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Introduction

Increasing episodes of drought, lack of sufficient nutrients, exposure to toxic minerals, and soil compaction
are just a few examples of the environmental constraints that the roots are exposed to during plant growth.
Understanding how roots respond to these stresses is crucial for improving crop production under such
conditions. Yet, investigating roots is a very difficult task and, therefore, very little is known about the
precise role that the roots play in contributing to plant adaptation to hostile environments. It is assumed that
while the root depth and abundance would contribute to drought tolerance, profuse rooting would enhance
nutrient capture, and where the membrane transporters would exclude salts from the root cells. However, a
great deal is still unknown about how these mechanisms actually operate; for example which particular
characteristics of roots and root hydraulics actually contributes to water uptake in a way that confers
increased tolerance, how the stress signaling from the roots affects the physiological relations in the shoot
and those between the shoot and the root, how water and nutrient absorption relate to one another when

both are limiting, or how roots avoid the loading of salt in xylem vessels.

In this paper, our intention is not an exhaustive review of roots, but to highlight a few research topics
related to abiotic stresses - mostly drought stress, but also nutrient limitation (especially phosphorus) and
salt stress - where roots and their hydraulics are at the center stage. First, we provide an update on root
structure, root hydraulics, and modes of water and nutrient absorption, mainly focusing on how inter- and
intra-specific variations in these aspects can modify the way roots respond to a range of abiotic stresses.
We then review scattered reports across a range of crops showing the contribution of roots to stress

tolerance, and then report our own assessment of the role of roots using near isogenic lines (NILs)
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containing a terminal drought tolerance QTLs. We next review the breeding efforts on roots, some aspects
of genetics, and report recent work at ICRISAT where the DREB1A gene appears to positively affect root
growth in transgenic groundnut under drought conditions. We follow by looking at the role of roots in
nutrient acquisition, and how water and nutrient uptake issues need to be addressed holistically. Then, we
look at roots from the angle of salinity tolerance, reviewing where roots can contribute to salt tolerance.
The following part is on root functionality and we argue that further progress on roots should concentrate of
measuring both volume and kinetics of water uptake rather than root morphological traits. Finally, we
review how water use efficiency (WUE) and other mechanisms involved in water saving in the soil profile,
can eventually allow roots to sustain water uptake. This is considered from the angle of the chemical and
hydraulic signaling taking place between roots and shoots. Based on the above, we conclude by proposing
research avenues to unlock our knowledge on roots, in a way that eventually allows breeding for improved

root characteristics in the face of current climate uncertainty.

Roots and stress tolerance — A review of past efforts

The composite transport model - Besides the fact that roots supply water to the plant and contribute to the

overall plant water balance, relatively little is known about the processes and regulations of water uptake. It
is well established that the hydrostatic pressure created by transpiration from the shoot is transmitted to the
xylem vessels of the shoot and the roots, which drives water in the root cylinder toward the xylem vessels
(Tyree, 1997; Steudle, 1995). It is also clear that the hydrostatic pressure is not the only factor responsible
for water uptake, which also involves specialized membrane transporters (aquaporins) (Chrispeels and
Maurel, 1994, Tyerman et al., 2002, Javot and Maurel, 2002). Indeed, under no transpiration, water can be
taken up by roots through an osmotic gradient (Steudle, 2000a). Therefore, the current model of water
uptake through the root cylinder to the xylem, the composite transport model (Steudle, 2000a), is such that
water is taken up via three major pathways: (i) an apoplastic pathway where water travels through the
apoplast of the cells in the root cortex, toward the endodermis and the xylem vessels; (ii) a pathway of
symplastic water transfer where water goes through cells and remains in the cytoplasm, traveling in the
membrane continuum (endoplasmic reticulum and plasmodesmata); and (iii) a pathway through the

vacuoles of cells (Steudle and Petersen, 1998; Steudle, 2000b) (Figure 1). It is considered that (ii) and (iii)
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represent the cell-to-cell pathway, as these components are difficult to separate and both are using
membrane transporters (aquaporins). This pathway usually offers a large resistance to water flow in
contrast to the apoplastic pathway, which predominates when transpiration demand is high (Steudle,

2000a&b).

Regulation of radial resistance and abiotic stresses - Under various stresses such as drought, salinity,

nutrient deficiency, root aging, or environmental conditions such as temperature, humidity, or light, the
resistance to water flow varies (Steudle and Henzler, 1995), and, for instance, usually increases under water
deficit (Steudle, 2000a). Most of that resistance is located in the root cylinder (radial resistance), whereas
xylem vessels normally offer much less resistance (axial resistance) (Steudle, 2000a). In the root cylinder,
the cell-to-cell pathway is a highly regulated movement, involving the crossing of many membranes
through membrane transporters (aquaporins, Tyerman et al., 2002, Javot and Maurel, 2002), which usually
offers a large resistance to water flow. Therefore, the understanding of which components of the composite
model (Steudle, 2001) predominate under non-stressed conditions, and how these components change
under a range of abiotic stresses, are crucial in understanding how plants regulate the rate of water and
nutrient supply and eventually support transpiration and growth. Several reports have shown intra- and
inter-specific differences in the relative proportion of water traveling through each of these pathways
(Steudle and Frensch, 1996; Yadav et al., 1996; Steudle and Petersen, 1998, Steudle, 1993, Jackson et al.,
2000). Intra-specific differences in the hydraulic properties of roots would affect the rate of soil water use,
or would lower the root length density needed to absorb a given amount of water. The water traveling
through the apoplastic pathways also lacks a “filtering” effect from the cells (the reflection coefficients of
nutrients is usually small or close to zero), thereby taking along a number of nutrients such as salt (Azaizeh
et al., 1992) or ABA (Hartung et al., 1998; Freundl et al., 2000) (“solvent drag”). In summary, the
predominance of either one of the pathways could have a dramatic influence on the regulation of water
uptake, with or without water stress. It also could have dramatic effects on the absorption of toxic salts (see
below the section on salinity). Since, nutrient stress also affects the resistance provided by roots to the

water flow; a nutrient deficiency would also affect the plant by influencing its water balance.
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Roots as a consequence of an evolutionary strategy - Before going any further, we feel that it is important

to “demystify” the importance of root for stress adaptation, in particular drought. For instance, many desert
plants have been reported not to have a deep root system, whereas a deep rooting would become a more
common trend in less extreme dry areas (Kummerow, 1980). In fact, the importance of any aspect of
rooting pattern (depth, depth distribution, root length density, etc.) is totally relative to the distribution and
amounts of water or nutrients in the soil profile. For example, an increased root depth/root volume is
useful only where there is significant water available to exploit by increasing soil volume explored by
roots. An increased root length density (RLD) is important only where there are significant amounts of
water which is tightly bound to the soil matrix and does not readily move in response to local gradients
created by root extraction — e.g. montmorillonitic clay soils. Also plant strategies for water uptake vary;
some desert plants such as cacti have extensive but shallow systems to quickly capture large amounts of
rainfall and nutrients from soil surface layers because they can store this for long periods, whereas others
such as the creosote bush have roots to as much as 20 m, to tap water very deep in the soil profile where
there is limited competition for water from other species. So, we believe that rooting aspects in most plants
are evolutionary strategies to exploit environmental opportunities. We should therefore approach the roots
of crops in the same way to exploit their diversity and their adaptive potential. What follows is a summary
of the work on roots in ICRISAT s mandate crops and few others, mostly focused on the adaptation to

drought.

Roots in chickpea — In South Asia chickpea is mostly grown during the postrainy season in deep clay soil
and depends on the residual moisture contained in the soil profile, therefore facing water deficit in the latest
part of the growth cycle. In this context of terminal drought, breeding for root traits appears to be the right
approach and Kashiwagi and colleagues (2006) have shown the importance of roots for seed yield under
terminal drought conditions in chickpea. This work has been a major effort at I[CRISAT for the past 20
years (Saxena, 1984, Johansen et al., 1997, Krishnamurthy et al., 1999) where a better adaptation of plants
to terminal drought has been shown to be due to deeper rooting and higher root length density (RLD) in the
deep layers. However, no work has been done to improve the nutrient uptake by chickpea plants. It has

been reported that chickpea was able to allocate more roots to the deeper soil layers under conditions of
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stress than other legumes (Benjamin and Nielsen, 2005), or than more sensitive genotypes (Kashiwagi et
al., 2006). However, this was so only when the phenology of the genotype was well suited to the test
environment. For example, the chickpea genotypes K1189 and ICC898 had adequate RLD compared to
ICC4958 and Annigeri in the work by Kashiwagi and colleagues (2006), but their yields were poor under
terminal drought, mostly because they were longer duration varieties. As such, the putatively beneficial
effect of roots on terminal drought yield was overridden by the effect of crop phenology. Also, the testing
of a mapping population developed between two elite parental lines of chickpea varying for their root
volume showed that the differences in RLD would not always translate in a yield increase (Serraj et al.,
2004), especially in locations where the season length is higher and the evaporative demand lower such as
in North India (Krishnamurthy et al., 2004), thereby, showing that parameters other than roots also played a
more crucial role. Therefore, roots are only one component of the overall performance of chickpea under
terminal drought conditions, and needs to be addressed together with other traits. Similar principles are

very likely to prevail in other crops.

Roots in groundnut - Despite the paucity of studies on roots, it has been shown that roots are expected to

play an important role in drought adaptation in the light textured and deep soils of the South West US
(Ketring et al., 1982, 1984; Pandey et al., 1984), where a relation between root depth and pod yield has
been established (Robertson et al. 1980, Boote et al., 1982). However, only a few genotypes were tested in
these experiments, even though differences in the rooting depth were found (Krauss and Deacon, 1994). As
for the putative role of root for nutrient uptake in nutrient poor soils, virtually no work has been made in
groundnut in that respect. A few studies in the late 70’s and early 80’s reported root responses to water
stress and indicated that the growth of roots increased upon water deficit (Allen et al., 1976), in particular
rooting depth (Lenka and Misra, 1973; Narasimham et al., 1977, Ketring and Reid, 1993). Ketring and Reid
(1993) found that groundnut was able to establish both a deep and laterally spreading root system fairly
early during the growing cycle, providing adaptation to drought occurrence during and later in the season.
By contrast, Robertson et al (1980) did not find any RLD differences at shallow soil depths between well-
irrigated and water stressed conditions. Meisner and Karnok (1992), contrary to previous studies cited

above, found that root growth decreased upon water deficit, though not as much in the deeper layer where
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water was still available. In summary, rooting characteristics appear to vary in groundnut but the dynamics
of root growth under water deficit are still unclear. To date, data are still lacking to conclude which root

trait, in which soil, environment, and stress type, could contributes to drought tolerance in groundnut.

Roots in pigeonpea - Virtually nothing is published on roots in pigeonpea under water stress, except for a

few reports from the late 70’s (Narayanan and Sheldrake, 1975, 1976, Arihara et al., 1991). It is assumed
that pigeonpea is deep-rooted and that confers drought tolerance because the crop is usually grown on deep
soils and completes its life cycle on residual moisture. More work has been accomplished in pigeonpea in
relation to its ability to absorb nutrient having low solubility such as P, thanks to the secretion of pissidyc
acid (Ae et al., 1991). Recent data on the hydraulic characteristics of pigeonpea roots, in particular the
ability for hydraulic lift, might be an interesting asset for both nutrient and water (Sekiya and Yano, 2002,
2004 — See related paragraph). As we will see below, the capacity for hydraulic lift may be at the price of a
well-developed endodermis, which may allow excess salt to flow-in freely and cause salt stress sensitivity.
In any case, pigeonpea is a legume crop where, probably a lot more work on roots is needed to fully exploit
the potential and particularities of its roots. Yet, studies on pigeonpea root traits have remain largely
anecdotal; how roots of pigeonpea contribute to its adaptation to dry environment, how its ability to take up
low solubility nutrient would interact with water uptake under water deficit, are virtually unknown. Like
chickpea, the large variations in flowering time across the pigeonpea germplasm would require a

comprehensive consideration of both phenology and roots.

Roots in sorghum — Sorghum is considered as a drought tolerant crop whose well-known deep roots are
assumed to play a key role in its drought adaptation. To the best of our knowledge, no work has targeted
the roots of sorghum to enhance to nutrient absorption in low fertility environments. Although, a lot of
drought-related studies have been carried out with sorghum, surprisingly very limited work has been done
on the roots. Only a few reports have presented evidence of genotypic variation for root traits (Bhan et al.,
1973, Mayaki et al., 1976, Jordan et al., 1979), and these studies have focused on only a few breeding lines
with a limited genetic base. Genotypic variations for root traits have been found in other studies using

solution culture (Blum et al., 1977), or in small pots (Abd-Ellatif et al., 1978), but the results should be

SAT edJournal | ejournal.icrisat.org December 2007 | Volume 4 | Issue 1



An Open Access Journal published by ICRISAT

considered with caution. A more recent study showed that a drought tolerant sorghum line possessed roots
at least 40 cm deeper than a drought sensitive one (Salih et al., 1999). This agrees with some of our own
observations showing deeper rooting of staygreen lines under drought conditions (Vadez et al., 2005)
(Figure 2). In fact, most of the drought-related work in sorghum has focused on the staygreen trait which is
known to be extremely complex (Borrell and Hammer, 2000). Different hypotheses have been advanced to
explain staygreen; these include the N balance between leaves and grain (Van Oosterom et al., 2006a&b,
2007), or differences in transpiration efficiency (Borrell et al., 2000). It has been shown that the staygreen
characteristic of two maize hybrids would correlate with a higher N uptake during grain filling in the
staygreen type (Rajcan and Toollenaar, 1999). Surprisingly, no one has hypothesized that N uptake
differences could result from water uptake differences during grain filling. More work is certainly needed
in this direction, since it has been shown that root growth continues well into the grain filling stage in

hybrid sorghum (Bower, 1972, cited by Jordan et al, 1979).

Roots in pearl millet — Like sorghum, pearl millet is also a deep rooted and a drought-adapted crop.

Unfortunately, few studies have explored the genetic variation for root traits and none has attempted to use
these differences in breeding. Data from Chopart (1983) indicate that the rooting depth of pearl millet in
deep sandy soils can reach at least 200 cm and that the root front can increase as much as 3.5 cm per day
between 15 and 50 days after sowing. Bruck et al (2003) found no genotypic differences in the root depth
of 5 pearl millet varieties, but found genotypic differences in the RLD, especially at depths between 50 and
175 em, with RLD as high as 0.30 cm per cm® at 125 cm depth. In such case, root expansion would be both
for water and nutrient capture, in the erratic rainfall and poor fertility conditions under which it is cultivated
in the Sahel. At ICRISAT, we have assessed the rooting depth and RLD in long PVC tubes (2.4 m long, 16
cm diameter) in hybrids based on parental lines contrasting for terminal drought tolerance and in near
isogenic lines with and without terminal drought tolerance QTLs. We found that the terminal drought
tolerant lines do have a relatively more profuse rooting in the deeper layers than the sensitive lines (Vadez
et al., 2005) (Figure 3). Our current hypothesis is that a slight increase in deep rooting would help sustain
higher water uptake during the post anthesis period, which in turn would contribute to better grain filling,

under environments in which water is available in deeper soil layers.
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Roots in other crops - Roots have also been investigated in other crops, although with a similar limited

focus and a “non-sustained approach”. These include white clover (Blaikie and Mason, 1993), lentils
(Silim et al., 1993a, 1993b), wheat (Gregory and Eastham, 1996), cotton (Taylor and Klepper, 1975;
Quisenberry et al., 1981), oats (Carrigan and Frey, 1980), rice (Champoux et al., 1995; Yadav et al., 1997;
Price et al., 1999, 2000) and maize (Jenison et al., 1981; Guingo et al., 1998; Tuberosa, 2002, 2003), or
simply not investigated although terminal drought conditions would prevail (Frahm et al., 2004). For
example, upland rice was considered more adapted to drought conditions than lowland rice because it has a
deeper and more prolific root system (Steponkus et al, 1980). In broad bean, deep cultivation enhanced
water extraction by promoting deeper root growth (Rowse and Barnes, 1979). The capacity of roots to
penetrate a compacted soil layer (Bengough et al., 1997, Unger and Kaspar, 1994, Clark et al., 2003) has
been given importance in wheat (Gemtos et al., 1999, 2000; Ishaq et al., 2001; Kubo et al., 2004), cotton
(Coelho et al., 2000), soybean (Flowers and Lal, 1998), and rice (Ray et al., 1996). Roots have been looked
at for a better phosphorus uptake in common bean (for a review, see Lynch and Brown, 2001), or

specialized types of roots for P acquisition in Lotus japonicus (proteoid roots) (Lambers et al., 2006).

Roots for water supply and drought tolerance

Usual assumptions on roots for water-limited conditions - Under conditions of drought, it has long been

considered (Miller, 1916, cited by Kashiwagi et al., 2006, O’Toole and Bland 1987) that an increased root
depth would contribute to better drought tolerance. Under such conditions, Jordan and colleagues (1983)
have shown that deeper rooting would increase crop yield under drought stress. It has been reported that an
increased soil volume explored would increase crop yield under water-limited environments (Jones and
Zur, 1984). Since sorghum is deeper rooted than maize, a theoretical analysis has shown that increasing the
root depth of maize to that of sorghum would contribute to a yield increase in most dry years (Sinclair and
Muchow, 2001). Ludlow and Muchow (1990) have reviewed 16 traits that potentially contribute to drought
tolerance. The three most important traits included plant phenology, osmotic adjustment, and rooting depth.
Although in these studies, the type of drought imposed was not fully described, it is understood that roots

would have an essential role under terminal drought conditions, i.e., for those crops grown on residual soil
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moisture after the end of the rains, and where drought stress usually occurs after flowering. Whether roots
contribute during intermittent drought still needs investigation, as there is virtually no published data on the

topic. In any case, there is a consensus that root should contribute to a better adaptation to dry conditions.

Current status of breeding for roots - Very limited efforts to breed for root traits have been undertaken,

mostly because of the difficulties involved, the incomplete knowledge of the key parameters in the rooting
characteristics that contribute to drought tolerance, and a lack of the knowledge of the range of variations
available for root traits that can be used for breeding. Despite the importance given to roots in the drought
scenario, few teams have undertaken breeding for root traits. Even if root QTL have been identified in
certain crops such as rice (Champoux et al., 1995; Yadav et al., 1997; Price et al., 1997, 1999), no products
have appeared. There is also some doubt on the contribution of root QTL to drought tolerance in rice (Price
et al., 2002). In maize, where the root pulling force is well related to root length density (Merill and
Rawlins, 1979; Sanguinetti et al 1998), Bolanos and colleagues (1993) have found a negative correlation
between root pulling force and grain yield under drought conditions. In fact, no relation was found between
the Root-ABA1 QTL on maize bin 2.04, and grain yield (Giuliani et al., 2005). Hence, to breed for roots,
not only is a lot of work needed to explore the diversity for root traits: (i) methods still need to be designed
to have sufficient throughput to deal with large number of accessions and with sufficient heritability to
permit breeding, (ii) there is also an important need to establish a sufficient relationship between the

measurement of root traits and their impact on yield under water limited conditions.

Breeding efforts in chickpea — Some of these efforts have been made in chickpea (Serraj et al., 2004) where

massive investments in labor have been made to measure roots in the field. Since field-based data is
frequently associated with poor heritability that undermine the use of these traits for breeding, simpler
systems have been designed for assessing variation in root traits, which consist of growing plants in 1.2 m
tall and 16 cm diameter cylinders, and measuring RLD at every 15 cm depth interval at 35 days after
sowing (Kashiwagi et al., 2006). Cylinder measurements show good agreement with depth and RLD
determined in the field and have been used to explore the diversity for these traits in chickpea (Kashiwagi

et al., 2006). Also by using this method, root depth and RLD are being phenotyped in RIL populations and
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QTLs identified. In fact, a major putative QTL for RLD was identified in a population involving a profuse

rooting parent ICC4958 and the contrasting Annigeri (Chandra et al., 2004).

Although it is critical for deciding breeding strategies, the available information about the genetics of root
characteristics is still limited, except for some reports on heritability estimates compared to the progress on
agronomical and physiological studies of root characteristics (Krishnamurthy et al., 2004; Kashiwagi et al.,
2005). In chickpea, a major contribution of additive gene effects and additive x additive gene interactions
on the root dry weight and root length density were reported (Kashiwagi et al., 2007). In addition, the
consistent direction of the gene effects toward increasing root growth was also observed. Similar results
were reported in common bean about gene components that control the expression of root dry weight and
root surface area (Araujo et al., 2004). Similarly in cotton also, the gene effects of root characteristics
showed that additive and additive x additive gene effects accounted for about 50% of the variation in root
length in one of the two crosses tested at seedling stage (Eissa et al., 1983). Since, the root characteristics in
both the legume crops including chickpea and common bean showed additive x additive epistasis, an
advised selection procedure should be taken into account to exploit their interallelic interaction. This
suggested that delaying selections to later generations and generating larger populations for selections
could be important strategies for improving root systems of chickpea to exploit additive x additive
interaction, as shown earlier (Upadhyaya and Nigam, 1998). By contrast, early-generation selection would
be less effective. Further, it would be advantageous to backcross one or more times with recurrent parent
before selection to enhance the probability of obtaining superior lines (Dudley, 1982). Since it is practically
impossible to investigate a large population for RLD and RDW screening, marker assisted selection needs

to be sought for proper screening of these characteristics.

Breeding efforts in maize - Breeding for root traits is on-going in maize, where QTLs for root traits have

been identified (Tuberosa et al., 2002, 2003). For this, a hydroponic system has been used in which primary
and seminal root growth was assessed at about 3 weeks after germination. An obvious criticism of such a
system is whether root growth differences in hydroponics would result in consistent root growth differences

in a soil/field environment, and whether these would eventually be reflected in differences in drought

10
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tolerance in the field. Although, previous work has shown a relation between seminal root traits in
hydroponics and root lodging in the field (Landi et al., 1998; Sanguinetti et al., 1998), weak relations have
been found between seminal root traits in hydroponics and root pulling resistance in the field (Landi et al.,
2001), and between seminal root traits in hydroponics and field grain yield under water stress conditions (r
=(.20) (Tuberosa et al., 2002). In fact, this work even showed a weak, significant but negative relation
between primary rooting in hydroponics and the grain yield under water stress in the field (r =-0.27). Even
s0, a QTL on marker CSU61Db in bin 1.06 appeared to have a major effect on root traits in hydroponics, co-
mapping with grain yield under both well-watered and water stress conditions (Tuberosa et al., 2002).
Interestingly, one of these QTLs, Root-ABAL on maize bin 2.04 was recently found responsible for both
primary and seminal root growth and increased ABA concentration in the leaf (Giuliani et al., 2005, Landi
et al., 2005). With the current advances in syntenic studies across the cereal species, more work is needed
to clarify the functional role of roots in terminal drought tolerance QTL of pearl millet and staygreen QTL
of sorghum, and to explore the putatively conserved genomic regions involved in rooting traits across

cereal genomes.

Genetics of root systems - To promote the use of root traits in breeding programs, a better understanding of

the genetics of root development is needed. In this respect, although the QTLs for root traits above may not
relate well to better performance in field conditions, the work from Tuberosa and colleagues has the merit
of shedding light on the genomic portions involved in early root development, an aspect that several
authors indicate as important to cope with water deficit (Araki and Iljima, 1998; Jesko, 2001). This is a first
step to understand the genetics of root development. In that respect, recent studies are now trying to tackle
in a more systematic way how root growth is genetically controlled, which was not possible before
(Hochcholdinger et al., 2004; Malamy, 2005; Kashiwagi et al., 2007). Root traits have also been targeted
by genetic transformation in tomato, where an Arabidopsis gene related to the vacuolar H™ pyrophosphatase
(AVP1), led to an increased root growth under water deficit (Park et al., 2005), which was hypothesized to
be related to a modification in the auxin fluxes. A recent study carried out at ICRISAT also shows the
involvement of DREB1A transcription factor driven by a stress responsive promoter from the rd29 gene of

Arabisopsis thaliana, on the development of groundnut roots under drought stress conditions (Vadez et al.,

11
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2007). These transgenic plants of groundnut variety JL 24 were grown in 1.2 m long and 16 cm diameter
cylinders under well-watered conditions for 30 days before withdrawing irrigation in half of the plants.
Forty days later, upon drought treatment the root growth was dramatically found to increase in the
transgenics, whereas roots remained unchanged in the non-transgenic plants (Figure 4). This resulted in a
higher water uptake from the soil. This work suggests that DREB1A triggers native genes of groundnut that

might be involved in root development, and needs further investigations.

Prospects for better exploiting the potential of root systems for drought - Overall, there have been a number

of scattered studies on roots in different crops, documenting root systems and their putative contribution to
drought tolerance. While these studies are of high value, they suggest a number of comments. First, a
common feature in most of these studies is the very “static” manner in which the roots were assessed, i.c.,
destructive samplings at one or several points in time, giving virtually no information on the “dynamics” of
root characteristics. From these studies, what particular root trait, or what particular aspect of root growth
would contribute to a better adaptation to water deficit remain unclear. Second, the limited number of
genotypes tested in each crop does not permit an exhaustive assessment of the range of variations available
and the potential for breeding these traits. This drawback is mostly explained by the difficulty in studying
roots, thus requiring a simplification of the methods used to evaluate a larger number of lines. Third, when
testing the putative relation between differences in rooting traits and drought tolerance, genotype
phenology (drought escape) was often the overriding factor explaining plant tolerance (Blum et al., 1977,
Kashiwagi et al., 2006). Therefore, the exact contribution of roots to drought tolerance can only be tested
once sufficient genetic variations in root traits are found within groups of genotypes sharing a similar
phenology. Given these limitations and to remove the “static” approach used so far, we propose that our
future approach on roots should focus on root functionality rather than morphology. We should first
measure water uptake under water deficit, in a “dynamic” and precise way, in a large range of genotypes
representative of the species’ diversity. Such lysimetric system is shown in Figure 5. This should carefully
consider the phenology of genotypes, and determine the relation between a given pattern of kinetics/volume
of water u