livestock and livestock manure compensating for the absence of mineral fertilization. 
These areas usually have a continuum from upland to lowland fields along the 
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toposequence, with farmers often possessing fields in all hydrological conditions. In 
such cases, the dominant crop is the lowland one; upland rice receives a second prior- 
ity. 

These are the dominant systems across Asia (70% of the upland area), located 
mainly in South Asia—in eastern India (Assam, Bihar, Madhya Pradesh, Orissa, West 
Bengal, and Uttar Pradesh) and Bangladesh (Prasad et al 1996, Biswas et al 1996). 
These areas correspond to the “aus” subecosystem (“aus” means early). In India, 
upland rice is grown as a monsoon crop while in Bangladesh it is a premonsoon crop. 
The topography is from gently rolling to flat, with elevation varying from 100 to 500 
m. The rainfall pattern is generally monomodal, with 800 to 1,400 mm per year and a 
peak in July-August. The subecosystem is characterized by very short monsoon or 
premonsoon growing periods, associated with high risk of drought. The type of drought 
is different in the two countries: drought during the early vegetative phase is more 
common for premonsoon crops, whereas terminal drought is the most common situ- 
ation for monsoon crops. Even for monsoon crops, however, the risks of intermittent 
drought stress are not negligible, with 2-wk drought spells between mid-July and 
mid-September, at the intermediate stage of crop growth, being quite common in 
eastern India (IRRI 1993, Mishra et al 1996, Singh et al 1996). 

The effect of drought is reinforced by the loose structure of the soils, which are 
very often sandy, with poor water-holding capacity and prone to crust formation. 
Soils are either old alluviums or red lateritic. They are poor and generally unbalanced 
in major nutrients and therefore prone to brown spot disease. Soil pH ranges from 5.5 
to 6.5. Some marginal problems of salinity are observed in Bangladesh (Biswas et al 
1996). 

The main abiotic constraints are drought and soils of poor fertility and structure. 
The main biotic constraints are weeds, brown spot, termites, and other soil-borne 
pests. Average yield varies between 0.8 and 1.2 t ha -1 (Prasad et al 1996) but some 
improved varieties can reach 2.0 to 2.5 t ha -1 (P.K. Sinha, CRURRS, Hazaribagh, 
personal communication). 

The upland rice varieties grown are either traditional aus varieties (isozymic group 
2 in Glaszmann’s classification, 1987) or improved indica or indica × aus varieties 
(isozymic group 1). The plant type is a “panicle number” type. These varieties are 
characterized by very good early vegetative vigor, extreme earliness (around 90 d to 
maturity), high amylose content (usually more than 20%), and susceptibility to lodging 
and blast, which are not common in such a system. Farmers use a low proportion of 
improved varieties in this environment (Courtois et al 1998). 

Association with perennial plantations 
Newly emerging perennial-based systems where rice and other annual crops are grown 
in association with permanent plantations are developing in Indonesia, notably in 
transmigration areas, in large estates as well as smallholder plantations (Fagi 1996), 
and in Vietnam (Hong et al 1996). These represent roughly 14% of the Asian upland 
rice area. They are favored by government policies. In these cropping systems, up- 
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land rice is intercropped in young tree plantations during the first 34 yr of tree growth 
but disappears when the shade from the tree canopy becomes too pronounced. Rice 
benefits from the inputs given to the trees while the plantation benefits from the weed 
control used on rice. Trees can be rubber trees, oil palms, coconut trees, teaks (25 yr 
for turnover), or faster-growing species such as acacias or cashew nuts (7–8 yr). This 
system is seen as a way to rehabilitate degraded soils in areas invaded by alang-alang 
grass ( Imperata cylindrica ). Such areas are often considered unsuitable for growing 
annual food crops under traditional systems. 

This system is found in the equatorial subecosystem in latitudes from 15°N to 
5°S. Elevation varies from 300 to 1,000 m. Rainfall always surpasses 2,500 mm, with 
a very long rainy season (more than 5 mo). The risks of drought are limited, though 
never completely absent. The high rainfall is associated with extremely poor soils 
with high acidity (pH varying from 3.5 to 5.0), low organic matter content and cation 
exchange capacity, low phosphorus availability, and high aluminum toxicity. Fertil- 
izer application to overcome soil constraints increases the incidence of humidity- 
favored diseases (blast and sheath diseases). Minimum tillage is practiced and herbi- 
cides are used to control weeds. Yields can reach 2.5 to 3 t ha -1 when diseases are 
controlled. Traditional japonica varieties are not adapted to this system. Although 
they possess the necessary adaptation to acid soil and resistance to diseases, their 
plant type does not respond well to inputs. Current improved varieties are mostly 
indicas, but the durability of their resistance to blast is limited. Some improved japoni- 
cas are also used. Varieties with intermediate to high amylose content are preferred. 

Intensive cash-based system 
The intensive cash-based system does not yet represent much area (estimated at 2%) 
but its importance will increase with the “demise of subsistence agriculture” pre- 
dicted by Pingali (1997). Existing examples (e.g., north Thailand, Trébuil et al 1997) 
show that this evolution leads to a decrease in upland rice area to the benefit of more 
income-generating crops, a concentration of upland rice in more favorable areas, and 
an increase in rice productivity through the use of inputs. Whether or not upland rice 
maintains a significant role in a purely market-driven system depends on the price of 
rice relative to that of other upland crops. Some specific features such as uncommon 
grain quality or the perception of upland rice as an organic farming crop (R. Hondrade, 
USM, Philippines, personal communication), however, might give some substantial 
advantage to upland rice locally in comparison with lowland rice. 

This system is present either in the equatorial area with relatively favorable soils 
of neutral pH (e.g., Mindanao in the Philippines or Java in Indonesia) or in regions with 
favorable weather conditions where permanent cultivation is replacing the slash-and- 
bum system (e.g., north Thailand). Yield in farmers’ fields can then reach 3 t ha -1 . 

The varieties grown in these conditions are often chosen for their productivity 
(improved varieties are all indicas) or for their comparative advantage on the market 
because of their specific grain quality (e.g., traditional varieties such as Dinorado, an 
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aromatic variety in Mindanao, or Lubang Red, with red pericarp, in the Visayas). 
They have an intermediate amylose content. 

In addition to the four systems described, it is worthwhile to consider a system 
that may develop in Asia in the future: intensive rice cultivation in irrigated aerobic 
soils on the model of what already exists in Japan on a small scale and in Brazil on a 
wider scale. If appropriate high-yielding varieties are available, this system can be 
expected to replace paddy rice in lighter soils as the availability of water declines in 
the future. The varieties needed for such a system must have a considerably higher 
yield potential than most current upland varieties, but this is not an unachievable 
goal, as shown by the performance of Maravilha, a recent upland variety released in 
Brazil (EMBRAPA-CNPAF 1997). 

Table 1 summarizes the different systems with their main characteristics and 
derived breeding priorities for each. Our two main targets, the integrated rice-based 
system and rice associated with perennial plantations, were chosen on the basis of 
area covered, trend in area evolution, and degree of local government support for the 
production system. Drought tolerance, weed interference, and blast resistance, 
combined with the proper yield level and grain quality needed in each system, are 
therefore our breeding priorities. 

Germplasm resources for improved tolerance for water deficit 
We have seen that the diversity of the upland environment translates into a diversity 
of varieties, the upland germplasm of Asia belonging to three different varietal groups. 
The strong structure of Oryza sativa, with two main and four small varietal groups 
(Glaszmann 1987), plays an important role in rice breeding. These varietal groups 
differ not only for genetic markers but also for morphological and physiological fea- 
tures, traits that were initially used to classify rice varieties before the availability of 
molecular markers (Kato et al 1928, Matsuo 1952, Oka 1958). Though there is some 
within-group variability, the groups have some strong common features, including 
certain traits related to drought tolerance. 

Sets of upland rice varieties were evaluated for root system development (Courtois 
et al 1996a). Tables 3 and 4 present some of these results. Lilley and Ludlow (1996) 
evaluated osmotic adjustment of a broad sample of varieties. For these two drought- 
tolerance parameters, the overall pattern is as follows: the japonica types generally 
have a deep, thick root system and good root penetration but poor dehydration tolerance 
and low osmotic adjustment. The indica types have shallow, thin root systems and 
show better dehydration tolerance and osmotic adjustment. The situation of the aus 
varieties, which were evaluated in limited numbers, is less clear: they seem to per- 
form like indica varieties for osmotic adjustment while their root system can be deep 
but with relatively thin roots. The favored drought-tolerance strategy of the aus group 
is via escape with very short duration. 

The same varieties were also evaluated at IRRI for field performance under 
drought, but the within-group variation tends to be as great as the between-group 
variation. Performance under drought integrates the action of many different mecha- 
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Table 3. Variance decomposition within and between varietal groups for a sample of 104 upland 
rice varieties for different root traits. 

Source df a MRL THK TRW DRW Ratio R/S DR/S 

Varietyb 103 
Between groups 5 
Within groups: 

0 3 
1 26 
2 8 
Int. 1/2 6 
6 Trop. 50 
6 Temp. 5 

Error 293 

a df = degrees of freedom, MRL = maximum root length, THK = thickness, TRW = total root weight, DRW = deep 
root weight, ratio = deep root weight/total root weight, R/S = root-to-shoot ratio, DR/S = deep root-to-shoot 

japonica, 0 = intermediate. 
ratio. ns = nonsignificant; * and ** = significant at 5% and 1% level, respectively. b1 = Indica, 2 = aus, 6 = 

Source: Courtois et al 1996a,b. 

** 
** 

* 
** 
ns 
** 
** 
** 

** 
** 

** 
** 

ns 

ns 
** 

** 
** 
ns 

* 
** 
* 

** 
** 

ns 

** 
** 

* 
** 
ns 
* 

** 
ns 

** 
** 

* 
** 
* 

** 
** 
ns 

** 
** 

** 
ns 
ns 
ns 
** 
ns 

** 
** 

** 
** 
ns 
** 
** 
ns 

Table 4. Average of root parameters per varietal groups. 

Varietal Nb b MRL THK TRW DRW Ratio R/S DR/S 
group a (cm) (mm) (g) (g) (%) (%) (%) 

0 
1 
2 
Int. 1/2 
6 Trop. 
6 Temp. 
Mean 
cv (%) 

3 
26 

8 
6 

50 
5 

89.3 cd 
87.3 d 

106.1 a 
93.2 cd 

101.1 ab 
95.2 bc 
96.5 
10.8 

1.10 ab 
1.10 ab 
1.09 ab 
1.10 ab 
1.14 a 
1.11 ab 
1.11 
6.8 

0.73 c 
1.01 ab 
1.11 a 
1.13 a 
0.88 b 
0.92 b 
0.95 

24.5 

0.173 c 
0.178 c 
0.307 a 
0.262 ab 
0.232 bc 
0.173 c 
0.220 

43.4 

20.23 cd 
15.96 e 
26.00 a 
21.35 bc 
25.00 ab 
17.35 de 
21.8 
24.9 

24.31 b 
25.69 ab 
27.72 ab 
26.93 ab 
28.36 a 
27.49 ab 
27.31 
19.3 

5.06 bc 
3.96 c 
6.88 a 
5.62 ab 
6.80 a 
4.51 bc 
5.79 

30.8 

a 1 = indica, 2 = aus, 6 =japonica, 0 = intermediate. b Nb = number of varieties sampled, MRL = maximum root 

weight, R/S = root-to-shoot ratio, DR/S = deep root-to-shoot ratio. Means in columns followed by the same 
length, THK = thickness, TRW = total root weight, DRW = deep root weight, ratio = deep root weight/total root 

letter are not significantly different at the 5% level. 
Source: Courtois et al (1996a,b). 

nisms that are diversely represented in different groups, which blurs the patterns ob- 
served for individual traits. As true intermediates are seldomly found because of re- 
productive barriers between the subspecies (Second and Ghesquiere 1995), our domi- 
nant strategy is to remain close to the plant type and the local genetic base used in a 
given production system, introgressing missing traits from other varietal groups. In 
our situation, this means introgressing indica varieties from South Asia with alleles 
for deep and/or thick roots, and introgressing japonica varieties from Southeast Asia 
with osmotic adjustment. 

We are so far relying on the genetic variability existing within O. sativa. It is not 
clear whether this variability is broad enough for significant improvement of drought 
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tolerance in upland rice. For traits such as root depth (O’Toole and Bland 1987), 
adequate variability is reported to exist within the O. sativa species, but variation for 
traits such as cuticular transpiration is more limited. African scientists have started to 
use the other cultivated species, O. glaberrima, as a source of variability for drought 
tolerance (Jones et al 1996), but the variability of this species is known to be limited 
based on neutral marker data as well as agronomic data (Pham 1992). From the point 
of view of evolution, rice is an aquatic crop and most of its physiological mechanisms 
are those of an aquatic crop. To be able to adapt to an upland environment, upland rice 
should be transformed into a truly aerobic crop. Among rice wild relatives, only O. 
granulata and O. meyeriana (both perennial, diploid, and carrying the G genome; 
they are probably the same species, according to B. Lu, IRRI, personal communica- 
tion) are truly aerobic. But their characteristics in terms of drought resistance are not 
very well known and material under evaluation has limited introgression from the 
wild parent. Further exploitation of this material through breeding would need more 
powerful tools than those presently available to increase the amount of introgression. 
The range of possibilities should not be seen as restricted to rice genomes. For mecha- 
nisms controlled by one or a few genes, the existing transformation systems allow us 
to introduce drought-related genes coming from another genus, as shown by Xu et a1 
(1996), or kingdom, as in Pilon-Smits et a1 (1995). 

Preferred breeding strategy 
IRRI’s breeding strategy for the uplands takes into account the diversity of the pro- 
duction systems and agroecologies presented above. Four additional features of up- 
land rice influence this breeding strategy. 

The first important point is that selection should be performed under conditions 
relevant for the target production systems in terms of inputs. We do not breed for 
situations with no inputs because we anticipate little improvement beyond traditional 
varieties. We also eliminate conditions with very high levels of inputs, which are not 
relevant for Asia. The second element is the necessary decentralization of the breed- 
ing work in the target zone. A three-year study was conducted to quantify G × E 
interactions for yield between breeding sites (Courtois et al 1996b, IRRI 1998). Table 
5 summarizes the results. Environment was the dominant source of variation but G × 
E interactions were very important, accounting for more than five times as much of 
the observed variation as did the effect of variety. The interaction biplot for the AMMI 
model confirmed that the best breeding strategy was to breed in the target zones, the 
best performances for a given variety being recorded in the environment for which it 
was selected. The similarities between the dendrograms coming from pattern analysis 
of the interactions and from isozymic data showed that adaptation was clearly geneti- 
cally determined and well related to the subdivision into varietal groups. This strength- 
ened the recent IRRI decision to devolve varietal development to NARS, which have 
an obvious comparative advantage in selection for specific adaptation. IRRI now 
focuses more on developing and distributing the elements necessary for NARS to 
conduct their breeding programs. 

Improving rice for drought-prone upland environments 43 



Table 5. Analysis of variance using an AMMl model based on three years of yield data for 16 
upland rice varieties in 11 sites of 6 countries (1994-96). 

Source df a Sum of squares Mean % of total 
square sum of squares 

Genotype 15 
Environment 30 
G × E 378 

IPCA1 
IPCA2 
lPCA3 
IPCA4 
Residuals 

Total 423 

44 
42 
40 
38 

214 

16.82 
244.46 
93.33 

354.61 

26.15 
19.50 
11.50 
10.58 
25.60 

1.121 
8.149 
0.247 
0.594 
0.464 
0.287 
0.279 

4.7 
68.9 
26.3 

100.0 

28.0 
20.9 
12.3 
11.3 
27.5 

a df = degrees of freedom, IPCA = interaction principal component axis. 

Even with decentralization of the breeding work at stations representative of the 
target zones, the rate of adoption of improved upland rice varieties is low (Courtois et 
al 1998). We are now trying to determine whether decentralization of the selection 
process in farmers’ fields and/or including farmer participation in the selection pro- 
cess would improve the rate of adoption and, if so, under what conditions. Specific 
adaptation should not be pursued to the point where it is detrimental to yield stability, 
however, as variability among years is not negligible. 

The third element is the tradeoff between productivity and yield stability. The 
optimal balance varies according to the production system: in systems with limited 
inputs, priority is given to yield stability, primarily through drought tolerance, whereas 
in high-input systems, high productivity is necessary. Whether or not it is possible to 
incorporate both features in the same variety is still under debate though the problem 
now seems to be more on methodological issues of how to achieve this merging, 
rather than questions on the theoretical possibility itself. A classical genetic study on 
Drosophila showed that stability and productivity were unrelated and that it was pos- 
sible to manipulate them independently (Caligari and Mather 1975). More recent 
results using marker-aided genetics indicated that quantitative trait loci (QTLs) con- 
trolling specific adaptation and QTLs controlling mean performance were partly map- 
ping in different genomic areas (Romagosa et al 1996). This was confirmed for re- 
sults involving tolerance for abiotic stresses (Ribaut et al 1997, Monforte et al 1997). 
The results of our G × E interaction study show that japonica types have good yield 
stability but at a low yield level, whereas indica types are relatively unstable but have 
a good yield potential. So, improvements in both backgrounds might be possible, as 
shown, in the case of the japonicas, by the high productivity of Maravilha (EMBRAPA- 
CNPAF 1997). 

The last point to consider is that most of the traits that are important for upland 
rice breeding are quantitative. This requires the use of breeding methods that allow 
the manipulation of multiple alleles and increase the frequency of the favorable ones 
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(recurrent selection for a random improvement; molecular markers for a more di- 
rected one). 

Screening for drought tolerance 
Crop management and germplasm improvement are two nonexclusive options for 
tackling drought problems. A nonquantified margin of progress is possible through 
manipulation of land preparation and fertilization practices (Kondo 1996). The risks 
of upland rice production with current varieties tend to discourage farmers from adopt- 
ing such measures in most areas. Germplasm improvement is one important alterna- 
tive that limits the problem of technology transfer to farmers and, at the same time, 
can encourage the intensification of crop management practices. 

Two main types of drought occurrence are found in Asia: terminal drought stress 
and intermittent drought stress. Terminal drought stress is specific to South Asia. The 
problem has been tackled successfully through phenology manipulation: most of the 
varieties are less than 90 d in duration. Possible improvement could come from de- 
veloping a technique to screen for better translocation of assimilates from stems to 
grain after flowering, for years when the rains end early. 

Intermittent stress is more widespread. Though its timing, duration, and severity 
vary, the probability of occurrence is never insignificant. It is considered in Brazil 
that, in the sensitive period, every day beyond 7 d without rain reduces yield by 10% 
(B. Pinheiro, EMBRAPA-CNPAF, personal communication), so, even in favorable 
environments like the equatorial one, risks are not negligible. Moreover, the risk fac- 
tor discourages farmers from applying inputs, and this limits yield. 

In both cases, we assume that the crop is ecologically suited to the target areas, 
and, in a normal agricultural situation, we aim at developing varieties with the least 
yield reduction under stress. Survival mechanisms are of less interest. 

To improve a given trait, breeders need three major elements: a simple and effi- 
cient screening technique, genetic variability, and an understanding of the genetic 
control of the trait. The constraint to improving drought tolerance is generally the 
screening technique, either because it is too complicated to be used at a mass level, or 
because the establishment of proper drought conditions is unreliable, too complex, or 
too costly. In addition, the adaptive value of many putative drought-tolerance traits 
remains unclear. 

Drought conditions 
Both classical data (Acevedo and Cecarelli 1989) and molecular data (Ribaut et al 
1997) have shown that the best environment for screening for drought tolerance is 
under stress conditions. Major issues are how to create these conditions, how to con- 
trol them, and what kind of stress to impose. Greenhouse screening, though well 
controlled, is generally artificial (rate of stress development too rapid) and unadapted 
to the high volume of material coming from breeding programs. Such screening can 
be useful, however, for specific situations such as screening mapping populations for 
root system traits (Yadav et al 1997) or osmotic adjustment (Lilley et al 1996). 
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For screening under field situations, there are two options: to use naturally oc- 
curring drought spells during the rainy season or to create artificial conditions during 
the dry season. 

Natural drought spells were and still are the classical way to eliminate varieties 
with low yield under stress. The risk that some of the material performs well because 
it escapes the drought, however, can never be eliminated. 

Dry-season tests are an interesting option though not possible everywhere be- 
cause of cold temperature during dry seasons (e.g., Central Rainfed Upland Rice Re- 
search Station, Hazaribagh) or excessive vapor pressure deficit (e.g., IRRI station 
during late dry season). The manipulation of sowing dates is possible to limit the 
effect of these problems, but this is delicate to handle for practical reasons. Other 
options like shelters from rain are simply impractical because of their high cost. Com- 
parisons of different techniques of irrigation (sprinkler, furrow, and drip irrigation) 
showed that they had different effects on the soil moisture profile, soil impedance, 
and variety performance (Lafitte, unpublished results). The choice of irrigation method 
used to irrigate the plots before the stress period and to water the control plots was not 
neutral. 

The second problem to handle is the phenology of the varieties. A small change 
in phenology can induce a major shift in yield. Garrity and O’Toole (1994) reported 
that each additional day of delay in flowering after 4 d of stress resulted in an 8% 
reduction in grain yield. This is consistent with results from Brazil and illustrates the 
extent to which the effect of stress depends on flowering date. If it is relatively easy to 
screen for stress at the vegetative stage, it is much more difficult to perform such 
screening at the reproductive stage with the range of duration generally present in a 
breeding program. Staggered planting dates are complex to handle and not possible 
for insufficiently characterized material. The recent development of a drip irrigation 
system allows management of irrigation on a plot basis and ensures that all entries are 
stressed at the same phenological stage. This should provide the tool necessary for 
screening materials that vary in maturity (Lafitte, unpublished results). Regression 
analysis is another option to adjust for differences in flowering dates when their range 
is not too broad (Garrity and O’Toole 1994). 

Specific experimental designs 
Field-scale micro-variations in soil properties are known to be high under upland 
situations (Dobermann et al 1995). This variability is even more acute under drought 
conditions (Blum 1993). Therefore, the use of specific designs such as alpha-lattices 
or augmented designs, developed to reduce the effects of variability when a large 
number of lines are tested, is preferred. Alpha-lattice designs have been found to 
provide increased precision in measuring traits that are strongly sensitive to sampling 
time (e.g., canopy temperature, relative water content). Moving means analysis 
(Townley-Smith and Hurd 1973) is another useful alternative for such traits. 
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Screening criteria 
One of the problems with rice is the wide array of traits that are said to contribute to 
drought tolerance (Ludlow and Muchow 1990 for a general review, Fukai and Cooper 
1995 for a review in rice). Most of them have a proven effect on the plant’s water 
status, but the situation is less clear for their influence on yield under stress. With the 
exception of a deep root system (Mambani and Lal 1983), most traits have no proven 
effect. One reason is that the material needed to test their importance is not available 
because most varieties vary for many traits at the same time. This emphasizes the 
need to produce near-isogenic lines for the different mechanisms involved in drought 
tolerance (Price and Courtois 1999). This would provide physiologists with the ap- 
propriate material to test hypotheses on the importance of various traits. 

Although the screening criteria to select for a specific trait are relatively well 
defined, the techniques and indices to evaluate the global drought tolerance of a variety 
are still not very satisfactory. The difference in yield between stressed and unstressed 
plots is generally used, but this approach is not really compatible with the evaluation 
of breeding material at early stages because of the volume of seeds required and the 
need for replication. Moreover, the heritability of the various indicators for perfor- 
mance under stress, notably yield, is usually very low (Blum 1993). 

Our strategy is to rely on screening for individual mechanisms that can affect 
yield and can easily be selected, rather than rely on the whole-plant reaction. This is a 
risky strategy as it is not certain whether the effect of improvement for a specific trait 
will not be compensated for by changes in another trait. Now, however, it is probably 
the only possibility. We continue to attempt to relate performance in specific water- 
limited environments to those specific mechanisms. 

Besides the work on phenology (which we consider very important but which is 
not limited by methodological problems as long as the appropriate duration is cor- 
rectly defined), we are concentrating on the root system (deep and thick roots) and on 
osmotic adjustment. Under field conditions, we still rely on leaf drying as an indica- 
tor of stay-green ability, and on final yield. Our present target is to improve the ge- 
netic potential of our varieties for these different traits, but we are very conscious that 
an important aspect is realization of this potential under field conditions. For the root 
system especially, expression of the potential can be clearly limited by management 
techniques (e.g., soil preparation, compaction, fertility) or by biotic factors (e.g., nema- 
todes). 

Traits of high-yielding rice for water-limited environments 
In addition to a relatively compact root system in indica types and limited ability for 
osmotic adjustment in japonica types, rice exhibits several other traits that may 
constrain its performance in aerobic environments. For example, rice leaves have a 
very low resistance to nonstomatal water loss, apparently because of the properties of 
the cuticle (Nguyen et al 1997). This results in profligate water loss without carbon 
fixation. In addition, rice leaves generally roll at only moderate levels of water deficit 
compared with other crops. Although this is an effective method of shedding excess 
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radiation and maintaining a favorable canopy energy balance, it can limit productiv- 
ity in dryland environments. Modification of these two leaf characteristics might be 
expected to improve performance in upland environments. While genetic variation 
exists in rice for nonstomatal water loss, even the best rice varieties for this trait suffer 
large losses relative to other crops. If a single gene can increase cuticular resistance, 
this trait might be a candidate for transformation. Leaf-rolling response varies widely 
among rice varieties, and QTLs have been identified for leaf rolling (e.g., Price et a1 
1997). Therefore, marker-aided selection could be used to improve this trait. One 
result of these changes would be an increase in leaf temperature under stress, and the 
impact of this on productivity must be assessed. 

Roots of upland rice also exhibit some characteristics that reflect the aquatic 
adaptation of the species. For example, aerenchyma and a suberized hypodermis per- 
sist when the crop is grown in aerobic conditions. The formation of air spaces in the 
cortex may have some impact on root penetration, and can also restrict the radial 
transport of water through the root symplast. Cultivar differences have been reported 
in the response of root porosity to growth conditions (Colmer et a1 1998). A suberized 
hypodermis is not considered a major barrier to water uptake in moist soils, but the 
permeability of that layer to water is strongly affected by soil drying (Moreshet et a1 
1996). We are now seeking rice cultivars or related species that do not form aeren- 
chyma and/or do not develop a suberized hypodermis in aerobic conditions. Alterna- 
tively, we could attempt to improve the concentration and activity of water channels 
in the water-conducting root tissues of the exodermis and the cortex, but such chan- 
nels have not yet been characterized in rice. Axial resistance to water movement may 
also be important in rice, but this may be partially addressed by increasing root thick- 
ness, because xylem vessel diameter tends to increase with root thickness. 

Another aspect of rice that must be improved to achieve stable upland yields is 
its extreme sensitivity to water deficit at flowering. The basis of this sensitivity may 
be pollen sterility if stress coincides with meiosis, though there is controversy about 
whether sterility results from a root-sourced signal or a disruption of carbohydrate 
metabolism in developing pollen grains (Kobata et a1 1994, Sheoran and Saini 1996). 
Poor grain set may also be due to the abortion of fertilized ovules because of an 
inadequate supply of current assimilate or inability to mobilize stem reserves. 

Currently, we are developing screening methods to identify genotypes with re- 
duced water loss from leaves and panicles, that maintain root activity in dry soil, and 
that have reduced sensitivity of grain production to moisture deficit because of greater 
carbohydrate mobilization and/or an ability to maintain pollen fertility. The results do 
not yet allow breeding for these traits. 

Role of marker-aided selection, weight given in the program, 
and limitations 
Limited progress has been made in improving the drought tolerance of upland variet- 
ies, perhaps because of the limited efficiency of the screening methods. The use of 
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molecular markers is seen as a way to short-circuit the weakness of screening tech- 
niques based on phenotype only, as well as to improve the understanding of the ge- 
netic control of traits. The possibility to decompose a quantitative trait into its Men- 
delian components, and to manipulate them independently, is expected to improve 
considerably the prospects for success in breeding for drought tolerance. For drought- 
related traits, marker-aided selection is seen not so much as complementing 
phenotyping but as replacing it completely during selection because of the impossi- 
bility of phenotypic screening on individual plants and, in some cases, its destructive 
nature. Phenotyping, necessary for confirmation of success, would be postponed un- 
til after the marker-aided selection step. 

The first generation of work between 1986 and 1996 focused on developing indica 
× japonica populations that are polymorphic for the traits of interest and identifying 
markers linked with the genes of interest. Genes controlling structural root traits 
(Champoux et al 1995, Yadav et al 1997, Price and Tomos 1997, Shen et al, in 
preparation), osmotic adjustment (Lilley et al 1996), root penetration (Ray et al 1996), 
and leaf rolling (Champoux et a1 1995, Courtois et a1 1996a) were tagged. 

These studies showed that for some traits not all alleles with positive effects were 
included in the best parent, and that it was therefore possible to build lines better than 
the best parent. Some results with wild species (Tanksley and McCouch 1997) con- 
firmed that hidden variability was probably even more common than imagined. The 
studies confirmed that the traits were highly quantitative and that the most prevalent 
situation was to have a few QTLs explaining between 10% and 20% of the variability 
and a multitude of QTLs with a smaller effect. The obvious targets for transfer through 
marker-aided backcrosses are of course those with a major effect. 

Our knowledge of how the effects of these QTLs vary from environment to envi- 
ronment and of their allelic values in different genetic backgrounds is slowly improv- 
ing. To evaluate adaptation to upland conditions, a number of trials were performed 
with the existing populations under different drought-stress conditions (Table 6). These 
results are under analysis. Progress has been limited, however, by statistical weak- 
nesses in the QTL detection (Hyne et al 1995). Sophisticated methods such as com- 
posite interval mapping (Zheng 1994) are now available and these should improve 
QTL analysis. Errors based on phenotyping or genotyping problems are also slowing 
progress. There is still much to be done in this respect. 

Marker-aided genetics, which is based on statistical correlations and is prone to 
errors, would certainly benefit from an understanding of what molecules the QTLs 
are actually coding for. Various attempts to use known genes directly as markers gave 
promising results (Causse et al 1995, Teulat et al 1998). In an attempt to validate the 
QTLs identified in rice populations and understand their role, we are planning to look 
at the co-segregation between candidate genes and QTLs in collaboration with H. 
Nguyen from Texas Tech University, starting with genes possibly involved in os- 
motic adjustment. 
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The next step is to use the QTLs. Though the body of knowledge on QTLs is still 
not broad enough to produce a high degree of confidence in the output, we have 
started work to transfer QTLs to improved varieties. This represents an attempt to 
validate the hypotheses and to demonstrate that the concept is workable in the 
framework of a breeding program. 

Our preferred strategy is backcrossing the QTLs for any drought-tolerance mecha- 
nism into an elite background and, if necessary, pyramiding these QTLs. Several 
advantages are linked with this approach. It allows the production of improved mate- 
rial that is immediately useful and probably easily accepted by farmers if the genetic 
background chosen is already a cultivated variety. It allows the production of the 
near-isogenic lines we need to validate our hypotheses on the importance of various 
traits. It also allows us to test the pleiotropic effect of the QTLs, notably on yield, and 
their interactions with the genetic background. 

Three projects are ongoing in the upland program. One is the production of near- 
isogenic lines introgressed with QTLs for root depth in an IR64 background, as a 
follow-up to the results of QTL analysis obtained by Yadav et al (1997). Progress on 
this project is reported by Shen et al (this volume). The other two projects aim at 
transferring QTLs to improved varieties through either simple marker-aided back- 
crossing (Price and Courtois 1999) or the advanced backcross-QTL analysis method 
when neither of the parents is well characterized for the trait to be transferred. The 
advanced backcross-QTL analysis developed by Tanksley and Nelson (1995) seems 
to reconcile our need for rapid impact and for genetic analyses. There is a risk of 
narrowing the genetic base if we consistently use the same elite recurrent parent, but 
this is unlikely for upland rice because the recurrent parent will differ from country to 
country. Table 7 gives details on the three approaches. 

The type of markers presently available still limits the scope of the projects be- 
cause co-dominant markers are needed for the backcrossing work. Restriction fragment 
length polymorphism markers fit this requirement but the technique is too slow to 
manipulate a large number of plants in the 4 mo of a breeding season. Microsatellites 
are the markers of choice (highly polymorphic, co-dominant, polymerase chain reac- 
tion-based), but their number is still limited in rice (McCouch et al 1997). Progress 
needs to be made in this area as well. 

We are conscious that transformation could give the same results faster and at a 
lower cost for single-gene introgression and we acknowledge that, to modify in depth 
the physiology of the rice plant, transformation might be the only way to go. But 
transformation has moderate chances to produce releasable products in the immedi- 
ate future because the genes to be used are not yet clearly defined and because of 
intrinsic limitations of the technique, intellectual property rights issues, and environ- 
mental and health concerns. We believe that, with some improvement in the type of 
markers and the techniques, marker-aided selection is the most reasonable approach 
for improving drought tolerance for upland rice in the next five years. 
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Improving rice for drought-prone 
rainfed lowland environments 
S. Sarkarung and G. Pantuwan 

More than 50% of the 40 million ha of rainfed lowland rice area in South and South- 
east Asia is affected by drought annually, which has contributed to significant yield 
losses. A breeding program to improve rice cultivars for drought-prone environments 
began by establishing shuttle breeding programs in different target environments. 
Evaluation and selection of early generation material are carried out at the key site in 
Ubon, northeast Thailand, and at satellite stations across the region. Breeding objec- 
tives for drought-prone rice environments were prioritized and ideotypes described. 
Breeding strategies to tackle drought have been formulated as follows: (1) identify 
component traits that are related to drought tolerance, (2) generate diversified sets of 
germplasm adapted to drought-prone conditions, (3) develop field techniques for mass 
screening of rice cultivars for drought tolerance, (4) develop mapping populations for 
the identification of molecular markers that are closely related to genes that control 
drought tolerance, and (5) begin a marker-aided selection program. 

Field techniques for mass screening of rice cultivars for drought tolerance were 
established and routinely used to evaluate breeding lines for drought tolerance. Doubled- 
haploid and recombinant inbred populations were developed for the mapping of genes 
that control root-pulling tolerance, root penetration ability, and osmotic adjustment. 
Phenotypic evaluation of these DH lines for root-pulling tolerance, drought score, and 
important agronomic traits was accomplished. A database of varietal responses to 
drought has been established and is available for researchers. 

Many advanced breeding lines were identified to possess a high level of drought 
tolerance and recovery ability at the vegetative stage when subjected to different 
moisture stresses in the dry season. Experiments to investigate the mechanisms 
responsible for drought tolerance in those breeding lines are under way. 

Water deficit commonly occurs during the growing season of the rice crop in rainfed 
lowlands; the intensity depends on duration and frequency. In South and Southeast 
Asia, more than 50% of a total of 40 million ha is affected annually. These areas are 
found mainly in northeast Thailand, eastern India, Bangladesh, and Indonesia. Yield 
losses from drought are significantly high. In northeast Thailand alone, yield reduc- 
tion is estimated to be between 13% and 35% (Jongdee et a1 1997). Aprolonged dry 
spell can take place in both the vegetative and reproductive stages. Drought at the 
reproductive stage is believed to be more detrimental to grain yield, but severe stress 
during the early vegetative stage can also cause significant crop damage. Germplasm 
development for drought conditions is one of the priorities in IRRI’s rainfed lowland 
breeding program. 
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Decentralizing breeding activities 
Because of the heterogeneity of the rainfed lowland ecosystem, major breeding ac- 
tivities were transferred from IRRI headquarters to key sites representative of the 
major rainfed lowland rice environments. This was accomplished by establishing 
shuttle breeding programs in collaboration with the major rice-growing countries in 
this region (Sarkarung 1995). 

Our strategies are to expose genetic materials, mainly F 2 s, to growing conditions 
that include environmental and biotic factors that influence optimal development and 
high productivity of the rice crop, such as the interactive effects of rainfall pattern, 
temperature, soil conditions, maturity period, and seventy of diseases and insects. 
Two main breeding stations were chosen: the Ubon Rice Research Center (URRC), in 
Ubon Ratchathani, northeast Thailand, to represent the drought-prone environment, 
and the Central Rice Research Institute (CRRI), in Cuttack, eastern India, for the 
submergence-prone environment. Both of these stations are supported by satellite 
stations (Sarkarung et al 1995). The key sites for the drought-prone environment are 
Ubon, Raipur (India), and Rajshahi (Bangladesh). 

Generating diverse sets of germplasm 
Traditional rice cultivars known to adapt well under water-deficit conditions in South 
and Southeast Asia were characterized for their main attributes related to drought 
tolerance and subsequently used as donors in the breeding program. Table 1 demon- 
strates the main characteristics of selected cultivars possessing different attributes. 
These cultivars provide high stability under critical environmental changes but have 
shortcomings such as disease and insect susceptibilities. African-based CIAT and Asian- 
based IRRI germplasm has been an important source of resistance for major biotic 
and abiotic stresses, as well as improved grain quality (long, slender grains and good 
cooking quality). Crosses were made to cover major drought-prone rice areas such as 
eastern India, northeast Thailand, and Bangladesh. The spillover from selections made 
in Ubon has been useful to more favorable rainfed lowland areas in Myanmar, Lao 
PDR, and the Philippines, where mild drought occurs frequently. 

Table 1. Main characteristics of selected traditional cultivars commonly grown under rainfed 
lowland conditions of South and Southeast Asia. 

Cultivar Origin Main attributes 

KDML105 
NSG19 
Safri 17 
Rajshree 
MGL 2 
FR13A 

Thailand 
Thailand 
India 
India 
India 
India 

Adapted to low fertility, high recovery under drought 
High osmotic adjustment, adapted to low soil fertility 
Drought tolerance at reproductive stage 
Drought tolerance at seedling stage 
Deep roots 
Drought tolerance at seedling stage, submergence tolerance 
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Evaluating and selecting material adapted to drought conditions 
Tolerance for drought stress is a prerequisite to rice cultivars targeted for water-limit- 
ing environments, mainly to ensure that new cultivars have a high probability of suc- 
cess during the critical stress period. Fukai and Cooper (1995) stated that the most 
important mechanism for drought escape is an appropriate phenology that matches 
crop growth and development with rainfall patterns. They further suggested the need 
to look for the other mechanisms for drought tolerance such as root depth, dehydra- 
tion tolerance, and drought recovery. 

Besides drought tolerance, other important traits such as grain yield, eating qual- 
ity, and resistance to blast and bacterial leaf blight disease are important. Our task for 
breeding is therefore to incorporate the traits required into rice cultivars targeted for 
drought-prone environments. 

For the screening and evaluation of breeding materials for adaptation to drought 
conditions, key sites that complement each other were selected based on the nature of 
drought occurence. For example, because of erratic rainfall in June and July in north- 
east Thailand, a water deficit during the vegetative stage is common. On the other 
hand, rapid cessation of rains induces a water shortage in the postflowering period 
(Raipur). A different drought situation occurs in Rajshahi, where subsoil hardpan 
impedes root penetration of shallow-rooted cultivars and prevents roots from taking 
up available water in a deeper soil layer (Wade et al 1997). Our strategy is to select 
materials that perform well at these sites and later intercross them to combine those 
traits. Our goal is therefore to identify superior genotypes that adapt to different types 
of water stress. 

Segregating populations (mainly F 2 are initially exposed to different target envi- 
ronments of the rainfed lowlands, with emphasis on key sites (e.g., Ubon, Raipur, and 
Rajshahi; Fig. 1). This approach was mentioned in the survey conducted by Jackson 
et al (1996) on the impact of physiological research on plant breeding. It demon- 
strated potential pathways for breeding programs to have an impact in drought-prone 
environments via three important factors: (1) choice of environments in which to 
conduct selection trials, (2) identification of selection criteria and traits for the intro- 
gression program, and (3) identification of traits for indirect selection criteria. 

In northeast Thailand, where more than 4 million ha of rainfed lowland rice area 
are located, early and late-season drought are common. Growing environments are 
quite diverse, ranging from extremely poor soils to medium-high fertility conditions. 
Early maturing and weakly photoperiod-sensitive varieties are more suitable for the 
low-yielding environment, whereas medium-duration varieties perform better under 
higher inputs. 

At the URRC research station, F 2 and F 4 generations are evaluated under well- 
drained, light-textured soils and F 3 are transplanted at the Nakorn Si Thammarat Rice 
Research Station for generation advance (Fig. 1). Alternating the planting of materi- 
als between the two distant sites not only shortens breeding time but also facilitates 
the identification of photoperiod responses to daylength. Under the growing condi- 
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Fig. 1. Flow of breeding materials for drought-prone environments. 

tions in Ubon, materials are normally subject to water shortage in the early vegetative 
stage, mainly because of irregular rainfall from mid-July to mid-August. The responses 
of each line are recorded based on their symptoms; highly sensitive entries are usu- 
ally rejected. Entries that showed some level of tolerance were normally uprooted by 
hand to examine root strength (which refers to the amount of force applied). F 4 fami- 
lies are again exposed to conditions similar to those applied to F 2 s. This undertaking 
is time-consuming and error-prone. Based on our previous experience, not all deep- 
rooted cultivars/lines were tolerant of drought, indicating that other traits/mechanisms 
also operate in the water-deficit conditions of the rainfed lowlands. 
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General breeding objectives are established as follows: 
1. Tolerance for water deficit at the vegetative and reproductive stages. 
2. Resistance to major diseases and insects (e.g., blast, bacterial blight, brown 

3. Good seedling vigor. 
4. Early to medium duration (115–135 d). 
5. Intermediate height (110–130 cm). 
6. Good grain quality and diverse grain types. 
7. Yield stability (average farm yield of 3–4 t ha -1 ). 

planthopper, green leafhopper, gall midge, etc.). 

Because of unpredictable rainfall in most rainfed lowland rice-growing areas, 
farmers are unable to apply fertilizers at the appropriate times. Under this manage- 
ment, our approach is to develop rice cultivars that have high stability in these ad- 
verse environments. There is thus a tradeoff between high yield and yield stability. 

Identifying component traits associated with drought tolerance 
In rainfed lowland rice fields where soil hydrology often varies from anaerobic to 
aerobic conditions and vice versa, root depth and root thickness may not provide as 
adequate a level of drought tolerance as they do in well-drained upland fields. The 
deep and thick roots may play a minor role under these circumstances. Unfortunately, 
little research has been carried out in rainfed lowlands to determine the mechanisms/ 
traits responsible for drought tolerance. Under this complexity, simple references could 
be drawn from NSG19 and KDML105, the leading varieties for the drought-prone 
environment of northeast Thailand. NSG19 has a high osmotic adjustment (OA) and 
intermediate root depth; it shows tolerance for drought in both the vegetative and 
after-flowering periods. On the other hand, KDML105 possesses a different mecha- 
nism under water shortage; it displays a high recovery ability when moisture avail- 
ability is adequate in the soil. This variety has an intermediate level of OA and a 
superficial root system. 

These varieties were included along with other major rainfed lowland varieties 
such as MGL2 and Mahsuri in studies conducted by Lilley and Ludlow (1996) on the 
magnitude of genetic variation in OA and dehydration tolerance in diverse rice culti- 
vars. At a conference on rice biotechnology held in Bali, Indonesia, the working group 
on drought research recommended that, in the rainfed lowlands, besides the major 
root traits (e.g., root depth, root thickness, root length density, etc.), other component 
traits associated with drought tolerance be investigated as well, such as OA, root 
penetration ability, and dehydration tolerance. Our breeding program for drought- 
prone environments had incorporated those key traits as selection criteria. Using the 
majority of cultivars/lines developed for the rainfed lowlands, methodologies for 
measuring root penetration ability were developed at Texas Tech University (TTU) 
using wax-petrolatum layers as a substitute for the subsoil hardpan (Yu et al 1995). 
Field experiments to measure root penetration of the subsoil hardpan were then car- 
ried out at Rajshahi (Samson et al 1995). 
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Developing doubled-haploid populations for molecular research 
To provide an understanding of the molecular and physiological aspects of drought 
research, doubled-haploid (DH) populations were developed from the parents involv- 
ing deep roots, high root penetration, and low OA (CT9993) and shallow roots, low 
root penetration, and high OA (IR62266). Our main objectives were to develop ho- 
mozygous lines that possess different component traits. Linkage maps were devel- 
oped at TTU using the 220 DH lines; these DH populations segregate for root pen- 
etration ability, OA, drought score, and root-pulling resistance. 

Phenotyping of the DH lines for root-pulling resistance under field conditions 
was carried out at URRC in the 1996 wet season using a modified root-pulling scale 
previously employed by O’Toole and Soemartono (1981). Under the dry-seeded con- 
ditions at Ubon, the results showed high genetic variability among DH lines in root- 
pulling resistance, drought score, plant height, maturity period, tiller number, and 
yield and yield components (Sarkarung et al 1997). Root pulling refers to the force (in 
kg) required to uproot a rice plant. It collectively includes root depth, diameter and 
size, volume, and mass. Table 2 shows root-pulling resistance, root mass density at 0- 
15-, 15–30-, and 30-45-cm soil depths, and total root mass of the 220 DHs and their 
parents. There was transgressive segregation in these DH populations for root-pulling 
resistance, root mass density, and total root mass (Table 2). Genotypic differences in 
root-pulling resistance were also recorded between the parents. The deep-rooted par- 
ent, CT9993, also had a higher root mass density than the shallow-rooted one in the 
topsoil profiles (0–15 cm and 15–30 cm). But its roots beyond 30 cm were almost 
negligible. 

The heritability of root-pulling resistance was 80%, indicating that this trait is 
highly heritable and under simple genetic control. Selection for root-pulling resis- 
tance in the early generation is effective (unpublished data), as opposed to findings 
by Ekanayake et al (1985) under transplanting conditions at IRRI, Los Baños. 

These DH populations were also phenotyped for drought score and canopy tem- 
perature at Ubon in the 1996 dry season. Genotypic variation existed in expression of 
tolerance. It has not been determined in these studies, however, what traits were re- 
sponsible for the variation. Some 220 DH lines and their parents were evaluated un- 
der field conditions at Ubon for drought score and canopy temperature (Table 3). 
Drought score was recorded at 1-wk intervals as stress developed from mild to se- 
vere. Drought scores were significantly different from mild to severe water deficits 
(stress 1 to 4). In this environment, genotypes also showed differences in canopy 
temperature at early and late stress (Table 3). It was interesting to note that the deep- 
rooted parent, CT9993, displayed a higher degree of susceptibility to drought than the 
shallow-rooted parent, IR62266. The canopy temperatures of the two parents were 
similar under both stress conditions (Table 3). 

In Israel, the 100 selected DH lines based on field drought score and other mor- 
phological characters at Ubon were evaluated for drought responses under uniform 
soil and no rain. The results were reported by Blum et al (this volume). Studies on 
root traits and water extraction at different soil depths were done under controlled 
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Table 2. Minimum, maximum, and mean root-pulling resistance, root mass density, and total 
root mass of 220 doubled-haploid lines (DHLs) and parents in the 1996 wet season at Ubon, 
Thailand. 

Root traits 
DHLs 

CT9993 lR62266 Mean Signi- 
Min. Max. ficance 

Root-pulling resistance (kg) 
Root mass density (mg cm -3 ) 

0–15 cm 
15–30 cm 
30–45 cm 

Total root mass (g m -2 ) 

27.9 

0.382 
0.010 
0.001 

66 

101.9 

1.993 
0.185 
0.069 

311 

75.0 

1.162 
0.047 
0.008 

183 

45.3 

0.731 
0.022 
0.025 

117 

56.9 

0.863 
0.054 
0.021 

141 

** 

** 
** 
** 
** 

**Significant at 0.01 level. 

Table 3. Minimum, maximum, and mean drought score and canopy temperature of 220 doubled- 
haploid lines (DHLs) and parents at different levels of drought stress, 1995-96 dry season at 
Ubon, Thailand. 

Factors 
DHLs 

CT9993 lR62266 Mean Signi- 
Min. Max. ficance 

Drought scorea 

Stress 1 
Stress 2 
Stress 3 
Stress 4 

Early stress 
Late stress 

Canopy temperature (°C) 

0.00 
1.18 
1.83 
4.94 

25.6 
30.0 

3.51 
6.15 
8.09 
8.90 

29.7 
36.4 

1.67 
4.25 
5.42 
7.58 

27.2 
33.3 

1.58 
3.58 
4.17 
6.50 

27.8 
32.8 

1.30 
3.47 
4.38 
6.87 

27.5 
33.1 

** 
** 
** 
** 

** 
** 

**Significant at 0.01 level. The Standard Evaluation System for Rice (SES) was employed: 0 = no symptoms, 
9 = all plants apparently dead. Stress 1 = mild stress, stress 4 = severe stress. 

conditions at IRRI (Kamoshita et al, this volume). Different methods for measuring 
OA using rainfed lowland rice cultivars were compared under screenhouse condi- 
tions at TTU (Babu et al 1999). The thermocouple psychrometry method was devel- 
oped for measuring OA of DH lines and their parents (Babu et al, this volume). Data 
obtained from field experiments in Ubon and Bet Dagan (Israel) and from controlled 
conditions at IRRI and TTU were used in the mapping populations for genes control- 
ling root-pulling resistance, root penetration, and OA at TTU (Zhang et al, this volume, 
“Molecular dissection of drought resistance in rice: from physio-morphological traits 
to field Performance”). 

It is imperative to investigate the performance of these DH lines under different 
drought-prone conditions to determine which combination has a comparative advan- 
tage under water-limiting environments. In complex rainfed lowland environments, 
however, a combination of traits would probably be required for drought tolerance. 
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In 1997 and 1998, several DH lines possessed different combinations of component 
traits: 
• deep roots, high root penetration, high OA 
• low root penetration, low OA, shallow roots 
• shallow roots, high OA, deep roots 

A group of DH lines that consists of high and low root-pulling resistance was 
assembled for multilocational testing; these lines have a similar canopy arrangement 
and maturity period. In 1997 and 1998, they were evaluated under controlled (fully 
irrigated) and water-stress conditions (drought imposed in the postflowering stage) at 
three locations—Ubon, Chumpae, and Surin in northeast Thailand. The results of 
these experiments are being analyzed. 

Developing ideotypes for drought-prone environments of the 
rainfed lowlands 
Because of highly diverse drought-prone rice environments, ideal plant types may 
vary from one targeted area to another. Different types of plant architecture have been 
designed based on amount of rainfall, soil type, and hydrological conditions. Besides 
the ability of a rice plant to adapt to a water deficit, a basic understanding of the 
mechanisms for drought tolerance is needed, particularly for those related to drought 
during the reproductive stage. Ideotypes of rice cultivars suited to drought should 
have the following traits: 
1. One or a combination of the major component traits (e.g., root depth, OA, recov- 

ery ability, etc.) 
2. Fast initial growth for good ground cover 
3. Erect upper canopy structure 
4. Intermediate height (110–130 cm) 
5. Stiff stem 
6. Resistance to lodging 
7. Medium tillering (6–8 productive tillers) 
8. Large and dense panicles with high grain weight 
9. Early to medium duration (105–135 d); phenology to fit the rainfall pattern 
10. Harvest index of 0.5 or higher 
These traits serve as selection criteria for breeders. 

In drought-prone rice areas of northeast Thailand and eastern Madhya Pradesh, 
India, where water deficit can be severe, intermediate height with a large panicle size 
would provide better stability than semidwarf types. On the other hand, in an environ- 
ment with moderate water stress (e.g., favorable rainfed lowland), semidwarf geno- 
types with medium to high tillering would be a better choice for maximizing yield 
potential. Certain morphological traits can re-enforce the ability of the rice plant to be 
more efficient in dry soils by conserving soil moisture (early seedling vigor, high leaf 
area index), economizing water use (medium tiller number), and having crop plastic- 
ity (intermediate plant height). 
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Screening rice cultivars for drought tolerance at the vegetative 
stage 
It is important to evaluate breeding material for drought tolerance at the seedling 
stage because under drought-prone conditions the rice crop normally experiences a 
prolonged period without rain in the early monsoon season. Starting from the F 5 
generation or when the breeding lines become more uniform, screening for drought 
response is employed; mass screening is normally carried out in the dry season using 
irrigation water. Breeding lines displaying a high level of drought tolerance and desir- 
able agronomic traits are further tested under drought conditions in both the vegeta- 
tive and reproductive stages. 

At the URRC farm, breeding lines were dry-seeded in hills. The experimental 
plots were flooded after germination and were maintained as under rainfed lowland 
conditions. Irrigation water was suspended when the seedlings were about 50 d old. 
Drought score, recovery ability, and other parameters were recorded (Sarkarung et a1 
1997). Our main objectives were to characterize the genotypes that respond to differ- 
ent levels of water stress and to identify those displaying a high level of drought 
tolerance. The methodologies for mass evaluation of drought tolerance at the repro- 
ductive stage are being refined to facilitate the screening of breeding lines at this 
stage. 

In the 1998 dry season, more than 200 breeding lines were evaluated for drought 
response and recovery ability. The 50-d-old seedlings were subjected to varying lev- 
els of drought stress when irrigation water was cut off. Drought score was taken at 1- 
wk intervals for 4 wk and the recovery score was taken 4 d after rewatering. Table 4 
presents the drought score and recovery score of the selected breeding lines at differ- 
ent stages of stress development and their ability to recover from drought in compari- 
son with check varieties NSG19 (drought-tolerant) and IR20 (drought-susceptible). 
Under a limited water supply, these breeding lines demonstrated the ability to survive 
and regenerate new green parts after the stress was relieved. Figure 2 shows the re- 
sponses of a few selected breeding lines to water deficit at different scoring times and 
recovery scores; IR68796-36-2-B-1-1-B had the lowest drought score and the fastest 
recovery from stress to resume growth. In contrast, IR20, a drought-susceptible check, 
was slow to recover from drought. It was important, however, to note that NSG19, the 
resistant check, was unable to recover quickly due to its photoperiod-sensitive nature. 
This stage is, of course, the most sensitive to water deficit. 

Using molecular markers to select for “difficult traits” 
Plant breeders have high expectations from molecular research to facilitate the selec- 
tion and identification of superior genotypes at the molecular level. This new technol- 
ogy can complement a conventional breeding program and make it more efficient. 
Marker-aided selection (MAS) is one of the top priorities in our germplasm improve- 
ment program. Using the doubled-haploid populations of CT9993/IR62266, many 
important traits such as root-pulling resistance, green leaf retention (drought score), 
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Fig. 2. Drought score and recovery ability of selected breeding lines evaluated in dry season 
1997-98 at Ubon. The 50-d-old seedlings were subjected to varying levels of drought stress by 
stopping irrigation. The recovery score was taken 4 d after rewatering. Bars indicate significant 
differences at 5%. 

root penetration ability, and osmotic adjustment have been mapped at Texas Tech 
University, and important quantitative trait loci (QTLs) have been identified. These 
traits are highly influenced by climatic changes and soil heterogeneity, making MAS 
more compelling. 

Our approach for molecular selection has emphasized the genes that control 
drought traits, using appropriate molecular markers. Unfortunately, the traits that govern 
drought tolerance in rainfed lowland conditions have not been clearly understood or 
identified. An alternative approach is to use field phenotypic data in the search for 
QTL markers that are closely associated with drought tolerance, without referring to 
specific traits. These QTLs can be moved around in chromosomes to increase dos- 
ages (DNA), which in turn improves the level of drought tolerance. 

Conclusions 
Significant progress has been made on breeding rice cultivars for adaptation to water- 
limiting environments. This has been accomplished by exposing early generation 
materials to the stress conditions of the rainfed lowlands that are representative of 
drought-prone rice areas and by evaluating advanced breeding lines in water-deficit 
conditions in the dry season. Many advanced breeding lines (CT9992-22-2-2LIR56592- 
21-1-3-1//KDML105) adapted to drought stress in the vegetative stage were identi- 
fied. These promising lines, which combine drought tolerance with good grain qual- 
ity and have resistance to major diseases and insects, are being evaluated for root- 
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pulling resistance and yield potential in the 1999 dry season. These lines will be 
included in multilocational testing in the 1999 wet season. 

The doubled-haploid populations developed for the molecular mapping of genes 
that control component traits associated with drought tolerance have been phenotyped 
for drought response under field conditions in northeast Thailand and at Bet Dagan, 
Israel. The same set of lines was also characterized under controlled conditions for 
OA and root penetration ability at TTU, and major root traits and water extraction at 
IRRI. QTL markers for root-pulling resistance, OA, and root penetration ability were 
identified. 
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Water uptake by plant roots: 
modes of regulation 
E. Steudle, H.M. Zimmermann, and T. Henzler 

A composite transport model explains variability in the ability of roots to take up water. 
The model is based on measurements of root hydraulics (hydraulic conductivity) at the 
level of both excised roots and root cells (membrane level) using pressure probes and 
other techniques. The composite transport model integrates apoplastic and cellular 
components of radial water flow across the root cylinder. It explains why the hydraulic 
conductivity of roots changes in response to the nature (osmotic vs. hydraulic) and 
intensity of water flow. The model provides for an adaptation of plants to conditions of 
drought and other stresses by allowing for a coarse regulation of water uptake accord- 
ing to soil water conditions and demands for water from the shoot. The coarse regula- 
tion is physical in nature but depends on root anatomy, e.g., on the state of suberiza- 
tion and the existence of apoplastic barriers in the exo- and endodermis. A fine regu- 
lation results from the activity of water channels (aquaporins) in root cell membranes, 
which is assumed to be under metabolic control. 

We have detailed knowledge of the regulation of water flow for the shoot. The cuticle 
prevents water losses to the dry atmosphere and stomatal width is regulated accord- 
ing to plant needs. There are mechanisms that either sense the water status (water 
potential) of the shoot or the water status of the root’s surroundings is signaled to 
stomata over long distances. But relatively little is known about the processes that 
limit or even regulate root water uptake, although the water supplied to the plant by 
roots contributes to the overall water balance of the shoot. The reason for this is that 
until now we have, for technical reasons, much less information about the hydraulic 
architecture of the root than about the shoot. In the soil-plant-atmosphere continuum, 
stomata will usually dominate the hydraulic resistance. But the hydraulic resistance 
of the root will nevertheless contribute substantially to the water status of the plant 
and will be crucial for shoot growth and biomass production. So, regulation of water 
flow across roots is of major importance for agriculture, especially under conditions 
of water shortage. 

This is one reason the old problem of the variability of root water uptake and its 
regulation is now much discussed. Discussion of the issue follows two lines. One 
focuses on the role of the apoplastic path across the root cylinder and how suberiza- 
tion of the cell surface and the formation of Casparian bands in the endo- and exoder- 
mis would result in a control of water movement across the root (Peterson 1988, 
Steudle and Peterson 1998). The other focuses on the role of aquaporins or water 
channels in root cell membranes, which have been shown to be responsible for most 
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of the water permeability (hydraulic conductivity) of membranes (Wayne and Tazawa 
1990, Chrispeels and Maurel l994, Steudle and Henzler 1995, Maurel 1997, Schaffner 
1998, Steudle and Peterson 1998). The question is how both the apoplastic and mem- 
brane-bound water flow would contribute to overall water uptake by plant roots. 

It is well known that adverse factors strongly affect the suberization of plant 
roots and that this has consequences for the water flow (North and Nobel 1991, 
Stavosky and Peterson 1993, Azaizeh and Steudle 1991, Azaizeh et al 1992). Un- 
doubtedly, anatomical conditions affect root water transport. On the other hand, evi- 
dence suggests that water channel activity could be either directly “triggered” or “gated” 
by external factors (drought, salinity, anoxia, nutrition, heavy metals) or that channels 
are under metabolic control (Steudle and Henzler 1995, Johansson et al 1996). Cer- 
tainly, both components are important and perhaps they are compensatory. In the 
following section, we present evidence of their role, which is based on measurements 
of overall root water permeability (root hydraulic conductivity, Lp r ) and on measure- 
ments at the level of individual cells (membrane level, root cell Lp) using modern 
techniques. We discuss a model that integrates the different components. 

Variability of water uptake corresponds to complex root 
structure 
Hydraulic properties of roots are related to their anatomy, and the interpretation of 
root transport data requires a detailed knowledge of root structure. Changes in root 
suberization are most relevant. Root suberization increases with age and during stress 
(drought, high salinity, nutrient deprivation, anoxia, etc.). Young roots suberize when 
they pass through different stages of development of the endo- and exodermis. Dur- 
ing stage I, Casparian bands are forming in the radial cell walls of the endodermis. 
During stage II, a suberin lamella is laid down in both the radial and tangential walls. 
Cell walls are eventually thickened during stage III, which results in the well-known 
u-shaped cross section of endodermal cells. It has been shown that the exodermis also 
develops Casparian bands and that this structure passes through states similar to those 
of the endodermis, which includes the formation of passage cells (Peterson 1988, 
Peterson and Enstone 1996). In young maize roots, the formation of a Casparian band 
in the endodermis did not affect hydraulic conductivity during stage I, which led to 
the conclusion that the hydraulic resistance was distributed more evenly across the 
root cylinder (Peterson et al 1993, Steudle et al 1993). But this may change during 
later stages. For the exodermis, experiments indicated a strong effect on radial hy- 
draulic conductivity (root Lp r ; Zimmermann and Steudle 1998). 

In recent years, considerable information has been collected on how changes in 
root structure caused by drought, high salinity, nutrient deprivation, and anoxia are 
translated into changes in root hydraulic properties (North and Nobel 1991, Azaizeh 
et al 1992, Cruz et al 1992, Birner and Steudle 1993, Stavosky and Peterson 1993, 
Carvajal et al 1996, Steudle and Heydt 1997, Peyrano et al 1997). Relatively little is 
known about the contribution of older thickened roots to overall water uptake. These 
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roots are covered with several layers of suberized cells, such as in woody species. 
Usually, it is thought that, because of suberization, these arrays do not contribute 
much to overall water uptake. But this has been questioned (see discussion in Kramer 
and Boyer 1995, p 130, and references there). For technical reasons, it is still difficult 
to quantify the uptake by different parts of the roots or even root zones. Unlike the 
situation in the shoot, much less is known about the hydraulic architecture of roots. 

Besides the uncertainties related to the root apoplast, there are questions about 
water channels and how they contribute to the overall water permeability of roots. 
For technical reasons, there are to date only a few experimental approaches to mea- 
sure hydraulic conductivity at the root cell level and to relate this to the overall hy- 
draulic conductivity of the entire organ during different stages of development (Steudle 
and Jeschke 1983, Steudle et al 1987, Zhu and Steudle 1991, Azaizeh et al 1992, 
Frensch et al 1996). 

Composite transport in roots 
Because there is no active water transport (i.e., water transport directly coupled to 
chemical reactions in root membranes), water uptake by roots has been often regarded 
as either a simple hydrostatic (hydraulic) or osmotic process governed by root hy- 
draulic conductivity (Kramer and Boyer 1995). But results collected over the past 
decade show that this is not the case. Some changes in the transport mechanism(s) for 
water cause changes in root hydraulic conductivity (Lp r ). These changes are related 
to the intensity of water flow and to the nature of forces applied to drive water across 
the root. Depending on the species used, there are large differences between root Lp r 
observed during either osmotic water flow (such as during conventional exudation of 
an excised root) or hydraulic water flow (such as in transpiring plants). The problem 
is how water uses the different pathways that are, according to the developmental 
state of the root, potentially available in the root cylinder. This means that results 
obtained with one experimental system can be quite different from those obtained 
with another. The reason for the variability is related to the question, Which pathways 
within the root cylinder are used? In principle, there are three different pathways (Fig. 
1). The first is the apoplastic path around protoplasts. The second is the symplastic 
path, which transports water and solutes across plasmodesmata and within the cyto- 
plasmic continuum. Last but not least is the transcellular or vacuolar pathway, which 
is across membranes. Because of the high permeability of membranes to water, this 
latter route is special for water. For ions and other solutes present in plant cells, this 
component’s contribution will usually be negligible. Experimentally, symplastic and 
transcellular components of water flow cannot yet be separated. Therefore, they are 
summarized as a cell-to-cell or protoplastic component (Fig. 1). 

In the usual picture of water transport in roots that textbooks describe, the flow 
of water across the root cortex is largely apoplastic. This changes at the endodermis 
because of the Casparian band, which interrupts the apoplastic path. There is a 
transcellular transport step at the endodermis, which is usually thought to rate-limit 

Water uptake by plant roots: modes of regulation 75 



Fig. 1. Pathways for the uptake of water and solutes into the root. The apoplastic path ( ) 
refers to movement within cell walls and intercellular spaces, which may be interrupted by Casparian 
bands in the endo- and exodermis. The symplastic path ( ) is through plasmodesmata and 
the cytosol of cells. Along the transcellular path ( ), water and solutes have to cross many 
cell membranes. This path is of minor importance for solute transport but represents an important 
path for water. Experimentally, the symplastic and transcellular components of water transport 
cannot yet be separated. The cell-to-cell component, however, is measurable (cell pressure probe). 
The cell-to-cell path is the sum of the symplastic and transcellular pathways. 

water transport across young roots. In the stele, the situation is similar to that in the 
cortex. 

Detailed measurements of root hydraulics have shown that this simple picture 
has to be modified. Depending on the conditions, the relative contribution of path- 
ways to overall uptake or hydraulic conductivity may change substantially. A com- 
posite transport model of the root has been established, which is based in part on 
irreversible thermodynamics (Fig. 2; Steudle 1989, 1992, 1994a,b, 1997, Steudle and 
Frensch 1996, Steudle and Peterson 1998). The model shows that the different path- 
ways may be used with different intensity. This should then result in the observed 
plasticity of water uptake. Besides the intensity of water flow, the physical nature of 
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Fig 2. Composite transport model of root (schematical). The root osmotic barrier comprises cells 
(protoplasts) and the apoplast. The apoplastic path may be interrupted by Casparian bands in the 
endo- and exodermis (not shown for sake of simplicity). Water and solutes move along the two 
parallel pathways (cell-to-cell and apoplastic route). The cell-tocell path has a high selectivity 
(reflection coefficient, and the apoplastic path a very low selectivity for solutes. 
At low rates of transpiration, this results in a circulation flow of water in the root and in a low 
overall root (as found experimentally): J v 

cc =water flow across the cell-to-cell path, J v 
cc = water 

flow across the apoplast. The model explains variable root hydraulic conductivity, which depends 
on the nature of the driving force and other factors. For further explanation, see text. 

driving forces is crucial. In the presence of (hydrostatic) pressure gradients, the flow 
is largely around protoplasts (apoplastic) because this path represents a low hydraulic 
resistance. The data indicate that, to some extent, there should also be some apoplastic 
flow across the endodermis, i.e., Casparian bands appear to be somewhat permeable 
to water (but not to ions) during stage I or even later. This results in a high overall 
hydraulic conductivity of the root (root Lp r ), which is sometimes even larger than that 
of the plasma membrane of individual root cells. On the other hand, water flow in the 
presence of osmotic gradients is low, as would be the case in the absence of transpira- 
tion and during phenomena such as root exudation. Osmotic driving forces cause 
water movement only in the presence of membranes. So, an osmotic water flow across 
the root has to pass many membranes, which results in an overall root Lp r that is then 
much less than that found during hydraulic water flow. 

The composite transport model is based on detailed measurements of hydraulic 
conductivity and other transport properties (salt permeability and reflection coeffi- 
cients) that have been obtained at the level of both individual cells and entire roots 
(see reviews: Steudle 1992, 1994a,b, 1997, Steudle and Frensch 1996, Steudle and 
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Peterson 1998). An important consequence of the model is that the hydraulic resis- 
tance of roots of transpiring plants will be low. Moreover, the supply from the root is 
adjusted according to shoot demands. In the absence of demand, there will be only 
osmotic gradients present due to the active uptake of solutes by the root. These, how- 
ever, will cause a much smaller root Lp r and water flow. Thus, in the absence of 
demand, root hydraulic resistance is high. As a consequence, the plant will not expe- 
rience excessive losses of water to a dry or saline soil under these conditions. Com- 
posite transport provides some kind of coarse regulation of water flow across roots, 
which is just a consequence of the composite root structure. The composite transport 
model readily explains the variability of root hydraulic properties in terms of changes 
in forces that cause a switching between the pathways used. A dependence of the 
hydraulic conductivity along the apoplast has been discussed as well to account for 
some of the changes in the overall root Lp r (Steudle and Frensch 1996). These changes 
in the hydraulic properties of the apoplast may be brought about by changes in the 
water content of cell walls and other factors. Most interestingly, root Lp r is not as 
variable in some species as in others. For example, in Phaseolus coccineus and bar- 
ley, the hydraulic and osmotic Lp r were similar (Table 1). This has been explained by 
a high membrane Lp (in P. coccineus ) or a rather tight Casparian band (in barley). 

Interactions between water and solute flow 
In the root, water and solutes (nutrients) interact with each other. This is most obvious 
under conditions of low or zero water flow (e.g., during the night when transpiration 
is switched off). Under these conditions, we observe phenomena such as guttation 
and root pressure. As solutes move across the root cylinder, osmotic concentrations 
within the apoplastic and protoplastic compartments change. This in turn causes a 
redistribution of water between pathways and compartments. The composite trans- 
port model accounts for osmotic interactions. It explains the finding that the overall 
reflection coefficient will be substantially smaller than unity. Solute diffusion along 
the apoplast is taken into account as well. Along the cell-to-cell path, the diffusive 
transport of solutes will usually be negligible because of the low membrane perme- 
ability of solutes (nutrients). Rates of active transport may be incorporated in the 
model if we have detailed information on the uptake by cells in different layers (Steudle 
1992). In general, osmotic effects are important only under conditions of low transpi- 
ration. When substantial water flow is set up in a transpiring plant, osmotic concen- 
trations within the root apoplast and the xylem are usually low and the flow is driven 
across the root cylinder by purely hydrostatic pressure gradients. Large changes in 
hydraulic conductivity usually occur when the mode of transport changes. The com- 
posite transport model accounts for these changes. 

Another important point relates to water-solute interactions. Water uptake into 
the root xylem will reduce the osmotic concentration there and the overall force driv- 
ing water into the root. This may be interpreted as some kind of feed-forward mecha- 
nism that modifies water uptake. It should be important only at low rates of transpira- 
tion. As water uptake increases with increasing transpiration, the concentration of 
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xylem sap is reduced. At large enough rates of uptake, the osmotic driving force will 
vanish. Fiscus (1975) analyzed this dilution effect quantitatively and found that it 
accounted for some of the apparent variability in root Lp r reported in the older litera- 
ture. This may be true, but the dilution effect cannot completely explain the variabil- 
ity in root hydraulics. Recent studies with excised root systems of maize have shown 
that most of the differences between osmotic and hydraulic Lp r remain even when the 
dilution effect is accounted for (Zimmermann and Steudle 1998). Thus, there are 
inherent differences in root Lp r that are related to changes in flow mechanisms. It has 
been suggested that the hydraulic conductivity of the material of the porous apoplast 
would increase with increasing flow (Steudle and Frensch 1996). In part, this in- 
crease may be due to changes in the water content of the apoplast. As was already 
pointed out, the changes are physiologically important, especially during plant re- 
sponses to water stress. 

The role of water channels in roots: Is there a fine regulation of 
water flow? 
Water channels or aquaporins contribute to most of the hydraulic conductivity (water 
permeability) of plant cell membranes (Chrispeels and Maurel 1994, Steudle and 
Henzler 1995, Steudle 1997, Hertel and Steudle 1997, Maurel 1997, Schutz and 
Tyerman 1997, Schäffner 1998, Tyerman et al 1999). Water channels are transport 
proteins with a molecular weight of about 30 kDa. They span the membrane six times, 
forming a pore that is just wide enough to allow for the passage of water molecules 
one by one in a single file (Fig. 3). Water channels are quite selective for water, 
although there may be some slippage of small organic molecules (Henzler and Steudle 
1995, Hertel and Steudle 1997). Mercurials such as mercuric chloride (HgCl 2 ) have 
been used to reversibly block the channel function. This has been demonstrated either 
in frog oocytes, where channel protein was expressed, or in Chara internodes 
(Chrispeels and Maurel 1994, Steudle and Henzler 1995, Schutz and Tyerman 1997). 
In root systems of tomato, Lp r has been demonstrated to be reduced by treatment with 
mercurials, which suggested that water channels operate in roots, too (Maggio and 
Joly 1995). If true, this would be a possibility for regulating water uptake along the 
cell-to-cell passage, especially in older suberized roots where the apoplastic path is 
blocked. So, water channels may be looked at as a tool to provide some fine regula- 
tion of water uptake (Steudle 1997, Steudle and Peterson 1998). External factors such 
as high salinity, nutrient deprivation, annoxia, and temperature may affect regulation 
along the cell-to-cell path (Azaizeh and Steudle 1991, Azaizeh et al 1992, Birner and 
Steudle 1993, Carvajal et al 1996, Hertel and Steudle 1997, Henzler et al 1998). Regu- 
lation may be mediated by a phosphorylation of the transport proteins (Johansson et 
al 1996). Future work has to show whether this is true. This work should involve both 
the molecular characterization of transport proteins and the measurement of their 
function at the cell and root levels. In terms of root physiology, it is important to 
understand the mechanisms by which external and internal signals trigger water channel 
activity, that is, specify the gating properties of water channels (Tyerman et al 1999). 

Water uptake by plant roots: modes of regulation 81 



Fig. 3. Model of monomeric transport protein for water (aquaporin or water channel) arranged to 
form a pore (“hourglass model”). A single functional aquaporin is shown as a quarter of the 
tetrameric aggregate. Aquaporins consist of six transmembrane helices (1 to 6). The two loops 
between helices 2 and 3 (lower, intracellular loop) and helices 5 and 6 (upper, extracellular loop) 
form the channel, which represents a narrow pore selective for water and is penetrated by water 
in both directions (single-file passage). N- and C-terminals are on the apoplastic side of the 
membrane. (Adapted from Schaffner 1998.) 

Experimental techniques 
At the level of individual root cells, water transport (hydraulic conductivity, Lp) has 
been measured using the cell pressure probe (Steudle et al 1987, Zhu and Steudle 
1991, Steudle 1993; Fig. 4). The tip of the probe was introduced into individual cells 
in different layers of the root, which allowed us to monitor cell turgor. 

Cell Lp was measured after manipulating the equilibrium turgor to produce a 
water flow across the membrane, which was monitored as a “pressure relaxation.” 
The half-time of the process is a measure of Lp. In the same or in a separate experi- 
ment, the root pressure probe has been employed to measure the overall hydraulic 
conductivity of roots (Steudle and Jeschke 1983, Steudle et al 1987, Zhu and Steudle 
1991, Steudle 1993; Fig. 5). Figure 5 also shows how root Lpr has been measured by 
alternative, steady-state techniques. With these techniques, either pressure gradients 
have been applied (pressure chamber, vacuum) or the osmotic pressure of the me- 
dium was varied (for details, see legend of Fig. 5). The root pressure probe has been 
used to separate the axial hydraulic resistance of xylem vessels from that related to 
flow across the root cylinder (Frensch and Steudle 1989, Melchior and Steudle 1993) 
and to measure the radial hydraulic resistances of individual root zones (Frensch et al 
1996). 
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Fig. 4. Cell pressure probe for measuring the hydraulic conductivity (water permeability) of plant 
cell membranes. The tip of the microcapillary (diameter 2–7 µm) is introduced into the cell so that 
turgor causes a shift of the oil/water meniscus in the tip, which can be manipulated by moving the 
metal rod. Pressure relaxations are produced to work out the hydraulic conductivity of the membrane 
from half-times of the equilibration of turgor pressure. This requires us to also measure the 
elasticity of the cell (also done using the probe) and cell dimensions (cell surface area and 
volume). 

Fig. 5. Experimental set-up used to measure water transport and hydraulic conductivity of excised 
roots (root systems and individual roots). Different techniques can be used. In one procedure, 
root exudation is measured while pneumatic pressure is applied to the root system, which is 
tightly sealed in a pressure chamber. The protruding root base is connected to a calibrated capillary. 
With valves 1, 3, and 5 open and valves 2, 4, and 6 closed, the steady water flow across the root 
(root system) is measured in response to a pneumatic pressure applied to the root. Alternatively, 
a pressure gradient may be set up by applying a vacuum (valve 4 open) or pressurized air (valve 2 
open) to the cut root base (xylem; valves 1, 5, and 6 open; valve 3 closed). In the absence of 
pressure gradients (all valves open, except 2, 4, and 5), water flow may also be measured in 
response to changes in the osmotic pressure of the root medium. With valves 1 and 5 closed and 
valve 6 open, the root pressure probe is employed to measure root Lp r . In this type of experiment, 
root pressure builds up within the probe, which is then changed to induce a water flow, analogous 
to the procedure used for cells (Fig. 4). From the subsequent rate of equilibration of root pressure, 
root Lp r is evaluated. 
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Recent results 
Table 1 summarizes some results of root hydraulics. The table separates herbaceous 
and woody species. On the average, roots from herbs have a root Lp r that is one order 
of magnitude larger than that of woody species because of differences in root struc- 
ture, especially the stronger degree of suberization of woody roots. As for the water, 
the permeability of woody roots to solutes (permeability coefficients of salts, sugars, 
and the like) is substantially smaller than that of herbs. But root reflection coeffi- 
cients of woody roots (which denote the passive selectivity of a root) were smaller 
than those of herbs. In terms of the composite transport model, this is explainable. In 
composite transport systems with parallel arrays, the components (cell-to-cell and 
apoplastic path) contribute to the overall reflection coefficient according to their hy- 
draulic conductances. Because the permeability of woody roots is lower than that of 
herbs, the relative contribution of the apoplastic bypass is more significant for the 
former. In tree roots, differences of up to three orders of magnitude have been found 
between osmotic and hydraulic water flow (root Lp r ). This remarkable effect has been 
explained by the model but may, in addition, result from changes in the apoplastic 
hydraulic conductivity in the presence of pressure gradients (Steudle and Frensch 
1996). 

It should be noted that, besides the water, the apoplastic component of transport 
could also be important during root-to-shoot signaling. When the stress hormone ab- 
scisic acid (ABA) was applied to the root medium, there was a considerable bypass 
flow of ABA in young maize roots, that is, ABA was transported by solvent drag with 
the transpiration stream imitated by a vacuum applied to the cut end of the excised 
roots (Freundl et al 1998). In sunflower roots, the effect was much smaller. The re- 
sults indicate that the uptake of ABA present in the soil solution in low concentrations 
could contribute to the xylem concentration of the hormone. Alternatively, and more 
likely, ABA produced in cells of stressed roots may be delivered to the root apoplast 
and then transferred to the shoot with the transpiration stream. In both cases, the 
apoplastic flow of ABA will compensate for the dilution caused by water uptake. 
Hence, the root-to-shoot signal of ABA may have an apoplastic component that is 
directly coupled to water uptake and transpiration. 

Conclusions 
The detailed data obtained so far for root hydraulics are in agreement with a compos- 
ite transport model of the root. The model considers two parallel pathways—the 
apoplast and the cell-to-cell (protoplastic) path. Pathways are coupled to each other, 
that is, water and solutes are exchanged between pathways as they move across tissues. 
The model explains differences found between hydraulic and osmotic water flow and 
the variability of root Lp r , which changes in response to the nature of the driving force 
and the intensity of flow. The model predicts that root Lp r may vary according to 
conditions (as found). We propose that the variability in root Lp r provides a coarse 
regulation of water uptake by roots. A fine regulation may be brought about by the 
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action of water channels, which affect the cell-to-cell pathway rather than the apoplastic 
pathway. Future work has to concentrate on the role of water channels during water 
uptake, that is, the activity of aquaporins has to be mapped in different root tissues. 
The modes by which external and internal signals trigger water channels have to be 
worked out (drought, salinity, temperature, nutritional state, heavy metals, etc.). The 
use of transgenic plants and of reverse genetics will play an important role in these 
future studies (Tyerman et al 1999). Another important point is the separation of se- 
ries of hydraulic resistances in the root cylinder, especially those of the exodermis 
and endodermis, and how they would change during root development. Recent data 
from maize indicate that the development of an exodermis may strongly decrease 
overall root Lp r . The relative contributions of the cell-to-cell and apoplastic compo- 
nents of radial water flow and how its relative importance would change during root 
development have to be further quantified. 
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Physiological characterization of 
the rice plant for tolerance of 
water deficit 
T. Hirasawa 

Rice plants are grown in upland fields and in irrigated and nonirrigated fields. Soil 
moisture depletion suppresses the midday photosynthetic rate as well as leaf expan- 
sion and causes severe drought injury to panicles in the critical stages. The photosyn- 
thetic rate also decreases at midday and severe panicle dehydration sometimes oc- 
curs when the foehn blows at heading even under submerged soil conditions. A deple- 
tion in soil moisture also diminishes the photosynthetic rate because of senescence. 

Compared with other crop plants, (1) rice plants suffer from water stress markedly 
when soil moisture decreases because of their small root system, (2) the stomata of 
rice plants close noticeably in response to a reduction in leaf water potential, causing 
a marked reduction in photosynthetic rate, and (3) leaf senescence of rice plants is 
promoted with a small reduction in soil moisture. Significant differences in root sys- 
tem development and drought resistance have been observed among rice cultivars. 
Water uptake capacity might depend on root system development and on root hydrau- 
lic conductivity. Many factors, such as the rate, duration, and direction of root elonga- 
tion and root branching, might contribute to root system development. Root hydraulic 
conductivity changes with growth conditions and age. Some root functions might af- 
fect leaf senescence under drought. We need a better understanding of root system 
development, the path of water transport in roots, and root-shoot relationships and 
their genetics. 

Rice plants are grown in various ecosystems defined by hydrological conditions. 
Drought often occurs in rice-growing areas and decreases the yield of upland and 
rainfed lowland rice (O’Toole and Chang 1979). Soil moisture depletion suppresses 
leaf expansion, tillering, and midday photosynthesis (Kramer and Boyer, 1995, Hanada 
1990). It also causes a reduction in photosynthetic rate and leaf area because of senes- 
cence (Nooden 1988). All of these factors induce a reduction in dry matter accumula- 
tion and grain yield. Severe drought injury to panicles occurs when soil moisture 
diminishes at the panicle formation and heading stages (Tajima 1995). 

Rice plants suffer from water stress even under submerged soil conditions. The 
photosynthetic rate also decreases at midday and in the afternoon on a clear day be- 
cause of the reduction in leaf water potential (Ishihara and Saito 1987). A reduction in 
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vapor pressure deficit also decreases the photosynthetic rate without causing a reduc- 
tion in leaf water potential (Hirasawa et al 1988). A rapid and severe panicle dehydra- 
tion sometimes occurs when the foehn blows at heading, causing a white head (Tsuboi 
1995). Resistance to water flow increased markedly at the panicle neck because of 
the formation of air bubbles in xylem vessels under these conditions, and this may 
cause panicle dehydration (Hirasawa et al 1996). A rapid and severe shoot dehydra- 
tion is also observed in the middle of the ripening stage (Murayama 1995). 

This chapter discusses ecophysiological properties for tolerance of water deficits 
in rice plants growing in imgated and rainfed conditions. 

Comparing responses to soil moisture depletion 
Growth and dry matter production 
Upland rice represents about 0.5% of rice area in Japan. Upland rice plants are often 
affected by soil moisture depletion (Hirayama et al 1997, Tajima 1995). We com- 
pared growth and dry matter production of upland rice with those of other crop plants 
in a field (loamy soil) with a rainout shelter. Leaf expansion and dry matter produc- 
tion decreased significantly in rice plants compared with foxtail millet and common 
millet (Fig. 1; Fuse et al 1992). When plants were grown without irrigation in sandy 
soil in a greenhouse, only rice plants died before flowering although other crop plants 
(soybean, finger millet, groundnut, foxtail millet, and common millet) ripened 
(Hirasawa and Inada 1991). 

Leaf water potential decreased significantly in rice plants compared with other 
crop plants (Table 1; Fuse et al 1992). This could result in the reduction in leaf expan- 
sion and dry matter production in rice plants. Leaf water potential recovered slowly 
during the night and was still low at predawn in rice plants (Table 1). Because rice 

Fig. 1. Leaf area (A) and dry weight (B) of rice, foxtail millet, and common millet growing under 
sufficient ( ) and deficient ( ) soil moisture conditions 60 days after planting. Numbers in 
parentheses indicate the relative values of plants under deficient soil moisture conditions versus 
plants under sufficient soil moisture conditions. (Adapted from Fuse et al 1992.) 
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Table 1. Leaf xylem water potential (MPa) of rice, foxtail millet, and common millet growing in 
wet and dry soil in the field at midday, evening, and predawn. Data represent means ± standard 
deviations. (Adapted from Fuse et al 1992.) 

Wet soil Dry soil 

Midday Evening Predawn Midday Evening Predawn 
Crop 

Rice 
Foxtail 

millet 
Common 

millet 

–0.92 ± 0.04 

–0.97 ± 0.16 

–0.48 ± 0.09 

–0.13 ± 0.01 

–0.22 ± 0.02 

–0.15 

–0.03 ± 0.01 

–0.03 ± 0.01 

–0.01 ± 0.00 

–2.37 ± 0.06 

–1.78 ± 0.12 

–1.32 ± 0.32 

–1.53 ± 0.24 

–0.79 ± 0.03 

–0.29 ± 0.05 

–0.68 ± 0.13 

–0.18 ± 0.05 

–0.03 ± 0.01 

plants have a poor root system, their leaf water potential decreased significantly with 
the depletion of soil moisture compared with other crop plants (Angus et al 1983, 
O’Toole and Chang 1979, Yoshida and Hasegawa 1982). 

Effects of a reduction in leaf water potential on photosynthetic rate 
The leaf photosynthetic rate decreases even with a slight reduction in leaf water po- 
tential in rice plants. As Figure 2 shows, photosynthetic rate started to decrease rap- 
idly at a water potential of about –0.3 MPa for cv. Manryo (grown in irrigated condi- 
tions) and about –0.6 MPa for cv. Warabehatamochi (grown in upland conditions). 
On the other hand, a clear reduction in photosynthetic rate was not observed at a leaf 
water potential higher than –1.0 MPa in foxtail millet, common millet, wheat, and 
sunflower plants (Fig. 2). In the plants under water stress, the reduction in photosyn- 
thetic rate is usually induced by stomatal closure. As leaf water potential decreases 
further, nonstomatal factors also affect photosynthesis (Wakabayashi et al 1996). 
Therefore, researchers conclude that, in rice plants, the response to water potential is 
largely governed by stomatal behavior. 

Fig. 2. Relationships between leaf water potential and photosynthetic rate in rice (A), foxtail millet 
and common millet (B), and sunflower and wheat (C). (Adapted from Fuse et al 1994, Hirasawa et 
al 1988, Wakabayashi et al 1996, Nakagami and Hirasawa, unpublished.) 
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Some differences in the relationship between water potential and turgor pressure 
were observed among leaves of different species (Fig. 3). Turgor pressure remained 
high at any reduction in leaf water potential in wheat plants compared with rice plants, 
but the relationship in rice plants did not differ significantly from that of foxtail millet 
and common millet. These results indicate that the difference in stomatal response to 
the reduction in leaf water potential among species cannot always be attributed to the 
maintenance of leaf turgor pressure. 

Soil moisture depletion and leaf senescence 
Soil moisture depletion also causes a reduction in photosynthetic rate because of se- 
nescence. The reduced photosynthetic rate usually does not recover even after irriga- 
tion. Leaf senescence progressed rapidly in plants grown in soil with lower moisture 
even when remarkable reductions in leaf water potential were not observed (Fig. 4). 
Irrigated (ponded) rice culture uses more water than other field crops. Intermittent 
irrigation is effective in decreasing irrigation water without reducing grain yield. But 
progressive leaf senescence was observed in irrigated fields under the treatment with 
intermittent irrigation. Even though the soil matric potential at a depth of 15 cm was 
kept at about –10 kPa during ripening, the leaf photosynthetic rate decreased signifi- 
cantly because of early senescence and the midday closure of stomata, causing a 
reduction in dry matter accumulation and grain yield (Lu et a1 1998). 

Field crop plants usually perform well in soil with a matric potential lower than 
–10 kPa. Wheat plants maintained a higher leaf chlorophyll content and had a smaller 
reduction in photosynthesis during ripening even though the soil matric potential de- 

Fig. 3. Relationships between leaf water potential and pressure potential in rice and wheat (A) 
and foxtail millet and common millet (B). (Adapted from Hirasawa et al 1979, Tabei et al 1997, 
Nakagami and Hirasawa, unpublished.) In (A), water and osmotic potentials were measured with 
a thermocouple psychrometer and pressure potential was calculated. In (B), the relationship was 
determined by a pressure-volume technique. The broken line in B is for rice plants from Cutler et 
al (1980). 
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Fig. 4. Changes in leaf water potential during daytime (A) and leaf chlorophyll content (B) in rice 
plants growing in submerged soil ( ), and in soil with moderately ( ) and remarkably ( ) reduced 
moisture. (Adapted from Hirasawa et al, unpublished.) 

creased to -80 Wa at a depth of 30 cm (Nakagami et al 1998). Leaf senescence of rice 
plants might be promoted with a small reduction in soil moisture compared with other 
crop plants. The effect of soil moisture depletion might result from the changes in 
chemical properties of soil after drainage as well as the reduction in plant water po- 
tential. 

Characterizing tolerance of water deficits 
We already have some general concepts of the characteristics that enable plants to 
escape or tolerate drought (e.g., Kramer and Boyer 1995, Loomis and Conner 1992). 
But we do not yet have clear ideas of the characteristics in rice and other crops for the 
genetic improvement of plants under conditions of water stress. We therefore tried to 
characterize the ecophysiological properties of rice plants for water uptake and leaf 
senescence for maintaining a high leaf photosynthetic rate under stress conditions. 

Total root length and distribution in soil 
Although rice plants tend to develop a poor root system compared with other field 
crops, large differences in root system development have been observed among rice 
cultivars (Ekanayake et al 1985, Hirayama et al 1997, O’Toole and Chang 1979, 
Yoshida and Hasegawa 1982). Plants with a larger root system can maintain a high 
rate of water uptake from the soil with a depletion in soil moisture and can therefore 
keep leaf water potential high (Hirasawa 1995, O’Toole and Chang 1997, Yoshida 
and Hasegawa 1982). A denser and deeper rooting habit is important for plant perfor- 
mance under deficient soil moisture conditions. At the same soil water potential, the 
total length or total area of root surface is important because the larger the area of root 
surface, the smaller the root resistance to water transport in general. Because mois- 
ture remains high in deeper soil when soil moisture decreases, the reduction in leaf 
water potential is small in plants with a deeper root system (Hirasawa et al 1994, 
Hirasawa 1995). 
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Table 2. Comparison of morphologlcal characteristics and resistance to water transport through 
the plant between Nipponbare and Akenohoshi grown in pots (30 cm in diameter, 100 cm in 
depth) under submerged soil conditions. (Adapted from Jiang et al 1988.) 

Growth 
stage 

Booting 

Ripening 

Variety 

Nipponbare 
Akenohoshi 

Nipponbare 
Akenohoshi 

Panicles 
(no.) 

25.0 
20.3 

25.0 
18.0 

Top 
weight 

(g) 

65.6 
68.4 

121.8 
128.2 

Leaf Root 
area weight 
(m 2 ) (g) 

0.455 8.5 
0.449 9.8 

0.383 11.0 
0.263 a 16.0 

Top-root 
weight 
ratio 

(g g -1 ) 

7.71 
7.01 

11.04 
8.01 

Leaf area- 
root weight 

ratio 
(cm 2 g -1 ) 

536 
459 

317 
165 

Resistance 
to water 

transport 
(10 4 MPa s m -1 ) 

– 
– 

11.5 ± 0.17 b 

8.6 ± 0.10 b 

a The decrease in leaf area of Akenohoshi was partly due to the death of nonproductive tillers at the ripening 
stage. b Means ± standard deviations. 

The soil water potential at the root surface is quite different from the water po- 
tential of bulk soil, especially when the soil water potential decreases (Kramer 1983). 
This becomes quite complex when water movement in the soil at the root surface is 
estimated quantitatively. We can estimate the root water uptake capacity of plants 
growing in the field under submerged soil conditions because soil water potential can 
be regarded as 0 MPa and soil resistance can be ignored (Hirasawa and Ishihara 1991). 
Total resistance in plants to water transport is lower in cultivars with a larger length of 
roots because of lower root resistance (Table 2; Jiang et al 1988). 

A significant difference in root system development has also been observed among 
plants grown under different conditions and among cultivars in wet soil. The extent of 
root system development also differed in dry soil between soybean cultivars (Hida et 
al 1995). The difference came from the rate of root branching in young plants (Hida et 
al 1996). Factors such as the rate and direction of elongation and branching contrib- 
ute to root system development. We should examine the true status of differences in 
root system development among cultivars to improve this development when breed- 
ing drought-tolerant cultivars. 

Root hydraulic conductivity 
Root water uptake capacity is affected by hydraulic conductance per unit root surface 
or hydraulic conductivity and total area of root surface. Hydraulic conductivity de- 
creases markedly with an increase in water uptake rate when the transpiration rate is 
low, and is constant at a transpiration rate larger than about 3.0 mmol H 2 O m -2 s -1 in 
rice plants (Hirasawa and Ishihara 1991). Root conductivity decreased in plants where 
roots were treated with NaN 3 and in plants growing in reductive soil (Hirasawa et a1 
1992a). It also decreased with age (Fig. 5). Radial resistance is usually significantly 
high in roots compared with axial resistance, except for the root apex (Frensch and 
Steudle 1989). The possible radial paths of water in roots have been proposed (Steudle 
1994, Taura et al 1988). However, fundamental information on the radial path of 
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Fig. 5. Changes in resistance to water 
transport from roots to the 12th leaf 
( ) and resistance from the base of 
the stem to the leaf (O) in rice plants 
growing under submerged conditions. 
(Adapted from Hirasawa et al 1992b.) 

water transport in rice is still lacking. We need to know the radial path of water and its 
characteristics in roots before we can know which properties should be improved for 
increasing water uptake capacity in roots. 

Leaf senescence and root functions 
The reduction in leaf photosynthetic rate because of senescence in the ripening stage 
was smaller for rice cv. Akenohoshi than for cv. Nipponbare under submerged condi- 
tions (Jiang et al 1988, Soejima et al 1992). The exudation rate at the base of the stem 
was higher in Akenohoshi. The total amount of cytokinins transported from roots to 
shoots was estimated to be significantly higher in Akenohoshi, based on the cytokinin 
content of the exudate (Soejima et al 1992, 1995). Cytokinins transported to shoots 
from roots were expected to be one factor in the slow leaf senescence during ripening 
in Akenohoshi. 

Nitrogen and other mineral uptake decreased markedly with the reduction in soil 
moisture in rice plants (O’Toole and Baldia 1982). Nitrogen is a very important nutri- 
ent for keeping a high content of ribulose-l,5-bisphosphate carboxylase (Rubisco) 
and therefore a high rate of photosynthesis after leaf expansion of rice plants (Hidema 
et al 1991, Makino et al 1983). When leaf senescence was promoted with slightly 
decreased moisture, the exudation rate at the base of the stem had already decreased 
significantly (Table 3). The reduction of solute accumulation in xylem might contrib- 
ute to the decrease in the exudation rate. We also found that leaf senescence of a 
wilting mutant, growing under submerged soil conditions, was slower than that of the 
wild type, growing under moderately deficient soil moisture conditions, even though 
the mutant had a greater leaf xylem resistance to water transport and, therefore, a 
lower midday leaf water potential (Hirasawa et al, unpublished). The root exudation 
rate was significantly higher in the former plants than in the latter plants. 
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Table 3. Exudation rate from the base of the stem In rice plants growing In 
submerged and moderately dry soils. Data represent means ± standard devlations. 
(Adapted from Hirasawa et al, unpublished.) 

Item Submerged soil Dry soil 

Leaf water potential a –2.80 ± 0.60 –3.70 ± 1.00 
Exudation rate (g hill -1 ) b 12.7 ± 0.4 1.3 ± 0.9 

a Leaf water potential was measured at midday. b Exudation rate was measured for 24 h in the 
room. 

These results suggest that root functions affect leaf senescence and that decreased 
soil moisture might promote leaf senescence by slowing root functions. Leaf senes- 
cence might be affected by the nitrogen supply from roots as well as cytokinins. 
Abscisic acid might also contribute to leaf senescence. The role of roots in leaf 
senescence should be investigated. 

Final remarks 
Rice plants are grown in soils with a wide range of moisture. They suffer from water 
stress even under submerged conditions. We are now forming a general concept on 
drought tolerance of plants. We need to clarify the true status of water deficits under 
these conditions. We also need to clarify characteristics relating to drought tolerance 
and define their genetics for any crop in order to achieve a definitive form of drought 
tolerance. 
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Genotypic differences in 
physiological responses 
to water deficit in rice 
G. Cabuslay, O. Ito, and A. Alejar 

Several factors have limited progress in developing rice cultivars that can survive and 
yield favorably under rainfed conditions. These include the difficulty in identifying traits 
that would confer tolerance for water deficit and the fact that indices used by plant 
breeders are usually related to complex physiological mechanisms. In addition, high 
genotype by environment interaction makes it difficult to identify consistently superior 
genotypes. This study was carried out to (1) develop a system in which water-deficit 
conditions can be reproduced, (2) characterize rice cultivars popularly used for drought 
studies in rainfed ecosystems, and (3) identify physiological traits that confer tolerance 
for water deficit. In this study, a simple and repeatable method of simulating drought 
conditions using polyethylene glycol was effective in inducing water stress in plants. 
Variability in response to water deficit at the early seedling stage (2-3 wk after 
germination) was observed among 27 rice cultivars with diverse cultural adaptations. 
Visual scoring to assess damage provided a reliable measure of tolerance for water 
deficit and was highly correlated with transpiration. Visual scoring reflects dehydration 
of the plant tissue as shown by its relative water content. Stomatal closure is the 
immediate response of plants to avoid tissue dehydration during water stress. The 
stomata should remain partially open, however, to allow entry of CO 2 and maintain the 
supply of energy needed to sustain plant growth during water stress. Results showed 
that cultivars with high tolerance based on visual scoring had high transpiration rates 
under stress conditions, implying high stomatal conductance, and also maintained 
leaf area. The highly significant negative correlation between initial leaf area and relative 
transpiration suggests that high initial leaf area promotes excessive water loss at the 
onset of drought. Measurement of carbon isotope discrimination is easier than tedious 
daily weight change measurements involved in whole-plant transpiration studies. Carbon 
isotope discrimination was positively correlated with relative transpiration but negatively 
correlated with specific leaf weight after water-stress treatment. It seems that thinner 
leaves promote transpiration and carbon isotope discrimination in water-stressed plants. 
Levels of sugar and starch stored in leaf blades and leaf sheaths before the onset of 
drought did not correlate well with tolerance based on visual score. Osmotic adjust- 
ment did not play a significant role in tolerance for water deficit at the level and duration 
of stress used in this study. 
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Drought, defined as a period of low or below average rainfall or deficit irrigation that 
affects crop growth (Boonjung and Fukai 1996), has long been recognized as the 
primary constraint to rainfed rice production (Mackill et a1 1996). Rainfed lowlands 
are characterized by lack of water control, with floods and drought being potential 
problems (IRRI 1997). About one-fourth of the world’s total rice land, or approxi- 
mately 36 million ha, is rainfed (IRRI 1997). Reports of declining yield trends in 
well-managed irrigated rice lands (Cassman and Pingali 1995) and rapid land conver- 
sion for nonagricultural uses necessitate improvement of rice yields in rainfed and 
upland ecosystems. 

Despite concerted efforts by scientists, the development of high-yielding drought- 
tolerant cultivars remains an elusive goal. Drought tolerance is poorly defined com- 
pared with other traits such as grain quality and disease resistance (Richards 1996). In 
addition, high genotype by environment (G × E) interaction makes it difficult to iden- 
tify consistently superior genotypes. A method that is manageable and that gives a 
reproducible assessment of drought tolerance among rice cultivars must be devel- 
oped to facilitate the identification of traits for drought tolerance. 

Field experiments on plant response to water stress usually involve withholding 
irrigation. For many studies, however, water stress of soil-grown plants cannot be 
manipulated well enough (Kaufmann and Eckard 1971). Soil heterogeneity further 
complicates the interpretation of field data. The addition of nonionic osmotic agents 
such as polyethylene glycols to liquid nutrient media has been shown to closely mimic 
specific levels of soil water stress. Furthermore, drought avoidance by growing deep 
roots is not possible because roots of all cultivars are uniformly exposed to the same 
osmotic stress. 

Several studies have focused on the use of polyethylene glycol (PEG) as an os- 
motic agent (Martin et a1 1986, Perez-Alfocea and Larher 1995, Bock et a1 1996). 
PEG imposes water stress on plants by decreasing the water potential of the rooting 
medium, and thus the water potential of the plant (Lawlor 1970). Because PEG is not 
readily taken up by the cells, it does not alter the ionic composition of the cell (Claes 
et a1 1990). The main concern about the use of PEG is the presence of toxic inorganic 
elements that presumably were residues of catalysts (such as aluminum) used in poly- 
merization and organic contaminants such as formaldehyde (Yeo and Flowers 1984). 
However, these impurities can be effectively removed by dialysis or through ion- 
exchange columns. 

Singh et al (1973) induced water deficit in barley seedlings with PEG 4000 and 
found no evidence of toxic or other effects on plant uptake of the PEG molecule. 
According to Michel (1971), Carbowax 6000 did not penetrate the cell walls of the 
cucumber hypocotyl as shown by the absence of plasmolysis despite shrinkage in 
cells treated with hypertonic Carbowax solutions. Janes (1974) compared PEG of 
molecular weights 400, 600, 1000, 1540, and 4000 as osmotic agents and concluded 
that PEG with molecular weights of 1000 or 1540 proved most satisfactory in de- 
creasing the water potential of nutrient solutions. PEG 600 and 400 were absorbed in 
appreciable amounts, whereas PEG 4000 or larger may contain toxic impurities. In 
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another study by Lawlor (1970), PEG of l000 molecular weight or larger entered 
plants slowly; the larger the molecular weight, the slower the rate of entry. Leaf respi- 
ration studies, however, suggested that PEG did not affect metabolism but that the 
effect on plants is osmotic. The author suggested the use of PEG of large molecular 
weight, 1000 or 4000, to satisfactorily decrease the osmotic potential of nutrient solu- 
tions. 

This chapter presents partial results of a study with the following objectives: 
1. Assess the suitability of polyethylene glycol 1500 in simulating water deficit. 
2. Characterize rice cultivars popularly used for drought studies in rainfed ecosys- 

3. Identify physiological traits that confer tolerance for water deficit. 
tems. 

Materials and methods 
Plant material and growth conditions 
Two experiments were conducted in the phytotron glasshouse of the International 
Rice Research Institute (IRRI), Los Baños, Laguna, Philippines, maintained at 29/21 
°C (day/night), 70% relative humidity, and natural light. One was done to measure 
osmotic adjustment in cultivars after drought treatment whereas the other sought to 
determine the effect of drought on transpiration and other growth parameters. 
Pregerminated seeds of 27 rice cultivars of diverse adaptation (Table 1) were sown on 
styropor seedbeds floating in full-strength nutrient solution prepared according to 
Yoshida et a1 (1976). The pH of the solution was adjusted to 5.0 daily and renewed 
once a week during the first 2 wk and twice a week thereafter for the control solution. 
Both experiments were laid out in a split-plot design with 5 replications. 

Simulation of water stress 
To measure osmotic adjustment, 3-wk-old seedlings were transferred from normal 
nutrient solution (without PEG) to that containing PEG 1500 giving –0.5 MPa of 
stress. The required amount of PEG 1500 was computed according to Lawlor (1970). 
A control plot remained in normal nutrient solution. Solutions of PEG 1500 were 
purified by mixing with ion-exchange resin prior to adding nutrients. Although plants 
were subjected to a sudden change in osmotic potential of the root medium, no appar- 
ent osmotic shock was observed in plants in terms of leaf rolling. The experiment was 
terminated after 11 d when differences among cultivars were visible. Plants were then 
scored visually for drought damage, which included leaf rolling and leaf drying, us- 
ing a scale of 1, 3, 5, 7, and 9, where 1 corresponded to least damaged (drought- 
tolerant) and 9 to most damaged (drought-intolerant). Average daily solar radiation 
for the duration of the treatment was 15.2 MJ m -2 . 

For the experiment on transpiration, cultivars and growth conditions were the 
same as in the measurement of osmotic adjustment. To measure the transpiration 
rates of stressed and untreated plants, 18-d-old seedlings were transferred into 50-mL 
plastic centrifuge tubes containing normal nutrient solution. One tube contained a 
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Table 1. IRRI germplasm bank accession number, cultivar identification/nomenclature, country 
of origin, adaptation, isozyme grouping, visual score, and relative water content of 27 rice 
cultivars grown in –0.5 MPa osmotic solution for 11 d. 

10929 
11354 
11355 
11462 
27748 
28506 
32583 
38558 
50634 
53434 
57020 
67819 
72931 
76330 
77181 
77968 

57011 
80022 
55684 
5758 
8134 
8176 
8144 

LSD 0.05 

Mahsuri 

IR20 
Nam Sa-Gui 19 
Khao Dawk Mali 105 
IRAT9 

IRAT104 
UPLRi 5 
IR52 

UPLRi 7 
M55 
IR72 
ITA130 
BPI RI 10 

C4-137 

lR442-2-58 

IR6115-1-1-1 

CT9993-5-10-1M 
IR52561-UBN-1-1-2 
lR58821-238-1-2-1 
lR62266-42-6-2 
lR5178-1-1-4 
ITA119 
IRAT140 
PI 163575 
Lansaw 
lfugao rice 
Qomenan 

Malaysia 
Philippines 
Philippines 
Thailand 
Thailand 
Côte d’lvoire 
Philippines 
Côte d’lvoire 
Philippines 
Philippines 
Philippines 
Philippines 
Liberia 
Philippines 
Nigeria 
Philippines 
Colombia 
Philippines 
Philippines 
Philippines 
Philippines 
Nigeria 
Côte d’lvoire 
Philippines 
Philippines 
Philippines 
Philippines 

3.4 
3.4 
3.0 
5.4 
1.8 
4.2 
3.0 
2.2 
3.8 
1.8 
1.8 
2.6 
3.4 
1.0 
2.6 
1.8 
3.4 
1.8 
1.8 
1.0 
4.2 
3.4 
3.4 
7.0 
7.4 
2.6 
1.0 

0.56 

Visual Relative 

no. of origin group b (-0.5 MPa) content 
Accession Cultivar Country Adaptation a Isozyme score c water 

(%) 

RL I (indica) 89.7 
I (indica) 88.5 

IL I (indica) 91.5 
DW I (indica) 80.7 
RL I (indica) 86.9 
U I (indica) 85.9 
DW I (indica) 86.0 
U VI (japonica) 81.9 
U I (indica) 87.1 
RL I (indica) 87.3 

I (indica) 92.1 
U I (indica) 86.8 
U VI (japonica) 84.9 
IL I (indica) 87.7 
U VI (japonica) 88.5 

I (indica) 91.0 
U VI (japonica) 87.9 

I (indica) 81.8 
I (indica) 87.5 
I (indica) 90.1 
I (indica) 90.7 
I (indica) 91.7 

U VI (japonica) 91.0 
I (indica) 79.8 
I (indica) 70.4 
I (indica) 80.9 
I (indica) 86.7 

2.5 

a RL = rainfed lowland, IL = irrigated lowland, DW = deep water, U = upland. b Classification according to Glaszmann 
(1987). c Drought tolerance score: 1 = least damaged, 9 = most damaged. 

single plant that was held in place by a styropor cover that fitted the lid of the plastic 
tube and had a hole bored at the center. The level of the solution was maintained daily. 
Water-deficit treatment was imposed 3 d later by changing the nutrient solution to 
that containing PEG 1500, giving –0.5 MPa of stress. A control plot was maintained. 
The weight of tubes with a plant was measured daily, and moisture lost was replen- 
ished. The experiment was terminated after 6 d when cultivars could be separated into 
drought-tolerant and intolerant according to visual score. Average daily solar radia- 
tion was 18.5 MJ m -2 , greater than that for the experiment on determination of os- 
motic adjustment (which took 11 d), which caused drought damage to manifest itself 
in only 6 d. 
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Measurements 
Plants were sampled before the imposition of stress and at the end of treatment. At 
harvest, parameters such as plant height and root length were measured, and visual 
score was recorded. Plants were rinsed first with tap water and then with distilled 
water, blotted dry, and separated into leaf blade, leaf sheath, and root to determine 
fresh weights. Leaf area was measured in plants used for the transpiration experi- 
ment. Samples were then dipped into liquid nitrogen and stored at –20 °C prior to 
freeze-drying for 3 d. Freeze-dried samples were further dried overnight in an oven 
maintained at 70 °C, weighed, and stored at room temperature before grinding into a 
fine powder. Measurements were expressed on a per-plant basis. 

Soluble sugars, starch, and nitrogen were analyzed by near-infrared spectrom- 
etry (IRRI/NSW Agriculture 1995), whereas a wet assay for constructing the calibra- 
tion curves for sugar and starch was done following the procedure of Conocono et al 
(1998), modified by using ground samples instead of cut, dried samples and extract- 
ing the sugars by refluxing in a water bath maintained at 80–85°C. 

Leaf osmotic potential (OP) of the second-youngest fully expanded leaves was 
measured by putting four leaves in a 5-mL disposable syringe, dipping in liquid nitro- 
gen, and storing inside the freezer prior to measurement. After thawing, the leaf sap 
was expressed by increasing the pressure in the syringe. OP of the leaf sap was mea- 
sured with a freezing point osmometer (Precision Systems, Inc. Model 5004). 

To determine relative water content (RWC), 2 or 3 pieces of the second-youngest 
fully expanded leaf were weighed and cut into 2-cm segments and then allowed to 
rehydrate inside a refrigerator overnight. The following day, samples were blotted 
dry and turgid weight immediately determined. The leaves were then oven-dried for 
3 d at 70 °C. Leaf RWC was then calculated according to Basnayake et a1 (1993). 

Osmotic adjustment was determined as the difference in OP calculated to full 
turgor between the stressed plants and the unstressed control sampled at the same 
time. OA values were not standardized to the same RWC. OP at full turgor was ob- 
tained by substituting the measured RWC and OP in the equation described by 
Basnayake et al (1993). 

For the transpiration experiment, specific leaf weight (SLW) was computed as 
the ratio of green leaf weight to leaf area. Water-use efficiency (WUE) was calculated 
by dividing shoot dry matter by water transpired. Carbon isotope composition of dried, 
ground leaf samples was analyzed using a continuous flow Isotope Ratio Mass Spec- 
trometer (Europa Scientific Roboprep-CN coupled to VG Micromass 903). Carbon 
isotope discrimination (A) was computed according to Hubick et al (1986) with the 
isotope ratio of atmospheric CO 2 taken to be –7.60 % o relative to PeeDee Belemnite. 

Results and discussion 
Visual scores and relative water content 
In this study, which used an inert osmoticum, PEG 1500, to simulate water stress, 
whole roots were bathed uniformly with the osmoticum so that differences in root 
traits, such as the ability to grow deep roots when plants are grown in the field, may 
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not play a significant role in drought tolerance. It is therefore expected that results 
may differ slightly from those reported involving field- or pot-grown plants. The 27 
cultivars studied exhibited significant differences in response to water deficit as shown 
by visual score (Table 1). IR72, IR62266, and Qomenan were the most tolerant; PI 
163575 and Lansaw were rated intolerant. Most of the wetland cultivars belonged to 
the “unrolled” group, which is consistent with the observations of Turner et al (1986a) 
and Chang and Loresto (1986) as cited in Dingkuhn et al (1989a) that semidwarf rice 
has a less sensitive leaf rolling response. 

Chang et al (1974) also used leaf rolling and leaf death in assessing levels of field 
tolerance for drought. O’Toole and Moya (1978) reported that visual scoring tech- 
niques, based on either leaf rolling or leaf tip drying, were highly correlated with 
maintenance of leaf water potential. A limitation on the use of visual scoring as an 
index for drought tolerance, however, is that it does not distinguish between tolerance 
and avoidance mechanisms (Ingram et al 1990). It is well known that one such avoid- 
ance mechanism involves growing deep roots to be able to gain access to water in the 
deeper soil horizons. 

Water content is a commonly used measure of water status and is usually ex- 
pressed as relative water content—the water content in proportion to that at full satu- 
ration. According to Lawlor (1995, an RWC of 100-90% is related to stomatal clo- 
sure and decreased cell expansion and growth of organs, and 90-80% is related to 
changes in composition of tissues and some alterations in the relative rates of photo- 
synthesis and respiration. Further, with an RWC below 80% (around water potential 
of -1.5 MPa), changes in metabolism become marked, with cessation of photosyn- 
thesis, much increased respiration, and accumulation of proline and abscisic acid. 

In our investigation, a range of RWC—from 92% for IR6 115 to 70% for Lansaw— 
was obtained for the 27 cultivars subjected to water stress for 11 d (Table 1). These 
values indicate that, although a mild osmotic stress of –0.5 MPa was applied, pro- 
longed duration of 11 d induced mild to severe water deficit, depending on how plants 
adapted to the treatment. Based on the preceding description by Lawlor (1995), we 
can infer that cultivars that are drought-tolerant based on visual score and that have a 
high RWC such as IR6115 and BPI RI 10 might have suffered only mild water stress 
involving stomatal limitation of photosynthesis, whereas intolerant ones such as PI 
163575 and Lansaw could have suffered from severe stress involving nonstomatal 
effects on photosynthesis. This conclusion is supported by Dingkuhn et al (1989b), 
who reported that, even under continuous mild water stress under upland conditions, 
with leaf water potential values ranging from –0.5 to –1.7 MPa and minor leaf rolling, 
photosynthesis was constrained by both stomatal and nonstomatal factors. RWC was 
highly and negatively correlated with visual score (r = –0.58**), which indicates that 
visual scores reflect the drying of tissues. 

Osmotic adjustment 
A mechanism for drought tolerance that is gaining wide acceptance is osmotic adjust- 
ment. Osmotic adjustment (defined as the decrease in osmotic potential resulting from 
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an accumulation of intracellular solutes) generates a more negative leaf water poten- 
tial, thereby maintaining water movement into the leaf and, consequently, leaf turgor. 
By helping to maintain leaf turgor, OA also enables plants to keep their stomates open 
and continue taking up CO2 for photosynthesis under conditions of moderate water 
stress (Hopkins 1995). OA has also been an important factor in the maintenance of 
root growth in drying soil (Sharp and Davies 1979). The metabolic cost of storing 
photosynthate and using it for OA is less than the cost of converting it to new biomass 
(McCree 1986). Potassium ions, sugars, proline, and glycinebetaine are important 
components of OA. 

Hsiao et al (1984) observed lower leaf death in osmotically adjusted leaves of 
lowland rice IR36 and concluded that OA delays leaf rolling, thereby maintaining gas 
exchange and delaying leaf death. Nguyen et al (1997) showed that some rice geno- 
types lacked any capacity for OA, whereas others had values of up to 0.7 MPa at a 
leaf RWC of 75%. The researchers further noted that traditional upland cultivars gen- 
erally tend to excel in root growth and soil moisture extraction capacity while lacking 
OA. During water deficit, these cultivars tend to maintain leaf water status by sto- 
matal closure. Improved lowland cultivars, on the other hand, tend to lack root depth 
but generally excel in OA. Lilley and Ludlow (1996) found wide genotypic variation 
in OA (0.4–1.5 MPa) among 61 lines of Oryza sativa and 8 accessions of Oryza spp. 
Lines with a japonica background had poor dehydration tolerance and low OA, whereas 
indica lines had greater dehydration tolerance and greater OA. IR72 had the highest 
OA at 1.47 MPa. 

As mentioned earlier, in our study OA was not standardized to the same RWC as 
was done by Lilley and Ludlow (1996) so that values obtained would therefore reflect 
the contribution of OA to drought tolerance as measured by visual score at the end of 
treatment. Osmotic adjustment ranged from 0.31 to 0.50 MPa. These values are close 
to those obtained by Turner et al (1986b) for field-grown rice cultivars—wetland 
cultivars IR20 and IR36—osmotically adjusted by 0.5-0.6 MPa, whereas upland cul- 
tivar IAC25 adjusted by less than 0.2 MPa. No significant differences in OA were 
found among the 27 cultivars and no correlation was obtained between OA and RWC, 
presumably because of the generally mild water deficit induced in plants. 

Daily transpiration 
Transpiration is a vital process in the life cycle of plants. Aside from its cooling ef- 
fect, transpiration promotes water and nutrient absorption (O'Toole and De Datta 
1986). Water uptake provides the physical driving force for cell enlargement (Acevedo 
et al 1971), which is one of the plant processes most sensitive to water stress (Hsiao 
1973). The rate of water intake is determined largely by the rate of water loss (Kramer 
1937). In our study, transpiration rate was markedly reduced to 35–50% of the control 
in all cultivars/lines after the first day of treatment. Cultivars rated drought-tolerant 
based on visual score, such as KDML105, had a higher relative daily transpiration 
than drought-intolerant ones such as PI 163575. 
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In general, cultivars with high relative transpiration (transpiration under water 
stress relative to that in the control) were rated tolerant on the basis of leaf rolling and 
leaf drying (r = –0.52**), which further supports the role of transpiration in water 
uptake and cell enlargement. A high transpiration rate under conditions of water defi- 
cit also implies high stomatal conductance, which was associated with continued water 
extraction in cotton (Jordan and Ritchie 1971) and in sorghum (Sanchez-Diaz and 
Kramer 1971) in response to low leaf water potentials. Thus, our results on genotypic 
variation in relative transpiration among 27 rice cultivars suggest differences in sto- 
matal conductance and that cultivars such as IR72 and KDML105, which are more 
tolerant of mild water deficit, maintained fairly open stomates. 

Relative transpiration during water deficit was highly and positively correlated 
with relative leaf area, with 49% of the variation in relative transpiration explained by 
a change in leaf area. This is expected because the leaf is the organ for transpiration 
and any reduction in leaf growth will consequently cause a reduction in transpiration. 
Leaf expansion is much more sensitive to water stress than photosynthesis (Bansal 
1994) and maintenance of leaf area is necessary under rainfed environments for inter- 
ception of radiant energy and for reduction of soil evaporation (Van den Boogard et a1 
1997). At the onset of drought and especially when solar radiation is high, however, 
having an initially large leaf area may be disadvantageous to plants because of high 
transpirational demand that is not met due to limited water supply. Initial leaf area 
was negatively correlated with relative transpiration (Fig. 1), which makes it possible 
to select drought-tolerant cultivars based on leaf area alone. It was also highly and 
positively correlated (r = 0.50**) with visual score, which gives further credence to 
selection for small initial leaf area. 

Having an initially small leaf area gives the advantage of having less leaf surface 
exposed to intense solar radiation so that, at the onset of drought, photorespiration 
and water loss from leaf tissues are minimized. This is consistent with the observa- 
tion of Reitz (1974) that wheat and barley varieties with wide leaves tend to burn 
under water stress. Small radiation interception at the onset of stress was also one of 
the factors enumerated by Lilley and Fukai (1994) that enabled rice cultivar Todoroki- 
Wase to escape severe water stress at the vegetative stage. Courtois et a1 (1996) re- 
ported a highly significant negative correlation between biomass before stress and 
leaf drying, and recognized the importance of potential losses due to transpiration 
that increases with biomass. 

Water-use efficiency 
Evapotranspiration studies on rice revealed that from 759 to 1,150 kg of water is 
required to produce 1 kg of rough rice grain (Shih et a1 1982). Because water is lim- 
iting in rainfed environments, a desirable trait for rainfed-lowland-adapted rice culti- 
vars is to have efficient water use. Water-use efficiency (WUE) of the whole plant, 
usually defined as the total dry matter produced per unit of water transpired (Boyer 
1996), is an important aspect of plant adaptation to drought. An increase in WUE 
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Fig. 1. Relationship between relative transpiration and initial leaf area for 27 rice cultivars/lines. 

indicates that more carbon can be accumulated for growth with the use of less water. 
Thus, an increase in WUE is a water conservation measure (Nilsen and Orcutt 1996). 

There was an increase in WUE in all cultivars (twofold in some entries) and 
wider genotypic variability when plants were grown under water stress (Table 2). 
This agrees with the results of Hubick and Farquhar (1989), who reported that mild 
water stress increased WUE in barley cultivars, and those of McCree and Richardson 
(1987), who showed increases of up to 100% in WUE of cowpea under moderate 
drought but a substantial decrease under extreme drought. There was a slight variation 
in genotype ranking between control and stress conditions although the correlation 
was high (r = 0.80**). Variability in WUE under stress, however, was not correlated 
with visual score. It is possible that, in some cultivars, an increase in WUE resulted 
from stomatal closure rather than from maintenance of photosynthetic activity. 

Carbon isotope discrimination 
Despite reports of genotypic variability in WUE among cultivars (Farquhar and 
Richards 1984, Hubick et al 1986) and the relatively few genetic loci controlling 
variability (Boyer 1996), plant breeders were reluctant to use WUE as a selection trait 
because of the time consumed in taking measurements. Recently, a new parameter 
called carbon isotope discrimination (A) was found to be a good estimate of WUE. 
This technique is based on the ratio of two naturally occurring stable isotopes of 
carbon, 12 C and 13 C, with the heavier isotope being less abundant, with a natural abun- 
dance of about 1.1% of total carbon present (Ebdon et al 1998). During fixation of C 
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Table 2. Water-use efficiency (WUE) and specific leaf weight (SLW) in control and in PEG and 
13 C discrimination with cultivars arranged according to WUE under control conditions. 

WUE (mg shoot g -1 H 2 O) Discrimination SLW (g m -2 ) 

Control PEG (%o ) Control PEG 
Cultivar in PEG 

Lansaw 
IRAT104 
IRAT140 
ITA119 
IR52 
Khao Dawk Mali 105 
BPI RI 10 
ITA130 

PI 163575 
I RAT9 
lR5178 

lR62266-42-6-2 

lR442-2-58 
IR6115-1-1-1 
M55 
IR72 
IR52561-UBN-1-1-2 
C4-137 
UPLRi 7 
lR58821-23-B-1-2-11 
CT9993-5-10-1M 
IR20 
Nam Sa-Gui 19 
lfugao rice 
Mahsuri 
Qomenan 
UPLRi 5 

LSD 0.05 

4.21 
4.13 
4.11 
4.06 
4.01 
3.85 
3.76 
3.71 
3.64 
3.64 
3.63 
3.63 
3.61 
3.58 
3.58 
3.56 
3.56 
3.48 
3.40 
3.37 
3.34 
3.32 
3.25 
3.25 
3.16 
3.12 
2.35 

0.30 

7.22 
6.47 
6.40 
5.09 
7.33 
6.69 
6.02 
5.45 
4.96 
5.30 
6.27 
7.18 
4.95 
6.65 
5.67 
6.25 
5.42 
4.11 
5.92 
5.07 
3.42 
5.51 
5.44 
4.28 
4.69 
3.65 
0.86 

0.69 

20.82 
20.51 
20.32 
20.84 
20.99 
20.86 
21.05 
20.09 
21.30 
20.53 
20.78 
20.82 
21.83 
20.78 
20.11 
21.07 
21.03 
20.69 
20.48 
21.16 
20.90 
21.60 
20.88 
21.20 
21.01 
21.05 
20.61 

0.26 

36 
36 
41 
34 
36 
40 
35 
42 
35 
36 
40 
44 
32 
33 
34 
43 
38 
37 
34 
36 
37 
37 
42 
40 
35 
37 
32 

1.4 

96 
126 
111 
99 
52 
58 
74 

119 
52 

129 
102 
82 
51 
65 

124 
73 
61 
87 
70 
70 
99 
50 
94 
78 
71 
87 

105 

12.4 

by photosynthesis, the heavier isotope ( 13 C) is discriminated against, resulting in a 
smaller ratio of 13 C to 12 C in plant tissues compared with the source air. The ratio of 
13 C to 12 C in plants varies because of the differential diffusion rate through stomata 
and because Rubisco, the primary fixation enzyme in C 3 plants, discriminates against 
13 CO 2 . Carbon isotope discrimination decreases as water stress increases because the 
ratio of 13 C to 12 C increases in stressed C 3 leaves and Rubisco has less opportunity to 
discriminate against the heavier isotope ( 13 CO 2 ). 

Significant variation in A was found among genotypes grown under water stress 
(Table 2). Carbon isotope discrimination ranged from 20.1% for ITA130 to 21.8% o 

for IR442-2-58. These values are comparable with the range of A (19.8% o to 21.5% o ) 
obtained by Dingkuhn et a1 (1991) for 28 upland rice cultivars grown under mild water 
stress. Carbon isotope discrimination was negatively correlated, although loosely, with 
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visual score (r = –0.38*), which implies that D is also an indicator of plant adaptation 
to water deficit. 

WUE and carbon isotope discrimination 
Farquhar (1991) predicted a negative linear dependence of WUE on D , based on (1) 
the negative relationship between WUE and the ratio of intercellular to atmospheric 
partial pressures of CO 2 , p/p a , and (2) the positive relationship between D and p/p a . 
The negative relationship between transpiration efficiency and D was shown as pre- 
dicted in peanut by Hubick et al (1988). In wheat, Condon et al (1990) found a nega- 
tive correlation between WUE and D under both well-watered conditions and gradu- 
ally increasing water stress. In rice, however, a negative relationship between WUE 
and D was demonstrated among only japonica and aus rice but not among indica rice 
cultivars (Dingkuhn et al 1991). Turner (1993) also reported the absence of correla- 
tion between WUE and D in three wheat cultivars measured in the field. In a review, 
Boyer (1996) pointed out that, under relatively favorable conditions, the relationship 
between WUE and A tends to become less negative or even positive. In peanut, 68% 
of the variance of WUE was explained when WUE was regressed on D ; 32% of the 
variation in WUE remained unexplained (Wright et al 1988). 

In our study, D was not related to WUE under stress but was strongly correlated 
with relative transpiration (r = 0.55**). It was mentioned earlier that plants with high 
relative transpiration would also have high stomatal conductance. Transpiration is a 
function of both leaf area and stomatal conductance (Lafitte, personal communica- 
tion) and only about 50% of the change in relative transpiration is explained by leaf 
area. Hence, high D in cultivars grown under moderate water stress implies high sto- 
matal conductance. The positive correlation obtained by Ehleringer (1990) between 
D and stomatal conductance in common bean supports the assumption that plants 
with more open stomates can better discriminate against 13 C, presumably because of 
greater fractionation by Rubisco. Because stomatal closure is the main limitation to 
transpiration and photosynthesis during water stress, the ability to monitor stomatal 
conductance by carbon isotope discrimination will give relevant information on how 
the plant adapts to water deficit. 

The prediction of stomatal conductance by D , if it can be extended to other crops, 
will provide another role for selection for high discrimination during mild water stress 
independent of WUE. Application of carbon isotope discrimination in plant breeding 
should not be limited to prediction of WUE alone because improved WUE may actu- 
ally restrict growth, as when WUE is increased by partial closure of stomata (Hubick 
et al 1986). Ehleringer et al (1990) reported that, in addition to leaf conductance, 
other plant characters such as earliness and dry matter production tend to be corre- 
lated with D under field conditions, which implies that these characters represent 
specific adaptive combinations. 

Selection for high discrimination has a high potential in breeding programs be- 
cause significant genotypic variability is obtained during drought stress as shown in 
this study and in other reports (Condon et al 1990, Dingkuhn et al 1991). High broad- 
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sense heritability of 81% with no significant G × E interaction was obtained in field- 
grown peanut cultivars (Hubick et al 1988). In leaves of field-grown cowpea, abroad- 
sense heritability of 76% was obtained with similar heritabilities under wet and dry 
conditions (Hall et al 1990). Reports of stable and significant quantitative trait loci 
(QTL) for (Quarrie 1996) suggest that marker-assisted selection can be applied 
successfully for the trait in a breeding program. 

Specific leaf weight and carbon isotope discrimination 
Water deficit caused marked increases in specific leaf weight (SLW) of up to four 
times in M55 and PI 163575 (Table 2), confirming the general observation of an 
increase in leaf thickness in plants subjected to water stress (Kramer 1969). A nega- 
tive relationship was found between SLW and (r = –0.78**), which was similar to 
that reported by Wright et al (1988) using peanut cultivars under nonlimiting water 
conditions. A highly significant negative relationship was also found between SLW 
and transpiration relative to the control (r = 4.56**). These results indicate that thin- 
ner and more expanded leaves promote transpiration and carbon discrimination in 
water-stressed plants (hence increased stomatal conductance) during drought. Turner 
(1993) recommended selection for low SLW (in addition to early vigor) rather than 
for increased transpiration efficiency because high transpiration efficiency may be 
linked with reduced early growth and leaf area development. Specific leaf weight 
also offers a cheaper alternative for measuring isotope discrimination in plants. 

Role of sugar and starch 
Simple linear correlation coefficients of initial sugar and starch contents in the leaf 
blade and leaf sheath with visual scores were not significant, indicating that the initial 
contents of sugar and starch or nonstructural carbohydrates have no significant role in 
achieving tolerance for water deficit at the seedling stage. This is in contrast with 
observations in submerged environments, where an initially high carbohydrate level 
in the tissues is mentioned as an adaptive trait by serving as a source of metabolic 
activity during submergence (Chaturvedi et al 1996). It is possible that submergence 
and water deficit differ in degree of carbohydrate depletion. Because the stomates 
remain partially open, allowing continued assimilation under mild water deficit, de- 
pendence on initial carbohydrates may not be as crucial under water deficit as in 
submergence, where the main effect on the plant tissues is carbohydrate depletion 
(Mackill et al 1996). 

A significant negative correlation (r = –0.38*) was obtained between visual score 
and relative sugar in the leaf. Cultivars with high sugar relative to the control (such as 
IR72 and KDML105) had less severe leaf stress symptoms. Relative sugar in the leaf 
was strongly correlated (r = 0.56**) with relative transpiration, which indicates that 
sugar content was largely determined by photosynthetic activity and that cultivars 
tolerant of mild water deficit (such as IR72) maintained fairly open stomates. This 
allowed physiological processes such as transpiration and assimilation to proceed. A 
similar trend was observed for starch. 
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Conclusions and implications for germplasm improvement 
PEG 1500 is a suitable osmoticum for lowering the water potential of liquid nutrient 
media. Significant differences in drought tolerance based on visual score were found 
among genotypes. Results such as the level of osmotic adjustment and the range in 
leaf of stressed plants were similar to those observed by other investigators who 
conducted field experiments involving mild water stress. 

Low initial leaf area, low SLW at the end of stress, and high transpiration rate 
and during periods of mild water stress are desirable characteristics that enable 
cultivars to function well during periods of moderate water stress. This study demon- 
strated the complexity of plant responses to water deficit and the difficulty of identi- 
fying a single trait that confers tolerance. The use of liquid nutrient media and the 
methodology described herein, however, have the advantage of focusing on shoot- 
related adaptation. This is not so with pot or field studies where it is difficult to deter- 
mine whether adaptation is due to shoot or root character or both. In the present setup, 
all roots from the base to the tip are subjected to the same degree of stress, with no 
possibility of drought escape, because the ability to grow deep roots to explore more 
soil and to develop thick roots to penetrate compacted soil layers does not alleviate 
the effects of water deficit. Phenotypic selection for tolerance for water deficit could 
therefore be related to the shoot. This facilitates the identification of genes that are 
responsible for shoot- and root-related adaptations separately. Plant breeders can then 
combine both in a pyramiding approach to improve the performance of cultivars un- 
der rainfed lowland conditions. 

This study points to lowland cultivars as donors of desirable shoot traits. But 
these cultivars lack the deep root character of traditional upland cultivars that enables 
plants to have access to water in the lower soil horizons and thus escape from drought 
in upland and rainfed areas. Germplasm improvement for rainfed lowland areas should 
therefore focus on incorporating deep root characteristics into improved lowland rice 
cultivars. This task may not be easy because of the apparent association between 
plant height and root length. Within a species, large plants have greater root lengths 
than small plants (Taylor and Klepper 1978). In rice, Yoshida et al (1982) found that 
the deep root system is correlated with tall plant stature and low tiller number. Armenta- 
Soto et al (1983) also observed a positive correlation (r = 0.58**) between deep and 
thick roots and plant height in rice. Breeding tools are now available, however, that 
make it possible to develop root traits in plants that are independent of shoot charac- 
ters. 

Ekanayake et al (1985) found that, although tall plants tend to have deeper root 
systems, it appears possible to obtain short- or intermediate-statured and moderate- 
tillering segregants with deep root systems in semidwarf × tall crosses. Champoux et 
al (1995) identified QTLs that were associated with root thickness, root/shoot dry 
matter ratio, root dry weight per tiller, and deep root weight. Courtois et al (1996) are 
developing near-isogenic lines of the semidwarf cultivar IR64 introgressed with the 
deep root trait from Azucena, a traditional tropical japonica from the Philippines. 
Their data suggest that shoot and root mechanisms will likely be disconnected and be 
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possible to improve separately. Current work by Zhang et al (this volume, “Progress 
on the molecular mapping of osmotic adjustment and root traits in rice”) aims to 
identify QTLs for root and osmotic adjustment traits in rice. To achieve this, they 
developed a doubled-haploid line population from a cross between a japonica type 
(CT9993) that has a higher root penetration ability and an indica type (IR62266) that 
has a higher OA. Four QTLs were identified for OA. 

It remains to be seen whether the shoots of semidwarf cultivars can adequately 
supply the assimilate requirements of deep roots and still maintain acceptable yields 
under sufficient and limiting water conditions. According to Nguyen et al (1997), up 
to 60% of the carbon in rice plants is invested in the root system. Under conditions of 
limited water supply, the large root mass can either function as a source of stored 
assimilates that can be partitioned to the shoot, especially to the developing panicles, 
or act as a sink and compete with the panicles for photosynthates. The authors also 
phenotyped four mapping populations from which 3–6 QTLs for root penetration 
ability were identified. 
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Characteristics of the root system 
and water uptake in upland rice 
M. Kondo, M.V.R. Murty, D.V. Aragones, K. Okada, T. Winn, and 
K.S. Kwak 

The importance of root system morphology, especially deep rooting zone and root 
density at depth, in ensuring water capture under drought is established in upland 
rice. To improve the efficiency of the root system, environmental factors and genotype 
× environment interactions that affect plasticity of the root system must be empha- 
sized, as well as genetic factors. 

Because the development of nodal roots basically determines the rooting zone, it is 
important to understand the dynamics of the nodal root system in relation to tillering 
habit. Stimulating the growth of nodal roots from early internodes in early tillers is an 
important mechanism for forming a deep rooting zone. We also need to further 
understand genetic and environmental effects on morphological characteristics of lateral 
roots in rice in relation to their function in water uptake. 

Results from field experiments indicated that root length density at depth is impor- 
tant in determining the water extraction rate across layers in the soil profile. The 
limited water-capturing capacity of rice under severe stress can be attributed to (1) the 
low morphological response to the stress in increasing root density, especially in deep 
layers, and (2) limited water absorption rate per length in the deep soil layer. 

Because of the global water scarcity, improving the productivity of rice under water- 
limited conditions, such as in uplands, is becoming more important. Improving root 
capacity to capture water from soil is critical in maintaining shoot water potential and 
stabilizing growth, and hence the productivity of upland rice. Past research clarified 
the importance of root density in deep soil layers in determining water uptake rate 
and water potential in shoots under stress in varietal comparisons of rice (Yoshida 
and Hasegawa 1982, Lilley and Fukai 1994) and in comparisons between rice and 
other upland cereals (Fukai and Inthapan 1988). Information on genetic diversity in 
the root system, especially in nodal root traits, has been accumulated since the 1970s 
(Yoshida and Hasegawa 1982). Much progress has been made recently in genetic 
control of root traits that are related to the deep rooting zone (Champoux et al 1995, 
Yadav et al 1997). 

In addition to information on genetic factors, an understanding of environmental 
effects on the root system is also essential to maximizing genetic potential in forming 
the deep root system because the root system is a very plastic organ exposed to differ- 
ent soil conditions with a variety of nutrient, water, and physical properties. Under 
diverse soils and cultural conditions, genotype × soil environment interactions are 
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critical to the expression of genotypic characters in root traits. The effects of the 
spatial distribution of nutrients and water and their changes over time on different 
root components and mutual interactions among root components should be consid- 
ered. The capacity of the root system for water capture is determined by root morpho- 
logical growth and physiological ability to absorb water. The plant is exposed to vari- 
ous types of water stress. The ideal root system for improving water capture should 
be sought according to the type of stress. This paper examines (1) the characteristics 
of the upland rice root system and environmental effects and (2) the characteristics of 
rice roots in extracting water under stress conditions. 

Characteristics of the rice root system 
The mature root system of rice is composed of one seminal root, nodal roots (crown 
root, adventitious root), lateral roots (branch root), and root hairs. The basic structure 
of the rice root system is in common with that of other cereal crops. Because rice has 
fewer and less developed seminal roots than other cereals, the contribution of the 
seminal root to the overall root system function is probably less important in rice. The 
rooting zone of rice is basically determined by the development of nodal roots in their 
formation, elongation, angle, and duration. The development and survival of lateral 
roots largely affects the density of roots at depth. In an improved upland cultivar 
(UPLRi-5) planted in a pot fertilized with N and P, total root length per plant at panicle 
initiation was 2,846 m under wet soil conditions ((0.03 MPa) in our observations 
(Table 1). Roots that are thinner than 220 µm and 570 µm in diameter accounted for 
54% and 93% of total root length, respectively. These figures indicate the importance 
of lateral roots in the length and surface area of the rice root system. A similar result 
was obtained in a mature lowland cultivar in which the lateral roots occupied 97% of 
the length, 78% of the surface area, and 28% of the volume of the total root system 
under submerged conditions (Kawashima 1988b). We assume that the main part for 
the uptake of water and nutrient is the lateral roots, whereas nodal roots exploit the 
root zone and transport water and nutrient to the shoot, although clear evidence for 

Table 1. Root growth and diameter distribution in rice (UPLRi-5) grown in wet and dry soil in a 
pot for 82 d. 

Root Root length (%) 
Nodal Root dry Root/ length/ Total root by diameter 

(no. plant -1 ) a (g plant -1 ) ratio (m cm -2 ) (m plant -1 ) <220 220-570 >570 
Soil water roots weight shoot leaf area length 

(µm) 

Wet soil 

Dry soil 
(-0.03 MPa) 815 (262) 9.9 (1.4) 0.23 (0.01) 119 (23) 2,846 (741) 54 39 7 

(-0.1 MPa) 473 (89) 1.7 (0.3) 0.17 (0.03) 62 (14) 537 (95) 47 46 7 

Values in parentheses are standard error. 
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these different functions should be accumulated. Under drier soil conditions (–0.1 
MPa), nodal root number, root dry weight, and total root length were much lower 
than under wet soil conditions. Root/shoot and root length/leaf area were also lower 
under drier soil conditions than under wet soil conditions, indicating a high sensitiv- 
ity of rice roots to low soil water. 

Formation of the rice root system is characterized by synchronous development 
of roots and shoots. In the formation of the rice plant body, the emergence and elon- 
gation of nodal roots are closely linked with the development of leaves, tillers, and 
nodes (Nemoto et al 1995). New nodal roots and tillers emerge on the third node 
lower than the node with the newly emerging leaf. The nodal roots elongate rapidly 
from their emergence until new nodal roots emerge from the internode unit of two or 
three orders higher (Kawashima et al 1973). Because the number of nodal roots per 
tiller is related to the number of internode units and leaves, early tillers have a larger 
number of nodal roots. Nodal roots from the main tiller and primary tillers are gener- 
ally longer than the roots from late tillers. This tiller order-nodal root length relation- 
ship explains the correlation between the deep root trait and type with less tillers in 
general (Yoshida and Hasegawa 1982). 

Within a tiller, nodal roots on basal internodes tend to be longer than nodal roots 
from higher internodes in upland conditions. Nodal root length was higher in the 1st- 
3rd and 4th internodes than in higher internodes in both deep-rooted variety 
Moroberekan and medium deep-rooted variety UPLRi-5 (Table 2). The difference 
between the two varieties in root length was most pronounced in the lower inter- 
nodes. The total number of primordia of the nodal roots in internodes depends on the 
position of the internodes and cultural conditions, such as N and light (Kawata et al 

Table 2. Number and average length of nodal roots from different internode units in the main 
tiller in rice grown in a root box at 112 d after seeding. 

Internode unit a 

Variety Total 
1st-3rd 4th 5th 6th 7th 8th 9th 

Moroberekan 
Number of nodal roots 

Average length 
of nodal roots (cm) 

UPLRi-5 
Number of nodal roots 

Average length 
of nodal roots (cm) 

21.7 
(7.1) 

(2.4) 
76.6 

15.0 
(1.4) 

43.8 
(5.1) 

8.7 
(2.2) 

81.3 
(13.3) 

7.5 
(1.1) 

55.7 
(4.9) 

8.0 
(1.4) 

65.6 
(9.3) 

4.5 
(0.3) 

38.5 
(3.3) 

7.3 
(0.4) 

38.4 
(10.7) 

4.5 
(1.0) 

31.9 
(2.2) 

6.7 
(2.3) 

58.4 
(10.7) 

2.5 
(1.0) 

26.2 
(4.2) 

1.3 
(0.8) 

42.9 
(3.2) 

2.5 
(1.7) 

11.5 
(0.0) 

0.3 
(0.4) 

(0.7) 
12.6 

1.0 
(0.9) 

2.7 
(0.2) 

54.0 
(7.6) 

69.8 
(9.2) 

37.5 
(2.1) 

39.7 
(2.5) 

a Values in parentheses are standard error. 
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Table 3. Tiller number and number of nodal roots per internode unit in the main tiller in rice 
grown in hydroponic culture for 38 d. 

Tiller Number of nodal roots per internode unit 
Variety number 

(plant -1 ) 1st 2nd 3rd 4th 5th 6th 7th 8th 9th and 
higher 

Total 

IRAT216 
Azucena 
UPLRi-5 
IR20 
IR72 
IR43 

8 
7 

17 
13 
26 
13 

4 
4 
4 
4 
4 
4 

8 
5 

13 
13 
13 
17 

8 
6 

11 
12 
15 
21 

7 
7 
8 

16 
12 
13 

7 
3 
8 

11 
8 

12 

4 
5 
8 

13 
7 

12 

7 
6 
8 

10 
6 
5 

4 
7 
7 
3 
5 
5 

1 
4 
5 
1 
0 
1 

50 
47 
72 
83 
70 
90 

1978). Nodal roots often don’t develop from their primordia in tillers or internode 
units of a high order so that the number of developed nodal roots decreases as the 
order of the tiller or internode becomes higher. One factor that affects the develop- 
ment of roots from primordia may be the supply of assimilate to the primordia. The 
number of dormant primordia of nodal roots on the main tiller was decreased by 
defoliation of leaves on other tillers to depress their growth, resulting in an increase in 
the number of nodal roots on the main tiller, especially in higher internode units (Kawata 
and Harada 1980). 

Because suppression by shading was more pronounced for the emergence and 
elongation of new nodal roots than for the growth of older nodal roots, the develop- 
ment of new nodal roots depends more on newly assimilated carbohydrate than on 
translocation from accumulated assimilate in shoots compared with old nodal roots 
(Tatsumi and Kono 1980). Nodal root number per internode or nodal roots per tiller 
varies among genotypes (Table 3) and by cultural condition. If the allocation of as- 
similate for the formation of nodal roots and thickness of roots is constant, nodal root 
length is negatively correlated with nodal root number. Genotypic variability in nodal 
root number per internode indicates the possibility for genetic manipulation of the 
association between tillering type and nodal root length in designing a deep-rooted 
plant type. 

Two types of lateral roots have long been recognized in rice: thick and long lat- 
eral roots with higher-order branching and thin and short lateral roots without higher- 
order branching (Kawata and Shibayama 1965, Kono et al 1972). These two types of 
lateral roots are also found in other cereals. Anatomical observation clarified that 
thick and long lateral roots (L-type) have an inner structure similar to that of seminal 
roots and nodal roots, whereas short lateral roots (S-type) have a simpler vascular 
bundle (Yamauchi et al 1987b). Although this morphological difference is clearly 
distinct, the difference in function between these two types of lateral roots is not well 
known. Because L-type lateral roots are long and have higher-order branches, these 
roots account for an important portion of total root length and surface area (Yamauchi 
et al 1987a). We assume that the density of L-type lateral roots largely affects root 
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Table 4. Density of thick lateral roots on nodal root axis (no. cm-1) from different internodes and 
tillers. (No statistical results are provided.) 

Nodal roots from Nodal roots from Nodal roots Av in whole 
Variety lower internodes higher internodes from tillers plant 

in main tiller in main tiller 

IRAT216 
UPLRi-5 
Azucena 
Kinandang patong 
IR20 
IR72 
Vandana 
IR43 
Moroberekan 
Dular 
IR64 
lR65598-112-2 

Mean 

0.54 
0.70 
0.63 
0.91 
0.58 
0.86 
0.52 
0.77 
0.83 
0.79 
0.87 
0.63 

0.72 

0.33 
0.53 
0.67 
0.60 
0.52 
0.67 
0.50 
0.64 
0.71 
0.66 
0.61 
0.43 

0.57 

0.30 
0.48 
0.63 
0.59 
0.39 
0.51 
0.42 
0.60 
0.73 
0.58 
0.51 
0.46 

0.52 

0.40 
0.54 
0.66 
0.70 
0.47 
0.62 
0.48 
0.65 
0.76 
0.70 
0.61 
0.51 

0.59 

length density at depth. The density of lateral roots was the highest in the middle 
portion of the nodal root axis (Kawashima 1988a). Upper nodal roots have a higher 
density than lower nodal roots when compared within the same internode unit (Kawata 
et a1 1980). 

The root environment, such as oxygen supply and soil physical stress, affects the 
development of different types of lateral roots in different ways. Aerobic conditions 
stimulate the length of thin first-order lateral roots and the number of second-order 
lateral roots rather than the number of thick lateral roots (Abe et al 1994). The density 
of L-type lateral roots is higher with NO 3 than with NH 4 as an N source. There is still 
limited evidence on genotypic variability in lateral root traits and response to water 
stress. It appears that rice has genotypic variability in the density of thick L-type 
lateral roots on the nodal axis (Table 4). The density of L-type lateral roots is higher 
on nodal roots from lower internodes than on those from higher nodes in the main 
tiller or in other tillers. Varietal differences were consistently found in all portions and 
these were larger than the differences among portions. Some studies indicate that the 
major portion of water is taken into the roots through the lateral roots in maize (Varney 
and Canny 1993). The implication of morphological differences in lateral root traits 
for their function in water uptake needs to be clarified in relation to plant response to 
drought. 

Root growth under field conditions and environmental effect 
Root length and dry weight generally reach their maximum from the panicle initia- 
tion (Lilley and Fukai 1994) to flowering stage (Cruz et al 1986, Beyrouty et al 1988). 
Root growth, in terms of length and dry weight, proceeded more quickly than shoot 
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Fig. 1. Change in (A) root length and (B) root and shoot dry weight (DW) during rice growth (UPLRi- 
5) (unpublished data). 

growth in the early stages and declined after panicle initiation between plant rows and 
after flowering between plant hills in our observations in the wet-season crop (Fig. 1). 
The rooting zone expanded both vertically and horizontally from crop establishment 
to the tillering stage and slightly more horizontally from tillering to panicle initiation. 
Maximum rooting depth was attained at the early tillering stage. Root length distribu- 
tion became slightly shallower from the middle tillering stage to panicle initiation, 
which is indicated by the large increase in root length between plant rows. This is 
probably related to the increase in shallower nodal roots emerging from late tillers. A 
close linkage between tiller and nodal root development is reflected in the spatial 
expansion of the rooting zone. 

The rice root system is characterized by a high distribution in the shallow layer 
compared with other upland crops (Angus et al 1983), mainly because of numerous 
and shallow nodal roots. Nodal roots of rice are distributed deeper in aerobic uplands 
than in submerged soil. Aerobic conditions decrease the number of nodal roots per 
internode and stimulate the elongation of nodal roots. To investigate root distribution 
and its variability in tropical upland rice, root growth (in terms of length and dry 
weight) and distribution of roots in improved upland cultivar IRAT 216 were investi- 
gated under different P and N management and plant density in rainfed field condi- 
tions at five locations in the Philippines and Thailand in the 1995 to 1997 wet-season 
crop. Root length density usually decreased exponentially as depth increased. Total 
root length in the 0-90-cm depth measured by the intersection method (Newman 
1966) varied from 2,154 m to 15,661 m m-2 (Table 5). On average across experimen- 
tal sites and management, root length depth index, above which 50% of root length 
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Table 5. Growth and distribution of roots in field conditions at flowering stage (IRAT216). 

Parameter Av Max. Min. n 

Total root dry weight (g m -2 ) 
Total root length (m m -1 ) 
Shoot dry weight (g m -2 ) 

RLDI a (cm) 
RMDl b (cm) 

Root length % deeper than 30 cm 
Root mass % deeper than 30 cm 

127 
6,790 

400 

20.3 
16.9 

21.9 
15.4 

221 
15,661 

836 

27.1 
21.6 

36.8 
25.5 

51 
2,154 

123 

12.1 
10.3 

6.6 
3.3 

52 
52 
52 

52 
52 

52 
50 

a Root length depth index, above which 50% of root length exists. b Root mass depth index, above which 50% Of 
root mass exists. 

exists, was 20 cm. Some 22% of root length was distributed below 30-cm depth. Root 
dry weight was distributed shallower than length, which indicated that roots are thin- 
ner in the deeper layer. Those figures confirmed the shallow root distribution in rice. 
But root growth and distribution varied substantially as affected by nutrient and water 
conditions. 

The application of P increased root length and weight from the surface to the 
lower layers in general and led to deeper root distribution, especially in P-deficient 
acidic soils. A root box experiment signified that the deeper root distribution with Pin 
the field is associated with a change in the development of nodal and lateral roots. 
Phosphorus increased total nodal root number by increasing the number of tillers and 
the number of nodal roots per tiller (Table 6). Early and long nodal roots from the 
lower internodes in early tillers increased with a higher P level, which led to an in- 
crease in root density in the deep layers. Phosphorus status in the plant and hence the 
development of main and primary tillers during the early vegetative stage largely 
affect root distribution after the reproductive stage. In lateral roots, the application of 
P in the surface layer modifies root branching in the whole soil profile. Phosphorus 
applied in the 0-20-cm depth increased the proliferation of fine lateral roots, which is 
expressed as a high proportion of roots thinner than 220 µm, not only at the surface 
but also in lower layers below 20 cm (Table 7). Localized stimulation of lateral root 
proliferation by NH 4 , NO 3 , P, and K is well known (Drew 1975, de Jager 1982). The 
results imply that nutrient supply in a part of the root system affects lateral root devel- 
opment in the whole root system. 

A high dose of N application substantially inhibits the elongation of nodal roots, 
which results in a shallow root system in submerged conditions (Kawata et al 1977). 
N reduced the length of nodal roots from all tillers. In aerobic soil, there was no 
obvious inhibition of nodal root elongation. This different response to N in submerged 
and aerobic soil is probably due to the difference in the major form of N—NO 3 in 
aerobic soil and NH 4 in submerged soil-and the interaction with oxygen supply. 
High NH 4 at 20 mg N L -1 increased nodal root number and tended to increase total 
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Table 6. Effect of P level on number of nodal roots per tiller and number of long nodal roots (>30 
cm) in internode units in main tiller in Moroberekan and UPLRi-5 grown in root box. 

16 (3) a 

53 (9) 
50 (5) 

14 (3) 
38 (5) 
44 (4) 

Nodal roots 
Variety per tiller (no.) Long (>30 cm) nodal roots (no.) in internode unit 

P level Main Primary 1st-3rd 4th 5th 6th 7th 8th 9th 10th 
and 

tiller tillers 

Moroberekan 
No P 
0.5 g box -1 

1.0 g box -1 

UPLRi-5 
No P 
0.5 g box-1 

1.0 g box-1 

2 (1) 
19 (4) 
19 (3) 

5.3 
12.8 
17.7 

2.9 
7.8 
8.2 

2.3 
5.3 
5.1 

1 
3.9 
4 

0.9 
3.4 
2.3 

0.4 
2.2 
0.1 

0 
1.2 
0 

0 
0.2 
0 

2 (1) 
7 (2) 

10 (3) 

2.6 
5.8 
7.6 

1.6 
4.6 
5.2 

1.4 
4.1 
4.2 

1.4 
1.7 
2.1 

1.3 
0.6 
1.3 

0.8 
0.1 
0.2 

0 

0 
0.2 

0 
0 
0 

Values in parentheses are standard error. 

Table 7. Effect of P on diameter of roots in soil layers in UPLRI-5 grown in a pot for 82 d. 

Diameter (µm) 
Treatment and 
soil depth <80 80-220 220-570 >570 

(%) 

No P 
0-20 cm 

20-40 cm 
40-60 cm 

220 mg P pot-1 

0-20 cm 
20-40 cm 
40-60 cm 

5.1 (0.5) a 

4.3 (0.6) 
10.9 (4.6) 

8.0 (1.9) 
4.5 (0.3) 
5.5 (0.5) 

42.6 (0.3) 
38.7 (1.0) 
33.6 (5.1) 

55.3 (1.7) 
46.6 (1.4) 
43.7 (5.4) 

42.1 (0.2) 
47.2 (1.0) 
41.4 (4.7) 

31.1 (2.9) 
42.4 (0.4) 
44.7 (4.0) 

9.4 (0.1) 
9.3 (0.9) 

14.2 (3.0) 

5.6 (0.7) 
6.5 (0.8) 
6.0 (1.7) 

a Values in parentheses are standard error. 

nodal root length compared with low NH 4 at 2 mg N L -1 , but inhibited root elongation 
as indicated by a lower maximum root length (Table 8). High NO 3 increased nodal 
root number compared with low NO 3 , but to a lesser extent than NH 4 , and it had no 
inhibitory effect on maximum root length. Under field conditions, a medium level of 
N (90 kg ha -1 ) increased root length density from the surface to 20-cm depth com- 
pared with no N (Fig. 2). Root length density also tended to be higher in the 20-60- 
cm depth in medium N than with no N. N would not necessarily lead to shallow root 
distribution in uplands, unlike in submerged soil. There was no increase in root length 
density with a higher N level (180 kg ha -1 ) compared with a medium N level. 

Genotypic variability in root system morphologies is broadly reviewed in rela- 
tion to drought tolerance among crops by O'Toole and Bland (1987). Large environ- 
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Table 8. Effect of N source and level on shoot dry weight and roots in rice (UPLRi-5) grown in 
hydroponic culture for 38 d. 

N source and Shoot dry Tiller Nodal root Max. root Total nodal 
level weight a number number length root length 

(g plant -1 ) (plan t -1 ) (plant -1 ) (cm) (cm) 

Low NO 3 (3 mg N L -1 ) 
High NO 3 (20 mg N L -1 ) 
Low NH 4 (2 mg N L -1 ) 
High NH 4 (20 mg N L -1 ) 

1.89 c 
6.31 b 
2.74 c 
8.38 a 

5 d 
12 b 

8 c 
19 a 

100 d 
179 b 
138 c 
261 a 

59.2 a 
72.7 a 
61.7 a 
38.2 c 

206 b 
313 a 
245 ab 
293 ab 

a Values followed by the same letter are not significantly different at the 5% level according to Duncan’s multiple 
range test. 

Fig. 2. Effect of N on root length density in the soil profile in upland rice (UPLRi-5) (unpublished 
data). 

mental effects often complicate the characterization of genotypic traits in root mor- 
phology. Genetic and environmental effects on root architecture integrate effects in 
each root component. The responses of each root component to the environment are 
often mutually related or compensatory. Root architecture, especially of nodal root 
structure, is related to the development of shoot components, such as tillering habit 
and leaf emergence. Plasticity of the root system as affected by environmental and 
genetic factors and their interactions can be considered in two ways: the direct effect 
on each root component and the effect through mutual links among root and shoot 
components. For response to N, for example, the root system of different genotypes 
responds to N in different ways because of different responses in elongation of the 
individual root axis (Tanaka et al 1993) and differences in tillering habit. An analysis 
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of these two aspects would help us understand comprehensively the environmental 
effect and environment × genetic interactions in the plasticity of root architecture. 

Water capture by roots under stress 
Water-capturing capacity is considered to be determined by three factors: rooting 
zone or depth, root length at depth, and plant resistance. Understanding the impor- 
tance of these factors under different types of stress is important in designing an 
efficient plant and root system. To characterize the capacity of rice roots to extract 
water from soil layers, the pattern of water extraction from soil layers was investi- 
gated under different intensities of water stress: mild stress (irrigation two times per 
week at 56% of potential evaporation) and severe stress (no irrigation), both around 
the panicle initiation stage in a comparison with maize. The effects of a different N 
application rate (0, 90, and 180 kg N ha -1 ) on the water extraction pattern were also 
analyzed. 

Under mild stress when soil water potential was higher than –0.42 MPa in the 0- 
20-cm depth and -0.06 MPa below 20 cm, a major portion of water was extracted 
from the 0-20-cm depth by both rice and maize 8-13 d after the stress began (Fig. 3). 
Extraction from the 0-20-cm layer contributed more to total extraction in rice than in 
maize. This difference in extraction pattern between rice and maize is reflected in 
root distribution. Rice had less root distribution than maize in the layer below 20-cm 
depth (Fig. 4). Water extraction from the 0-20-cm to the 40-60-cm layer was in- 

Fig. 3. Water extraction from soil by rice (UPLRi-5) and maize under (A) mild stress and (B) severe 
stress (unpublished data). 
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Fig. 4. Root length distribution in the soil profile after severe stress and mild stress in (A) rice and 
(B) maize (unpublished data). 

creased with N compared with no N. This increase in water extraction with N was 
partly explained by the increase in root length density caused by N. In addition, the 
maximum extraction rate per unit length of root was also increased with N in the 0- 
60-cm depth. With higher N, the extraction rate per unit length of root increased in the 
deeper layer (Table 9). The water extraction rate per unit length of root can be flexible 
to some extent possibly because of the transpiration demand of the shoot. These re- 
sults indicate that proper nutrient supply can help exploit more water in and below the 
surface layer under mild stress or favorable soil water conditions. Rice showed a 
higher maximum extraction rate per unit length of root than maize. The maximum 
water extraction rate per unit length of root was higher in the layer below 20 cm than 
in the surface 0–20 cm in both rice and maize, perhaps because of the low water 
potential in the surface 0–20 cm, which was lower than –0.1 MPa, or the lower pro- 
portion of active roots to absorb water in the surface layer. 

Under severe stress when the soil was drying rapidly in the surface layer, total 
transpiration declined rapidly in the first 7 d by 44% compared with before the stress 
in rice, while transpiration was similar for 13 d in maize. The peak of water extraction 
moved downward as the surface became drier in both rice and maize (Fig. 3). Water 
extraction from the layers below 40 cm was clearly more limited in rice than in maize. 
With a higher N rate, the depletion of water in the surface layer was faster and extrac- 
tion from the layers below 20 cm increased more than with no N in rice. At the me- 
dium N rate (90 kg ha -1 ), rice leaves were totally rolled before soil water potential in 
the 20–40-cm and 40-60-cm layers decreased to –0.09 MPa and –0.02 MPa, respec- 
tively. 
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Table 9. Maximum water extraction rate per unit length of root (cm 3 

m -1 d -1 ) during mild stress in rice and maize. 

Layer 

0–20 cm 20–40 cm 40–60 cm 
Crop and N level 

Rice 0 kg ha -1 

Rice 90 kg ha -1 

Rice 180 kg ha -1 

Maize 90 kg ha -1 

1.27 
1.99 
2.29 
1.09 

2.45 
2.49 
3.99 
1.53 

0.00 
2.26 
5.00 
2.27 

Limited water extraction in rice can be attributed primarily to reduced root length 
density at depth under severe stress. In maize, total root length decreased slightly, but 
the proportion of root length below 40 cm tended to increase under severe stress (Fig. 
4). On the other hand, there was a large reduction in total root length and no increase 
in root distribution below 40 cm in rice. The growth of rice roots seems to be sensitive 
to soil drying. Besides constitutive root traits expressed under nonstress conditions, 
increasing root length in deeper layers in response to soil drying is considered to be 
an important trait that ensures water capture under severe stress (Hurd 1974, Nobel et 
a1 1993). In responding to decreasing soil water, stimulation of growth in higher- 
order branching to increase root length was recognized in upland crops (Jupp and 
Newman 1987, Morita and Okuda 1994). The formation and elongation of new nodal 
roots continued under low soil water content to maintain total nodal root length in 
maize (Paradales and Kono 1990). The elongation of nodal roots was maintained 
under low water potential conditions by the increased elasticity of the cell wall in 
maize (Wu et a1 1994). 

Partitioning of assimilate to roots was higher in drought-tolerant species than in 
sensitive species of forage crops (Ogata et a1 1985). The response of rice roots in the 
deep layer to intense soil drying in the surface layer and its genotypic variability 
should be studied, in terms of growth of lateral and nodal roots and partitioning of 
assimilate to the root system, to improve water uptake under severe stress. 

Although the water extraction rate per unit length of root increased slightly in the 
20-40- and 40-60-cm layers to compensate for the decrease in extraction in the sur- 
face 0–20 cm, total transpiration declined rapidly and leaf water potential could not 
be maintained in rice under severe stress. Soil water potential was higher than –0.01 
MPa in both rice and maize below 40 cm 8 to 13 d after stress began. The water 
extraction rate per unit length of root in the layer below 40-cm depth in rice was 
comparable to or lower than that of maize during this period, whereas soil water 
potential was lower in maize than in rice. Leaf water potential was lower in rice than 
in maize. Soil resistance at the observed range of soil water potential is likely to be 
minor in the total resistance of soil and plant (Newman 1969). Therefore, plant resis- 
tance from roots to leaves seemed to be higher in rice than in maize. 
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There are variable indications on the relative importance of shoot and root resis- 
tance to water flow in plants. Shoot resistance is comparable to or higher than root 
resistance (Blizzard and Boyer 1980, Eavis and Taylor 1979, Adeoye and Rawlins 
1981) or shoot resistance is lower than root resistance (Dube et al 1974, Allaway et al 
1981, Meyer and Ritchie 1980). In rice, the resistance of roots increases as their age 
increases and becomes important in total plant resistance, whereas shoot resistance is 
relatively stable regardless of age under submerged soil conditions (Hirasawa et al 
1992). The importance of root axial resistance relative to root radial resistance was 
suggested in rice (Hasegawa and Yoshida 1982) and other crops (So 1979, Richards 
and Passioura 1981). Although it is possible that genetic variability in xylem number 
and size in rice (Terashima et al 1987) would provide an opportunity for improving 
axial resistance, experimental evidence on the advantages of a large xylem in water 
uptake is not available. It is essential to understand the dynamics of water potential in 
leaves, stems, and roots under stress to clarify the relative magnitude of shoot and 
root resistance and the opportunity for improving plant resistance in rice. 
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Genetic improvement of rice for 
drought and salt tolerance: 
molecular breeding and 
transgenic strategies 
A.R. Reddy, V. Ramanathan, N. Seetharama, S. Bajaj, and R. Wu 

Genetic enhancement of rice for improved performance under water-limited environ- 
ments and high salt is of paramount importance. Producing improved rice lines for 
stress environments requires the rigorous application of molecular breeding and bio- 
technology. In this chapter, we discuss current efforts in this direction and present 
information on the status of research on DNA marker technologies in the improvement 
of crops for drought and salt tolerance. To improve rice further using marker-assisted 
selection and map-based cloning, we require critical information on component traits, 
accurate phenotyping, the identification of candidate genes and quantitative trait loci 
(QTLs), the relationship between QTLs and genes, the contribution of individual QTLs 
to the phenotype, and their variability across different locations and different crop 
seasons. Another important route to producing stress-tolerant rice varieties is trans- 
formation, which offers a powerful means of incorporating exotic or even synthetic 
genes with a profound ability to up or down-regulate specific metabolic steps. Rapid 
progress has been made in developing transformation technologies for rice and gene 
transfer will be done routinely soon. Developments in new strategies of isolation and 
characterization of novel genes and promoters and their successful transfer into rice 
provide new avenues for metabolic engineering for stress tolerance. We examine the 
usefulness of the transgenic approach for improving stress tolerance in rice. We de- 
scribe the potential genes and promoters that are associated with various stress- 
response pathways in plants and other organisms. Such novel genes and promoters 
offer unique opportunities in genetic engineering of rice for stress environments. Marker- 
aided selection and transgenic approaches are two powerful tools to accelerate plant 
breeding to produce rice varieties with improved drought and salt tolerance. 

Drought and increased soil salinity are two major factors that limit plant growth and 
productivity (Yancey et al 1982). In spite of a surge in literature on drought tolerance 
in crops during the past two decades, practical progress in breeding for drought toler- 
ance has not been significant. Drought therefore requires an analytical approach of 
dissecting and studying the contribution of trait components using the quantitative 
trait loci (QTLs) model. This approach is particularly suited to crops like rice for 
which dense genetic linkage maps with a variety of DNA markers are already avail- 
able. Most studies on drought tolerance deal with evaluating specific traits logically 
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related to crop performance under drought. A molecular genetic analysis is more ef- 
fective if conducted on individual traits (and even their components) before crop 
performance is considered. Thus, it is important to phenotype for specific traits or 
responses under managed nursery or greenhouse conditions, besides subsequent field 
evaluations under drought in target regions. A strong demonstrated linkage between 
traits in relation to crop performance in the target environment is a crucial step before 
advocating marker-assisted selection (MAS). 

A second approach is to create a novel and functionally known type of variability 
in plant stress response by genetic transformation. The transgenic approach offers a 
powerful means of incorporating a broad spectrum of genes with profound ability to 
up- or down-regulate specific metabolic steps associated with stress response. But 
transformation with any single gene or group of genes for a particular pathway may 
not be adequate for conferring drought tolerance because the products from several 
pathways are required to ensure drought tolerance (Ingram and Bartels 1996). In gen- 
eral, many proteins and low-molecular-weight osmolytes accumulate under stress. It 
is not clear which factor(s) among many changes contributes to the development of 
stress tolerance because so many changes occur. The transgenic approach is useful, 
however, to obtain valuable information. By transferring a single gene into a plant, 
and then studying the response of the resulting plants to drought or salt stress, we can 
demonstrate whether or not a given gene contributes to increased tolerance for a par- 
ticular stress condition, and what related changes occur. This approach will thus be 
useful in identifying candidate genes for stress tolerance or its components with sig- 
nificant developments in gene transfer technologies for rice and rapid progress in 
gene isolation and manipulation. In this chapter, we examine the utility of DNA marker 
technologies in the genetic enhancement of drought tolerance in rice and highlight 
progress made and new opportunities in QTL studies. Further, we analyze the contri- 
bution of the transgenic approach to improve rice for water-limited environments and 
high salt. We emphasize the utility of certain genes and promoters from plants and 
other organisms that may have potential to confer drought or salt stress tolerance in 
rice. 

Molecular breeding 
Identifying and characterizing RFLPs and QTLs for component traits 
There are some fundamental similarities and a few differences in the mechanisms 
that contribute to drought tolerance and yield formation in different crops. The simi- 
larities are expected to be more in molecular mechanisms than in the morphological 
or physiological manifestation of drought effects. Therefore, rice scientists can learn 
much from drought research on other crops and vice versa. Therefore, we highlight 
and compare progress made with different crops using the molecular marker approach. 
As expected, most studies on molecular marker detection deal with specific compo- 
nents that are likely to be significant for crop growth and yield under drought such as 
the ability of roots to penetrate deeper layers of the soil (Ray et al 1996). They include 
morphological (e.g., root and shoot characteristics), developmental (anthesis to silking 
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Table 1. Summary of quantitative trait loci (QTLs) related to drought tolerance in some crops. 

Trait Crop Mapping population Reference 

Root characteristics 
1. Morphology 

2. Distribution 

Rice 

Rice 

Leaf/shoot characteristics 
1. Leaf and stomatal 

conductance 

2. Seedling vigor 

Physiological 
1. Relative water 

content and 
osmotic potential 

2. Anthesis silking 
interval 

3. Preflowering stress 
4. Postflowering 

stress, stay-green 
trait 

5. Biochemical 

of ABA 
accumulation 

Rice 

Rice 

Barley 

Maize 

Sorghum 
Sorghum 

Maize 

Water-use efficiency (WUE) 
1. WUE 
2. WUE, 13C 

discrimination 

Wheat 
Tomato 

203 RlLs from Co39 x 
Moroberekan 

DH population: 105 lines 

178 F2s 

118 F2s; both parents 
are japonica 

187 RlLs 

272 F2s 

98 RlLs 
98 RlLs 

81 F2s 

150 DH lines 
F3s and BC1F1 families, 

11 high and 8 low 
families selected 

Yield and yield components; G x E interactions 
1. Yield, yield Maize 150 F2:F3 lines 

2. G x E interactions Maize 272 F2s 
components 

Combination with other economic traits 
1. Heterosis 
2. Nitrogen-use 

efficiency 

Maize 
Maize 

264 backcross families 
100 RlLs 

Champoux et al (1995) 

Yadav et al (1997) 

Price and Tomas (1997) 

Redona and Mackill 
(1996) 

Teulat et al (1997, 
1998) 

Ribaut et al (1996) 

Tuinstra et al (1996) 
Tuinstra et al (1998) 

Quarrie et al (1997) 

Quarrie et al (1995) 
Martin et al (1989) 

Veldboom and Lee 

Ribaut et al (1997) 
(1994) 

Stuber (1997) 
Bertin et al (1997) 

interval, ASI), physiological (osmotic adjustment, OA), metabolic (ABA accumula- 
tion), and agronomic (water-use efficiency, WUE) characteristics (Table 1). Several 
studies also include yield or yield components. Identifying QTLs for both physiologi- 
cal components of drought-tolerance traits and final yield and yield components un- 
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der drought in the same study is rare. Sometimes, the populations used for mapping 
and QTL detection are of different generations. Rarely is the QTL detected in one 
population verified in other crosses. It is somewhat difficult to compare results ob- 
tained with different types (doubled haploids, DH, recombinant inbred lines, RILs, 
etc.; Table 1) and sizes of mapping populations (varying from as low as 19 to 272 or 
more). 

The number of QTLs detected for a drought-tolerance trait generally varied be- 
tween l and 4, and QTLs were spread across the genome on several linkage groups. 
Measuring integrated responses by means of traits such as water-use efficiency also 
involved only a few QTLs (4–5 in soybean; Milan et al 1998). In a few cases, there 
were useful QTLs for more than one trait on the same linkage group (e.g., osmotic 
adjustment and dehydration tolerance in the region associated with root morphology 
in rice; Lilley et al 1996). Phenotypic variation for the measured trait accounted for 
by an individual QTL was generally about 10%. Some exceptions are noted, how- 
ever. For example, the QTL for root length at 28 d of growth accounted for 30% of 
phenotypic variation (Price and Tomas 1997; Table l), but such observations can only 
be taken seriously if they are repeatable. The best model (with about 3 QTLs) rarely 
accounted for more than 50% of the observed phenotypic effect. In several cases, 
association between QTLs for different traits existed (e.g., for yield components; Bertin 
et al 1997). 

The relationship between QTL and yield was negative in some cases, but in oth- 
ers, such as with ASI (below), the drought-tolerance trait did not decrease yield under 
well-watered conditions (Ribaut et al 1996). QTLs such as those for ASI, which are 
stable over years and stress levels, are the immediate candidates for use in MAS. 
Stability of QTLs across environments or stress levels is rarely studied except for 
yield or yield components. In the case of maize, in spite of >10-fold differences in 
yields, the QTLs for yield were consistent across environments (Stuber 1997). Evi- 
dence of crossover-type interactions across generations tested under different stress 
levels was only slight, and most of the interactions were in the form of a change in 
magnitude of QTL effects (Austin and Lee 1998). 

The above observations suggest that, while QTL analysis of drought-tolerance 
traits is encouraging, the challenge of breeding for drought tolerance using DNA 
markers remains. Progress will come in incremental steps, but at least in the near 
future it will be confined to a few specific crops (Table 1) under well-defined stress 
patterns. For correct interpretation of QTL data, measurement of phenotypic values 
in relation to specific characteristics in the test environments is as important as geno- 
typic data. 

Molecular breeding strategies for parents, mapping populations, and 
markers 
Most maps are developed with very contrasting and diverse parents. In rice, most of 
the initial mapping populations are between indica and japonica types. There are only 
a few exceptions. Ideally, we would like to choose parents with extreme phenotypic 
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values, which may or may not meet the immediate needs of breeders. In most practi- 
cal breeding programs, we would normally use one donor parent and the other from 
the local pool of materials, which is also useful for many other locally important 
agronomic traits to make marker-assisted breeding cost-effective. With the availabil- 
ity of a large number of markers, and experience with different types of mapping 
populations of rice, finding sufficient DNA polymorphism between the parents and 
mapping populations is not a serious problem in rice, unlike in many other self-polli- 
nated crops. Once the QTLs are identified in an early generation, further selection 
within the family can result in isogenic lines for fine mapping, and for verifying the 
effect of individual QTLs as shown for sorghum (Tuinstra et a1 1998). For detailed 
studies on the effect of individual QTLs, generating advanced-backcross RILs (or 
contig lines) is a useful approach. Selective genotyping and bulked segregant analy- 
sis (BSA) normally bring down the cost of mapping and identifying closely linked 
QTLs considerably. Such pools can be further used to screen even with dominant 
markers such as random amplified polymorphic DNA (RAPDs), or even amplified 
fragment length polymorphisms (AFLPs). But the identification of pools for BSA is 
very risky for mapping drought-tolerance traits because we are dealing with batteries 
of QTLs. Therefore, a skeleton map may always be needed before techniques such as 
BSA can be attempted to saturate specific map regions. 

Most marker-assisted breeding for drought tolerance is restricted to a few se- 
lected characters. To make MAS for drought tolerance a reality, we could consider 
incorporating several QTLs simultaneously. As a first attempt, we could use the best 
subset of QTLs for different traits as suggested for maize (Ribaut et a1 1997). For the 
production of F 1 hybrids of rice, QTL mapping results obtained with different testers 
may be examined in the near future. Results with maize, however, indicate that the 
consistency of QTL results across testers is disappointingly low (Lubberstedt and 
Melchinger 1997). 

Phenotyping and co-localization of QTLs with other traits of agronomic 
interest and known functional genes 
QTLs for many traits can be identified from the mapping population (Table l), and 
many such QTLs can be found in close proximity on the same chromosome. For 
example, Champoux et a1 (1995) found that 12 of the 14 chromosomal regions harbor 
QTLs for drought tolerance and root traits, and some of the co-located QTLs could be 
negatively associated (such as osmotic adjustment and dehydration tolerance; Lilley 
et a1 1996). If such negative associations are strong, we face a problem in selection 
unless a large population is used. If the QTLs for a specific drought-tolerance trait are 
located near those for general adaptive traits such as maturity and yield components, 
plant breeders will promptly include such QTLs in their selection program. Physiolo- 
gists need to review the causal relationship between the co-localized QTLs and the 
associated traits using the tools of molecular genetics. If reasonable assumptions on 
the relationships among the component traits can be made, interpretation may not be 
difficult. Further, those assumptions dealing with specific deleterious responses (such 
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as pollen or spikelet sterility) are easier to interpret than those for productivity under 
drought. The mapping/QTL approach offers an excellent opportunity to verify the 
genetic basis and usefulness of specific component traits (Prioul et a1 1997). For in- 
stance, Ottaviano et a1 (1991) have shown that hsp 70 (coding for heat-shock protein) 
levels are not associated with drought tolerance in maize. 

Which trait is useful, and which parent contributes? 
One of the interesting revelations of the QTL analysis is that both parents (drought- 
tolerant and -sensitive) contribute useful alleles for the trait of interest (e.g., Lilley et 
a1 1996, Quarrie et a1 1997). Traditional grouping of drought-tolerance traits into four 
distinct classes (phenological, morphological, physiological, and biochemical) may 
still be relevant for identifying QTLs. Because phenological and morphological traits 
can be scored easily in appropriately managed screening nurseries, the QTLs identi- 
fied for these traits may be more reliable. Physiological traits such as osmotic adjust- 
ment or water-use efficiency are cumbersome to measure in the field, and can be 
relied on only under a carefully defined set of conditions. Biochemical traits, on the 
other hand, defy simple characterization, and most often they may only be the symp- 
toms of stress. But they will have an increasing role in increasing our understanding 
of drought-tolerance mechanisms. The association between biochemical traits and 
QTLs is too speculative at the moment. 

Drought stress intensity and identification of QTLs 
It is crucial to evaluate how QTLs vary in their location when tested across different 
levels of stress in natural environments. Many of the QTLs associated with drought- 
tolerance traits may or may not be associated with yield potential. Further, there may 
be major inconsistencies in genomic positions in QTLs across water regimes as noted 
for maize (Ribaut et a1 1997). In maize (Stuber 1997), the yields of test materials (RI 
lines backcrossed to each parent) were tenfold less under stress than under control, 
but the QTLs for yield were nearly the same. Breeders could rely on mapping data 
from favorable environments for breeding for materials adapted to stress environ- 
ments. Similar conclusions were also drawn by Bertin et a1 (1997) for breeding for 
yield under different nitrogen (N) levels; the QTLs under N stress were a subset of 
QTLs detected under high N level. They also concluded that it is more difficult to find 
QTLs for N stress, part of which could be due to a higher experimental error under 
low N. A similar argument probably applies for QTLs detected under severe drought 
stress. Part of this could be due to the high levels of variability in the phenotypic data 
collected under severe stress. Austin and Lee (1998) found little evidence of cross- 
over-type interactions across generations and stress levels. Instead, the interactions 
seemed to be in the form of a change in magnitude of effects, although only 17% of 
the QTLs were common across stress environments. This observation is promising 
for the use of QTLs. Further, common QTLs across generations and stress levels 
could be selected during early generations, whereas in later generations only field 
evaluations may be used to select for specific adaptability. 
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Relating QTLs to genes or gene products 
If the QTLs map to a region close to genes of known function, the physiologist’s goal 
of designing a drought-tolerant plant and the breeder’s goal of finding the most-effec- 
tive DNA markers are met to a significant extent. In the study of Bertin et al (1997), 
three out of five QTLs detected for seed size were probes for glutamine synthase, a 
correspondence difficult to explain by chance alone. Similarly, two major QTL re- 
gions for malting quality are located close to the beta-amylase gene in barley (Han et 
al 1997). For drought, a short ASI is related to greater nitrate reductase efficiency. 
Quarrie et a1 (1997) found changes in the frequencies of cDNAs coding for two pro- 
line-rich proteins with maize populations differing in drought tolerance. Thus, using 
probes of known genes could be very useful for studying the physiological and ge- 
netic meaning of the detected QTLs, and for finding markers linked to QTLs. This 
approach can be compared with the efforts of plant pathologists to map putative dis- 
ease-tolerance genes. Localization and co-localization of QTLs for different mea- 
sured traits can be easily interpreted, such as those for relative water content and 
number of leaves per tiller in barley (Teulat et al 1997), even when not all QTLs for 
each trait are located in the same region. 

Only a few studies deal with identifying QTLs across different mapping popula- 
tions. Not all QTLs were shared between them even when one parent was common 
(Milan et al 1998, Yadav et al 1997). Initial applications of marker-assisted selection 
may be on a selective basis and may even be alternated with empirical selection across 
segregating generations as in barley (Han et al 1997). Considering the syntenic rela- 
tionships among different cereals, it is desirable to use a set of the same or similar 
anchor probes in different crops so that opportunities to examine the relevance of 
selected genomic regions in one crop can be readily tested in others (Van Deznze et al 
1998). With the current rate of progress in gene cloning, it will be possible to isolate 
QTLs across crops and test these with suitable systems. In the long run, the identifica- 
tion of QTLs for complex traits associated with drought tolerance will enable us to re- 
evaluate germplasm for positive alleles, and pyramid these alleles. Breeding crops 
for drought tolerance offers an excellent opportunity for international collaboration. 
The materials and the data developed during such collaboration will also help us to 
better understand physiological and developmental phenomena in rice. 

Transformation technologies for rice 
The biolistic method 
Following the first report of rice transformation via a particle gun (Cao et al 1990), 
spectacular advances have been made in increasing transformation efficiency, includ- 
ing transforming rice genotypes belonging to both japonica and indica groups. Some 
of the recent advances made in this direction using the biolistic method are reviewed 
by Christou (1997). Sivamani et al (1996) developed a procedure for transforming 
rice calli derived from mature embryos. This procedure generated a highly homoge- 
neous population of embryogenic subcultured calli by selectively propagating a small 
number of regenerable calli from the seed. Thousands of such calli were recovered 
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from 50 seeds within 10 wk, and a transformation efficiency of 2–4% was reported 
using this procedure. 

Zhang et al (1996) reported enhanced transformation efficiency of indica rice 
embryogenic cell suspensions by osmotic treatment. A similar increase in transfor- 
mation efficiency in an elite indica rice cultivar was reported by Jain et al (1996). 
Recently, Biswas et al (1998) obtained high-frequency transformation of rice using 
embryogenic cell clusters. A reduction in both the amount of tissue to be handled for 
transformation and the time required for the recovery of transformed plants was re- 
ported by Vain et al (1998) using green fluorescent protein as a screenable marker in 
conjunction with low levels of antibiotic selection. Further, it has been shown that 
transgenic plants generated via a particle gun exhibited negligible genomic changes, 
indicating that transgenic rice plants retained their genomic integrity and superior 
agronomic traits (Arencibia et al 1998). 

Agrobacterium -mediated method 
Agrobacterium tumefaciens is the predominant agent of choice for transforming di- 
cotyledonous plants. This method is efficient, easy, and cost-effective. Transforma- 
tion of monocotyledons using Agrobacterium remained an impossible task until the 
early 1990s, when there were a few reports of stable transformation of monocotyle- 
dons using Agrobacterium (Raineri et al 1990, Gould et al 1991). But the proof for 
transformation was equivocal in these studies. 

Chan et al (1993) reported stable transformation of a japonica rice variety at low 
frequencies. They demonstrated stable inheritance of the integrated genes in the prog- 
eny. They infected injured immature embryos and used a potato extract to improve 
transformation. Hiei et al (1994) described a method for high-frequency transforma- 
tion of japonica varieties using scutellum-derived calli as the starting material. They 
preinduced Agrobacterium with acetosyringone and also supplemented the co-culti- 
vation medium with the inducer. Their study showed that certain virulence genes 
( virB, virG, and virC ) from the supervirulent strain Bo542 augment rice transforma- 
tion. Several other groups repeated this method for transforming japonica, indica, and 
javanica rice varieties (Aldemita and Hodges 1996, Rashid et al 1996, Dong et al 
1996). Park et al (1996) described an alternative approach. They infected isolated 
shoot meristems of rice and obtained stably transformed plants, albeit at a low fre- 
quency. In rice varieties that are exceptionally difficult to regenerate from calli, this 
approach would be useful. Also, in this method the rice tissues never go through a 
callusing phase and are hence less likely to accumulate somaclonal variations. 

Genes conferring tolerance for drought and salt stress 
Genes that confer osmotic stress tolerance in tobacco and other plants 
Mannitol-1-phosphate dehydrogenase (mtlD). Tobacco plants transformed with Es- 
cherichia coli mtlD showed mannitol accumulation. These plants showed increased 
tolerance for high salinity relative to control plants (Tarczynski et al 1993). Thomas 
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et al (1995) reported enhanced seed germination under high-salinity conditions in 
transgenic Arabidopsis plants. Karakas et al (1997), however, reported that transgenic 
plants showed a marginal increase in dry weight upon salt stress although no differ- 
ence in growth could be observed between transgenic and control plants upon drought 
stress. Targeting mannitol biosynthesis to chloroplasts in transgenic tobacco plants 
also resulted in increased tolerance for oxidative stress (Shen et al 1997). 

Proline. The enzyme Dl-pyrroline-5-carboxylate synthetase (P5CS) catalyzes 
the conversion of glutamate to D1-pyrroline-5-carboxylate, which is then reduced to 
proline. Overexpression of a gene encoding for mothbean P5CS in transgenic to- 
bacco plants resulted in an accumulation of proline and facilitated maintenance of 
osmotic potential during water stress (Kavi Kishor et al 1995). This group also showed 
that transgenic plants had enhanced biomass production and flower development un- 
der salt stress conditions. 

Glycine betaine. Glycine betaine is accumulated in the cells of several halophytes 
and bacteria as an adaptive response to saline or water stress conditions. The bacterial 
choline oxidase ( codA ) gene isolated from Arthrobacter globiformis, which converts 
choline to glycine betaine, was introduced in Arabidopsis. The transgenic plants 
accumulated glycine betaine and showed enhanced tolerance for salt and cold stress 
(Hayashi et al 1997, Alia et al 1998). Previously, the cyanobacterium Synechococcus 
sp. PCC7942, when transformed with the codA gene, exhibited enhanced tolerance 
for salt stress (Deshnium et al 1995). 

Trehalose. The yeast trehalose-6-phosphate synthetase gene ( TPS1 ) was intro- 
duced in tobacco. Trehalose-accumulating plants exhibited multiple phenotypic al- 
terations and improved drought tolerance (Romero et a1 1997). Pilon-Smits et al (1998) 
introduced bacterial trehalose-6-phosphate synthase ( otsA ) and trehalose-6-phosphate 
phosphatase ( otsB ) in tobacco. The transgenic lines showed better growth in terms of 
dry weight with larger leaves under drought stress. Detached leaves from young, well- 
watered transgenic plants showed better capacity to retain water when air-dried than 
the wild-type plants. 

Fructans. Fructans are polyfructose molecules that are produced by many plants 
and bacteria. Owing to their solubility, they may help plants survive periods of os- 
motic stress. Pilon-Smits et al (1995) introduced a gene encoding for bacterial fructan 
( sacB ) isolated from Bacillus subtilis in tobacco. The transgenic plants performed 
significantly better under PEG-mediated water stress than the wild-type tobacco. 
Drought tolerance correlated well with the amount of fructan accumulated. 

D-ononitol. Expression of a cDNA-encoding myo-inositol O-methyltransferase 
( IMT1 ) in tobacco during salt and drought stress resulted in the accumulation of me- 
thylated inositol (D-ononitol), which in turn conferred tolerance for both stresses 
(Sheveleva et al 1997). 

Polyamines. Polyamines have been implicated in a variety of stress responses in 
plants. Polyamines accumulate under several abiotic stress conditions, including salt 
and drought. Cultivars demonstrating a higher degree of tolerance for salt contained 
higher levels of polyamines (reviewed in Galston et al 1997). Further, exogenous 

Genetic improvement of rice for drought and salt tolerance 143 



application of polyamines gave oat leaves protection against osmotic stress (Besford 
et al 1993). Minocha and Sun (1997) showed that transgenic carrot cell lines 
overexpressing mouse ornithine decarboxylase, which converts ornithine to the di- 
amine putrescine, can withstand salt and osmotic stress over a short period of 0–48 h. 

Oxidative stress-related genes. Moran et al (1994) showed that drought induced 
oxidative stress in pea plants. They observed major reductions in photosynthesis and 
transpiration under stress. Analysis of four drought-tolerant varieties of tobacco by 
Van Rensburg and Kruger (1994) revealed that oxidative stress-related genes were 
induced. They found elevated levels of glutathione reductase, superoxide dismutase, 
and ascorbate peroxidase and, to a lesser extent, catalase activities. They also associ- 
ated these activities with the integrity of photosynthetic pigments. These observa- 
tions suggest that abiotic stresses primarily affect plants through oxidative damage. 

Many groups have developed transgenic plants expressing oxidative-stress-in- 
duced genes, but their results are not easy to interpret. Tepperman and Dunsmuir 
(1990) developed transgenic tomato and tobacco plants overexpressing Cu/Zn super- 
oxide dismutase ( Sod ) and failed to see any protection against superoxide toxicity. 
Bowler et al (1991) observed that targeting the constitutively overexpressed Mn-SOD 
into chloroplasts and mitochondria reduced cellular damage. Gupta et al (1993) found 
that transgenic tobacco plants overexpressing Cu/Zn-SOD retained 90% photosyn- 
thesis under chilling and high-light stress compared with control plants 
(nontransgenics), which suffered badly under both types of stresses. Van Camp et al 
(1996) reported overexpression of Fe-SOD in tobacco plants. Though they found 
elevated levels of oxidative-stress-related enzymes in the transgenic plants, the plants 
were not any more tolerant of salt stress than the control plants. Different groups have 
used different classes of SODS derived from various plant species. This makes com- 
parison of results and drawing a general inference difficult. 

Roxas et al (1997) constitutively overexpressed Nt107 cDNA (which encodes a 
glutathione-S-transferase with additional peroxidase activity) in tobacco. They found 
that transgenic seedlings showed better growth than the control plants under cold and 
salt stress. More work needs to be done to understand the various oxidative-stress- 
related genes and the interactions of their products during stress. 

Genes that have been shown to confer osmotic stress tolerance in rice 
Late embryogenesis abundant (LEA) protein gene Hval. A barley group 3 LEA pro- 
tein HVAl was found to be specifically expressed in the aleurone layers and embryos 
during late seed development correlating with seed desiccation (Hong et al 1988). 
ABA and several stress conditions, including dehydration, salt, and extreme tempera- 
tures, rapidly induced the expression of this gene in young seedlings (Hong et al 
1992). Xu et al (1996) produced transgenic rice plants expressing the barley HVA1 
gene, driven by a constitutive promoter from the rice Actin 1 gene. The accumulation 
of barley HVAl protein in root and leaf tissues of transgenic rice plants conferred 
increased tolerance for water deficit and salt stress and the extent of tolerance correlated 
with the level of HVAl protein accumulation. 
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Proline. Zhu B et al (1998) produced transgenic rice plants overexpressing the 
mothbean PSCS cDNA under the control of an ABA-inducible promoter (Su et al 
1998). The transgenic rice plants accumulated up to 2.5-fold more proline than the 
control plants under stress conditions. Preliminary results showed that the stress-in- 
ducible expression of the PSCS transgene in second-generation transgenic rice plants 
showed an increase in biomass under salt stress and water stress conditions compared 
with the nontransformed control plants. The extent of salt tolerance could be corre- 
lated with the levels of proline accumulated. 

Glycine betaine. Sakamoto et al (1998) have shown that transgenic plants 
overexpressing the codA gene are more tolerant for salt and low-temperature stress. 
In transgenic plants, the levels of glycine betaine were as high as 1 and 5 mmol g -1 

fresh weight of leaves in two types of transgenic plants in which choline oxidase was 
targeted to the chloroplasts and to the cytosol, respectively. The transgenic plants 
recovered earlier than the nontransgenic plants after 150 mM NaCl stress. 

Polyamines. Recently, preliminary data from Capell et al (1998) showed an im- 
proved performance of transgenic rice plants overexpressing oat arginine decarboxy- 
lase in terms of chlorophyll loss under drought stress. Constitutive overexpression of 
this gene, however, severely affected developmental patterns in vitro. Further, more 
data have yet to confirm these results. Recently, we (R. Wu’s group) have begun 
transforming rice with genes that encode polyamine biosynthesis or catabolic en- 
zymes driven by an ABA-inducible promoter. We have recovered morphologically 
normal transgenic plants and they set normal amounts of seeds (Bajaj, Roy, and Wu, 
unpublished results). 

Strategies for producing highly stress-tolerant transgenic rice 
plants 
A very important consideration in the development of functional transgenic plants is 
in selecting the expression of the desired trait at an optimal level and effectively 
regulating its expression in specific organs at appropriate developmental stages. This 
can be achieved by choosing the appropriate promoter and other control elements to 
drive the expression of the transgene. To date, only a few constitutive and inducible 
promoters have been used to drive transgene expression in rice (Tables 2 and 3). Also, 
a wide variety of promoters from different plant sources have been fused to a reporter 
gene and their regulation has been studied using rice as the model system (Table 2). 
Another worthwhile consideration is whether to target the transgene or the polypep- 
tide it encodes to subcellular compartments. A protein could be targeted to an or- 
ganelle if it is expected to give protection to components of the organelle (e.g., photo- 
system components inside the chloroplast; protection against membrane lipid 
peroxidation by reactive radicals in the chloroplast and mitochondria). It is essential 
to use the appropriate transit signals for organelle targeting. For targeting SOD to 
mitochondria, Bowler et al (1991) used a cDNA from Arabidopsis that has the signal 
peptide and the SOD coding region. To target the same polypeptide to the chloroplast, 
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Table 2. Promoters used to drive transgene expression in rice. 

Promoter/gene Activity Reference 

CaMV35S/rice 
Chi1.1, cryIA(b) 
Rice Act1/Lea3 
Maize Ubi1/gusA 
Maize Emu1/gusA 
Wheat histone H3 

Maize Adh1 

Rice & tomato 
RbcS 
Pepc 

Pinus Cab 
Rice Osg6b 
Barley Ltp2 
Potato Pinll- 

Act1lnt/PinII 
Barley ABRC- 

Act1/ P5CS 

Constitutive 
Constitutive 
Constitutive 
Constitutive 
Cell division-dependent in 

meristematic cells; cell 
division-independent 
expression in anther wall, 
pistil, coleoptile, and 
mature embryo 

expression under anaerobic 
conditions; largely root-specific 

Light-regulated, mesophyll-specific 
Exclusively in mesophyll of leaf 

Light-dependent 
Tapetum-specific 
Aleurone-specific 
Induced by wounding, methyl 

ABA-inducible 

Semiconstitutive; elevated 

blade and leaf sheath 

jasmonate, and abscisic acid 

Lin et al (1995), Alam et al (1998) 
Xu et al (1996) 
Cornejo et al (1993) 
Chamberlain et al (1994) 
Terada et al (1993) 

Kyozuka et al (1991) 

Kyozuka et al (1993) 
Matsuoka et al (1994) 

Yamamoto et al (1994) 
Yokoi et al (1997) 
Kalla et al (1994) 
Duan et al (1996) 

Zhu B et al (1998) 

Table 3. Expression of novel genes conferring salt and drought tolerance in rice transgenics. 

Gene Enzyme/protein 

HVA1 LEA group 
D 'pyrroline-5-carboxylate 

synthetase 

Bet4 

CodA 
ADC 

Choline dehydrogense/ 
betaine aldehyde 
dehydrogenase 

Choline oxidase 
Arginine decarboxylase 

Source Response Reference 

Barley Drought, salt Xu et al (1996) 
Mothbean Drought, salt Zhu B et al (1998) 

E. coli 

A. globiformis 
Oat 

Drought, salt, 
temperatures 

Drought, salt 
Drought 

Takabe et al(1998) 

Murata et al(1998) 
Capell et al (1998) 

they replaced the original signal peptide with the transit peptide region from pea 
rbcS. With the corresponding signals, they found the polypeptide to be localized in 
the appropriate compartment. The transit peptide region from pea rbcS will make a 
good choice for chloroplastic localization of polypeptides (Bowler et al 1991, Shen et 
al 1997). 
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The transgene itself could be targeted into the genome of the chloroplast for the 
following reasons: (1) if the gene is of bacterial origin, then expressing it in a com- 
partment like a chloroplast is beneficial owing to the similarity in codon usage and 
translation apparatus between prokaryotes and the chloroplast, (2) if overproduction 
of a foreign protein is expected, it can be easily achieved in the several chloroplasts 
present in each cell, with their own capacity to supply energy and many essential 
metabolites for protein synthesis, and (3) if the gene is integrated into the genome of 
the chloroplast, then it cannot be spread to plants of the same or other species via 
pollen (Daniell et al 1998). 

To be successful, transgenic plants that harbor a single transgene must give stable 
and high-level expression. High-level expression can be achieved in the following 
ways: (1) by using a tobacco matrix attachment region sequence to flank the gene of 
interest in order to increase the level of expression (Spiker and Thompson 1996), (2) 
by selecting those transgenic plants that have only one copy of the transgene to mini- 
mize the problem of gene silencing, (3) by testing second- and third-generation 
transgenic plants to confirm a high level of expression of the transgene, and (4) by 
using only homozygous lines for greenhouse and field tests for drought and salt toler- 
ance. 

The commonly observed inverse relationship between stress tolerance and the 
absolute levels of yields under stress can be overcome, or at least minimized, by 
regulating transgene expression. Use of a stress-inducible promoter (such as an ABA- 
inducible promoter; Su et al 1998) to drive the expression of the transgene in rice can 
ensure that the transgene is expressed only when needed, that is, when the plants 
undergo stress. Thus, there is no wasteful consumption of energy in synthesizing the 
transcript and the protein corresponding to the transgene. But cross interactions be- 
tween such genes in transgenic plants should be analyzed. This might eventually help 
in improving the yield of transgenic plants under stress conditions. Further, a multigene 
approach of simultaneously transferring more than one useful gene into the same 
transgenic plant might also be an effective strategy. Because of the complexity of 
stress physiology, amelioration of stress symptoms is more likely to be achieved us- 
ing multiple genes rather than any given single gene. Several well-characterized genes 
that confer stress tolerance in different organisms (Table 4) are now available for 
introducing into rice. Simultaneous transfer should be preferable over sequential trans- 
fer (by multiple rounds of transformation and crossing) because it facilitates the in- 
heritance of all the transgenes as a single locus and it saves time. 

Once a gene has been individually introduced into transgenic plants, and the 
plants have shown an increased tolerance for drought or salt stress, the next step is to 
test whether combinations of several such genes can further enhance stress tolerance. 
The best approach is to include several genes, each with a different promoter and 
terminator, in the same plasmid. It would be helpful to include at least one gene in the 
stress-induced signal-transduction pathway so that overexpression of this gene can 
activate several endogenous genes to increase stress tolerance. When this plasmid is 
integrated into the transgenic plants, the expression of these genes will be coordi- 
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Table 4. Genes with potential for improving salt or drought tolerance. 

Gene Source Pathway Stress Reference 

MnSOD 

TPS1 

rd22, rd29a 

MtlD 
DREB2 

Cer 
(Eceriformis) 

Myc and Myb 

sos, cos, 
hos, los 

SacB 

HAL1 

HAL2 

HAL3 

SAG 

Sod2 

N. plumbognifolia Oxidative stress Drought 

Yeast Trehalose pathway Drought 

Arabidopsis Dehydration Drought 
response 

E. coli Mannitol pathway Salinity 
Arabidopsis Dehydration Drought, salt 

response 

Arabidopsis Epicuticular wax Drought 
biosynthesis 

Maize, Transcription Drought, salt 
Arabidopsis activators 

Arabidopsis K and Na + Osmotic stress 
transport 

Bacillus subtilis Fructan Drought 

Yeast Na/K transport Salt 

Yeast Na/K transport Salt 

Yeast Na/K transport Salt 

Arabidopsis Senescence Drought 
associated 

Yeast Na+/K antiport Salt 

McKersie et al (1996) 

Holmstrom et al 
(1996) 

Yamaguchi-Shinozaki 
and Shinozaki 
(1993), Shinozaki 
and Yamaguchi- 
Shinozaki (1997) 

Tarczynski et al(1993) 
Liu and Zhu (1998) 

Aarts et al (1995) 

Abe et al (1997), 
Reddy et al (1998) 

Zhu J-K et al (1998) 

Pilon-Smits et al 
(1995) 

Gaxiola et al (1992), 
Bordas et al (1997) 

Glaser et al (1993) 

Ferrando et al (1995) 

Weaver et al (1998) 

Jia et al (1992), 
Young and Zheng 
(1991) 

nated and, once stabilized, the genes will not further segregate in subsequent genera- 
tions. 

In summary, MAS and transgenic approaches are complementary as each has 
some advantages and some shortcomings. Therefore, in practical terms, both tools 
will be handy in prebreeding, and the products of prebreeding can be further com- 
bined in a specific manner to optimize drought and other responses at a target loca- 
tion. MAS relies on only the genes available within rice germplasm, and there is a 
limit to which the expression of a trait can be enhanced. Transformation technologies, 
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on the other hand, offer unique opportunities to transfer a wide spectrum of function- 
ally relevant genes from organisms that are known for superior adaptations to a range 
of stress environments. In fact, transgenic strategies are beginning to show potential 
for producing rice plants with improved performance under different stress condi- 
tions. It is expected that lab-screening data on transgenics will hold true for fields 
also, at least for a few well-characterized target traits. This approach is poised for 
exploitation as new efforts to integrate transgenics with breeding sciences are to be- 
gin soon. Thus, a multidisciplinary approach consisting of physiology, genetics and 
marker technology, molecular biology, and transgenic technology is needed to pro- 
duce and breed rice varieties tolerant of drought stress and high salt levels. 
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DNA markers and QTL mapping 
in rice 
Zhikang Li 

The advent of DNA marker technology in 1980 has energized the most exciting era in 
biological sciences, genomics. Wide applications of DNA markers and resulting mo- 
lecular linkage maps allow the molecular dissection of genetic variation of complex 
phenotypes through the design, execution, and analysis of quantitative trait loci (QTL) 
mapping experiments. To date, QTLs identified in rice appear to include two types. The 
first type represents major genes that affect quantitative traits, which are detected 
with large LOD scores (>10). The second type includes most of the QTLs identified in 
rice, which have relatively small effects and tend to be involved in epistasis and/or 
genotype x environment interactions. We have addressed several important issues in 
QTL mapping, such as background genetic variation control, epistasis, and QTL x 
environment interaction, by model comparison and computer simulation. Our results 
indicated that control of background genetic variation with a significant maia-effect 
and epistatic QTLs was required to obtain accurate and precise estimates of QTL 
parameters, particularly in the presence of linkage. Based on a mixed linear model, 
software (QTLMAPPER v. 1.0) was developed for the reliable detection and quantifica- 
tion of maineffect and epistatic QTLs and QTL x environment interactions in doubled- 
haploid, recombinant inbred, and backcross populations. Furthermore, the use of ex- 
perimental designs and advanced backcross QTL identification are discussed briefly. 
Finally, we anticipate that accurate genetic and physical mapping of QTLs coupled with 
new developments in rice structural genomics and genome research technology will 
lead to a golden era of functional genomics. In this era, the comprehensive integration 
of genomic technologies, bioinformatics, and conventional breeding techniques will 
occur. This will allow the functional assignment of large numbers of genes/QTLs and 
quick identification of allelic diversity of important genes/QTLs and multilocus geno- 
types associated with desirable phenotypes. 

As an important component of biotechnology, DNA markers have played an increas- 
ingly important role in genome research, genetics, and breeding of crop plants. The 
merging of DNA marker technology with principles of genetics has resulted in one of 
the most exciting areas in life science-genome    mapping. As a generally applicable 
approach, genome mapping offers unique opportunities to study the repertoire of ge- 
netic information that directs the growth and development of plants. Technically, ge- 
nome mapping includes several related areas such as the construction of a “genome 
map” or molecular linkage map, gene mapping and tagging, QTL mapping, and physi- 
cal mapping of specific genomic regions or whole genomes. 
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DNA markers 
DNA markers are defined as linear landmarks in the DNA molecules or chromo- 
somes where genotypic differences can be detected by various molecular tools. Sev- 
eral major types of DNA markers classified largely according to specific molecular 
techniques by which DNA differences are detected are described briefly as follows. 

RFLP (restriction fragment length polymorphism). This technique uses cDNA 
or random genomic DNA as probes (labeled with radioactivity or conjugated en- 
zymes) to detect DNA fragment length differences generated by enzyme digestion 
and electrophoresis (Botstein et al 1980). RFLP is often co-dominant and highly reli- 
able. In rice, RFLP is powerful in detecting DNA differences at subspecific and spe- 
cific levels. 

RAPD (randomly amplified polymorphic DNA). RAPD is one type of DNA 
marker produced by PCR (polymerase chain reaction) technology (Williams et a1 
1990). In RAPD analysis, numerous short (200~2,000 bp) DNA sequences are ampli- 
fied from a small amount of genomic DNA using a single random primer (usually a 
l0mer). Amplified DNA is then separated electrophoretically on agarose gels, stained 
with ethidium bromide, and visualized under ultraviolet light. Most RAPD markers 
are scored as the presence or absence of specific amplified bands and are thus domi- 
nant in nature. This technology has low requirements for time and training, and amounts 
of start DNA, and is thus suitable for automation and quick genotyping of large num- 
bers of samples. The most serious problem of this technology, however, is inconsis- 
tency because PCR reactions are very sensitive to many factors, such as annealing 
temperature, template DNA concentration, etc. In rice, RAPD markers have the power 
to detect DNA polymorphism similar to RFLP markers (unpublished data). 

STS (sequence-tagged sites). Originally coined by Olsen et al (1989), STS refers 
to a class of known loci (genes, cDNA, or genomic clones) directly amplified by PCR 
primer sets designed from the sequences of these specific loci. Although the power of 
STS to detect DNA polymorphism is generally low, it can be improved by techniques 
such as enzyme digestion of PCR products and/or by denaturing gradient electro- 
phoresis (Lizuka et al 1992). In rice, STS markers for more than 350 mapped anchor 
RFLP markers have been developed and used as a tool in genome mapping and marker- 
aided selection (MAS) experiments (Robenbiol et al 1996). STS markers are usually 
dominant, but a recent technical development using duplex analysis of STS allows 
the detection of single co-dominant nucleotide polymorphism (SNP) in STS, making 
this PCR-based technology much more powerful in genomic research (Hauser et al 
1998). 

Microsatellites or SSLPs (single sequence length polymorphism). Microsatellites 
are a class of PCR-based markers that detect simple sequence repeats (SSRs) of dif- 
ferent lengths flanked by unique DNA sequences (which are used to design PCR 
primers). Because of their apparent advantages such as co-dominance, technical sim- 
plicity, lower costs, small amounts of DNA required, rapid turnaround time, and high 
power to detect DNA polymorphism, microsatellites are rapidly replacing RFLP and 
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RAPDs. In rice, microsatellite markers include di- and tri-nucleotide motifs such as 
poly (GA, GT, CAT, CTT) sequences, which are randomly distributed in the rice 
genome (Chen et al 1997). 

AFLP (amplified fragment length polymorphism). AFLP is a type of PCR-based 
marker that detects DNA differences by selectively amplifying digested (by restriction 
enzymes) genomic DNA sequences ligated with adapters (Vos et al 1995). Because it 
combines the advantages of both RFLP and RAPD, AFLP is very powerful in detect- 
ing DNA polymorphism, even within closely related rice accessions (Maheswaran et 
al 1996). But AFLP markers are often dominant. 

Because of their unique genomic positions and behaviors as single Mendelian 
transmission factors, DNA markers have been used widely in developing molecular 
linkage maps for different genomes. In these molecular linkage maps, the linear or- 
ders and relative genetic distances of linked DNA markers on individual chromo- 
somes and the whole genome of an organism are determined genetically and repre- 
sented graphically. Since the first rice RFLP linkage map reported by Chen et al in 
1988, high-density rice RFLP linkage maps have been constructed at Cornell Univer- 
sity, in Japan, and in Korea (Causse et al 1994, Kurata et al 1994, Cho et al 1998). The 
current RFLP map developed by the Japanese Rice Genome Research Program has 
more than 2,300 RFLP markers (Shomura et al 1997). In addition, rice molecular 
linkage maps with 208 AFLP and 306 microsatellite markers were constructed at 
IRRI and Cornel1 University, respectively (Maheswaran et al 1996, Chen et al 1997). 
Construction of a complete rice RAPD linkage map is in progress at IRRI (data not 
shown). Establishment of these molecular linkage maps has greatly facilitated efforts 
in gene/QTL mapping, physical mapping, and map-based cloning of important genes/ 
QTLs in rice. 

QTL mapping in rice 
One of the most important applications of DNA markers and molecular linkage maps 
is to dissect genetic variation of quantitative traits into individual Mendelian factors 
through the design, execution, and analysis of QTL mapping experiments. The pri- 
mary objective of a QTL mapping experiment is to understand the genetic basis of 
specific quantitative traits by determining the number, locations, gene effects, and 
actions of loci involved; gene interactions (epistasis); and QTL × E interactions. An- 
other purpose of QTL mapping is to identify DNA diagnostic markers for particular 
phenotypes of interest so that MAS can be used to efficiently select progenies that 
carry alleles for target traits grown under nontarget environments. One of the long- 
term objectives of QTL mapping experiments is the molecular cloning of genes that 
underly complex quantitative traits through map-based cloning approaches. 

The principle of mapping QTLs with DNA markers is to detect marker-trait asso- 
ciations based on linkage disequilibrium using appropriate experimental designs and 
statistical methods. Typically, a QTL mapping experiment uses a mapping population 
that may consist of different types of progeny (F 2 , backcross, doubled haploid, or 
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recombinant inbred) from a cross between two inbred lines, which segregate for tar- 
get quantitative traits and many markers. The population is evaluated both phenotypi- 
cally for target traits and genetically for a complete linkage map with well-distributed 
markers. This type of data allows detailed resolution of genomic locations and effects 
of individual QTLs responsible for target trait variation by interval mapping and lin- 
ear models. In the following sections, several factors that may have significant im- 
pacts on the accuracy, precision, and reliability of QTL mapping experiments will be 
explained. 

Although undoubtedly QTLs can be identified in any mapping population segre- 
gating for target quantitative traits using marker-trait associations, several questions 
arise concerning QTLs identified. For instance, are QTLs real? In what aspects do 
QTLs differ from major genes? How precise were QTL parameters (locations and 
effects) in previous QTL mapping studies? Most important, how can QTL mapping 
results be used to apply MAS to the genetic improvement of quantitative traits? Re- 
sults from recent QTL mapping studies in rice have shed some light on these issues. 

To date, QTLs that affect a wide range of agronomic traits in several reference 
mapping populations have been mapped on individual chromosomes in rice. These 
QTLs are main-effect (additive and/or dominance) QTLs because they were detected 
by main-effect QTL models (Lander and Botstein 1989, Zeng 1994, Li 1997). The 
average number of the detected main-effect QTLs per trait/population/environment is 
4.5 ± 4.8 and varies considerably, ranging from 0 to 10 depending largely on traits 
and mapping populations. In few cases did closely linked main-effect QTLs affect the 
same trait reported in a single mapping population. Several important points concern- 
ing the main-effect QTLs that affect quantitative traits in rice can be summarized in 
the following sections. 

First, major genes that influence highly heritable traits are typically detected as 
large-effect QTLs (with large LOD scores) and are identifiable across populations 
and environments. Very often, only 1–2 such large-effect QTLs, each explaining a 
significant proportion of trait variation in a mapping population, are identified. For 
instance, several already mapped rice genes have been mapped to the same genomic 
locations by QTL analysis (Fig. 1). These include sd-1 for plant height (Huang et al 
1996), Xa4 for bacterial blight resistance (Li et al 1999), Rf3 for cytoplasmic male 
sterility fertility restoration (Zhang et al 1997, Yao et a1 1997), S-5 for “wide compat- 
ibility” (Zheng et al 1992, Liu et a1 1997),  Ta9  for tiller and leaf angle (Li et al 1998b), 
and QHd3 and QHd8 for heading date (Li et al 1995, Xiao et al 1995, 1996). These 
results clearly indicate that QTLs are real. 

Second, typical QTLs have relatively small main effects and represent more than 
80% of the loci identified in rice. Because main-effect QTL models (Lander and 
Botstein 1989, Zeng 1994) were used in all previous QTL analyses, the reported phe- 
notypic effects of these QTLs may have been over- or underestimated. Evidence indi- 
cates that a significant portion of these small main-effect QTLs may have been in- 
volved in epistasis (Li et al 1997a, b, Yu et al 1997, Li et al 1998a). We also expect that 
small-effect QTLs may show a greater degree of QTL × environment interactions 
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because most of these are only detectable in specific populations and/or under spe- 
cific environments. Thus, epistasis and QTL × E interactions appear to be two impor- 
tant but largely uncharacterized properties associated with the majority of the minor 
QTLs identified so far. Several recent studies indicate that complex phenotypes such 
as grain yield and its components may be influenced largely by epistatic QTLs that do 
not appear to have detectable main effects in a segregating population (Li et al 1997a,b, 
Yu et al 1997). 

Finally, MAS experiments for the transfer of desirable QTLs to improve quanti- 
tative traits in rice should be carried out with caution. On the one hand, MAS should 
be efficient to transfer large-effect QTLs (major genes) and can be practiced based on 
previous mapping results to modify specific phenotypes, even though it is advisable 
to use flanking markers that embrace the target genomic region of 10 ~ 15 cM (Visscher 
et al 1996). But for complex traits such as drought tolerance and grain yield, because 
of the potential epistasis, QTL × E interactions, and relatively small QTL effects, 
current information on the identified QTLs is insufficient for designing a successful 
MAS experiment. 

New developments in QTL mapping methodology 
The statistical methodology for previous QTL mapping studies was developed based 
on the assumption that there is no epistasis between QTLs. A serious deviation from 
the assumption in real situations may have a significant impact on the accuracy, pre- 
cision, and reliability of QTL mapping results (Li et al 1997a). In addition, most 
quantitative traits show varied degrees of genotype (G) × E interactions, which could 
not be adequately addressed using the current methodology. In the following sec- 
tions, properties of several new genetic and statistical models, including epistasis and 
QTL × E interactions, were developed and explored using model comparison and 
computer simulation. 

Epistasis and background genetic variation (BGV) control 
In principle, phenotypic data and a complete linkage map with well-distributed mark- 
ers constructed from a mapping population should allow the dissection of quantita- 
tive trait variation into individual QTL effects. In practice, because of many technical 
and economic reasons, only a limited (often small) number of individuals can be 
genotyped and phenotyped, and many segregating QTLs are responsible for target 
trait variation in a mapping population. Thus, background genetic variation, defined 
as noises arising from nonrandom sampling (due to small population size), linkage, 
and epistasis (interactions between nonallelic QTLs) can have a significant impact on 
the power, accuracy, precision, and reliability of identified QTLs (Zeng 1994, Li 1997). 
To illustrate the importance of BGV control, computer simulation was performed to 
compare the following three statistical models commonly used in QTL analyses: 

(1) 
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y k = m + a i x i k + e k 



In model 1, y k is the trait value of the k -th individual, µ is the population mean, a i 
is the effect associated with QTL i, x ik is the coefficient of the QTL effect derived 
from observed genotypes of markers flanking the QTL, and e k is the residual effect. 
Model 1 represents the simplest and most commonly used type of model, which 
identifies individual main-effect (additive or dominance) QTLs by detecting individual 
marker-trait associations based on F and t statistics (LOD or LR for interval mapping), 
and thus is also called the MT model (cf. Beavis 1997). Model 2 is based on the 
concept of composite interval mapping theorized by Zeng (1994). This model includes 
an additional term, S j a j x j k , which allows the detection of multiple main-effect QTLs 
and control of the background genetic effects caused by main-effect QTLs that segre- 
gate in the population. 

Model 3 is the most recently developed model aiming at identifying QTLs in- 
volved in digenic epistasis. In addition, this model provides the most comprehensive 
BGV control by including multiple main-effect and epistatic QTLs. In the model, a i 
and a j are the additive effects of the two putative QTLs ( Q i and Q j ), respectively; aa ij 
is the additive × additive epistatic effect between Q i and Q j ; x A ik , x A j k , and x AA ijk are 
coefficients of QTL effects derived from the observed genotypes of the markers ( M i , 
M i+ and M j- , M j+ ) and the testing points ( rM i -Q i and rM i -Q i ); eM f ~ N (0, s 2 

M ) is the effect of 
marker f with coefficient µM fk (1 for M f M f and -1 for m f m f ); eMM i ~ N (0, s 2 

MM is the effect 
of the l -th marker interaction (between marker A l and marker B l ) with coefficient 

(1 for M A M A M B M B or m A m A m B m B , and -1 for M A M A m B m B or m A m A M B M B ); and 
~ N  (0, is the random residual effect. Inclusion of e M f and e MM l in the model is 

intended to absorb the main and epistatic effects of background QTLs. 
Computer simulation based on a DH population with 200 individuals has dem- 

onstrated a few important properties of the three models described above (Tables 1 
and 2). First, BGV control is required for obtaining unbiased estimates of QTL pa- 
rameters when there is linkage between QTLs. Under no linkage, all three models 
produce unbiased estimates of the main and epistatic effects of QTLs. In the presence 
of linkage, however, model 1 tended to give seriously biased estimates for both main 
and epistatic QTL effects, whereas models 2 and 3 provided largely unbiased esti- 
mates. In particular, model 3 is much better than models 1 and 2 when all four QTLs 
are linked (Tables 1 and 2). The markers or marker pairs selected for BGV control in 
models 2 and 3 were the ones that were significant at P = 0.005 (selected threshold) in 
their respective multiple regression models. 

Second, BGV control significantly increases the power in QTL detection. For 
example, under no linkage, the average LR (test statistics, 1 LOD = 4.61 LR) values 
for QTL main and epistatic effects were 32.7 and 6.8 for model 1, 35.8 and 9.2 for 
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(3) 

e k µ MM lk 
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model 2, and 42.4 and 10.5 for model 3. In the presence of linkages between all 
QTLs, model 1 significantly underestimated or overestimated QTL main and epi- 
static effects, so its power (LR values) was falsely decreased or increased. Applying 
BGV control (models 2 and 3) greatly improved the situation. Overall, model 3 was 
superior to models 1 and 2 in detecting both QTLs and epistasis, whereas model 2 had 
a higher power than model 1. 

Third, BGV control increases the precision of the estimated genetic parameters 
of the detected QTLs, particularly in the presence of epistasis (Table 2). Measured as 
the mean standard deviation (SD) of the estimated main and epistatic QTL effects, the 
precision of model 3 was 9.9% higher than that of model 1 and 17.1% higher than that 
of model 2, and that of model 2 was 6.6% higher than that of model 1. Results in 
Tables 1 and 2 also indicate that QTLs with small main and epistatic effects (< 2% in 
R 2 ) are largely unidentifiable, whereas those with relatively large main and/or epi- 
static effects (> 5% in R 2 ) can always be detected with model 3. 

QTL × environment interaction 
Quantitative traits are influenced by environments and tend to show varied degrees of 
G × E interactions. To dissect G × E interactions into individual QTL × E interactions, 
an extension of model 2 to include QTL × E effects with unconditional and condi- 
tional effects in mixed linear models was developed by Zhu and Weir (1998): 

and 

where µ h(t) is the population mean in h -th environment at time t, a ih(GE(t)) x hk is the ge- 
netic effect of the i -th QTL in the h -th environment at time t, E h(GE(t)) is the effect of 
the h -th environment at time t, and so on. Model 4-1 is unconditional whereas model 
4-2 is conditional, giving the extra effect during the period of t - 1. These models can 
quantify main-effect QTL × E interactions and allow us to examine main-effect QTL 
expression during different developmental stages (Yan et a1 1998). 

Wang et a1 (1999) extended model 3 to include QTL × E interactions aiming at 
mapping QTLs involved in digenic epistasis under several environments. The pheno- 
typic value of the k -th DH line in environment h can be expressed as the following 
mixed linear model (h = 1, 2, Λ, s; k = 1, 2, Λ, nh),
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where µ is the population mean; ai and aj are the additive effects of loci Qi and Qj, 
respectively; aaij is the additive × additive epistatic effect of loci Qi and Qj ; x Aik , x Ajk , 

and x AA ijk are coefficients of these QTL effects; e Eh is the random effect of environment 
h with coefficient µ Ehk ; e AiEh (or CAE ) is the additive × environment interaction effect 
with coefficient µ AiEhk (or µ AjEhk ) for Qi (or Qj ); e AAijEh is the epistasis × environment 
interaction effect with coefficient µ AAijEhk ; e Mf(h) is the effect of marker f nested within 
the h-th environment with coefficient m Mfk(h) ; e MMl(h) is the effect of marker × marker 
interaction nested within the h-th environment with coefficient m MMlk(h) ; and e hk is the 
residual effect. 

For model 3 without QTL × E (QE) interactions, we can test QTL effects by 
setting Ho: ai = aj = aaij = 0. In this case, LR has an approximate x 2 distribution with df 
= 3. The alternative hypothesis (H 1 ) is that not all of the QTL effects are equal to zero. 
For model 5 with QE interactions, we can test both QTL effects and QE interaction 
effects by setting Ho: ai = aj = aaij = 0 and s 2AiE = s 2AjE = s 2AAijE = 0. This hypothesis is 
equivalent to testing no QTLs in the two intervals across all the environments in- 
volved. The alternative hypothesis (H,) is that not all of the QTL main effects and QE 
interaction effects are equal to zero. Therefore, the LR has an approximate x 2 distribu- 
tion with df = 6. Additional hypothesis tests for other combinations of the genetic 
parameters can also be conducted. 

Rejection of H 0 indicates that at least one of the QTL effects is not equal to zero. 
The hypothesis test for deviation of QTL effects from zero can be conducted by a t- 
test (Wang et al 1999). 

cance tests at peak points of the statistics (LR and/or t ) along chromosomes. For 
significant aa ij and/or s 2 AAijE , the two prior testing points ( r Mi-Qi and r Mj-Qj ) are taken as 
the estimated positions of Qi and Qj. When ai (or aj ) and/or s 2 AiE (or s 2 AjE ) are significant, 
r Mi - Qi (or r Mj- Qj ) is taken as the estimated position of Qi (or Qj ). 

In summary, the mixed linear model 3 provides a basic framework that can easily 
be extended to cover more complex experimental designs in QTL mapping experi- 
ments by inclusion of additional factors (such as environments, QE interactions, and/ 
or randomized complete blocks). Model 5 represented a direct extension of model 3 
to include QE interactions. Monte Carlo simulations showed that model 5 maintained 
the most important property of model 3, the unbiasedness of estimated QTL effects 
(additive and epistatic effects) and predicted QE interaction effects. Environmental 
effects (e.g., soil types, daylength, and general temperature regimes, etc.) could also 
be taken as fixed effects in model 5. Environments and QE interactions are treated as 
random in the model. Otherwise, QTL effects (additive and epistatic effects) and fixed 
environmental and QE interaction effects would be confounded and unestimable due 
to the singularity of the estimation matrix. The random effects in models 3 and 5 
follow normal distributions, which may often be more or less violated in practice. 
Nevertheless, violation of this assumption is unlikely to cause serious problems be- 
cause current mapping populations usually have more than 200 individuals, which 
are considered to be large samples statistically. Thus, our simulation showed that the 

Estimates of putative QTL positions can be obtained based on the above signifi- 
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mixed model approach had many favorable properties for mapping QTLs with epi- 
static effects and QE interactions. 

Computer simulation and real data analyses demonstrated that models 3 and 5 
were far superior to models 1, 2, and 4 in power, precision, and accuracy for QTL 
mapping (Wang et al 1999). But because of their complexity (more genetic param- 
eters included), we expect models 3 and 5 to be more sensitive to missing data. A 
software based on models 3 and 5 suitable for QTL mapping of recombinant inbred 
(RI), doubled-haploid (DH), and backcross (BC) populations, QTLMAPPER v. 1.0, 
is available to any researcher (Wang et al 1999). 

Experimental design parameters 
Besides the statistical models, the design and execution of phenotyping experiments 
are important for the success of QTL mapping. Several factors, such as progeny type, 
mapping population size, and precision in phenotypic measurements, all influence 
the power, precision, and accuracy of QTL mapping results. Determining the opti- 
mum combination of these parameters for a QTL mapping experiment depends largely 
on research objectives and trait heritability to obtain reliable QTL results at minimum 
efforts and costs. Computer simulation indicates that for DH, RI, or BC progenies 
with two genotypes at individual marker loci, an effective population size of 200 
individuals is sufficient to detect QTLs with main and/or epistatic effects ³ 5% in R 2 

of target trait variation (data not shown). Generally, for a given population size, DH 
and RI populations are the most powerful for estimating the additive genetic effects 
of QTLs, but they are unable to estimate the nonadditive genetic effects. BC prog- 
enies from the North Carolina Design III are the least powerful for estimating addi- 
tive genetic effects but are powerful for nonadditive genetic effects. F 2 populations 
are the most efficient for studying different gene actions but are the least accurate in 
estimated QTL parameters because they have the maximum number of genotypes. A 
design using a DH or RI population and its two BC populations (backcrossed to their 
parents) is powerful for resolving and estimating different gene actions of QTLs that 
affect complex traits, but this requires significantly increased efforts in making crosses 
and phenotyping (Xiao et al 1995). 

AB-QTL analysis and near-isogenic introgression lines (NllLs) 
QTLs can also be identified using advanced backcross QTL analysis (AB-QTL) 
(Tanksley and Nelson 1996). This strategy uses BC 2 - or BC 3 -derived progenies for 
QTL analyses and is particularly useful in detecting desirable QTLs of additive and 
or dominant gene actions from exotic germplasm. It is conceivable that in advanced 
BC generations, the genetic background of a mapping population is biased toward the 
recurrent parent, so that introgressed donor genomic segment(s) and associated phe- 
notypic effect(s) or QTL(s) can be easily identified and accurately resolved. An addi- 
tional advantage is that the AB-QTL method may result in direct improvement of the 
recurrent parents by simultaneous introgression and identification of desirable QTLs 
from exotic germplasm. A modification of this strategy involves using multiple re- 
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cipients (elite genotypes) and multiple diverse donors for massive introgression of 
target traits using BC breeding procedures to develop large numbers of NIIL sets for 
genetic improvement of elite cultivars. This should allow the simultaneous identifica- 
tion and introgression of large numbers of desirable alleles at many QTLs for genetic 
enhancement of the elite gene pool, which may have great potential for genetic im- 
provement of crops. In addition, large numbers of near-isogenic lines (NILS) for QTLs 
can be easily generated from NIILs. These QTL NIL sets, coupled with large insert 
libraries such as bacterial artificial libraries, physical maps of the rice genome, and 
new DNA chip technology (Ruan et a1 1998), make it possible to clone and assign 
functions to important QTLs. 

Future perspectives 
QTL mapping of rice has two prospective and challenging areas. Theoretically, many 
questions concerning epistasis and QTL × E interactions remain largely unresolved. 
These include how epistasis (detected as interactions between QTLs) arises from gene 
interactions at the genic level (gene expression and regulation), at the physiological 
level (biochemical feedback and physiological homeostasis), and at the phenotypic 
level (competition between individuals and interactions with environments). Because 
epistatic loci are often involved in the same biochemical pathway, mapping, cloning, 
and characterizing epistatic loci are expected to result in a more complete under- 
standing of important biochemical pathways and their connection with physiological 
aspects of complex phenotypes. New developments needed in this area may include 
the development of more powerful genetic and statistical models providing better 
resolution and parameterization of epistatic loci that affect complex traits for various 
types of mapping populations. Furthermore, fine and physical mapping and charac- 
terization of individual epistatic QTLs leading to the final cloning of QTLs require 
specifically constructed genetic materials such as NIL sets for individual complex 
phenotypes (Li 1997). With all these developments and anticipated complete physi- 
cal maps and DNA sequence data of the rice genome in the near future, coupled with 
a map-based DNA hunting strategy and DNA chip technology (Ruan et a1 1998), 
cloning and function assignment of large numbers of QTLs will eventually come 
true. 

In applications, as most DNA marker technologies become cheaper and auto- 
mated, comprehensive integration of DNA marker technology, functional genomics, 
and bioinformatics with conventional breeding techniques is imminent. This should 
result in a new era of molecular breeding. In this era, we anticipate that the availabil- 
ity of high-throughput DNA marker technologies and bioinformatics on allelic diver- 
sity for genes of known functions will be used intensively in almost every step of 
breeding, including parental selection, population development, selection strategy, 
and progeny management. Also, the identification of desirable genes/QTLs and 
multilocus genotypes, and germplasm characterization and enhancement, will merge 
in the breeding process for the development of the “best” rice cultivars with greatly 
increased productivity, stability, and quality in all target environments. 

DNA markers and QTL mapping in rice 169 



References 
Beavis WD. 1997. QTL analyses: power, precision, and accuracy. In: Molecular dissection of 

complex traits. Boca Raton, Fla. (USA): CRC Press. p 145-162. 
Botstein D, White RL, Skolnick M, Davis RW. 1980. Construction of a genetic linkage map in 

man using restriction fragment length polymorphism. Am. J. Genet. 32:314. 
Causse MA, Fulton TM, Cho YG, Ahn SN, Chunwongse J, et al. 1994. Saturated molecular 

map of the rice genome based on an interspecific backcross population. Genetics 138:1251- 
1274. 

Chen X, Temnkh S, Xu Y, Cho YG, McCouch SR. 1997. Development of a microsatellite 
framework map providing genome-wide coverage in rice ( Oryza sativa L.). Theor. Appl. 
Genet. 95:553-567. 

Cho YG, McCouch SR, Kuiper M, Kang MR, Pot J, Groenen JTM, Eun MY. 1998. Integrated 
map of AFLP, SSLP, and RFLP markers using a recombinant inbred population of rice 
( Oryza sativa L. ). Theor. Appl. Genet. 97:370-380. 

Huang N, Courtois B, Khush GS, Lin H, Wang G, Wu P, Zheng KL. 1996. Association of 
quantitative trait loci for plant height with major dwarf genes in rice. Heredity 77:130- 
137. 

Hauser MT, Adhami F, Dorner M, Fuchs E, Glossi J. 1998. Generation of co-dominant PCR- 
based markers by duplex analysis on high resolution gels. Plant J. 16(1):117-125. 

Khush GS, Bennett J, Datta SK, Brar DS, Li Z. 1998. Advances in rice genetics and biotechnol- 
ogy. Proceedings of the 19th Session of the International Committee Meeting, Cairo, Egypt. 

Kurata N, Nagamura Y, Tamamoto K, Miyamoto Y, Kirihara T. et al. 1994. A 300 kb interval 
genetic map of rice including 883 expressed sequences. Nature Genet. 8:365-372. 

Lander ES, Botstein D. 1989. Mapping Mendelian factors underlying quantitative traits using 
RFLP linkage maps. Genetics 121:185-199. 

Li ZK. 1997. Molecular analysis of epistasis. In: Molecular dissection of complex traits. Boca 
Raton, Fla. (USA): CRC Press. p 119-130. 

Li ZK, Pinson SRM, Paterson AH, Stansel JW. 1998a. Genetic dissection of source-sink rela- 
tionship affecting fecundity and yield in rice ( Oryza sativa L.). Mol. Breed. 4:419-426. 

Li ZK, Luo LJ, Mei HW, et al. 1999. A “defeated” rice resistance gene acts as a QTL against a 
virulent strain of Xanthomonas oryzae pv. oryzae. Mol. Gen. Genet. 261:58-63. 

Li ZK, Paterson AH, Stansel JW. 1998b. RFLP facilitated analysis of tiller and leaf angles in 
rice ( Oryza sativa L. ). Euphytica. (In press.) 

Li ZK, Pinson SRM, Paterson AH, Park WD, Stansel JW. 1997a. Epistasis for three grain yield 
components in rice ( Oryza sativa L. ). Genetics 145:453-465. 

Li ZK, Pinson SRM, Paterson AH, Park WD, Stansel JW. 1997b. Genetics of hybrid sterility 
and hybrid breakdown in an inter-subspecific rice ( Oryza sativa L.) population. Genetics 

Li ZK, Pinson SRM, Stansel JW, Park WD. 1995. Identification of quantitative trait loci (QTL) 
for heading date and plant height in rice using RFLP markers. Theor. Appl. Genet. 91:374- 
381. 

Li ZK, Luo LJ, Mei HW, Paterson AH, Shu QY, Zhong DB. Wang DL, Ying CS, Stansel JW, 
Khush GS. 1998c. Overdominant epistatic loci are the primary genetic basis of heterosis 
in rice. In: Abstracts of 18th International Congress of Genetics, Beijing. p 133 (8325). 

Liu BH. 1997. Computational tools for study of complex traits. In: Molecular dissection of 
complex traits. Boca Raton, Fla. (USA): CRC Press. p 43-80. 

145:1139-1148. 

170 Zhikang Li 



Liu KD, Wang J, Li HB, Xu CG, Liu AM, Li XH, Zhang QF. 1997. Agenome-wide analysis of 
wide compatibility in rice and the precise location of the S-5 locus in the molecular map. 
Theor. Appl. Genet. 95:809-814. 

Lizuka M, Mashiyama S, SekiyaT, Hiyashi K. 1992. Cloning and polymerase chain reaction- 
single-strand confirmation analysis of anonymous Alu repeats on chromosome 11. 
Genomics 12:139. 

Maheswaran M, Subudhi PK, Nandi S, Xu JC, Parco A, Yang DC, Huang N. 1996. Polymor- 
phism, distribution, and segregation of AFLP markers in a double haploid rice population. 
Theor. Appl. Genet. 94:39-45. 

Olsen M, Hood L, Cantor C, Botsein D. 1989. A common language for physical mapping of the 
human genome. Science 245:1434. 

Paterson AH ZK. 1997. Of blending, beans, and bristles: the foundations of QTL mapping. In: 
Molecular dissection of complex traits. Boca Raton, Fla. (USA): CRC Press. p 1-12. 

Robeniol JA, Constantino SV, Resurreccion AP, et al. 1996. Sequence-tagged sites and low- 
cost DNA markers for rice. In: Rice genetics. Manila (Philippines): International Rice 
Research Institute. p 293-306. 

Ruan Y, Gilmore J, Conner T. 1998. Towards Arabidopsis genome analysis: monitoring ex- 
pression profiles of 1400 genes using cDNA microarrays. Plant J. 15(6):821-833. 

Shomura A, Yano M, HarushimaY, et al. 1997. The current molecular map of rice. Proceedings 
of the International Conference on Plant &Animal Genome V. San Diego, Calif. (USA). 
p 87. 

Tanksley SD, Nelson JC. 1996. Advanced backcross QTL analysis: a method for the simulta- 
neous discovery and transfer of valuable QTLs from unadapted germplasm into elite breed- 
ing lines. Theor. Appl. Genet. 92:191-203. 

Visscher PM, Haley CS, Thompson R. 1996. Marker-assisted introgression in backcross breeding 
programs. Genetics 144:1923-1932. 

Vos PR, Hogers M, Bleecker M, et al. 1995. AFLP: a new technique for DNA fingerprinting. 
Nucl. Acids Res. 23:4407-4414. 

Wang DL, Li ZK, Paterson AH, Zhu J. 1999. Mapping QTLs with epistatic effects and QTL × 
environment interactions by mixed linear model approaches. Theor. Appl. Genet. (In press.) 

Williams JGK, Livak AR, Rafalsky KJ, Tingey SV. 1990. DNA polymorphisms amplified by 
arbitrary primers are useful as genetic markers. Nucl. Acids Res. 18:5631. 

Xiao JH, Li J, Yuan L, Tanksley SD. 1996. Identification of QTLs affecting traits of agronomic 
importance in a recombinant inbred population derived from a subspecific rice cross. 
Theor. Appl. Genet. 92:230-244. 

Xiao JH, Li J, Yuan L, Tanksley SD. 1995. Dominance is the major genetic basis of heterosis in 
rice as revealed by QTL analysis using molecular markers. Genetics 140:745-754. 

Yan J, Zhu J, He C, Benmoussa M, Wu P. 1998. Molecular dissection of developmental behav- 
ior of plant height in rice ( Oryza sativa L.). Genetics 150:1257-1265. 

Yao FY, Xu CG, Yu SB, et al. 1997. Mapping and genetic analysis of two fertility restoration 
loci in the wild-abortive cytoplasmic male sterility system of rice ( Oryza sativa L.). 
Euphytica 98:183-187. 

Yu SB, Li JX, Xu CG, et al. 1997. Importance of epistasis as the genetic basis of heterosis in an 
elite rice hybrid. Proc. Natl. Acad. Sci. USA 94:9226-9231. 

DNA markers and QTL mapping in rice 171 



Zhang G, Bharaj TS, Lu Y, Virmani SS, Huang N. 1997. Mapping of the Rf-3 nuclear fertility- 
restorer gene for WA cytoplasmic male sterility in rice using RAPD and RFLP markers. 
Theor. Appl. Genet. 94:27-33. 

Zeng ZB. 1994. Precision mapping of quantitative trait loci. Genetics 136:1457-1468. 
Zheng K, Shen P, Qian H, Wang J. 1992. Tagging genes for wide compatibility in rice via 

linkage to RFLP markers. Chinese J. Rice Sci. 6:145-150. 
Zhu J, Weir BS. 1998. Mixed model approaches for genetic analysis of quantitative traits. In: 

Chen LS, Ruan SG, Zhu J, editors. Advanced topics in biomathematics: Proceedings of 
the International Conference on Mathematical Biology, World Scientific Publishing Co., 
Singapore. p 321-330. 

Notes 
Authors’ address: Plant Breeding, Genetics, and Biochemistry Division, International Rice 

Research Institute. 
Citation: Ito O, O’Toole J, Hardy B, editors. 1999. Genetic improvement of rice for water- 

limited environments. Proceedings of the Workshop on Genetic Improvement of Rice for 
Water-Limited Environments, 1-3 December 1998, Los Baños, Philippines. Manila (Phil- 
ippines): International Rice Research Institute. 353 p. 

172 Zhikang Li 



Improving drought, salt, and 
freezing stress tolerance using a 
single gene for a stress-inducible 
transcription factor in transgenic 
plants 
K. Yamaguchi-Shinozaki and K. Shinozaki 

Many genes have been shown to be induced by environmental stresses such as drought, 
salt loading, and freezing and function in the stress tolerance of plants. We precisely 
analyzed the promoter regions of a drought-inducible Arabidopsis gene, rd29A, in 
transgenic plants, and identified a novel cisacting element containing 9-bp TACCGACAT 
(DRE, dehydration responsive element). DRE plays an important role in dehydration 
and high-salt- and low-temperature-induced gene expression in Arabidopsis. Two cDNA 
clones that encoded DRE-binding proteins, DREB1A and DREB2A, were isolated by 
yeast one-hybrid screening. Both the DREB proteins specifically bind to the DRE se- 
quence and activate the transcription of genes driven by the DRE sequence in 
Arabidopsis. Expression of the DREB1A gene and its two homologs was induced by 
low-temperature stress, whereas expression of the DREB2A gene and its single ho- 
molog was induced by dehydration. These results indicate that two independent fami- 
lies of DREB proteins, DREB1 and DREB2, function as transacting factors in two 
separate signal transduction pathways under low-temperature and dehydration condi- 
tions, respectively. Overexpression of the DREB1A cDNA, driven by the constitutive 
35S CaMV promoter in transgenic plants, activated strong expression of the target 
stress-inducible genes under unstressed conditions, which, in turn, increased toler- 
ance of freezing and drought. But the overexpression of stress-inducible genes con- 
trolled by the DREB1A protein caused severe growth retardation under normal growth 
conditions. The stress-inducible rd29A promoter minimized negative effects on plant 
growth. 

Plant productivity is affected markedly by environmental stresses such as drought, 
salt loading, and freezing. Plants respond to these stresses at the molecular and cellu- 
lar levels as well as at the physiological level. These stresses induce the expression of 
a variety of genes (Shinozaki and Yamaguchi-Shinozaki 1997). The products of these 
genes are thought to function not only in stress tolerance but also in the regulation of 
gene expression and in signal transduction in the stress response. These gene prod- 
ucts can be classified into two groups. The first group includes proteins that probably 
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function in protecting cells from dehydration. The second group contains protein fac- 
tors that are involved in further regulation of gene expression and signal transduction 
and that function in stress response (Shinozaki and Yamaguchi-Shinozaki 1997). The 
second group of genes seems to be useful in improving the tolerance of Arabidopsis 
to stresses by gene transfer, as they can regulate many of the stress-inducible genes 
involved in stress tolerance, 

Drought is one of the most severe environmental stresses; it affects almost all 
plant functions. Abscisic acid (ABA) is produced under water-deficit conditions and 
plays an important role in drought tolerance. Most drought-inducible genes that have 
been studied to date are also induced by ABA. It appears that dehydration triggers the 
production of ABA, which, in turn, induces various genes. Several reports have de- 
scribed genes that are induced by dehydration but that are not responsive to exog- 
enous ABA treatments. These findings suggest the existence of ABA-independent 
and ABA-dependent signal-transduction cascades between the initial signal of drought 
or cold stress and the expression of specific genes (Shinozaki and Yamaguchi-Shinozaki 
1997). To understand the molecular mechanisms of gene expression in response to 
drought stress, cis- and trans -acting elements that function in ABA-independent and 
ABA-responsive gene expression by drought stress have been precisely analyzed. In 
this chapter, we summarize recent progress in our research on cis- and trans -acting 
factors involved in ABA-independent gene expression in drought stress response. We 
also describe the production of transgenic plants that overexpressed multiple stress- 
inducible genes by incorporating a single gene for a stress-inducible transcription 
factor using Arabidopsis as a model. 

Function of water-stress-inducible genes 
Drought stress induces a variety of genes, and functions of their gene products have 
been predicted from sequence homology with known proteins. Genes induced during 
drought stress are thought to function not only in protecting cells from dehydration by 
producing important metabolic proteins but also in regulating genes for signal trans- 
duction in the drought stress response (Shinozaki and Yamaguchi-Shinozaki 1997). 
Thus, these gene products are classified into two groups (Fig. 1). 

The first group includes proteins that probably function in stress tolerance: water 
channel proteins involved in the movement of water through membranes, the en- 
zymes required for the biosynthesis of various osmoprotectants (sugars, proline, and 
betaine), proteins that may protect macromolecules and membranes (LEA protein, 
osmotin, antifreeze protein, chaperon, and mRNA-binding proteins), proteases for 
protein turnover (thiol proteases, Clp protease, and ubiquitin), and the detoxification 
enzymes (glutathione S-transferase, soluble epoxide hydrolase, catalase, superoxide 
dismutase, and ascorbate peroxidase). 

The second group contains protein factors involved in further regulation of sig- 
nal transduction and gene expression that probably function in stress response: pro- 
tein kinases, transcription factors, PLC, and 14-3-3 proteins. The existence of a vari- 
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Fig. 1. Drought-stress inducible genes and their possible functions in stress tolerance and response. 
Gene products are classified into two groups. The first group includes proteins that probably 
function in stress tolerance (functional proteins), and the second group contains protein factors 
involved in the further regulation of signal transduction and gene expression that probably function 
in stress response (regulatory proteins). 

ety of drought-inducible genes suggests complex responses of plants to drought stress. 
Their gene products are involved in drought stress tolerance and stress responses. 

Expression of dehydration-induced genes in response to 
environmental stresses and ABA 
The expression patterns of genes induced by drought were analyzed by RNA gel-blot 
analysis. Results indicated broad variations in the timing of induction of these genes 
under drought conditions. Most of the drought-inducible genes respond to treatment 
with exogenous ABA, whereas some do not. Therefore, there are ABA-dependent 
and ABA-independent regulatory systems of gene expression under drought stress. 
Analysis of the expression of ABA-inducible genes revealed that several genes re- 
quire protein biosynthesis for their induction by ABA, suggesting that at least two 

Improving drought, salt, and freezing stress tolerance. . . 175 



Fig. 2. Signal transduction pathways between the initial dehydration stress signal and gene 
expression. There are at least four signal transduction pathways: two are ABA-dependent (I and II) 
and two are ABA-independent (Ill and IV). Protein synthesis is necessary for one of the ABA- 
dependent signal pathways (I). ABRE is involved in one of the ABA-dependent pathways (II). In one 
of the ABA-independent pathways, DRE is involved in the regulation of genes not only by drought 
and salt but also by cold stress (IV). Another ABA-independent pathway is controlled by drought 
and salt, but not by cold (Ill). 

independent pathways exist between the production of endogenous ABA and gene 
expression during stress. 

We identified at least four independent signal pathways that function under drought 
conditions (Fig. 2): two are ABA-dependent (pathways I and II) and two are ABA- 
independent (pathways III and IV). One of the ABA-independent pathways overlaps 
with that of the cold response (pathway IV). One of the ABA-dependent pathways 
requires protein biosynthesis (pathway II, Shinozaki and Yamaguchi-Shinozaki 1997). 
The complex signal transduction pathways in drought response provide a molecular 
basis for the complex physiological responses of plants to drought stress. 

Identification of a novel cisacting element involved in drought- 
responsive expression 
Several genes are induced by drought, salt, and cold in aba (ABA-deficient) or abi 
(ABA-insensitive) Arabidopsis mutants. This suggests that these genes do not require 
ABA for their expression under cold or drought conditions. Among these genes, the 
expression of a drought-inducible gene for rd29A/lti78/cor78 was extensively analyzed 
(Yamaguchi-Shinozaki and Shinozaki 1994). At least two separate regulatory systems 
function in gene expression during drought and cold stress; one is ABA-independent 
(Fig. 2, pathway IV) and the other is ABA-dependent (pathway II). 
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To analyze the cis -acting elements involved in the ABA-independent gene 
expression of rd29A, we constructed chimeric genes with the rd29A promoter fused 
to the b -glucuronidase ( GUS ) reporter gene and transformed Arabidopsis and tobacco 
plants with these constructs. The GUS reporter gene driven by the rd29A promoter 
was induced at significant levels in transgenic plants by conditions of dehydration, 
low temperature, or high salt or by treatment with ABA (Yamaguchi-Shinozaki and 
Shinozaki 1993). The deletion, gain-of-function, and base substitution analysis of the 
promoter region of the rd29A gene revealed that a 9-bp conserved sequence, 
TACCGACAT (DRE, dehydration responsive element), is essential for regulating the 
expression of rd29A under drought conditions. Moreover, DRE has been demonstrated 
to function as a cis -acting element involved in the induction of rd29A by either low- 
temperature or high-salt stress (Yamaguchi-Shinozaki and Shinozaki 1994). There- 
fore, DRE seems to be a cis -acting element involved in gene induction by dehydra- 
tion, high salt, or low temperature, but does not function as an ABA-responsive ele- 
ment in the induction of rd29A. 

Important roles of DRE-binding proteins during drought and cold 
stress 
Two cDNA clones that encode the DRE-binding proteins DREB1A and DREB2A 
were isolated by using the yeast one-hybrid screening technique. The deduced amino 
acid sequences of DREB1A and DREB2A showed no significant sequence similarity, 
except in the conserved DNA-binding domains found in the EREBP and APETALA2 
proteins that function in ethylene-responsive expression and floral morphogenesis, 
respectively. But each DREB protein contained a basic region in its N-terminal re- 
gion that might function as a nuclear localization signal and an acidic C-terminal 
region that might act as an activation domain for transcription. These data suggest 
that each DREB cDNA encodes a DNA-binding protein that might function as a tran- 
scriptional activator in plants. 

The ability of the DREB1A and DREB2A proteins expressed in Escherichia coli 
to bind the wild-type or mutated DRE sequences was examined using the gel retarda- 
tion method. The results indicate that the binding of these two proteins to the DRE 
sequence is highly specific. To determine whether the DREB1A and DREB2A pro- 
teins are capable of transactivating DRE-dependent transcription in plant cells, we 
performed transactivation experiments using protoplasts prepared from Arabidopsis 
leaves. Coexpression of the DREB1A or DREB2A proteins in protoplasts transactivated 
the expression of the GUS reporter gene. These results suggest that DREB1A and 
DREB2A proteins function as transcription activators in the cold- and dehydration- 
responsive expression, respectively, of the rd29A gene (Liu et al 1998, Fig. 3). 

We isolated cDNA clones encoding two DREB1A homologs (named DREB1B 
and DREB1C). The DREBlB clone was identical to CBFl (Stockinger et a1 1997). 
We also isolated cDNA clones encoding a DREB2A homolog and named it DREB2B. 
Expression of the DREB1A gene and its two homologs was induced by low-tempera- 
ture stress, whereas expression of the DREB2A gene and its single homolog was in- 
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Fig. 3. A model of the induction of the rd29A gene and cis and transacting elements involved in 
stress-responsive gene expression. Two cis -acting elements, DRE and ABRE, are involved in the 
ABA-independent and ABA-responsive induction of rd29A, respectively. Two types of different DRE- 
binding proteins, DREB1 and DREB2, separate two different signal transduction pathways in 
response to cold and drought stresses, respectively. DREB1s/CBF1 are transcriptionally regulated 
whereas DREB2s are controlled post-translationally as well as transcriptionally. ABRE-binding 
proteins encode bZlP transcription factors. 

duced by dehydration (Liu et al 1998, Shinwari et al 1998). Overexpression of the 
DREB1A cDNA in transgenic Arabidopsis plants not only induced strong expression 
of the target genes under unstressed conditions but also caused dwarfed phenotypes 
in the transgenic plants. These transgenic plants also revealed freezing and dehydra- 
tion tolerance, which was also shown in the CBF1 transgenics (Liu et al 1998, Jaglo- 
Ottosen et al 1998). In contrast, overexpression of the DREB2A cDNA induced weak 
expression of the target genes under unstressed conditions and caused growth retar- 
dation of the transgenic plants (Liu et al 1998). These results indicate that two inde- 
pendent families of DREB proteins, DREB1 and DREB2, function as transacting 
factors in two separate signal transduction pathways under low-temperature and de- 
hydration conditions, respectively (Liu et al 1998). 

Overproduction of the DREBlA and CBF1/DREB1B cDNA driven by the 35S 
CaMV promoter in transgenic plants significantly improved stress tolerance of drought 
and freezing. But the DREB1A transgenic plants revealed severe growth retardation 
under normal growth conditions. The DREBlA cDNA driven by the stress-inducible 
rd29A promoter was expressed at a low level under unstressed control conditions and 
was strongly induced by dehydration, salt, and cold stresses. The rd29A promoter 
minimized negative effects on plant growth, whereas the 35S CaMV promoter caused 
severe growth retardation under normal growth conditions (Kasuga, Liu, Miura, 
Yamaguchi-Shinozaki, and Shinozaki, submitted). Moreover, this stress-inducible 
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promoter enhanced tolerance of drought, salt, and freezing at a higher level than that 
of the 35S CaMV promoter. Because DRE also functions in other crop plants, both 
the DREB1A cDNA and the rd29A promoter can probably be used to improve the 
dehydration and freezing tolerance of crops by gene transfer. 
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Mapping and marker-assisted 
selection to improve the stay- 
green trait for drought tolerance 
in sorghum 
P.K. Subudhi, G.B. Magpantay, D.T. Rosenow, and H.T. Nguyen 

Drought is a major constraint to crop productivity. In sorghum, drought stress during 
and after the flowering stage causes premature leaf senescence that, in turn, leads to 
stalk lodging, charcoal rot, and significant yield loss. More than 80% of commercial 
sorghum hybrids in the United States are grown under nonirrigated conditions and 
most of them have preflowering drought resistance but do not have any significant 
postflowering drought resistance, typically called the stay-green trait. Stay-green is a 
drought-resistance mechanism that gives sorghum plants resistance to premature 
senescence under severe soil moisture stress during the postflowering stage. We 
have identified four quantitative trait loci (QTLs) for this trait using a recombinant 
inbred line population developed from B35 x Tx7000. Three major stay-green QTLs 
were consistently identified in all field trials, accounting for 46% of the phenotypic 
variance. Physical mapping of these QTL regions and, ultimately, the isolation of the 
stay-green genes will lead to a better understanding of drought resistance in sorghum. 
Research is under way to introgress major stay-green QTLs into elite breeding lines 
through marker-assisted selection. 

Water constrains agriculture in the United States and around the world. Soils sub- 
jected to continuous drought together with shallow soils subjected to frequent water 
deficit make up 45% of the U.S. land surface (Boyer 1982). The drought-tolerance 
trait of sorghum makes it one of the most important feed and food crops in the arid 
and semiarid regions of the U.S. and the world. More than 80% of the sorghum in the 
U.S. is grown under nonirrigated conditions. The development and use of crop culti- 
vars adapted to drought-prone conditions is a long-term solution for improving and 
stabilizing crop productivity. Molecular mapping of drought-tolerance traits will en- 
hance breeding efficiency through marker-assisted selection and lay a foundation for 
understanding the genetic basis of drought tolerance in plants. 

Characteristics of drought tolerance in sorghum 
Drought tolerance in sorghum is a complex trait affected by several interacting plant 
and environmental factors. Over the past 20 years, Dr. Darrell Rosenow and his co- 
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workers have focused considerable effort on drought tolerance as a primary breeding 
objective. Their research is part of an overall sorghum improvement program sup- 
ported by the Texas Agricultural Experiment Station, USAID, and seed industry. They 
have found that the stage of growth (GS) at which moisture stress occurs is very 
important in determining the response or reaction of sorghum to water stress. Using 
field-screening nurseries in West Texas, they have determined and described two dis- 
tinct responses to drought stress in sorghum (Rosenow and Clark 1981, Rosenow et 
al 1983). One type (preflowering) is expressed when plants are stressed during panicle 
formation before flowering (GS-2), whereas the other (postflowering) is expressed 
when moisture stress occurs during the grain development stage (GS-3). 

Postflowering tolerance is especially important because the negative effect of 
drought on yield is significant at this stage of development. The symptoms of suscep- 
tibility to postflowering drought stress include premature plant (leaf and stem) death, 
stalk collapse, lodging, stalk rot, and sometimes a significant reduction in seed size, 
particularly at the base of the panicle. Stay-green cultivars retain their leaves in the 
active photosynthetic state and fill grain normally when subjected to water-stress 
conditions during the grain-filling period. Such green stalks have good resistance to 
stalk lodging and stalk rot. Although preflowering drought directly affects grain yield, 
the yield reduction under postflowering moisture stress is primarily through lodging 
associated with premature plant death and stalk rot of postflowering drought-suscep- 
tible cultivars, but sometimes also through reduced seed size. Preflowering and 
postflowering drought responses are repeatable across years and locations and resis- 
tance or susceptibility at each stage can be described in terms of visual plant symp- 
toms. The term “stay-green’’ has been used to describe the postflowering drought- 
tolerance response (Rosenow and Clark 1981). 

Stay-green genes confer resistance to drought-induced 
senescence in sorghum 
Stay-green in sorghum is an important component of postflowering drought toler- 
ance. It delays the onset of senescence in sorghum, resulting in greater functional leaf 
area during grain filling and even after physiological maturity. Increased accumula- 
tion of soluble sugars in stay-green types thereby reduces the dependence on stored 
assimilates from the stem to fill the grains (McBee et al 1983). The higher concentra- 
tion of stem sugars improves the digestible energy content of the stover or, if trans- 
lated into growth of axial branches (Vietor et al 1989), increases the amount of total 
harvestable fodder. 

Thomas and Smart (1993) reported that, in many crop species, stay-green plants 
have increased resistance to disease and drought and possess leaves with higher nutri- 
tional quality and attractiveness to grazing animals. Sorghum genotypes with 
postflowering drought resistance expressed by the stay-green trait exhibit increased 
resistance to charcoal rot (Rosenow 1984) and lodging (Henzell et al 1984, Woodfin 
et al 1988). Stay-green genotypes also contain more cytokinins (McBee 1984) than 
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senescent genotypes, which may reduce the rate of drought-induced senescence (Tho- 
mas and Smart 1993). 

In sorghum, stay-green genes confer resistance to postflowering drought stress 
by reducing premature death of leaves and plants, stalk lodging, and charcoal rot 
disease when the plants are exposed to moisture stress during the late stages of grain 
development (Rosenow 1987). 

Results from our research showed that B35 (a stay-green line) retained much 
more of the chlorophyll than non-stay-green lines Tx7000 and Tx430 under 
postflowering stress environments (Table 1). The reduction in grain yield is relatively 
less in stay-green genotypes than in non-stay-green genotypes. Under severe 
postflowering drought conditions, the hybrids from non-stay-green parents could have 
more than 50% lodging compared with less than 10% lodging in the hybrids with one 
stay-green parent (Rosenow, unpublished data). 

Using stay-green genes in sorghum 
Specific drought responses have been observed to be heritable and can be transferred 
through conventional breeding methods. In some lines (e.g., B35), the stay-green trait 
appears to be dominant in F 1 hybrids, whereas in others (e.g., R9188) it appears to be 
recessive (Wanous 1989). Experiments conducted using the cross B35 (stay-green 
inbred line) by Tx7000 (non-stay-green inbred line) revealed dominant action of major 
genes for this trait (Walulu et al 1994). Broad-sense and narrow-sense heritability 
estimates were 0.80 and 0.60, respectively, indicating that the stay-green trait is heri- 
table and that progress from selection can be attained. Field screening techniques 
have been developed for drought-tolerance selection. Progress in improving sorghum 
drought tolerance with field screening methods has been very slow, however, because 

Table 1. Preflowering rating, stay-green rating, and chlorophyll content of 635 (stay-green line) 
and Tx7000 and Tx430 (non-stay-green lines) under control and drought-stress conditions. 

Preflowering Stay-green Chlorophyll content c (%) 
Cultivar score a score b 

Control Stress Reduction 

B35 
Tx7000 
Tx430 

3.38 
2.23 
2.10 

1.9 
4.9 
3.4 

57.7 
56.0 
57.5 

44.5 
13.9 
28.6 

22.9 
75.1 
50.3 

a The preflowering drought-tolerance rating was done on a 1-5 scale, where 1 = excellent and 5 = very poor 
response during panicle development stage under severe water deficit prior to flowering. This is a composite 
preflowering drought-resistance score of several affected traits such as delay in flowering, panicle and floret 
abortion, poor panicle exsertion, reduced panicle size, leaf rolling, leaf bleaching, and leaf firing, which can also 
be scored Individually. b Stay-green was visually rated on a 1-5 scale at physiological maturity on a plot basis 
under postflowering drought stress. A rating of 1 indicates essentially no leaf death, while 5 indicates 100% 

fourth leaves from the top of three plants per plot with a Minolta Chlorophyll Meter SPAD-502. 
plant (leaves and stem) death. c Chlorophyll content was measured at the basal leaf blade of the second and 
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of the lack of control on the timing and intensity of moisture stress and interactions 
between the plant (especially growth stage) and other climatic factors. Hence, identi- 
fying molecular markers linked to the stay-green trait will facilitate breeding for drought 
tolerance in sorghum. 

Grain yield and lodging are critically important to producers and are often re- 
lated. The stay-green trait should have a major direct benefit to sorghum producers by 
reducing losses from lodging associated with premature leaf and stalk death under 
drought. The stay-green trait does not appear to reduce grain yield of hybrids, al- 
though it does improve lodging resistance. 

Mapping of QTLs controlling the stay-green trait in sorghum 
Two RIL (recombinant inbred line) populations, developed from the crosses B35 × 
Tx7000 and B35 × Tx430, were used to map the stay-green trait. Inbred line B35, a 
derivative of IS12555, a Durra from Ethiopia, is susceptible to preflowering drought 
stress but has outstanding postflowering drought tolerance, whereas Tx7000 and Tx430 
have good preflowering drought tolerance but are susceptible to postflowering drought 
stress (Table 1). For the B35 × Tx7000 population, the parental lines and 98 F 7 RILs 
were evaluated under postflowering stress conditions at two locations, Lubbock and 
Halfway, during 1993 and 1994. All these trials were irrigated till the flowering stage, 
but irrigation was withdrawn just before anthesis to allow moisture stress to develop 
during the grain-filling stage. The stay-green expression of individual RILs along 
with parental lines was rated visually on a plot basis on a scale of 1 to 5, based on the 
degree of leaf and plant death. A score of 1 indicates essentially no leaf death, whereas 
5 corresponds to complete plant (leaf and stem) death. Visual scoring in field condi- 
tions has been demonstrated to be a reliable indicator of stay-green response (Wanous 
et al 1991). Four stay-green QTLs, located on three linkage groups, were identified in 
this population. Of those, three stay-green QTLs, Stg1, Stg2, and Stg3, individually 
accounted for 20%, 30%, and 16% of phenotypic variance and were consistently 
identified in both years. The fourth stay-green QTL, Stg4, was identified only during 
1994 and it explained 13% of phenotypic variance. For all the QTLs, the stay-green 
alleles were contributed by the stay-green parent B35. 

For the B35 × Tx430 population, 96 F 6 lines along with their parents were evalu- 
ated under postflowering stress environments at the same two locations during 1993 
and 1994. Plots were evaluated for stay-green expression at the end of the linear 
grain-fill period. Seven stay-green QTLs were identified in this population (Crasta et 
al 1999), of which three were major QTLs (StgA, StgD, and StgG). These were lo- 
cated on three linkage groups together, and accounted for 42% of the phenotypic 
variance. Four minor QTLs (StgB, StgI.1, StgI.2, and StgJ) contributed an additional 
25% of the phenotypic variance in stay-green ratings. In all three major QTLs and 
two minor QTLs, alleles from B35 contributed to an improved stay-green expression, 
whereas alleles from Tx430 improved stay-green rating in the other two minor QTLs. 
This observation confirmed that Tx430 contains some stay-green genes because it is 
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slightly better than Tx7000 for stay-green response. The three major QTLs and two 
minor QTLs were consistently identified across most, if not all, environments, while 
the remaining two minor QTLs had high QTL × environment interaction. In general, 
the QTL study indicated that genetic control of the stay-green trait in grain sorghum 
is more complex than the earlier finding by Walulu et a1 (1994). 

Consistency of stay-green QTLs 
From the above QTL analysis, we observed that two stay-green QTLs were consis- 
tent between both the RIL populations. The QTLs Stg2 and Stg4 of the B35 × Tx7000 
RIL population overlapped with QTLs StgA and StgJ of the B35 × Tx430 population, 
respectively. Another QTL (Stg3 and StgD of B35 × Tx7000 and B35 × Tx430, re- 
spectively) was located on the same linkage group but in different locations in both 
populations. Single marker analysis in the B35 × Tx430 population (Crasta 1995) 
indicated that markers corresponding to Stgl of the B35 × Tx7000 population were 
highly correlated with the stay-green ratings. From this analysis, we concluded that 
Stg2 or the corresponding QTL StgA of the B35 × Tx430 population is the most 
important stay-green QTL, which explained the highest percentage of phenotypic 
variance and was consistent in both populations in all the environments. In order of 
importance, the stay-green QTL Stg2 is followed by Stgl and Stg3. A close look at 
the stay-green QTL profile of the best and poorest stay-green RIL lines of the B35 × 
Tx7000 population indicated that Stgl, Stg2, and Stg3 are consistently present in 
most of the best stay-green lines and absent in the poorest stay-green lines. This is 
reinforced by the fact that the QTLs for chlorophyll content also overlapped with 
these three major stay-green QTLs. Some functionally important genes such as genes 
encoding key photosynthetic enzymes, heat shock proteins, cell membrane ATPase, 
and an abscisic acid (ABA) responsive gene were observed near the Stg1 and Stg2 
QTL regions. ABA is an essential mediator between drought and plant responses 
(Gosti et al 1995). The maize cDNA clone CSU71 is a CAB gene that encodes chlo- 
rophyll a/b binding proteins of the photosystem II complex located near Stg2. We 
need to investigate whether these genes have any role in stay-green expression. We 
have indications from field testing of advanced backcross lines on a limited scale that 
the QTL 1 and 2 combination always gives better resistance to postflowering stress. 
The interaction among QTLs, however, is also expected to play an important role in 
stay-green expression. To study interactions among stay-green QTLs, near-isogenic 
lines (NILS) for all possible QTL combinations are being developed for field evalua- 
tion. 

Marker-assisted selection for stay-green QTLs in sorghum 
The objective of the ongoing stay-green project at Texas Tech University is to transfer 
the stay-green QTLs from B35 (stay-green line) to Tx7000, a non-stay-green line, by 
marker-assisted backcross breeding (Fig. 1). All four QTLs—Stgl, Stg2, Stg3, and 
Stg4—have been targeted for introgression. In every backcross generation, about 150 
to 200 individuals were screened with QTL-linked restriction fragment length poly- 
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Fig. 1. Scheme for developing near-isogenic lines (NILs) for stay-green QTLs using marker-assisted 
selection (MAS). 

morphism markers and individuals with all four stay-green QTLs were selected for 
further backcrossing. The selected individuals were used as male parents for back- 
crossing with the Tx7000 parent. After repeating marker-assisted backcrossing for 
several generations, homozygous NILs for individual stay-green QTLs have been 
identified in the BC 5 F 2 generation. This activity also led to the development of NILs 
for different QTL combinations. The developed homozygous NILs for individual QTLs, 
specifically the major QTLs Stg1 and Stg2, were crossed to Tx7000 to develop a 
large BC 6 F 2 mapping population for fine-mapping purposes. Because it is not pos- 
sible to evaluate the stay-green response on an individual plant basis, the BC 6 F 2 plants 
will be selfed further to develop BC 6 F 3 families for field-testing. We are selfing the 
selected individuals from advanced backcross generations that are still heterozygous 
for some stay-green QTLs to generate stable and homozygous introgression lines in a 
Tx7000 background. By the end of 1999, the NILs introgressed with all the QTLs in 
the Tx7000 background will be available for field-testing. The NILs with individual 
QTLs and all possible combinations of stay-green QTLs will be evaluated in the field 
to study interactions among the QTLs. 

Currently, marker-assisted introgression of stay-green QTLs to several elite 
sorghum lines used for commercial hybrid development is under way in collaboration 
with the seed industry. Field evaluation of the introgressed lines and their hybrids will 
ultimately determine the value of the stay-green trait in a stress environment. 
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Conclusions and future prospects 
The identification of stay-green QTLs in two RIL populations not only facilitates 
marker-assisted breeding for improved drought tolerance but also forms a strong ba- 
sis for elucidating the genetic basis of the senescence phenomenon in general and the 
stay-green trait in particular. Three major QTLs and a few minor QTLs were identi- 
fied in each population, of which the QTL explaining the largest percentage of pheno- 
typic variance and a minor QTL were consistent in both populations. Marker-assisted 
backcross breeding resulted in the development of a series of near-isogenic lines that 
are being used to dissect the genetic and physiological basis of the stay-green trait in 
sorghum. 

The candidate gene approach (Rothschild and Soller 1997), which helps to link 
the genes of the relevant biochemical pathway to the trait of interest, is gradually 
becoming a powerful tool in QTL studies. With the development of functional ge- 
nomic tools such as microarray technology (Schena et al 1995) and the growing EST 
(expressed sequence tags) database, it is now possible to identify the candidate genes 
that underly drought tolerance by studying the expression of many genes simulta- 
neously. To achieve this objective, the NILs and the population derived from them 
will be valuable material in correlating the expression of those identified genes to the 
stay-green response under drought stress. 

Research on comparative mapping has led us to believe that all the grasses prob- 
ably have a single genetic system (Bennetzen and Freeling 1993, Moore et al 1995). 
The close correspondence of QTLs for similar phenotypes has also been reported in 
different taxa (Paterson et al 1995). In maize and rice, breeding for drought tolerance 
is also an important objective and the stay-green phenomenon has been noticed in 
these crops. After the stay-green QTLs are delimited to smaller genomic regions us- 
ing NILs through a substitution-mapping strategy (Paterson et al 1990), the markers 
located in these regions can be used to screen the rice and maize BAC library to 
determine the orthologous regions in rice and maize for this trait. It is interesting to 
know the gene content of the corresponding regions in rice and maize. Thus, sequenc- 
ing of the orthologous BACs from rice and maize along with the corresponding sor- 
ghum BACs will help in determining the micro-synteny and study of genome organi- 
zation among these grass relatives. Because sorghum has superior tolerance for water 
and heat stress, we can visualize improving drought tolerance in maize and rice through 
the use of sorghum stay-green genes, once they are isolated. 
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Marker-assisted selection for 
improving drought tolerance in 
tropical maize 
J.-M. Ribaut, G.O. Edmeades, F.J. Betrán, C. Jiang, and M. Bänziger 

Drought is thought to cause maize grain losses of >20 million tons annually in the 
tropics. Recurrent selection for improved drought tolerance has resulted in yield gains 
under midseason drought of 5% (about 75-100 kg ha -1 ) yr -1 . Grain yield under drought 
is negatively correlated (r = –0.3 to –0.6) with the anthesis-silking interval (ASI), a 
secondary trait observed at flowering. DNA molecular markers (MMs) were used in a 
segregating population from the cross of lines P 1 (short ASI) × P 2 (long ASI), evaluated 
under several levels of drought, to identify five QTLs that were stable over stressed 
environments. A backcross marker-assisted selection (MAS) scheme to improve the 
drought tolerance of an elite but drought-susceptible inbred line, CML 247, has been 
successfully completed, using PCR-based markers as a preselection tool. A second 
MAS experiment used MMs to detect changes in the frequency of alleles at loci having 
known association with drought tolerance as a result of recurrent selection in an open- 
pollinated population. Plant selection based on the presence/absence of those ai- 
leles whose frequency changed could give increased drought tolerance in less time 
than recurrent selection, and preliminary results are encouraging. New breeding 
schemes involving optimal combinations of MAS and conventional selection to im- 
prove drought tolerance in maize hold considerable promise for the future. 

Drought is a major cause of maize yield loss in the tropics, and for this reason breed- 
ing for drought tolerance has become a major focus of the International Maize and 
Wheat Improvement Center’s (CIMMYT) Maize and Applied Biotechnology Pro- 
grams. Loss to drought alone in the tropics is thought to exceed 20 million tons of 
grain per year (worth around US$2 billion in 1998), or around 17% of well-watered 
production (Edmeades et al 1992), but has been as high as 60% in severely affected 
regions such as southern Africa in 1991-92. Drought is a pervasive cause of yield 
instability in maize-based cropping systems in most years and environments. Prob- 
abilities of moisture deficit are highest at the start and end of the rains, but dry spells 
occur randomly throughout the season. Because the incidence and intensity of drought 
cannot be predicted, a drought-tolerant variety must also perform well under well- 
watered conditions and under drought: one cannot be at the cost of the other. 

Uncertainty relating to the Occurrence of drought also affects the ease with which 
selection can be carried out for drought tolerance—too often rain interrupts this pro- 
cess. Selection for specific genomic segments associated with drought tolerance, us- 
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ing molecular markers (MMs), may therefore significantly improve the efficiency of 
selection. Molecular markers have been extensively mapped in the genome of tem- 
perate maize to obtain genetic linkage maps and to identify quantitative trait loci 
(QTL) (Lee 1995). But few studies on quantitative trait inheritance have been con- 
ducted under abiotic stresses, probably because of problems encountered under stress 
conditions, such as the reduced heritability of the trait due to increased environmental 
effects (Blum 1988) or the difficulty of obtaining the level of stress needed to provide 
optimal expression of the trait. 

Most traits of economic importance are complex and quantitative, being regu- 
lated by families of genes. Yield is probably the most polygenic and complex of these. 
The improvement of polygenic traits through marker-assisted selection (MAS) is also 
complex, as demonstrated by the abundance of studies based on computer simula- 
tions (Lande and Thompson 1990, Hospital and Charcosset 1997) and the paucity of 
published data on this topic (Stuber 1995). Few papers, if any, have demonstrated a 
clear superiority of using MMs for quantitative trait improvement in a practical plant 
breeding program (Mohan et al 1997). The difficulty is due to the number of genes 
involved in their expression, each with a small effect on the plant phenotype, and 
their interactions (epistasis) (Ribaut and Hoisington 1998). 

In this chapter, we describe the process of identifying appropriate secondary traits 
and CIMMYT’s experience in selecting for drought tolerance in tropical maize. Two 
different MAS experiments for drought improvement have been conducted at 
CIMMYT and preliminary results are presented here. Finally, issues that directly af- 
fect the efficiency of MAS for quantitative traits are discussed in the context of a 
practical maize breeding program for drought tolerance. 

Drought and the maize crop 
A first step in obtaining yield is to have sufficient plant stand, but a limited attempt at 
improving seedling establishment has resulted in only modest increases in survival 
under water deficit (Bänziger et al 1997). Maize yield is reduced two to three times 
more when water deficits coincide with flowering compared with other growth stages 
(Shaw 1976, Grant et al 1989). Maize is thought to be more susceptible than other 
rainfed crops because of its physical separation of male and female flowers and its 
near-synchronous development of spikelets, borne usually on a single ear and single 
stem. One indicator of a high growth rate per female spikelet at flowering in maize is 
rapid silk extrusion. This is reflected in a short anthesis-silking interval (ASI), i.e., 
the difference in days between pollen shedding and silk emergence, because time to 
anthesis is little affected by drought. It appears that ASI is inversely proportional to 
partitioning of dry matter to the growing ear, female spikelet growth rate, and perhaps 
plant water potential, and is a trait that is easily observed by breeders. Plants with a 
large ASI under drought are often barren or have few grains per ear. Grain yield of 
maize grown under severe water stress at flowering and during grain filling is highly 
correlated with kernel number per plant (r = 0.90, P<0.01; Bolaños and Edmeades 
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1996). Grain number per plant in water-deficient maize appears to depend directly on 
the flux of current photosynthate to the ear during the 2 wk bracketing flowering 
(Schussler and Westgate 1995), implying that stem reserves of preflowering assimi- 
late have little role in spikelet fertility. Sink strength of the ear may also be impaired 
because acid invertase activity in ovaries of water-stressed plants is much reduced 
(Zinselmeier et al 1995, Saini and Lalonde 1998). Pollen viability is a less important 
factor determining grain set, unless very hot conditions (>38 °C) are encountered at 
flowering (Schoper et al 1986). Besides, when silks whose appearance has been sub- 
stantially delayed because of drought are pollinated with fresh pollen, pollination can 
be shown to have occurred, but kernel abortion is frequently observed (Westgate and 
Boyer 1986). 

Because of the central importance of the flowering and grain-filling periods in 
determining grain number and grain weight, CIMMYT physiologists and breeders 
have concentrated their efforts on increasing tolerance for water deficits coinciding 
with these growth stages. 

Identification and use of suitable secondary traits 
Putative drought-tolerance traits have been reviewed extensively (Blum 1988, Ludlow 
and Muchow 1990, Boyer 1996), though few such traits have proven useful in plant 
breeding programs. Given the plethora of secondary traits mentioned in the literature, 
it is essential that drought researchers establish their relative value before incorporat- 
ing them into their selection scheme. Ideally, a secondary trait should be genetically 
associated with grain yield under drought, highly heritable, cheap and fast to mea- 
sure, nondestructive, stable over the measurement period, observed at or before flow- 
ering so that undesirable parents are not crossed, and not associated with yield loss 
under unstressed conditions (Edmeades et al 1998). The adaptive value of a second- 
ary trait under field conditions can be assessed by the following methods: (1) analy- 
ses of correlation and heritability among progenies of a single population; (2) direct 
and correlated changes in traits due to selection; (3) divergent selection for that trait, 
or groups of traits, to create isopopulations; (4) simulation modeling; and (5) statisti- 
cal procedures based on selection index theory. 

CIMMYT physiologists have used the first three approaches extensively. Herita- 
bilities and correlations among putative secondary traits from a large number of prog- 
eny trials clearly indicate that grain yield under severe drought stress at flowering is 
closely associated with variation in ears per plant, and that among the true secondary 
traits ASI has the closest association with grain yield (Table 1). Traits that are indica- 
tive of plant water status individually explained <5% of the variation in grain yield 
under field conditions. Changes that have occurred during selection for drought toler- 
ance have also confirmed this relative ranking of traits (Bolaños and Edmeades 1993a,b, 
Bolaños et al 1993, Chapman and Edmeades 1999). Other studies in tropical maize 
involving correlations and divergent selection have shown that variation in osmotic 
concentration in leaf tissue, and hence osmotic adjustment, explains little or none of 
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Table 1. Broad-sense heritabilities observed under severe drought stress and genotypic correla- 
tions between grain yield and selected traits under severe drought stress for S 1 progenies 
drawn from several maize populations. Heritability of grain yield under severe stress was 0.43 
± 0.10 and yields averaged 14% of well-watered plots. For details, see Bolaños and Edmeades 
(1996). 

Trials Heritability Genotypic 
(no.) under stress correlation 

Ears per plant 
Grains per ear 
Grains per plant 
Weight per grain 
Days from sowing to anthesis 
Anthesis-silking interval 
Leaf roiling score 
Leaf erectness score 
Leaf senescence score 
Canopy temperature 
Tassel branch number 

9 
8 
8 
9 
9 
8 
9 
1 
9 
4 
1 

0.54 ± 0.08 
0.39 ± 0.13 
0.47 ± 0.08 
0.43 ± 0.14 
0.72 ± 0.08 
0.51 ± 0.12 
0.52 ± 0.09 
0.74 ± 0.07 a 

0.54 ± 0.08 
0.25 ± 0.05 
0.82 ± 0.04 a 

0.90 ± 0.14 
0.71 ± 0.22 
0.86 ± 0.15 
0.14 ± 0.17 

–0.58 ± 0.12 
–0.60 ± 0.24 
–0.03 ± 0.15 
–0.28 ± 0.19 b 

0.14 ± 0.15 
–0.20 ± 0.15 

0.15 b 

a Trait observed under well-watered conditions. b observed in S 2 or S 3 progenies under severe drought stress. 

the variation in grain yield under drought (Bolaños and Edmeades 1991). In temper- 
ate maize, however, the contribution of osmotic adjustment to yield stability may be 
more substantial (Lemcoff et a1 1998). Bänziger and Lafitte (1997), using approach 5 
above, determined that the use of secondary traits plus yield during selection for 
tolerance of maize for low soil N was about 20% more efficient than selection for 
yield alone, and there is reasonable evidence that this is true under drought as well. 
We emphasize, however, that very few putative secondary traits have passed these 
tests for true usefulness in the selection process. 

Conventional selection for drought tolerance in tropical maize 
This has been described in detail elsewhere (Bolaños and Edmeades 1993a, b, Byrne 
et al 1995, Beck et al 1996, Edmeades et al 1999a). In summary, selection began in 
1975 in the elite lowland tropical white dent population, Tuxpeño Sequía, at Tlaltizapán, 
Mexico, where timing and intensity of stress can be managed by irrigation. This popu- 
lation underwent eight cycles of recurrent full-sib selection 1 in the rain-free winter 

same male and female parent. Typically, a full-sib family is made up of seeds from a single ear that has been 
1 Full-sib selection refers to a selection scheme based on "families" where every plant (or seed) shares the 

fertilized by pollen from one other plant. Some of these seeds are grown in a plot that is evaluated under the 
desired environment, and the best fraction of these families is then sown out again from unused (remnant) 
seed and intercrossed, to make up a new version of the population. In the process of intercrossing, new full-sib 
families are created and they provide the materials for evaluation during the next cycle of selection. In an S 1 
recurrent selection scheme, ears of families are formed by pollinating the plant with its own pollen rather than 
the pollen of another plant. Selected families are intercrossed, and a new set of self-pollinations is made from 
plants derived from these crosses and it comprises the next selection cycle. 
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season at this site. Each of 250 families was grown in single-row plots under three 
regimes of increasing drought intensity—namely, well-watered (WW), intermediate 
stress (IS; water withdrawn during late flowering and throughout grain filling), and 
severe stress (SS; no water applied from 3 wk before silking onward). Selection of the 
50–80 best families for recombination was based on an index (or ideotype) aimed at 
high grain yield under SS and IS, delayed foliar senescence under SS and IS, and 
reduced canopy temperatures and ASI under IS and SS. Improvement began in a new 
and diverse group of five elite maize populations in 1985-86 using an S 1 recurrent 
selection scheme. Within each selection cycle, 500-600 S 1 families were prescreened 
under drought and heat in the Sonoran Desert at Obregon, northwest Mexico. The 
superior 200 families thus identified were grown in Tlaltizapan during winter from 
remnant seed under the three water regimes described, and the best 50 S 1 families 
recombined to complete the cycle. Selection was principally for increased shelled 
grain yield, ears per plant, and stay-green under stress, and for decreased ASI and 
tassel sterility. Less important traits were upright unrolled leaves, small tassels, and 
lodging resistance. 

Evaluations of progress in these populations have generally been conducted in 
large plots over at least two seasons in environments that varied in available water 
(grouped as WW or drought) and, in recent years, soil N supply. Evaluations in 1987- 

Table 2. Effects of selection for drought tolerance on changes per selection cycle in four maize 
populations when evaluated at 3-6 water-stressed (SS) sites, at 5-8 well-watered (WW) sites, 
or at 2-3 Iow-N sites in evaluations conducted at different stages of population improvement. 
The number in parentheses following the population name indicates the number of cycles of 
selection being evaluated. Unless specified, all locations were in Mexico. ASI = anthesis-silking 
interval. *,**, ns: significant rate of change per selection cycle at P<0.01, P<0.05, or P>0.05 
(Beck et al 1996, Bänziger et al 1999, Edmeades et al 1999a,b). 

Grain yield (kg ha -1 ) Anthesis ASI Ears plan t -1 

Population WW SS SS 
SS WW Low N (d) (d) 

Evaluation 1987-89 
Tuxpeño Seq. (8) 
Tuxpeño Seq. (8)a 

Evaluation 1992-94 
La Posta Seq. (3) 
Pool 26 Seq. (3) 
Tuxpeño Seq. (8) 
Pool 18 Seq. (3) 

Evaluation 1997-98 
La Posta Seq. (5) 
Pool 26 Seq. (3) 
Tuxpeño Seq. (10) 

100** 
52 ns 

229** 
288** 

80** 
146** 

154** 
163** 
104* 

125** 
101** 

177* 
53 ns 

38** 
126** 

110 ns 

67 ns 
142* 

233 
207 

86 
190 

134* 
27 ns 
21 ns 

–0.40** 
–0.24** 

–0.52** 
–0.93** 
–0.32** 

0.33** 
–0.30 ns 
–0.35 ns 

–1.18** 
–1.50** 
–0.44** 
–2.13** 

–1.01** 
–1.84** 
–0.58 ns 

0.07** 
0.08** 
0.02** 
0.05** 

0.03* 
0.04** 
0.02 ns 

a These estimates of gain are from 11 trials grown at international sites, most of which were outside Mexico 
(Byrne et al 1995). 
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89 were only of the Tuxpeño Sequía population. In 1992-94, these were extended to 
include three more populations undergoing S 1 recurrent selection. Gains in grain yield 
from selection (Table 2) were usually smaller for full-sib selection than for S 1 selec- 
tion, partly because of differences in selection intensity between the two schemes. In 
general, gains averaged about 100 kg ha -l yr -1 , or 5% yr -1 at a yield level of around 2 t 
ha -1 , where such a yield resulted from drought stress occurring during flowering and 
grain filling. Yield improvements under drought were paralleled by increases in ears 
per plant and declines in ASI. Populations generally became earlier to flower by 0.2 
to 0.7 d cycle -1 despite our objective of maintaining the time from planting to anthesis 
constant. Yield gains from selection under drought observed under low N in the 1992- 
94 evaluations were similar to those observed under drought (Table 2; Banziger et al 
1999). 

Evaluations of progress during 1997-98 were in three very low N environments 
(mean yield 1.8 t ha -1 , or <35% of potential), five environments with severe drought 
(1.3 t ha -1 , or about 20% of potential), and two unstressed environments (6.4 t ha -1 ). 
Increases in grain yield were less than in earlier evaluations (Table 2), probably be- 
cause the mean yield of the trials under stress was lower than before. Yield improve- 
ments under low N averaged 43% of those observed under drought, suggesting that 
under severe N stress the gains in grain yield observed under drought are not trans- 
ferred as completely as those reported by Banziger et al (1999) under more moderate 
levels of N stress. 

What changed with selection? Yield improvements were largely the result of 
reduced barrenness (i.e., increased ears per plant) under drought and an associated 
increase in harvest index because total biomass production was unaffected by selec- 
tion (Bolaños and Edmeades 1993a, Edmeades et al 1999a). Tassel size was reduced 
in Tuxpeño Sequía and root biomass in the top 50 cm of soil declined by 35%. There 
was no change in any trait indicative of plant water status (e.g., predawn or noon 
water potential, osmotic adjustment, canopy temperature, water extraction profiles) 
(Bolaños et al 1993). In all populations, ASI became shorter under drought (Table 2). 
Eight cycles of selection in Tuxpeño Sequía led to significantly faster spikelet and ear 
growth, but also to a 21% reduction in final spikelet number (Edmeades et al 1993). 
Thus, fewer spikelets were formed, grew more rapidly, and were ultimately more 
successful in forming grain, especially under conditions of drought at flowering. The 
anthesis-silking interval is apparently a reflection of partitioning of dry matter to the 
ear under drought and under low N. Gains under water deficits were at no cost to yield 
in unstressed environments because partitioning to the ear increased in all environ- 
ments. Partitioning, generally considered to be a constitutive trait, required a care- 
fully managed drought stress to expose symptoms of its genetic variation (ASI; bar- 
renness) in these diverse maize populations. 

MAS under drought: Is there a need? 
Drought screening in the field is often difficult because in the tropics screening is 
confined to the one dry season encountered each year, whereas in temperate areas 
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breeders must rely on screening in dry locations within the normal growing season. In 
both cases, unexpected rainfall can render the test useless for drought screening. 
Moreover, for the best expression of tolerance at flowering, a suitable level of water 
stress must occur at that growth stage, or the effectiveness of screening again de- 
clines. Second, selection efficiency diminishes because of a decrease in the heritabil- 
ity of grain yield caused by a decline in genetic variance relative to error variance 
(Bolaños and Edmeades 1996). Third, the collection of secondary trait data such as 
ASI is time-consuming, and the need to collect such data during the one dry season of 
the year may slow down a normal breeding program. Marker-assisted selection for 
drought tolerance, in the light of these practical constraints to conventional screen- 
ing, appears to have a role as a complementary breeding tool. 

Given the importance of the effect of water deficits on grain production in tropical 
maize, a project began at CIMMYT in 1991 to dissect out genetic components of 
maize drought tolerance. Key QTLs were identified for several traits based on their 
stability over water regimes and their capacity to account for phenotypic variance. 
Specific attention was given to ASI. Using this information, MAS experiments were 
developed for both lines and population improvement. 

Genetic dissection of target traits observed under drought 
From a cross between two tropical inbred lines, P 1 (short ASI, good level of drought 
tolerance) and P 2 (long ASI, drought-susceptible), an F 2 population of 260 individuals 
was genotyped. Based on the polymorphisms identified at different loci (150) with 
restriction fragment length polymorphism (RFLP) markers, a linkage map was con- 
structed using MAPMAKER software (Lander et a1 1987). In 1992 and 1994, F 3 
families derived from the F 2 plants were evaluated for ASI, several morphological 
and physiological traits, yield, and yield components in the field under several water 
regimes. 

Quantitative trait loci involved in the expression of the target traits were identi- 
fied using two complementary statistical approaches: simple interval mapping (SIM, 
MAPMAKER/QTL; Lander and Botstein 1989) and composite interval mapping (CIM; 
Zeng 1994). Six QTLs (LOD score >2.5) for ASI on chromosomes 1, 2, 5, 6, 8, and 
10 were identified with SIM (Fig. 1; Ribaut et a1 1996). These QTLs together ac- 
counted for 47% of the phenotypic variability and were responsible for a change in 
AS1 of about 11 d. Using CIM, an additional QTL was identified on the short arm of 
chromosome 1. Transgressive segregation was observed for AS1 when alleles associ- 
ated with a shortened ASI were also identified in the susceptible parental line, P 2 . The 
five QTL segments contributed by P 1 were responsible for a 7.5-d reduction in ASI 
and were stable over years and stress levels. In contrast, QTLs involved in the 
expression of yield and its components, such as weight per grain, ears per plant, and 
grain number, were not consistently identified across stress levels and explained only 
a small percentage of the phenotypic variance for these traits. From these first QTL 
analyses, we concluded that (1) the identification of MMs of interest at QTL peaks 
associated with ASI and yield components has to be achieved using field data ob- 
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Fig. 1. Location on maize chromosomes of QTLs for anthesis-silking interval (ASI) detected using 
MAPMAKER/QTL with simple interval mapping. Genomic regions responsible for the expression of 
ASI under intermediate stress (IS) (left) and severe stress (SS) (right) are represented by ellipses 
for LOD scores higher than 2.5. The width of the ellipses is proportional to the percentage of 
phenotypic variance explained by that QTL. The bars at the bottom of the chromosomes indicate 
the allelic contribution (days) of the two parental lines at the QTL position (Ribaut et al 1996). 

tained under drought, (2) MAS using only QTLs involved in the expression of yield 
components under drought would not be efficient, and (3) MAS using only QTLs 
involved in the expression of secondary traits of interest, such as ASI, would not be 
the most efficient either because at one important genomic position the allele contrib- 
uting to a reduction in ASI also contributed to a grain yield decrease (Fig. 2). The 
most successful MAS strategy should therefore be to use the “best QTLs” from dif- 
ferent traits in the form of an index. These QTLs should be stable across environ- 
ments, account for a large percentage of the phenotypic variance, and, if not involved 
directly in the expression of yield, be involved in the expression of traits significantly 
correlated with yield. 

MAS for improving drought tolerance in elite lines 
Based on the QTL and mapping information described above, a backcross marker- 
assisted selection (BC-MAS) project began in 1994. The line P 1 was used as the 
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Fig. 2. Location on maize chromosomes ot QILs tor anthesis-silking interval (ASI) ana grain yield 
(GY) detected using composite interval mapping based on the combined data sets from both 
intermediate and severe stress field conditions. The parental line that was the source of alleles 
contributing to a short ASI or a greater yield is indicated for each QTL (Ribaut et al 1997a). The 
circles on chromosome 10 refer to an "opposite" allelic contribution, a short ASI inducing a 
reduction in GY. 

drought-tolerant donor and CML247 was used as the recurrent parent. CML247 is an 
elite tropical inbred line developed by CIMMYT, with outstanding combining ability 
and good yield per se under well-watered conditions. It is susceptible to drought, in 
part because its ASI is large under drought. Genetic data from a segregating F 2 popu- 
lation derived from the P 1 × CML247 cross were combined with F 3 evaluations in the 
field under different water regimes to identify QTLs for traits of interest. The QTLs 
for ASI identified in this cross were quite consistent with those in the original P 1 × P 2 
cross. Of the five QTLs originally identified from P1 that conferred a short ASI, only 
the QTL on chromosome 6 was not detected in the second cross. The QTL on the 
short arm of chromosome 1 was shifted by 40 cM in the new cross, and the three other 
QTLs on chromosomes 2, 8, and 10 were in similar positions in both. A new QTL for 
ASI was detected on the short arm of chromosome 3. These results demonstrate the 
need to make a new genetic map when the recurrent line is changed in BC-MAS 
schemes. A single good-quality trial under drought conditions, however, might be 
enough to identify QTLs of interest, providing QTL identification has been previ- 
ously carried out in another cross involving the donor line. 
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Five genomic regions involved in the expression of a short ASI were selected to 
be transferred from P 1 into CML247. The screening of large populations (about 2,000 
plants) at each selection cycle during backcrossing has been possible because of the 
development of reliable PCR-based markers, used here as preselection tools (Ribaut 
et al 1997b). After two BCs and two self-pollinations, the best genotype was fixed 
from the donor line for the five target regions (12% of the genome), as well as for 7% 
of the genome lying outside the QTL regions (Fig. 3). The 70 best BC 2 F 3 (i.e., S 2 
lines) were identified and crossed with two CIMMYT tester inbreds, CML254 and 
CML274. These hybrids, as well as the BC 2 F 4 families (S 3 lines) derived from the 
selected BC 2 F 3 plants, were evaluated in 1997-98 under several water regimes. Pre- 
liminary results show that the mean of the 70 selected genotypes performed better 
than the control crossed with CML254 and CML274, and the best genotype among 
the 70 selected (BC 2 F 3 × testers) performed two (× CML274) to four times (× CML254) 
better than the control (Table 3). No yield reduction was observed under well-watered 
conditions. Nevertheless, this trial must be repeated in 1998-99 before final conclu- 
sions can be drawn from lines and hybrids because of the unusually severe El Niño- 
induced drought stress encountered in 1997-98. 

Fig. 3. Genomic composition of the best genotype obtained after four cycles of marker-assisted 
selection (two BCs plus two self-pollinations). Seventy RFLP markers, provided by the University of 
Missouri-Columbia (UMC), Brookhaven National Laboratory (BNL), and Native Plants Incorporated 
(NPI), were used to conduct the genetic dissection of the different genotypes. The five target 
genomic regions are represented by black bars to the left of the chromosomes. 
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Table 3. Grain yields per plot (kg ha -1 ± SD) under different water regimes of MAS-improved 
versions of CML247 versus the original CML247 when crossed with two CIMMYT tester inbred 
lines (CML254 and CML274). The mean of the control was calculated based on 10 identical 
entries, while the mean of the improved genotypes represents 70 different entries selected 
after MAS. “Best” is the yield of the highest-yielding individual cross out of the 70. 

Drought conditions Well-watered conditions 
Genotype 

CML254 CML274 CML254 CML274 

CML247 (control) 

CML247 (MAS) 
Mean 

Mean 
Best 

798 ± 478 

1,995 ± 957 
4,522 

1,995 ± 898 

2,195 ± 878 
4,057 

6,185 ± 804 

7,182 ± 862 
8,715 

7,648 ± 688 

7,648 ± 918 
9,909 

Table 4. Allele frequency changes at two loci segregating in C 0 , C 4 , and C 8 of Tuxpeño Sequía, 
a lowland tropical maize population subjected to full-sib recurrent selection for improved drought 
tolerance. 

Chromosome 2 umc371 C 0 C 4 C 8 

Chromosome 10 

Allele 1 
Allele 2 
Allele 3 
Allele 4 
Allele 5 

bnI 7.49 
Allele 1 
Allele 2 
Allele 3 
Allele 4 
Allele 5 
Allele 6 

0.18 ± 0.03 
0.11 ± 0.02 
0.04 ± 0.01 
0.32 ± 0.03 
0.36 ± 0.03 

0.01 ± 0.01 
0.37 ± 0.03 
0.22 ± 0.03 
0.17 ± 0.03 
0.01 ± 0.01 
0.22 ± 0.03 

0.18 ± 0.03 
0.09 ± 0.02 
0.08 ± 0.02 
0.31 ± 0.03 
0.32 ± 0.03 

0.05 ± 0.01 
0.35 ± 0.03 
0.41 ± 0.03 
0.05 ± 0.01 
0.01 ± 0.01 
0.12 ± 0.02 

0.06 ± 0.02 
0.01 ± 0.01 
0.10 ± 0.02 
0.56 ± 0.03 
0.25 ± 0.03 

0.00 
0.22 ± 0.03 
0.44 ± 0.03 
0.14 ± 0.03 
0.06 ± 0.02 
0.10 ± 0.02 

MAS in open-pollinated populations 
The second MAS project involves the improvement of drought tolerance in the open- 
pollinated population Tuxpeño Sequia (Bolaños and Edmeades 1993a). Varieties de- 
rived from such populations remain one of CIMMYT’s major products from its maize 
breeding program. Changes in frequencies of drought-adaptive alleles over cycles of 
recurrent selection at loci of known map position were quantified using MMs and 116 
individuals randomly chosen from each of C 0 , C 4 , and C 8 of Tuxpeño Sequía (Table 
4). Loci scattered over the maize genome were assayed using RFLPs. Special atten- 
tion was given to genomic regions responsible for the expression of ASI and grain 
yield identified in the P 1 × P 2 study because the two inbreds are derived partially from 
Tuxpeño germplasm. There-is strong evidence that the alleles associated with short 
ASI in P 1 and P 2 are also present in this population. Allelic frequencies that increased, 
decreased, or remained stable were recorded. Genomic regions were classified into 
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those presenting marked, moderate, or no changes in allelic frequency due to recurrent 
selection. Some major frequency changes were detected at loci previously identified 
as regions responsible for expression of ASI. These alleles could provide a rapid 
diagnostic tool for screening lines or individuals with potential drought tolerance in 
Tuxpeño germplasm, and selection based on the presence of these alleles should provide 
a significant improvement in the drought tolerance of this population. 

To test this hypothesis, 21 DNA markers were used to screen 400 plants from C 0 
and C 4 . Based on their allelic composition, the 50 “best” and “worst” genotypes from 
each of the two cycles were selected and were evaluated in 1997-98 under several 
water regimes. Preliminary analysis of those results in this extremely dry season showed 
a significant difference in yield performance under drought conditions between the 
two groups of genotypes selected using markers. If those results are confirmed, they 
will show that MAS is of real value for improving the performance of open-polli- 
nated varieties under drought. 

Limitations to MAS and its prospects for polygenic trait 
improvement 
The difficulty of manipulating quantitative traits is related to the number of genes 
involved with relatively small individual effects and their epistatic interactions. This 
implies that several regions (or QTLs) must be manipulated at the same time to have 
a significant impact and that the effect of individual regions cannot be identified eas- 
ily. For this reason, accurate and repeatable field tests are required to precisely iden- 
tify and quantify QTL effects and their stability across environments (Beavis and 
Keim 1996). Progress in field designs, such as the use of incomplete blocks, row and 
column designs, and spatial analyses, has increased the precision of field trials that 
are so essential to high-quality phenotyping. The development of new statistical ap- 
proaches, such as composite interval mapping, has also improved the accuracy by 
which QTLs can be identified. When these are combined with multienvironment field 
data in a joint analysis, QTL by environment interactions can now be quantified (Jiang 
and Zeng 1995). Limitations remain, however, and are principally related to the lim- 
ited number of samples that can be analyzed, the small number of lines that can be 
improved within a given time, and the belief that QTL identification is required when- 
ever a new germplasm source is used. 

With the development of new polymerase chain reaction (PCR)-based markers, 
large sample sizes can be handled more efficiently, as demonstrated by our first MAS 
experiment. The impact on the efficiency of the selection process by varying the ini- 
tial screened population size (N) during the transfer of one to five genomic regions 
was evaluated through simulation at CIMMYT. Here, the maize genome was consid- 
ered as the model, and the BC-MAS approach was chosen to test the efficiency of 
selection using MMs. An increase in the size of the screened population always re- 
duces the total number of selection cycles required. The desirability of screening a 
large versus a small population increases in proportion to the number of genomic 
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regions and their nature (single gene vs QTL). The effective population size (n), de- 
fined here as the number of genotypes having the donor allele at the target loci, was 
calculated as screened population size and the number of target regions for transfer 
was varied from one to five (Table 5). Efficiency was defined as the product of re- 
sources required and time for completion of MAS. Results of simulation show that 
the most efficient selection scheme was obtained from screening an initial population 
size that resulted, after selection at target loci, in an effective population size ranging 
from 50 to 100 genotypes. 

Although an increase in the screened population size and the use of PCR-based 
markers represent significant steps forward in MAS, clear limitations in terms of 
outputs (versus inputs) that fit breeders’ requirements when several QTLs have to be 
manipulated are still present. As shown in Table 5, the most efficient strategy for a 
BC-MAS scheme involving several QTLs, with an effective population size of 50- 
100 genotypes, requires the screening of a large population of thousands of plants. 
Moreover, the number of crosses that can be manipulated at the same time and the 
QTL identification needed for each cross remain barriers to the widespread use of 
MAS and have raised questions related to its cost-effectiveness. 

To overcome these constraints, new MAS strategies must be developed that fo- 
cus on the use of MMs at one or a few key steps in the selection process. As an 
example, a new approach that interactively combines the use of MMs and conven- 
tional breeding has been developed recently at CIMMYT (Ribaut and Betran 1999). 
The novel aspect of this strategy involves selecting plants at early generations with a 
fixed, favorable genetic background at specific loci using a single large-scale MAS 
(SLS-MAS) step, while maintaining allelic segregation in the rest of the genome as 
much as possible. The first step is to choose elite lines with a high level of allelic 
complementarity and excellent expression of traits of interest, followed by the identi- 

Table 5. Expected number (n) of genotypes heterozygous at target genomic regions as affected 
by size of screened population (N) and number of genomic regions to be transferred (1, 3, or 5). 
Calculations were conducted for the transfer of genes (a single DNA marker) and QTLs, for 
which the two flanking DNA markers of the target region are expected to be heterozygotes. 
Two different levels of recombination among QTLs (15% and 30%) are also considered. 

Screened n for gene transfer n for QTL transfer n for QTL transfer 
population size (no recombination) (15% recombination) (30% recombination) 

N 1 3 5 1 3 5 1 3 5 

50 
100 
200 
400 
800 

1,600 
3,200 
6,400 

25 
50 

100 
200 
400 
800 

1,600 
3,200 

6.3 
12.5 
25.0 
50.0 

100 
200 
400 
800 

1.6 
3.1 
6.3 

12.5 
25.0 
50.0 

100 
200 

21.3 
42.6 
85.1 

170.2 
340.4 
680.9 

1,362 
2,723 

3.8 
7.7 

15.3 
30.7 
61.4 

122.8 
245.6 
491.2 

0 
1.4 
2.8 
5.5 

11.1 
22.2 
44.4 
88.8 

17.5 
35.0 
69.9 

139.9 
279.7 
559.4 

1,119 
2,238 

2.1 
4.3 
8.6 

17.2 
34.3 
68.7 

137.3 
274.7 

0 
0 
1.1 
2.1 
4.2 
8.4 

16.8 
33.6 
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fication of desirable genomic regions for each of these lines so that favorable alleles 
can be captured from both parents. The lines are then intercrossed to develop segre- 
gating populations from which individuals homozygous for favorable alleles at target 
loci are selected in an SLS-MAS step. The goal of the scheme is to conduct MAS 
only once at an early stage of recombination, and it requires the selection of a mini- 
mum number of plants to maintain sufficient allelic variability at nonselected loci. 
This combination of MAS and conventional breeding steps provides many options 
and has been adopted to improve drought tolerance in germplasm suited to eastern 
and southern Africa. The project is ongoing, and the evaluation of its success will be 
possible through field evaluation of the improved germplasm in 2001. 

Conclusions 
Conventional selection for tolerance of drought imposed during reproductive devel- 
opment in maize has resulted in increases in grain yield of around 100 kg ha -1 yr -1 , 
with concomitant decreases in barrenness and ASI. Success in selection has depended 
on the capability to create a reliable level of water deficit near flowering so that geno- 
types with a short ASI and capacity to form an ear under stress can be identified in 
each selection cycle. Rain and a lack of suitable irrigation facilities can reduce this 
capability, and MAS could therefore increase the overall efficiency of conventional 
selection for drought tolerance. 

Marker-assisted selection for drought tolerance in an elite inbred line and in an 
open-pollinated variety has been successfully conducted at CIMMYT, although some 
results await confirmation during the coming dry cycle (1998-99). The use of PCR- 
based markers has considerably increased the efficiency of line conversion because it 
allows thousands of plants to be screened at each BC selection step. This in turn has 
significantly reduced the number of selection cycles required. Large-scale selection 
in MAS, although always more rapid, is not always justified when cost versus time is 
taken into account. Before any experiment, the most efficient strategy has to be de- 
fined considering principally the effective population size expected at each selection 
cycle. 

With the development of new technologies, such as reverse genetics and DNA 
chips, gene characterization of the complete maize genome is becoming a real possi- 
bility. Information from these technologies will allow us to manipulate several iden- 
tified genes simultaneously and germplasm improvement for drought tolerance should 
be greatly facilitated. This, combined with the development and use of breeding 
schemes that optimize conventional approaches and MAS at key selection steps in 
the best germplasm available, will greatly increase future prospects for improved 
drought tolerance in maize on a relatively large scale. 
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QTL analysis and marker-assisted 
breeding of traits associated with 
drought tolerance in pearl millet 
R.S. Yadav, C.T. Hash, F.R. Bidinger, and C.J. Howarth 

Pearl millet ( Pennisetum glaucum (L.) R. Br.) is an important cereal grain and fodder 
crop in the driest areas of the semiarid tropics. Drought at the crop’s reproductive 
stage is one of the most important environmental factors limiting pearl millet produc- 
tivity; improved adaptation to such drought stress is an important breeding objective. 
We used molecular marker tools to better understand the inheritance and expression 
of grain yield and grain yield-component traits in three terminal drought-stress environ- 
ments differing in the intensity and duration of late reproductive stage stress. Test- 
crosses of mapping population progenies derived from a cross between two inbred 
lines differing in their response to drought were evaluated under paired stress and 
nonstress environments to understand the biological basis of drought tolerance, and 
to identify quantitative trait loci (QTLs) associated with drought tolerance. Detailed 
analysis led to the identification of flanking markers for QTLs associated with increased 
harvest index, improved grain filling, and maintenance of grain yield in terminal drought- 
stress environments. We discuss the significance of the putative QTLs identified, the 
steps to be followed in their marker-assisted backcross transfer to the elite parent of 
this mapping population, and the potential for their further use in the improvement of 
pearl millet productivity in water-limited environments. 

Pearl millet ( Pennisetum glaucum (L.) R. Br.) is an important cereal grain and fodder 
crop in the driest areas of South Asia and sub-Saharan Africa. It is grown almost 
entirely as a rainfed crop in areas where inter- and intraseasonal variation in rainfall is 
the single most important environmental factor that limits its productivity 
(Mahalakshmi et al 1987, van Oosterom et al 1996). Although both intermittent and 
terminal drought stress are common in pearl millet-growing areas, terminal drought 
stress is more damaging to the yield stability and productivity of the crop (Bidinger et 
al 1987a,b). In general, the early stages of plant development of pearl millet are less 
sensitive to drought because the crop has the ability to recover quickly and fully when 
water becomes available (Bidinger et al 1987a, Mahalakshmi et al 1987). Improving 
the adaptation of pearl millet to terminal drought-stress environments is therefore a 
major objective in breeding programs aimed at improving the crop’s productivity and 
yield stability. 

Plant breeders and crop physiologists (Blum 1988, Ludlow and Muchow 1990, 
Fussel et al 1991) have proposed that better-adapted and higher-yielding genotypes 
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of crop plants can be bred more efficiently and effectively if attributes that help main- 
tain yield under water-limited conditions could be identified and used as selection 
criteria. But progress in breeding genotypes with improved drought tolerance has 
been slow, mainly because natural drought-stress environments are highly variable in 
the timing, duration, and severity of this stress. In addition, the whole-plant response 
to drought is complex and is conditioned by a number of component responses that 
both interact and differ in their individual responses to the intensity and duration of 
water deficits. 

Performance of pearl millet and other cereals under terminal drought-stress con- 
ditions is influenced not only by genetic differences in drought tolerance but also by 
differences in time to flowering (drought escape) and differences in yield potential 
(Fischer and Maurer 1978, Bidinger et al 1987a). In terminal drought-stress environ- 
ments, the combined effects of phenology and yield potential can account for as much 
as 50% of the variation in pearl millet grain yield (Bidinger et al 1987a). It has been 
proposed that this crop’s grain yield in water-limited environments can be improved 
if specific traits and responses for drought tolerance can be identified and incorpo- 
rated into otherwise high-yielding genotypes of appropriate crop duration (Bidinger 
et al 1987b, Fussel et al 1991). 

Susceptibility during postflowering drought stress in pearl millet is often charac- 
terized by reduced grain size, a reduced number of effective panicles, and a reduced 
number of grains per panicle, all of which lead to reduced grain production per unit 
area. Though genetic variation in expression of these traits in drought-stress environ- 
ments exists in the available pearl millet germplasm (Bidinger et al 1987b), the inher- 
itance and biological basis of drought tolerance are not well understood. 

In recent years, the development of molecular marker technologies and the use 
of these markers in quantitative trait locus (QTL) analysis have opened up new av- 
enues for the study of complex traits and responses such as drought tolerance (Quarrie 
1996, Prioul et al 1997, Ribaut et al 1997, Tuinstra et al 1997). Genome analysis 
based on DNA polymorphism can reveal the genetic determinants of complex pheno- 
types and provide tools for manipulating these to maximize selection response (Pater- 
son et al 1991, Tanksley 1993). By QTL analysis, individual genetic components 
associated with a complex trait can be identified; these can then be manipulated inde- 
pendent of the target environment without any confounding effects of the other segre- 
gating loci. 

The objectives of this study were to 
1. Characterize a set of mapping population test-crosses for the expression of 

postflowering drought tolerance in a range of terminal drought-stress environ- 
ments, 

2. Identify plant traits that contribute to increased grain yield in these stress envi- 
ronments, 

3. Identify QTLs associated with drought tolerance of grain yield and its compo- 
nent traits in these stress environments, 
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4. Better understand the biological basis of morphological and physiological traits 

5. Design a marker-assisted breeding program to improve pearl millet grain yield in 
in determining drought tolerance in pearl millet, and 

terminal drought-stress environments. 

Materials and methods 
Plant material and genetic map construction 
Two early maturing inbred lines, H 77/833-2 and PRLT 2/89-33, whose hybrids differ 
in performance under terminal drought stress, were used as parents to produce a seg- 
regating population for restriction fragment length polymorphism (RFLP) map con- 
struction and for QTL analysis. H 77/833-2, referred to as the H 77 parent, is the male 
parent of a number of early, high-tillering, thermo-tolerant pearl millet hybrids, in- 
cluding HHB 67 (843A × H 77/833-2), that are widely cultivated in northwestern 
India. PRLT 2/89-33, referred to as the PRLT parent, is an inbred derived from 
ICRISAT’s Bold-Seeded Early Composite, an elite breeding population based pre- 
dominantly on Iniari landrace germplasm from West Africa, which has a superior 
grain-filling ability under terminal drought stress. The Iniari landrace materials differ 
from Rajasthani-type materials such as H 77/833-2 in many plant characters: they 
have fewer nodal and basal tillers, larger seeds, thicker panicles, and broader leaves. 
An F1 hybrid was produced between the two inbred lines and a single F 1 plant was 
selfed to produce the seed from which 150 F 2 plants were grown. Leaf tissues were 
collected from each of 150 individual F 2 plants for DNA isolation and RFLP genotyping 
necessary for genetic map construction. 

Pearl millet DNA isolation, restriction enzyme digestion, gel electrophoresis, 
Southern transfer, probe labeling, and filter hybridization were essentially as described 
in Liu et a1 (1994). Linkage analysis was carried out using Mapmaker (Lander and 
Botstein 1989). The RFLP map of this cross currently comprises 50 markers reason- 
ably well distributed over the seven linkage groups of pearl millet, with an average 
spacing of approximately 7 cM. The genetic map length of this cross (approximately 
350 cM) obtained using these 50 markers was comparable to the consensus map of 
pearl millet (Liu et al 1994). 

For phenotyping grain yield and its component traits in terminal drought-stress 
environments, a subset of 104 F 3 progenies derived from the mapped individual F 2 
plants was test-crossed to a common female parent (843A) to produce 104 test-cross 
hybrids. Test-cross hybrids were produced on the parental inbred lines as well. Traits 
were phenotyped using test-crosses rather than the mapped progenies for several rea- 
sons: 
1. To restore plant vigor in inbred progenies that are otherwise too weak for screen- 

ing under stress conditions; 
2. To employ a more realistic representation of pearl millet cultivars that farmers 

use, which are either a homogeneous set of highly heterozygous single-cross 
hybrid plants or a heterogeneous mixture of heterozygous open-pollinated plants; 
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3. To follow the normal selection procedure of superior hybrid parent lines, based 
on their general and specific combining ability assessed in test-crosses on (an) 
unrelated inbred tester(s); and, finally, 

4. To use the dominantly inherited early flowering of the tester to reduce variation 
in flowering time within the test-cross population and to focus the mapping on 
specific traits for drought tolerance rather than traits or responses associated with 
drought escape. 

Crop management and data recorded 
The performance of test-crosses under terminal drought stress was characterized us- 
ing managed terminal-stress environments created with controlled irrigation. The test- 
crossed progenies of 104 F 4 lines (experiment 1) and 92 F 4 lines (experiments 2 and 
3) and two parents were evaluated using a randomized complete block design in three 
field experiments at the ICRISAT-Patancheru, India, research farm during the dry 
seasons (January to May) of 1997 (experiment 1) and 1998 (experiments 2 and 3). 
The dry season at ICRISAT-Patancheru is usually rain-free, with a high mean air 
temperature and large water vapor pressure deficit, which provide an excellent oppor- 
tunity to expose plants to controlled but severe drought stress by adjusting the timing 
of irrigation (Bidinger et al 1987a). Drought stress in experiment 1 began at the early 
grain-filling stage by withholding irrigation at approximately the flowering stage. 
Irrigation in experiments 2 and 3 was withheld a week before flowering time to initiate 
stress at the flowering stage. An unexpected rain and hail storm relieved drought 
stress during grain filling in experiment 1, resulting in a small reduction in grain 
yields. Experiments 2 and 3, however, were free from such interruption by rains, and 
yields were reduced by much greater amounts. In addition to the terminal stress envi- 
ronment, all the experiments had an irrigated control environment that received nor- 
mal irrigation throughout the growing season. The irrigated control treatment applied 
50 mm of irrigation water at weekly intervals so as to saturate the soil near its field 
capacity using either drip irrigation (experiments 2 and 3) or surface flooding (ex- 
periment 1 ). 

All three experiments were machine-planted on ridges spaced 0.6 m apart, and 
thinned to a final plant population of approximately 10 plants m -2 at 2 wk after plant- 
ing. Test-crosses in all three experiments were evaluated using a randomized com- 
plete block design with three replications. In experiment 1, they were evaluated in a 
plot size of 2 rows 4 m long; 3 m of these two rows were used to record pre- and 
postflowering data. In experiments 2 and 3, they were evaluated in a single-row plot 
4 m long (because of space constraints under the shelter) and pre- and postflowering 
data were recorded for a 3-m row. Times to flowering were recorded as the days to 
stigma emergence in 50% of the main shoot panicles in a plot. At harvest, data were 
recorded on the number of plants and number of panicles per plot, dry stover yield, 
grain yield, and 100-seed weight. Data on grain yield, stover yield, total plant bio- 
mass yield at maturity, and panicle numbers were expressed on a per-m 2 basis. Panicle 
grain number [(100 × grain yield)/(panicle number × 100-seed weight)] was derived 
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from these primary data. Harvest index (grain yield/biomass yield) was calculated on 
a plot basis. In addition to agronomic traits, the mapping population test-crosses were 
also evaluated for their expression of physiological responses to drought stress such 
as leaf rolling, leaf senescence, and osmotic adjustment (data not reported). 

Data analysis 
Analysis of variance was performed to determine the significance of genetic varia- 
tion between test-crosses for all the traits measured in the irrigated control and in 
stress environments. Drought tolerance (i.e., expression maintenance under stress 
conditions) of grain yield and grain yield-component traits was calculated as the ratio 
of trait expression in each stress environment to trait expression in the paired irrigated 
control environment. 

QTL mapping was performed on the entry mean performance values for indi- 
vidual traits from control and stress environments and on their calculated drought- 
tolerance values using the method of interval mapping with the QTL mapping soft- 
ware package Mapmaker-QTL 1.1 (Lander and Botstein 1989). Genetic effects at- 
tributed to individual putative QTLs and the percent phenotypic variation explained 
by each QTL were also estimated by the software. An additive genetic model was 
used for the analysis of test-cross progenies. This is because test-cross progenies de- 
rived from a heterozygous F 2 plant are a sample of the two parental alleles in combi- 
nation with the tester allele, and the average value of the heterozygote is the average 
of the homozygotes (Cowen 1988, Beavis et al 1994). 

Results and discussion 
Expression of grain yield and grain yield-component traits 
As a result of terminal drought stress, the reduction in grain yields, compared with 
those of the irrigated controls, in three terminal-stress environments ranged from 28% 
in experiment 1 to 61% in experiment 3 (Fig. 1). The variation in drought-stress in- 
tensities in these three terminal-stress environments was due to the later time of ini- 
tiation of the stress and the effects of the rainstorm that occurred during grain filling 
(experiment 1) and to different sowing dates and soil moisture holding capacities in 
the fields used for experiments 2 and 3. This variation in stress intensities observed in 
the three stress environments gave us an opportunity to determine whether it is pos- 
sible to identify QTLs that consistently increase pearl millet grain yields in a range of 
terminal drought-stress environments. 

In experiments 1 and 2, terminal drought stress reduced grain yield primarily by 
reducing 100-seed weight. In experiment 3, reductions in grain yield were attribut- 
able to reductions in 100-seed weight, panicle number m-2, and panicle grain number, 
indicating an earlier onset of the stress (Fig. 2). Although 100-seed weight was the 
component most affected in all three stress environments, terminal drought stress 
also resulted in reduced stover and biomass yields, and harvest indices, in all three 
stress environments. Because of the effects of drought on component traits, the nor- 

QTL analysis and marker-assisted breeding of traits. . . 215 



Fig. 1. Mean grain yield of mapping population test-crosses in the irrigated control and terminal- 
stress treatments in the three experiments. 

Fig. 2. Reductions in means of grain yields and grain yield-component traits for mapping population 
test-crosses in three terminal drought-stress experiments. 

mal (i.e., control treatment) component-trait correlations of traits such as 100-seed 
weight and harvest index with grain yield were substantially higher in the stress envi- 
ronments than in the control environments (Table 1). 
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Table 1. Means and heritabilities of traits evaluated in three terminal drought-stress environ- 
ments. The significance of differences of the means of individual test-crosses in each of the 
terminal drought-stress environments is given. 

Experiment 1 Experiment 2 Experiment 3 

Mean h 2 Mean h 2 Mean h 2 
Trait 

Panicle number m -2 

Panicle grain number 
100-seed weight (g) 
Harvest index (%) 
Grain yield (g m -2 ) 

23.6 a 

1,181 a 

0.80 a 

38.7 a 

220 ns 

25.6 
48.8 
70.1 
41.4 
21.0 

75.8 
75.9 
68.9 
56.1 

8.3 

13.g a 

1,116 a 

0.61 a 

35.0 a 

93.5 b 

65.2 
64.4 
57.5 
42.3 
27.8 

14.2 a 

1,447 a 

0.73 a 

39.4 a 

146 ns 

a Significant at <0.001 level of probability. b Significant at <0.01 level of probability. ns = nonsignificant. 

Genetic parameters of the test-cross population 
Genotypic differences among test-crosses for all grain yield-component traits in all 
the stress environments were highly significant ( P <0.001), as judged by F-ratios 
from the analyses of variance (Table 1). Genetic differences among the test-crosses 
for grain yield were significant, however, in experiment 1 only. Coefficients of varia- 
tion were low for almost all traits in all three stress environments, which indicated 
that the field experiments were conducted with an adequate degree of precision. The 
low heritabilities (h 2 ) observed for some traits in stress environments were due to the 
lower genetic variation observed for these traits in stress environments compared 
with their counterpart irrigated control environments. A larger ratio of genotype by 
environment variance to genotypic variance and reduced population means in the 
stress environments both lead to lower trait heritabilities there than in nonstressed 
environments (Blum 1988). 

Effect of flowering time and yield potential on expression 
of grain yield in stress environments 
The range in flowering time (based on the main panicle) in the mapping population 
test-crosses was relatively small (Fig. 3A). In all three stress environments, grain 
yield was not correlated to either flowering time or grain yield in the irrigated con- 
trols (Fig. 3A,B). Similar effects of flowering time and yield potential on the grain 
yield of mapping population test-crosses in stress environments were also evident in 
other growing seasons (Yadav et al 1998). This suggests that the differences in grain 
yield of test-crosses in stress environments were not influenced by differences in 
either flowering time or yield potential. But there were significant grain yield differ- 
ences in only one environment. This also meant that, by using this mapping popula- 
tion test-cross, mapping can focus on traits and responses that are directly associated 
with drought tolerance per se rather than on those that simply reflect indirect effects 
of drought escape and/or yield potential. 
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Fig. 3. Relationship of flowering time in the irrigated control to grain yield in the stress environ- 
ment (A) and relationship of grain yield potential in the irrigated control to grain yield in the stress 
environment (B) for mapping population test-crosses in terminal drought-stress experiments (data 
shown for experiment 1 only). 

QTL analysis 
QTLs associated with the maintenance of harvest index, 100-seed weight, 
and grain yield in stress environments 
QTLs for 100-seed weight and harvest index in all three terminal-stress environments 
mapped to linkage group 2 (Fig. 4A). The QTL for panicle grain number in experi- 
ment 3 also mapped to this genomic region on linkage group 2 (this component was 
reduced by terminal drought stress only in experiment 3). The PRLT allele for this 
putative QTL on linkage group 2 was associated with increased 100-seed weight, 
harvest index, and panicle grain number in these stress environments. Panicle num- 
ber m -2 and stover yield in stress environments were also mapped to this position, but 
the effect of the PRLT allele on these traits was to reduce their performance in stress 
environments (Fig. 4A). A QTL for maintenance of biomass yield in the most severe 
stress environment (experiment 3) also mapped to this linkage group and the PRLT 
allele was associated with increased maintenance of biomass yield. Increased harvest 
index and 100-seed weight associated with this QTL, simultaneously with a reduc- 
tion in stover yield, suggested that increased 100-seed weight in the stress environ- 
ments may have been achieved by the effect of this QTL on more efficient transloca- 
tion of stored assimilates in the stover. Maintenance of biomass yield associated with 
this QTL in experiment 3 further suggested that this QTL is associated with increased 
dry matter production also during the stress period. Delayed leaf rolling was also 
mapped to this position on linkage group 2 and it was associated with increased har- 
vest index, 100-seed weight, and panicle grain number in the stress environments. 

In this mapping population, a QTL for panicle number m -2 mapped to linkage 
group 2 in both the stress environments and irrigated control environments (data not 
shown). This QTL, however, was not associated with drought tolerance of panicle 
number m -2 (Fig. 4A). This indicated that this QTL was associated with inherent ge- 
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Fig. 4. Quantitative trait loci on linkage groups 2 (A), 4 (B), and 6 (C) associated with the expression 
of test-cross grain yield and grain yield-component traits in three stress environments. Traits 
shown on the left side of the linkage group are those whose performance at the QTL is increased 
by the H 77 allele and on the right side of the linkage group are those whose performance at the 
QTL is increased by the PRLT allele. Numbers written as superscripts on the trait names indicate 
the total number of stress environments in which the particular trait was mapped at that QTL. 
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Table 2. Grain yield-component trait correlations with grain yield in irrigated control and termi- 
nal drought-stress environments of three experiments. 

Trait 
Experiment 1 Experiment 2 Experiment 3 

Control Stress Control Stress Control Stress 

Panicle number m -2 

Panicle grain number 
100-seed weight 
Harvest index 

0.46 a 

0.39 a 

0.05 ns 
0.38 a 

0.48 a 

0.24 a 

0.07 ns 
0.47 a 

0.52 a 

0.27 a 

0.01 ns 
0.28 a 

0.46 a 

0.21 a 

0.40 a 

0.54 a 

0.50 a 

–0.13 ns 
0.35 a 

0.24 a 

0.31 a 

0.61 a 

0.60 a 

0.80 a 

a Significant at <0.01 level of probability, ns = nonsignificant. 

netic differences in panicle number m -2 in these mapping population test-crosses. 
Though panicle number m -2 was positively correlated to grain yield in both the im- 
gated control and stress environments (Table 2), it was negatively associated with 
100-seed weight at the QTL on linkage group 2 (Fig. 4A). To ascertain whether in- 
creased 100-seed weight associated with the QTL on linkage group 2 was due to its 
effect on increased harvest index or due to inherent genetic differences in panicle 
number m -2 , 100-seed weight was predicted as a function of panicle numbers in the 
irrigated control environment using regression. Interestingly, the QTL for such pre- 
dicted values of 100-seed weight mapped to this same region on linkage group 2 and 
the PRLT allele at this interval was associated with increases in both harvest index 
and 100-seed weight. Similarly, the predicted values of grain yield from the panicle 
number m -2 in all three stress environments also mapped to this QTL on linkage group 
2 and the PRLT allele consistently increased grain yield in the three stress environ- 
ments. This indicated that the effect of this QTL on increased harvest index was 
achieved due to its effect on increased 100-seed weight and grain yield in the stress 
environments. As expected, the drought tolerance of grain yield, 100-seed weight, 
harvest index, and panicle grain number in stress environments was also mapped to 
this genomic region on linkage group 2 (Fig. 4A). The PRLT allele for this QTL 
increased both drought tolerance and the performance of grain yield, 100-seed weight, 
harvest index, and panicle grain number in the stress environments. The effect of this 
QTL on harvest index, 100-seed weight, and grain yield was evident in all three ter- 
minal drought-stress environments and this explained up to 24.6% of the phenotypic 
variation in grain yield (Table 3). 

QTL associated with maintenance of harvest index and panicle number m -2 

in stress environments 
Another interesting putative QTL for harvest index was obtained on linkage group 4 
(Fig. 4B). The PRLT allele for this QTL was associated with increased harvest index 
in the stress environments of experiment 1. At this QTL, increased harvest index was 
again associated with decreased stover yield in the stress environments. As on linkage 
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Table 3. Effects (LOD score and the percentage of phenotypic variation explained) of the QTL 
identified on linkage group 2 on 100-seed weight, harvest index, and grain yield in terminal 
drought-stress environments of three experiments. 

Experiment 1 Experiment 2 Experiment 3 

LOD r 2 LOD r 2 LOD r 2 
Trait 

100-seed weight 
Harvest index 
Grain yield m -2 

4.54 
2.32 
2.06 

21.9 
11.0 
10.1 

4.68 
2.73 
2.48 

23.1 
13.3 
13.9 

4.08 
4.00 
5.56 

20.3 
18.2 
24.6 

group 2, increased harvest index conferred by the PRLT allele for the QTL was asso- 
ciated with a simultaneous reduction in stover yield, again suggesting that increased 
harvest index was achieved by increased translocation of assimilates from the stover 
to the grains. Co-mapping of drought tolerance of panicle number m -2 at this QTL 
(Fig. 4B) suggests that increased harvest index in terminal drought-stress environ- 
ments conferred by this allele led to the maintenance of effective tiller numbers in 
these environments. 

QTL associated with maintenance of harvest index and seed weight in 
stress environments 
Yet a third interesting putative QTL for harvest index in all three terminal drought- 
stress environments was obtained on linkage group 6 (Fig. 4C). The expression of 
harvest index, 100-seed weight, panicle number m -2 , panicle grain number, stover 
yield, and biomass yield in the stress environments was also mapped to this interval. 
In this case, the “H 77 allele” at this QTL increased harvest index, 100-seed weight, 
and panicle number m -2 in the stress environments but reduced panicle grain number, 
stover yield, and biomass yield (Fig. 4C). Again, as we observed earlier on linkage 
groups 2 and 4, increased harvest index mapping to this interval was associated with 
decreased stover yield and biomass yield. As for the QTL on linkage group 4, in- 
creased harvest index from this QTL on linkage group 6 was associated with earlier 
flowering and maintenance of effective tiller number (i.e., panicle number m -2 ). As 
we observed on linkage group 2, increased harvest index from this QTL was also 
associated with maintenance of 100-seed weight (Fig. 4C). 

Though panicle number m -2 in the stress environments was also mapped at this 
QTL on linkage group 6, it was again the inherent genetic differences in panicle num- 
ber and not the drought-tolerance response of panicle number that were mapped at 
this QTL (Fig. 4C). The H 77 allele increased 100-seed weight and drought tolerance 
for this grain yield component, but was associated with reduced panicle grain num- 
ber. This allele was not associated with increased grain yield in terminal drought- 
stress environments because of its antagonistic effects on the grain yield components 
of test-crosses. 
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Marker-assisted varietal improvement 
In this study, three regions of the pearl millet genome specifically associated with 
terminal drought tolerance have been identified. One such region on linkage group 2 
had its effect on grain yield whereas the other two had no effects on grain yield be- 
cause of their antagonistic effects on other grain yield components. The putative QTLs 
identified have large effects (Table 3) and appear to correspond to possible tolerance 
mechanisms. These QTLs have been shown to be effective across a range of terminal 
drought-stress environments and should enhance drought tolerance over a range of 
conditions. By using test-crosses on 843A to identify these QTLs, we have demon- 
strated that they will be expressed in hybrid combination with one of the most eco- 
nomically important seed parents of early maturing pearl millet hybrids in India. The 
H 77/833-2 parent of the mapping population used in this study is the male parent of 
three single-cross hybrids released in India, one of which (HHB 67, on seed parent 
843A) is rapidly becoming the most popular hybrid in that country. Improvement of 
the drought tolerance of this elite inbred should further improve the acceptability and 
yield stability of its hybrids in most drought-prone pearl millet-growing regions of 
South Asia. 

The QTLs identified in this study can be used immediately in a marker-assisted 
backcrossing program for hybrid parental line improvement because their effects have 
already been assessed in the test-crosses. Marker-assisted backcrossing of the PRLT 
alleles for putative QTLs on linkage groups 2 and 4 into the H 77/833-2 background 
and of the H 77 allele for the putative QTL on linkage group 6 into the PRLT 2/89-33 
background is already under way in our laboratory. The near-isogenic lines so devel- 
oped will not only help us in confirming the value of these QTLs but will also provide 
genetic tools to further our understanding of the physiological and biochemical path- 
ways involved in drought tolerance conditioned by the identified QTLs. In addition, 
they will provide a base for the map-based cloning of genes contributing to this drought 
tolerance. After initial testing, these versions of elite inbred pollinators with improved 
terminal drought tolerance will be made available for commercial hybrid seed pro- 
duction. 
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Analysis of two rice populations 
for constitutive root system 
morphology and preliminary 
QTL analysis 
A. Kamoshita, L.J. Wade, J. Siopongco, Jingxian Zhang, M.L. Ali, 
M.S. Pathan, S. Sarkarung, and H.T. Nguyen 

Variation and quantitative trait loci (QTL) for a deep and thick root system were com- 
pared in anaerobic lowland soil 45 days after sowing. Two rice populations, 220 doubled- 
haploid lines from the cross of upland japonica and lowland indica (CT9993/IR62266) 
and 184 recombinant inbred lines from the cross of lowland indica (lR58821/IR52561), 
were compared. Thirteen traits, categorized into three groups (shoots, deep roots, 
and thick roots), were analyzed in two seasons of contrasting temperature and radia- 
tion. Large transgressive variations for deep root traits in CT9993/IR62266 and for 
thick root traits in lR58821/IR52561 were identified. Genotype by season interaction 
was always smaller than genotypic variation, but these were comparable for deep and 
thick root traits in lR58821/IR52561, with only three QTLs for deep and thick root 
traits identified in common across the two plantings. In CT9993/IR62266, seven 
common QTLs for deep or thick root traits were found, but four of them were the same 
for shoot dry weight or plant height. The results suggested potential genetic improve- 
ment of constitutive root traits of rainfed lowland rice by introgressing upland japonica 
and by crossing within lowland indica. Careful selection of the screening environment 
for phenotyping is required, however, and effects of shoot growth under saturated 
conditions need to be taken into account in the populations from upland and lowland 
crosses. 

Rainfed lowland rice is grown in bunded fields, with soil conditions ranging from 
anaerobic to aerobic during crop growth (Wade et al 1998, Wade, this volume). Rice 
plants have to develop their root system under anaerobic flooded conditions, which 
results in different expressions of root anatomy and gross root morphology from those 
under an upland aerobic environment. Champoux et al (1995) compared selected 
lines in both aerobic and anaerobic conditions and found significant interaction for 
rooting depth. In rainfed lowlands, rice generally encounters a water deficit late in the 
growing season. Thus, two kinds of traits need to be studied. Constitutive traits are 
expressed under anaerobic, non-water-stressed conditions, do not require water stress 
for their expression, and may demonstrate variation that is subsequently modified by 
adaptive traits. Adaptive traits, such as root penetration index or osmotic adjustment 
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(Zhang et al, this volume, “Progress on the molecular mapping. . .”), are subsequently 
expressed in response to water deficit or soil physical/chemical barriers. Less research 
attention has been given to constitutive traits than to adaptive traits. 

A deep and thick root system has been assumed advantageous for improved 
drought tolerance in the rainfed lowland ecosystem, based on evidence from upland 
rice (O’Toole 1982, Fukai and Cooper 1995). For a simulated rainfed lowland in a 
greenhouse, Azhiri-Sigari et al (1999) and Kamoshita et a1 (1999) observed a positive 
effect of root system development under anaerobic well-watered conditions on sub- 
sequent plant growth during progressive water stress. Genotypes differed in constitu- 
tive root traits and subsequent responses of adaptive root traits, especially in deeper 
soil layers, and this caused greater water extraction. In the field, the evidence is less 
clear. Roots are generally shallow in rainfed lowlands (Pantuwan et al 1997), but 
genotypes differ in root growth in deeper layers (Samson and Wade 1998). Despite 
the few roots in deeper layers, rainfed lowland rice can extract water from below 15- 
cm soil depth (Samson et al 1999). 

Genetic improvement in the root system of rainfed lowland rice has been slow, 
however, partly because of the lack of a validated screening system for phenotyping. 
Attempts have begun to identify quantitative trait loci (QTLs) for root traits in order 
to screen lines for desired root traits by using DNA markers (Ray et al 1996, Champoux 
et al 1995, Yadav et al 1997, Price and Tomos 1997, Nguyen et al 1997). To achieve 
success, the choice of screening system for phenotyping in conditions appropriate to 
the target rainfed lowland environment is essential. This is because of sensitivity of 
QTL identification to errors in phenotyping related to difficulty in measurement, and 
trait manifestation affected by plant size and phenology that interact with the water 
stress imposed. Thus, genotype by environment interaction, even in the absence of 
water stress, may confound QTL identification, making some QTLs specific to the 
screening conditions imposed (Jansen et al 1995). Little attention has been given in 
QTL literature to the screening system for phenotyping the root system that is rel- 
evant to the target environment of rainfed lowland rice. 

Only four rice populations have been tagged for QTLs associated with the ex- 
pression of root traits under hydroponic (Price and Tomos 1997) or upland (Ray et al 
1996, Champoux et a1 1995, Yadav et al 1997, Shashidhar et al, this volume, Zhang et 
al, this volume, “Progress on the molecular mapping. . .”) conditions. The small number 
of populations may limit extrapolation of the results from characterization of 
experimental populations to screening of breeding lines. There were no reports for 
indica/indica populations, for anaerobic lowland conditions, or for rainfed lowland 
water stress in the field. Further phenotyping for QTL analysis is essential for 
constitutive and adaptive traits, with crosses from different genetic backgrounds, 
particularly for anaerobic lowland conditions for constitutive root traits. 

This chapter examines phenotypic variation and QTLs for gross root morphology 
under anaerobic lowland conditions in contrasting growing seasons between two rice 
populations. The effect of screening environment on QTL identification and potential 
genetic improvement of rainfed lowland rice will also be discussed. 
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Materials and methods 
Plant population 
A population of 220 doubled-haploid lines (DHLs) from the cross between CT9993- 
5-10-1-M (CT9993; japonica, upland adapted) and IR62266-42-6-2 (IR62266; in- 
dica, lowland adapted) and a population of 184 recombinant inbred lines (RILs) from 
the cross between IR58821-2-3-B-1-2-1 (IR58821; indica, lowland adapted) and 
IR52561-UBN-1-1-2 (IR52561; indica, lowland adapted) were developed at the In- 
ternational Rice Research Institute (IRRI), Los Baños, Philippines (14°11'N, 121°15'E, 
23 m altitude), to tag genes for root penetration capacity, gross root morphology, and 
osmotic adjustment. The DHLs were derived from anther culture (Shashidhar et a1 
1994) and the RILs were developed by single-seed descent to the F 7 generation. The 
gross root morphology of the four parental lines was characterized under both stress 
and nonstress conditions in the greenhouse (Azhiri-Sigari et al 1999) and in the field 
(Sarkarung et al 1997, Samson and Wade 1998). Azhiri-Sigari et al (1999) showed 
that CT9993 had a slower initial growth rate under anaerobic flooded conditions, but 
had thicker roots and, in the later growth stage, deeper roots than IR62266. IR58821 
had a larger deep root mass and greater root penetration capacity than IR52561 at 
Rajshahi, in northwest Bangladesh (Samson and Wade 1998). 

Setup of pot experiments 
Root morphology was evaluated in two different pot experiments at the IRRI green- 
house for each of the two populations (Table 1). For the 220 DHLs, the two experi- 
ments were conducted from November to December 1997 (DH1) and from May to 
July 1998 (DH2), respectively, using a 15 × 15 alpha design with three replicates. For 
the 184 RILs, the two experiments were conducted using a 14 × 14 row-column alpha 
design from August to September 1997 (RI1) and using a 12 × 16 alpha design from 
February to March 1998 (RI2), respectively, with three replicates. An evaporative 

Table 1. Characteristics of the four screening environments. 

Experiment Parents of Number Sowing Heat sum c Radiation Soil 

(°C) 
code lines of lines a date b (°C d) (MJ m -2 d -1 ) temperature d 

DH1 

DH2 

RI1 

R12 

CT9993 
lR62266 
CT9993 
lR62266 
lR58821 
lR52561 
lR58821 
lR52561 

220 (36) 

220 (1) 

184 (0) 

184 (2) 

1 Nov 97 

16 May 98 

8 Aug 97 

3 Feb 98 

868 

1,098 

1,031 

987 

17.1 

18.9 

17.6 

21.5 

27-32 

29-34 

28-33 

27-34 

a Number of lines missing in parentheses. b Harvest was at 45-47 days after sowing (DAS) for RI1 and R12, 42- 
44 DAS for DH1, and 48-50 DAS for DH2, respectively. c Base temperature was taken as 9 °C (Kropff et al 
1994). Range of mean soil temperatures from 800 h to 1500 h. 
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gradient from the center to the side of the greenhouse was observed in the first experi- 
ment (RIl), so replicates were arranged perpendicular to this gradient in subsequent 
experiments. 

Four to five pregerminated seeds of each DHL or RIL were sown on the wet soil 
and thinned to one healthy seedling per pot by about 10 d after sowing (DAS). The 
sowing dates were 1 November 1997, 16 May 1998, 8 August 1997, and 3 February 
1998 in the DH1, DH2, RI1 , and RI2 experiments, respectively. Several lines were 
missing due to germination failure in each experiment (Table 1). 

A cylindrical pot made of polyvinyl chloride (PVC), of 20-cm interval diameter 
and 55-cm depth with a plastic bag insert, was filled with 20 kg of air-dried Maahas 
clay soil (28% clay, 44% silt, and 28% sand, pH 5.2) (Wopereis 1993). At first, 17 kg 
of soil was carefully put into the plastic bag inside the pot to eliminate any gaps 
between the plastic bag and the inner wall of the pot, and about 6 kg of water was 
added. The whole soil layer was then mixed with a wooden stick until standing water 
remained. When the soil surface shrank, another 3 kg of air-dried soil was put into the 
pot, more water was added, and the soil was puddled again. The exterior of the pot 
was covered with aluminum foil at 23 DAS in RI1 and from sowing in the other three 
experiments to minimize any rise in soil temperature in pots in the greenhouse in 
order to minimize high-temperature effects on root growth (Nagai and Matsushita 
1963). 

Sufficient levels of N fertilizer (1.26 g of N as urea 46-0-0) were supplied based 
on the results of Regmi (1995). Solo-phos (0-18-0) equivalent of 0.33 g of P and 
muriate potash (0-0-60) equivalent of 0.62 g of K were also applied at puddling and 
mixed thoroughly into the puddled soil. The level of standing water was maintained 
at about 2 to 4 cm by watering daily. No disease or insect damage occurred. 

Measurements 
The daily minimum and maximum air temperature and soil temperature at 5-cm depth 
from the soil surface were recorded at 800 h and 1500 h in the greenhouse. Solar 
radiation data came from the IRRI wetland meteorological station about 500 m from 
the greenhouse. The heat sum with a base temperature of 9 °C and average daily solar 
radiation during the experimental period were calculated (Table 1). DH1 had a much 
smaller heat sum than DH2. RI1 had a lower solar radiation than RI2. Thus, each 
population was grown in two seasons of contrasting temperature and radiation. There 
was little difference in the range of measured soil temperatures across the four experi- 
ments. 

The plants were sampled at 42-44 DAS in DH1 and at 48-50 DAS in DH2 and at 
45-47 DAS in RI1 and RI2. A total of 13 traits were measured in three categories: 
shoot, deep root, and thick root traits (Table 2). Plant height and tiller number were 
measured 1 d before the sampling dates. Plants were cut at the soil surface. The soil 
mass inside the plastic sleeve was slowly pulled out of the PVC pots and the soil 
divided into layers of 0-10, 10-20, 20-25, 25-30, 30-35, 35-40, 40-45, and 45-50 
cm from the soil surface. Roots were carefully separated from the soil on the 1 -mm 
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Table 2. The thirteen traits (grouped into shoot, deep root, and thick root traits) analyzed in the 
four screening experiments. 

Abbreviation Trait Unit 

Shoot traits 
SDW 
PH 
TN 

RDW 
DRDW 
DRDW/RDW 
RDW/TN 
DRDW/TN 
RDW/SDW 

Deep root traits 

Thick root traits 
RDmax 

RT10 
RT25 
RTDEEP 

Shoot dry weight 
Plant height 
Tiller number 

Total root dry weight 
Deep root dry weight below 30-cm depth 
Deep root ratio 
Total root weight per tiller 
Deep root weight per tiller 
Root to shoot ratio 
Maximum rooting depth 

Root thickness in 0-10-cm depth 
Root thickness in 20-25-cm depth 
Root thickness in deepest soil layer 

g plant -1 

cm 
plant -1 

g plant -1 

g plant -1 

% 
mg tiller -1 

mg tiller -1 

% 
cm 

mm 
mm 
mm 

sieve screen (Schuurman and Goedewaagen 1965). The dry weight of each plant com- 
ponent was measured after drying at 70 °C for 4 to 5 d. Shoot dry weight was deter- 
mined as the sum of aboveground biomass, including stem base. Total root dry weight 
and deep root dry weight below the 30-cm soil layer were obtained, and the deep root 
ratio, the proportion of the latter to the former, was calculated. Total root dry weight 
per tiller and deep root dry weight per tiller were examined by dividing total and deep 
root dry weight by the total number of tillers. Root to shoot ratio was determined by 
dividing total root dry weight by shoot dry weight. Maximum rooting depth was cal- 
culated from the deepest soil layer where roots were present and the longest root 
measured in the layer. Root thickness was measured by microcaliper at 0-10 cm, 20- 
25 cm, and the deepest soil layer for seven to ten randomly chosen primary roots. 

Analysis of variance was conducted using the SAS package for an alpha design 
except for experiment DH1, in which a randomized block design was used because 
several lines were missing. Analysis of variance was also conducted for the combined 
data over two seasons for each population to estimate the size of the genotype by 
season interaction. Phenotypic correlation between traits was calculated for each ex- 
periment and for the combined data. 

Map construction and QTL analysis 
The two populations were genotyped with molecular markers of restriction fragment 
length polymorphisms (RFLPs), amplified fragment length polymorphisms (AFLPs), 
and microsatellites at Texas Tech University (Ali 1999, Zhang et al 1999). The two 
linkage maps were constructed with MapMaker Macintosh Version 2.0 and QTL analy- 
sis was conducted by employing interval mapping based on MapMaker/QTL (ver- 
sion 1.1) with the LOD value set to 2. For the CT9993/IR6226 DHL population, 154 
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lines were used to construct the map that consisted of 145 RFLPs, 153 AFLPs, and 17 
microsatellites. For the IR58821/IR52561 RIL population, 166 lines were used for 
map construction and the map had 383 AFLPs and 106 RFLPs. To conduct QTL 
analysis, the lines used for phenotyping had to match those used for genotyping. 
Therefore, a subset of lines from each population (154 and 166, respectively) was 
selected for QTL analysis. 

Results 
Seasonal effect on growth 
Though the sampling dates were similar, seasonal changes in temperature and solar 
radiation affected plant growth for each population (Table 3). Except for plant height, 
root to shoot ratio, root thickness in the 0-10-cm depth, and root thickness in the 
deepest soil layer, most traits had higher values in DH2 than in DH1. RI2 had higher 
values for shoot dry weight, tiller number, total root dry weight, and total root weight 
per tiller and lower values for plant height, deep root dry weight, deep root ratio, deep 
root weight per tiller, and maximum rooting depth than RI1. Root thickness in the 20- 
25-cm depth and root thickness in the deepest soil layer were higher in RIl than in 
RI2. 

Genotype by season interaction 
The parents differed in most of the traits in DH2, RI1, and RI2, but only shoot traits, 
total root weight per tiller, and root thickness in the 0-10-cm layer differed in DH1 
(Table 3). Parental rankings were the same for most traits in both populations over the 
two seasons. CT9993 had consistently higher values for plant height, total root dry 

Table 3. Mean values of 13 traits among each population in each season. 

Trait DH3 DH4 RI1 R12 

Shoot traits 
Shoot dry weight (g plant -1 ) 
Plant height (cm) 
Tiller number (plant -1 ) 

Total root dry weight (g plant -1 ) 
Deep root dry weight below 30-cm 

depth (g plant -1 ) 
Deep root ratio (%) 
Total root weight per tiller (mg tiller -1 ) 
Deep root weight per tiller (mg tiller -1 ) 
Root to shoot ratio (%) 
Maximum rooting depth (cm) 

Root thickness in 0-10cm depth (mm) 
Root thickness in 20-25cm depth (mm) 
Root thickness in deepest soil layer (mm) 

Deep root traits 

Thick root traits 

21.9* 
104*** 

30*** 

2.86 

0.02 
0.7 

99*** 
0.8 

13 
37 

1.3** 
0.7 
0.4 

35.1*** 
108*** 

35*** 

3.98+ 

0.21 
5.1** 

120*** 
6.6** 

12* 
45 

1.2*** 
0.9* 
0.4+ 

29.5*** 41.3* 
122*** 113*** 

32 40 

3.89*** 5.41*** 

0.11*** 0.06*** 
3.0** 1.0*** 

3.8*** 1.4*** 
125** 139*** 

13* 13** 
45* 40*** 

1.3* 1.3** 
1.1* 0.8** 
0.7 0.3 

+, *, **, ***; the two parents differed significantly at P = 0.10, 0.05. 0.01, and 0.001, respectively. 
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weight per tiller, and root thickness in the 0-10-cm depth and lower values for shoot 
dry weight and tiller number than IR62266 in both DH1 and DH2. Maximum rooting 
depth was comparable. For deep root dry weight and deep root ratio, CT9993 had 
higher values (0.28 g, 6.4%) than IR62266 (0.18 g, 3.7%) in DH2, but their ranking 
changed in DHl (0.02 g and 0.5% in CT9993, 0.03 g and 0.8% in IR62266). IR58821 
had consistently higher values for shoot dry weight, total root dry weight, deep root 
dry weight, deep root ratio, total root dry weight per tiller, deep root dry weight per 
tiller, root to shoot ratio, maximum rooting depth, root thickness in the 0-10-cm depth, 
and root thickness in the 20-25-cm depth and a lower value for plant height than 
IR52561 in both RI1 and RI2. For tiller number and root thickness in the deepest soil 
layer, IR58821 had higher values than IR52561 in RI1, but the values were compa- 
rable in RI2. 

Genotype by season interaction (G × S) was significant, but its mean square was 
smaller than that of genotypic variation (G) for all traits in both populations. The ratio 
of G × S to G mean squares was in most cases less than 0.5 in the DHLs except for 
deep root dry weight, deep root ratio, deep root dry weight per tiller, and root thick- 
ness in the deepest soil layer. In RILs, the G × S to G mean square ratio was between 
0.5 and 1.0 for shoot dry weight, total root dry weight, deep root ratio, deep root dry 
weight per tiller, root to shoot ratio, maximum rooting depth, root thickness in the 0- 
10-cm depth, and root thickness in the 20-25-cm depth, so the genotype by season 
interaction was larger in RILS than in DHLs. 

Transgressive variation 
In the combined analysis, the populations were comparable in the size of the geno- 
typic variation for all 13 traits. Figure 1 shows examples of the distribution of deep 
root dry weight and root thickness in the 0-10-cm depth among parents and progeny. 
There was large transgressive variation for deep root dry weight in DHLs and for root 
thickness in the 0-10-cm depth in RILs. 

Shoot-root correlation 
There was a strong phenotypic correlation between shoot dry weight and total root 
dry weight in both populations, with coefficients higher in CT9993/IR62266 than in 
IR58821/IR52561 (Table 4). Deep root dry weight was also correlated with shoot dry 
weight, with the coefficient higher in CR9993/IR62266. Root thickness in the 0-10- 
cm depth and root thickness in the 20-25-cm depth were correlated with shoot dry 
weight and plant height in CR9993/IR62266, while in IR58821/IR52561 only root 
thickness in the 20-25-cm depth and shoot dry weight were correlated. 

QTL analysis 
Table 5 lists the numbers of QTLs for each of the 13 traits examined in each experi- 
ment. In general, there were more QTLs in common across the two seasons in CT9993/ 
IR62266 than in IR58821/IR52561. For deep and thick root traits, seven and three 
QTLs were identified in common across the two seasons in CT9993/IR62266 and in 
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Fig. 1. Distribution of deep root dry weight (A,C) and root thickness at 0-10-cm soil depth (B,D) 
among lines of the population CT9993/IR62266 (A,B) and among lines of the population lR58821/ 
lR52561 (C,D) in experiments DH2 and RI2. 

Table 4. Phenotypic correlation between some of the root and shoot traits in CT9993/IR62266 
and lR58821/IR52561. 

Traits CT9993/IR62266 lR58821/IR52561 

Root dry weight and shoot dry weight 0.83** 
Deep root dry weight below 30-cm depth 

and shoot dry weight 0.54** 
Root thickness in 0-10-cm depth 

and shoot dry weight 0.34** 
Root thickness in 0-10-cm depth and plant height 0.50** 
Root thickness in 20-25-cm depth and shoot dry weight 0.48** 

0.73** 

0.36** 

0.08 ns 
0.03 ns 
0.38** 

** = significant at P= 0.01; ns = not significant. 
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Table 5. Number of QTLs for 13 traits in individual experiments and in common across both 
experiments for each population. 

Trait CT9993/IR62266 lR58821/IR52561 

DH1 DH2 Both RI1 RI2 Both 

Shoot traits 
Shoot dry weight 4 
Plant height 11 
Tiller number 5 

Total root dry weight 8 
Deep root dry weight 

below 30-cm depth 0 
Deep root ratio 2 
Total root weight per tiller 7 
Deep root weight per tiller 2 
Root to shoot ratio 2 
Maximum rooting depth 5 

Root thickness in 0-10-cm depth 9 
Root thickness in 20-25-cm depth 6 
Root thickness in deepest soil layer 0 

Deep root traits 

Thick root traits 

3 
7 
8 

5 

6 
5 
7 
4 
4 
2 

6 
5 
3 

1 
4 
2 

3 

0 
2 
3 
2 
0 
1 

3 
2 
0 

4 
8 
6 

0 

6 
7 
6 
4 
0 
2 

2 
2 
5 

2 
6 
3 

0 

6 
5 
7 
4 
4 
3 

2 
2 
1 

0 
2 
1 

0 

1 
0 
1 
1 
0 
1 

0 
1 
0 

Table 6. Number of QTLs identified at the same marker locations for selected root and shoot 
traits in CT9993/IR62266 and IR58821/IR52561 populations. 

Traits CT9993/IR62266 lR58821/IR52561 

Root dry weight and shoot dry weight 
Deep root dry weight below 30cm depth and 

Root thickness in 0-10-cm depth and shoot 

Root thickness in 0-10-cm depth and plant height 
Root thickness in 20-25-cm depth and shoot dry weight 

shoot dry weight 

dry weight 

5 

2 

2 
6 
2 

0 

2 

1 
1 
0 

IR58821/IR52561, respectively. The range of phenotypic variation explained by a 
single QTL in common ranged from 8% to 34% in CT9993/IR62266, and from 8% to 
22% in IR58821/IR52561. The QTLs for deep or thick roots traits, which accounted 
for more than 20% of phenotypic variation, were all mapped with QTLs for shoot 
traits in CT9993/IR62266. There were five QTLs for both shoot dry weight and total 
root dry weight and six QTLs for both plant height and root thickness in the 0-10-cm 
depth in CT9993/IR62266 (Table 6). 
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Discussion 
For most traits, there was no crossover interaction between the parents of both popu- 
lations in the two seasons. But a larger genotype by season interaction and more 
season-specific QTLs for deep and thick root traits were found in IR58821/IR52561 
than in CT9993/IR62266. This contrasting response over populations emphasizes the 
plasticity of constitutive root traits, particularly in IR58821/IR52561. Consequently, 
selection of screening conditions for phenotyping that are relevant to the critical char- 
acteristics of the target environment in drought-prone rainfed lowland fields is essen- 
tial. 

At lower temperature in DH1, CT9993, which is characterized as having deep 
roots (Shashidhar et al 1994, Sarkarung et al 1997), did not express its deep root 
weight by the time of sampling (42-44 DAS). Wade et a1 (1999) and Azhiri-Sigari et 
al (1999) reported a slower shoot and root growth rate in CT9993 compared with 
other rainfed lowland genotypes under anaerobic lowland conditions. Considering 
the strong correlation between root and shoot biomass and many genetic linkages 
between root and shoot mass in CT9993/IR62266, QTLs for total root dry weight and 
deep root dry weight in CT9993/IR62266 need to be interpreted with care. Some may 
be pleiotropic, and some may simply be a result of differences in adaptation to anaerobic 
conditions. This requires further study. 

In spite of large seasonal effects, even in anaerobic well-watered conditions, seven 
and three QTLs for deep and thick root traits were identified in common over seasons 
in CT9993/IR62266 and IR58821/IR52561, respectively, and transgressive variation 
was large for deep root dry weight in CT9993/IR62266 and for root thickness in the 
0-10-cm depth in IR58821/IR52561. Consequently, there is potential for genetic im- 
provement of the root system in both of these populations. Though few lines had a 
larger deep root dry weight than IR58821 in the IR58821/IR52561 population, subse- 
quent evaluation for adaptive root traits (such as osmotic adjustment or root penetra- 
tion index) or for agronomic suitability (such as phenology) may reveal lines superior 
to IR58821 in the population. 

This study confirmed the importance of the screening environment for phenotyping 
of constitutive root traits, and suggested a potential for genetic improvement of the 
root system of rainfed lowland rice by using the DNA marker approach. Further analysis 
of additional populations and of epistasis and comparison of constitutive and adap- 
tive traits are needed. 
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Molecular marker-assisted 
tagging of morphological and 
physiological traits at the peak 
vegetative stage: two contrasting 
moisture regimes 
H.E. Shashidhar, G.S. Hemamalini, and S. Hittalmani 

Root morphology under well-watered conditions sampled on two occasions and under 
moisture stress was studied in a randomly chosen subset of 56 doubled-haploid lines 
derived from a cross between IR64 and Azucena. A molecular map of the same popu- 
lation served as the basis for locating quantitative trait loci (QTLs) controlling root 
morphology and associated traits. Regions flanking the restriction fragment length 
polymorphism markers RZ730-RZ801 on chromosome 1 were associated with plant 
height in all three sampling environments. This position corresponds to sd-1, a 
semidwarfing gene. Fifteen QTLs were detected at the two developmental stages, of 
which only four were common. Twenty-one QTLs for different traits were detected un- 
der moisture stress. Although two QTLs for plant height on chromosomes 1 and 3 
were common, none of the loci for root morphological traits was common between the 
two different moisture regimes. The absence of common QTLs for root traits between 
two developmental stages and two moisture regimes suggests the existence of paral- 
lel genetic pathways operating at different growth stages and under different moisture 
regimes. Root volume and total root number per plant decreased significantly under 
stress, whereas maximum root length and plant height exhibited nonsignificant in- 
creases under stress. 

Rice ( Oryza sativa L.) is a semiaquatic species adapted to a variety of climates. Se- 
lection under divergent ecological habitats, sometimes assisted by farmers or breed- 
ers, has enabled a vast array of genetic variation for several important survival and 
productivity traits to be produced and conserved. Intensive breeding efforts have re- 
sulted in enhanced productivity in irrigated rice habitats mainly because of fertilizer- 
responsive and genetically superior varieties developed particularly for this high-in- 
put situation. Rainfed rice research, in contrast, has received little attention from crop 
scientists. Traditional rice varieties that are nonresponsive to improved management 
practices are still cultivated in large areas of southern Karnataka, India. Such mar- 
ginal lands receive comparatively few inputs because of the very nature of subsis- 
tence agriculture (IRRI 1995). There is an urgent need to develop rice varieties with 
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higher yield potential and drought-tolerance characteristics of traditional accessions. 
Improving productivity under water-limiting growth conditions by selecting high- 
yielding genotypes is not reliable because of the highly fluctuating nature of yield per 
se, which is the manifestation of complex interactions. For increased productivity, 
identifying the adaptive traits that determine yield under drought is essential. 

Drought tolerance can augment rice productivity in rainfed rice lands affected by 
inadequate or erratic rainfall. Several physiological, morphological, and phenologi- 
cal traits have been reported to improve the performance of crops affected by drought. 
Adaptive mechanisms of plants in response to drought have been reported and re- 
viewed by several scientists (Arraudeau 1989, Bidinger and Witcombe 1989, 
McWilliam 1989, Ludlow and Muchow 1990, Fukai and Cooper 1995, Nguyen et al 
1997, Chopra and Sinha 1998). Root systems are an important component of drought 
resistance because they influence the amount of water available to the crop depend- 
ing on their distribution in the soil. Among root morphological traits, maximum root 
length and root thickness are associated with drought tolerance in upland conditions. 
Increased root thickness improves drought tolerance because the roots are capable of 
increasing root length density and water uptake by producing more and larger root 
branches (Ingram et al 1994). It also allows roots to penetrate the hardpans character- 
istic of some lowlands. Under rainfed lowland conditions, greater root length density 
below 30 cm and a moisture-stress-induced dynamic response in the 10-30-cm soil 
layer were associated with drought tolerance (Ingram et al 1994). 

Despite ample genetic variability for various parameters of root system architec- 
ture, its genetic improvement using conventional selection based on phenotype alone 
is difficult (O’Toole 1989). Screening genotypes for root traits has rarely been incor- 
porated into breeding programs because of the time-consuming nature of the work 
and complex inheritance pattern (quantitative genetic control). O’Toole (1989) opined 
that molecular marker technology shows “near-term use for improving drought resis- 
tance breeding.” Rapid advances in molecular marker technology have helped in de- 
veloping highly saturated molecular maps in rice (McCouch et al 1988, Saito et al 
1991, Causse et a1 1994, Kurata et al 1994) and have made it possible to study the 
inheritance pattern of complex traits such as grain yield (Stuber et al 1992) and fruit 
quality in tomato (Paterson et al 1991) and to study gene action governing complex 
triats (Stuber et al 1992, Basten et al 1996). Genes for any quantifiable trait can be 
tagged using high-density molecular maps. QTL mapping provides a powerful tool 
for conducting physiological and genetic research to understand and possibly im- 
prove drought tolerance. It facilitates screening for traits that are difficult to quantify 
and that are influenced by environmental “stimuli” (Hanson et al 1990). 

In rice, reports on QTL mapping of component traits for drought tolerance are 
relatively few. Champoux et al (1995) pioneered tagging root morphology and leaf 
rolling in rice. Hardpan root-penetrating ability was studied by Ray et al (1996) and 
tagged to molecular markers. Recent reports of tagging root morphology and physi- 
ological traits include the ones by Yadav et al (1997), Price et al (1997), and Ali 
(1999). Lilley et al (1996) investigated osmotic adjustment in a mapping population 
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and found molecular markers associated with the expressed phenotype. Our study 
reports the tagging of QTLs for root and shoot morphology in two contrasting mois- 
ture regimes at the peak vegetative stage of crop growth (before flowering) to identify 
QTLs associated with “root genes” expressed under moisture stress and nonlimiting 
moisture conditions, and to study trait sensitivity of genotypes to low-moisture stress. 

Materials and methods 
Plant material 
A doubled-haploid (DH) population consisting of 56 lines, a randomly chosen subset 
of a population of 135, originally developed from a cross between IR64, an indica 
variety, and Azucena, a traditional aromatic japonica variety developed by Guiderdoni 
et al (1992) at IRRI, was used. IR64 is a high-yielding improved semidwarf variety 
suitable for irrigated habitats, whereas Azucena is a more drought-tolerant variety. 

RFLP map 
Huang et a1 (1994) generated a preliminary restriction fragment length polymorphism 
(RFLP) map of this population. A total of 175 RFLP markers, which were polymor- 
phic in a parental survey, were used to construct a linkage map using Mapmaker 
(Lander 1993). To date, the linkage map covers 2,005 cM, with an average distance of 
11.5 cM between markers. Distribution of IR64 alleles for each marker and each line 
was roughly symmetrical, suggesting no overall bias toward either parent (Huang et 
al 1997). 

Experimental details 
The experiment was carried out at the Hebbal campus of the University of Agricul- 
tural Sciences, Bangalore, India, during the wet season of 1996. Fifty-six DH lines 
were grown in light gray polyvinyl chloride (PVC) cylinders (75 cm long, 18 cm 
diameter) in a randomized complete block design. In a field, PVC cylinders were 
placed in subsurface pits so that the tops of the cylinders were at the ground level. 
PVC cylinders were filled to 1.5 cm from the top with sandy loam soil and well- 
decomposed farmyard manure in the ratio of 4: 1. Three seeds per genotype were 
sown directly into the soil and were thinned after 10 d, taking care to maintain one 
plant per genotype in each replication for all the treatments. The experiment con- 
sisted of three sets of 56 genotypes, with three replications in each set (see Box 1). 
Moroberekan, Azucena, IR64, and IR20 were used as checks. The first set consisted 
of plants that were well watered (irrigated every other day) to 65 days after sowing 
(65 DAS, well-watered treatment). On the 65th day, plant height and tiller number 
plant -1 were recorded. Cylinders with soil and plant were thoroughly soaked in water 
and the soil column was carefully pushed onto an iron mesh for collecting root samples. 
The second set consisted of plants that were well watered (every other day) for 85 d 
(85 DAS, well-watered treatment). On the 85th day, data were recorded as in the 65 
DAS treatment. The third set consisted of plants that were well watered for 65 d. 
From the 65th day onward, irrigation was withheld and rainfall was prevented using 
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a rainout shelter to develop moisture stress (85 DAS, moisture stress) slowly. On the 
85th day (end of stress period), plant height and tiller number plant -1 were recorded 
and roots were sampled for further observations. 

For the second and third sets of the experiment, soil moisture determinations 
were made by a gravimetric method (Brady 1985). Soil moisture was 22.0% and 
3.5% under well-watered and moisture-stress conditions, respectively. 

Plant height and tiller number plant -1 were measured on intact plants just before 
root sampling. After separating the soil column from the pipes, the root mass was 
washed thoroughly and root characters such as maximum root length (in cm), root 
volume (in cm 3 by the water displacement method), root number (by actually count- 
ing the roots after separating the crown portion while immersed in a trough of water), 
root thickness (at 1 cm from the crown of the plants measured in mm using a micro- 
scope and standardized ocular micrometer), and root and shoot dry weight (8) were 
recorded. Based on the dry-weight observations, root-to-shoot ratio by dry weight 
was computed. The observations were recorded as described above in all three sets/ 
treatments. In addition, in the third set (85 DAS, moisture-stress condition), leaf roll- 
ing using an index of 1 (no rolling) to 5 (completely rolled) (O’Toole and Moya 1978) 
and drought score devised by IRRI (IRRI 1980), based on a rating of dead leaves, 
were assessed, where 1 = green leaves and 5 = plants with dead leaves longer than 15 
cm. 
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Statistical analysis and QTL mapping 
The data of the three treatments were subjected to ANOVA to partition the variance. 
Interval analysis was performed to detect QTLs using the computer package 
Mapmaker/QTL (Lander 1993). A LOD threshold of 1.5 was adopted for analysis 
because the threshold value is a function of the sample size used (Doerge 1993). 
Mean values of all traits in the second and third sets of the experiment, which 
represented “85 DAS, well-watered treatment” and “85 DAS, moisture-stress 
treatment,” were tested for significant differences using the paired t-test. 

Results and discussion 
The high level of genetic variation built into the DH population derived from the 
IR64/Azucena cross has encouraged its use by several groups around the world (Chen 
et a1 1997, Yadav et al 1997, Zheng et a1 1996, Hemamalini 1997). In this study, IR64 
and Azucena contrasted significantly for most traits (Table 1). This contrasting be- 
havior is responsible for the wide range of variability among the DH lines for the 
characters studied. Analysis of variance revealed highly significant differences among 
the DH lines for all the characters studied. Transgressants were observed for most 
traits. 

Trait sensitivity to moisture stress 
Mean values of “85 DAS, well-watered” and “85 DAS, moisture-stress” treatments 
were tested for significant differences using the paired t-test (Table 2). Although plant 
height and maximum root length were greater in the moisture stress, the increases 
were nonsignificant. Total number of tillers plant”, total number of roots plant”, root 
volume, root dry weight, and root thickness decreased significantly under stress. Other 
traits were not significantly affected by the magnitude of the drought treatment imposed 
in the present study. Trait sensitivity to stress was therefore evident. 

Correlation between different traits is common and can arise both genetically 
and environmentally. Table 3 shows the comparison of correlation values under con- 
trasting moisture regimes for root and shoot morphological traits. The different mois- 
ture regimes changed both the magnitude and the sign of the correlation coefficients. 
Total root number was significantly associated with root length and root volume un- 
der moisture stress, but no significant association was detected under the well-wa- 
tered condition. The association of plant height with root volume and total root num- 
ber was more dramatic. There was a complete reversal in the association, with the 
correlation being positive and significant under moisture stress and negative under 
the well-watered condition. 

Different water regimes were at least partially responsible for the differential 
expression of most QTLs observed in this study, even though how the differential 
expression of QTLs is triggered by environmental factors remains unknown. Never- 
theless, correlated traits have been mapped in similar positions, suggesting their com- 
mon genetic control. When a single marker is associated with two or more traits, 
genetic drag may occur when selection is made for an allele at this locus. The effect of 
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Table 2. Mean values of traits under 85 d after sowing (DAS), well-watered condition and 85 
DAS, low-moisture stress and t statistic. 

Trait Units 85 DAS 85 DAS Paired 
WW a S b t-test c 

Shoot characters 
Plant height 
Number of tillers 
Shoot dry weight 

Root characters 
Max. root length 
Root volume 
Root dry weight 
Root thickness 
Number of roots 

Whole-plant characters 
Total dry weight 

Derived characters 
Number of roots tiller -1 

Root-shoot ratio 
Root dry weight tiller -1 

cm 
# 
g 

cm 
cm 3 

g 
cm 
# 

g 

# 

g 

– 

46.46 
7.62 
4.87 

24.27 
13.87 

2.10 
0.98 

76.64 

6.97 

11.73 
0.59 
0.31 

47.67 
6.52 
4.01 

26.13 
8.87 
1.73 
0.89 

50.30 

5.74 

9.20 
0.48 
0.30 

ns 
* 
* 

** 
ns 

ns 
** 
** 

ns 

* 
ns 
** 

a WW = well-watered treatment. b S = low-moisture stress. c* & ** = significant at 5% and 1% level of significance, 
ns = not significant. 

genetic drag on marker-aided selection for QTLs may vary considerably depending 
on the nature and magnitude of the genetic drag. 

Differences in trait sensitivity to moisture stress were also made evident by the 
magnitude of the increase or decrease in each trait value compared with (1) the absolute 
value of the 85 DAS sample time under well-watered condition and the 85 DAS 
sample time under moisture-stress conditions and (2) the numerical increase above 
values obtained at the 65 DAS sampling in the well-watered condition. Table 4 presents 
the percent increase or decrease at 85 DAS in the well-watered condition and moisture 
treatment compared with the 65 DAS treatment for the genotypes studied. For most 
traits, across genotypic classes, the absolute values decreased in the moisture-stress 
treatment. IR20, the susceptible check, showed higher sensitivity than either IR64 or 
Azucena because most traits showed a decrease at 65 DAS. 

There was consistent behavior across genotypes for three traits—number of tillers 
plant -1 , total root number, and root length. Number of tillers and total root number 
decreased in the DH lines, the parents, and all the checks. The two traits are known to 
be strongly correlated to each other. Here again, IR20 showed greater sensitivity than 
other genotypes. Azucena showed a low level of sensitivity for these traits. In IR64, 
the number of roots was more sensitive to stress than the number of tillers. IR64, 
Azucena, and IR20 showed an increase in root length under moisture stress compared 
with the well-watered condition. The magnitude of the increase was the highest in 
IR64, followed by Azucena, IR20, and the DH line mean (data not shown). For root- 
to-shoot ratio, all genotypes and DH lines exhibited a significant reduction as indi- 
cated by the negative values (change in %) under moisture stress. Interestingly, Azucena 
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showed no change in the root-to-shoot ratio. Azucena appeared to be able to maintain 
a certain ratio even under the moisture stress, although there was a reduction in both 
shoot and root dry weight. 

Under the well-watered treatment, IR64 had greater shoot and total dry matter 
than Azucena and IR20. In contrast, Azucena had a greater total root volume than 
IR64 under moisture stress. 

QTL mapping of traits under the well-watered condition 
For the 65 DAS treatment, 15 QTLs controlling the measured traits were detected 
(Table 5). Two QTLs for plant height on chromosomes 1 and 3 individually explained 
22.1% and 27% of the phenotypic variance, respectively. A total of five genomic 
segments on chromosomes 1, 6, 7, and 10 were associated with total root number. 
Azucena alleles at all QTLs but the one on chromosome 6 caused a decreased total 
root number (Table 5, Fig. 1). Four QTLs affecting root thickness were identified on 
chromosomes 2, 5, 8, and 9. The QTL flanked by RG157 and RZ318 on chromosome 
2 was detected at a LOD of 3.21 and explained 26.7% of total phenotypic variance 
(Fig. 1). 

For the 85 DAS treatment, we also identified 15 QTLs for the traits recorded in 
this data set (Table 5). Three QTLs for plant height were mapped to three of the 12 
chromosomes (Fig. 1). Two QTLs were mapped to chromosomes 1 and 3 (LOD scores 
of 3.63 and 3.42, respectively) and accounted for 29.2% and 27% of phenotypic vari- 
ance, respectively. Only one significant QTL, for maximum root length, was mapped 
to chromosome 4 at a LOD of 2.07. Azucena alleles at this locus decreased maximum 
root length by 3.04 cm. Five QTLs controlling number of tillers were mapped, one 
each to chromosomes 1, 3, and 4 and two to chromosome 8. The QTLs on chromo- 
somes 4 and 8 were detected at LOD scores of 2.51 and 2.80, respectively. The IR64 
allele at the QTL on chromosome 4 increased tiller number, while the QTL on chro- 
mosome 8 decreased tiller number plant -1 . Two QTLs affecting root thickness were 
mapped to chromosome 2 flanked by RG157 and RZ318, and Pall and RZ58. 

The interval mapping results of “65 DAS, well-watered” and “85 DAS, well- 
watered” were compared to identify QTLs that were common for the two data sets 
representing two developmental stages of the vegetative phase. Two QTLs for plant 
height were common between the two stages, with one QTL mapping to the RZ730- 
RZ801 region on chromosome 1. This genomic segment is closely linked to the map 
position of sd-1, a major gene controlling semidwarfism (Cho et al 1994). Similarly, 
the second common QTL controlling plant height was closely mapped to RZ448 on 
chromosome 3. Further, a locus influencing root thickness marked by RG157 and 
RZ318 on chromosome 2 was detected in both stages. In total, 15 QTLs were de- 
tected in both the “65 DAS, well-watered” and “85 DAS, well-watered” conditions. 
Of these, only three QTLs were common between the two stages. It appears that 
different sets of QTLs “show up” under different developmental stages within the 
vegetative stage itself. 
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Table 5. Putative QTLs identified under two growth stages and contrasting moisture regimes 
imposed during the vegetative stage. 

Plant height (cm) 65 DAS 

85 DAS 

85 DAS e 

No. of tillers (#) 65 DAS 
85 DAS 

85 DAS e 

Root length (cm) 65 DAS 
85 DAS 
85 DAS e 

Total root number (#) 65 DAS 

85 DAS 
85 DAS e 

Root volume (cm 3 ) 65 DAS 

85 DAS 
85 DAS e 

Root thickness (cm) 65 DAS 

85 DAS 

Root dry weight (g) 85 DAS 
85 DAS e 

Root-shoot ratio 85 DAS 

Drought score (1-5) 85 DAS e 

Leaf rolling (1-5) 85 DAS e 

Traits Sampling a Flanking QTL b Chromo- Vari- 
markers some ance c 

RZ730-RZ801 sd1 1 22.1 
RZ448-RZ337A qPHT3-1 3 27.0 
RZ730-RZ801 sd1 1 29.2 
RZ519-RZ448 qPHT3-2 3 27.0 
RG958-CD0344 qPHT12-1 12 16.9 
RZ730-RZ801 sd1 1 24.9 
RZ519-RZ448 qPHT3-2 3 16.1 

RZ-143-RG20 qNOT8-1 8 15.3 
RG810-RG331 qNOT1-1 1 15.8 
RZ448-RZ519 qNOT3-2 3 15.8 
RG449-RG788 qNOT4-2 4 19.8 
AlOK250-AG8Aro qNOT-8-1 8 21.3 
AC5-RG418B qNOT8-4 8 14.3 
RG171-RG157 qNOT2-1 2 15.5 
RZ329-RG348 qNOT3-1 3 14.6 
RG91-RG449 qNOT4-1 4 12.4 
RZ617-RG978 qNOT8-3 8 25.7 

RG214-RG143 qRTL4-2 4 12.7 
RG163-RZ590 qRTL4-1 4 16.0 
RG381-RZ19 qRTL1-1 1 13.7 
RG171-RG157 qRTL2-1 2 15.4 

RG472-RG246 qTRN1-1 1 14.1 
W1-RG173 qTRN1-2 1 24.5 
RG477-PGMS0.7 qTRN7-1 7 15.7 
RG134-RZ500 qTRN10-1 10 13.4 
PGMS0.7-CD059 qTRN7-1 7 15.3 
RG171-RG157 qTRN2-1 2 17.4 
Pdl-RZ58 qTRN2-2 2 25.1 
RZ123RG520 qTRN2-3 2 17.7 

RG403-RZ556 qRTV5-1 5 13.5 
RZ67-RZ70 qRN5-3 5 15.1 
RZ337B-CD0497 qRTV7-1 7 14.3 
RG171-RG157 qRTV2-1 2 15.6 
RG104-RG348 qRTV3-1 3 21.4 

RG157-RZ318 qRTT2-1 2 26.7 
RG313-RZ556 qRTT5-1 5 19.1 
AC5-RG418B qRTT8-1 8 21.6 

Pal1 -RZ58 qRTT2-3 2 12.4 
RG157-RZ318 qRTT2-2 2 16.7 

RG171-RG157 qRTW2-1 2 13.3 
RG348-RG104 qRDW3-1 3 20.8 

RG173-Amyl8 qRS1-1 1 12.7 

RG908-RG91 qDRS4-1 4 14.4 
RG181-RG958 qDRS12-1 12 16.1 

PGMS0.7-CD059 qLFR7-1 7 11.9 

Addi- 
tivity d 

4.32 
4.74 
4.96 
4.66 
3.75 
5.19 
4.04 

0.62 
-0.96 
-0.97 
-1.15 
1.16 

-0.99 
-0.99 
-0.82 
-0.77 
1.07 

-1.74 
-3.04 
3.25 

-4.01 

-6.88 
-10.93 

-7.25 
-6.79 
-9.88 
-9.96 

-11.02 
-8.15 

-1.51 
-1.70 
-2.01 
-2.07 
-1.99 

0.05 
0.04 
0.04 
0.05 
0.04 

-0.42 
-0.38 

-0.31 

-0.27 
0.27 

0.36 

LOD 

2.53 
3.03 
3.63 
3.42 
2.04 
2.79 
1.92 

1.94 
2.10 
1.95 
2.51 
2.80 
1.73 
1.63 
1.81 
1.61 
3.54 

1.65 
2.07 
1.64 
1.62 

1.81 
3.00 
2.06 
1.75 
1.58 
1.80 
2.69 
2.26 

1.60 
1.82 
1.74 
1.74 
2.89 

3.21 
2.41 
2.94 
1.66 
1.59 

1.58 
2.80 

1.63 

1.80 
2.03 

1.55 
a QAS = days after sowing. b QTL names as suggested by McCouch et al (1997). c Percentage of phenotypic 
variance explained by the locus. d Phenotypic effect because of substitution of the IR64 allele by the Azucena 
allele. e Represents low-moisture-stress treatment. 
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Fig. 1. Putative QTLs associated with root and shoot morphological traits at two different 
developmental stages and two moisture regimes in doubled-haploid lines of the IR64/Azucena 
mapping population. DAS = days after sowing. 
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QTL mapping of traits—85 days after sowing, moisture-stress condition 
A total of 20 QTLs controlling different traits were distributed on 11 out of 12 rice 
chromosomes; however, no QTL was found for root thickness. Two QTLs were asso- 
ciated with plant height on chromosomes 1 and 3 and were within the intervals RZ730- 
RZ801 and RZ519-RZ448, respectively (Table 5, Fig. 1). Chromosomes 2, 3, 4, 8, 
and 9 contained a total of five QTLs for number of tillers. The QTL on chromosome 
8 flanked by RZ617 and RG978 was detected at a LOD of 3.54 and explained 25.7% 
of total phenotypic variance. Two QTLs affecting drought score were detected on 
chromosomes 4 and 12 and explained 14.4% and 16.1% of phenotypic variance, re- 
spectively. Three QTLs controlling maximum root length were mapped to chromo- 
somes 1, 2, and 9. The locus on chromosome 9 flanked by RZ206 and RZ422 ac- 
counted for 14.7% of phenotypic variance. The allele from the male parent (Azucena) 
increased the maximum root length by 7.02 cm. Similarly, the allele of Azucena at the 
locus flanked by RG171 and RG157 (chromosome 2) decreased the maximum root 
length by 4 cm. Two QTLs affecting root volume were mapped to chromosomes 2 
and 3. The locus on chromosome 3 explained 21.4% of total phenotypic variance for 
root volume and had an additive effect of 1.99 cm3. Three genomic segments on 
chromosome 2 and one on chromosome 4 were associated with total root number, all 
of which had decreasing effects on the traits compared to the phenotypic means of 
plants carrying the IR64 alleles. Four QTLs of decreasing effect on total root number 
 plant-1 were mapped to chromosomes 2 and 4. One of the QTLs on chromosome 2 
flanked by Pal1 and RZ58 was detected at a LOD of 2.69 and explained 25.1% of 
phenotypic variance. Only one locus had a decreasing effect on root dry weight and it 
was located on chromosome 3. The genomic segment flanked by PGMS0.7 and CDO59 
on chromosome 7 was associated with leaf rolling. It accounted for 11.9% of pheno- 
typic variance for the trait. 

QTLs specific to moisture-stress condition 
The interval analysis results of “85 DAS, well-watered” and “85 DAS, moisture stress,” 
representing two moisture regimes, were compared to identify QTLs specific to 
moisture stress. In total, 21 QTLs controlling different traits were detected under the 
moisture-stress condition, and 15 QTLs were detected under the 85 DAS, well-watered 
condition at a threshold of 1.5. Of these, the only locus common between the two 
contrasting moisture regimes was for plant height on chromosomes 1 and 3. The 
nonoccurrence of common QTLs for root traits between the two moisture regimes 
may have been due to the existence of a parallel biochemical, physiological, or ge- 
netic pathway for plant growth and development. The study consisted of only 56 
genotypes from an indica-japonica cross, but it involved two contrasting moisture 
regimes and sampling at two developmental stages. Ceccarelli and Grando (1993) 
reported that yield under stress and yield potential (under well-watered growth condi- 
tions) are mutually exclusive events by repeated testing of a large number of geno- 
types in barley. Beavis and Keim (1996), in a study with the F2-4 generations of maize, 
reported that “no QTLs were detected consistently across all environments. QTLs 
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were identified that were unique to either stress or nonstress environments." Austin 
and Lee (1998) reported similar results in their study involving yield and yield com- 
ponents under stress and nonstress environments. Yamaguchi-Shinozaki and Shinozaki 
(1997) observed four parallel signal transduction pathways for the perception of stress 
stimuli and triggering expression of stress-responsive genes. 

QTLs that are expressed specifically under a moisture-stress environment need 
to be observed for their coincidence with QTLs for yield under drought. The ultimate 
aim is to design an ideotype that is drought-resistant and at the same time produces an 
acceptable grain yield under moisture-limiting growth conditions. Therefore, it is 
important to conduct yield trials to detect QTLs for yield traits and to test the coinci- 
dence of map positions of QTLs for yield under stress, root morphological traits, 
shoot morphological traits, and physiological traits under moisture-stress conditions 
induced at the appropriate developmental stage of the crop. 

Evidence of pleiotropy or linkage 
Interval analysis revealed chromosomal regions where QTLs affecting more than one 
trait were mapped. This congregation may be due to tight linkage, pleiotropy, or a 
causal relationship between traits. Developmentally correlated traits (such as number 
of tillers and number of roots in rice) mapping to the same chromosome regions have 
been reported by Paterson et al (1991) in tomato, Lebreton et al (1995) in maize, and 
Xiao et al (1996) and Yadav et al (1997) in rice. From the results of interval mapping 
of "85 DAS, well-watered,'' we found that the chromosomal segment flanked by RZ519 
and RZ448 on chromosome 3 contained QTLs for plant height and number of tillers 
plant -1 (Table 5, Fig. 1). The alleles on this locus had an increasing effect on plant 
height but a decreasing effect on number of tillers plant -1 . It is interesting to note that 
these two traits show a significant negative correlation with each other in the works 
of Yoshida and Hasegawa (1982) and Hemamalini (1997). Chromosomal regions with 
multiple QTLs were also found under moisture-stress conditions. A locus flanked by 
RG171 and RG157 (chromosome 2) contained QTLs for total root number plant -1 , 
number of tillers plant -1 , maximum root length, root dry weight, and root volume. 
Researchers have found that these traits possess strong correlations among them- 
selves (Ekanayake et al 1985, IRRI 1982, 1984, Salam and Subramanian 1988, Shahid 
et al 1994). In the current study, a locus on chromosome 9 flanked by RZ206 and 
RZ422 was associated with number of tillers and maximum root length, two traits 
known to show a strong positive correlation with each other. Interestingly, the locus 
contributed positively to both traits. Fine-mapping of such chromosomal regions will 
help us discern the actual genetic control of these congruent traits. If common prim- 
ers or other markers can be identified for such traits, combined selection for them is a 
possibility. 

Identifying primers associated with root length 
In a related study from this laboratory, we adopted the strategy of bulk segregant 
analysis using 10 contrasting accessions differing for root length (± 2 standard devia- 
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tions from the mean) and 500 random primers ( 10mer), and we were able to identify 
one primer co-segregating with root length. The 500-kb band was associated with 
deep rooting habit. QTL mapping indicated that the derived polymorphism maps to 
RG381 on chromosome 1 and G1084 on chromosome 10. The loci on chromosome 1 
flanked by RG381-RZ19 is associated with root length under moisture stress in this 
population (Hemamalini 1997). Mapmaker/QTL showed that these loci accounted 
for 24.4% and 21.4% of the phenotypic variance for maximum root length, respectively. 
The LOD values were 4.2 and 4.6, respectively. 

Stable QTLs for root traits over different environments and populations 
We compared QTLs detected in our investigation with those identified by Yadav et a1 
(1 997) in DH lines of IR64/Azucena to identify stable QTLs over environments. Three 
QTLs responsible for root length located on chromosomes 1, 2, and 9 were also de- 
tected by Yadav et al (1997). These regions were located in the regions flanked by 
RG381 and RZ19 (chromosome 1) and by RG171 and RG157 (chromosome 2), and 
in the region flanked by RZ206 and Amy3ABC (chromosome 9). Similarly, two QTLs 
for root thickness were common between the two studies. They were on chromo- 
somes 2 and 8 flanked by Pal1 and RZ58 and AC5 and RG418B, respectively. One 
locus flanked by RZ422 and Amy3ABC on chromosome 9 influencing root-to-shoot 
dry weight was also common. We found that common QTLs exhibited allelic effects 
in the same direction. The consistency of QTLs across different environments and 
mapping populations is essential for marker-aided selection to be practiced. Our study 
identified some molecular markers linked to root traits and moisture-stress-induced 
root responses, which will help in molecular fine-mapping to identify tightly linked 
markers. This can help us understand the genetic interactions among traits contribut- 
ing to drought resistance and probably allow us to answer questions on pleiotropic or 
tight linkage. In our molecular marker-assisted breeding program, where the locally 
well-adapted, deep-rooted, drought-resistant, poor-yielding genotype is used as a fe- 
male, we need to select for higher grain yield, which we expect to be contributed by 
an improved semidwarf male parent. 

A marker-assisted selection strategy for drought resistance should therefore also 
consider the trait-specific loci expressed under moisture stress. Certain chromosomal 
regions or loci may influence several traits simultaneously, because of either pleiot- 
ropy or tight linkage. Specialized plant materials such as chromosomal substitution 
lines for specific QTLs can be developed to distinguish the underlying genetic causes. 
We are using flanking markers associated with root length and root thickness on chro- 
mosomes 1 and 2 to identify YAC and BAC clones from genomic and cDNA librar- 
ies. The DH lines from the mapping population are being tried in farmers’ fields and 
under artificially imposed moisture-stress situations to quantify the association of 
desirable root morphology with drought tolerance and quantify grain yield loss under 
drought conditions. 
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Mapping root and shoot traits in 
rice: experience in UK, IRRI, 
and WARDA 
A. Price, K. Steele, J. Townend, J. Gorham, A. Audebert, M. Jones, 
and B. Courtois 

A mapping population of 205 recombinant inbred lines derived from a cross between 
two drought-tolerant upland rice varieties, Azucena and Bala, has been used to identify 
genomic regions contributing to drought tolerance. We describe analyses of screens 
conducted in the dry season at the International Rice Research Institute (IRRI) over 
two seasons and at the West Africa Rice Development Association (WARDA) over one 
season. Performance under drought was assessed visually as leaf rolling and leaf 
drying and by measuring relative water content. Using a combined RFLP and AFLP map 
with 134 markers, quantitative trait loci (QTLs) with LOD >2.0 detected using compos- 
ite interval mapping were found on all chromosomes except 4, 6, 8, and 11. The same 
population has been used to locate QTLs associated with root morphology assessed 
in two different greenhouse experiments in the UK. Maximum root length and root 
thickness traits were mapped and showed considerable plasticity. We discuss the 
results in the context of previous work on drought screening and root-morphology 
mapping with other populations and root penetration QTLs identified in this popula- 
tion. We also discuss progress toward identifying valuable regions for marker-assisted 
breeding. 

Improving drought tolerance in rice is a goal of breeders targeting rainfed environ- 
ments. The subject has been reviewed by Fukai and Cooper (1995) and Nguyen et al 
(1997). Identifying quantitative trait loci (QTLs) that contribute to drought tolerance 
should speed the achievement of that goal by facilitating a marker-assisted breeding 
approach (see Price and Courtois 1999). One characteristic considered of particular 
value in conferring drought avoidance in rice is the possession of a deep and thick 
root system, which allows access to water at depth. The co-location of QTLs for 
reaction to drought stress in the field with QTLs for root morphology would firmly 
establish the value of root traits in drought tolerance in rice. This has been success- 
fully achieved in one rice population (Champoux et al 1995), but it has yet to be 
shown whether other crosses or the use of diverse screening environments will con- 
firm these encouraging results. 

An F 2 population derived from a cross of two drought-tolerant upland rice variet- 
ies, Azucena and Bala, has been used to locate QTLs theoretically relevant to drought 
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avoidance in rice (Price et al 1997a,b, Price and Tomos 1997). QTLs were reported 
for maximum root length, adventitious root thickness, and the speed of both leaf 
rolling and stomatal closure in excised leaves. The F 2 population has been advanced 
to F 6 by single-seed descent and used to conduct replicated field assessments of per- 
formance under drought. Screens of root morphology have also been conducted un- 
der diverse environmental conditions. These studies primarily aimed to identify re- 
gions of the genome that may be of value when breeding more drought-tolerant rice 
and to evaluate the contribution of root growth to drought tolerance. A linkage map 
with restriction fragment length polymorphism (REP) and amplified fragment length 
polymorphism (AFLP) markers has been produced and QTLs for root penetration 
ability have been identified (Price et al, unpublished results). Here we analyze some 
of the results (which will be published more fully elsewhere) to give an overview of 
progress being made in mapping for drought tolerance and root growth-related traits 
in this cross. 

Materials and methods 
Plant material 
F 6 seeds were collected from a total of 205 F 5 plants produced by single-seed descent 
from an original set of 310 F 2 plants derived from a cross between varieties Bala and 
Azucena. 

Drought screening at IRRI, 1996 
A total of 176 lines plus both parental varieties were sown on 23 January 1996. The 
layout was a factorial design replicated twice with a fully irrigated and a stressed 
treatment. Each plot consisted of 3.0 × 3.0-m-long rows of plants spaced 0.1 m apart, 
with 0.25 m between rows. Every 20 plots, four check-variety plots were sown (check 
varieties IR20, IR50, Moroberekan, and IRAT 104, only data from Moroberekan are 
presented here). Sprinkler irrigation was given every other morning for 2 h, enough to 
wet the soil profile. Watering was withheld from two replicates on 2 March (40 d after 
sowing). On 19 March (after 18 d of stress), 18 mm of rain fell. After 12, 14, 17, 21, 
and 24 d of stress, the degree of leaf rolling was assessed visually according to the 
standard evaluation system of IRRI (International Rice Testing Program 1996). These 
assessments were averaged to give a mean leaf rolling score over the drought period 
(I96LRA). Table 1 shows the abbreviations used for all the traits presented here. After 
26 and 28 d of stress, the degree of leaf drying was assessed visually according to the 
standard evaluation system of IRRI, and these two assessments were averaged to give 
a mean leaf dryness score (I96LDA). 

Drought screening at IRRI, 1998 
A total of 118 lines plus the two parental lines were sown in 0.75 × 2.0-m plots according 
to an a -lattice design with two replications on 12 December 1997 and irrigated 3 times 
weekly by sprinkler until 27 January 1998. Thereafter, water was withheld (starting at 
45 d after sowing) and no rain fell during the stress period. Leaf rolling (after 14, 16, 
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Table 1. Abbreviations for traits presented. 

Abbreviation Description 

Drought-reaction traits 
196LRA 
196LDA 
198LRA 
198LDA 
198RWCA 
WLDA 
WLR16 

Root morphology traits 
ACRL 
ACRT 
ADRL 
ADRT 
BCRL28 
BCRL35 
BCDRW 
BCRTB 
BCRTD 
BDRL28 
BDRL35 
BDDRW 
BDRTB 
BDRTD 

IRRI 1996 season, leaf rolling average 
IRRI 1996 season, leaf drying average 
IRRI 1998 season, leaf rolling average 
IRRI 1998 season, leaf drying average 
IRRI 1998 season, relative water content average 
WARDA, leaf drying average 
WARDA. leaf rolling after 16 d drought 

Aberdeen control, maximum root length 
Aberdeen control, adventitious root thickness 
Aberdeen drought, maximum root length 
Aberdeen drought, adventitious root thickness 
Bangor control, maximum root length after 28 d 
Bangor control, maximum root length after 35 d 
Bangor control, deeproot dry weight 
Bangor control, root thickness at base 
Bangor control, root thickness deep (at 75-cm depth) 
Bangor drought, maximum root length after 28 d 
Bangor drought, maximum root length after 35 d 
Bangor drought, deeproot dry weight 
Bangor drought, root thickness at base 
Bangor drought, root thickness deep (at 75-cm depth) 

18, and 22 d of drought), leaf drying (after 20, 22, and 23 d of drought), and relative 
water content (after 18 and 23 d of drought) were assessed and averaged as above to 
give I98LRA, I98LDA, and I98RWCA. 

Drought screening at WARDA, 1997 
A total of 142 lines plus the parental varieties were sown in three replicated plots in a 
plot size, layout, and randomization similar to the screen at IRRI in 1996. After every 
eight experimental plots, one plot of a check variety (Moroberekan, OS6, or SP14, 
only data from Moroberekan are presented here) was included. Seeds were sown on 
11 January 1997 and watered by boom irrigation every other day. On 5 February (25 
d after sowing), water was withheld from two of the replicates for 30 d. After 14, 16, 
18, 20, 22, 24, 26, 28, and 30 d of stress, the degree of leaf drying was assessed 
visually. As with the IRRI data, an average leaf drying score was calculated (WLDA). 
In addition, data from a single assessment of leaf rolling score taken on the 16th day 
of drought stress are presented (WLR16). 

Aberdeen soil box screen of root growth, 1997 
Plants were grown in soil-filled nylon bags within a box of soil, modified from Townend 
(1995) and Townend and Dickinson (1995). A box 2 × 1 × 1 m (length × depth × 
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width) was constructed from plywood. The box contained 170 plants in a 10 × 17 
pattern placed at 0.1 × 0.12-m spacing. The roots of each plant were held within a 
porous nylon fabric bag (0.9 m deep × 0.08 m diameter). Each bag was filled with soil 
(sandy loam, pH 6.0) and the spaces between bags were filled with the same soil. The 
soil within the bags was therefore in hydraulic contact with that outside the bags and 
hence with all parts of the container. Plants were grown in Aberdeen in a greenhouse 
with air temperatures between 25 and 37 °C, under daylight plus supplementary lighting 
(16-h photoperiod at >250 µmol m-2 s-1 PAR), during the summer of 1997. In the first 
(control) screen, the box was watered regularly (matric potential -5 to -20 kPa); in a 
subsequent (drought) screen, it was not watered (matric potential -490 kPa, decreas- 
ing to -1,480 kPa). After 4 wk, the soil was washed from each plant and maximum 
root length (ACRL and ADRL) and the thickness of the thickest root taken from the 
base of each plant (near the stem, ACRT and ADRT) were measured. 

Bangor thin chamber screen of root growth 
A total of 300 soil-filled chambers were made by taping two sheets of 4-mm-thick 
glass (1.2 × 0.3 m depth × length) 15 mm apart and filling the space with approxi- 
mately 5 L of soil (sandy loam, pH 5.5). These chambers were grouped in stacks of 
six, leaned at an angle of 15° from vertical, and covered to prevent light and radiant 
heat entry. Before sowing, each chamber was saturated with Yoshida's nutrient solu- 
tion, pH 5.5 (Yoshida et a1 1976). For 140 F 6 lines and five replicates of both parental 
varieties, two seedlings were grown in each of two randomly arranged chambers. 
One chamber did not receive further water or nutrient (drought treatment). The other 
chamber was given 1 L of nutrient solution three times a week for the first 4 wk. 
Thereafter, it received nutrient every day, and after 6 wk received 1 L of water in 
addition to 1 L of nutrient every day. Plants were grown for 8 wk in a greenhouse 
(minimum temperature 25 °C) in Bangor during the summer of 1997, under daylight 
supplemented by 150 µmol m-2 s-1 PAR. Twice a week, the position of the chambers 
within a stack was rotated to remove position-within-stack effects. Many parameters 
were measured, but only those relevant to this report are detailed here. After 28 and 
35 d, the length of the longest visible root was recorded (BCRL28 and 35, BDRL28 
and 35). After 8 wk, the roots were washed and sections of the three thickest roots 
were removed both from the base of the plant (BCRTB and BDRTB) and at 75-cm 
depth (BCRTD and BDRTD). These were stored in 50% ethanol prior to measure- 
ment of thickness. The entire root system was divided into four sections by cutting at 
25-, 50-, and 75-cm depth, and each section was dried and weighed. The dry weight 
of the bottom section (below 75 cm) was used for analysis here (BCDRW and 
BDDRW). 

DNA extraction and marker analysis 
DNA of the F 6 recombinant inbred lines was extracted as described in Price and Tomos 
(1997). DNA was restricted with Bam H1, Dra l, Eco R1, Hind III, and Xba l enzymes. 
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A total of 100 RFLP markers were used to build a linkage map. Those with the prefix 
RG, RZ, or CDO were obtained from Cornell University, USA (see Causse et al 1995), 
and those with the prefix C, G, or R were from the Rice Genome Project, Japan (see 
Kurata et al 1994). Probes were labeled with digoxigenin (Boehringer Mannheim) by 
polymerase chain reaction using M13 primers and detected following the 
manufacturer’s instructions. AFLP analysis was conducted according to Vos et al (1995) 
using Mse 1 and Eco R1 restriction enzymes and adapters. 

Molecular map construction 
The linkage map was constructed using Mapmaker 3.0 (Lander et al 1987, Lincoln et 
al 1992) with the Haldane algorithm after all heterozygote data had been entered as 
missing data. Chromosomes were oriented with the short arm at the top following the 
data reported by Singh et al (1996). 

Statistical analysis 
Initially, the data contained variation because of position as well as variation caused 
by genotype and other environmental factors. All data except IRRI 1998 data were 
corrected for spatial variation by using linear regression to fit equations of the form 

z = aX + bX2 + cY + dY2 

where z is the measured data value and X and Y are the coordinates of a plant within 
the experimental area. Regressions were fitted separately for drought and control 
plants for each measured parameter. In each case, the fitted values were subtracted 
from the measured values. This removes spatial variation. The overall mean for that 
parameter in either drought or control conditions was then added to these values to 
give estimates of the measured values, corrected for positional effects in the plot. 

All data were normally distributed except ADRL, ADRT, BDRL28, and BDRL35. 
None of these traits could be improved by transformation. 

QTL analysis 
QTL analysis was achieved by composite interval mapping conducted using QTL 
Cartographer (by C.J. Basten, B.S. Weir, and Z.B. Zeng, Department of Statistics, 
North Carolina State University) with the default settings for model 6 (five back- 
ground markers and window size of 10 cM). All skewed markers were removed from 
the map before QTL analysis, including the bottom of chromosome 7. A result was 
considered significant using a probability of P <0.01 when the F statistic was greater 
than 9.2 (equivalent to a LOD score of 2.0, C.J. Basten, personal communication). 
These relatively low threshold values were used because they facilitate comparisons 
between screens. 
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Results and discussion 
Drought screening at IRRI and WARDA 
Leaf rolling, leaf drying, and relative water content can be used as indicators of plant 
water status and hence drought-stress severity. Table 2 shows the leaf rolling and 
drying scores of the parents, F 6 population, and drought-tolerant check (Moroberekan) 
in three drought screens. The Azucena parent displayed greater leaf rolling than Bala. 
This is expected because Bala contains a QTL that delays leaf rolling in response to 
loss of leaf water (Price et al 1997b). Leaf drying was also greater in Azucena than in 
Bala in all screens, which indicates that Bala was more tolerant of the drought treat- 
ments applied here. The relative water content data from IRRI98 also indicated that 
Azucena was the most severely affected of the two parents. The data suggested that 
the drought-tolerant check, Moroberekan, was either affected similarly or more se- 
verely than Azucena in the IRRI96 screen, but less affected than Azucena in the other 
two screens. The F 6 population mean was generally between the parental means for 
the traits. 

The drought-reaction traits usually correlated with each other, although some- 
times not well. Thus, 196LRA correlated with I96LDA (r = 0.202, P = 0.002), I98LRA 
(r = 0.633, P <0.001), I98RWCA (r = –0.247, P = 0.010), and WLR16 (r = 0.441, P 
<0.001). I96LDA correlated with I98LDA (r = 0.407, P <0.001) and I98RWCA (r = 
–0.249, P = 0.010). I98LRA also correlated with I98LDA (r = 0.321, P = 0.001) and 
I98RWCA (r = –0.530, P <0.001), whereas I98LDA and I98RWCA correlated at r = 
–0.557 ( P <0.001). The only other significant correlation between drought-reaction 
traits was between WLDA and WLR16 (r = 0.386, P <0.001). 

Root growth screens 
Table 3 presents results for maximum root length and root thickness in well-watered 
and drought conditions for seedlings grown in a root box at Aberdeen. Table 4 pre- 
sents results for maximum root length, root thickness, and deep-root dry weight of 
seedlings grown under well-watered and drought conditions in thin chambers in Bangor. 
In neither screen was there good evidence that Azucena and Bala differ significantly 
in maximum root length, in contrast to hydroponic and soil tube data (Price et a1 
1997a) and unpublished data for plants grown in soil tubes at IRRI. Azucena does 
have significantly ( P <0.05) thicker roots and a greater amount of root at depth than 
Bala in the Bangor thin chamber screen for control (well-watered) conditions and 
significantly thicker roots at depth under drought conditions. 

Some, but not all, root traits correlated with each other. Thus, ADRL and ADRT 
did not correlate with any other traits measured here. ACRT correlated with BCRTB 
(r = 0.345, P <0.001) and BCRTD (r = 0.254, P = 0.007), while ACRL correlated with 
BCRL28 (r = 0.253, P = 0.009), BCRL35 (r = 0.273, P = 0.005), BDRL28 (r = 0.341, 
P <0.001), and BDRL35 (r = 0.357, P <0.001) as well as BCDRW (r = 0.268, P = 
0.005). The only correlations between drought-reaction traits and root traits were 
between I96LRA, I96LDA, and I98LRA and BCDRW (r = 0.225-0.274, P = 0.009- 
0.006) and between I98LRA and BCRL35 (r = 0.319, P = 0.002), but in each case 
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greater root weight at depth was associated with greater drought score. Most of the 
root growth traits presented do not appear to be highly heritable because the standard 
deviation of the F 6 population is not greater than that of the parents, except for the 
root thickness and deep-root weight data from the Bangor thin chamber screens. 

QTL mapping 
Figure 1 and Table 5 present results of mapping QTLs for reaction to drought and 
Figure 2 and Table 6 present QTLs for root morphology. A total of 24 QTLs for 
reaction to drought were detected. Bala was the donor of the positive alleles (those 
that indicate the least reaction to drought) in 15 cases. There were 28 QTLs detected 
for root morphology, in 17 of which Azucena was the donor of positive alleles. 

Of all QTLs for drought reaction, 17 were concentrated on six genomic regions. 
We will discuss these now in more detail and make comparisons with drought-reac- 
tion QTLs reported in the IR64 × Azucena population (Courtois et al 1996, Courtois 
et al, unpublished results) and the C039 × Moroberekan population (Champoux et al 
1995), facilitated by using the map of Causse et al (1995) as a “bridge” to align mark- 
ers. The positions of Rice Genome Project RFLP probes are estimated approximately 
using comparative mapping data presented at Rice Genome III, Manila, 1995 
(McCouch, personal communication). The recombinant inbred lines of the C039 × 
Moroberekan cross were screened at IRRI in one dry season (in the same region of 
IRRI’s upland farm, but a different field from the one used for the screens described 
here) at three growth stages. The doubled-haploid population of IR64 × Azucena was 
screened at IRRI in two seasons (the second season was side by side with the IRRI 
1996 screen reported here) and in India (Courtois et al, unpublished results). To es- 
tablish whether drought-reaction QTLs can be related causally to root behavior, we 
also refer to reports of QTLs for root morphology and root penetration ability in these 
populations. Both the IR64 × Azucena and C039 × Moroberekan populations have 
been grown in tubes containing soil (Yadav et a1 1997, Champoux et al 1995). The 
original F 2 of the Bala × Azucena population has been screened in hydroponics (Price 
and Tomos 1997). In addition, QTLs for root penetration ability have been evaluated 
using a petroleum wax layer method for both the C039 × Moroberekan population 
(Ray et al 1996) and the Bala × Azucena population (Price et al, unpublished results). 

Chromosome 1. A region of chromosome 1 at marker e18m43.5 contained weak 
QTLs for leaf drying at both IRRI in 1998 (I98LDA) and at WARDA (WLDA), in 
which Bala alleles reduced drying. Data presented here show that Azucena alleles at 
this locus promoted greater rooting at depth under drought conditions. These contra- 
dictory observations are not readily explicable with current data. It is interesting to 
note that in the C039 × Moroberekan population, there was a QTL for root to shoot 
ratio in this area (at marker RZ276) (Champoux et al 1995). 

The region of chromosome 1 associated with markers RZ14 and C949 contained 
QTLs of positive effect from Bala that reduced leaf rolling in all screens (I96LRA, 
I98LRA, and WLR16), reduced leaf drying at IRRI in 1996 (I96LDA), and increased 
relative water content (RWC) at IRRI in 1998 (I98RWCA). Associated with marker 

264 Price et al 



Fi
g 

1.
 Q

TL
 m

ap
 f

or
 r

ea
ct

io
n 

to
 d

ro
ug

ht
 t

re
at

m
en

t 
in

 t
hr

ee
 s

cr
ee

ns
 d

et
ec

te
d 

by
 c

om
po

si
te

 i
nt

er
va

l 
m

ap
pi

ng
. 

B
ar

s 
re

pr
es

en
t 

th
e 

1 
LO

D
 c

on
fid

en
ce

 
in

te
rv

al
. 

N
um

be
rs

 a
bo

ve
 o

r 
be

lo
w

 b
ar

s 
in

di
ca

te
 t

he
 L

O
D

 s
co

re
 s

up
po

rti
ng

 t
he

 Q
TL

; 
th

e 
si

gn
 in

di
ca

te
s 

th
e 

di
re

ct
io

n 
of

 t
he

 e
ffe

ct
 o

f 
A

zu
ce

na
 a

lle
le

s 
on

 
th

e 
tra

it.
 A

ls
o 

pr
es

en
te

d 
as

 a
rr

ow
 a

re
 t

he
 p

os
iti

on
 o

g 
hi

gh
 L

O
D

 s
co

re
s 

be
lo

w
 t

he
 t

hr
es

ho
ld

 (
LO

D
 

= 
1.

5-
1.

9 

gleceta
Oval



Fig. 2. QTL map for root morphological traits in two screens detected by composite interval 
mapping. Bars represent the 1 LOD confidence interval. Numbers above or below bars indicate 
the LOD score supporting the QTL; the sign indicates the direction of the effect of Azucena alleles 
on the trait. Also presented as arrows are the positions of high LOD scores below the threshold 
(LOD = 1.5-1.9). 

266 Price et al 



Table 5. Summary QTLs associated with reaction to drought treatment. 

Trait Chromosome Position a LOD b A c Donor of positive alleles 

196LRA 

196LDA 

198LRA 

198LDA 

198RWCA 

WLDA 

WLR16 

1 
2 
3 
5 
5 
7 
9 
1 
2 
3 
7 
1 
3 

10 
1 
2 
1 
3 
3 
1 
5 

12 
1 

12 

RZ14 + 8 
C601+ 4 
RZ474 + 10 
RZ390 
C624 
G89b 

e18m43.26 + 10 
RZ14 + 20 
RG171 + 13 
C136 
C39 + 4 
C86 + 12 
C136 
G1082 + 10 
e12m45.4 
C601 + 10 
RZ14 
RG191 
C136 
e18m43.5 
RG119 
C449 + 8 
C86 + 12 
RG543 + 7 

8.1 
2.2 
4.5 
3.1 
3.2 
5.7 
2.3 
4.8 
3.8 
2.1 
2.2 
3.2 
2.8 
2.3 
2.1 
4.3 
2.4 
2.7 
3.1 
2.1 
2.3 
4.0 
2.4 
2.5 

0.18 
0.08 
0.11 

–0.10 
0.08 
0.11 

–0.08 
0.14 

–0.12 
0.09 

–0.07 
0.15 
0.13 
0.13 
0.12 

–0.26 
–1.10 
1.10 

–1.20 
0.16 

–0.14 
–0.22 
0.21 

–0.22 

Bala 
Bala 
Bala 
Azucena 
Bala 
Bala 
Azucena 
Bala 
Azucena 
Bala 
Azucena 
Bala 
Bala 
Bala 
Bala 
Azucena 
Bala 
Azucena 
Bala 
Bala 
Azucena 
Azucena 
Bala 
Azucena 

a Position of QTL relative to the nearest marker to the left (in cM). b F statistic from QTL Cartographer divided by 
4.6. c A = additive effect of Azucena allele. 

C86 on chromosome 1 is a QTL at which Azucena alleles promoted longer roots and 
greater rooting at depth in the control Bangor screen. A QTL in the IR64 × Azucena 
population for leaf drying and relative water content associated with marker RZ730 
(Courtois et al 1996) is likely to be the same region because RZ14 and RZ730 are 
only 6 cM apart according to Causse et al (1995). As in Azucena × Bala, Azucena 
alleles increased leaf drying and decreased RWC in the IR64 × Azucena population. 
Positive root morphology QTLs from Azucena are also present in this region in the 
IR64 × Azucena population (Yadav et al 1997). This region, however, also contained 
QTLs for plant size and height associated with the sd-1 semidwarfing locus (the Bala 
or IR64 alleles reduce plant height and biomass). In the Bala × Azucena population, 
there was a QTL for the speed of leaf rolling upon leaf excision (Bala alleles reduce 
the rate of leaf rolling). Both the sd-1 locus and the leaf rolling QTLs potentially have 
a profound effect on drought reaction. The larger the plant, the more water it will use; 
therefore, Azucena alleles should promote greater water use. The presence of a QTL 
for the rate of leaf rolling in the Bala × Azucena population introduces potentially 
confusing concepts. Bala leaves have a reduced tendency to roll as they lose water 
(relative to Azucena). Thus, reduced leaf rolling rate is an indication of the presence 
of a specific mechanism of drought tolerance. But leaf rolling in the field is used as an 
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Table 6. Summary of QTLs associated with root morphology. 

Trait a Chromosome Position b LOD c A d Donor of positive alleles 

ACRL 

ACRT 
ADRL 
ADRT 

BCRL28 

BCRL35 

BCDRW 

BCRTB 
BCRTD 

BDRL28 
BDRL35 
BDDRW 
BDRTB 
BDRTD 

2 
4 
7 

No QTLs 
1 
5 
5 
9 

10 
9 

10 
12 

1 
3 
5 

10 
1 
5 
7 
9 
6 
3 

10 
No QTLs 

8 
1 
4 
9 

10 
12 

RG83 + 14 
RG620 
G20 + 20 

C1370 + 4 
RZ390 
R3166 
G385 + 6 
G89d + 2 
e12m36.13 
C701 
RG181 
C86 + 4 
e12m37.4 + 4 
RG119 
C701 
RZ14 
R2232 
G20 + 16 
G1085 
e12m37.7 
G144 + 4 
C701 

R202 + 16 
e18m43.6 
RG620 + 13 
G385 + 16 
C701 
G124 

4.2 
2.0 
2.4 

2.2 
2.6 
2.4 
2.8 
2.8 
3.0 
4.2 
2.3 
2.3 
2.4 
2.6 
2.1 
2.6 
2.0 
2.4 
2.8 
5.9 
2.3 
3.2 

2.5 
2.9 
3.0 
3.4 
2.2 
2.0 

-5.0 
2.2 
2.5 

2.9 

0.056 
0.036 

-0.036 
3.6 

-4.5 
-3.0 
3.1 

2.6 

0.074 

0.068 
0.063 
0.061 
0.049 

-0.033 

-2.8 

-2.4 

-0.053 

-0.056 

-2.3 
0.062 
0.047 
0.085 

-0.045 
-0.043 

Bala 
Azucena 
Azucena 

Azucena 
Bala 
Azucena 
Azucena 
Bala 
Azucena 
Bala 
Bala 
Azucena 
Bala 
Azucena 
Bala 
Azucena 
Bala 
Azucena 
Azucena 
Azucena 
Azucena 
Bala 

Bala 
Azucena 
Azucena 
Azucena 
Bala 
Bala 

a See explanations in Table 1. b Position of QTL relative to the nearest marker to the left (in cM). c F statistic from 
QTL Cartographer divided by 4.6. d A = additive effect of Azucena allele. 

indication of reduced drought seventy or overall drought tolerance and assumes no 
inherent difference in leaf rolling rate. When this assumption is not valid, interpreting 
leaf rolling score can become difficult. The reduced leaf rolling rate from Bala should 
increase water loss and therefore increase leaf drying. Apparently, delayed leaf rolling 
caused by the Bala allele is not associated with increased drought score but with 
reduced drought score, presumably because of linkage to the sd-1 locus. Without 
breaking that linkage, the value of the leaf rolling rate QTL will not be assessable. It 
is worth noting, in addition, that the large effect of this region (associated with plant 
size and leaf rolling but probably not root growth) on drought reaction explains to 
some extent the lack of correlation found between root traits and drought reaction 
scores. 

Chromosome 2. Associated with marker C601 on chromosome 2 is a region in 
which Azucena alleles increased leaf rolling (I96LRA) but reduced leaf drying 
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(I98LDA). This is probably congruent with a QTL for leaf rolling in IR64 × Azucena 
reported near marker RG95 (Courtois et al 1996). Although two QTLs on chromo- 
some 2 are reported in the C039 × Moroberekan cross, they are not very close to 
C601 or RG95. The QTL detected in this region in both populations sharing Azucena 
as a parent is where a QTL for root penetration ability has been revealed in the Bala × 
Azucena population (explaining 18% of the variation, Price et al, unpublished re- 
sults) and in C039 × Moroberekan (Ray et al 1996). It is also a region with weak 
QTLs for maximum root length in hydroponics in the F2 (Price and Tomos 1997) and 
for rooting depth in C039 × Moroberekan. This QTL is possibly related to root growth, 
with Azucena promoting deeper and more penetrating roots. Because this region pro- 
moted leaf rolling in the IRRI 1996 screen, however, this QTL may have both benefi- 
cial and detrimental effects in different environments or be due to the presence of two 
opposing QTLs. 

Chromosome 3. There were several QTLs for drought reaction near marker C136 
on chromosome 3, where Bala alleles reduced leaf rolling (I96LRA, I98LRA) and 
drying (I96LDA and a putative QTL for I98LDA, with LOD = 1.6) at IRRI. This 
region was also associated with higher relative water content in the IRRI 1998 trial 
(I98RWCA) and may have reduced leaf rolling at WARDA (WLR16, with LOD = 
1.7). This QTL may be close to, and therefore related to, a QTL between RG482 and 
RG910 in the C039 × Moroberekan population. There is no evidence from the Bala × 
Azucena cross that root growth QTLs exist in this region although a QTL for root 
penetration was detected only 10 cM above RZ474, in which Bala alleles promoted 
root penetration (Price et al, unpublished results). A striking observation is that this 
region (indeed the same marker, C136) has been identified as a QTL for leaf abscisic 
acid content in a detached leaf test in rice (Quarrie et al 1997). It is also possible that 
the region is homologous to that of C039 × Moroberekan, in which a lethal osmotic 
potential QTL was detected by Lilley et al (1996). It must be noted, however, that the 
C039 × Moroberekan map appears to be condensed in this region compared with 
other maps, making confident comparisons difficult. 

Chromosome 7. In the region near markers G338, C39, and G89b, Azucena al- 
leles promoted leaf rolling (I96LRA) while reducing leaf drying (I96LDA). In both 
the IR64 × Azucena and C039 × Moroberekan populations, QTLs for drought reaction 
near the bottom of chromosome 7 were reported. Because of the high skewing toward 
Azucena alleles in that region in Bala × Azucena, that region was not used for com- 
posite mapping. But single-marker regression with skewed markers did not reveal 
significant association with drought-reaction traits. The QTLs detected here near the 
top of chromosome 7 were not found in the other crosses. No root growth QTLs have 
been reported in this region of chromosome 7 in any cross. It is difficult as yet to 
explain the cause of the drought-reaction QTL, but it is unlikely to be related to root 
growth. 

Chromosome 12. A QTL was detected at the bottom of chromosome 12 only at 
WARDA, in which Azucena alleles reduced leaf rolling (WLR16) and drying (WLDA). 
This QTL is in the same place as QTLs for leaf rolling and relative water content 
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reported in IR64 × Azucena. In both cases, Azucena alleles improved drought perfor- 
mance. No QTLs were detected on chromosome 12 in C039 × Moroberekan. Data 
shown here revealed a QTL for BCRL28 in this region. In the hydroponic screen of 
the Bala × Azucena F 2 population, RG181 was associated with a QTL for root mass 
(Price and Tomos 1997), a result which agreed with observations in C039 × 
Moroberekan (Champoux et al 1995). It seems quite plausible that this drought-reac- 
tion QTL is related to root growth. 

Other noteworthy regions. In the region of chromosome 5 near markers C624 
and C43, Azucena alleles appeared to both promote leaf rolling (I96LRA and possi- 
bly I98LDA, LOD = 1.9) and reduce leaf drying (I98LD, LOD = 1.6). This QTL is in 
the same place as QTLs in IR64 × Azucena for leaf rolling, drying, and relative water 
content, which can be concluded by reference to the marker RZ70, which is common 
to both maps. Because Azucena alleles promoted leaf rolling but increased relative 
water content and reduced leaf drying in IR64 × Azucena, the two reports are in good 
agreement (i.e., they both report contradictions in the direction of leaf rolling and 
other responses). This is a region in which root thickness and root length QTLs of 
negative effect from Azucena were detected in the F 2 hydroponic screen of the Bala × 
Azucena population (Price and Tomos 1997). There is also a QTL for root thickness 
in IR64 × Azucena in this region, in which Azucena alleles reduced root thickness 
(Yadav et a1 1997). There is a weakly detected root penetration QTL in Bala × Azucena 
(Price et al, unpublished results), also detected at C624. Together, these data suggest 
that Azucena alleles at this locus reduce root length, thickness, and penetration abil- 
ity, but still influence tolerance for drought in a predominantly positive way. 

Only one trait was detected as a QTL on chromosome 9 here (I96LRA), but that 
is likely to be the same as the one detected for leaf rolling in C039 × Moroberekan at 
RG570 and for leaf rolling, leaf drying, and relative water content in IR64 × Azucena 
at markers RG667 and RG451. In both populations with Azucena as a parent, Azucena 
alleles reduced drought reaction. This region contains a cluster of QTLs for root mor- 
phology in both Bala × Azucena presented here and in IR64 × Azucena (Yadav et al 
1997), indicating that the drought-score QTL may be related to root growth. 

Our results clearly indicate a considerable amount (although as yet unquantified) 
of QTL by environment interaction for both root growth and drought-reaction QTLs. 
We should expect this because of the complex nature of the drought phenomenon and 
the known reaction of root growth to environmental conditions. But a primary aim of 
this research is to identify regions of the rice genome of value in the breeding of 
varieties with improved drought tolerance. By conducting field screens on one popu- 
lation at several sites and in several seasons and comparing the results with other 
reports of field evaluation of reaction to drought in other mapping populations, we 
hope that some regions will be consistently identified as valuable. We originally ex- 
pected that many of these would be related to root morphology. Our results do iden- 
tify some regions in which QTLs for drought reaction are identified in similar loca- 
tions in more than one screen or in other crosses. The magnitude of the effect of these 
QTLs varies between screens and between populations, as might be expected for an 
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environmentally and genetically complex trait such as drought tolerance. Moreover, 
the techniques used for QTL analysis were not identical in all studies and this might 
have resulted in additional discrepancies. 

Champoux et al (1995) found that most drought-reaction QTLs were at root mor- 
phology QTLs, suggesting a causal relationship between the two. Our data also pro- 
vide evidence that some root growth QTLs are co-located with drought-reaction QTLs, 
despite the lack of correlation between drought reaction and the root traits. For the 
drought-reaction QTLs on chromosomes 2, 9, and 12 (and perhaps 5) reported here, it 
seems possible that a deeper, thicker, or longer root system contributes to drought 
tolerance. These genomic regions might be suitable targets for marker-assisted selec- 
tion. Some QTLs for drought reaction have been found to be co-located with root 
morphology QTLs in the IR64 × Azucena population (Courtois et al, unpublished 
results). But neither Courtois et al nor this report find the co-locations of drought- 
reaction and root growth QTLs to be as prominent as the co-locations reported by 
Champoux et al (1995). 

We have identified three regions that have drought-reaction QTLs that are not 
associated with root morphology QTLs. In all cases, Bala alleles have a positive ef- 
fect. The QTL on chromosome 1 associated with RZ14 is unlikely to be a valuable 
region for breeding purposes because of the linkage or pleiotropic effects of the 
semidwarfing gene. The QTLs on chromosomes 3 and 7 are potentially valuable, 
although the underlying physiology is unknown and should be investigated. 

Conclusions 
Comparisons of multiple-season and multiple-site field drought screens in several 
populations have enabled us to identify several genomic regions of potential value for 
the improvement of drought tolerance in rice. The results from analyses of root growth 
traits compared between populations suggest that some regions influencing field re- 
action to drought are related to root thickness, rooting depth, or root penetration abil- 
ity. 
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Developing near-isogenic lines of 
IR64 introgressed with QTLs for 
deeper and thicker roots through 
marker-aided selection 
L. Shen, B. Courtois, K. McNally, S. McCouch, and Z. Li 

A well-developed root system is an important trait contributing to drought tolerance in 
rice. Preliminary work allowed us to map QTLs involved in the control of several root 
traits in a doubled-haploid population of rice derived from the cross IR64 x Azucena. 
We are now developing near-isogenic lines of IR64 introgressed with the major QTLs. 
Four segments on chromosomes 1, 2, 7, and 9 were initially targeted for single QTL 
selection. Four doubled-haploid lines with the proper allelic combination at the tar- 
geted segments and less than 50% Azucena alleles in the rest of the genome were 
chosen as donors. These lines were backcrossed on IR64 up to the BC 3 F 1 generation 
and then selfed. Marker-aided selection for the target segments was performed from 
BC 1 F 1 up to BC 3 F 2 . All the selected BC 3 F 2 progenies carried the donor alleles for at 
least one target region. Plants carrying two target segments were also identified. 
Phenotypic variation for several nontarget traits was observed in the BC 3 F 2 plants, 
suggesting the presence of genetic drag during introgression. A background survey of 
the rest of the genome indicated that the BC 3 F 2 plants had a very small portion of 
Azucena alleles in the nontarget regions, close to the expected ~3%. Crosses were 
made between BC 3 F 2 plants carrying different target donor segments to remove pos- 
sible genetic drag and pyramid different target QTLs. 

Rice is the most important staple food crop in the world. Drought is a major con- 
straint for rice production, especially for upland rice (Widawsky and O’Toole 1990). 
The development of drought-tolerant rice cultivars has not yet been very successful 
despite the efforts made by breeders. The reasons for this lack of progress are the 
diversity of rice-growing environments, the complex interactions between genotypes 
and environments, the complexity of the physiological basis of drought tolerance, 
and the difficulties in determining suitable criteria on which to base breeding work 
(O’Toole 1982, Lilley and Fukai 1994, Fukai and Cooper 1995). There is an overall 
consensus, however, on the fact that a deep and thick root system is one of the main 
drought-avoidance mechanisms (Nguyen et al 1997). A rice variety with such a root 
system may be able to reach deep soil water and meet its water requirement under 
water-limited situations. Although the overall influence of a deeper and thicker root 
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system on final yield has yet to be fully understood, any progress in breeding rice for 
a better root system will be a benefit to less-favored, drought-prone rice ecosystems. 

Root traits are difficult and time-consuming to measure. Because most 
measurement methods are destructive for plants, they are difficult to incorporate into 
conventional breeding programs. Molecular marker technology is seen as a way to 
overcome these barriers. Several groups used molecular markers to map genes involved 
in the control of rice root morphology (Champoux et al 1995, Ray et al 1996, Price 
and Tomos 1997, Yadav et al 1997.) 

The next step is introgression of the superior alleles into various genetic back- 
grounds using molecular marker-aided selection (MAS). This has already been 
achieved for major rice disease resistance genes. In the pathology field, the results of 
mapping studies were successfully applied to the development of near-isogenic lines 
(NILs) carrying various combinations of major genes that allowed rice scientists to 
test their hypotheses on the durability of blast resistance (Nelson et a1 1996, Hittalmani 
et al 1999). Their work was facilitated because they were dealing with dominant 
major genes and phenotyping at each generation was possible and simple. 

In contrast, few cases of successful introgression of quantitative trait loci (QTLs) 
have been reported though overall strategies for QTL introgression were proposed 
(Tanksley and Nelson 1995, Tuinstra et a1 1997). Simulation studies have provided 
useful guidelines for methodological choices (Visscher et al 1996a, for animal breed- 
ing; Hospital and Charcosset 1997, for plant breeding). 

In a previous work, we conducted a QTL analysis for root morphology in a 
doubled-haploid (DH) population of rice derived from a cross between IR64 and 
Azucena (Yadav et al 1997). We identified QTLs for maximum root length (MRL), 
root thickness (THK), deep root/shoot ratio (DR/S), total root weight (TRW), deep 
root weight (DRW), and deep root weight/tiller (DR/T). Based on these mapping 
results, we began a marker-aided backcross program for root system improvement. 
Selected DH lines were backcrossed to the recurrent indica parent IR64 to produce 
NILs introgressed with japonica alleles from Azucena at the location of the most 
significant QTLs. 

• to develop NILs of IR64 carrying various possible combinations of QTLs, 
• to validate the effects of the QTLs for root morphology identified previously 

before attempting to transfer them into agronomically relevant materials, and 
• to test hypotheses on the role of the root system in drought avoidance. A recipro- 

cal program to introgress indica alleles (IR64) into the japonica background 
(Azucena) has also begun but is less advanced. 
This chapter presents the strategy used for developing NILs and the characteristics 

This program has three major objectives: 

of the selected BC 3 F 2 plants. 
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Materials and methods 
QTL mapping in an IR64 × Azucena DH population: the need for reanalysis 
The mapped population consisted of 135 DH lines derived from a cross between 
IR64, an irrigated indica variety, and Azucena, an upland tropical japonica variety 
(Guiderdoni et al 1992). Among those lines, 105 were phenotyped for root system 
(Yadav et al 1997). The six analyzed traits were DRW, DR/S, DR/T, MRL, THK, and 
TRW. In that initial study, a genetic map of 175 markers with 141 restriction fragment 
length polymorphism (RFLP) markers, 14 random amplified DNA (RAPD) markers, 
8 isozyme markers, and 12 cloned genes (Huang et al 1997) was used for QTL map- 
ping using the regression on flanking marker method. Later, 113 microsatellite mark- 
ers were added on the same map (McCouch et al, unpublished results). Polymerase 
chain reaction-based microsatellite markers are a tool of choice for rapid genotyping 
and we wanted to use them whenever possible. We therefore constructed a new ver- 
sion of the genetic map that incorporated part of the microsatellite markers and part 
of the RFLP markers, eliminating a few markers with doubtful genotypes and mark- 
ers that were not co-dominant (a requirement for our backcross program). The final 
map now contains 192 markers (Fig. 1). The raw phenotypic data of Yadav et al 
(1997) were re-analyzed using the composite interval mapping approach with QTL 
Cartographer software (Basten et al 1997). 

Choice of target segments and markers analyzed 
Based on QTL mapping results, four segments on chromosomes 1, 2, 7, and 9 were 
chosen as the target genomic regions for introgression. The following markers flank- 
ing the targeted regions were used for the genotyping work: 
• RZ19, RG690, RZ730, and RZ801 for the target region of chromosome 1 
• RM29, RG171, RG157, and RZ318 for the target region of chromosome 2 
• RM234, RZ978, CD0418, CD038, and RM248 for the target region of chromo- 

• RZ228 and RZ12, replaced by RM201 and RM242 after BC 2 generation, for the 

For the sake of simplicity, in the rest of the text we will call “target” the target region 
on chromosome 1, “target 2” the target region on chromosome 2, “target 7” the target 
region on chromosome 7, and “target 9” the target region on chromosome 9. 

some 7 

target region of chromosome 9 

Choice of donor DH lines 
For each of the four targeted segments, we chose one DH line carrying Azucena al- 
leles in a relatively broad area around the putative QTLs for root morphology and 
IR64 alleles on the rest of the carrier chromosome, and having more than the average 
proportion of alleles coming from the IR64 parent (Table 1). Figure 1 presents the 
graphical genotype of one of them. 
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Fig. 1. Genetic map of the DH population with graphical genotype for P0055. The genetic distance 
unit is centiMorgan; the map function is Haldane’s. Regions homozygous for Azucena are shown 
in black; regions with missing genotype data are shown with a cross. 

Three of the four DH lines selected also carried Azucena alleles at one or two 
other secondary target regions (Table 1). P0055, initially selected for target 1, also 
carried target 2 (see Fig. 1). P0295, initially selected for target 7, carried targets 1 and 
2 as well. P0475, initially selected for target 9, also carried target 7. This fact was 
used to select backcross progenies that simultaneously retained donor chromosomal 
segments for several target regions. 

Marker-aided selection of backcrossed progenies 
Table 2 presents the sequence of operations for the marker-aided backcross scheme. 
The DH lines were used as donors and IR64 as the recurrent parent. MAS was used to 
select plants carrying Azucena alleles at markers flanking the target regions in the 
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Table 1. Doubled-haploid lines selected for backcrossing. 

Primary target Secondary target 

DH Proportion of Length 
line Azucena of the 

alleles in Chr b Markers interval Chr b Markers 
nontarget (CM) 

regions a (%) 

P0055 
P0035 
P0295 

P0475 

33.8 
38.9 
44.9 

37.0 

1 
2 
7 

9 

RZ19-RG690-RZ730 
RG437-RG171-RG157-RZ318 
RM234-CD0418-RZ978- 

CD03SRG351-RM248 
RZ22SRM242-RZ12-RM201- 

RG667 

61.4 
99.2 
42.4 

30.8 

2 

1 
2 

7 

RM29-CD0686 
None 
W1-RG331 
RM211-RG157 

Est9-RG351 

a Nontarget regions means all genome except the primary target region. b Chr = chromosome. 

BC 1 F 1 , BC 2 F 1 , BC 3 F 1 , and BC 3 F 2 generations. In each generation up to BC 3 F 1 , plants 
with the desired genotype profile were selected before heading and used as female 
parents in crosses with IR64. The BC 3 F 1 plants were selfed and their BC 3 F 2 progenies 
screened for plants homozygous for the Azucena allele at the target regions. The 
genotyping was conducted according to published protocols for the RFLP markers 
(McCouch et al 1988) and microsatellite markers (Chen et al 1997). For microsatellite 
marker analysis, DNA was isolated by the mini-preparation method of Wang et al 
(1993). 

In the BC 1 F 1 and BC 2 F 1 generations, no selection for secondary target regions 
was conducted. In the BC 3 F 1 generation, however, plants were genotyped for both 
primary and secondary target chromosome regions. This was intended to identify 
plants that may carry several target regions. For target 9, 25 plants were randomly 
selected for DNA mini-preparation and microsatellite marker analysis. For the other 
three targets, 45 plants were selected for RFLP analysis. 

In the BC 3 F 2 , the same process was repeated. In this generation, plants were 
selected if they fit one of three categories: 
1. Homozygous for the Azucena allele at markers flanking target 1, 2, 7, or 9. 
2. Homozygous for the Azucena allele at markers flanking the QTLs for two or 

more target regions simultaneously. Possible combinations were targets 1 and 2, 
targets 1 and 7, and targets 2 and 7. 

3. Homozygous for the Azucena allele at different and overlapping chromosome 
segments around the target segment on one of the chromosomes (1, 2, 7, or 9). 
These plants are intended for fine mapping of the QTLs. 
Seventy-two plants from lines under selection for target 9 were chosen for DNA 

mini-preparation and microsatellite marker analysis. For the three other target seg- 
ments, DNA of 12 to 20 plants was isolated for each line and used for RFLP analysis. 

Based on the above criteria, 58 plants were selected for whole-genome genotyping. 
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Whole-genome survey of BC 3 F 2 progenies with microsatellite markers 
To evaluate the proportion of the Azucena genome present in the plants selected from 
the BC 3 F 2 generation, two to five additional markers were analyzed for each chromo- 
some of these plants. Because microsatellite markers are PCR-based and both easy 
and fast to use, they were preferred for the genome survey of the nontarget regions. 
First, 35 microsatellite markers giving good genome coverage and evenly distributed 
throughout the genome were selected among the 113 possible. The information re- 
garding the allelic constitution at these loci in the original DH lines was available 
(McCouch et al, unpublished results). Only the subset of markers carrying Azucena 
alleles in the original DH line (respectively, 6, 17, 20, and 10 markers for P0055, 
P0035, P0295, and P0475) was used to genotype its BC 3 F 2 progenies. The number of 
marker loci possessing the Azucena alleles was determined for each plant. We as- 
sumed that the genotyped markers represent the whole-genome profile of the nontar- 
get regions. Therefore, the frequency of Azucena alleles in the nontarget regions was 
computed as (percentage of markers carrying the Azucena allele in BC 3 F 2 ) × (initial 
Azucena allele frequency in the nontarget regions of the DH lines) × (probability of 
the Azucena allele at a given marker locus). Because the original donor DH lines 
carried less than 50% Azucena alleles across the genome and the proportion of Azucena 
alleles in the genome was expected to be reduced by 50% in each backcrossing, the 
expected frequency of the remaining Azucena alleles in BC 3 should be 3.125% or 
less. Thus, the selected BC 3 F 2 plants can be regarded as NILS for the target QTLs. 

Preliminary phenotyping of various agronomic traits in BC 3 F 2 
The plants sampled for DNA extraction were grown in the field. We performed a 
preliminary assessment of the degree of phenotypic similarity between IR64 and the 
BC 3 F 2 plants. A few characteristics were recorded for all the genotyped plants and for 
the IR64 recurrent parent. Duration was recorded on a line basis although some seg- 
regation for flowering time was observed within lines. Plant height, panicle number, 
and total grain weight per plant were recorded on an individual plant basis just before 
harvest. Grain weight was not measured for those plants used for hybridization. 

Pyramiding QTLs by crossing BC 3 F 2 progenies 
To obtain plants carrying Azucena alleles at several target regions, two BC 3 F 2 plants 
carrying Azucena alleles at targets 1 and 7, two plants carrying Azucena alleles at 
target 2, and one plant carrying the Azucena allele at target 7 were crossed with BC 3 F 2 
plants homozygous for the Azucena allele at target 9. We expected to recover prog- 
enies carrying Azucena alleles at all three target regions. 

Results and discussion 
Brief summary of QTL mapping results in IR64 × Azucena DH population 
A complete description of the QTL mapping results in the DH population was re- 
ported previously (Yadav et al 1997). The composite interval mapping method has a 
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Table 3. Summary of QTLs for root morphology on the target chromosomes. 

Marker- QTL LOD Additive 

distance 
Trait a Chromosome Interval QTL position score R 2 effect 

RM34-RG345 
RG690-RZ730 
RZ730-RZ801 
RG690-RZ730 
RG690-RZ730 
RZ730-RZ801 

RZ318-Pal1 
RG171-RG157 

CD0418RZ978 

RZ978CD038 
RG773RZ488 

CD0418-RZ978 

CD0418-RZ978 
RZ978-CD038 
CD0418-RZ978 
RZ12-RM201 
RZ206RZ422 

0.0 
12.0 
12.0 
14.0 
10.0 

0.0 
14.0 

0.0 
0.0 
0.0 
2.0 
8.0 
0.0 
4.0 
0.0 
0.0 
4.0 

126.3 
187.9 
202.2 
189.9 
185.9 
190.2 
103.0 
146.8 
128.4 
128.4 
140.1 

8.0 
128.4 
142.1 
128.4 
101.3 
34.0 

4.7 
4.6 
5.1 
3.1 
4.7 
5.6 
6.3 
3.4 
7.4 
8.1 
5.5 
3.4 
7.0 
5.3 
5.7 
4.2 
3.6 

THK 1 21.4 –0.042 
TRW 1 
TRW 

21.1 –0.125 
1 35.2 –0.158 

DR/S 1 
DRW 

13.3 –0.003 
1 23.0 –0.035 

DR/T 1 
MRL 

22.9 –3.758 
2 33.4 –6.160 

MRL 2 
MRL 7 28.8 –5.078 
DR/S 7 
DR/S 

31.2 –0.005 
7 23.0 –0.004 

DRW 7 
DRW 

21.5 –0.035 
7 27.7 –0.039 

DRW 7 23.4 –0.036 
DR/T 7 24.4 –3.713 
MRL 9 
TRW 

16.8 –3.561 
9 18.4 –0.112 

weight per tiller; MRL = maximum root length; THK = root thickness; TRW = total root weight; marker-QTL 
a DRW = deep root weight (= root weight below 30 cm); DR/S = deep root weight per shoot; DR/T = deep root 

distance = distance in cM from the left marker of the interval: QTL position = distance in cM from the top arm 
of the chromosomes; R 2 = percentage of phenotypic variability accounted for by the putative QTL. Negative sign 
of additive effects represents positive phenotypic effects from Azucena alleles. 

14.8 +4.565 

greater power of QTL detection and a better resolution of linked QTLs and provides 
a more accurate estimation of QTL effects than conventional interval mapping meth- 
ods, so we re-analyzed the original phenotypic data using this method. Table 3 pre- 
sents the QTL mapping results for the four targeted chromosomes. The genome-wide 
threshold LOD score for a risk of 5% type 1 error is 3.32. QTLs exceeding this value 
are presented, but putative QTLs with a LOD score of more than 2 were also included 
if they were located on the target chromosomes. The results from the two analyses in 
terms of QTL location were not very different and the original choice of target regions 
was validated. LOD scores and percentage of phenotypic value explained by the QTLs 
were higher with composite interval mapping, whereas the additive effects were similar 
with both methods. As in the first study, most of the alleles having a positive effect on 
the root system were from Azucena. The only exception was the interval RZ318-Pal1 
for maximum root length. 

Genetic composition of selected BC 3 F 2 plants 
Table 4 shows the genotypes of the BC 3 F 2 plants for all the target regions. Plants 
homozygous for Azucena alleles in the primary target regions were identified for all 
four target regions. Plants carrying overlapping segments from Azucena in the target 
regions were also found. But only a few of the plants with target 7 retained the sec- 
ondary target 1. 
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The whole-genome survey with microsatellite markers showed that the frequency 
of the Azucena alleles in the nontarget regions ranged from 0.0% to 6.7%, with an 
average of 2.4% (Table 4). This minor deviation from the theoretical expectations 
may well be explained by chance because, in each generation, only 24 plants were 
selected for backcrossing. Because the microsatellite marker data only became avail- 
able in the middle of the MAS process, selection for IR64 alleles in the nontarget 
regions using microsatellite markers did not start until the BC 3 F 2 generation. Such 
selection would have been more effective if it had started in earlier generations. 

Preliminary phenotyping of BC 3 F 2 plants 
Because of the limited amount of seeds available per plant, it was not possible to 
conduct replicated experiments in this generation. To get a rough idea of the pheno- 
types of the selected BC 3 F 2 plants, however, plant height, duration, tiller number, and 
yield per plant were recorded. All traits showed segregation (Table 4). Segregation 
existed both between different lines and between different plants from the same line. 
Deviations were observed in both directions, implying the segregation of underlying 
QTLs for these traits in the BC 3 F 2 progenies. 

For plant height, segregation occurred only in lines derived from a DH line car- 
rying the Azucena allele at target 1, whereas all plants derived from a DH line carry- 
ing the IR64 allele in this region had a plant height similar to that of IR64. We know 
that sd-1, a recessive gene carried by IR64 and causing semidwarfism, is located in 
the RZ730-RZ801 interval (Huang et al 1996), which corresponds to target 1. For the 
segregating sets, the plants with Azucena alleles at both locus RZ730 and locus RZ810 
were all tall, whereas the plants carrying the IR64 alleles at both loci were small, with 
two exceptions (IR74405-720-12 and IR74409-730-10). This interval is quite broad 
(51.5 cM) and double crossovers cannot be excluded. 

For duration, differences between lines of up to 1 wk were observed. Variations 
between plants within lines were also noticed. Some BC 3 F 2 plants flowered earlier 
than IR64. Differences in duration were less marked in the BC 2 F 1 and BC 3 F 1 genera- 
tion, indicating that some variations might result from the expression of recessive 
genes. 

Tillering and grain weight per plant also showed a range of variation. These 
traits, however, generally have a lower broad-sense heritability than plant height and 
duration. It was not possible with the present experimental design to determine whether 
the observed variations were genetically controlled or not. 

Regardless of the basis of the observed phenotypic variation, these BC 3 F 2 plants 
were largely returned to the IR64 background. Thus, they can easily be converted to 
NILS for characterization of individual QTLs for the targeted root traits and for other 
traits of interest. For example, sd-1 on chromosome 1 is known to be located in the 
RZ730-RZ801 interval (Huang et al 1996). If we compare the genotypes and height 
profiles of plant IR74392-118-4 and plant IR74392-135-1 or IR74392-135-7 (Table 
4, target 1), we can infer that sd-1 is probably located in the small subregion of the 
RZ730-RZ801 interval, which is different between these plants. 
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Fine mapping of QTLs on different chromosomes 
Each of the introgressed regions spanned a large genomic segment to ensure a high 
probability of inclusion of the QTL. Thus, simultaneous transfer of undesirable donor 
alleles due to genetic drag was expected to occur. To minimize the impact of genetic 
drag, fine mapping of the target region is required. This will be achieved more effi- 
ciently by phenotyping progenies of the BC 3 F 2 plants that have overlapping genomic 
segments in the target areas. We have identified several useful recombinants for this 
purpose among the BC 3 F 2 plants. For instance, recombinants carrying the Azucena 
allele at different and overlapping regions in the region RZ19-RG690-RZ730-RZ801 
can be used to accurately locate the target QTL to one of these intervals with or 
without mapping additional markers in the target region. 

Pyramiding QTLs by crossing selected BC 3 F 2 plants 
According to the original study, the effect of each individual QTL was small. To 
obtain differences for the root system in the progenies, which translate into signifi- 
cant differences for drought tolerance in the field, the association of several QTLs 
might be necessary. Pyramiding of QTLs can be obtained by crossing plants carrying 
Azucena alleles at different target regions. For example, BC 3 F 2 plants carrying Azucena 
alleles at both targets 1 and 7 were identified. Two of them, IR74409-736-11 and 
IR74409-738-11, were crossed to plants homozygous for Azucena at target 9. The 
cross is expected to yield plants carrying Azucena alleles at all three of these target 
regions (targets 1, 7, and 9). By crossing the resulting plants carrying targets 1, 7, and 
9 to plants carrying target 2, we hope to recover plants combining all major QTLs for 
maximum root length while minimizing genetic drag. 

Yet, the pyramiding approach has practical problems. This type of cross involves 
two individual plants and not, as in the rest of the program, one individual plant and a 
recurrent parent for which staggered sowings are easy to realize. Therefore, it is more 
difficult to synchronize the flowering dates and the number of hybrid seeds obtained 
is usually low. 

Future phenotyping work 
Working with the root system, we are in the worst-case scenario for marker-aided 
selection. The confidence interval for QTL location for traits with low heritability is 
generally very broad (Hyne et al 1995, Visscher et al 1996b), and QTLs risk being 
assigned to the wrong intervals. This was the primary reason we selected a large 
region for introgression for each of the target QTLs. Moreover, phenotypic evalua- 
tion during the selection process is impossible because the evaluation is destructive 
and inaccurate without replication. We have therefore delayed it until the end of the 
process. We obtained BC 3 F 2 plants with the proper genotypes at the target regions, 
but there is always a risk that individuals displaying the desired genotype may not 
carry the QTL because the linkage between the markers and the target QTL could 
have been broken during backcross work. 
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The final phenotyping work using the BC 3 F 3 seeds coming from the selected 
BC 3 F 2 plants will be carried out in three steps. The first step will be to evaluate their 
root system under greenhouse conditions in comparison with IR64 and see whether 
they express the expected differences. A second experiment would allow better char- 
acterization of the NILS for duration, height, and yield components under field condi- 
tions. The third step will be to compare the performance of the best lines with that of 
IR64 under various water-stress conditions. 
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Screening for osmotic adjustment 
in rice 
R. Chandra Babu, A. Blum, Jingxian Zhang, S. Sarkarung, and 
H.T. Nguyen 

Osmotic adjustment (OA) is a major component of drought tolerance. Incorporation of 
OA in crop improvement programs is limited by its slow and complex measurement 
procedures. Broadly, three different methods for determining OA in plants are in use. 
In a recent study, the comparative performance of these methods was tested using 
diverse rice lines. Significant variation in OA among cultivars was observed in all three 
methods. More than a fourfold difference in OA among cultivars (0.35 to 1.51 MPa) 
was observed using the standard regression method. The mean OA over the cultivars 
was 0.89, 0.51, and 0.72 MPa in the “regression,” “full turgor adjusting,” and 
“rehydration” methods, respectively. The rehydration method had a significantly higher 
correlation with the standard regression method and had an advantage over the full 
turgor adjusting method in terms of quick measurements of osmotic potential. The 
rehydration method served as a rapid procedure to screen large amounts of germplasm 
with some improvements suggested here. OA was not fully expressed under conditions 
of high temperature and evaporative demand because of the fast development of 
stress. Because of the sensitivity of the measurement systems and experimental 
methods employed in this study, rice required about 3 wk of stress duration for solute(s) 
to accumulate and for cultivar differences to develop in OA. The complexity of measuring 
OA in selection work tempts us to seek alternate indices for OA that are simple and 
rapid for measurement. Constitutive capacity for OA is one such example. The initial 
turgid osmotic potential in rice plants not previously exposed to drought, however, is 
not associated with OA after the stress treatment. On the other hand, the osmotic 
potential of plants rehydrated after stress showed a significant positive relation with 
OA. The need for a proper stress protocol, measurement procedures for plant water 
relations, and the different methods of OA determination are discussed, with emphasis 
on rice. 

Osmotic adjustment (OA) in higher plants has been defined (Blum 1988) as follows: 
“As water is being removed from the plant cell, its osmotic potential (OP) is reduced 
due to the simple effect of solute concentration. However, if during the course of 
cellular water loss solutes are actively accumulated, OP would be reduced beyond the 
rate dictated by the mere effect of concentration. Such an active accumulation of 
solutes during the development of water deficit is termed OA.” 
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OA can allow higher turgor potential (TP) at a given leaf water potential (LWP). 
Thus, zero turgor will occur at a relatively lower LWP in an osmotically adjusting 
leaf: 

LWP = TP + OP 

To maintain a positive turgor (TP = more than zero), OP must be less than LWP. 
Solute accumulation (generating a more negative OP) clearly represents a mechanism 
for maintaining a positive turgor at low LWP. Ideally, the OP is inversely proportional 
to the cell volume (V) or volume of the solution, and directly proportional to the 
number of solute molecules (n): 

OP = – nRT/V 

where R = gas constant and T = absolute temperature. When water stress occurs, the 
water potential in the cell walls and conducting vessels falls, creating a potential 
gradient for the protoplast. The response to re-establish equilibrium may involve either 
a change in V or n or both. If n does not change, water is lost, that is, the tissue 
dehydrates. When OA occurs, n increases, either to reduce or prevent a change in V, 
and turgor is maintained. Thus, analysis of the relationship between OP and V provides 
a basis for comparing degrees of OA. Because it is difficult to measure V directly, 
relative water content (RWC) is used as an alternate (Morgan 1983). 

The objective of this chapter is to explain to researchers the importance of OA in 
drought tolerance, the need for a proper water stress protocol for expression of OA, 
and the various methods for determining OA. These points are discussed, with emphasis 
on screening rice germplasm for OA. 

Osmotic adjustment and drought tolerance 
Osmotic adjustment is an effective component of drought tolerance in several crop 
plants (Morgan 1984, Blum 1988, Ludlow and Muchow 1990, Kramer and Boyer 
1995). Generally, OA contributes to turgor maintenance of both shoots and roots as 
plants experience water deficit. This allows turgor-dependent processes such as growth 
and stomatal activity to continue to progressively lower LWP. The accumulated 
compatible solutes may also protect specific cellular functions, irrespective of turgor 
(Paleg et al 1985, Shen et al 1997). Substantial genotypic variation for OA was observed 
in wheat (Morgan 1977, Morgan et al 1986), sorghum (Blum and Sullivan 1986, 
Santamaria et al1 1990, Basnayake et al 1993, Tangpremsri et al 1995), chickpea 
(Morgan et al 1991), field pea (Rodriguez-Maribona et al 1992), and sunflower (Jamaux 
et al 1997). OA is known to occur in rice under water deficit to an extent of about 0.5- 
0.6 MPa in tests using a limited number of cultivars (Cutler et al 1980, Steponkus et 
al 1982, Hsiao et al 1984, Turner et al 1986). Higher levels of OA were reported under 
a prolonged stress among diverse rice lines (Lilley and Ludlow 1996). 
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Unlike most other putative traits, the association of OA with components of yield 
and determinants of plant survival has been demonstrated (Ludlow and Muchow 1990). 
OA as an important drought-tolerance component and its positive influence on leaf 
rolling, tissue death, and retention of green leaf area in rice have been reviewed (Nguyen 
et al 1997). OA has been associated with yield under drought stress in several crops 
(Kumar et al 1984, Ludlow et al 1990, Santamaria et al 1990, Morgan et al 1991, 
Rodriguez-Maribona et al 1992, Morgan 1995). Although a yield benefit of OA has 
yet to be clearly demonstrated in rice (Lilley and Ludlow 1996), a possible indication 
to this effect is seen in the literature. 

In a pot experiment using 12 rice cultivars (Ramakrishnaiya and Murthy 1993), 
the soil moisture was allowed to drop to 25% of the field capacity during the vegetative 
stage (21–49 dafter sowing). In cultivar CR143-2-2, the decline in RWC was relatively 
slow, but the fall in LWP was more apparent and leaf diffusive resistance was the 
lowest. The maintenance of a high RWC in spite of the low LWP in CR143-2-2 might 
have been due to OA because its OP dropped below that of LWP as the stress advanced. 
The drought index was relatively higher in CR143-2-2 (90.3%) compared to other 
cultivars assessed in a separate field experiment with soil moisture depletion down to 
1/3 of field capacity (8% soil moisture). This cultivar consistently recorded stable 
yield under periodical moisture stress. 

The OA value as a drought-tolerance mechanism is high in heavier soils (Morgan 
1984) but is limited under rapid desiccation typical in crops growing on shallow sandy 
soils (Blum 1982). Except for the need to develop a rapid screening procedure, there 
is no problem with this trait being used in breeding programs with good prospects for 
improving yield under stress (Ludlow and Muchow 1990). 

Screening for OA 
Once OA has been shown to influence yield and crop adaptation, selection should be 
conducted in the environment where the most effective discrimination is possible. 
Little research has been conducted on the stress magnitude and conditions required to 
maximize OA (Begg and Turner 1976). Difficulties with natural agricultural 
environments include the probability that the relevant environmental challenge(s) 
will not occur and the possibility that confounding challenges may also occur. Hence, 
in many situations it may be more appropriate to use contrived environments where 
some control is exercised over features such as water management, nutrition, 
photoperiod, or temperature. Glasshouse measurements of OA may thus be an 
appropriate selection criterion, as in wheat breeding (Morgan et al 1986). Further 
measurements of OA made on glasshouse-grown plants may be used to select lines 
that yield higher under conditions of water deficit in the field (Morgan 1983). 

Stress protocol and measurement of plant water relations 
The methodology for measuring OA in plants under drought stress is strengthened by 
the fact that OA is strongly affected by the extent and duration of drought stress. OA 

Screening for osmotic adjustment in rice 295 



is time-dependent (Blum 1982) and the progression of water stress has to be slow 
enough to allow solutes to accumulate. The slow development of water stress is critical 
to allowing the genetic potential for OA to be fully expressed (Jones and Rawson 
1979). Thus, a protocol for measuring OA in rice under the effect of drought stress 
must standardize the conditions for development of a slow and prolonged water stress 
cycle. Growing plants in large containers (e.g., 18-L capacity with a 35 × 30 × 25-cm 
dimension), filled with 6 kg of potting soil consisting of peat (5–15%), perlite bark 
(40–50%), Styrofoam (20–30%), and vermiculite (10–20%) (e.g., Ball Growing Mix3, 
Ball Horticultural Company, USA), and maintaining 2 plants pot -1 will permit a 
prolonged drought stress cycle under relatively mild atmospheric conditions. Because 
OA is also a function of the extent of plant water deficit, the evaluation of genotypic 
differences in OA must be performed by subjecting all the genotypes to an adequate 
and same level of plant water stress (Nguyen et al 1997). Later, OA measurements 
can be normalized to a standard leaf RWC. Otherwise, comparing genotypes using 
OA values obtained from plants subjected to different levels of plant water deficit 
may be misleading, as in the case of barley (Teulat et al 1998). 

Determining RWC, OP, and LWP at midday in the midsection of the same second- 
youngest fully expanded leaf blade will minimize errors arising from comparing one 
variable on one plant or leaf and another on a second that may have a different water 
status. RWC is normally determined after 4 h rehydration under light compensation 
following the standard formula of Barrs and Weatherley (1962) and OP and LWP are 
measured using thermocouple psychrometry following the procedures outlined by 
Brown and Collins (1980), as these methods are consistent and standard. Thermocouple 
psychrometers are generally considered to be reliable and accurate instruments for 
measuring plant and soil water potentials (Brown and Oosterhuis 1992). 

Methods for determining OA 
The comparison of OA data from different studies is hampered by differences in 
methodology and protocol. Different methods for determining OA in plants have been 
proposed and used (Jones and Turner 1978, Wilson et al 1979, Ludlow et al 1983, 
Blum 1989, Morgan 1992), and have been reviewed recently (Zhang et al 1999). The 
various published methods for measuring OA can be classified broadly into three 
procedures: the “regression” method, the “full turgor adjusting” method, and the 
“rehydration” method. 

The regression method 
The regression method (Morgan 1992) is the most comprehensive and is considered 
the standard because of its underlying theory and the extensive data acquisition it is 
based on. This method estimates OA from the linear regressions of RWC on OP as 
derived from consecutive measurements during a drought stress cycle. It partitions 
between active solute accumulation (i.e., OA) and the “concentration effect” on OP 
(OP 0 ) of water loss from tissues. OP 0 was calculated for each RWC data point according 
to Morgan (1992) and Wright et al (1983): 
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OP 0 = OPi ((RWCi/l00)/RWC/l00)) 

where OPi = initial OP at full turgor and RWCi = initial RWC at full turgor. 
Osmotic adjustment was calculated from the two regressions as the difference 

between OP and OP 0 at an RWC of 70%. The regression of RWC on OP could be 
considered as a single-phase response as was done in rice (Babu et al 1999), wheat 
(Morgan 1992), and sunflower (Chimenti and Hall 1993), or as a bi-phase response as 
was done in rice (Lilley and Ludlow 1996, Lilley et al 1996) depending on the trend 
in the data set. OA at 70% RWC indicates the amount of solutes accumulated at an 
equivalent level of cell volume for all the genotypes. Leaves die when they reach a 
critical RWC rather than when they reach a critical LWP (Flower and Ludlow 1986) 
and photosynthesis, protein synthesis, nitrate reduction, and leaf senescence are often 
better correlated with changes in cell volume and RWC than with LWP. But the 
regression method is demanding on time, labor, and plant materials. 

The full turgor adjusting method 
The full turgor adjusting method (Wilson et al 1979, Ludlow et al 1983) is relatively 
simpler. It estimates OA from the difference in OP at full turgor (RWC 100 ) between 
nonstressed and stressed plants. With this method, OP at RWC 100 is calculated from 
point measurements of OP and RWC at a given level of plant water deficit stressed 
(e.g., at about 60–65% RWC for rice), with a correction for apoplastic water content 
(B). OP at RWC 100 (OP 100 ) is calculated as follows: 

OP 100 = OP((RWC – B)/(100 – B)) 

A B value of 18% has been reported for rice (Turner et al 1986). A constant value 
of B was used for both stressed and nonstressed leaves of all cultivars because B did 
not change with cultivars (Turner et al 1986) or dehydration (Wilson et al 1980). A 
constant value of B was also used by others (Ludlow et al 1983, 1990). OP and RWC 
measurements are made in nonstressed and stressed plants. 

The rehydration method 
The rehydration method (Jones and Turner 1978, Blum 1989) also estimates OA by a 
point measurement of the difference in OP at RWC 100 between nonstressed and stressed 
plants. Here, however, OP at RWC 100 in stressed plants is actually measured after 
plants or parts thereof are rehydrated to RWC 100 . 

The standard regression method can also be used alternatively as done by Morgan 
(1992, 1995), where the relative capacity for OA is derived from the regression of 
RWC on OP and estimated as the RWC at OP of -3.5 MPa, which is at about wilting 
for rice (Lilley and Ludlow 1996). This is the breakpoint OP near or below the phase 
of maintenance of RWC in high OA lines in rice. This OP varies with crop; it is –2.5 
MPa in wheat (Morgan 1991) and –1.7 MPa in sunflower (Chimenti and Hall 1993). 
The RWC at an OP of –3.5 MPa gives an estimate of maintenance of cell volume at a 
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given OP for all the genotypes. This alternate procedure and the standard regression 
method previously discussed use the same data set. The difference between the two is 
that the relative capacity for OA as expressed in terms of RWC at a given OP does not 
account for possible variations among cultivars in the concentration effect on OP 
during a drought event. 

Comparing screening methods 
Recently, the advantages and disadvantages of these methods for measuring OA 
variation were compared in 12 rice genotypes (Babu et al 1999). Very high levels of 
OA variation among lines were established by the regression method at 70% RWC, 
ranging from 0.35 MPa in IR52561-UBN-1-1 -2 to 1.51 MPa in IR62266-42-6-2, with 
a mean of 0.89 MPa across cultivars. Such high values are comparable with the highest 
values observed in wheat (Morgan 1992), barley (Blum 1989), and sorghum (Blum 
and Sullivan 1986, Santamaria et al 1990, Tangpremsri et al 1995) and they are higher 
than those observed earlier in rice (Cutler et al 1980, Hsiao et al 1984, Turner et al 
1986). Similar high levels of OA have been recorded in diverse rice lines subjected to 
prolonged stress (Lilley and Ludlow 1996). 

Morgan’s (1992) regression method is the most comprehensive, but it is time- 
and labor-consuming. It is not suitable for screening a large number of genotypes as 
in molecular mapping work. The high correlation across rice cultivars between OA at 
RWC of 70% and RWC at –3.5 MPa OP (Babu et al 1999) indicates that the variation 
among cultivars in concentration effect was not very important for estimating cultivar 
differences in OA. This seems to be the case in wheat also, where estimating relative 
capacity for OA based on RWC at a given level of OP is used extensively by Morgan 
(Morgan 1992, 1995, and personal communication). This reduces only the number of 
calculations but not labor, time, and plant material; hence, it is not suitable for screening 
work. 

Because the full turgor adjusting and rehydration methods provide a point 
measurement of the difference in OP at RWC 100 between well-watered and drought- 
stressed plants, they are less tedious. But the mean OA value (0.51 MPa) by the full 
turgor adjusting method is low (Babu et al 1999). This was not due to an insufficient 
level of drought stress because the plants were stressed to about the same or lower 
RWC. The reason could be perhaps because of the assumptions on which the calculation 
to full turgor is based. First, the correction for B may be unnecessary, despite its 
estimate (18%) for rice (Turner et al 1986). The value and constancy of bound water 
have only a small effect on OP 100 and they are sometimes omitted from the equation 
(Jones and Turner 1978). Second, the correction to an RWC of 100% may be unrealistic 
because normally grown turgid plants rarely reach an RWC of l00%, as pointed out 
by Morgan (1995). RWC at full turgor under normal growing conditions was often 
below 100% in rice (Babu et al 1999). Therefore, these two corrections are not sufficient 
to explain the relatively low mean OA value by this method. 

In comparison to the full turgor adjusting method, the mean OA (0.72 MPa) 
across cultivars by the rehydration method was relatively higher (Babu et al 1999), 
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although, compared with the mean OA by the standard regression method, this is 
lower, perhaps because solutes were diluted during rehydration. Further, respiration 
during the rehydration period (overnight) may have reduced osmolality. But the ranking 
of the rice cultivars for OA by the regression method agreed well with ranking by the 
other methods. Based on the correlation analysis with the regression method, Babu et 
al (1999) suggested that the rehydration method is more suitable for extensive 
measurement of OA, as in selection work. Further, the rehydration method may be 
more useful in extraction of sap for studies involving quantification of osmolytes. 

Several improvements can be considered when the rehydration method is used. 
First, measuring OP using thermocouple psychrometers is too slow and elaborate. A 
technically faster method is to measure OP of expressed sap of freeze-thawed leaf in 
a vapor pressure osmometer. Although this method has been debated (Kikuta and 
Richter 1992, Morgan 1992), the use of sap from uniformly rehydrated tissues can 
improve the consistency of results compared with the psychrometric measurement of 
freeze-thawed tissues from stressed plants. Second, results in favor of a shorter 
rehydration period can be considered. A large increase occurred in the first 24 h in OP 
of rewatered rice plants (Steponkus et al 1982). Watering intact rice plants in the dark 
and allowing 2 h for equilibration resulted in full hydration as judged by water potentials 
near zero and the presence of guttation fluid (Cutler et al 1979). Obviously, the 
rehydration time must not be too long, especially in plants adapted to water deficits, 
because the plants may lose or gain solutes during rehydration (Turner and Jones 
1980). 

Studies with most crop species suggest that rehydration for 3–4 h at light 
compensation may be enough to regain full turgor without any marked loss of solutes. 
But OA is known to persist up to 14 d after rewatering in rice (Steponkus et al 1982). 
We tested the change in OP of stressed plants at different intervals after rehydration 
and preliminary results indicated that the OP remained fairly unchanged at least during 
the first 10 h after rewatering (Tripathy, personal communication). Based on this, we 
suggest rewatering the stressed plants late in the evening and sampling for OP early 
the next morning. 

Time requirement for OA 
Besides tissue water deficit, time is a critical variable for the development of OA. 
This is deduced from the poor development of OA in most cultivars in an experiment 
where stress duration was shorter (Babu et al 1999). Though plants were grown in an 
adequately large soil volume, higher ambient temperature and transpirational demand 
led to faster development of stress and plants wilted earlier in this experiment, which 
did not allow enough time for solute accumulation. Plants wilted at an LWP of around 
–2.5 MPa in the second experiment because of a lack of sufficient time for OA, whereas 
they wilted at an LWP of about –3.5 MPa under prolonged stress in the first experiment. 
Therefore, it is not the rate of stress development that is important for OA but the time 
available for solute accumulation before the plants wilt as a function of tissue water 
loss on the one hand and the rate of solute accumulation on the other. The maximum 
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extent of OA in rice is independent of the rate of stress development over a range of 
LWP of 0.05 to 0.6 MPa d -1 (Steponkus et a1 1982). The degree of OA was correlated 
with cumulative stress days above a threshold cumulative LWP of –16 to –17 MPa 
days (Turner et al 1986). Rice evidently requires about 3 wk of drought stress (from 
initiation of stress to wilting) to express its full capacity for OA, which seems to be 
longer than what is required by wheat (Morgan 1992) or sorghum (Basnayake et al 
1993). 

The time required for OA may depend on the nature of the osmoticum and the 
rate of its accumulation, which could differ among plant species. The compatible 
solutes—various sugars, organic acids, amino acids, sugar alcohols, or ions (most 
commonly K + )—differ with plant species and genera (Morgan 1984). The main solutes 
responsible for OA in rice under water-deficit conditions have not yet been elucidated. 
Rice does not accumulate glycine betaine as do barley and other plants (Ishitani et al 
1993) because of a deficiency in choline monooxygenase and betaine aldehyde 
dehydrogenase (Rathinasabapathi et al 1993). Rice does accumulate proline (Dingkuhn 
et al 1991). The extent of proline accumulation and its contribution to OA, however, 
have not been evaluated. Because proline accumulation is proportional to the rate of 
plant water deficit, genotypic differences in proline accumulation may simply reflect 
respective differences in LWP (Dingkuhn et al 1991). 

Alternative indices for OA 
The complexity of measuring OA in selection work makes it tempting to take shortcuts. 
The constitutive accumulation of solutes can also be an effective component of turgor 
maintenance under drought stress, as seen in natural vegetation (Walter 1965), where 
OPi can range from –0.5 to –2.2 MPa (Larcher 1980). Constitutive accumulation (by 
overexpression of the responsible gene) of a cellular osmoticum is regarded as an 
effective approach to increasing crop drought resistance by genetic engineering 
(Bohnert et al 1995). The OPi values in rice cultivars differed significantly from –1.5 
to –2.0 MPa (Babu et a1 1999). The OPi was independent of RWCi and it may therefore 
represent a long-term constitutive adaptive component, as argued by O'Toole (1982). 
But the constitutive accumulation of solutes may be totally unrelated to the capacity 
for OA in response to drought stress, as seen by the lack of any significant correlation 
across cultivars between OPi and OA (Babu et al 1999). A nonsignificant range in 
OPi (–1.29 to –1.39 MPa) was also reported from diverse and recombinant inbred 
lines (RILs) in rice (Lilley and Ludlow 1996, Lilley et al 1996). 

Desiccation tolerance as measured by lethal OP and/or lethal RWC is suggested 
to be related to OA. A significant but low correlation coefficient, however, indicates 
that factors other than OA are involved in dehydration tolerance in rice (Lilley et al 
1996). Selection for increased desiccation tolerance has a penalty for OA (Basnayake 
et al 1993). The OP of rehydrated leaves had a significant positive correlation with 
OA in rice (Zhang et al 1998). Relative water loss (water loss of excised leaves) is 
suggested as a physiological marker for OA in sunflower (Jamaux et al 1997). 
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Molecular approaches 
Selection based on molecular markers, known as marker-assisted selection, alleviates 
difficulties associated with low heritability, recessiveness, and screening procedures 
(e.g., OA). Selection of suitable breeding populations and a stress protocol and reliable 
phenotypic evaluation requiring a multidisciplinary team effort will be crucial for the 
success of this approach. A quantitative trait locus (QTL) linked to OA has been 
mapped in rice using the regression method with 52 RILs (Lilley et al 1996). Population 
size plays an important role in identifying the number of QTLs (Tanksley 1993). 
Thus, by employing the rehydration method, QTLs linked to OA in rice have been 
mapped recently using 154 doubled-haploid lines (Zhang et al 1998). 

Genetic engineering has the potential to improve plant tolerance rapidly (Bartels 
and Nelson 1994). Transgenic rice plants showed better water-stress tolerance and 
recovery than nontransformed ones (Xu et al 1996). Transgenic rice was found to 
accumulate glycine betaine and acquired salt and cold resistance (Sakamoto et al 
1998). The mechanism whereby solute accumulation provided stress tolerance has 
not been examined comprehensively (Chopra and Sinha 1998), especially with current 
knowledge on plant water relations (Blum et al 1996). Most studies have used readily 
available promoters for constitutive expression, whereas the introduction of a pathway 
to enable stress-responsive control of transgenes would be preferable, because 
constitutive expression of a stress protection would probably compromise productivity 
(Bohnert and Jensen 1996). Further experiments are needed, however, to determine 
whether the improved stress tolerance would be great enough to be applicable to 
agriculture. 
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Progress on the molecular 
mapping of osmotic adjustment 
and root traits in rice 
Jingxian Zhang, H.G. Zheng, M.L. Ali, J.N. Tripathy, A. Aarti, 
M.S. Pathan, A.K. Sarial, S. Robin, Thuy Thanh Nguyen, R.C. Babu, 
Bay Duy Nguyen, S. Sarkarung, A. Blum, and Henry T. Nguyen 

The advent of molecular mapping technology makes it possible to dissect complex 
traits such as drought tolerance and yield. Because drought is a major limiting factor 
for grain production in rainfed rice ecosystems, this chapter reviews the literature on 
molecular mapping of drought tolerance in rice. Research progress has been made at 
Texas Tech University on tagging quantitative trait loci (QTLs) for two important drought- 
tolerance components in rice, osmotic adjustment and root traits. When QTLs for 
drought-tolerance traits were compared across populations, we found seven genomic 
regions where QTLs for various traits were clustered and shared by two or more 
populations. The practical applications of identified QTLs and the candidate gene ap 
proach are discussed. 

As the most important food crop in the world, rice ( Oryza sativa L., 2n=24) is receiv- 
ing more attention than ever before. It is considered a model monocot plant for mo- 
lecular genetics research because of its small genome size (430 Mb), well-developed 
genetic maps (Causse et al 1994, Harushima et al 1998), and high level of synteny 
and colinearity with other cereal genomes (Devos and Gale 1997). 

Rice is grown under diverse environmental conditions in terms of topography, 
soil type, water regime, and climatic factors. About half of the world’s rice area is 
under rainfed culture where drought is the most important abiotic stress limiting grain 
yields. Rainfed rice area includes 41 million ha of lowland and 17 million ha of up- 
land ecosystems (Khush 1997). Drought, which often occurs because of unpredict- 
able, insufficient, and uneven distribution of rainfall in these areas during the rice- 
growing seasons, drastically reduces rice production. Incorporating higher levels of 
drought tolerance into this major cereal is essential. 

Significant advances have been made in understanding the physiology of drought 
tolerance in rice. Current knowledge on physiology suggests that drought tolerance in 
rice depends on one or more of the following components: (1) the ability of the roots 
to exploit deep soil water to provide for evapotranspirational demand, (2) the capacity 
for osmotic adjustment (OA) that allows plants to retain turgor and protect meristems 
from extreme desiccation, and (3) control over nonstomatal water loss from leaves 
(Nguyen et al 1997). Our research focuses on two of these drought-tolerance 
components: osmotic adjustment capacity and root-related traits. 
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Role of QTL mapping approach in drought-tolerance research in 
rice 
Genetic modification of plants to grow and yield under unfavorable conditions solves 
problems of environmental stress. Figure 1 illustrates current strategies used to create 
more drought-tolerant plants, such as a genetic engineering approach, a quantitative 
trait loci (QTL) mapping approach, and a conventional breeding approach. Although 
the strategies focus on OA as an example, the concepts are applicable to other traits 
related to drought tolerance. 

Genetic improvement of adaptation to drought is usually addressed through the 
conventional breeding approach by selecting for yield and its stability over locations 
and years. Although this approach has been successful to some degree in developing 
drought-tolerant varieties, such selection programs are expensive and slow in making 
progress. It is almost impossible to incorporate components such as OA and root- 
related traits into a plant breeding program via the conventional approach, mainly 
because of serious methodological constraints (Zhang et al 1999). 

New emerging gene transfer technologies have enormous potential for plant im- 
provement through the introduction of foreign genes into plant cells or tissue. A gene 
from any source can be transferred to plants if it can be cloned, transformed, and 
expressed, and if the transformed tissue can be regenerated into plants. Genes encod- 
ing enzymes involved in metabolic pathways for biosynthesis of osmolytes, for ex- 
ample, have been successfully introduced into several crops (for details, see the re- 
view by Zhang et al 1999) and some of these transformed plants showed increased 

Fig. 1. Genetic avenues for developing drought-tolerant plants by manipulating osmotic adjustment 
(OA) and its components. 
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tolerance for osmotic stress. Although this approach holds great promise in the long 
run for improving tolerance for abiotic stresses, we believe that the successful devel- 
opment and release of drought-tolerant cultivars requires multiple-gene metabolic 
engineering or expression of a transcription factor that regulates the expression of 
several stress-related genes (Kasuga et al 1999). 

The development of molecular marker technologies during the past ten years has 
revolutionized the genetic analysis of crops and made it possible to dissect complex 
quantitative traits. Genetic linkage maps composed of various DNA markers for rice 
have been constructed and widely used for tagging QTLs for diverse traits. In prin- 
ciple, QTL mapping is used to identify associations between a quantitative trait of 
interest and marker alleles segregating in a mapping population. The prerequisites for 
QTL detection are (1) to have a mapping population segregating for a trait of interest, 
(2) to genotype each individual of the population with molecular markers, and (3) to 
phenotype each individual of the population for the trait. 

When QTL analysis is conducted, it has two essential stages: mapping DNA 
markers and associating the trait with the markers. Mapping markers is to put mark- 
ers in linear order, indicate the relative distances between them, and assign them to 
their linkage groups on the basis of the recombination frequency between markers. 
Estimates of recombinant frequency and construction of the genetic map can be eas- 
ily carried out by statistical software such as Mapmaker. 

Several approaches have been proposed to detect associations between markers 
and traits. The most widely used approach is interval mapping using Mapmaker-QTL 
(Lincoln et al 1993). Intervals between adjacent pairs of markers along a chromo- 
some are scanned. The LOD (Likelihood ODds ratio) score profile (of there being 
one QTL versus no QTL at a particular point) will be determined in each interval. 
Maximum LOD scores that exceed a specified threshold indicate the most likely sites 
of the QTLs. 

It is not surprising that molecular mapping of genes that control plant tolerance 
for drought stress lags behind other work (e.g., disease resistance, morphological 
characters). Drought tolerance is complex and is associated with thickness of cuticles, 
stomatal opening and closing, root depth and extent, hormonal composition, OA, and 
antioxidant capacity. For example, OA, as an important component of drought 
tolerance, was just recently mapped in rice (Lilley et al 1996, Zhang et al 1998 and in 
preparation) and wheat (Morgan and Tan 1996). 

QTLs for drought tolerance in rice 
Because of the complex nature of drought tolerance, information on QTL mapping 
for this trait in rice is limited. To our best knowledge, Table 1 summarizes all the 
reported QTLs in the literature for drought-related traits in rice, along with the popu- 
lation used and its size, phenotypic variation explained by an individual QTL, and 
references. Because precision of QTL detection depends largely on accurate evalua- 
tion of phenotypes, caution should be taken in selecting mapping populations. For 
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Table 1. Summary of identified QTLs for drought-tolerance components in rice. 

Traits Populations (size). No. of R2(%) b References 
QTLs 

Osmotic adjustment 

Dehydration tolerance 

Abscisic acid 
accumulation 

Root penetration 
index 

Root thickness 

Total root number 

Root length 

Total root dry weight 

Deep root dry weight 

Root pulling force 

Stomatal behavior 

C039/Moroberekan RlLs (52) 
CT9993/IR62266 DHLs (154) 

C039/Moroberekan RlLs (52) 

lR20/63-83 F2 (79) 

CO39/Moroberekan RlLs (202) 
IR64/Azucena DHLs (109) 
CT9993/IR62266 DHLs (154) 

lR58821/1R52561 RlLs (166) 

C039/Moroberekan RlLs (203) 

Azucena/Bala F2 (178) 

IR64/Azucena DHLs (135) 
IR64/Azucena DHLs (109) 
CT9993/IR62266 DHLs (154) 

lR58821/1R52561 RlLs (166) 

C039/Moroberekan RlLs (202) 
IR64/Azucena DHLs (109) 
lR58821/1R52561 RlLs (166) 

Azucena/Bala F2 (178) 

IR64/Azucena DHLs (135) 
C039/Moroberekan RlLs (203) 

IR64/Azucena DHLs (109) 
lR58821/1R52561 RlLs (166) 

IR64/Azucena DHLs (135) 

IR64/Azucena DHLs (135) 
C039/Moroberekan RlLs (203) 

CT9993/IR62266 DHLs (154) 

Azucena/Bala F2 (178) 

1 
4 

5 

10 

6 
4 
6 

3 

18 

3 

5 
4 

10 

5 

19 
2 
2 

5 

8 
0 

0 
5 

6 

5 
8 

8 

4 

32-34 
7-17 

27-36 
– 

7-13 
9-14 
7-11 

13-26 

15-33 

7-21 

5-10 
10-16 

6-37 

6-14 

8-19 
8-9 

9-12 

5-30 

4-21 
0 

0 
6-13 

5-11 

4-15 
6-17 

7-24 

6-18 

Lilley et al (1996) 
Zhang et al (in 

preparation) 

Lilley et al (1996) 

Quarrie et al 

Ray et al (1996) 
Zheng et al (1999) 
Zhang et al (in 

preparation) 
Ali (1999) 

Champoux et 
al (1995) 

Price & Tomos 
(1997) 

Yadav et al (1997) 
Zheng et al (1999) 
Zhang et al (in 

Ali (1999) 
preparation) 

Ray et al (1996) 
Zheng et al (l999) 
Ali (1999) 

Price & Tomos 

Yadav et al (1997) 
Champoux et 

al (1995) 
Zheng et al (1999) 
Ali (1999) 

Yadav et al (1997) 

Yadav et al (1997) 
Champoux et 

al (1995) 

Zhang et al (in 
preparation) 

(1997) 

(1997) 

Price et al (1997) 

a RILs = recombinant inbred lines, DHLs = doubled-haploid lines. b Phenotyplc variation explained by an individual 
QTL. 
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quantitative traits, doubled-haploid line (DHL) or recombinant inbred line (RIL) popu- 
lations are preferred over F 2 and BC 1 populations because replicated measurements 
are usually required. Table 1 shows that most studies chose DHLs or RILs as map- 
ping populations. Exceptions were the studies by Quarrie et al (1997), Price et al 
(1997), and Price and Tomos (1997), which used F 2 populations. 

Osmotic adjustment and dehydration tolerance 
Osmotic adjustment is the plant’s capacity to actively accumulate solutes in the cells 
under drought. Of all putative drought-tolerance traits, OA has been associated with 
sustained yield under drought stress in crops such as wheat and sorghum, although 
information on rice is lacking (Zhang et al 1999). Other than the studies by Lilley et al 
(1996) and Zhang et al (1998 and in preparation), there appears to be no work that 
maps QTLs for OA in rice. Lilley et al (1996) evaluated OA on 52 RILs. A single QTL 
explaining one-third of the phenotypic variation for OA was identified (Table 1) and 
mapped at the RG1 region on chromosome 8 in rice. Comparative mapping indicated 
that this region was homologous with a segment of wheat chromosome 7, where a 
single locus putatively associated with OA was identified (see Fig. 1 in Zhang et al 
1999). Using the same population, Lilley et al (1996) located five QTLs for dehydra- 
tion tolerance (lethal osmotic potential), with phenotypic variation ranging from 27% 
to 36% (Table 1). But none of these QTLs overlapped with the QTL for OA. This 
suggests that OA and desiccation tolerance are two independent mechanisms of drought 
tolerance. 

One factor limiting mapping of QTLs for OA is the lack of rapid procedures to 
phenotype large numbers of experimental materials. Recently, three commonly used 
protocols for OA determination have been compared and the rehydration method has 
been suggested for rice (Babu et al 1999). For detailed theories and equations related 
to the protocols, readers are referred to Zhang et al (1999) and Babu et al (1999, and 
this volume). Using a large DHL population derived from a cross between CT9993- 
5-10- 1-M and IR62266-42-6-2 (abbreviated as CT9993 and IR62266 in later text and 
table), we phenotyped OA based on the rehydration method in a greenhouse (Box 1). 
Preliminary analysis with the linkage map constructed for this population (Box 2) 
identified four QTLs for OA (Table l), one of which was located in a genomic region 
similar to that of the QTL detected by Lilley et al (1996). 

Abscisic acid accumulation 
Accumulation of abscisic acid (ABA) is a common response of plants to drought and 
this generally helps plants to survive stress better. Only one report in the literature 
deals with mapping of QTLs for ABA accumulation in rice. Quarrie et al (1997) 
conducted a detailed genetic analysis of ABA accumulation in droughted rice leaves 
using a population of 79 F 2 plants generated from the lowland × upland cross of IR20 
(high-ABA) and 63-83 (low-ABA). Ten QTLs for ABA accumulation were identified 
(Table l), located on chromosomes 2, 3, 4, 6, 7, and 9, respectively. These QTLs 
accounted for 55% of the total phenotypic variation. 
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Box 1: Phenotyping CT9993/IR62266 DHL population for osmotic 
adjustment 
Osmotic adjustment capacity was evaluated with the rehydration method (Babu 
et al 1999). It was calculated as the difference in osmotic potential at full turgor 
between well-watered and drought-stressed plants. Osmotic potential at full 
turgor in stressed plants was measured after the plants were rehydrated. The 
choice of the value of the water status at which plants were rehydrated was 
important because the magnitude of OA depended on the degree of water stress. 
In practice, leaf relative water content (RWC) was monitored during the stress 
period. When RWC reached a value where wilting occurred in most crop plants, 
rice plants were rehydrated and samples were collected after the plants regained 
full turgor. 

Box 2: Genotyping CT9993/IR62266 DHL and lR58821/IR52561 RIL 
populations 
Genotyping a DHL population (154 lines) derived from a cross between CT9993 
and R62266 was done with restriction fragment length polymorphisms (RFLPs), 
amplified fragment length polymorphisms (AFLPs), and microsatellites (Zhang 
et al, in preparation). A genetic linkage map was then constructed, consisting of 
315 molecular markers (145 RFLPs, 153 AFLPs, and 17 microsatellites). The 
map information was then used for QTL analysis on the phenotypic data col- 
lected at Texas Tech University (USA), IRRI (Philippines), the Ubon Rice Re- 
search Center (Thailand), and the Volcani Center (Israel) (Zhang et al, Kamoshita 
et al, Blum et al, this volume). 

Genotyping a RIL population (166 lines) derived from a cross between two 
indica types-IR58821-23-B-2-1 and IR52561-UBN-1-12 (abbreviated as 
IR58821 and IR52561 in later text and table)-was done with RFLPs and AFLPs 
(Ali 1999). Agenetic linkage map was then constructed, consisting of 383 AFLP 
and 106 RFLP markers. The map information was then used for QTL analysis 
on the phenotypic data collected at Texas Tech University and IRRI (Philip- 
pines) (Ali 1999, Kamoshita et al, this volume). 

Root penetration ability and other root traits 
Root penetration ability is an important trait for rice growing under rainfed lowland 
conditions. This is because compacted soil layers or hardpans are often found in low- 
land rice fields and genotypes with strong root penetration ability through the com- 
pacted layer can facilitate water uptake. Screening rice genotypes for root penetration 
ability using wax-petrolatum layers was developed at Texas Tech University (Box 3) 
and genetic variation in root penetration among rice cultivars was found (Yu et al 
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1995). Using the wax-petrolatum layer system, we phenotyped four mapping popula- 
tions (CT9993/IR62266 DHLs, IR58821/IR52561 RILs, IR64/Azucena DHLs, CO39/ 
Moroberekan RILs) (Table 1). Based on statistical analysis, we identified three to six 
QTLs for root penetration ability, which accounted for phenotypic variation ranging 
from 7% to 26% (Table 1). It is worthwhile to point out that the QTL on chromosome 
2 was located in a similar genomic region across three of the four populations and 
might be more useful for marker-assisted selection (MAS) across different genetic 
backgrounds. 

Box 3: Phenotyping root penetration index (ability) 
Root penetration index was calculated as the ratio of penetrated root number 
through a hardpan to total root number. The wax-petrolatum layers (diameter 
13.5 cm, thickness 0.5 cm) used to simulate the hardpan were made of 66.7% 
wax and 33.3% petrolatum white (Yu et a1 1995). They had a strength of 1.7 
MPa at 27 °C. Plants were grown in pots having wax-petrolatum layers inside. 
To prevent penetrated roots from drying, these pots were suspended in wooden 
tanks with water filled to half of the pot height. 

QTLs associated with other root morphological characters were also mapped 
(Table 1). Champoux et a1 (1995) located QTLs associated with five parameters of 
rice root morphology (root thickness, ratio of root to shoot, root dry weight per tiller, 
deep root dry weight per tiller, and maximum root length). More than 50% of the 
putative QTLs associated with root characters in the greenhouse study mapped to the 
same chromosomal locations as the QTLs associated with drought-avoidance scores 
in field experiments. Similarly, Ali (1999), Ray et a1 (1996), Price and Tomos (1997), 
Yadav et a1 (1997), Zhang et a1 (in preparation), and Zheng et a1 (1 999) also identified 
QTLs for various root characters (Table 1). 

Genomic regions with QTLs clustering for drought-related traits 
When we compared the QTLs detected from the above studies (Table 1), we found 
seven genomic regions where QTLs for various traits were clustered and shared by 
two or more populations (Fig. 2). Of the seven genomic regions, six were associated 
with drought-avoidance scores evaluated in the field. The RG437-RG157 and RG662- 
RZ12 regions on chromosomes 2 and 9 had QTLs for root thickness, root weight, and 
maximum root length. The genomic region RG104A-RG450 on chromosome 3 is 
associated with root penetration ability, root thickness, root weight per tiller, deep 
root weight per tiller, and deep root to shoot ratio, but not drought-avoidance score in 
the field. The RG214-RG476c region on chromosome 4 had QTLs for root penetra- 
tion ability, root thickness, root pulling force, and ratio of root to shoot. The RG351 - 
RG146 region on chromosome 7 had QTLs for root thickness, root weight, root pen- 
etration ability, and maximum root length. The RG1-RZ649 region on chromosome 8 
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Fig. 2. A schematic chromosome map showing genomic regions where QTLs for drought-related 
traits are clustered and shared by two or more mapping populations in rice. The numbers above 
each chromosome indicate chromosome numbers. The map corresponds to that of Champoux et 
al (1995). DAS = drought-avoidance score, RDW = root dry weight, RPI = root penetration index, 
RT = root thickness, MRL = maximum root length, RPF = root pulling force, RRS = ratio of root to 
shoot, OA = osmotic adjustment. 

controlled osmotic adjustment, root thickness, root weight, and maximum root length. 
The CDO365-RG211 region on chromosome 11 controlled QTLs for root penetration 
index, ratio of root to shoot, and root thickness. QTLs for ABA could not be placed on 
Figure 2 because no anchor markers matched between the population used by Quarrie 
et al (1997) and the other populations used in drought-tolerance research (Table 1). 

Applications of mapped QTLs and future perspectives 
Because of the complicated nature of quantitatively inherited traits, much more atten- 
tion should be paid to the quality and quantity of trait data. The power to resolve 
locations of QTLs is limited first by mapping population size and then by genetic 
marker coverage of the genome and accuracy of phenotypic values of the mapping 
progenies (McCouch and Doerge 1995). Because current molecular marker techniques 
are quite standardized, it is not difficult to generate marker data and construct linkage 
maps. Emphasis should be placed on phenotyping, however, if the trait of interest is 
complex. For example, compared with morphological and phenological traits, drought- 
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tolerance traits are more difficult to evaluate. To guarantee that quantitative traits can 
be measured as precisely as possible, a medium-size mapping population with more 
than 100 individuals is acceptable for QTL detection (Tanksley 1993) and also man- 
ageable when three or four replications are needed for phenotyping. 

Mapped QTLs have wide applications in genetic and physiological studies. Per- 
haps the most practical application of the identified QTLs is to perform MAS aiming 
at the efficient pyramiding of favorable QTL alleles to improve drought tolerance in 
rice. Applying MAS to major QTLs for drought tolerance will make it easier for 
drought tolerance to be incorporated into a breeding program. For MAS to be suc- 
cessful, the following practical points need to be considered. First, the markers linked 
to the QTLs for a trait of interest must be close enough (<1 cM). Otherwise, the 
efficiency of MAS may not be guaranteed because of possible crossovers. Greater 
genetic gain for a trait can be made when flanking markers are used instead of single 
markers. Fine-mapping of specific QTL regions can be achieved via various strate- 
gies, such as adding more markers in the regions, DNA-pooling coupled with poly- 
merase chain reaction (PCR)-based markers, substitution mapping, and developing 
near-isogenic lines. Second, the markers used for MAS must be converted to easily 
handled PCR-based markers (such as STS, sequence-tagged sites, and CAPS, cleaved 
amplified polymorphic sequences) because all markers linked to QTLs for OA, ABA 
accumulation, and root traits are either RFLPs or AFLPs. Although AFLPs fall within 
the PCR-based family, their use for MAS is still limited because the techniques in- 
volved are complicated and time-consuming. 

During the past decade, QTL mapping has improved our knowledge of the ge- 
netic architecture of quantitative traits in crops. But the exact genetic nature of the 
QTLs involved in drought tolerance is still poorly understood. Recently, a candidate 
gene approach (Rothschild and Soller 1997) was proposed to link the genes in rel- 
evant metabolic pathways to QTLs. Because many genes or cDNAs related to osmolyte 
biosynthesis have been isolated and cloned, emphasis should be placed on mapping 
them to the current populations used for drought-tolerance research in rice and deter- 
mining whether there is any correlation between these genes and the identified QTLs 
for drought tolerance. For drought-tolerance traits whose metabolic pathways are not 
clear, state-of-the-art high-throughput microarray technology can be employed to detect 
genes related to drought responses (Schena et al 1995). Once these genes are available, 
they can then be used for mapping. With the routine integration of newly characterized 
genes obtained via expressed sequence tag (EST) databases or conventional molecular 
cloning, the candidate gene approach will become an important and powerful tool to 
uncover the nature of QTLs underlying drought tolerance in rice. 
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Drought tolerance of a doubled- 
haploid line population of rice 
in the field 
A. Blum, J. Mayer, G. Golan, and B. Sinmena 

A doubled-haploid (DH) F 2 line population of rice (cross CT9993-5-10-1-M/IR62266- 
42-6-2, designated lR68586) was developed for the molecular mapping of drought- 
tolerance traits in rice. This study was performed to evaluate a subset of 100 lines of 
this population for drought tolerance in terms of plant production in the field. Lines 
were planted at Bet Dagan, Israel, in 1997 under fully irrigated and drought-stress 
conditions. Drought-stress conditions were imposed by subjecting plots to two con- 
secutive drying cycles between tillering and heading growth stages, followed by full 
irrigation until harvest. Data were collected on plant production, phenology, and sev- 
eral indicators of plant water stress. 

Lines differed significantly for all measured plant phenology and production traits, 
under both control and stress conditions. Mean heading date was delayed by 16.7 d 
under stress compared with the controls. The integrated final effect of the two con- 
secutive drying cycles was outstanding, causing an average reduction of 44% in bio- 
mass and 71% in yield. Drought stress as imposed here was therefore severe. There 
was a significant (P<0.05) environment by line interaction for biomass and yield. Yield 
of lines under stress ranged from nil to 140% of that in the controls, whereas yield 
drought-tolerance index ranged from 0.04 to 5.06. 

Lines differed significantly for all measured indicators of plant water stress—namely, 
midday canopy temperature, leaf rolling score, leaf death score, and leaf relative wa- 
ter content (RWC, measured only in a subset of 20 lines). For example, RWC at the 
peak of the first drying cycle ranged from 64.8% to 27.2%. Plant stress indicators 
were significantly correlated across lines. Significant correlations across lines were 
found between biomass and yield under stress and canopy temperature, leaf death 
score, and RWC. These associations support the conclusion that the results of this 
test indeed reflected real and large genetic variation in drought tolerance within this 
population. 

A doubled-haploid (DH) F 2 line population of rice (cross CT9993-5- 10-1M/IR62266- 
42-6-2, designated IR68586) was developed at IRRI and adopted for the mapping of 
quantitative trait loci (QTLs) associated with drought tolerance of rice. This popula- 
tion is being subjected to field and laboratory tests in several collaborating institu- 
tions in order to phenotype and tag drought tolerance. Thus far, data have been ac- 
quired for osmotic adjustment, root penetration ability, root developmental traits, and 
various traits evaluated in field tests under relatively nonstress conditions in Thai- 
land. 
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A critical issue is the level of segregation for drought tolerance in this population 
in terms of plant production under drought stress, and its physiological and genetic 
association with osmotic adjustment and root attributes. It was therefore essential to 
subject this DH line population to a critical test of drought tolerance in terms of plant 
production in the field. 

It is difficult to evaluate drought tolerance for biomass or yield production in the 
field. This difficulty stems from the inherent spatial variability of soil moisture stress 
in the field, the “complex” inheritance of biomass and yield, and the large impact of 
plant phenology and potential productivity on the performance of genotypes under 
drought stress. The problem can be resolved by carefully selecting a homogeneous 
testing site, controlling the conditions of drought stress, and using numerical analyti- 
cal methods to normalize drought-tolerance data for variations in potential productiv- 
ity and plant phenology (e.g., Blum 1988). 

This study was performed under controlled drought-stress conditions in the field 
at Bet Dagan, Israel. The site is characterized by very homogeneous and deep soil 
with ideal topography. Rice can be grown at the site during the summer season. Rice 
has not been grown locally for some 30 years, so the disease and pest status for the 
crop was expected to be favorable in general. There is no rainfall during the summer 
and plants depend on stored soil moisture from winter rainfall, or they must be irri- 
gated. The water-holding capacity of the soil is known and root growth into deep soil 
is potentially unobstructed. Hence, a reasonable level of control over the crop water 
regime can be achieved in a summer crop such as rice. 

Drought tolerance in terms of plant production can be assessed by biomass or 
yield or by a measure of biomass or yield reduction under stress compared with 
nonstress conditions. An important index is the “drought-tolerance index,” which is 
the reciprocal of the “susceptibility index” of Fischer and Maurer (1978). Yield under 
stress is affected by the genotype yield potential (as expressed under nonstress condi- 
tions) and by phenology. Yield under stress can therefore be normalized for these 
effects by calculating the residuals of the multiple regression of yield under stress on 
yield under nonstress and days to heading under nonstress, as suggested by Bidinger 
et al (1982). 

Materials and methods 
Lines tested 
The total number of DH lines of this population is 219. A replicated field test cannot 
accommodate this number. Therefore, a subset of 100 lines was selected. The most 
variable and representative lines were selected out of a total of 152 lines for which 
sufficient data were available. A cluster analysis was performed to select the most 
diverse lines in terms of their measured physiological attributes. The most significant 
data for this analysis were obtained from previous laboratory tests at Texas Tech Uni- 
versity and a field test in Thailand, as follows (values in parentheses represent the 
range found in the 100-line subset for field testing): 
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Data from laboratory and greenhouse tests at Texas Tech University 
Osmotic adjustment (1996 data by the rehydration method; 1.67 to 11.71 MPa) 
Root penetration index (1st data set 1996; 0.02 to 0.54) 
Penetrating root thickness (1st data set 1996; 0.57 to 1.20 cm) 

Data from afield test in Thailand 
Drought score on 21 March 1996 (4.9 to 8.6 on a scale of 1 to 10) 
Canopy temperatures on 28 February 1996 (30.1 to 35.7 ºC) 
Root-pulling force in 1997 dry season (27.9 to 101.9 kg) 

The field experiment 
The rainfall of winter 1996-97 terminated before planting date and no rain occurred 
during the crop cycle. Total available stored soil moisture (to a depth of 1.5 m) at 
planting was 197 mm, which is roughly 15-25% of the estimated total seasonal po- 
tential evapotranspiration of sprinkler-irrigated rice at the site. 

Full NPK fertilization was incorporated before planting and additional granular 
urea fertilizer was applied twice during the growing season. Lines were drill-planted 
on 19 April 1997 and emergence occurred on 27 April 1997. All lines were tested 
under two treatments, designated as fully irrigated (nonstress controls) and stress, 
with two replicates. Each experimental plot was 4 m long and 2.3 m wide, with 15 cm 
between drilled rows. Weeds were controlled by spray preemergent application of 
bentazone (“Bazagran”) and “Ronstar.” No serious disease or pest problem occurred 
throughout the crop cycle. 

All plots were irrigated by sprinklers twice a week according to estimated poten- 
tial evapotranspiration at the site. At this high frequency, the soil surface barely dried 
between irrigations. In the stress treatment, two drying cycles were imposed by stop- 
ping irrigation. The first cycle was imposed from 25 July to 10 August. The second 
cycle was imposed from 13 August to 30 August. The decision on stress cycle dura- 
tion was made by visually inspecting the plots every day, rather than by a predeter- 
mined timing. Each stress cycle was terminated when some of the lines appeared to 
be killed by stress. 

Measurements of indicators of plant water stress were taken during these stress 
cycles, always at midday. These were canopy temperature with the infrared thermom- 
eter, leaf rolling score (0 = no rolling, 5 = extreme rolling), leaf desiccation score (0 = 
no leaf desiccation, 5 = all leaves desiccated), and leaf relative water content (RWC). 
The latter measurement was performed for 20 random lines only. Heading date was 
recorded for each plot. Each plot was hand-harvested at its own maturity. Harvest was 
performed by cutting whole plants at the soil level. The central part of the plot (2.0 × 
1.5 m), excluding all four borders, was harvested (the border effect under stress con- 
ditions was outstanding). A subsample (1 m of row) of plants was taken for total 
aboveground dry matter (biomass) determination by oven drying. All panicles were 
threshed and grain weighed after air drying for more than one week. 
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Results and discussion 
Plant productivity 
Table 1 contains plant production data. Plants of one DH line did not emerge well and 
it was excluded from the trial. Four lines did not head at all. These were not included 
in the analysis of yield and biomass. Judging by plant type, appearance, foliage color, 
growth habit, and phenology, this population was extremely variable, appropriate to 
an F 2 population of a cross between very different parents. 

All treatment and genotype effects and their interactions were significant ( P <0.05) 
for biomass, yield, and phenology variables (summary in Table 2). Few of the DH 
lines did not yield at all under stress conditions because of their acute response to 
water deficit. 

The earliest DH line flowered on 25 August, 128 d after planting in the irrigated 
treatment. The variation in days to heading under irrigated conditions was very high 
(from 128 to 172 d), representing the high genetic variability in this population. The 
stress treatment resulted in an average delay in heading of 16.7 d compared with the 
controls. DH lines varied in this respect by up to 40 d of delay. A delay in heading in 
response to a transient preflowering stress is to be expected, but the range of variation 
among DH lines in this respect was beyond expectation. The delay tended to be greater 
in potentially late-flowering lines, as the correlation between heading delay and days 

Table 1. Means, ranges, and standard deviations (SD) for plant production and plant phenology 
traits in doubled-haploid lines as tested at Bet Dagan, 1997. 

Trait 
Lines 

in test 
measured Mean Minimum Maximum SD 

Plant production 
Control (irrigated) biomass (g m-2) 
Stress (stress) biomass (g m-2) 
Stress biomass as % of controls 
Biomass resistance index 
Residuals for biomass (g m-2) a 

Control yield (g m-2) 
Stress yield (g m-2) b 

Stress yield as % of controls 
Yield resistance index 
Residuals for yield (g m-2) a 

Percent headed plants in plot (controls) 
Percent headed plants in plot (stress) 
Percent headed in stress as % of controls 

Plant phenology 
Control days from planting to heading 
Stress days from planting to heading 
Heading delay under stress (d) 

95 
95 
95 
95 
95 
95 
94 
94 
94 
94 
95 
95 
95 

99 
95 
95 

1,197 
868 

74.8 

0 
1.02 

164 
43 
29.2 

1.18 
0 

86.1 
58.4 
66.8 

149 
165 

16.7 

728 
241 

24.5 
0.35 

0 
0 
0 
0.04 

–61.8 
12.5 

0 
0 

–231.1 

128 
139 

–1 

2,077 
1,711 

157.1 

315.6 
503 
199 
140.5 

158.8 
100.0 
100.0 
136.9 

2.28 

5.06 

172 
179 

40 

257.78 
289.42 
26.98 
0.38 

123.68 
91.34 
42.73 
26.97 
1.02 

42.27 
17.88 
31.17 
32.62 

10.22 
9.13 
8.49 

a Residuals of the multiple regression of stress biomass (or yield) on control biomass (or yield) and on days to 
heading under stress (see text). b Lines failed to produce measurable yield under the severe stress condition. 
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Table 2. Summary of the analysis of variance (F statistic and probability) for selected plant 
production traits. 

Trait Treatment F (P) DH line F (P) 

Biomass (g m -2 ) a 

Yield (g m -2 ) a 

Days to heading a 

Biomass in stress as % of controls 
Yield in stress as % of controls 
Biomass susceptibility index 
Yield susceptibility index 
Delay in days to heading 

115.4 (<0.0001) 
127.9 (<0.0001) 

10.8 (<0.0001) 
– 
– 
– 
– 

1.98 (<0.0001) 
3.38 (<0.0001) 
5.29 (<0.0001) 
2.29 (<0.0001) 
2.96 (<0.0001) 
2.77 (<0.0001) 
3.16 (<0.0001) 
2.86 (<0.0001) 

All treatment by doubled-haploid line interactions for these traits were significant at P <0.05. 

to heading under irrigated conditions was r = –0.56 ( P <0.000l). The delay in heading 
under stress was negatively associated with stress yields across lines (r = –0.31, P = 
0.003), which is to be expected. The delay in heading is an expression of growth 
retardation during the drying cycle and upon recovery. The greatest delay (40 d) was 
longer than the combined duration of the two drying cycles (33 d). This delay is a 
strong indication of susceptibility to stress. 

The integrated final effect of the two consecutive drying cycles was outstanding, 
causing an average reduction of 44.0% in biomass and 70.8% in yield. These reduc- 
tions represent high levels of stress, which brought stress yield to the range where 
“crossover interactions” are normally observed in cereals and where true differences 
in genotype adaptation to stress are well expressed (e.g., Blum 1993). 

Drought tolerance in terms of plant production of the different DH lines can be 
assessed by several parameters—namely, yield (or biomass) under drought, yield un- 
der drought as a percentage of yield under irrigation, and drought tolerance index 
(Fischer and Maurer 1978). These terms were evaluated in this trial and the variabil- 
ity among DH lines for each was found to be very high and very significant (Table 1). 
For some lines, there were no differences in yield between irrigated and stress condi- 
tions, whereas in other lines yield failed completely under stress. 

Stress yield and control yields were significantly (although not very strongly) 
correlated across lines (r = 0.26, P = 0.013). Stress yield was negatively correlated 
with stress days from emergence to heading (r = –0.40, P = 0.0001). Yield tended to 
increase with longer growth duration under irrigation and with shorter growth dura- 
tion under drought stress, as expected. Hence, the yield of lines under stress may have 
been affected by their potential yield and phenology and not only by physiological 
response to stress. To normalize stress yield for the effect of potential (control) yield 
and phenology, a multiple regression was performed for stress (stress) yield on irri- 
gated (controls) yield and stress days to heading across lines (Bidinger et al 1982). 
The model was significant (R 2 = 0.20). The residuals of this regression for each line 
represent how lines deviated in their actual yield from the expected (Table 1). A posi- 
tive deviation indicates that the actual stress yield of the given line was higher than 
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the expected yield according to its potential yield and phenology. Lines differed sig- 
nificantly for these yield deviations, from -62 to 159 g m -1 . The same calculation was 
performed for biomass (Table 1). 

Yield under stress was very well correlated across lines with the residuals for 
yield (r = 0.97, P <0.000l). Yield was also well correlated with the tolerance index (r 
= 0.88, P <0.000l). Therefore, absolute yield of the lines under stress represents quite 
well their relative drought tolerance in terms of plant production, despite its associa- 
tion with potential yield and phenology. This may have occurred because phenology 
was changed drastically in response to stress (heading delay) and this in itself repre- 
sented a physiological response to stress. 

It was noticeable that heading was not always complete in all plots, so that a 
visual estimate of percent heading was recorded for each plot. Mean percent heading 
was higher under irrigation (86%) than under stress (58%), with a very large range of 
difference among lines in this respect (Table 1). Percent heading was negatively cor- 
related across lines with days to heading under irrigated (r = –0.41, P <0.000l) and 
stress (r = –0.54) conditions. Therefore, reduced heading was associated with late 
flowering. But percent heading was positively correlated with yield across lines only 
under stress (r = 0.043, P = 0.0001) but not under irrigated conditions (r = 0.18, P = 
0.091). The late genotypes with less heading were probably compensating in grain 
weight per head under irrigation. Under stress conditions, incomplete heading be- 
came a stress-responsive factor, which influenced yield. It is interesting, however, 
that the delay in heading was not correlated across lines with percent heading under 
stress. 

Plant water stress 
Very large variation among DH lines in symptoms of plant water stress could be 
easily discerned in both drying cycles. Figure 1 shows examples of such distinct dif- 
ferences between adjacent plots of different genotypes in the stress treatment. Al- 
though plant size and growth habit may have affected the variation among lines in 
plant water deficit as seen in Figure 1, large differences in visual stress symptoms 
could also be seen among lines of similar growth habit and plant size. A numerical 
summary of this variation is represented in Table 3. 

Canopy temperatures were used as the main indirect measurement of plant water 
stress in this study, based on previous favorable results with rice (Ingram et al 1990, 
Garrity and O’Toole 1995). On the average, canopy temperature under stress condi- 
tions increased to 114.5% and 117.0% of that in the controls in the first and second 
stress cycles, respectively. Variation in this respect among all lines ranged from 102.4% 
to 148.9% on the last date of measurements (25 August). On this date, canopy tem- 
peratures under stress ranged from 29.5 to 38.2 °C among extreme lines. This range 
was 27.1 to 34.7 °C on 19 August. Analysis of variance indicated very significant 
differences ( P <0.0l) among lines in canopy temperatures under stress conditions on 
all measurement dates. In contrast, the range of variation among lines in canopy tem- 
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Fig. 1. Apparent differences between adjacent plots of different rice doubled-haploid lines in plant 
water-stress symptoms during the second drying cycle in the field. All photographs were taken on 
the same day between 11 a.m. and 12 noon. 
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Table 3. Means, ranges, and standard deviations (SD) for various indices of plant water stress 
in doubled-haploid lines as tested at Bet Dagan, 1997. 

Trait Lines Mean Minimum Maximum SD 
in test 

Plant water stress—cycle l 
Control canopy temperature (°C) on 30 Jul 
Stress canopy temperature (°C) on 30 Jul 
Canopy temperature in stress as % of control on 30 Jul 
Control canopy temperature (°C) on 4 Aug 
Stress canopy temperature (°C) on 4 Aug 1998 
Canopy temperature in stress as % of control on 4 Aug 
Stress canopy temperature (°C) on 7 Aug 
Leaf rolling on 7 Aug 
RWC a on 10 Aug 
Leaf desiccation on 10 Aug 
Plant water stress—cycle II 
Control canopy temperature (°C) on 19 Aug 
Stress canopy temperature (°C) on 19 Aug 
Canopy temperature in stress as % of control on 19 Aug 
Control canopy temperature (°C) on 25 Aug 
Stress canopy temperature (°C) on 25 Aug 
Canopy temperature in stress as % of control on 25 Aug 
RWC on 28 Aug 
Leaf desiccation on 28 Aug 

99 
99 
99 
99 
99 
99 
99 
99 
20 
99 

99 
99 
99 
99 
99 
99 
20 
99 

27.0 
29.4 

26.2 
31.5 

120.3 
33.1 

1.9 

1.7 

27.1 

109.9 

33.1 
124.1 

75.6 
2.2 

108.6 

64.8 

29.8 

26.8 

25.3 29.7 
26.6 32.0 
98.0 120.1 
24.0 28.8 
27.8 35.2 

108.3 137.3 
28.8 38.0 

0 3.5 
27.2 79.7 

0 4.5 

25.1 29.3 
27.1 34.7 

23.5 29.9 
97.5 128.9 

29.4 38.2 
102.4 148.9 

52.2 96.8 
0 5.0 

0.87 

0.88 

1.27 
4.76 

1.46 
6.03 
1.47 
0.74 

0.93 
13.89 

0.82 
1.47 
6.36 
1.32 
1.77 

13.25 
8.52 

1.38 

a RWC = relative water content. 

peratures under irrigated conditions was relatively small (Table 3), around 4 °C be- 
tween extreme lines. 

The variation among DH lines in leaf rolling and leaf desiccation on the different 
dates (Table 3) was very significant and large and it can be visually appreciated in 
Figure 1. 

Relative water content was determined only for 20 randomly selected DH lines. 
Mean RWC on 10 August, at peak stress of the first cycle, was 64.8%, whereas lines 
varied significantly from 27.2% to 79.7%. In the second cycle, 2 d before peak stress, 
mean RWC was 75.6%, whereas lines varied from 52.2% to 96.8%. The large varia- 
tion among a limited number of lines (20) in RWC is outstanding. It could arise mainly 
from the corresponding difference among lines in soil moisture extraction and/or os- 
motic adjustment. 

Canopy temperatures, canopy temperature differentials between controls and stress 
conditions, and canopy temperatures under stress as a percentage of controls were all 
well correlated with RWC, leaf rolling, and leaf desiccation as expressions of plant 
water stress and deficit. Correlation coefficients were generally high and significant. 
In this respect, there was no advantage to canopy temperature differentials or canopy 
temperature under stress as a percentage of controls over canopy temperature under 
stress conditions. The latter was therefore taken to represent the infrared thermal sensing 
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Fig. 2. The linear regression of relative water content (RWC, on two dates of measurement) on 
canopy temperature under stress treatment on 19 August over 20 doubled-haploid lines. 

of canopies, and the measurement taken on 19 August (2nd cycle) was chosen as the 
most representative. 

Canopy temperature under stress on 19 August was well associated with RWC 
over 20 DH lines (Fig. 2). Temperatures increased with the reduction in RWC, as 
expected. This correlation indicates that the variation seen in plant water status in 
terms of RWC over 20 lines may be extended for all lines. Canopy temperature under 
stress was also well associated with leaf rolling and leaf desiccation scores over all 
lines (Fig. 3). Canopy temperatures increased as leaf rolling and leaf desiccation scores 
increased with stress. Therefore, both Figures 2 and 3 uphold the value of canopy 
temperature measurements as an indirect screen for plant water status in drought- 
stressed rice. 

Finally, canopy temperature under stress conditions was significantly and nega- 
tively correlated with stress biomass and stress yield across all DH lines. Biomass 
and yield tended to be lower in lines with high canopy temperature (Fig. 4). As can be 
expected, this association was stronger for biomass than for yield, because yield is 
strongly affected by the partitioning of total biomass production. Correspondingly, 
stress biomass and yield were negatively correlated with leaf desiccation scores (Fig. 
5) and leaf rolling score (not shown) across all DH lines. 
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Fig. 3. The linear regression of leaf rolling (1st stress cycle on 7 July) and leaf death scores (2nd 
stress cycle on 28 August) on canopy temperature under stress treatment on 19 August over all 
doubled-haploid lines. 

Fig. 4. The linear regression of stress biomass and stress yield on canopy temperature on 19 
August during the 2nd drying cycle across all doubled-haploid lines. 

328 Blum et al 



Fig. 5. The linear regression of stress biomass and stress yield on leaf desiccation score during 
the 2nd cycle across all doubled-haploid lines. 

Conclusions 
The purpose of this trial was to serve as a critical test of the relative drought tolerance 
of different DH lines in terms of plant production in the field. This purpose has been 
achieved. First, stress was severe enough to be expressed clearly both visually and 
instrumentally. Stress was also severe enough to reduce yield below one-third of the 
potential, which is the general range where a crossover interaction occurs, such that 
yield of lines was affected more by their adaptive responses than by their potential 
yield. The level of stress was appropriate for the excellent separation of lines by indi- 
cators of plant water stress and criteria of plant productivity under stress. The statisti- 
cal associations discussed above demonstrate a consistent difference among lines in 
their plant water stress and deficit as developed under stress. The consistent associa- 
tion across lines among different stress indicators is a solid proof that these lines are 
different in their physiological responses to drought stress. The delay in heading un- 
der stress was seen as an outstanding expression of rice response to stress, which was 
negatively associated with plant production under stress. The association among stress 
indicators such as canopy temperature and yield or biomass under stress supports the 
conclusion that the results of this test reflect genetic variation in real drought tolerance 
within this population. 
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Molecular dissection of drought 
tolerance in rice: from physio- 
morphological traits to field 
performance 
Jingxian Zhang, R. Chandra Babu, G. Pantuwan, A. Kamoshita, 
A. Blum, L. Wade, S. Sarkarung, J.C. O'Toole, and H.T. Nguyen 

Improving drought tolerance through conventional breeding approaches has been slow 
because of its complexity. By using current advances in molecular marker technology, 
we tried to dissect this complex but very important trait. For the first time, we present 
here a comprehensive report on associations of QTLs for drought tolerance and rice 
performance under water stress in the field. By using a 154-doubled-haploid line 
population developed from a cross between CT9993-5-10-1-M and lR62266-42-6-2, 
we did large-scale phenotyping at Texas Tech University (USA), IRRI (Philippines), the 
Ubon Rice Research Center (Thailand), and the Volcani Center (Bet Dagan, Israel) 
under well-watered or drought conditions for traits related to drought tolerance. Yield 
and biomass under stress were negatively associated with phenotypic expressions of 
plant water stress in the field. But the locations of QTLs for yield under stress and 
yield resistance index at Bet Dagan were different from those of QTLs for root penetra- 
tion ability, osmotic adjustment (OA), and root depth and mass as measured under 
greenhouse conditions and for canopy temperature and drought scores as measured 
in the field. These results suggest that drought tolerance in terms of yield and biomass 
at Bet Dagan was not related to OA or root penetration. Most likely, yield under this 
field test was related to field rooting depth and the ability to extract deep soil moisture. 
It is interesting to point out, however, that the genomic region of RZ67-EM15_1 on 
chromosome 5 harbored QTLs for stress canopy temperature, drought score, and 
recovery score. Clearly, there is an urgent need for further quality phenotyping of the 
mapping population in target drought-prone environments in the field where genetic 
variations in OA and root traits might affect plant productivity. The acquisition of data 
on maximum root depth in the field and the future development of near-isogenic lines 
carrying QTLs for different traits might provide a fuller physiological and genetic 
explanation of drought tolerance in this population. 

Drought is a worldwide problem that limits crop growth and productivity. The need 
for research on drought tolerance was clearly justified (Boyer 1982). Because of the 
unpredictable occurrence of drought, research on improving drought tolerance in crops 
is difficult. For example, rice may suffer drought stress any time from early seedling 
to grain filling (Fukai and Cooper 1995). Research attempts to improve drought 
tolerance in rice have to develop different strategies for various target environments, 
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Drought tolerance is a complex trait. Important mechanisms of drought tolerance 
include at least the following four aspects: (1) drought escape via a short life cycle 
and developmental plasticity, (2) drought avoidance via enhanced water uptake and 
reduced water loss, (3) drought tolerance via osmotic adjustment (OA) and antioxi- 
dant capacity, and (4) drought recovery via desiccation tolerance (Fukai and Cooper 
1995, Zhang et a1 1999a). Various physio-morphological traits have been suggested 
to be related to drought tolerance and may be used to improve crop performance in 
the field (Fukai and Cooper 1995, Ludlow and Muchow 1990). The use of such puta- 
tive traits to improve grain yield under water-limiting conditions has been demon- 
strated in maize (Fischer et al 1989). Selection based on putative traits such as stay- 
green leaves has been successfully tested recently in sorghum (Tuinstra et a1 1998). 

Several traits related to drought tolerance in rice have been identified (O’Toole 
1982, Hanson et al 1990, Nguyen et al 1997). A deep root system may allow the rice 
crop to extract deep soil moisture during drought. Increased soil strength under re- 
duced soil moisture and the presence of hardpans in the subsoil of rainfed lowlands, 
however, make it difficult for roots to gain access to the deep soil moisture. Under 
such conditions, roots with a higher penetration ability may be advantageous for ab- 
sorbing water from deeper soil layers (O’Toole 1982). Genotypic variation in root 
penetration and other root traits has been reported in rice (Ingram et al 1994, Yu et al 
1995). Increased rooting depth, root density, root to shoot ratio, root pulling force, 
and penetration ability through hardpans are reported to be the major drought-tolerance 
traits associated with the root system in rice (O’Toole 1982, Hanson et al 1990). 

Osmotic adjustment capacity is an important shoot-related component of drought 
tolerance in crop plants. It allows turgor maintenance as leaf water potential falls 
under drought. It also helps delay leaf rolling, yellowing, and death in rice under 
water stress (Nguyen et al 1997). Wide genetic variation for OA has been documented 
in rice and other crops (Lilley and Ludlow 1996, Zhang et al 1999b). Genetic analysis 
of OA in crops has recently been reviewed by Zhang et al (1999b). 

Visual leaf rolling score is an efficient method for detecting drought tolerance at 
the seedling stage (De Datta et a1 1988) and can be used as an indirect estimate of 
drought tolerance. Visual drought scoring by an experienced researcher based solely 
on leaf rolling and leaf desiccation is apparently quite effective in discriminating 
drought avoidance in rice (O’Toole and Moya 1978). Root pulling force showed a 
significant negative correlation with drought stress score tested at three progressive 
soil moisture levels (–0.2, –0.4, and –1.0 MPa soil matric potential at 15-cm depth) 
(O’Toole and Soemartono 1981). 

A cooler canopy temperature under stress as measured by infrared thermometry 
is also reported to be a measure of drought tolerance (Blum et al 1988, and this vol- 
ume). Canopy temperature is usually lower in plants having a better canopy water 
status. Water deficit causes partial stomatal closure in a crop canopy, reducing tran- 
spiration and allowing sunlit leaves to become warmer (Jackson et al 1981). The 
apparent ease and rapidity of measuring canopy temperature has made it a useful 
screening technique for drought tolerance of crop cultivars. The use of infrared ther- 
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mometry to screen germplasm for drought tolerance based on canopy temperature 
under stress conditions has been successfully demonstrated in rice (Ganity and O’Toole 
1995). Canopy temperature was negatively associated with biomass and yield under 
drought (Blum et al, this volume). 

Despite our increased understanding of stress physiology, the development of 
drought-tolerant cultivars has been slow in rice. A major reason for the slow progress 
is the incidence of large genotype by environment (G × E) interactions, which result 
from a combination of differences in genotypic adaptation and the target areas (Fukai 
and Cooper 1995). Phenotypic selection for drought-tolerance traits is difficult, espe- 
cially in large breeding populations. Molecular marker technology has been identi- 
fied as a powerful tool for selecting traits that are otherwise difficult to screen pheno- 
typically. Where molecular markers are linked to genes that control the expression of 
drought tolerance, there is a scope to select for the genes without subjecting breeding 
lines to a drought screen. Because of the difficulty in identifying and conducting 
reliable drought-tolerance screens, opportunities exist to improve the efficiency of 
selection for drought tolerance by using molecular markers. 

We therefore need to establish the genetic association between defined physi- 
ological components of drought tolerance and a rice mapping population under drought 
stress in the field. Such associations should allow us to perform effective marker- 
assisted selection to improve drought tolerance in rice. A doubled-haploid line (DHL) 
population was developed from a cross between CT9993-5-10-1-M and IR62266-42- 
6-2 (abbreviated as CT9993 and IR62266 in later text) at IRRI. Large-scale phenotyping 
was done for this population from greenhouse to field conditions and from physio- 
morphological traits to field performance. Our objective was to identify QTLs for 
field performance and components of drought tolerance and further test whether there 
are any relationships between these QTLs. 

Materials and methods 
The DHL population (154 lines) of CT9993/IR62266 used for the genetic linkage 
map construction at Texas Tech University was used for field screening of drought 
tolerance and yield performance at the Ubon Rice Research Center in Thailand. Field 
screening of drought tolerance was conducted in the dry season of 1996 (Fig. 1). 
Seeds were sown on 8 December 1995. Irrigation began at seeding and ceased at 45 d 
after sowing. A randomized complete block design with three replications was used. 
Plot size was 4 rows × 9 hills, with one plant per hill. Based on a 1–9 scale (good to 
bad), visual drought score was recorded on 5 and 28 February and 5 and 21 March 
1996. Canopy temperature was measured on 5 and 28 February 1996. Recovery abil- 
ity was scored based on a 1–9 scale (good to bad). Yield was tested in the wet season 
of 1996. Seeds were sown on 18 May. A randomized complete block design with four 
replications was used and the harvested area for grain yield was 4 rows × 11 hills 
(2.75 m 2 ). 
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Fig. 1. Long-term (1985-96) monthly pan evaporation, relative humidity, and rainfall at the Ubon 
Rice Research Center, Thailand. The experimental period for the field screening for drought tolerance 
was between January and March 1996. 

A subset of 100 lines from this population was evaluated for drought tolerance in 
terms of plant production in the field at Bet Dagan, Israel (Blum et al, this volume). 
Plants were stressed for two cycles by withholding water before plant heading. De- 
tailed information on this experiment can be found in Blum et al (this volume). 

The RFLP/AFLP/SSR genetic map constructed at Texas Tech University was 
used for QTL analysis. This map consisted of 315 markers: 145 RFLPs, 153 AFLPs, 
and 17 microsatellites (Zhang et al, in preparation). Using MAPMAKER/QTL soft- 
ware (Lincoln et al 1992), interval mapping was employed to detect QTLs with LOD 
(Likelihood ODds ratio) score 22. QTL analysis was conducted for OA and root pen- 
etration at Texas Tech University (Zhang et al, this volume), root depth and dry weight 
at IRRI (Kamoshita et al, this volume), and drought tolerance and plant production in 
Israel (Blum et al, this volume) and Thailand. 

Results and discussion 
Figure 1 shows long-term monthly (1985-96) pan evaporation, relative humidity, and 
rainfall at Ubon, Thailand, where the field screening of drought tolerance was con- 
ducted. During the screening period of January to March, pan evaporation was the 
highest, whereas relative humidity and rainfall were the lowest. The maximum and 
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Table 1. Mean values of CT9993, IR62266, and doubled-haploid lines as tested in lsrael and 
Thailand for plant production, phenology, and plant water stress indices. 

Parameters CT9993 a lR62266 Lines (mean ± SD) 

Production, lsrael 
Control (irrigated) biomass (g m -2 ) 
Stress (drought) biomass (g m -2 ) 
Biomass resistance index 
Control yield (g m -2 ) 
Stress yield (g m -2 ) 
Stress yield as % of control 
Yield resistance index 
Control kernel weight (g 1,000 kernels -1 ) 
Stress kernel weight (g 1,000 kernels - 1 ) 
Stress kernel weight as % of control 

Production, Thailand 
Grain yield (t ha -1 , 1996) 
Sterility (%, 1996) 
Panicles (no. hiIl -1 , 1996) 

Plant water stress indices, lsrael 
Canopy temp. under drought (4 Aug) 
Canopy temp. under drought (19 Aug) 
Canopy temp. under drought (25 Aug) 
Leaf rolling (7 Aug) 
Leaf desiccation (28 Aug) 

Plant water stress indices, Thailand 
Canopy temp. (5 Feb 1996) 
Canopy temp. (28 Feb 1996) 
Drought score (21 Feb 1996) 
Drought score (28 Feb 1996) 
Drought score (5 Mar 1996) 
Drought score (21 Mar 1996) 
Recovery score (1996) 

Days to heading, lsrael 
Control days from planting to heading 
Stress days from planting to heading 
Heading delay under stress (d) 

Days to flowering, Thailand 
50% flowering date (d, 1996) 

1,338 a 
567 a 

241 a 
47 a 
21 a 

0.5 a 

0.3 a 
– 
– 
– 

1.7 a 
25.0 a 

8.9 a 

– 
32.6 a 
33.9 a 

3 a 
1 a 

27 a 
33 a 

1.7 a 
4.3 a 
5.4 a 
7.6 a 
8.7 a 

139 a 
162 a 

23 a 

91 a 

1,949 a 
1,070 b 

278 a 
173 b 

62 a 

0.7 a 

0.4 b 
– 
– 
– 

3.7 b 
20.0 a 
16.5 b 

– 
31.5 b 
32.1 a 

2 a 
2 a 

27.8 a 
32.8 a 

1.6 a 
3.6 a 
4.2 a 
6.5 a 
6.0 b 

138 a 
145 a 

7 a 

94 a 

1,197 ± 257.8 
868 ± 289.4 

1 ± 0.4 
164 ± 91.3 

43 ± 42.7 
29 ± 27.0 

1 ± 1.0 
21 ± 2.7 
17 ± 5.2 
80 ± 25.1 

2.81 ± 0.65 

10.86 ± 3.34 
26.56 ± 18.37 

31.50 ± 1.45 
29.82 ± 1.46 
33.15 ± 1.77 

1.9 ± 0.7 
2 ± 1.4 

27.45 ± 0.74 
32.98 ± 1.07 

1.25 ± 0.67 
3.41 ± 0.68 
4.29 ± 1.00 
6.85 ± 0.73 
6.83 ± 1.18 

149 ± 10.2 
165 ± 9.1 

17 ± 8.5 

87 ± 6.5 

a Within each 
>0.05). 

row for CT9993 and lR62266, values followed by the same letters a re not significantly different ( P 

minimum temperatures for this period were 39 and 11 °C, respectively. These weather 
conditions made the season dry and suitable for screening drought tolerance. 

Traits evaluated in Thailand and Israel fell into three groups: plant production, 
plant water stress indices, and phenology (Table 1). Table 1 presents mean values for 
two parents (CT9993 and IR62266) and the DHLs for these traits. Generally, IR62266 
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had a higher yield and lower canopy temperature and drought score than CT9993 
under drought. Among all the physiological and phenological traits, only the canopy 
temperature recorded on 19 August and recovery score were significantly different 
between CT9993 and IR62266 ( P <0.05) although the variation in the DHLs for these 
two traits showed a continuous distribution. For biomass and yield-related traits, dif- 
ferences in stress biomass, stress yield, and yield resistance index existed between the 
two parents ( P <0.05). 

QTL analyses were conducted for all traits listed in Table 1 although differences 
in some traits were not significant between the parents. The number of QTLs detected 
for these traits varied from 0 to 11, with the phenotypic variation (R 2 ) explained vary- 
ing from 0 to 32% (Tables 2, 3, and 4). 

Table 2 lists QTLs for plant productivity. For grain yield without drought stress, 
8 QTLs were identified in Thailand. Each QTL individually accounted for pheno- 
typic variation from 9% to 22%. For panicle number, 8 QTLs were identified, of 
which 4 were located in genomic regions similar to those for the QTLs for yield. In 
Israel, 6 and 2 QTLs for grain yield were located for well-watered and drought-stressed 
plants, respectively. The QTL ME2-6-RM21 on chromosome 11 was common under 
irrigated and drought-stressed plants as tested in Israel. Similarly, phenotypic varia- 
tion explained by these QTLs ranged from 9% to 23%. But none of the QTLs for 
grain yield under irrigation were common between Thailand and Israel, indicating the 
complex nature of yield and genotype × environment interaction for yield. 

For kernel weight, 4 and 2 QTLs were detected for well-watered and drought- 
stressed plants, respectively, with R 2 from 13% to 32%. No common QTLs for kernel 
weight were found between the two conditions. The 2 QTLs for kernel weight under 
drought, however, also controlled stress kernel weight as % of control. But the QTLs 
for kernel weight and for yield under drought were located on different chromosomes. 
For control biomass, 2 QTLs were located and explained 11-15% of the variation. 
For stress yield as % of control and yield resistance index (which is the reciprocal of 
the susceptibility index of Fischer and Maurer [1978] in terms of grain yield), 3 and 1 
QTLs were found, with R 2 of 11-14%. No QTLs were detected for stress biomass and 
biomass resistance index (which is the reciprocal of the susceptibility index of Fischer 
and Maurer [1978] in terms of biomass yield). 

Table 3 shows QTLs for plant water stress indices. One QTL was detected for 
leaf rolling under stress. Three QTLs were linked to leaf desiccation. The QTLs for 
leaf rolling and death were located on different genomic regions. For drought score 
recorded on different dates, 2 to 5 QTLs were identified. For canopy temperature 
recorded on different dates, 1 to 3 QTLs were located. Three QTLs were found to be 
responsible for recovery ability after drought was relieved. Of the three, two over- 
lapped with the QTLs for drought score and one overlapped with a QTL for leaf 
death. Phenotypic variation explained by these QTLs ranged from 7% to 27%. It is 
interesting to point out that the genomic region of RZ67-EM15_1 on chromosome 5 
harbored QTLs for stress canopy temperature, drought score, and recovery score. 
Although a negative association existed between canopy temperature and biomass/ 

336 Zhang et al 



Table 2. QTLs for plant production as identified by MapMaker/QTL. 

Traits Markers bordering QTLs Chromosome # LOD a R 2 (%) b 

lsrael 
Control biomass c R1843-ME2-7 

RM21-CD0365 
2 

11 
2.2 
2.4 

Stress biomass and biomass resistance index c (no QTLs have been detected) 

Control yield c 

Stress yield 

Stress yield as % of control c 

Yield resistance index 

Control kernel weight 

Stress kernel weight 

Stress kernel weight 
as % of control 

Thailand 
Grain yield 

Sterility c 

Panicle number 

RM212-R2417 
EM11-9-CD020 
G2132-Rl394A 
ME5-9-ME5-8 
ME2-6-RM21 
RZ261-ME10-3 

RG400-RM220 
ME2_6-RM21 

ME2-8RG333 

EM19-5RG901 
ME6-7-ME7-2 

EM19-5-RG901 

RG345-WG110 
ME9-1-ME2-8 
ME2-10-ME9-3 
ME4-15-RM17 

RG158-C1408 
RZ602-ME6-9 

RG158-C1408 
RZ602-ME6-9 

RG957-RG345 
RG157-R26 
EM19-11-RZ474 
RZ682-EM14-9 
RG172-R2549 
RG769-EM19-14 
EM14-1-ME2-11 
RM201-RG667 

EM11_9-CD020 
RG358-RZ792 

CD0345-ME10-14 

RZ565-EMP3-10 
EMP2-2-ME10-11 

RG476-RG214 
RZ682-EM14-9 
R2549-RG716 
EM14-1-ME2-11 
RM201-RG667 

1 
3 
8 
9 

11 
12 

1 
11 

8 
11 
12 

12 

1 
8 
9 

12 

2 
4 

2 
4 

1 
2 
3 
6 
6 
7 
8 
9 

3 
9 

1 
4 
4 
4 
6 
6 
8 
9 

2.6 
2.1 
2.8 
2.6 
2.7 
2.0 

2.2 
4.9 

2.4 
2.3 
2.3 

2.1 

2.3 
3.7 
2.6 
4.7 

3.1 
3.4 

2.5 
3.0 

2.4 
3.2 
2.5 
5.9 
4.9 
4.2 
2.5 
2.4 

5.4 
2.8 

2.3 
4.8 
3.2 
5.4 
5.0 
3.6 
3.6 
4.4 

15 
11 

13 
10 
13 
12 
14 

9 

12 
23 

11 
11 
14 

12 

20 
18 
13 
20 

32 
15 

24 
14 

9 
13 

9 
22 
19 
14 
12 

9 

16 
8 

8 
17 
11 
18 
18 
14 
17 
13 

a Likelihood of odds. b The phenotypic variation explained by an individual QTL. c Differences between CT9993 and 
lR62266 were not significant (P <0.05) (see also Table 1). 
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Table 3. QTLs for plant water stress indices as identified by MapMaker/QTL. 

Traits Markers bordering QTLs Chromosome # LOD a R 2 (%) 

Israel 
Canopy temp. under drought 

(4 Aug) 

Canopy temp. under drought 
(19 Aug) b 

Canopy temp. under drought 
(25 Aug) 

Leaf rolling (7 Aug) 

Leaf desiccation (28 Aug) 

Thailand 
Canopy temp. (5 Feb) 

Canopy temp. (28 Feb) 

Drought score (21 Feb) 

Drought score (28 Feb) 

Drought score (5 Mar) 

Drought score (21 Mar) 

Recovery score (1996) b 

RG345-WG110 
RZ67-EM15-1 

RG345-WG110 
EM11_1-BCD855 

RGlO9-EM11-11 
EMP2-2-ME10-11 
G1073-G2132 

RZ401-RG141 

RG437-EM10-18 
RG190-EM15-3 
EM11_1-BCD855 

ME5-3-C1121 
C711-C313 
C1176-G103 

C1419-EM11-10 

R1843-ME2-7 
RG171-EM14-4 
RZ67-EM15-1 
RZ682-EM14-9 
EM17-9-RZ516 

R1843-ME2-7 
RZ67-EM15-1 
RM222-EM16-9 

R1843-ME2-7 
RZ67-EM15-1 
RZ516-R3139 
RG553-EM14-6 
RG1109-G1465 

RG171-EM14-4 
RZ67-EM15-1 

ME10-18-C106 
RZ67-EM15_1 
RG553-EM14-6 

1 
5 

1 
7 

1 
4 
8 

9 

2 
4 
7 

8 
9 
9 

2 

2 
2 
5 
6 
6 

2 
5 

10 

2 
5 
6 
9 

11 

2 
5 

2 
5 
9 

2.7 
2.2 

2.4 
3.5 

3.4 
2.2 
2.6 

2.3 

2.1 
2.5 
3.1 

2.9 
2.4 
3.2 

2.8 

2.5 
3.9 
2.5 
2.6 
2.8 

2.8 
3.1 
2.3 

2.0 
3.8 
2.0 
2.0 
2.5 

2.4 
3.6 

3.6 
2.4 
2.7 

17 
10 

14 
26 

17 
10 
13 

10 

9 
11 
27 

8 
7 
9 

11 

12 
11 

8 
8 
8 

13 
9 
7 

12 
11 

6 
6 

11 

7 
12 

13 
7 
8 

a Likelihood of odds. b Differences between CT9993 and lR62266 were significant ( P <0.05) only for stress 
temperature under drought (19 August) and recovery score (see Table 1). 
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Table 4. QTLs for days to heading and flowering as identified by MapMaker/QTL. 

Traits Markers bordering Chromosome # 
QTLs 

LOD a R2 (%) 

Days to heading, Israel 
Days to heading (irrigated) 

Days to heading (drought) 

Heading delay under stress (d) 

Days to flowering, Thailand 
50% flowering date (d, 1996) 

a Differences in 
(see Table 1). 

days to heading and 

CD0345-ME10-14 
TGMSP2-ME9-7 
RG104-EM11-9 
RM55-RG1356 
RG528-RG769 
ME8-4-EM15-10 
RM21-CD0365 
G1465C950 

EM11-11-ME4-18 
ME4-3-EM15-11 
R1394A-RG978 

ME5-7-ME10-4 

CD0345-ME10-14 
C1419-EM11-10 
TGMSP2-ME9-7 
RG104-EM11-9 
C235-EM17-9 
ME2-15-RG528 
ME8-4-EM15-10 
ME2-1-ME9-1 
RG667-RM215 
ME5-16-EMP2-9 
EM18-17-G333 

flowering between CT9993 and 

1 
2 
3 
3 
7 
8 

11 
11 

1 
7 
8 

8 

1 
2 
2 
3 
6 
7 
8 
8 
9 

10 
10 

lR62266 were 

3.5 
2.2 
6.3 
3.4 
3.7 
4.9 
2.8 
3.3 

3.1 
2.7 
2.6 

2.6 

3.5 
3.0 
3.6 
8.4 
2.5 
4.3 
3.4 
3.2 
6.1 
3.3 
3.2 

not significant 

17 
10 
30 
17 
16 
20 
13 
15 

15 
10 
12 

12 

13 
14 
11 
32 
17 
14 
11 
12 
19 
10 
11 

( P <0.05) 

yield under drought (Blum et al, this volume), no overlapping QTLs were identified 
for them (Tables 2, 3; Fig. 2). 

Table 4 presents days to heading and flowering. Although the two parents did not 
differ significantly for phenological traits, QTLs were still identified. Similarly, Li et 
al (1997) also identified QTLs for grain number per panicle and grain weight per 
panicle even though the parents were not statistically different. In Thailand, 11 QTLs 
were located for flowering date. In Israel, 1, 3, and 8 QTLs were associated with 
heading delay under drought, stress days from planting to heading, and control days 
from planting to heading, respectively. These QTLs individually accounted for phe- 
notypic variation from 10% to 32%. Under irrigation, when the QTLs for flowering 
dates in Thailand and heading dates in Israel were compared, 5 common QTLs were 
located. The QTLs for heading delay under drought and stress days from planting to 
heading did not overlap with the QTLs for flowering date and heading date under 
irrigation. Of the QTLs for days to flowering as detected in Thailand, 2 QTLs (C1419- 
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Table 5. Correlation coefficients across 100 doubled-haploid lines between productivity under 
stress (Israel) and osmotic adjustment (OA 96 and 98, USA), mean root penetration index (RPI- 
M, mean of 96, 97, and 98, USA), root pulling force (RPF96 and RPF97, Thailand), and maxi- 
mum root depth (MRD, Philippines) a . The years 1996,1997, and 1998 were abbreviated as 96, 
97, and 98, respectively. 

Parameters OA96 OA98 RPI-M RPF96 RPF97 MRD 

Biomass under drought 
Yield under drought 
Biomass resistance index 
Yield resistance index 

0.04 
0.00 
0.03 
0.06 

0.00 
–0.01 
–0.04 
0.14 

0.00 
–0.22 
–0.06 
–0.27 

–0.11 
–0.30 
–0.10 
–0.22 

–0.09 
–0.15 
–0.19 
4.07 

0.05 
0.02 

–0.02 
–0.04 

a Correlation coefficient that is significant at 5% is 0.29. 

EM11_10 on chromosome 2 and C235-EM17_9 on chromosome 6) were also found 
in other rice genetic backgrounds (Lin et al 1998, Yamamoto et al 1998). The C235- 
EM17_9 region corresponds to the Hd-1 QTL, one of the two major QTLs ( Hd-1 and 
Hd-2 ) for heading date. This QTL region has recently been finely mapped (Fig. 2 in 
Yamamoto et a1 1998). 

A schematic linkage map with QTL positions marked (Fig. 2) was made to com- 
pare whether there are any relationships between the QTLs for components of drought 
tolerance and the QTLs for rice performance in the field. Figure 2 showed that QTLs 
for drought-related traits were scattered throughout the whole genome. These QTLs 
were generally not linked to the QTLs for yield and biomass under stress. In terms of 
location overlapping between QTLs for yield under stress and QTLs for drought- 
related traits, only QTLs for root pulling force and grain yield on chromosome 11 
were located in the same genomic region. Similarly, there was no significant associa- 
tion between yield under stress and drought-tolerance components as measured in the 
lab/greenhouse except the association between yield under drought and root pulling 
force in 1996 (Table 5). Based on the author's (Blum) long experience with the research 
conducted on soil and plant water relations at the site used in Israel, we speculate that 
the soil at Bet Dagan had very low penetration resistance and that ample deep soil 
moisture was available. Under these conditions, the capacity of plants to extract deep 
soil moisture may have dominated genetic variation in stress response at the site, 
whereas neither OA nor root penetration were effective in this respect. 

This study further confirmed the complexity of the associations between yield 
performance and physio-morphological components of drought tolerance. Clearly, 
there is an urgent need for further quality phenotyping of the mapping population in 
target drought-prone environments in the field where genetic variations in OA and 
root traits might affect plant productivity. Development of near-isogenic lines and 
acquisition of data on field rooting depth and traits based on physio-morphological 
mechanisms should provide a fuller physiological and genetic explanation of drought 
tolerance and QTL relationships. 
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Fig. 2. Locations of QTLs for selected root and shoot traits in a doubled-haploid line population of 
CT99935-10-1-M and lR62266-42-6-2. For clarity, only a few RFLP markers per chromosome are 
shown. ICGY = grain yield under control in Israel, ISGY = grain yield under stress in Israel, OA = 
osmotic adjustment, RD = root depth, RPF = root pulling force, RPI = root penetration index, YRI = 
yield resistance index, TCGY = grain yield under control in Thailand, TH = root thickness. 
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Future perspectives 





Genetic improvement of rice for 
water-limited environments: 
constraints and research 
opportunities 
R. Lafitte 

The tools available to evaluate genetic variation in tolerance for water stress have 
expanded tremendously over the past decade. This workshop sought to identify op- 
portunities to apply those tools to reduce the impact of water deficit on rice yields. 
Many of the previous chapters report results obtained to date. This chapter summa- 
rizes the next steps that must be taken to translate these results into improved variet- 
ies for rice farmers in regions affected by water stress. 

Three working groups identified the major constraints to achieving the core ob- 
jective of developing and applying molecular strategies and physiological 
understanding to breed productive, stable rice varieties for water-limited environ- 
ments in five years. Table 1 summarizes the major constraints, along with the research 
activities needed to overcome those constraints. The following text summarizes the 
discussion that led to the development of Table 1. 

Understanding drought environments and G x E interactions 
Variety characteristics that confer an advantage in some water stress environments 
may prove to be useless or may even be a liability in other environments. This is 
reflected in the large G × E interactions in drought trials and in the difficulty of iden- 
tifying drought-tolerant check cultivars. The most desirable traits are those that are 
valuable across many stress environments, but even these may incur some loss in 
yield potential in favorable environments. To exploit specific adaptation, we must 
link specific desirable traits to their corresponding target environments. 

Some simulation models can relate rainfed rice yield to water availability. Al- 
though these could benefit from further refinement, they can provide a preliminary 
estimate of the frequency and severity of stress. Such data will allow breeders to 
better define their primary target stress environments and thus identify which screen- 
ing environments and which traits will be most useful. 

Field testing in controlled stress environments 
We are now able to use molecular techniques to verify whether or not a given line 
carries a particular allele from a given parent, but we do not yet know which alleles or 
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Table 1. Constraints to the development of improved rice varieties for water-limited environ- 
ments and opportunities to overcome each constraint. 

Constraint What is needed to overcome constraint 

Understanding of environment 
Poor characterization of target environments 

for climate and soil. 

Inadequate information on G × E 
(including QTL × E). 

Breeding 
Do not know what the gains will be from 

MAS compared with conventional breeding. 

Breeding objectives need to include 
tolerance for water deficit as well as risk, 
impact, and farmer preference. 

Long time and cumbersome mechanisms 
to release varieties. 

Poor use of local germplasm. 

Don’t know what is available in the 
gene bank. 

Phenotyping 
Inadequate field testing in target population 

of environments; unrepresentative 
testing sites. 

Techniques for effective 
• stress management 
• experimental design 
• measurements and data quality 
• data analysis and interpretation 

are not widely known or applied 

Physiological understanding 
Not sure which physiological/morphological 

traits are of value in which environment, 
so do not have prioritized list of secondary 
traits validated under field conditions or 
appropriate screening techniques for 
those traits. 

Apply simulation models and GIS databases. 

Evaluate existing mapping populations in more 
environments; collect physical data necessary 
to characterize the site. Apply G × E analytical 
methods. 

Model predicted gains for traits of different 
heritability. 

Consult end users. 

Use farmer participatory breeding networks to 
allow some rapid distribution and pretesting 
of varieties. 

Identify local varieties and conduct marker- 
assisted backcrossing to introduce specific traits. 

Targeted screening. 

Identify and develop suitable testing sites. 
Conduct quality field testing of mapping 
populations. 

1. Develop key testing sites. 
2. Develop standard trial designs. 
3. Develop standard evaluation systems for 

conducting trials and measuring traits. 
4. Improve analytical software, and provide 

documentation/training. 

1. Develop appropriate materials for precise 
testing of individual traits (e.g., NILs), and 
conduct careful field testing for yield. 

2. Identify closely related materials that differ 
for yield under stress (e.g., mutants, NILs), 
and evaluate different traits. 

3. Evaluate mapping populations in more 
environments with good precision of 
phenotyping for target traits and yield. 
Compare tails of populations for specific traits. 
Develop homozygous contrasts? 

Table continued 
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Table 1 continued. 

Constraint What is needed to overcome constraint 

4. Apply genome-wide approaches to build on 
existing biochemical understanding of plant 
response to stress and identify critical 
response pathways. 

Lack of knowledge on water transport and Evaluate component physiological process in 
root function in rice, the basis of reproductive carefully selected varieties. 
stage sensitivity to stress, and the optimal 
senescence pattern under stress. 

Lack of information on genetic variability for Evaluate traits in varieties selected to span the 
some target traits. range of variation present in Oryza. 

Molecular genetics 
Lack of precision in QTL position. Use improved analytical software. Increase 

population size. Use more markers. 

Lack of PCR markers (or other cheap and Use Information coming from physical mapping 
easy markers). project. Share markers within a consortium of 

labs working on rice. 

Lack of integrated map. Combine available data using anchor markers 
such as RFLPs. 

Transgenic tools not being used to Access databases for structural genes, 
understand QTL function; promoters needed. regulatory genes, and stress-specific 

transcriptional activators, or use BAC cloning to 
identify genes detected through fine mapping. 
Identify promoters operative at relevant stress 
levels and in specific tissues. Put selected 
sequences into elite adapted background with 
appropriate promoters and optimize promoter- 
gene interaction. Test in target environments 
(including well-watered conditions). Test To ... Tn 
for stable inheritance and expression. 

Develop a consensus on data management 
structure and intellectual property rights issues. 
Provide software and training for database use. 

Bioinformatics 
Difficult to link genotypic data across 

populations. 

even which loci confer an adaptive advantage in specific stress environments. Some 
of the constraints to applying molecular tools are thus qualitatively similar to those 
that have restricted the application of existing physiological understanding to im- 
proving crop performance. This reflects, in part, a limitation to our ability to reliably 
create and sample a range of stress environments when doing yield testing. 

When we want to proceed beyond variety trials and target a specific trait using 
molecular techniques, multienvironment testing with broad coverage of the target 
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environments becomes even more difficult. For the evaluation of mapping popula- 
tions, for example, it is necessary to identify a few well-controlled screening environ- 
ments and then impose realistic, meaningful levels of stress. The locations available 
for rainfed rice screening under controlled conditions are few (Courtois and Lafitte, 
this volume). Even when the physical environment is acceptable, the problem of vari- 
able phenology within mapping populations makes it difficult to apply the same level 
of stress to each line. This is an especially intractable problem for the rainfed lowland 
environment, where the application of irrigation to individual plots is not yet possible 
on the scale needed for evaluating mapping populations. 

A focused effort will be required to develop adequate field phenotyping facilities 
and expertise. Three to five locations in Asia must be identified where both a dry 
period (via a reliable dry season or a large rainout shelter) and supplemental irrigation 
are available. Soil types should be considered in selecting the locations. Human re- 
sources for each site must be trained in details of water management, statistical con- 
siderations for large experiments grown with stress, and data collection. There is a 
need to identify and publish standard operating procedures for water stress screening 
trials, which will allow greater repeatability across experiments. These procedures 
must include standard methods to measure plant and soil water status. A series of 
small workshops was suggested to allow the preparation of a manual of standard 
evaluation procedures. 

Understanding the value of specific traits 
Many individual traits have been nominated as routes to improved rice performance 
under conditions of water deficit. Some traits mentioned at this workshop were leaf 
responses to stress (rolling and drying; Price et al, Shen and Courtois, this volume), 
root morphology in aerobic or anaerobic soil (Kamoshita et al, Shashidhar et al, Price 
et al, this volume), and osmotic adjustment capacity (Babu et al, this volume). Quan- 
titative trait loci (QTLs) have been identified for all of these traits, but their adaptive 
value in various water stress environments remains unclear. We need quantitative 
estimates of the value of these and other potentially useful traits. Such estimates can 
be obtained by associating yield differences with variation in a target trait in the same 
(or similar) genetic background. This will require wide field testing of rice lines that 
have been genetically designed for the testing of physiological hypotheses. These 
rice lines may be near-isogenic lines (NILs) derived from marker-aided backcross- 
ing, or lines that have had specific gene-promoter regions introduced from other vari- 
eties. 

The number of traits that may confer an advantage under water-limited condi- 
tions may be too great to allow the targeted development of NILs for each trait. This 
problem may be overcome by the use of tolerant donor varieties in the context of a 
larger breeding project that can generate many sets of NILs (Li, this volume). 

Cosegregation analysis of mapping populations for which both yield and poten- 
tially valuable traits are measured can be used to link traits to yield. The difficulties in 
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this approach lie in obtaining realistic yield estimates for populations that are segre- 
gating for phenology and plant type, and in working with adequate population sizes 
to allow precise determination of QTL locations. Increasing the precision of 
phenotyping in both greenhouse and field experiments is seen as the key to improving 
the accuracy of QTL placement and QTL stability. At present, few data sets are avail- 
able that include yield of mapping populations under stress. As an immediate step, a 
major effort must be made to conduct wider field evaluations in target environments 
and establish heritabilities and genetic correlations under stress between grain yield 
and specific traits of interest. This will require both a serious investment in high- 
quality field screening and sharing of data among groups working on these popula- 
tions. Working groups need to be truly multidisciplinary, with greater involvement of 
researchers based in the target environments. 

Knowledge gaps in rice stress physiology 
Despite the volume of literature available on rice physiology, substantial gaps exist in 
our understanding of rice response to water deficit. There are indications that rice has 
a comparatively high internal resistance to water transport and that this may limit 
water uptake from depth under dry conditions (Kondo et al, this volume), but the 
basis of this phenomenon remains unclear. No techniques are now available to ac- 
complish high-throughput screening for water uptake characteristics. Membrane sta- 
bility under stress was also suggested as a possible screening technique for tolerance 
for water stress at the vegetative stage. 

We do not know whether the basis of rice’s extreme sensitivity to reproductive 
stage stress lies in hormonal signals, carbohydrate metabolism (e.g., acid invertase 
activity, starch reserves in the ovary at pollination), or some other process. Such un- 
derstanding is greatly needed and might reduce the need for logistically difficult field 
screens of materials stressed at exactly the same phenological stage. 

We have a fairly limited understanding of the optimal stay-green strategy for rice 
in stress environments and the role of carbohydrate and N remobilization from veg- 
etative parts with terminal stress. We need a clearer understanding of these processes 
in order to identify additional opportunities for crop improvement. 

In identifying additional valuable traits for rice varieties tolerant of water deficit, 
the needs of breeders should be considered. Screens must allow high throughput and 
should minimize the use of specialized equipment. This restriction can be overcome 
to some extent by identifying QTLs for the traits, but localization of the QTLs will 
still require phenotyping of large populations. Details of the phenotyping strategy 
should be considered when traits are suggested for mapping. The question whether 
QTLs identified in one cross will be identified in other crosses subjected to the same 
environmental conditions also needs to be addressed. Experience with maize sug- 
gests that a few QTLs are identified repeatedly in many different crosses, while oth- 
ers are specific to a single cross alone, indicating that QTLs need to be identified in 
each cross of a (donor × recipient). 
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Identifying QTLs 
The size of most existing mapping populations used in rice water stress studies 
(100-200 lines) may be too small for precise identification of QTLs. On the other 
hand, phenotyping larger populations for some of the more difficult traits such as root 
morphology may be impossible with current resource levels. The cost of genotyping 
is also high for populations of this size. Statistical models to optimize mapping popu- 
lation size indicate that there is little additional gain in increasing numbers beyond 
500 lines, but that populations smaller than 100 lines are of limited value. 

Another limitation to rapid progress in QTL identification and use in rice is the 
lack of inexpensive polymerase chain reaction-based markers. The ideal solution would 
be to have perhaps 1,000 microsatellite markers well distributed over the genome, 
and available in the public domain. Appropriate collaborations can also reduce costs. 
Other co-dominant markers would also be useful. These may emerge as a product of 
the rice physical mapping project under way in Japan. 

Applying QTLs in breeding programs 
The wide application of molecular techniques to breeding programs can only begin 
when breeders have a list of stable and prioritized QTLs across genotypes for specific 
stress environments. QTLs for yield under stress will show the same large G × E 
interaction that is observed for yield. It may be possible to reduce the G × E interac- 
tion for yield by pyramiding QTLs for several component traits. When a list of stable 
QTLs is available, specific traits that show real prospects for increasing yield under 
moisture deficit, level of polymorphism, breeding objectives, and facilities available 
to each breeder will determine the most appropriate balance between marker-aided 
selection (MAS) and conventional breeding. Simulations have the potential to play 
an important role in allowing breeders to partition resources between marker-assisted 
breeding and conventional approaches (Cooper et al, this volume). 

In deciding whether or not to use QTLs associated with tolerance for water defi- 
cit in a breeding program, breeders must also consult with the end users of the variety. 
Farmers may perceive the hierarchy of production problems quite differently than 
researchers do. A promising approach is to introgress QTLs into adapted local variet- 
ies, which should be rapidly accepted. This type of rapid varietal improvement recog- 
nizes that there may be a need for several cultivars within one region to meet the 
requirements of different farming systems and consumer preferences, but the approach 
may well carry linkage drag. When QTLs are transferred to the recipient genome 
carrying around 5–10% of the genome of the donor (including the QTL of interest), 
there is ample opportunity for genes that reduce yield in specific environments to be 
transferred across as well. 

One constraint to the rapid release of varieties improved by MAS may be the 
cumbersome system of varietal testing in many countries. Decentralization of vari- 
etal improvement to the village or farm level through farmer participatory breeding 
programs should speed farmer access to modified local varieties. 
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Transformation technology could also be applied to improve water stress toler- 
ance. Stress-specific transcriptional activators have been identified in dehydrated 
Arabidopsis plants (Yamaguchi-Shinozaki et al, this volume). Such promoters should 
be identified in rice plants suffering from milder, agronomically relevant levels of 
stress. Further investigation will undoubtedly identify promoters that are tissue spe- 
cific and that function only during certain development stages of the crop. 

Managing information 
Data management, analysis, and interpretation become increasingly important as the 
number of selection criteria increases in a breeding program. We need techniques to 
simplify the extraction of information from databases. The statistical approaches to 
QTL identification are changing rapidly to include the effect of epistasis, and this 
aspect needs to be made more user-friendly. We need more accessible software for 
spatial analyses (e.g., ASREML), and selection indices that allow the incorporation 
of additional traits. Users need training on how to use some of the rather unfriendly 
but essential software for managing spatial analyses, identifying QTLs, and gaining 
access to databases. 
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