Response of Plant Roots to Drought Stress
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Abstract

Around the world, terrestrial plants are strongly affected by abiotic stresses such as drought, high or low
temperatures, high light and salt stress. Among them, drought is one of the major factors limiting distribution and
productivity of plants. Understanding the mechanisms for drought resistance in plants is important for breeding
new crop varieties which can grow under water deficit conditions. In particular, plant root plays pivotal roles in
water uptake and maintenance of water status of plants, thus is an important research target for plant
physiologists and molecular biologists. Responses of plant roots to drought have been extensively investigated
in model plants such as Arabidopsis, which have offered basic knowledge on the molecular mechanisms
underlying the multilateral physiological responses in the roots. Moreover, recent physiological and molecular
studies on drought-resistant plants have shed lights on how these ‘xerophytes’ cope with severe water deficit
conditions by developing unique survival strategies.
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Morphological changes of roots in response to drought stress

Drought stress severely inhibits plant growth (Larcher, 1995). However, development of
root is usually less affected than that of shoot under drought. In maize, it is reported that root growth
is maintained at lower water potentials, while shoot growth is completely inhibited (Sharp et al.,
2004). This report also showed that elongation activity is highly retained in root tip regions under
water deficits. On the other hand, in the case of Brassicaceae species including Arabidopsis,
inhibition of primary root elongation under drought is accompanied with morphogenetic
differentiation process in the lateral roots. In this process, lateral roots remain short, hairless and
often take a tuberized shape with concomitant accumulation of starch and proline (Vartanian et al.,
1994; Xiong et al., 2006). This so-called ‘short-roots’ then switch to a dormant mode under
prolonged drought periods, until the resume of growth upon rehydration conditions (Wasilewska et
al., 2008). These observations therefore offer an illustrative example on the flexibility of root system
architecture in plants under fluctuating water availability in the soils.

Abscisic acid (ABA) signaling and root morphogenesis

ABA is one of the major plant hormones which mediate adaptation of plants to
environmental stresses. Many plants synthesize a large quantity of ABA in every tissue under stress
(Shinozaki et al., 2003). In the leaves, ABA is well known to stimulate stomatal closure and thus
reduce transpirational loss of water under drought. In the roots, on the other hand, ABA inhibits
elongation of primary roots (Leung et al., 1997; Bai et al., 2009) and decreases a number of lateral
roots (Xiong et al., 2006). Moreover, ABA is shown to be implicated in the development of the
‘short-roots’ (Schnall and Quatrano, 1994). Furthermore, analysis of Arabidopsis mutants revealed
that ABA-deficiency inhibits morphological changes of roots in response to the stress, which
impaired stress resistance in these mutants. It is suggested that ABA and ABA signaling elements
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are important factors for regulating morphological changes of the roots under drought stress
(Wasilewska et al., 2008).

Compatible solutes in the roots

In many plant species, responses to drought stress involve changes in the fluxes of
specific metabolic pathways, which lead to the accumulation of compatible solutes such as sugar
derivatives and amino acids. Previous studies suggested that proline accumulation in the roots
contributes to the osmotic adjustment and fortification of water uptake (Sharp et al., 1990; Voetberg
and Sharp, 1991). In a recent study using Arabidopsis mutants impaired in proline metabolism, it is
demonstrated that proline biosynthesis, transport and degradation are regulated in tissue- and
stage-specific manners during drought (Sharma et al., 2011). Under drought condition, proline is
mainly synthesized in photosynthetic tissue, and a part of the proline is transported to root
meristems, which is further catabolized to various metabolites to support continued growth at low
water potential. Arabidopsis mutants deficient in ABA biosynthesis show impaired proline
metabolism and root growth elongation under water deficits, which is reversed by exogenous ABA
(Sharma et al., 2011). These observations suggested that proline metabolism is partly regulated by
ABA signaling pathway under drought, and these molecular networks coordinately contribute to the
adaptation response of plants under stress conditions.

Root tropism under drought

In response to environmental signals, plants exhibit tropism to control the direction of their
growth. Root system development is largely directed by the interaction of gravitropism and
hydrotropism, which are the responses to gravity and moisture gradient, respectively (Gilroy and
Masson, 2008). Gravitropism is dominantly orientated on primary roots, which is mediated by
sedimentation of starch anchors in the amyloplasts of columella cells. The lateral gradient of auxin
in the root cap is also known to be implicated in the root gravitropism. In water-stressed roots,
hydrotropism is accompanied by the rapid degradation of amyloplasts in columella cells, which
reduces responsiveness to gravity (Takahashi et al., 2003; Eapen et al., 2005). Recent genetic
analysis in Arabidopsis revealed that hydrotropism is mediated by novel factors such as MIZ1 and
GNOM, the latter encoding guanine-nucleotide exchange factor for ADP-ribosylation factor-type G
protein (Kobayashi et al., 2007; Miyazawa et al., 2009), suggesting that GNOM-mediated vesicular
trafficking plays a pivotal role in hydrotropism.

Root development in xerophytes

Plants which survive in water-deficit environments are called xerophytes, which develop
unique drought resistance mechanisms (Wickens, 1998; Graham and Nobel, 1999; Akashi et al.,
2008). Most xerophytes are characterized by their deep root system architecture. A global-scale
investigation of 253 woody and herbaceous plant species reported that plants in the arid and semi-
arid regions have more developed roots, with an average of 9.5+2.4 m for desert, and 15.0+5.4 m
for tropical grassland/savanna, which are deeper than those for more humid regions such as
temperate deciduous forest (2.9+0.2 m), temperate grassland (2.6+0.2 m) and tundra (0.5+0.1 m)
(Canadell et al., 1996). Notably, maximum rooting depth was found to be 68 m for Boscia
albitruncas in the central Kalahari Desert. These results illustrated that development of deep root
system is advantageous for reaching to the deep water table in the soils, thereby enabling the
survival in the water-limiting environments.

Interestingly, some xerophytes are characterized by their very shallow root system
architecture (Graham and Nobel, 1999). For example, African baobab (Adansonia digitata) reaches
to a height of 25 m with a trunk of up to 10 m diameter; nevertheless, roots of mature trees are
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significantly shallow and rarely elongate beyond 2 m (Sidibe and Williams, 2002). Similarly, cactus
(Opuntia ficus-indica) and agaves (Agave deserti) develop shallow and broad root system in which
lateral roots are extensively produced. It has been discussed that these shallow roots are
advantageous for capturing water derived from light rains, which are notorious for their infrequency
in arid regions. These observations therefore suggest that contrasting strategies are employed by
various xerophytes, to survive in the competitive environments for water resources.

Wild watermelon as a xerophyte model to study root response under drought

Deep root system observed in xerophytes is a favorable trait for future molecular breeding
program towards water-saving agriculture. However, molecular mechanisms underlying this trait
have not been fully elucidated. Wild watermelon is a xerophyte inhabiting the Kalahari Desert in
Botswana, despite carrying out Cs-type photosynthesis (Kawasaki et al., 2000; Miyake and Yokota,
2000), therefore offers an interesting model for how C; plants can cope with severe drought
conditions. Previous physiological and molecular analyses demonstrated that root development of
wild watermelon is significantly enhanced at the early stage of drought stress, which is
accompanied with a dynamic change in the root proteome in this plant (Yoshimura et al., 2008).
Drought-induced proteins include those for root morphogenesis such as actin and a-tubulin. Various
enzymes for carbon/nitrogen metabolisms such as triosephosphate isomerase, malate
dehydrogenase and methionine synthase are also induced under the stress, suggesting a global
change in the cellular metabolism in the roots to support root growth at the early stage of drought
stress. Interestingly, further changes in root proteome are observed at the later stage of drought
stress, where factors for stress tolerance such as lignin synthesis-related proteins and molecular
chaperones are preferentially induced at this stage. These results, therefore, suggested the
presence of complex molecular networks for regulating abundance of respective proteins in this
plant, in a temporally-programmed manner.

Towards understanding the molecular mechanisms for developing deep root system,
experimental systems for exploring genetic resources in a given xerophyte should offer great
opportunities to characterize genes involved in their root growth. A system for genetic engineering
has been recently established in wild watermelon, where hairy root transformation technique
enables to integrate a given foreign gene construct to both wild and domesticated varieties of
watermelon (Kajikawa et al., 2010). Moreover, generation of a large-scale EST database, as well as
transcriptome analysis are ongoing for wild watermelon, which should offer valuable platforms for
screening and mining useful genes in this xerophyte. It is anticipated that these approaches would
unravel the molecular mechanisms of root vigor in this xerophyte under drought.
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