
doi:10.1093/aob/mcf134, available online at www.aob.oupjournals.org

Mapping QTLs Regulating Morpho-physiological Traits and Yield: Case
Studies, Shortcomings and Perspectives in Drought-stressed Maize

ROBERTO TUBEROSA*, SILVIO SALVI, MARIA CORINNA SANGUINETI,

PIERANGELO LANDI, MARCO MACCAFERRI and SERGIO CONTI

Department of Agroenvironmental Science and Technology, University of Bologna,

Via Filippo Re 6±8, 40126 Bologna, Italy

Received: 4 July 2001 Returned for revision: 3 January 2002 Accepted: 13 February 2002

Comparative analysis of a number of studies in drought-stressed maize (Zea mays L.) reporting quantitative trait
loci (QTLs) for abscisic acid concentration, root characteristics, other morpho-physiological traits (MPTs) and
grain yield (GY) reveals their complex genetic basis and the in¯uence of the genetic background and the envir-
onment on QTL effects. Chromosome regions (e.g. near umc11 on chromosome 1 and near csu133 on chromo-
some 2) with QTLs controlling a number of MPTs and GY across populations and conditions of different water
supply have been identi®ed. Examples are presented on the use of QTL information to elucidate the genetic and
physiological bases of the association among MPTs and GY. The QTL approach allows us to develop hypoth-
eses accounting for these associations which can be further tested by developing near isogenic lines (NILs) dif-
fering for the QTL alleles. NILs also allow for a more accurate assessment of the breeding value of MPTs and,
in some cases, may allow for the map-based cloning of the gene(s) underlying the QTL. Although QTL analysis
is still time-consuming and resource-demanding, its integration with genomics and post-genomics approaches
(e.g. transcriptome, proteome and metabolome analyses) will play an increasingly important role for the identi®-
cation and validation of candidate genes affecting MPTs and GY. ã 2002 Annals of Botany Company
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INTRODUCTION

In the past decades, considerable effort has been devoted to
investigating the relationships between genetic variation in
morpho-physiological traits (MPTs) and adaptation of crop
plants to drought conditions (Blum, 1988; Richards, 1988;
Ludlow and Muchow, 1990; McDonald and Davies, 1996;
Passioura, 1996). More recently, this enduring challenge has
laid more emphasis on the effects of drought at the cellular
and molecular levels (Bray, 1997; Bajaj et al., 1999; Zhang
et al., 2000; Bohnert and Bressan, 2001; Knight and Knight,
2001). Although the wealth of information produced by
these studies has considerably enhanced our understanding
of how plants can adapt to water-stressed conditions, the
improvement in crop performance has seldom bene®ted
from this knowledge. Due to the extremely complex genetic
basis of yield, improving and stabilizing crop performance
under drought-stressed conditions remains a slow, laborious
and mostly empirical process.

Progress in increasing yield and its stability under water-
limited conditions through a direct selection has been
hampered by the low heritability of yield, particularly under
drought, and by its large `genotype 3 environment'
interaction (Blum, 1988; Ceccarelli and Grando, 1996).
As an alternative to a direct selection for yield under
drought conditions, MPTs genetically correlated with yield
have been targeted in selection programmes pursued in

collaboration between physiologists and breeders (Crosbie,
1982; Blum, 1988). The successful application of this
strategy requires MPTs that are cheap and easy to score,
characterized by a high genetic correlation with yield and
heritability higher than that of yield. Unfortunately, only a
very small number of MPTs meet these prerequisites, which
is why only a few `success' stories have so far been reported
for enhancing yield under drought by applying an indirect
selection for MPTs (Richards, 1996; Ribaut et al., 1997a).
Additionally, it remains dif®cult to identify accessions
(genotypes) with as many as possible `favourable' (in terms
of effects on yield) alleles at the loci governing the
expression of the desired MPT.

The expression of MPTs is usually governed by several
loci and thus favourable alleles of all such loci are likely to
be dispersed in different combinations in the accessions of
each crop. Therefore, even when crossing parental lines
carrying the desirable alleles at most of the major loci
regulating the targeted MPT, the probability of recovering at
least one recombinant genotype carrying favourable alleles
at all the major loci for the trait under selection is extremely
low. For example, if an F2 population segregates for ten
unlinked and functionally polymorphic genes controlling a
particular trait, then more than 2´4 3 106 F2 plants should be
considered to retrieve, at a probability level (P) of 0´90, at
least one F2 plant homozygous for the favourable alleles at
all ten loci, according to the formula (1 ± (1/4)10)n = 0´10,
where `n' is the number of plants to be considered. The
underlying but clearly unrealistic assumption is the possi-
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bility of correctly identifying such genotypes based solely
on the phenotype. This goal might possibly be achieved for
highly heritable traits (e.g. ¯owering time) by evaluating in
replicated experiments the selfed progenies (e.g. F3 or,
preferably, later generations) of such plants or, for species
which can be vegetatively propagated, a number of clones.
However, the costs associated with this approach would
clearly be prohibitive.

The traditional methods applied to investigate the genetic
control of multigenic (quantitative) traits such as MPTs and
yield in a segregating population (Falconer, 1981; Hallauer
and Miranda Fo, 1988), although valuable, are insuf®cient
to provide us with information on: (1) the chromosome
regions regulating the variation of each trait; (2) the
simultaneous effects of each chromosome region on other
traits and the genetic basis (pleiotropy and/or linkage) of
such associated effects; and (3) the interpretation of possible
cause±effect relationships among traits. Some of these
constraints can now be partially overcome by using
molecular markers which not only allow for the identi®ca-
tion of the quantitative trait loci (QTLs) controlling the
chosen MPT, but also enable us to assess the effects of the
same QTL region on other traits (Tanksley, 1993; Prioul
et al., 1997) and, more importantly, on yield (Stuber et al.,
1987, 1999).

The main objectives of this article are to: (1) summarize
the basic principles of QTL analysis; (2) illustrate how QTL
analysis can help in elucidating the genetic basis of traits
association; (3) review the published information in maize
(Zea mays L.) on QTLs for abscisic acid (ABA) concen-
tration and root traits, both of which are involved in the
adaptive response of maize to drought; (4) analyse and
interpret the co-location of the QTLs for ABA concentration
and root traits with QTLs for other MPTs (e.g. anthesis±
silking interval, stomatal conductance, etc.) and for grain
yield in maize; (5) critically analyse the limitations and
future perspectives of QTL analysis; (6) present alternative
approaches to uncover the presence of QTLs; and (7)
illustrate how QTLs can lead to gene discovery. The current
understanding of the breeding value of the MPTs herein
considered is good for the anthesis±silking interval only
(BolanÄos and Edmeades, 1996, 1997; Ribaut et al., 1997a),
and is otherwise poor, as in the case of root traits, or even
controversial, as in the case of ABA concentration (Blum,
1988; Quarrie, 1993, 1996; Landi et al., 1995, 2001b; Setter,
1997; Sanguineti et al., 1999; Mugo et al., 2000). For the
sake of clarity, we will adopt the terminology of Ludlow and
Muchow (1990), which distinguishes traits providing
drought escape and drought resistance, with the former
further subdivided in terms of dehydration avoidance and
dehydration tolerance.

PRINCIPLES OF QTL ANALYSIS

The ultimate goals of QTL analysis are to dissect the
complex inheritance of quantitative traits into `Mendelian-
like' factors amenable to selection through the analysis of
the ¯anking molecular markers and to clone the genes
underlying the QTLs. The dissection of a quantitative trait
into its discrete genetic components is generally made

possible through the production of an experimental popu-
lation (e.g. F2 plants, F3 families, recombinant inbred lines,
double haploids, etc.) starting from an F1 cross between two
inbred lines showing genetic variation for the trait(s) of
interest (Tanksley, 1993; Lee, 1995; Quarrie, 1996; Prioul
et al., 1997). The number of plants or progenies considered
for a QTL study usually varies from approx. 100 (Lebreton
et al., 1995; Agrama and Moussa, 1996; Guingo et al., 1998;
Tuberosa et al., 1998b) to over 400 (Openshaw and
Frascaroli, 1997; Melchinger et al., 1998).

Typically, a QTL study includes an accurate phenotypic
evaluation of an adequately large mapping population, its
molecular pro®ling and a statistical analysis to test the
association between a phenotype and a marker genotype.
For most species, an adequate coverage of the genome can
be achieved with approx. 100±150 marker loci evenly
spaced along the chromosomes. Once a marker density of
approx. one marker/20 cM is reached, then it becomes more
pro®table to increase the number of progenies rather than
the number of markers to increase the accuracy of QTL
detection (Darvasi et al., 1993).

At its simplest, QTL analysis relies on one-way ANOVA
testing whether the phenotypic means of the possible
genotype classes at a speci®c chromosomal position are
signi®cantly different. If a signi®cant difference is found,
then it can be concluded that a QTL is probably linked to the
chromosomal position under investigation. A major limita-
tion of ANOVA is that it does not provide information on
the distance of the QTL from the associated marker;
furthermore, it may not be possible to ascertain whether the
detected effect is due to a minor QTL tightly linked to the
marker, or to a major, but more distant, QTL. These
limitations can be overcome through the use of statistical
approaches based on information of multiple markers which
provide greater accuracy for QTL mapping (Martinez and
Curnow, 1992; Zeng, 1994; Utz and Melchinger, 1996; Liu,
1998; Kao et al., 1999; Korol et al., 2001; Sen and
Churchill, 2001). In this case, a frequently used output-
statistic to describe the results is the LOD (logarithm of the
odds ratio) score; the LOD value at a particular chromosome
position is computed as log10 of the ratio between the
chance of a real QTL being present given the effect
measured at that position divided by the chance of having a
similar effect with no QTL being present. The most likely
position of the QTL is thus at the peak of the LOD pro®le.
The graphical output can also provide us with a con®dence
interval around the QTL peak, thus delineating the range of
the most likely QTL position moving away from each side
of the peak. To avoid declaring `false-positive' QTLs (i.e.
declaring the presence of a QTL when the QTL is absent),
the threshold value of the LOD score should be set
reasonably high (usually >2´0).

The large volume of literature available on the diverse
statistical approaches, experimental designs and other
general features of QTL analysis will not be reviewed in
detail here because several authors have already thoroughly
addressed such aspects (Jansen, 1993; Tanksley, 1993;
Jansen and Stam, 1994; Lee, 1995; Beavis, 1998; Lynch and
Walsh, 1998; Churchill and Doerge, 1999; Flint and Mott,
2001; Hackett, 2002; Mauricio, 2001). However, a limited
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number of related issues will be brie¯y addressed as
necessary.

Although the principles of QTL analysis were ®rst
outlined and successfully applied in the early 1920s to
map a QTL for seed size in bean tightly linked to a gene
controlling seed pigmentation (Sax, 1923), a wide-scale
application of QTL analysis was not possible at that time
due to the paucity of genetic markers available. The
systematic identi®cation and characterization of QTLs was
®nally made possible more than 50 years later, following the
introduction of the ®rst class of molecular markers (restric-
tion fragment length polymorphisms, RFLPs) suitable for an
adequately detailed genome-wide survey (Botstein et al.,
1980). In maize, the ®rst linkage map based on molecular
markers was established by Helentjaris et al. (1986). The
time-consuming process of map construction was consider-
ably shortened with the introduction of the PCR-based
microsatellite (SSR, simple sequence repeat) markers,
particularly suited for mapping purposes due to their high
level of polymorphism (Taramino and Tingey, 1996). From
the mid-1990s, the addition of AFLPs (ampli®ed fragment
length polymorphisms; Vos et al., 1995) has provided an
unprecedented level of map saturation (Vuylsteke et al.,
1999). Also, sequenced cDNAs (also known as ESTs,
expressed sequence tags) became a source of molecular
markers and have now been integrated into maize genetic
maps (Causse et al., 1996; Davis et al., 1999; Sharopova
et al., 2002).

The comparative analysis between QTL data of two or
more mapping populations is made possible by directly
using the information provided by markers (usually RFLPs
and/or SSRs) common to the maps being compared and/or
indirectly by referring each mapping population to a
reference map. A widely-used reference map for maize is
the UMC map (Davis et al., 1999), which contains more
than 1700 markers. To facilitate the cross-referring to QTL
studies in maize or other cereals, the UMC map has been
subdivided into 100 sectors (bins) marked by reliable RFLP
markers. The bin framework has been shown to be
extremely useful for comparison of QTL positions across
experiments (Lin et al., 1995) and it will also be exploited
throughout this review for comparing QTLs for MPTs and
grain yield across experiments and genetic backgrounds. It
is noteworthy that the average genetic length of bins
(approx. 17 cM in the map reported by Davis et al., 1998) is
roughly similar to the average chromosome interval
supporting a QTL peak. Additionally, the UMC map allows
us to compare the map position of mutants (Neuffer et al.,
1997) with that of QTLs, thus contributing relevant
information for the identi®cation of possible candidate
genes for a particular trait. Robertson (1985) even postu-
lated that a mutant phenotype at a particular locus may be
caused by an allele whose effect is more drastic than that of
the QTL alleles at the same locus. In maize, Robertson's
hypothesis has been validated for plant height when a QTL
for this trait was found to co-localize with the map position
of the mutant dwarf3 (Touzet et al., 1995; Winkler and
Helentjaris, 1995), and for plant architecture when a QTL
controlling the level of branching was shown to coincide
with the mutant tb1 (Doebley et al., 1995).

In principle, once QTLs have been identi®ed, introgres-
sion of the favourable alleles and their pyramiding into elite
germplasm (e.g. parental lines, populations, etc.) becomes
possible through marker-assisted selection (MAS; Ribaut
and Hoisington, 1998; Stuber, 1999; Young, 1999).
However, only a few successful applications of MAS for
the improvement of quantitative traits have been described
to date (Hu et al., 1997; Ragot et al., 2000; Ribaut et al.,
2000) due mainly to weak associations (in terms of genetic
distance) between markers and target QTLs and/or the high
costs of MAS (Stuber et al., 1999; Salvi et al., 2001).
Certainly, a more rosy picture for MAS emerges considering
single-gene traits such as disease resistance (Bus et al.,
2000; Witcombe and Hash, 2000).

QTL ANALYSIS AS A MEANS TO
INVESTIGATE ASSOCIATIONS BETWEEN

TRAITS

A number of approaches can be utilized to analyse the
physiological and genetic basis of the associations between
traits. Physiological relationships can be established by
analysing correlated changes occurring in time or following
treatments in¯uencing the target traits (Quarrie and Jones,
1977); these studies can be conducted using a single
accession (genotype). The presence of a genetic association
between traits can be investigated by testing a number of
either unrelated genotypes differing in their mean value for
the traits of interest (Tuberosa et al., 1994), or related
families derived by divergent selection started from a
population segregating for the target trait (Innes et al., 1984;
Tuberosa et al., 1986; Landi et al., 2001a, b). Each of these
approaches has ¯aws and is prone to biases, so rarely allows
us to ascertain with reasonable precision the extent to which
the association is due to pleiotropy and/or linkage.
Alternatively, QTL analysis enables us to investigate with
greater precision the genetic basis of trait association merely
by looking for co-location on the genetic map of the
corresponding QTLs. Consequently, QTL studies provide us
with useful information to elucidate the causal pathways
linking two or more traits (Simko et al., 1997), as is the case
of MPTs and yield under drought (Lebreton et al., 1995;
Prioul et al., 1997; Sanguineti et al., 1999). Co-location of
QTL peaks for two traits can result from a number of
alternative scenarios as shown in Fig. 1 (redrawn after
Lebreton et al., 1995): (A) two tightly linked genes
modulating the expression of separate traits, but not
separated by the statistical tests adopted; (B) one gene
with a single function which leads to a sequence of causally
related events; (C) one gene with an effect on two or more
traits independent of each other; or (D) two tightly linked
genes with effects on the same two or more traits. Linkage,
namely the ®rst scenario, can be distinguished from
pleiotropy, the second and third scenarios, whenever an
improved mapping resolution (e.g. increasing the number of
tested progenies and/or more markers mapped in the region
of interest) leads to the identi®cation of recombinant
progenies for the two associated traits, i.e. the parental
alleles of the linked genes controlling the two traits separate
in one or more recombinant progenies. The opposite ®nding
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(i.e. no recombinant progeny) cannot prove with certainty
that pleiotropy is the cause of the association; however,
pleiotropy becomes increasingly plausible when co-segre-
gation of the two traits is maintained when an increasing
number of segregating individuals are considered. The ®nal
proof for pleiotropy can be obtained through the cloning and
manipulation of the gene/s underlying the QTL in question.
Further complexity can be added to the models presented in
Fig. 1A±C because co-location of QTLs could also be due to
the combined effects of linked genes with possible
pleiotropic effects as shown in Fig. 1D.

For an example of pleiotropic effects as depicted in Fig.
1C and pertinent to this article, we will consider leaf ABA
concentration and root growth (corresponding to traits 1 and
2, respectively, in Fig. 1). Under drought conditions, the

scenario presented in Fig. 1C could be reconciled with either
(1) a gene in¯uencing the signalling cascade (e.g. gene
encoding a signal receptor) leading from the perception of
the drought stress to the activation of the genes independ-
ently governing leaf ABA concentration and root growth; or
(2) a regulatory gene encoding a protein (e.g. transcription
factor) with a DNA-binding domain capable of promoting
the expression of the independent genes in¯uencing leaf
ABA concentration and root growth. Eventually, the
scenario described in Fig. 1B, which implies a causal effect
of ABA on root growth, can be validated if a QTL for ABA
concentration in root tips is also mapped in the same region.
However, it should be noted that, given the complex
relationships between ABA concentration and root growth,
the opposite explanation (i.e. root growth in¯uencing ABA
concentration) is also plausible, particularly at a later stage
of development (e.g. near ¯owering). Therefore, when
considering traits such as ABA concentration and root size
whose cause±effect relationships may switch according to
the growth stage (i.e. from ABA having a greater in¯uence
on root size at an early stage, to root size in¯uencing ABA at
a later stage; see also Sanguineti et al., 1999), the inter-
pretation of the results becomes more complex.

When considering two or more complex traits for which
several QTLs have been mapped, co-location of the QTL
peaks can occur by mere chance due to linkage. For
example, in maize, where the map has been subdivided into
bins of approximately similar genetic length, if a number
(N) of QTLs for traits A and B have been mapped to NA and
NB chromosome bins, respectively, then the percentage of
bins expected to harbour, by mere chance, QTLs for both
traits should be equal to [(NA 3 NB)/NT

2] 3 100, where NT

indicates the total number of chromosome bins covered by
the map used to identify the QTLs. The application of this
formula assumes: (1) the possibility of correctly assigning
the position of the QTL peak to a single chromosome bin, an
assumption not always met with QTLs characterized by
wide support intervals and maps with low marker
density; and (2) a uniform distribution of the QTLs
among bins, which is also a rather unlikely assumption
in maize as already shown by the work of Khavkin and
Coe (1997). As more data on QTL distribution become
available for maize, the extent of the bias introduced by
the non-uniform distribution of QTLs among chromo-
some bins could be accounted for in the formula
including appropriate coef®cients for each bin. On the
same line, the formula will underestimate the degree of
overlap whenever the QTLs are only 5±10 cM apart but
are assigned to adjacent bins.

Another indirect and empirical way of evaluating
whether linkage or pleiotropy causes trait association at
a number `N' of regions where the QTLs for the traits
in question overlap is provided by the analysis of the
sign of the additive effects of the QTLs (computed as
half of the difference between the average values of the
parental QTL alleles) at all `N' regions. Although
genetically linked genes may account for the association
between two traits at any particular QTL, it is very
unlikely that linkage is the cause of the association
between the same traits at a number of different QTLs

F I G . 1. (redrawn after Lebreton et al., 1995) Four models for the
possible association between two traits whose expression is in¯uenced by
the same chromosome region. A, Linkage. Traits 1 and 2 controlled
independently by two distinct QTLs which are closely linked but not
separated by the statistical tests adopted. B, Pleiotropy. Two traits
causally associated and regulated by a QTL acting directly on one trait
only. C, Pleiotropy. Traits 1 and 2 controlled independently by a single
gene. D, Linkage and pleiotropy. Traits 1 and 2 controlled independently
by two distinct QTLs which also have pleiotropic effects (see text for an

example).
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when the sign of the association (positive or negative)
between the genetic effects remains the same at all
QTLs. In fact, if linkage causes the association, the
chances of ®nding alleles linked in coupling (i.e. `plus'
or `minus' alleles at both loci controlling the two traits)
equal the chances of ®nding alleles linked in repulsion
(i.e. one `plus' and one `minus' allele at each one of the
two loci), unless selection has favoured one vs. the
other, an event rather unlikely to occur at a number of
independent loci. Conversely, if pleiotropy is the
primary cause of the association between two traits,
then it is more likely that a similar relationship is found
at most, if not all, of the QTLs where the overlap
occurs. Therefore, the probability of ®nding the same
linkage phase (coupling or repulsion) by chance alone at
a number of `N' QTL regions equals 0´5N. However, the
presence of contrasting associations at regions showing
co-location of QTLs does not disprove pleiotropy, since
the sign of the association between traits could well
vary according to the growth stage and the environ-
mental conditions present when the gene(s) underlying
that particular QTL was expressed, as previously
indicated for the association between ABA concentration
and root size (see also Sanguineti et al., 1999).

The ®rst attempt to utilize QTL data to test for
possible causal relationships among MPTs in drought-
stressed maize was carried out by Lebreton et al. (1995)
who suggested that if trait A has a regulatory role on
trait B (e.g. xylem ABA controlling stomatal conduc-
tance), the most signi®cant QTLs for trait A should
have a measurable effect at the same QTL regions on
trait B. Conversely, if trait B (e.g. stomatal conductance)
has a more complex genetic basis as compared with
trait A (e.g. xylem ABA), then trait B will probably
have signi®cant QTLs not coincident with those for
trait A.

LITERATURE REVIEW FOR QTLS FOR ABA
CONCENTRATION AND ROOT TRAITS

QTLs for ABA concentration

An increase in ABA concentration is a universal and ®rmly
established response of plants subjected to drought and
other abiotic stresses (LarqueÂ-Saavedra and Wain, 1976;
Davies and Zhang, 1991; Quarrie, 1991; Ribaut and Pilet,
1991). Extensive evidence indicates the pivotal role of ABA
in regulating several processes at the molecular, cellular,
organ and whole plant levels under conditions of water
de®cit (Zeevaart and Creelman, 1988; Saab et al., 1995;
Sharp, 1996; Bray, 1997; Netting, 2000). ABA modulates
the expression of a large number of genes whose products
may protect the cell from the harmful effects of an excessive
water loss (Close, 1996, 1997; Ingram and Bartels, 1996;
Bray, 1997). In maize seedlings subjected to arti®cially
induced conditions of water de®cit (Sharp, 1996), an
increased ABA concentration increased the root to shoot
ratio, an adaptive change which could be important for
avoiding dehydration under conditions of low water avail-
ability in the upper layer of the soil pro®le. It has been

suggested that the role of ABA in maintaining root cell
elongation at low water potential may involve enhanced
expression or activity of cell wall-yielding factors through
an interaction with ethylene production (Wu et al., 1996;
Spollen et al., 2000). It has also been shown that ABA
affects proline accumulation throughout maize primary
roots (Ober and Sharp, 1994); this suggests that ABA may
play a regulatory role in maintaining the osmotic status of
the roots at low water potential (McDonald and Davies,
1996). The most widely recognized adaptive role of an
increased ABA concentration under water-limited condi-
tions is the reduction of stomatal conductance and water lost
by transpiration (Tardieu et al., 1992, 1993; Tuberosa et al.,
1994; Trejo et al., 1995; Li et al., 2000). It has also been
shown that ABA facilitates water uptake into maize roots as
soil starts drying, particularly under non-transpiring condi-
tions, when the apoplastic path of water transport is largely
excluded (Hose et al., 2000). More recent work carried out
in arabidopsis has shown that ABA also plays an important
role in mediating the stimulation of lateral root elongation
by local NO3

± applications (Signora et al., 2001).
A literature search of the bibliographic databases indi-

cates that QTLs for leaf ABA (L-ABA) concentration in
maize have been investigated in three different populations
(Lebreton et al., 1995; Tuberosa et al., 1998a, b). One of
these studies has also reported QTLs for the concentration
of ABA in the xylem sap (X-ABA; Lebreton et al., 1995).
Figure 2 reports a tentative allocation of the QTLs for L-
ABA and X-ABA of the three populations to the bins of the
UMC reference map. The large number of QTLs governing
variation in ABA concentration in these populations should
be related to their different genetic backgrounds as well as
to differences in the growing conditions (e.g. glasshouse or
®eld), dynamics (e.g. duration, timing and intensity) of the
water-stress episodes and in the growth stage at which plants
were subjected to drought. Altogether, these results con®rm
and expand the complexity of the genetic basis of ABA
concentration in maize which had already been postulated in
earlier studies based on more conventional genetic
approaches (Ivanovic et al., 1992; Sanguineti et al., 1996).

A more detailed analysis of the results of the above-
mentioned experiments indicates that the highest number
(16) of QTLs for L-ABA was reported in the Os420 3
IABO78 background (Tuberosa et al., 1998c). The high
number of QTLs identi®ed in this 2-year study investigating
ABA at two growth stages (at stem elongation and tasseling)
is most likely to be the result of the increased chances of
detecting QTLs in at least one of the four samplings
analysed, the large variation in L-ABA among the 80 F4

families (from 264 to 680 ng ABA g±1 d. wt) and the high
heritability of L-ABA (from 0´68 to 0´88). Of the 16 QTLs
identi®ed, only four signi®cantly in¯uenced mean L-ABA
values across samplings. At all these four primary QTLs, the
effect of the parent alleles was consistent when analysed in
each individual sampling; the alleles which increased L-
ABA were contributed by Os420, the high-ABA parent line.
The most important and consistent QTL mapped on bin 2´04
near csu133. The effects associated with the QTL near
csu133 were more pronounced near ¯owering. In the same
region, a QTL for L-ABA has also been described in Polj17
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3 F-2 at two growth stages (Lebreton et al., 1995); also in
this case, the QTL showed a stronger effect near anthesis.
Additionally, preliminary results have indicated that in the
population described in Ribaut et al. (1996, 1997c) the QTL
likelihood pro®le for ABA concentration in the ear peaks
near csu133 (M. Ribaut and T. Setter, pers. comm.).

The presence of a QTL for L-ABA near csu133 has been
validated through a divergent selection for L-ABA started
from 480 (Os420 3 IABO78) F2 plants (Sanguineti et al.,
1996; Landi et al., 2001a). Following the completion of two
cycles of selection (from F2 to F4) for high or low L-ABA
under conditions of moderate drought stress in the ®eld, the
csu133 pro®les of the eight F4 families with the highest
ABA values and the eight F4 families with the lowest ABA
values were investigated. The csu133 allele associated with
the low L-ABA parental allele was ®xed in all eight low L-
ABA families, while the csu133 allele associated with the
high L-ABA parental allele was ®xed in seven high L-ABA
families, with only one F4 family being heterozygous (Salvi
et al., 1997). These results provided convincing evidence
that the chromosome region near csu133 harbours one or
more genes with a strong effect on L-ABA. The consistency
of the LOD values (up to 7´1) and the size of the additive
effects (up to 86 ng ABA g±1 d. wt) shown by this QTL on L-
ABA coupled with its narrow support interval (approx.
5 cM) in Os420 3 IABO78 (Tuberosa et al., 1998c)
prompted the derivation of backcross-derived lines (BDLs)
in the Os420 3 IABO78 genetic background (Landi et al.,
2002). Six parallel cycles of backcrossing allowed us to
obtain BDLs homozygous for the high-ABA allele or for the
low-ABA allele of both parents (Os420 and IABO78). The
backcross procedure was aided by using the two closely
linked RFLP loci ¯anking (approx. 9 cM apart) the target
QTL. Preliminary results obtained under conditions of
moderate drought in the ®eld have shown a signi®cant
difference between the mean value of BDLs homozygous
for the allele increasing ABA (provided by Os420) and
BDLs homozygous for the allele decreasing ABA (provided
by IABO78). In particular, the additive effect of the QTL
averaged across BDLs was equal to 31 ng ABA g±1 d. wt,
corresponding to 12´4 % of the overall mean (Landi et al.,
2002). In our previous investigation conducted on F4

families derived from the same cross (Tuberosa et al.,
1998c), the additive effect at this QTL was estimated to be
equal to 49 ng ABA g±1 d. wt, corresponding to 12´3 % of
the overall mean. These results thus indicate that the target
QTL was successfully transferred by the marker-assisted
backcross, and further con®rm the stability and the relative
importance of its additive effect.

As compared with the previous study, a smaller number
(seven; see Fig. 2) of QTLs was found to in¯uence L-ABA
at two growth stages (early- and mid-phases of stem
elongation) in the 151 F3 families derived from the cross
A662 3 B73 which were tested under rainfed conditions in
two locations (Tuberosa et al., 1998a). The limited number
of QTLs for L-ABA evidenced in this study was probably a
consequence of the low level of water stress experienced by
the plants at the time of sampling, as indicated by the low
average value of L-ABA in all four samplings (from 192 to
241 ng ABA g±1 d. wt), and/or the small difference in L-
ABA value of the parental lines (235 and 266 ng ABA g±1 d.
wt in A662 and B73, respectively, across samplings; unpubl.
res.). Two QTLs (on bins 5´06±5´07 and 8´07) in¯uenced L-
ABA in both locations, while no overlap was evidenced
between growth stages within each location.

A high number of QTLs in¯uenced ABA concentration in
leaf and xylem samples collected in 81 F2 plants derived
from the cross Polj17 3 F-2 (Fig. 2; Lebreton et al., 1995).
Samples were collected 3 weeks before ¯owering under
well-watered conditions and at ¯owering under conditions
of water de®cit. With the exception of chromosome 8,
which was poorly represented (only two markers), all other
chromosomes were found to harbour QTLs in¯uencing
ABA concentration. Of these regions, one on bin 1´06 and
one on bin 2´04 near csu133 signi®cantly in¯uenced L-ABA
at both water regimes. The QTL with the strongest effect
(LOD = 8´0) under drought conditions was located on bin
3´06 near umc39b. The QTLs for X-ABA showed a poor
overlap with those for L-ABA, a result in keeping with the
low correlation found between these two traits in maize
(Zhang and Davies, 1990; Tardieu et al., 1991; Tuberosa
et al., 1994). Only two of the four QTLs which in¯uenced
leaf water potential (LWP) were located in regions near
QTLs for X-ABA or L-ABA, a result which led Lebreton
et al. (1995) to suggest that it was unlikely that variation in
L-ABA was consequent to variation in the degree of drought
stress. In this case, no data were collected on leaf relative
water content (LRWC), another indicator of the water status
of the plant.

A fairly extensive overlap among QTLs for L-ABA and
QTLs for LRWC was found in Os420 3 IABO78: of the 16
QTLs that signi®cantly affected L-ABA, seven concomi-
tantly in¯uenced LRWC in at least one of the two growth
stages considered (Sanguineti et al., 1999). At all QTLs but
one (mapped on bin 10´04), the corresponding additive
effects for LRWC and L-ABA were negatively associated, a
®nding that suggests that in this case L-ABA mainly
represented an indicator of the level of drought stress

F I G . 2. Bin allocation on the maize map of the QTLs for root traits in hydroponics and in the ®eld, ABA concentration in the leaf and in the xylem
sap, anthesis±silking interval (ASI) and grain yield (GY) in 11 maize populations (a±k). Coloured bars indicate QTLs assigned to a single bin; within
each bin, bar position does not re¯ect the most likely position of the QTL peak. Vertical parentheses spanning two bins indicate QTLs that could not
be assigned to a single bin. According to the population considered, numbers in parentheses indicate the following: number of root characteristics for
which a QTL was detected in hydroponics (populations a and b) or in the ®eld (populations a, c and d); number of samplings and/or environments in
which a QTL was detected for leaf ABA concentration (populations c, e and f); ASI populations a, b, e, g and h); and grain yield (GY; populations a,
b, c, e, g, h, i, j and k). Asterisks indicate QTLs for the concentration of ABA in the xylem sap. QTLs for root traits and ABA concentration are
reported to the left of each chromosome, while QTLs for ASI and GY are reported to the right of each chromosome. For the sake of simplicity, the
QTLs for GY of the B73 3 H99 population tested under low- and high-nitrogen conditions have been indicated as obtained under water-stressed and

well-watered conditions, respectively.
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experienced by the plant at sampling, contrary to the results
reported by Lebreton et al. (1995). It is most likely that this
apparent discrepancy is due to the different traits considered
to survey the water status of the plant and/or to the different
genetic backgrounds of the material evaluated in the two
studies. Additionally, the differences in the expected
inbreeding levels of the two populations (0´875 in the F4

families of Os420 3 IABO78 vs. 0´500 in the F2 plants in
Polj17 3 F-2) may have in¯uenced their vigour and thus
may have magni®ed the effects on L-ABA of differences in
the water status of the plants.

Tuberosa et al. (1998c) investigated whether known
mutants affected in ABA biosynthesis might be possible
candidates for the QTLs controlling L-ABA. Based on
information provided by RFLP markers common to the
UMC map and the Os420 3 IABO78 map, it was shown
that the map positions of mutants impaired in ABA
biosynthesis (e.g. vp5, vp14, etc.) were outside the support
intervals of the QTLs in¯uencing L-ABA. The rate-
determining step for ABA biosynthesis is controlled by
vp14 (Schwartz et al., 1997; Milborrow, 2001), which has
been mapped to bin 1´08 (Tan et al., 1997). Also, it should
be noted that in both A662 3 B73 and Polj17 3 F-2, no
QTL was found for ABA concentration in bin 1´08. These
results, while providing no evidence that the major gene
involved in the biosynthesis of ABA might be responsible
for the QTLs for L-ABA, leave the question open as to what
sort of genes may underlie these QTLs. Among a number of
possibilities, feasible candidates could be the genes in¯u-
encing the intensity of the transduction signal associated
with turgor loss, a major determinant in the regulation of
ABA concentration (Jensen et al., 1996), and/or genes
controlling MPTs (e.g. root size and architecture, leaf area,
leaf angle, osmotic adjustment, etc.) affecting the water
balance of the plant, hence its turgor. Interestingly, the
results of Lebreton et al. (1995) showed that the QTL for L-
ABA near csu133 (bin 2´04) clearly overlapped with a QTL
for root pulling force. Additionally, Quarrie et al. (1999)
reported that recurrent selection for grain yield under
drought conditions signi®cantly changed allele frequencies
at csu133 in two populations developed at the International
Maize and Wheat Improvement Center (CIMMYT), namely
TuxpenÄo Sequia (BolanÄos and Edmeades, 1993) and
Drought Tolerant Population (BolanÄos et al., 1993).
Collectively, these results support the importance of this
region in controlling drought-related traits and yield in
maize.

QTLs for root traits

Although root characteristics have been shown to be
important factors in¯uencing drought avoidance (Sullivan,
1983; O'Toole and Bland, 1987), little is known about their
genetic control and their contribution to yield under drought
conditions. This is largely due to the dif®culty in properly
investigating roots in a large number of plants, particularly
in ®eld experiments. In ®eld-grown maize, root pulling
force (RPF) is one of the traits which allows for large-scale
investigation of roots below the soil surface (Kevern and
Hallauer, 1983; Fincher et al., 1985). It is important to

determine the extent to which RPF re¯ects root character-
istics investigated with more precise but much more
laborious approaches like the analysis of root density in
soil cores. Sanguineti et al. (1998) have shown that maize
root density in both the 30±70 cm and in the 70±110 cm
layers was positively associated with RPF (r = 0´67 and
0´71, respectively) in a set of inbred lines differing in root
size and architecture; in contrast, no signi®cant association
with RPF was evident in the 0±30 cm layer. It should also be
mentioned that RPF was one of the MPTs signi®cantly
affected by eight cycles of recurrent selection for grain yield
under drought conditions in tropical maize (BolanÄos et al.,
1993). In this case, RPF was negatively associated with
grain yield, which led the authors to suggest that improved
drought tolerance was due to increased partitioning of
biomass towards the developing ear during a severe drought
stress coinciding with ¯owering, rather than a change in
plant water status.

Lebreton et al. (1995) identi®ed QTLs for root traits in
the Polj17 3 F-2 population also investigated for L-ABA
and X-ABA (see previous section). The phenotypic evalu-
ation focused on seminal root number (SRN), nodal root
number at the base of the stem (NRN) and on RPF measured
at the end of the season. There were seven QTLs with a
LOD value higher than 2´0 for RPF and four for both SRN
and NRN. Because QTL data were also available for ABA
concentration, the causal relationships between root traits
and ABA concentration were analysed by adopting the
procedures summarized earlier (see `QTL analysis as a
means to investigate associations between traits'). The
®ndings supported the hypothesis that ABA concentration
was more likely to regulate RPF than vice versa, an
interpretation consistent with the positive relationship
between the endogenous ABA concentration and primary
root growth in maize seedlings grown under arti®cial
conditions of drought stress (Sharp et al., 1994; McDonald
and Davies, 1996). At all QTLs but one, the sign of the
additive effects on ABA concentration and RPF was similar.
This result could be due to one or more genes in this
particular QTL region regulating root growth independently
from ABA but capable of in¯uencing its concentration via
the water status of the plant: in this case, the QTL effects on
root growth and ABA concentration are more likely to be
negatively correlated. As to NRN, the comparative analysis
of the effects at the most important QTLs revealed a striking
correlation between nodal root number and X-ABA (r =
0´84, P < 0´001), which led the authors to suggest that ABA
content in the xylem collected from the leaves is largely
determined by the nodal roots.

Under ®eld conditions, Guingo et al. (1998) described
maize QTLs for root traits in a 2-year study carried out with
100 test-crosses obtained from crossing an early dent line
(F252) with 100 recombinant inbred lines (RILs) derived
from the cross F-2 3 Io (Causse et al., 1996). Among other
traits, the number of nodal roots (below soil surface) on
internodes 6, 7 and 8 (RI6, RI7 and RI8, respectively) and
the mean diameter of roots on internode 7 (Droot7) were
considered. Although the heritability of these traits was
fairly high (from 0´56 to 0´62), only one QTL was found to
signi®cantly in¯uence the variation measured for RI6, RI7
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and RI8, while three QTLs were found for Droot7. The
small number of QTLs detected for these traits is probably
related to the limited number of test-cross families con-
sidered and/or, at least for RI6, RI7 and Droot7, to the rather
limited variation reported in the mean values of the test-
crosses. Accordingly, the coef®cients of total genetic
determination (R2) were low (from 21 to 44 %), a ®nding
which suggests that the majority of QTLs modulating the
investigated traits went undetected. Epistasis was another
possible reason invoked by Guingo et al. (1998) to account
for the small number of QTLs detected in their study. The
only QTL that concomitantly in¯uenced two root traits (RI7
and RI8) was on bin 5´05 between SC343B and SC403; from
a practical standpoint, the co-location of QTLs for different
root traits indicated that MAS for this QTL region on
chromosome 5 could have bene®cial effects on root lodging
and yield.

The main limitations to ®eld studies of roots in the soil are
the large amount of work required and the usually destruc-
tive nature of the measurements (Beck et al., 1987). As an
alternative to ®eld studies, hydroponics offers a number of
noticeable advantages for investigating roots. These include
easy access to roots, non-destructive and subsequent
observations on the same plants, coupled with the possibil-
ity of measuring a large number of plants in a small space;
furthermore, the addition of polyethylene glycol (Nagy
et al., 1995) allows us to test plants under predetermined and
uniform conditions of water stress, a condition very dif®cult
to achieve otherwise. The most distinct disadvantage of
hydroponics is the very unnatural environment in which
roots grow. It is important to appreciate that in terms of QTL
identi®cation of root traits and practical application of this
information (e.g. MAS), what matters is not the absolute
values of root traits measured in hydroponics and in the soil,
but rather the magnitude and type (`cross-over' or not) of
`genotype 3 environment' interaction for the root traits
analysed in the progenies of the mapping populations.
Therefore, if QTLs in¯uencing genetic variation of root
traits in hydroponics also regulate root growth in the ®eld, it
may be possible to identify among such QTLs those with an
associated effect on yield, provided, of course, that genetic
variability in root traits affects yield. This aspect is
particularly relevant in maize in which the importance of
the seminal (embryogenic) roots declines as a result of the
prevailing role in the adult plant of shoot-born roots,
commonly named `adventitious' nodal roots (Kiesselbach,
1949). Nevertheless, a positive correlation between root
traits of maize seedlings and those of mature plants was
reported by Nass and Zuber (1971). Furthermore, a
relationship was found between seminal root traits of
maize seedlings in hydroponics and root lodging in the ®eld,
an important trait in¯uencing grain yield (Landi et al., 1998;
Sanguineti et al., 1998). Signi®cant, albeit weak, associ-
ations have also been reported between seminal root traits in
hydroponics and RPF in the ®eld (Landi et al., 2001b).

QTLs for root traits in hydroponics were investigated in
171 F3 families derived from the cross between Lo964 and
Lo1016, two lines which were previously shown to differ
greatly for root characteristics (Sanguineti et al., 1998).
Tuberosa et al. (2002) identi®ed 11, seven, nine and ten

QTLs (LOD >2´5) regulating primary root length (R1L),
primary root diameter (R1D), primary root weight (R1W)
and the weight of the adventitious seminal roots (R2W),
respectively. The high LOD value (>5´0) of ten QTLs and
their sizeable R2 values (from 14´7 to 32´6 %) suggested the
presence of QTLs with major effects. In total, 37 QTLs were
grouped and assigned to 24 bins; ten bins concomitantly
in¯uenced at least two root traits (Fig. 2). Four of these
regions were on chromosome 1 (bins 1´02, 1´06, 1´07±1´08
and 1´11). The QTL with the most sizeable effects (LOD
values of 14´7, 6´4 and 8´3 for R1D, R1L and R2W,
respectively) was found on bin 1´06 between
PGAMCTA205 and php20644. To verify whether some of
the QTL regions in¯uencing root traits in hydroponics also
modulate root growth in the ®eld, 118 F3 families of the
same mapping population were tested for RPF in three
replicated ®eld experiments (Giuliani et al., 2000 and
unpubl. res.). QTLs were assigned to 19 bins, 11 of which
(representing 13´7 % of the 80 bins explored by the Lo964 3
Lo1016 map) also harboured a QTL for one or more root
traits in hydroponics. In this case, applying the formula
described in the section on QTL analysis and considering
the 80 bins explored by the map, the percentage of bins
expected by chance to harbour QTLs for root traits in
hydroponics and in the ®eld equals 7´1 {computed as [(24 3
19)/802] 3 100}.

Among the QTLs identi®ed in hydroponics in Lo964 3
Lo1016, only one on bin 2´03 overlapped with one of the six
root QTLs described in the ®eld study of Guingo et al.
(1998). In the Polj17 3 F-2 population, a total of 15 QTLs
were detected for RPF, NRN and/or seedling root number;
these QTLs were located on 14 different bins, six of which
also harboured QTLs for root traits identi®ed in hydroponics
and/or in the ®eld with the Lo964 3 Lo1016 population.

The same root traits investigated in hydroponics in
Lo964 3 Lo1016 were also measured by Tuberosa et al.
(2000 and unpubl. res.) in 120 RILs of the mapping
population developed at CIMMYT from the cross Ac7729 3
Ac7643/TZSRW and previously tested as F3 families under
drought conditions for yield and other agronomic traits
(Ribaut et al., 1996, 1997c). Among the 16 bins which
carried a QTL for root traits (R. Tuberosa et al., unpubl.
res.), eight were common to both populations (Fig. 2).

Collectively, these results indicate the feasibility of using
hydroponics to identify QTLs for root traits, a number of
which might also in¯uence variation in root traits under ®eld
conditions. However, it is impossible to ascertain at this
stage the extent to which these results might be due to
random coincidence of a number of closely linked QTLs
independently affecting root traits in hydroponics and in the
®eld rather than to the effects of the same set of genes
modulating root growth in hydroponics and also in the ®eld.
The most noticeable overlap for QTLs in¯uencing root traits
in hydroponics and in the ®eld occurred on bin 1´06 which
represents the most promising candidate region for a
validation study through MAS. In fact, this bin harbours
QTLs for root traits in hydroponics in Lo964 3 Lo1016
(Tuberosa et al., 2002) and Ac7729 3 Ac7643/TZSRW
(Tuberosa et al., 2000), and QTLs for root pulling force in
both Lo964 3 Lo1016 (Giuliani et al., 2000) and Polj17 3
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F-2 (Lebreton et al., 1995). Furthermore, this bin also
revealed QTLs for L-ABA in Os420 3 IABO78 (Tuberosa
et al., 1998c) and in Polj17 3 F-2 (Lebreton et al., 1995),
for the ASI in Lo964 3 Lo1016 (R. Tuberosa et al., unpubl.
res.) and QTLs for grain yield (see next section). Altogether,
the sizeable effects of this region on root traits and grain
yield warrant the development of near isogenic lines (NILs)
differing for the parental segment at this QTL. The
availability of NILs for this QTL region would also open
the way for undertaking positional cloning of the corres-
ponding gene(s), in which case hydroponics would allow for
a quick root phenotyping at an early growth stage.

Another interesting region is located on bin 1´03 near
umc11 where a QTL for root traits was found in two of the
four populations herein considered. Bin 1´03 also harboured
the major QTL for root biomass and leaf growth rate in a
drain-pipe experiment carried out in DTP79 3 B73 (S. A.
Quarrie, pers. comm.). Furthermore, bin 1´03 also harbours
QTLs for ABA concentration in the leaf (in Os420 3
IABO78 and A662 3 B73) and in the xylem (in Polj17 3
F-2). The root mutant rtcs (rootless for crown and lateral
seminal root) has been mapped approx. 15±20 cM away
from umc11 (Hochholdinger et al., 1998). Other maize
mutants have been described (Doyle, 1978; Wen and
Schnable, 1994; Neuffer, 1997; Hochholdinger and Feix,
1998; Hochholdinger et al., 1998; Krebs et al., 1999), but
have not been mapped with suf®cient precision to allow for
a meaningful comparison with the QTL data herein
presented. Finally, it is worth mentioning that a comparative
analysis based on sinteny relationships between maize and
rice presented by Quarrie (1996) indicated that at least ®ve
QTL regions for root traits in Polj17 3 F-2 correspond to
regions in rice regulating root characteristics (Champoux
et al., 1995). The most notable coincidence was again
between the region near umc11 on chromosome 1 in maize
and the region between RG104A and RG227 on chromo-
some 3 in rice. This chromosome region of rice also
in¯uenced root penetration ability (Price et al., 2000) and
RPF (Ali et al., 2000).

ANALYSIS OF THE CO-LOCATION OF QTLS
FOR ABA CONCENTRATION AND ROOT

TRAITS WITH QTLS FOR ASI AND GRAIN
YIELD UNDER DROUGHT CONDITIONS

The majority of QTL studies aimed at evaluating drought
tolerance in crops have been carried out at only one water
regime, thus precluding the distinction between the
constitutive (per se) and adaptive nature of QTL effects.
This type of information would be of great value for
applying MAS more effectively to each targeted environ-
ment. Frequently, the effects of speci®c QTL alleles on
yield show substantial variation according to the type of
environment. Sorting out constitutive from adaptive QTL
effects is made possible by the evaluation of the same
mapping population at different water regimes (Ribaut et al.,
1996b, 1997c; Frova et al., 1999; Pelleschi et al., 1999;
Sari-Gorla et al., 1999; Tuberosa et al., 2002).

In maize, Ribaut et al. (1996, 1997c) reported QTLs for
grain yield (GY) and ASI at three water regimes evaluating

240 F3 families derived from the cross Ac7729 3 Ac7643/
TZSRW (Fig. 2). The main aim of these authors was to
evaluate the effects on GY of the degree of synchronization
of pollen shed and silk extrusion, also known as ASI. In
maize, it is well known that the most critical stage in terms
of yield losses due to drought is just before and during
¯owering (Westgate and Boyer, 1985; Artlip et al., 1995;
Jones and Setter, 2000; Saini and Westgate, 2000) and that
ASI and GY are negatively associated under drought
(BolanÄos and Edmeades, 1993, 1997; Agrama and
Moussa, 1996; Chapman and Edmeades, 1999). ASI can
thus be used as a reliable and an easily scorable indicator of
the level of water stress experienced by the maize plant.
Although ASI can be selected effectively based on visual
observations, it is desirable to identify molecular markers
linked to the QTLs for ASI in order to select for this trait
more effectively under drought and to continue selecting in
the absence of drought at ¯owering (Ribaut et al., 1997b).
Additionally, MAS allows for the early selection of plants
carrying the most favourable allelic combination at the
QTLs in¯uencing ASI. The results of Ribaut and coworkers
highlighted the presence of QTLs with fairly stable effects
on ASI across the two drought-stress treatments: of the
seven QTLs evidenced altogether, ®ve were common to
both water regimes. Furthermore, three of these QTLs (on
bins 1´08, 2´07±2´08 and 6´05) were also evidenced for ASI
in well-watered conditions. A QTL for ASI on bin 1´08 was
also found in B73 3 H99 (Sari-Gorla et al., 1999).

The co-location between QTLs for GY and those for L-
ABA at two growth stages (stem elongation and tassel
appearance) and ASI was reported in the 2-year study
carried out with the mapping population derived from
Os420 3 IABO78 (Sanguineti et al., 1999). The overlap
between QTLs affecting both L-ABA and ASI was more
extensive in 1994 (four of the eight QTLs for ASI)
compared with 1995 (one of the ®ve QTLs for ASI). With
the exception of a QTL on chromosome 2 near csu133 (bin
2´04), at all the other QTLs a high L-ABA was associated
with a longer ASI, a ®nding that suggests the likely presence
of pleiotropic effects. The four and six QTLs identi®ed for
GY in 1994 and 1995 accounted for 49´1 and 66´2 % of the
genetic variation among F4 families, respectively. Overlap
of QTLs for L-ABA and GY occurred at two of the four
QTLs for GY in 1994 and four of the six QTLs for GY in
1995. Two QTLs (on chromosome 1 near umc128, bins
1´07±1´08, and on chromosome 7 near asg8, bin 7´00)
signi®cantly in¯uenced GY in both years; the values of the
additive effects of these QTLs were the highest and showed
opposite directions relative to an increase in L-ABA. To
interpret these contrasting results in terms of pleiotropic
effects, the authors suggested a tentative model based on
reciprocal cause±effect relationships between ABA and root
size according to the growth stage. Although models like
this one are highly speculative, they show how QTL
information can be utilized to better understand the effects
on GY due to genetic variation in MPTs. It should be noted
that although root characteristics were not measured in the
mapping population derived from Os420 3 IABO78, a ®eld
experiment indicated that IABO78 (the low-ABA parental
line), as compared with Os420 (the high-ABA parental
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line), was characterized by a signi®cantly higher RPF
coupled with a higher root density in deeper soil layers
(Sanguineti et al., 1998). In general, the QTL results
reported in Sanguineti et al. (1999) indicate that L-ABA
mainly represented an indicator of the level of drought stress
experienced by plants at sampling. This was, in turn, related
to the fact that plants grown under droughted ®eld
conditions and differing in MPTs in¯uencing their water
status will also differ in L-ABA, in part independently from
their capacity to accumulate ABA at a similar level of
drought stress. Based on these considerations, future work
considering ABA concentration as a selection criterion
should preferably be carried out under conditions which
allow for testing segregating progenies under a uniform
level of drought stress.

QTLs for GY under well-watered (WW) and water-
stressed (WS) conditions, together with QTLs for root traits,
were reported in Lo964 3 Lo1016 (Tuberosa et al., 2002).
In the ®eld, seven and eight QTLs were identi®ed for GY-
WW and GY-WS, respectively, which represented a total of
12 bins. Several overlaps occurred between the QTLs for
root traits and QTLs affecting GY. Based on the number of
bins harbouring QTLs for root traits in hydroponics (24
bins) and QTLs for GY (12 bins), the percentage of bins that
in¯uenced both categories of traits (7´5 %) was higher than
that expected by chance (4´5 %). Among the root traits
investigated (see previous section), R2W most frequently
and consistently overlapped with QTLs for GY-WW and
GY-WS. At four QTL regions (bins 1´06, 1´08, 10´04 and
10´07), an increase in R2W was positively associated with
GY. The consistency of the sign of the additive effects for
R2W with those for GY-WW and GY-WS at these four
QTLs makes it more likely that pleiotropy caused this
association in all cases, in accordance with the earlier
section on `QTL analysis'. A 10 cM interval on bin 1´06
between PGAMCTA205 and php20644 showed the strong-
est effects on R1L, R1D, R2W, GY-WW and GY-WS. At
least nine bins in Lo964 3 Lo1016 (Tuberosa et al., 2002)
which harboured QTLs for GY and for root traits in
hydroponics also overlapped with QTLs for RPF and/or
brace roots surveyed in three ®eld experiments in which the
destructive nature of RPF precluded the collection of data
for GY (Giuliani et al., 2000, unpubl. res.).

QTLs for ASI and GY identi®ed by Agrama and Moussa
(1996) under conditions of limited water availability in
SD34 3 SD35 have also been reported in Fig. 2. Three of
the ®ve QTLs (LOD >3´0) that signi®cantly affected GY in
SD34 3 SD35 mapped in bins (1´03, 3´09 and 8´03) also
harboured QTLs for root traits in hydroponics of other
mapping populations.

An important consideration in drought-stress experiments
is that as a soil dries, both water and nitrogen availability
may become limiting (McDonald and Davies, 1996). A
perturbation in nitrogen supply can alter the hormonal
balance (ABA and cytokinins; Clarkson and Touraine,
1994). A decreased availability of nitrogen or other
nutrients has been associated with an increased ABA
concentration (McDonald and Davies, 1996). Agrama et al.
(1999) tested a mapping population derived from B73 3
G79 at two levels of nitrogen availability; this led to the

identi®cation of six and ®ve QTLs (LOD >2´5) for GY at
low and high nitrogen availability, respectively. Only two
regions (bins 9´06±9´07 and 10´04±10´05) harboured QTLs
affecting GY at both nutrient levels. In both cases, these
regions also affected root traits of other populations tested in
hydroponics and in the ®eld (Fig. 2).

More recent work (Hirel et al., 2001) with test-crosses of
RILs derived from F-2 3 Io grown at two nitrogen levels
(high and low) identi®ed several QTLs for nitrogen use
ef®ciency. Coincidence of QTLs for nitrogen use ef®ciency
and GY with genes encoding enzymes involved in nitrogen
metabolism (e.g. cytosolic glutamine synthetase) was
detected on several bins. The most striking coincidence
was for a gene (gln4) encoding glutamine synthetase which
maps in bin 5´07 (Hirel et al., 2001). It is also worth
mentioning that one of the QTLs evidenced at both nitrogen
levels can be assigned to bin 1´06, thus con®rming the
importance of this region for determining GY under
conditions of limited water and nutrient supply.

QTLs for invertase activity have been mapped in F-2 3 Io
subjected to drought stress (Pelleschi et al., 1999). In this
case, water shortage produced an early and strong stimu-
lation of acid-soluble invertase activity in adult leaves,
whereas cell wall invertase activity remained constant. This
response was closely related to the mRNA level for only one
(Ivr2) of the invertase genes. In total, four QTLs were
detected for invertase activity under well-watered condi-
tions and nine under drought conditions. One QTL common
to both treatments was located near Ivr2, which can be
assigned to bin 5´03. Other QTLs for invertase activity were
found close to carbohydrate QTLs and some of them formed
what the authors referred to as `stress clusters'. The two
main clusters mapped on bins 1´03 and 5´03.

The results herein summarized indicate that a number of
chromosome regions have concomitant effects on ABA
concentration, root traits, other MPTs and GY in drought-
stressed maize. Among others, the regions corresponding to
bins 1´03 and 1´06 warrant further attention to elucidate the
genetic basis of such effects and to evaluate the response to
MAS for the QTL alleles with a bene®cial in¯uence on grain
yield. An important trait for which no QTL information is
presently available and which could help in interpreting the
effects of ABA on other MPTs is sensitivity to ABA.
Signi®cant variability among maize lines has been shown
for stomatal sensitivity to ABA concentration (Conti et al.,
1994) and pollen tube growth at different ABA levels
(Frascaroli and Tuberosa, 1993). These ®ndings suggest the
possibility of identifying suitable lines for a QTL study
targeting sensitivity to ABA. Little information is presently
available on the mechanistic basis of variation in sensitivity
to ABA (McDonald and Davies, 1996).

UNDERSTANDING AND DEALING WITH
THE SHORTCOMINGS OF QTL ANALYSIS

One of the major shortcomings of QTL experiments is the
low resolution power in detecting the real number of QTLs
regulating the expression of the investigated traits
(Charcosset and Gallais, 1996). Sampling variation further
reduces the capacity to detect QTLs, particularly with
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populations of small size (<200 progenies). In a landmark
paper, Beavis (1994) applied a Monte Carlo simulation to
experimental data and showed that with populations of
approx. 100±200 progenies (i.e. the size of a typical QTL
experiment), only a modest fraction of QTLs are dis-
covered; additionally, the effects of each single QTL were
generally overestimated. A later article showed that with
fewer than 500 progenies and independently from marker
density, it is very unlikely that QTLs of small effects are
uncovered (Beavis, 1998). These predictions were validated
in experiments carried out with maize mapping populations
suf®ciently large (>400 progenies) to allow for meaningful
subsamplings (Openshaw and Frascaroli, 1997; Melchinger
et al., 1998). The effectiveness of detecting QTLs using the
values of single environments and their mean has been
evaluated in a number of studies. Jansen et al. (1995)
concluded that the chances of detecting a QTL in several
environments is small even if no `QTL 3 environment'
interaction is present. Other authors have reported the
inconsistency of QTL detection across environments
(Paterson et al., 1991; Mather et al., 1997; Wang et al.,
1999). Recently, using a simulation approach, Otto and
Jones (2000) showed that the number of loci detected in a
QTL study is not linearly related with the actual number of
underlying QTLs. They also proposed an estimator of the
total number of QTLs segregating in experimental popula-
tions.

Because of its low resolution power, QTL analysis cannot
provide us with a complete molecular dissection of the
genetic basis underlying a QTL. As an example, a support
interval of approx. 15 cM in a maize map of approx.
1500 cM is expected to contain an average of approx. 400
genes, assuming that approx. 40 000 genes are uniformly
distributed along the genome. Indeed, increasing the size of
the segregating population also improves the level of map
resolution, which can lead to resolving a single QTL into
multiple tightly linked loci (Phillips et al., 1992; Graham
et al., 1997; Yamamoto et al., 1998; Legare et al., 2000). So
far, the cloning of two QTLs for fruit size and sugar content
in tomato (Frary et al., 2000; Fridman et al., 2000) and three
QTLs for ¯owering time in rice (Yano et al., 2000;
Takahashi et al., 2001) has indicated that in all ®ve cases
a single locus was responsible for each QTL. However,
more than one gene may underlie a large portion of the
QTLs described in the literature (Flint and Mott, 2001). The
small number of QTLs which have been cloned to date
probably represents a biased sample in terms of the genetic
control of QTLs, because it is much easier to clone a single
gene rather than two or more tightly clustered genes.

One of the prerequisites for increasing the probability of
identifying QTLs is the utilization of mapping populations
derived from the cross of two experimental lines diverging
widely for the investigated traits, a condition which rarely
occurs among elite inbred lines of comparable maturity
which are commonly utilized for hybrid production in
maize. Despite this, it should be pointed out that QTLs can
also be identi®ed in mapping populations obtained from
lines with similar values for the investigated traits. It is
important to realize that only the QTLs with functionally
different alleles segregating in the mapping population will

be detected, while important genes for the control of the
trait, but for which allelic differences are absent, will go
unnoticed. Furthermore, only few QTLs have large effects
(Kearsey and Farquhar, 1998). Bost et al. (1999) suggested
that this may be particularly frequent with metabolic
pathways whose ¯uxes can be considered as model quan-
titative traits de®ned by QTLs controlling the activity or
quantity of the enzymes. Major QTLs for metabolic
pathways have been described in maize (McMullen et al.,
1998; Pelleschi et al., 1999; Hirel et al., 2001). Based on
Monte Carlo simulations, Bost et al. (1999) showed that a
highly asymmetric (L-shaped) distribution of the contribu-
tions of individual QTLs to the variance of metabolic ¯uxes
is consistently expected in an F2 progeny. Another computer
simulation has shown that MAS should be most successful
when few loci (e.g. approx. 10) control the trait; indeed,
MAS is not expected to be as convenient as phenotypic
selection when many loci (e.g. >50) control the trait
(Bernardo, 2001), a condition which decreases the precision
of the estimates of gene effects.

An additional shortcoming of QTL studies based on the
analysis of a mapping population is that the number,
location and effects of the identi®ed QTLs vary according to
the genetic background of the population. Therefore, if a
QTL allele is identi®ed that is particularly bene®cial for a
target trait and its effects validated in population A, its
introgression by means of MAS in population B will not
necessarily lead to tangible bene®ts because, as compared
with population A, population B may already have alleles of
similar or even greater value at this QTL and/or because of
different interactions between the QTL and the two genetic
backgrounds. As an alternative to a traditional QTL study
involving one or more mapping populations, a linkage
disequilibrium study involving a large number (at least
approx. 100±200) of unrelated accessions (e.g. inbred lines
or hybrids) provides the opportunity to uncover the QTLs
most important in regulating the variation within the
germplasm of a particular crop (Thornsberry et al., 2001;
see also section on `Association mapping', below).

Finally, the greatest limitation of QTL analysis is that it is
neither cheap nor fast. The time elapsing from the initial
cross to derive a mapping population to the actual identi-
®cation of the QTLs is seldom less than 3 years, provided
that F2 plants or F1-derived double-haploids are evaluated;
this period can stretch up to 6±8 years when highly
homozygous lines (RILs) are obtained through sel®ng.
The costs of a traditional QTL study remain extremely high
due to the number of molecular data points required and to
the extensive phenotypic evaluation, particularly for traits
characterized by low heritability such as yield. Although it
is now considerably cheaper and faster to construct a genetic
map than a decade ago, in most cases the type of expertise
and equipment needed to complete a QTL study are not
available, particularly in developing countries. The recent
progress achieved in miniaturization and robotics has
allowed for the introduction of high-density oligonucleotide
arrays for allele identi®cation, making it feasible to
genotype thousands of markers (e.g. SNPs, single nucleo-
tide polymorphisms) in a single experiment (Wang et al.,
1998; Cho et al., 1999; Dinakar et al., 2002). A sequence
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independent microarray format for genotyping has also been
developed (Jaccoud et al., 2001). The utilization of these
techniques will drastically reduce the time required to
collect the data necessary for obtaining a genetic map;
unfortunately, the cost will remain high, at least until these
technological platforms are applied more routinely.

The shortcomings herein illustrated should not deter the
utilization of QTL analysis; an awareness of these short-
comings is nevertheless necessary to fully appreciate the
type of questions that can be addressed with QTL analysis,
the kind of answers that can be obtained and the associated
costs.

ALTERNATIVE APPROACHES TO UNCOVER
THE PRESENCE OF QTLS

QTL studies are commonly based on the phenotypic and
molecular analysis of single genotypes (individual plants or
progenies) of a mapping population most commonly
derived from the cross of inbred lines chosen within the
cultivated germplasm pool. However, a number of alterna-
tive approaches are available whose application can
contribute to partially circumvent some of the limitations
reviewed in the previous section.

Selective genotyping and bulk segregant analysis

Cheaper and faster alternatives to conventional QTL
studies are offered by the application of selective genotyp-
ing (Lander and Botstein, 1989) and bulk segregant analysis
(BSA; Michelmore et al., 1991). In selective genotyping,
only a portion of individuals of the mapping population,
typically the uppermost and the lowermost fractions in
respect of a quantitative trait, are molecularly scored;
consequently, very large populations can be screened, thus
allowing for an increase in the power of QTL mapping.
However, this approach suffers from possible biased
estimates of QTL effects if the process of selection of the
individuals to be included in the QTL analysis is not taken
into consideration (Darvasi and Soller, 1992). A major
limitation of the application of selective genotyping and
BSA is that only QTLs controlling a very large proportion of
the phenotypic variance are expected to be detected (Wang
and Paterson, 1994). Furthermore, QTLs of traits genetic-
ally unrelated to the target trait will not be evidenced.

In BSA, originally introduced as a means of improving
the marker density in the chromosomal region around a
Mendelian trait, the molecular analysis is further reduced to
only two DNA samples obtained by pooling the DNA of a
small number of individuals or progenies (approx. 10±16)
characterized by the lowest and the highest phenotypic
values for the target trait in the segregating population. In
this case, if a QTL region controls a signi®cant portion of
the variability among progenies for the target trait, any
polymorphic marker closely linked to such QTL will also
show different allele frequencies in the bulks with `low' and
`high' phenotypic values; this will be evidenced by the
different intensities of the corresponding parental bands in
the pro®le of the two DNA bulks. In contrast, for any
polymorphic marker unlinked to the QTL, the two bulks will

present the same intensities for the corresponding band(s).
The probability that an unlinked dominant marker such as
a RAPD (random ampli®ed polymorphic DNA) or an AFLP
is found to be polymorphic between two bulks of ten
individuals is extremely low (approx. 2 3 10±6; Michelmore
et al., 1991). In BSA, while the efforts required for
phenotyping will increase more or less linearly with the
number of progenies, the molecular work necessary to
identify the QTLs will remain the same. Although BSA
offers some clear advantages, particularly when dealing
with traits characterized by simple or nearly Mendelian
inheritance, it has rarely been adopted for identifying QTLs
of traits with low heritability, a condition which may lead to
bulk DNA of progenies which carries the `wrong' alleles
(i.e. inclusion in the `high' bulk of one or more genotypes
with a `low' allele and/or vice versa). A major shortcoming
of BSA is that no information is provided on the distance of
the QTL from the polymorphic marker; therefore, markers
obtained in a BSA effort need to be mapped with standard
approaches. Analogously to selective genotyping, QTLs of
traits genetically unrelated to the target trait will not be
evidenced.

In maize, the identi®cation of QTLs for agronomic traits
by means of BSA has been reported for ¯owering time in
maize (Tuberosa et al., 1998c). The only application of BSA
to locate QTLs regulating yield in drought-stressed maize
has been reported by Quarrie et al. (1999). In this case, BSA
was applied in two different genetic backgrounds (TuxpenÄo
Sequia and Drought Tolerant Population) to investigate
changes in allele frequency between the base population and
the corresponding population obtained following several
cycles of recurrent selection for yield under drought.
Because each population comprised several alleles at each
marker locus, at least 50 individuals/population were
combined in the bulked DNA samples; in this case,
codominant and multi-allelic markers (RFLPs) were
utilized. In both populations, a number of markers showed
consistent differences in allele frequency in the bulks
obtained from the unselected and selected populations. A
number of these markers (umc11 on chromosome 1, csu149
and umc126b on chromosome 5, csu94 on chromosome 6)
correspond to QTL locations for grain yield and its
components also found in other studies (Agrama and
Moussa, 1996; Austin and Lee, 1996; Ribaut et al., 1997c;
Sanguineti et al., 1999; Tuberosa et al., 2002). Furthermore,
Quarrie et al. (1999) noticed that csu94 maps very close to a
gene for sucrose phosphate synthase (SPS) and a QTL for
adult leaf carbohydrate concentration (glucose and fructose)
reported in F-2 3 Io (Causse et al., 1995; Prioul et al.,
1999).

Advanced backcross QTL analysis

The objective of advanced backcross QTL analysis
(ABQA) is to quickly identify and exploit bene®cial QTL
alleles by integrating QTL discovery and variety improve-
ment in a single process (Tanksley and Nelson, 1996). The
strategy relies on the evaluation of backcross (BC) families
between an elite variety used as recurrent parent and a donor
accession (often a wild species sexually compatible with the
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cultivated species). In ABQA, the QTL analysis is delayed
until the BC2 or BC3 generation, after selecting against
characteristics that may have a negative effect from an
agronomic standpoint (e.g. photoperiod sensitivity for
maize or ear shattering for barley). The BC lines carrying
the favourable QTL alleles will already be rather similar
genetically to the elite variety and thus amenable for
commercial exploitation. ABQA has already proven its
validity for the exploitation of exotic germplasm in tomato
(Tanksley et al., 1996; Bernacchi et al., 1998) and rice
(Xiao et al., 1998). The applicability of ABQA in maize,
starting from crosses with teosinte, is under evaluation
(Harjes et al., 1999). Parallel efforts have been undertaken
in barley in the attempt to uncover bene®cial QTL alleles for
drought tolerance from H. spontaneum, the wild progenitor
of barley (Forster et al., 2000): preliminary results of three
®eld trials show that at a number of QTLs for GY the allele
increasing the value of the trait was contributed by H.
spontaneum (R. Tuberosa et al., unpubl. res.).

Association mapping

Recently, QTL identi®cation without the analysis of a
mapping population became a reality with the development
of analytical approaches that explore the residual linkage
disequilibrium between markers and closely linked QTLs
present in pools of unrelated accessions (Meuwissen and
Goddard, 2000). The underlying principles derive from the
so-called association studies or case-control tests from
human genetics (Jorde, 2000; Cardon and Bell, 2001).
Under this approach, marker-trait association is only
expected when a QTL is tightly linked to the marker
because the accumulated recombination events that oc-
curred during the development of the lines will prevent the
detection of any marker/trait association in any situation
where the QTL is not tightly linked to the investigated
molecular marker. In maize, Vuylsteke et al. (2000a)
successfully searched for genetic effects on GY associated
with AFLP markers on a panel of F1 hybrids representative
of the major maize heterotic groups. Because of their high
level of informativeness, AFLPs are particularly suited to
assess and characterize genetic diversity in germplasm
collections (Vuylsteke et al., 2000b). Based on a similar
principle, but with an analysis carried out at a much higher
level of genetic resolution, Thornsberry et al. (2001)
identi®ed an association between ¯owering time in maize
and sequence polymorphisms at the dwarf8 locus by
evaluating a number of traits and the target gene sequence
of 92 inbred lines. Although an estimate of the level of the
residual linkage disequilibrium present in the cultivated
germplasm is presently unavailable, these association
methods may offer powerful alternatives for identifying
candidate genes at QTLs, particularly in sel®ng species.

FROM QTLS TO GENES

QTL analysis, while lifting the `statistical fog' surrounding
conventional quantitative genetics (Mauricio, 2001), pro-
vides a powerful magnifying lens for deciphering the
chromosome regions regulating complex traits. In this

context, the introduction of QTL analysis in quantitative
genetics can be compared with the introduction of the
optical microscope in cell biology. However, the ultimate
dissection of a phenotype can only be considered complete
with a direct connection with a DNA sequence variation,
and this cannot be obtained at present under a simple and
unique QTL analysis framework. Several options are
available to proceed from a supporting interval delimiting
the QTL to the actual gene(s) responsible for the QTL
effect.

Presently, positional cloning appears to be the main
strategy toward QTL cloning. All the requirements for the
positional cloning of Mendelian genes (Wicking and
Williamson, 1991; Tanksley et al., 1995) are also needed
for the positional cloning of the gene underlying a QTL;
additionally, a much larger effort is needed for the
phenotypic scoring of the segregating progenies. The
prerequisites are: (1) the con®ning of the QTL to a 2±3
(or preferably shorter) cM region and the availability of at
least one pair of NILs carrying opposite alleles at the target
region; (2) the availability of a large mapping population
(>2000 plants) derived from the cross of the NILs; (3) the
presence of a high level of polymorphism between the NILs
in order to allow for a level of marker density (usually
AFLPs) in the target region suitable to chromosome walking
or chromosome landing; (4) a high rate of recombination
(i.e. a high ratio between genetic and physical distances) in
the target region; (5) the availability of a BAC (bacterial
arti®cial chromosome) and/or YAC (yeast arti®cial chromo-
some) genomic library covering the QTL region; and (6) a
system (e.g. transformation) for proving the identity and
testing the effects of the selected candidate gene.

It is thus evident that the routine implementation of
positional cloning QTL in maize is not possible due to the
massive efforts required in phenotyping progenies for
quantitative traits and for the mass screening of molecular
markers. Furthermore, steps (4) and (5) of the cloning
process are complicated by the highly complex and
repetitive structure of the maize genome. This notwith-
standing, an effort is presently underway in maize to attempt
the cloning of the gene(s) responsible for a QTL regulating
¯owering time (Salvi et al., 2002).

A number of parallel approaches which are now being
deployed in maize genetics and genomics may ultimately
facilitate QTL cloning. One approach is based on the
identi®cation and mapping of a massive number of ESTs
(expressed sequence tags) whose mapping will provide
candidate genes for the QTLs (Davis et al., 1999). A similar
approach is the construction of functional maps, where
ESTs/genes sharing similarity in structure, function or
pathway are mapped with the aim of utilizing them as
candidate genes (Schneider et al., 1999). In maize, limited
information is available as to sequence variation of drought-
related genes and the functional implications of this
variation. Dehydrins are a class of proteins that could
provide an interesting starting point for the construction of
functional maps related to drought stress in maize.
Dehydrins are induced under conditions of water loss,
particularly during seed maturation, and have been postu-
lated to play a positive role in the adaptive response of the
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cell to drought (Close et al., 1989; Close, 1996; Choi et al.,
1999).

It is also technically feasible to assemble a physical map
of the maize genome by ordering overlapping genomic
clones (BACs or YACs), and exploiting the ESTs to cross-
link the physical map to the genetic map. At that stage, QTL
cloning will be reduced to ®ne mapping at the genomic
clone level, followed by the sequencing of the genomic
clone most likely to contain the gene(s) responsible for the
QTL. This procedure has already been successfully
exploited for QTL cloning in rice (Takahashi et al., 2001)
following the construction of a rice physical map (Kurata
et al., 1997).

An increasing amount of information is being obtained on
the colinearity relationships between maize and rice
chromosomes (Wilson et al., 1999), making the latter the
reference species for the identi®cation of candidate genes
following the identi®cation of the rice region colinear to the
maize QTL region. Eventually, the maize genome will also
be sequenced providing the ultimate resource of candidate
genes for QTL mapping and cloning.

The possibility of assembling and exploiting colinearity
maps between rather distantly related species was also
suggested (Paterson et al., 1996), a promising proposition in
view of the recent public disclosure of the annotated
sequence of the arabidopsis genome (TAGI, 2000).
Unfortunately, recent work has shown that the colinearity
between arabidopsis and rice (Devos et al., 1999), and
between arabidopsis and maize (van Buuren et al., 2002)
has been eroded to such a degree that deploying map
information of arabidopsis does not seem to help the
identi®cation of related genes in cereals. This notwithstand-
ing, arabidopsis could still provide interesting contributions
for unravelling the genetic basis of QTLs: its small size and
very short life cycle, the small genome, the availability of
the annotated genome sequence and a vast number of
mutants coupled with a very ef®cient transformation
system, all contribute to make this model species particu-
larly attractive for the identi®cation of QTLs and genes
regulating the response to drought and other abiotic stresses.
The work carried out in arabidopsis will be of particular
value in elucidating the molecular mechanisms involved in
the perception of cellular dehydration as well as in the signal
transduction pathway leading to ABA accumulation and the
activation of the suite of genes involved in the adaptive
response to water de®cit. Surprisingly little work has been
carried out in arabidopsis to identify QTLs for MPTs and
biomass production under drought conditions; analogously,
no QTLs for ABA accumulation or root characteristics have
been described. Recently, the discovery of a number of
genes (e.g. CBF or DREB; Jaglo-Ottosen et al., 1998;
Kasuga et al., 1999) quickly triggered by abiotic stresses
and encoding for transcription factors controlling the
expression of drought-responsive genes has sparked great
interest for investigating their role in the major crops
(Riechmann and Ratcliffe, 2000). DREB homologues have
been identi®ed in barley (T. Close, pers. comm.) and maize
(van Buuren et al., 2002). Once these DREB homologues
are mapped, it will be interesting to verify the presence in
the same regions of QTLs for yield under drought.

Finally, the application of reverse genetics approaches
(i.e. based on gene inactivation due to the insertion of active
transposons) is presently not directly applicable to clone
maize QTLs because of the dif®culty in identifying the
effect of the inactivation of a target QTL in the diverse and
non-homogeneous genetic backgrounds utilized to prepare
the tagged population.

FUTURE PERSPECTIVES FOR QTL
ANALYSIS AND GENE DISCOVERY

The spectacular increase in crop yields achieved in the past
century has been equally attributed to plant breeding and to
agronomy. In maize, the success of the hybrids most widely
grown in the central portion of the `U.S. corn belt' has been
attributed to improved tolerance to abiotic and biotic
stresses, coupled with maintenance of the ability to
maximize yield per plant under non-stress conditions
(Duvick, 1997; Bruce et al., 2002). Unless new sources of
genetic variation are tapped and more effective selection
schemes are devised, it may not be possible to maintain the
linear gains in yield of the 20th century, particularly in view
of the increased unpredictability of weather patterns and
depletion of water and nutrient supplies. It is thus clear that
breeding for abiotic stresses, particularly drought and
nutrient availability, will play an increasingly important
role for securing a food supply adequate in quantity and
quality (Salamini, 1999). New and sophisticated tools
promise to vastly improve our ability to manipulate the
genome of crop plants in order to improve their adaptability
to environmental insults (Bowen and Luedtke, 1997;
O'Sullivan et al., 1999; Habben et al., 2000; Cushman
and Bohnert, 2001). The real challenge for the scienti®c
community will be assigning functions to genes, and sorting
out and exploiting those which are relevant for breeding
purposes (Mi¯in, 2000).

QTL analysis should be viewed as an integral part of
functional genomics which can help us to determine the
relevance of allelic variation (natural and/or arti®cially
induced) on grain yield. The impressive progress achieved
in the mass-scale pro®ling of the transcriptome (mRNAs)
through microarray analysis (Ruan et al., 1998; Somerville
and Somerville, 1999; Lockhart and Winzeler, 2000;
Schaffer et al., 2000; Deyholos and Galbraith, 2001;
Kawasaki et al., 2001; Zhu et al., 2001; Ozturk et al.,
2002) opens the possibility of identifying QTLs for mRNA
levels of 1000s of genes or even for the whole genome, as in
arabidopsis and rice, whose genome sequences are now
available. In maize, a number of microarrays have been
made available to the scienti®c community through a
publicly funded project (http://www.zmdb.iastate.edu).
Microarrays would allow for the quantitative pro®ling of
mRNAs of an entire mapping population, thus providing the
opportunity to identify TQLs (transcript quantity loci) and
verify their coincidence with QTLs for traits of interest.
However, the present costs to implement this technological
platform are still too high to conceive its routine application
in QTL studies. Instead, microarrays are very suitable for
detailed studies of changes in mRNA pro®ling of a limited
number of genotypes (e.g. transgenics, NILs, BDLs, etc.).
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The major limitations of microarray-based studies are: (1)
low-abundant mRNAs may not be represented by the array
(except of course when the array includes all the genes of
one particular species) and/or detected upon hybridization;
(2) the correlation between the level of mRNAs and the
products of their translation or their biological effect can be
low; and (3) the dif®culty, with the current technology, of
verifying the level of gene expression in small samples.

As an alternative to close-ended methods such as
microarrays, a number of open-ended methods for gene
expression pro®ling are available: differential display
(Liang and Pardee, 1992); representational difference
analysis (Hubank and Schatz, 1994); cDNA-AFLP
(Bachem et al., 1996); SAGE (serial analysis of gene
expression, Velculescu et al., 1995; Matsumura et al.,
1999); GeneCalling (Shimkets et al., 1999; Bruce et al.,
2000); and MPSS (massively parallel signature sequencing,
Brenner et al., 2000). Bruce et al. (2001) used the
GeneCalling method in whole root tissue of two maize
inbred lines characterized by contrasting root-related traits:
out of approx. 13 500 cDNA fragments that were analysed
at two growth stages, 69 showed a two-fold or greater
difference between the lines at both samplings, suggesting a
relationship between these genes and root anchorage traits.
When seven of these 69 fragments were selected for further
analysis based on their match to publicly known sequences,
®ve known genes were identi®ed. Also in this case, it will be
interesting to verify if maize QTLs for GY under drought
map near these genes or near genes encoding for transcrip-
tion factors regulating their expression level.

Among the emerging approaches, particular attention is
being devoted to proteomics (Wilkins et al., 1996; Yates,
1998; Consoli et al., 2002). The rapid improvement in the
techniques required to quantify proteins allows for the
investigation of hundreds of proteins in the individuals of a
mapping population. This, in turn, leads to the application of
QTL analysis for mapping genes in¯uencing protein
quantity (PQL, protein quantity locus), a concept that was
®rst introduced by Damerval et al. (1994) and further
investigated in a number of studies (Touzet et al., 1995; de
Vienne et al., 1999; Thiellement et al., 1999; Zivy and de
Vienne, 2000; Consoli et al., 2002). Co-localization of a
PQL with its protein-coding locus would indicate that allelic
differences at that locus in¯uence the expression of the
protein, while co-localization between a PQL and a QTL for
a different trait would allow us to infer an association
between the `candidate protein' and trait variation. This
strategy has been described by de Vienne et al. (1999)
together with promising examples of its application in
maize in order to identify suitable candidate genes confer-
ring drought tolerance. The rapid technical improvements in
proteomics and also in metabolomics will probably
emphasize the search of QTLs for molecules (e.g. structural
proteins, enzymes, metabolites, etc.) determining the struc-
ture and functions of the cell, and QTLs controlling key
metabolic processes such as the maintenance of the redox
potential (Foyer and Noctor, 2000; Bartels, 2001) or the
biosynthesis of starch in the developing maize kernel
(Zinselmeier et al., 1995, 1999).

In terms of target traits to be considered in future work, a
promising approach is to identify QTLs for MPTs
characterized by low `genotype 3 environment' inter-
actions, a source of variation which constantly biases the
results of QTL studies and limits their applicability. Tardieu
and co-workers have shown that the elongation rate at the
base of a maize leaf shows an invariant pattern during both
the steady-state elongation and the establishment of the
elongation zone (Muller et al., 2001). Elongation rate is
genotype-speci®c and is linearly in¯uenced by environ-
mental variables (e.g. temperature, water availability)
whose measurement can thus remove or at least mitigate
the confounding effects of uncontrolled variation in such
environmental factors. Crossing genotypes differing in
elongation rates can thus lead to the identi®cation of the
QTLs for this trait (Tardieu et al., 2001). Recent results
obtained by manipulating ABA concentration in Nicotiana
plumbaginifolia using a transgenic approach have shown
that the concentration of xylem ABA can also be linearly
related in a genotype-dependent fashion to predawn leaf
water potential (Borel et al., 2001). In this case, however,
the collection of the phenotypic data for a QTL analysis
would certainly be very daunting. Monitoring large-scale
changes in transcript pro®les may eventually allow for the
identi®cation of transcript networks accounting for `geno-
type 3 environment' interactions in different genotypes.

CONCLUDING REMARKS

Clearly, in the 15 years following the ®rst report of a QTL in
maize (Stuber et al., 1987), QTL analysis has improved our
knowledge of the genetic basis of grain yield and a number
of morpho-physiological traits involved in the response to
drought of this important crop. The information on QTLs for
MPTs and GY in maize herein summarized identi®es a
number of chromosome regions that warrant further studies
in order to: (1) verify the validity of using marker-assisted
selection for improving GY under drought; (2) elucidate
whether the associated effects observed at the QTL are due
to pleiotropy or linkage; and (3) identify the candidate
gene(s) underlying the QTL effects and, possibly, clone
such gene(s) through positional cloning. A number of
possible candidate genes mapping near QTLs regulating
important MPTs and GY in maize have already been
identi®ed. Further studies based on genetic engineering,
association genetics and, from an applicative standpoint,
marker-assisted selection will allow us to validate the role of
a particular gene in controlling the variation of a target trait.
Functional maps obtained with EST and/or cDNA clones of
known function will vastly improve our ability to identify
candidate genes.

Based on the QTL results summarized here, models have
tentatively been proposed to account for association of traits
observed at QTLs in¯uencing traits for which a causal
relationship can be established. The challenge is now to ®nd
suitable candidate genes for such QTLs and validate their
role. The emerging picture for these genes and putatively
associated QTLs is that of functional clusters non-randomly
distributed along the maize chromosomes, as shown in the
comprehensive survey presented by Khavkin and Coe
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(1997) who hypothesized that major QTLs are clusters of
genes (e.g. homeotic genes and other genes encoding for
transcription factors) regulating development and that many
plant reactions to abiotic stresses mediated by the growth
machinery rely on such gene clusters. Chromosomal
domains of gene expression have also been reported for
the human genome (Cohen et al., 2000; Caron et al., 2001).
In arabidopsis, the completion of genome sequencing and
annotation has indicated that approx. 7 % of all open reading
frames encode for proteins with signi®cant similarity to
known classes of plant transcription factors (TAGI, 2000).
Although only a handful of candidate genes for QTLs has
been identi®ed in arabidopsis (Alonso-Blanco and
Koornneef, 2000), it will be interesting to verify the
percentage of QTLs determined by sequence polymorphism
at loci encoding for transcription factors. Our prejudice is
that transcription factors, as compared with structural genes,
will be over-represented by QTLs.

The road from QTL analysis to gene discovery will
remain a long and winding one, and will be applicable to a
limited number of cases. Although the caveats of QTL
analysis will probably deter many of us from undertaking
this journey, an improved elucidation of the genetic basis of
MPTs, made possible by the different QTL approaches
herein presented, will signi®cantly contribute not only to
improve our understanding of the physiological and mor-
phological bases of yield, but also to a more sound
application of such information to plant breeding.
Additionally, QTL analysis offers stimulating opportunities
of collaboration between the different categories of plant
scientists whose common objective is to contribute methods
and materials for improving and stabilizing yield under
drought. One of the best opportunities is provided by studies
involving NILs obtained for a target QTL. NILs are
particularly suited for physiological studies and only a
decade ago it was stated that their development was thought
to be restricted to traits controlled by one or only a few
genes (Ludlow and Muchow, 1990). Clearly, NILs are a
good example of how QTL analysis can contribute to
develop a valuable type of genetic material for a quantita-
tive trait. In conclusion, we believe that QTL analysis is
here to stay.
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