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Abstract

Drought alone and with associated abiotic stress such as heat and nutrient deficiency leads to significant agricultural crop loss.
Thus, with changing climatic conditions, it is important to develop resilience measures in agricultural systems against drought
stress. In this review, we discuss the modifications in plants while responding to drought giving special focus on roots as they
are the primary sense organs in this context. Prospects of genomic crop improvement by pointing out the focus areas to engineer
root system architecture and genomic regions involved in the related traits are also discussed. We have also listed instruments
and software facilitating high throughput phenotyping of root system in field conditions as the phenotyping of root system
architecture in the field is a challenge.
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to modify anatomy, physiology, and morphology. Along with high-throughput phenotyping, RSA can be
studied comprehensively.
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Abstract

Drought alone and with associated abiotic stress such as heat and nutrient deficiency leads to significant
agricultural crop loss. Thus, with changing climatic conditions, it is important to develop resilience measures
in agricultural systems against drought stress. In this review, we discuss the modifications in plants while
responding to drought giving special focus on roots as they are the primary sense organs in this context.
Prospects of genomic crop improvement by pointing out the focus areas to engineer root system architecture
and genomic regions involved in the related traits are also discussed. We have also listed instruments and
software facilitating high throughput phenotyping of root system in field conditions as the phenotyping of
root system architecture in the field is a challenge.

Keywords: drought resilience, root system, genomic crop improvement, root phenotyping

INTRODUCTION

Environmental stresses affect plant growth in multiple ways. Plants recognize and respond to these stress
conditions including drought with a variety of biological signals at various stages of its growth (Takahashi
and Shinozaki 2019; Takahashi et al. 2020). From 2005 to 2015 drought in developing countries caused
agricultural losses of more than USD 29 billion (FAO, 2021). Drought also occurs with other stresses such
as heat, nutrient deficiency, and salinity in the environment (Sehgal et al., 2018). Drought stress is often
accompanied by heat stress in the field (Sehgal et al., 2018). Drought impairs transport, partitioning and
uptake of nutrients, hence suppressing plant reproduction and growth (Hu and Schmidhalter 2005; Gessler
et al. 2017). Due to low moisture content in soil, rate of mineralization and diffusion of nutrients towards
surface of root is reduced thereby affecting plant nutrient uptake (Alam 1999; Luo et al. 2018). For example,
drought stress reduced concentration of phosphorous (P) and nitrogen (N) in plant tissue as mass flow of
nutrients from roots to above ground tissue has been impaired (He and Dijkstra 2014; Bista et al. 2018).
During concurrent salinity stress, roots accumulate more ions such as Na+ and Cl-, reducing the hydraulic
conductance in roots, thereby triggering drought conditions (Raja et al., 2020). Factors such as moisture
storing capacity of soil, distribution of rainfall, and rate of evaporation are mainly responsible for determining
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the extent of drought (Wery et al. 1993; Hussain et al. 2016). With changing climatic conditions, plants
with higher drought resilience are preferred in agricultural systems.

The drought stress induces various kinds of responses in plants including morphological, physiological, and
biochemical changes which helps them to thrive under drought stress. The first thing that plant senses during
drought stress is the decreasing water potential (Christmann, Grill, and Huang 2013) because of which the
roots are no longer able to absorb water from soil. This restriction of water flow through xylem and other
parts of plants inhibits elongation of cell (Nonami 1998; Hussain et al. 2016). Availability of water impacts
metabolic activity and, reactive oxygen species (ROS) production is increased which can alter DNA, RNA,
and protein,. This also affect ATP production and disturb balance of osmotic pressure (Priestley 1986;
Hussain et al 2018). Another primary response of plants during drought stress is stomata closure to prevent
loss of water. Due to closure of stomata, diffusion of CO2 does not occur in leaves thus reducing the rate of
photosynthesis (Raja et al. 2020).

Generally, three types of responses are observed: drought avoidance, drought escape and drought tolerance
(Figure 1) (Kooyers, 2015; Fang et al., 2017). Drought avoidance refers to morphological and physiological
adaptations including reduced number of stomata, minimized leaf area, increased root growth, thick old
leaves, cuticle wax synthesis, rolling of leaves and protection from osmotic shock under stress conditions (Lee
& Suh, 2013; Y. Liu et al., 2017). Drought escapers are the ones that employ strategies such as precocious
flowering, increased photosynthetic ability, increased level of nitrogen, and fast growth in order to complete its
life cycle before beginning of drought stress conditions (Kooyers, 2015; Marthandan et al., 2020). In normal
conditions crop cycle of longer duration is generally preferred as it enhances the absorption of sunlight but
under drought conditions longer crop cycle decreases plant fitness as soil water is depleted before cycle is
completed (Tardieu et al., 2018; Varshney et al., 2021). Drought tolerant ones accumulate various osmolytes
such as proline and glycine and triggering phenylpropanoid pathway increasing lignin biosynthesis which
helps to maintain structure of membranes and production of antimicrobial compounds such as phytoalexin
(Nadeem et al., 2019; Sharma et al., 2019; Marthanandan et al., 2020; Sheoran et al., 2022).

Figure 1: The plant responses to drought stress can be categorized under Escape, Avoidance and Tolerance.
(Created with Biorender.com)

We initiated this review by discussing the impact of drought on plants during vegetative and reproductive
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phases. Then, we elaborate on the structural adaptations of plants under drought with more focus on the
root architecture as roots are the primary sense organs of drought. Genomic information which helps in crop
improvement programs are also discussed. Finally, we talk about various root phenotyping methods that are
useful in understanding the modifications in root architecture in field conditions.

MORPHOLOGICAL MANIFESTATIONS

Vegetative phase

Plants are severely affected by changes in environmental conditions. Plants require optimum level of water
in the soil beyond which uptake of nutrients is inhibited, cell enlargement is affected, cell wall extensibility
is reduced leading to loss of turgor and ultimately end of plant growth and development (Seleiman et al.,
2021). On perception of any abiotic stress, a signal cascade is activated that triggers cell cycle checkpoints,
which slows down the process of DNA replication, impairment of G1 to S transition and delay mitosis (Qi
& Zhang, 2020). Drought stress also limits water imbibition and decreases seed vigor by disturbing osmotic
balance, increasing ROS production, reducing respiration rate thus affecting seed germination (Farooq et al.,
2009; Hussain et al., 2018).

Plants show immediate response to drought by decreasing rate of transpiration by reducing leaf area and
stomatal activity. For instance, in stay-green (Stg) sorghum, size of upper leaves is reduced, leaf area
is decreased at anthesis and lower tillering occurs in response to drought (Borrell, Mullet, et al., 2014;
Varshney et al., 2021). In Atriplex hortensis water scarcity causes reduced fresh and dry weight of root and
shoot, decreased germination and reduced length of hypocotyl (Franco et al., 2011; Kachout et al., 2021).
In the following subsections we discuss the impact of drought with respect to different vegetative stages in
plants.

Seedling stage

Drought can affect plants at different stages and of those germination of seeds and seedling emergence are
the most critical vegetative stages (Kızılgeçi et al., 2017). Plant survival and growth are highly influenced by
processes of germination and growth of seedlings (Kachout et al., 2021). Water scarcity decreases hydraulic
conductivity leading to impairment of various metabolic and physiological processes impacting germination
(Bareke, 2018; Marthandan et al., 2020b). Studies on various field crops such as Pisum sativum (pea),
Oryza sativa (rice), Medicago sativa (alfalfa) has reported decreased potential of germination and reduced
hypocotyl length in water stress conditions (Okcu et al., 2005; Manickavelu et al., 2006; Zeid and Shedeed,
2006). Kızılgeçi et al. (2017) reported drastic decrease in rate of germination in wheat seeds when treated
with PEG 6000 solution, Islam et al (2018) also conducted similar kind of experiment and reported that rice
seedlings also showed reduced germination on increasing water stress. Due to dehydration, osmotic imbalance
occurs in plants leading to decreased meristematic activity impairing cell elongation and thereby impairing
length of root and shoot. Less water supply towards seed also slows down the process of hydrolyzation of
stored carbohydrate reserves, which ultimately affects the transport of food to developing embryo, restricting
radicle emergence from seed coat, hence reducing germination (Channaoui et al., 2019). In cotton, root
morphology has been shown to play significant role in conferring tolerance to drought especially at seedling
stage (Singh et al., 2018; Mahmood et al., 2022). Pace et al. (1999) observed that cotton seedlings showed
increased thickness and length of roots when subjected to drought stress as compared to the control seedlings.

Leaf

The leaf also undergoes drastic changes when plants counter water scarcity. The plants which are adapted
to avoid drought achieve it through a string of measures such as reduction in number of metaxylem vessels,
reduction in stomatal area and density, and increase in thickness of leaf (Mansoor et al., 2019). These plants
also have specialized tissue to help such as thick epidermis (Mansoor et al. 2019) and well-developed bulliform
cells (Balsamo et al., 2006; Hameed et al., 2009). The bulliform cells help the leaf to roll when needed thus
reducing transpiration (Alvarez et al., 2008; Mansoor et al., 2019). The tissues like cortical and mesophyll
parenchymatous cells help leaf attaining succulence, a well-known adaptation under water scarcity (Abdel
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and Al-Rawi, 2011). Another such adaptation is sclerification (Mansoor et al., 2019; Vendramini et al., 2002)
which not only provides mechanical support (Moulia et al., 2006) but also prevent collapse of cells (Mansoor
et al., 2019; Turner, 1994). Granier et al., (2000) has reported that in maize and wheat duration of cell
cycle is increased under water stress condition and length of meristem is decreased in leaves. Crop yield is
also reduced during drought stress due to reduction in plant height and leaf growth which ultimately reduce
photosynthesis rate (Aslam et al., 2015). Delayed spikelet development and pollen abortion, has also been
reported in maize plants during water stress (Lu et al., 2011; Edmeades, 2013).

A combination of drought and heat stress have drastic impact on leaves causing wilting, severe chlorosis,
damage of membrane (Awasthi et al., 2014), impairment of assimilate production and photosynthesis (Roohi
et al., 2013; Sehgal et al., 2017; Sita et al., 2017). Hairy leaves (Boulard et al., 2017) and trichomes on either
side allow plants to tolerate water scarce conditions as they help in reducing temperature of leaf by increasing
the rate by which light reflection occurs and thereby decreasing transpiration and water loss (Seleiman et
al., 2021; Tiwari et al., 2021). In sorghum staygreen (Stg) near-isogenic lines, reduced leaf area allowed the
plant to retain more water for later stages of grain filling and thereby resulting in increased yield (Borrell,
van Oosterom, et al., 2014; Varshney et al., 2021).

Root

Water stress is primarily sensed by roots, which then transfers this signal to other organs in a plant. The
response of rooting system to drought influences the impact of the stress on plants (Anderegg, 2012; Zhou et
al., 2018). In response to drought, plants produce a greater number of deeper and thinner roots increasing the
total absorption surface area favoring increased nutrient and water uptake (Chapman et al., 2012; Fuentealba
et al., 2015; Ma et al., 2018; Zhou et al., 2018). Physiology (e.g., how root respires), architecture (e.g., depth
of roots), and morphology (e.g., root diameter) (Zhou et al. 2018) of roots are modified in response to
drought.

Water uptake by roots depends on two types of resistance: i) radial, the resistance experienced by water
while travelling from soil to root and then to the vascular system, and ii) axial, the resistance on water
travelling from root to shoot using vascular root. Rowse & Goodman (1981) studied the role of axial and
radial resistance in absorption of water from soil and reported that water uptake is mainly dependent
on radial resistance rather than axial resistance. Richards & Passioura (1989) conducted an experiment
to modify plants for drought escape where they reduced the uptake of water in earlier water-abundant
season by increasing the axial resistance with reduced diameter of xylem. This xylem modification helped in
retaining soil water for later stages of grain filling leading to increased productivity. The nodal roots played
an important role in this process by extracting maximum soil water from rainfall.

Reproductive phase

Reproductive stages show continuous adjustments from vegetative stages with changing environmental con-
ditions (Onyemaobi et al., 2021). Reproductive phase is more vulnerable and results in fewer flowers with
poor quality fruit and fewer seeds (Seghatoleslami et al., 2008; Pushpavalli et al., 2014). Processes such
as gametogenesis, embryogenesis, and fertilization are severely affected limiting development of seeds and
impairing yield (Farooq et al., 2009, 2014). Pollen fertility is seriously affected (Al-Ghzawi et al., 2009)
during stress conditions, disturbing growth of pollen tube and germination (Q. Fang et al., 2010; Gusmao
et al., 2012). It is also observed that under water stress, amount of non-reducing sugars is increased, and
accumulation of starch is reduced leading to abortion of ovary, (Andersen et al., 2002). For example, in
legumes drought decreased the seed size, and suppressed production of pods and flowers (Fang et al., 2010).
In Hordeum vulgare, exposer of reproductive stage of growth to water stress resulted in increased root:shoot
ratio and reduced root thickness (Nosalewicz et al. 2016). Similarly,Astragalus nitidiflorus exhibited increa-
sed seed dormancy during drought conditions (Segura et al., 2015). Drought along with heat stress has more
drastic effect during early phases of reproductive development as various important biological function are
affected such as anthesis, micro and megasporogenesis, growth of pollen tube, stigmatic function, fertilization
and early embryo development (Prasad et al., 2008). In the following subsections, we discuss the impact of
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drought on different reproductive stages in plants.

Flowering

Water plays crucial role in maintaining physiological responses in plants, thus decreasing water potential
affects floral morphology and also impairs interaction with pollinators (Ullah et al., 2022). Intensity of the
impact of stress varies at various stages of flower setting. For example, exposure of wheat plants to drought
during post-anthesis stage, it either repressed grain maturation or left the grain completely unfilled (Dhanda
& Sethi, 2002; Thakur et al., 2010) while when exposed during pre-anthesis stage cultivars showed increased
drought tolerance at seed filling stage (Wang et al., 2014, 2015). The drought stress during panicle initiation
and flowering stages in rice leads to drastic reduction in spikelet and grain number per panicle (Ghoneim
2018, 2020; Gaballah et al., 2022; Ishimaru et al., 2022). Some plants employ drought escape strategies by
favoring early flowering, increased growth rate, higher photosynthesis capacity and preservation of reserves
for seed development (Gaballah et al., 2022). Flowering, vegetative and seed maturation stages of maize are
most vulnerable to water scarcity, causing yield loss up to 50, 25 and 21% respectively (Sah et al., 2020).
Under drought stress, abscisic acid (ABA) accumulation occurs and suppress the source-sink relationship and
hence disturbing the supply of sugars towards anthers, disrupting pollen development and inducing sterility
(Ji et al., 2011). For example, previous studies have shown that accumulation of ABA at young microspore
stage of pollen development inhibits expression of cell wall invertase enzyme in tapetal layers of anthers in
drought stressed wheat plants (Onyemaobi et al., 2021).

Seed maturation

Seed filling is an essential stage of growth for all plants which involves assimilation of nutrients and transport
of various constituents for synthesis of lipids, proteins, and carbohydrates for seed development (Barnabás et
al., 2008; Awasthi et al., 2014). Grain maturation process is extremely susceptible to changes in environment
affecting quantitative and qualitative traits of yield (J. Yang & Zhang, 2006). Synthesis and storage of
reserves for development of seeds is highly dependent on the moisture content of storage cell and decrease
in water potential during drought interferes with seed filling (Ochatt, 2015).

Source-sink relationship plays a crucial role in transfer of various constituents for development of seed and
it is highly affected by drought as the stress declines the rate of photosynthesis thereby reducing source
strength. Water scarcity also leads to loss of turgor pressure in phloem cell, making sucrose more viscous and
resisting its flow from conducting cells to the sink (seeds) (Sevanto, 2014). Grain filling depends on transport
of assimilates from vegetative sources to seeds directly either at pre- or post-anthesis stage (J.Yang and
Zhang, 2006). For example, in rice and wheat assimilates from stems and sheaths provide about 10-40% of
total seed weight during pre-anthesis stage (Gebbing & Schnyder, 1999). During drought and heat stress,
supply of assimilates from stem increases up to 40% in seeds (Bidinger et al., 1977; Gebbing & Schnyder,
1999). Sucrose transporters (SUTs) genes play an important role in the transport of sucrose from leaves to
sink. It has been reported in wheat, barley, maize, and soybean that drought alters the expression of SUT
genes (Xu et al., 2018). Expression of SUT varies in different stress conditions, for example, inArabidopsis
, expression of AtSUT2 is upregulated under drought stress while it is downregulated under heat stress
conditions (increase of about 15°C) (Xu et al., 2018). In contrast, in poplar plants, expression of PtaSUT4, a
symplastic loader shows upregulation under heat stress while it is downregulated under water stress resulting
in decreased transport of sucrose from source to sink (Xue et al., 2016). In lupin seeds, drought reduced the
activity of cytosolic acid invertase to about five-folds thereby decreasing availability of sucrose in seeds (J.-Y.
Kim et al., 2000).

Drought stress at grain maturation stage exhibited increased leaf senescence and reduced grain filling phase
owing to increased ABA levels in rice and wheat (J. C. Yang et al., 2003; J. Yang & Zhang, 2006). Drought-
resistant plants with stay-green trait display delayed leaf senescence (Jordan et al., 2012). At the initial
stage of grain filling, drought stress reduced the germination percentage (approximately 9%) of the successive
generations in soybean (Smiciklas et al., 1992). Similarly, in Arachis hypogaea, drought reduced germination
without affecting seedling vigor (Ketring, 1991). Drought disturbs gamete development and activates ABA
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signaling which interferes with carbohydrates assimilation thereby affecting seed size and seed maturation
(Sehgal et al., 2018).

ROOT SYSTEM ARCHITECTURE (RSA)

Similar to shoot traits, root traits are also important for maintaining crop yield (Ogura et al., 2019; Uga
et al., 2013) and its stability (Sandhu et al., 2016) under moisture stress conditions. Drought stress leads
to changes in root structure to improve uptake of water and nutrients from soil. For example, when there
is heterogenous distribution of moisture in soil profile, roots are known to exhibit hydro-patterning, where
auxin signaling facilitates distribution of lateral roots towards zone of higher water content (Orosa-Puente
et al., 2018). In maize, root growth have been shown to play a significant role in partitioning of lateral roots
in order to extract more water from depth (Robbins & Dinneny, 2018). Modification of root system has been
shown to increase drought tolerance in plants (Vivek et al., 2017). Deep root systems confers high drought
tolerance to plants by increasing mineral and water uptake (Mahmood et al., 2022).

Plant root systems have their own complexity which is crucial to their function. Plant root systems can be
categorized into four different types: (1) tap roots (coarse roots), first roots to emerge from seeds providing
anchorage, deciding root depth and overall root system architecture (RSA), controlling overall penetration
into soil layers (Henry et al., 2011; Wasaya et al., 2018), (2) lateral roots (fine roots), comprising majority of
the total root system playing most active role in water uptake (Comas et al., 2013; Rewald et al., 2011) (3)
basal roots, which originate from hypocotyl (Weinhold 1967), and (4) shoot-borne roots, are the ones that
originate from shoot tissues (Esau 1965).

Studies on RSA are usually done at macro and microscale; at macroscale studies include occurrence of primary
and lateral roots, their organization, and role in uptake of water and nutrient while at microscale studies
include role of root hairs in increasing surface area and their assistance in uptake of water and nutrients
(Bates & Lynch, 2000; Smith & De Smet, 2012). Generally, roots show plasticity in their architecture as a
response to environmental factors such as availability of water and nutrient, soil salinity soil temperature,
soil density and microorganism interactions (Smith and Smet 2012).

In both dicots and monocots primary roots are the first to arise from the embryonically formed meristematic
tissues. At the tip of both mature and primary roots, a zone of meristematic cells (a.k.a root apical meristem)
is present which keeps on dividing; giving rise to other cell types in root. Root consists of three zones in
both monocot and dicot: distal root apex zone, consisting of root apical meristem (RAM); elongation zone;
and differentiation zone (Jovanovic et al., 2007). A protective layer of tissues is also present at the tip of
roots in both monocots and dicots known as root cap which plays a crucial role in root gravitropic responses.
In the center of root cap, columella cells are present and some columella cells (statocytes), are occupied
by specialized starch containing amyloplasts. Amyloplasts on perceiving the gravity stimulus, sediments on
cell boundary. This abundance of amyloplasts triggers changes in auxin transport which ultimately leads to
various growth responses including bending of roots towards stimulus of gravity (Smith & De Smet, 2012;
Swarup et al., 2005) (Figure 2).
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Figure 2: RSA (root system architecture) traits responsible for drought tolerance in plants. (Created with
Biorender.com)

RSA in dicots

Dicots, such as A. thaliana , has allorhizic root system, i.e., primary roots are the first roots derived from
embryo and lateral roots (LR) are formed from cells present in pericycle of primary roots. Pericycle is a layer
of tissue present between endodermis and central vascular cylinder (Smith and Smet 2012). Formation of
LR varies in various plant species, for instance, in Arabidopsis , LRs arise specifically from protoxlem patch
in pericycle cells (Malamy et al., 1997; De smet et al., 2008) whereas in Medicago and tomato, endodermis
is also involved in LR formation (Herrbach et al., 2014). Also, root vasculature in Arabidopsis and tomato
exhibits diarch symmetry, containing only two xylem poles, whereas in Medicagovascular system is triarch,
containing three xylem poles (Chen et al., 2018).

RSA in monocots

Monocots comprises of fibrous roots and have more complex root structure than dicots. Fibrous roots in
monocots generally refers to the nodal roots along with many finer roots (Maqbool et al., 2022). Generally,
in monocots the formation of shoot-borne roots a.k.a nodal roots is necessary to increase the vasculature
system as monocots lack secondary thickening in roots and thereby lead to increased uptake of nutrients and
water. In wheat, two types of roots are present; nodal roots which originates from basal portion of tillers
and seminal roots which originates from embryonic seed part (Manske et al 2002;Wasaya et al., 2018) while
only embryonic primary roots are present in rice. LR are developed from cells of pericycle, however it has
been reported that in monocots such as rice and maize, pericycle cells of xylem poles are not competent to
produce LR and thereby initiation of those occurs in endodermal and pericycle cells opposite phloem poles
(Yu et al., 2016).

Relation of RSA with drought

Fine and coarse roots have certain morphological traits which are responsible for having significant impact on
surface area and length of roots and control productivity under drought stress. Root diameter, specific root
length (SRL), root surface area per dry mass and root tissue density are some of the important morphological
traits that control productivity in water scarcity (Fitter 2002). Roots with small diameter and increased SRL
absorbs water more efficiently by minimizing the apoplastic barrier for water entry into the xylem, thereby

8
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increasing root hydraulic conductivity (Comas et al., 2013). The cortex formation aerenchyma is generally
responsible for increasing SRL (Zhu et al., 2010). However, it has been observed in rice that aerenchyma
restricts flow of water through root cortex reducing water uptake in drought stress conditions (X. Yang
et al., 2012). Root hairs are more effective for uptake of nutrients and water (Suzuki et al., 2003). Root
hairs maintain the hydraulic conductivity between soil and root, maximize the contact of roots with soil by
minimizing surface resistance and leading to increased absorption by roots (Wasson et al. 2012). Segal et al.
(2008) reported that barley mutants which lacked root hairs showed less water uptake despite having lots of
branched roots.

In response to drought, plants encourage elongation of primary roots by inhibiting branching of lateral roots.
More vertically structured roots are present naturally in plants that are well adapted to drought, for example
in sorghum (V. Singh et al., 2010). Direction of root growth is also critical for determining effectiveness of
root system. Under normal conditions, primary roots grow in response to gravity axis whereas lateral roots
prefer horizontal growth while lateral roots have particular angle of emergence which is known as gravitropic
set-point angle (GSA) that directs growth of lateral roots away from primary roots. Under water stress
GSA undergoes changes in a way that allows enhanced uptake of nutrient and water conditions by producing
longer and deeper roots (Lynch, 2013). Similarly primary roots also modulate its growth to extract maximum
water from surroundings (Takahashi et al., 2009; Iwata et al., 2013).

It has been reported that response of RSA to drought varies considerably at intra- and interspecies level (Kou
et al., 2022). Ability of plant to survive and maintain its yield under water scarce conditions is regarded as
the plant plasticity response which confers drought tolerance to it (Gao et al., 2015; Suseela et al., 2020).
Zhou et al (2018) conducted a meta-analysis based on root traits and concluded that drought drastically
affect root length and its density. It enhanced diameter of roots and decreased shoot-to-root biomass ratio
under drought stress.

Root architecture is dependent on plant response to the soil water and its distribution, in response to
which plants make growth adjustments. Plants generally show plasticity in the distribution pattern of root,
especially in deep-rooted species for example Zea mays andHelianthus annus. Plants with low root length
density (per unit volume of soil) are mainly preferred in areas where water is available in shallow layers of
soil whereas for deep layers plants with high root length density are considered more efficient in breeding
programs (J. Lynch, 2013; Wasson et al., 2012). Breeding for larger xylem vessels is another good strategy for
increasing axial hydraulic conductivity allowing roots to grow at greater depths of soil (Wasson et al., 2012).
Hydraulic conductivity is somewhat poor in many woody plants as root-xylem has higher susceptibility to
cavitation (Pockman & Sperry, 2000;Comas et al., 2013). During drought conditions root pressure play
significant role in repairing embolized xylem by removing water vapor and air from xylem conduits and
provides important area of concern for breeders to increase drought tolerance (J. Sperry et al., 2003; J.
Sperry, 2011).

It has been proposed that root traits helps in reducing the root system cost (including greater formation
of aerenchyma, smaller root diameter, reduced area of living tissue, increased size of cortical cell, fewer
nodal roots, root cortical senescence) and aid in promoting elongation of roots, hence increased capture of
resources and deeper exploration of soil (Lynch 2013; Fonta et al., 2022). Steeper angle of root growth is
known to improve drought tolerance, for example, in rice, deeper rooting 1 (dro1 ) gene which is responsible
for influencing angle of root growth has been used in breeding programs and cloning experiments extensively
(Uga et al. 2013; Kitomi et al. 2015; Kou et al., 2022). The number and size of metaxylem also affects
drought tolerance and water use efficiency in plants. Smaller metaxylem vessels maintains less axial hydraulic
conductance in roots conserving soil water while also keeping root tips hydrated (J. P. Lynch et al., 2014).
Smaller metaxylem vessels increase resistance to cavitation also (Guet et al., 2015; J. S. Sperry & Saliendra,
1994). Various studies have proven the role of smaller metaxylem vessels in roots, for instance, in wheat,
under drought conditions presence of smaller metaxylem vessels in seminal roots of seedlings resulted in
improved yield (Richards and Passioura 1989). In maize, genotypes that had decreased metaxylem area in
nodal roots and reduced axial hydraulic conductance performed better under water stress than the ones which
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did not display this plasticity (Klein et al., 2020). Also in rice, it has been reported that drought-tolerant
cultivars had increased number of xylem vessels under water scarcity than drought susceptible cultivars
(Abd Allah et al., 2010). De Bauw et al., (2019) conducted an experiment and reported that in theIndica
rice variety “Mudgo”, xylem vessel number and diameter increased in response to drought while in variety
NERICA4, xylem vessel diameter increased but vessel number decreased with respect to water stress. Even
along the root axis phenotyping variations exist in drought tolerant varieties of wheat, for instance, near the
root tip fewer, larger metaxylem vessels are usually found whereas near the root base smaller metaxylem
vessels are present (Kadam et al., 2015; Wasson et al., 2012). It has also been observed that at the base
of lateral and nodal roots metaxylem constriction is present in rice (Hazman & Brown, 2018; Vejchasarn et
al., 2016) which leads to reduced axial hydraulic conductivity which benefits rice to control the movement
of water to shoot and ensuring enough water availability in root tissues, especially growing tips.

Fonta et al., (2022) studied the response of RSA and anatomy with respect to drought, where they used two
rice cultivars IR64 which is high yielding, drought susceptible, Indica culivar, and Azucena, low yielding,
moderately drought tolerant, Japonica cultivar with deep rooting system. They observed that number of
nodal roots decreased significantly in both the cultivars under water stress which led to increased conservation
of resources for promoting root elongation and hence resulting in deeper root systems. L- type lateral roots
(long, thick lateral roots) showed prominent growth at depth under drought conditions and contributed
towards deeper soil exploration. Root’s ability to exploit water from the soil also depends on maintaining its
fitness by reducing the cost of exploring soil by decreasing area of living tissue as fewer living cells requires
less respiration per unit length (J. P. Lynch, 2011,2013). It is also reported that in maize, formation of root
cortical aerenchyma or decreased living tissue area (Chimungu et al., 2014; Galindo-Castañeda et al., 2018)
and senescence of root cortical cells in barley (Schneider et al., 2017) led to better adaptability under water
and nutrient stress.

Production of suberin is also increased in primary roots under both water and salt stress, especially in exo-
and endodermis layers where it controls loss of water (Karlova 2021). Role of suberin is generally known to
be root-type specific, for example, it has been reported in grape that suberin deposition in roots provided
increased tolerance to drought whereas presence of suberin in fine roots (approx. 2mm) led to increased
drought susceptibility (Cuneo et al., 2020). As compared to domesticated cultivar, wild barley had increased
suberin deposition in exodermis when exposed to drought, something which has also been observed in other
species adapted to drought (Kreszies et al., 2020; Yang et al., 2020). Lignin deposition is also observed around
mature xylem tissue which acts as a water-resistant barrier and promote drought tolerance (Xu et al., 2017;
Liu et al., 2018; Sharma et al., 2020). Overexpression of lignin biosynthesis genes often produced elongated
primary roots in mutants (Xu et al., 2020).

PHYSIOLOGICAL/BIOCHEMICAL RESPONSES

Plants adapt themselves to dry environments by undergoing different biochemical and physiological changes
in order to maintain cell turgor. Synthesis of ABA, accumulation of various osmolytes like proline and
activation of ROS scavengers including peroxidase and superoxide dismutase (SOD) are some of the common
physiological response of plants to tolerate drought stress (Bari and Jones 2009; Krasensky and Jonak 2012;
Y. H Yang et al. 2020; J.-K. Zhu 2002). Enzymes like protein kinases, phosphatases, ubiquitin ligases, and
those involved in metabolism of phospholipids are also reported to actively participate in signaling pathways
that are triggered during drought stress (J.-H. Lee and Kim 2011; Vierstra 2009; J.-K. Zhu 2002). Root’s
ability to retain water is a pre-requisite for tolerating prolonged water stress, various studies have suggested
that water retaining ability of roots can be preserved through waterproof barriers in roots and adjustment
of osmolytes. (L. Hu et al. 2018; Kosma et al. 2014; Krasensky and Jonak 2012).

Increasing evidence suggests that plant hormone ABA play important role in regulating gene expression
and various physiological responses during drought conditions (Shinozaki and Yamaguchi-Shinozaki 2007; Y.
Yang et al. 2020; J.-K. Zhu 2002). Dehydration of leaf is also responsible for activating ABA responses and
its biosynthesis in roots (Manzi et al. 2017), for instance, Yang et al. (2020) reported that when compared to
roots, relative water content (RWC) in leaf reduced significantly, meanwhile increasing the ABA concentration
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in roots, thereby it has been suggested that loss of turgor in leaves might act as important signal for
accumulation of ABA in roots. In maize, ABA is known to suppress ethylene production and increases
growth of shoot and root in well-watered condition whereas during dry environment, ABA has drastic effect
on root-shoot ratio by promoting root growth while suppressing shoot growth (Pierik & Testerink, 2014).
Root cortex in the elongation zone is known to specifically express ABA signaling intermediates namely,
MIZU KUSSEI1 (MIZ1) and Snf1-related kinases (SnRK2s) which are responsible for hydrotropism (Dietrich
et al., 2017; Karlova et al., 2021). When root tip senses heterogenous presence of water, it triggers MIZ1 to
generate Ca2+ signal which is then transported to elongation zone through phloem and leads to asymmetrical
distribution of Ca2+ according to gradient of water (Tanaka-Takada et al., 2019). Ethylene production and
K+ transport maintains the balance between Na+/K+ ions and thus regulates expansion of cells, turgor
and development of lateral roots under osmotic and water stress (Jiang et al., 2013; Osakabe et al., 2013).
Accumulation of ABA under water stress is also known to activate miRNA 165 (miR165) and miR166 to
suppress transcription factors belonging to class III HD-ZIP, which are responsible for inhibiting xylem
formation, thus, their inhibition results in formation of additional protoxylem under water stress conditions
(Ramachandran et al., 2018). Zhang et al (2022) reported that during mild drought stress in tomato plants,
length of primary roots enhanced in wild plants but failed to increase in the mutant plants lacking genes
involved in biosynthetic pathway of ABA, hence concluded that ABA acts as a positive regulator of primary
root growth in drought conditions.

Plant hormone auxin also promotes growth of primary roots, lateral roots, and adventitious roots (Pierik
& Testerink, 2014). Columella cells are mainly responsible for controlling root angle as amyloplasts began
to sediment with respect to gravity in root tips. Due to this asymmetric distribution of amyloplasts, flow of
auxin is directed towards lower side of root (Karlova et al., 2021). Low amount of auxin towards upper side of
roots leads to enhanced elongation and bending of root in downward direction (Ge and Chen, 2019). Hydro
patterning is also dependent on Auxin Response Factor 7 (ARF7), which gets SUMOylated on perceiving
the dry environment and increases its interaction with repressor indole-3-acetic acid (IAA3) thereby causing
its inhibition and ultimately preventing lateral root formation (Karlova et al., 2021).

Aquaporins (AQPs) which belongs to family of major intrinsic proteins (MIP), plays important role in
maintaining RSA by regulating hydraulic conductivity thereby facilitating easy passage of water across
membranes (Li et al., 2014). AQPs provide enough water supply to developing primary root primordia
helping them to break through endodermis and grow. Transport of water through AQPs for the emergence
of lateral roots requires auxin (Péret et al., 2012a). During drought stress, reduced water potential primarily
regulates expression of different AQPs; tonoplast intrinsic proteins (TIPs) and plasma membrane intrinsic
proteins (PIPs) at various levels (Hachez et al. 2006; (Peng et al., 2007).

Secondary metabolites such as phenolics also play significant role under drought conditions (Hessini et
al., 2022). When the sugar transport to other plant parts is reduced, it results in accumulation of excess
carbohydrates which is then converted to phenolics to maintain source and sink balance. With increasing
concentration of phenolics, antioxidant activity also increases significantly (Rehman et al., 2022). Phenols
also prevent loss of water from the cell by forming covalent bond with carbohydrates of cell wall (Hura et al.,
2012). Osmolytes like proline helps to maintain water potential and turgor pressure in cells, thus preventing
loss of water from cells during stress conditions (Krasensky and Jonak 2012; Y. Yang et al. 2020). It rapidly
accumulates in various plants, such as wheat and watermelon in order to survive drought stress (L. Hu et
al. 2018; Li et al. 2019).

Drought also has drastic effect on mineral uptake (Gunes et al., 2011; Samarah et al., 2004) and significantly
decrease fixation of nitrogen in legumes such as pea (Gonzalez et al., 2001), and soybean (Serraj, 2003).
These effects collectively reduce production of assimilates and their transport to maturing seeds in crops
(Zare et al., 2012). Some micronutrients such as zinc plays important role in resistance to water deficit
conditions (Khan et al., 2003; Yavas & Unay, 2016). Nitrogen is known to increase water absorption ability
of roots and helps to maintain optimum level of leaf water content in water scarce environments (Tran et
al., 2014; Kumari et al., 2022). In the presence of low moisture conditions, phosphorous (P) maintains RSA
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and increases proliferation of roots in soil which enhances hydraulic conductivity in roots thereby increased
uptake of minerals and nutrients (Sun et al., 2016; Tariq et al., 2017). It was reported that when phosphorous
(P) was applied to wheat during the initial stages it resulted in increased production of fertile tillers, grains
per spike and spikelet because of enhanced photosynthetic rate, cell elongation and division and hence also
showed 28% increase in yield (Ahmed et al., 2018; Kumari et al., 2022). Potassium is also known to increase
the accumulation of proline during drought stress and helps plants to cope with the situation (Yadav et
al., 2019). Under abiotic stresses cytosolic Ca2+ level increases, activating calcium binding proteins such
as Ca-dependent protein kinases (CDPK) and triggers various stress-responsive genes regulating different
responses such as stomatal movement and increased potassium uptake (Choi et al., 2005; Yu et al., 2007).
Increased concentration of magnesium (Mg) in leaves maintains water balance in leaves under drought stress,
for instance, in Musa acuminata , plants affected with drought showed increased accumulation of Mg (about
28%) than control plants (Kumari et al., 2022; Mahouachi, 2009). Boron is highly beneficial for plants during
drought stress as it is involved in ROS detoxification process and therefore protects plants against oxidative
damage to membranes and thus plants with increased amount of boron show more resistance to drought
stress and enhanced nutrient uptake (Venugopalan et al., 2021). As drought stress is known to decrease the
plumule length and ultimately leading to restricted transport of nutrients to embryo, it has been reported
that, application of Zinc enhanced the synthesis of hormones such as gibberellic acid and auxin under stress
conditions and hence elevate plumule characteristics under water stress, for instance, Harris et al (2005)
reported that seed priming with Zinc resulted in improved yield and germination in chickpea, maize and
wheat. Zinc also leads to accumulation of various osmolytes, expands leaf area, improves production of
photosynthetic pigments and increases leaf water content, resulting in better yield and growth (Kumari et
al., 2022).

MOLECULAR RESPONSES AND GENOMIC CROP IMPROVEMENT POTENTIAL

After sensing decreasing water potential in surroundings, roots triggers various signaling pathways of trans-
cription and transportation in aboveground and underground parts for activating defense responses (Opitz
et al., 2016; Sengupta et al., 2011; Y. Yang et al., 2020). Modification in RSA to drought is dependent
on intense signaling pathways and gene expressions (Janiak et al., 2016). In the following subsections we
have discussed genes involved in controlling physiological responses in plants and various QTLs involved in
drought responses.

Genes controlling physiological responses

Genes involved in ABA signaling pathways are most crucial for conferring tolerance against drought, which
is then also followed by various other phytohormones such as salicylic acid, gibberellin, auxin, cytokinin,
brassinosteroid and jasmonic acid. A root-derived peptide called “CLE25” passes, from roots to leaves and
acts as signal for closing of stomata by regulating accumulation of ABA, and thereby increasing drought
tolerance (Takahashi et al., 2018). In A. thalianaexpression of CmMYB2 gene triggered ABA pathways,
reducing stomatal aperture and thereby leading to enhanced drought tolerance (Shan et al. 2012). In rice,
biosynthesis of ABA requires a gene OsNCED3 , whose expression level is known to be enhanced significantly
in seedlings on perception of drought stress (Liu et al 2019).

In Chrysanthemum, various transcription factors, such as CgDREBa, are known to activate superoxide
dismutase (SOD), peroxide dismutase (POD) and proline accumulation in response to drought (Chen et al.,
2011). A transcription factor, MYB, responsible for governing gibberellic acid responses, is shown to increase
concentration of osmolytes in seeds under stress conditions by enhancing the accumulation of proline, sugars
and production of late embryogenesis abundant (LEA) proteins, establishing water-potential gradient as a
result of which water enters into seeds from the soil (Zhao et al., 2019).

Different experiments have been conducted to study molecular responses in plants with respect to drought
stress. PtabZIP1-like gene increased formation of lateral roots and growth of biomass under moisture stress
conditions (Dash et al., 2017). In poplar, PagWOX11/12a, a WUSCHEL related homeobox gene, enhanced
root elongation in response to water stress (Wang et al., 2020). Orthologs of dro1 (gene in rice controlling
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angle of root growth) are found in both monocot and dicot species (Kulkarni et al., 2017), for instance,
Guesman et al., (2017) reported that orthologs of dro1 are present in Arabidopsisand Prunus and the lines
overexpressing dro1 had much deeper roots in stress conditions. Drought tolerant crops have been produced
by engineering of genes encoding two enzymes, namely, beta aldehyde dehydrogenase and choline mono
oygenase which are responsible for expression of glycine betaine, which plays crucial role in configuring
drought tolerance to higher plants (Zhang et al., 2008), for example, drought tolerant maize variety DH4866,
has been formed by transferring beta gene from E. coli which leaded to improved production of betaine and
hence tolerance to drought (Quan et al., 2004). Crops such as tobacco and soybean has also been engineered
using the genes involved in biosynthesis of proline, an important osmolyte (Ronde et al., 2004; Gubis et al.,
2007).

Roche et al. (2007) tried to study the expression of various genes that were responsible for signal transduction
and metabolism in immature embryos and leaves of Helianthus annus with the help of cDNA array and he
identified around 409 DEGs out of which 82 were induced in response to drought and were organ specific.
Betaine aldehyde dehydrogenase (BADH) gene is also known to be produced in sunflower with respect to
salt and drought stress (Liang et al. 2017).

Leaf transcriptome profiles of O.taihangensis have been studied after treating with 5% and 25% PEG6000.
The study revealed that differentially expressed genes (DEGs) responsible for coping with stress were being
produced (Gu, H.H et al. 2019). Moreover, genes involved in trehalose biosynthesis such as tps6, tps1, tps10
(belonging to trehalose-6-phosphate synthase family) and in sucrose metabolism such assus3 and sus1 also
showed increased expression during drought conditions (Y. Yang et al., 2020). Various genes that are involved
in biosynthesis of different amino acids such as phenylalanine, alanine, tryptophan, aspartate, glutamate,
proline and arginine were also found to be upregulated under water deficient conditions (Y. Yang et al., 2020).
Abirad et al., (2022) reported 288 DEGs belonging to families of NAC, AUX/IAA, WRKY, AP2/ERF, MYB
and EXPANSIN that are being produced under drought stress in roots of rice.

Genes involved in transport of nutrients including nia2, nrt1.2, nrt3.2, gln1.3 and glt are also upregulated
under water deficit situations (Martinez et al., 2020), for example, Qi et al. (2019) reported upregulation of
genes responsible for potassium transport including MdHKT1 , MdHAK3.2 and MdCHX4.11 under water
stress.

Quantitative Trait Loci (QTL) involved

Studies have been conducted in different plants such as rice (Y. Kim et al., 2020), grain legumes (Ye et al.,
2018) and wheat (C. Li et al., 2021) where they have reported different QTL and genes produced in drought
stress. Ranjan et al., (2022) has reported QTL, mRNAs, genes and transcription factors that actively take
part in response of RSA to water stress. Among these various root traits, dry weight of root and root length
harbors maximum gene number that are expressed in response to drought. For example, under drought QTL
such as PRL3, PRL2, CRL1, SRL2, SRL7, SRL9, and QTRL.cgb-3B are associated with root length in
maize (T. Li et al., 2017) and wheat (X. Liu et al., 2013) respectively. Likewise in wheat, Qrdws.uwa-4AL
and Qrdws.uwa-5AL are known to be associated with root dry weight in wheat (Ayalew et al., 2017) and in
sorghum QTLs qRDW1_2, qRDW1_5, and qRDW1_8 are linked to root dry weight (Mace et al., 2012).
In rice, overexpression of OsNAC5 (Jeong et al., 2013) and OsNAC10 (Jeong et al., 2010) were reported
to enhance the root diameter in drought stress. Kawai et al., (2022) has recently reported that under mild
drought conditions, QHB and OsWOX10 are responsible for regulating diameter of lateral roots in rice.
InBrassica napus , a gene BnaC03g45915D (ortholog of A. thaliana gene RD29B) is found to be present
within QTL qR/S-13-1 and showed increased expression in dry conditions configuring plants to adapt to
drought conditions more efficiently (Prerostova et al., 2018). Analysis of QTL that are associated with
physiological and morphological traits w.r.t drought tolerance helps to develop understanding about the
genetic architecture involved in drought responses and how it can be utilized to produce crops that are well
adapted to drought.

ROOT PHENOTYPING METHODS

13
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Phenotyping presents many challenges in front of plant breeders for enhancing stress tolerance in crop plants
as screening roots for complex genetic traits is extremely difficult under field conditions (Sharma et al 2016).
Root phenotyping methods involves combination of imaging and image processing with automation. Image-
based phenotyping is a non-destructive method involving optical analysis of plant traits (Furbank et al
2011; Fiorani and Schurr 2013), and it mainly involves characterization of biochemical, physiological and
anatomical properties of roots (Guo and Zhu 2014).

Minirhizotrons involves non-destructive analysis in which a clear tube is positioned in ground and root growth
adjoining the tube is detected and image is captured using camera which is installed down the tube (Smit et
al., 2000). However, it has certain limitations, as tube and soil interface provides an unnatural environment
for the growth of roots, which results in false assessments of characteristics of growth in plants (Wasson et
al., 2012). Electrical resistance tomography (ERT) is another approach used for analyzing physical properties
of soil (Basso et al., 2010) and how soil water is being exploited by roots in different crops (Srayeddin and
Doussan, 2009) both are the measures to detect root behavioral patterns indirectly. Various software such as
WinRhizo, Image J, EZ-Rhizo, Root system analyzer, Smart Root, Optimas analysis, Root trace, and Root
Nav are popular for image-based analysis of root phenotyping (Sharma et al., 2016). For measuring growth
kinetics and branching angles Smart Root software can be used. DART is another software that can be used
for studying root structure. It is a manual software coded in JAVA (Bot et al., 2010) and produces flexible
datasets of individual parameters of root. Manual softwares like WinRHIZOTM, DART etc., helps to study
root lifespan by monitoring color of roots manually (Li et al., 2022). X-ray computed tomography (CT) can
be used for assessment of roots within soil profile and for visualizing 3D configuration of roots which helps
to decide which character of roots is useful under drought conditions for obtaining high crop yield (Wasaya
et al. 2018). The 3D magnetic resonance imaging (MRI) is a non-destructive method that is being practised
commonly as a 3D root phenotyping process (Metzner et al., 2014). Image quality of MRI is known to be
influenced by substrate type and water content (Rogers & Bottomley 1962). Daniel et al. (2022) has recently
used this method for phenotyping roots of 288 wheat seedlings using a new pipeline which is designated as
medium-throughput phenotyping. Electrical capacitance (EC) is another 3D root phenotyping method used
in the field, which analyzes alternating current of low frequency (less than 1kHz) between the soil and base
of stem and then evaluate the dielectric properties for re-establishing root architecture (Dalton, 1995). This
method has been used for phenotyping roots of different crops, including maize (Imre et al., 2018), soybean
(Cseresnyés et al., 2017) and wheat (Cseresnyés et al., 2021). Ground-penetrating radar (GPR) is another
non-destructive geophysical device which uses electromagnetic waves for detecting surfaces which is based
on physical and dielectric properties of materials. It is used for analyzing features of RSA and estimation of
its biomass (Lorenzo et al 2010). When compared to soil, roots have distinct dielectric permittivity thereby,
GPR is useful to detect number, diameter and depth of coarse roots by measuring the reflected signals
produced by hyperbolic reflections on radargrams (Wu et al. 2014; Lombardi et al., 2021). For example,
GPR was used to measure coarse roots in plants, including, cassava (Delgado et al., 2017), citrus (Zhang et
al., 2019) and willow (Li et al., 2015).

For observing roots in controlled environment, various soil-less growth media are being employed, such as
gels, paper rolls, and aerated aqueous solutions. Hydroponics techniques are practiced commonly for growing
plants using transparent plexiglass nail board sandwiches packed with glass beads of about 1.5 mm size for
maintaining proper flow of nutrients (Zhu et al 2005). These systems help to measure total root length, root
traits, root branching angles through imaging technique or manually.

CONCLUSIONS

With changing climate and global warming, drought and associated stress are going to be of prime importance
in agriculture as developing drought resistant cultivars is central to achieving Zero Hunger, one of the 17
goals proposed in the 2030 Agenda for Sustainable Development (FAO, 2020). Root is the first organ that
senses the changes in soil moisture and sends signal to adapt at morphological, anatomical, and molecular
scales. These changes are accompanied with changes in root encompassing the first response from plant to
counter water scarcity. Plant breeding focusing on modifying the RSA for drought avoidance mechanisms

14



P
os

te
d

on
11

Ja
n

20
23

|T
he

co
py

ri
gh

t
ho

ld
er

is
th

e
au

th
or

/f
un

de
r.

A
ll

ri
gh

ts
re

se
rv

ed
.

N
o

re
us

e
w

it
ho

ut
pe

rm
is

si
on

.
|h

tt
ps

:/
/d

oi
.o

rg
/1

0.
22

54
1/

es
so

ar
.1

67
34

70
82

.2
52

16
66

9/
v1

|T
hi

s
a

pr
ep

ri
nt

an
d

ha
s

no
t

be
en

pe
er

re
vi

ew
ed

.
D

at
a

m
ay

be
pr

el
im

in
ar

y.

such as root specific suberin deposition, ABA, various phytohormones such as auxin, phenolics, along with
crop management practices such as timely supply of micro and macro nutrients might result in drought
resilient crops.

Hence, understanding of the RSA is necessary to produce high-yielding crops under water-limiting conditions,
particularly in the dryland agricultural system, for ensuring global food security. This goal requires an overall
understanding of plant response to drought and related stresses including the response from root which is
often difficult to decipher due to lack of direct access to roots for analysis. Newer technologies and methods
to analyze root response are coming forth and are bound to evolve with fast changing technologies like
imaging technology and artificial intelligence. Nevertheless, understanding root is of prime importance to
create high-yielding crops under water stress and RSA is going to be among the important breeding traits
in near future.
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Lorenzo Cimadevila, H., Pérez Gracia, M. D. L. V., Novo, A., & Armesto, J. (2010). Forestry applications
of ground-penetrating radar. Forest Systems (formerly: Investigación agraria: sistemas y recursos forestales)
, 19 (1), 5-17.

Lu, Y., Hao, Z., Xie, C., Crossa, J., Araus, J.-L., Gao, S., Vivek, B. S., Magorokosho, C., Mugo, S., Makumbi,
D., Taba, S., Pan, G., Li, X., Rong, T., Zhang, S., & Xu, Y. (2011). Large-scale screening for maize drought
resistance using multiple selection criteria evaluated under water-stressed and well-watered environments.
Field Crops Research , 124 (1), 37–45. https://doi.org/10.1016/j.fcr.2011.06.003

Luo, W., Xu, C., Ma, W., Yue, X., Liang, X., Zuo, X., . . . & Han, X. (2018). Effects of extreme drought on
plant nutrient uptake and resorption in rhizomatous vs bunchgrass-dominated grasslands. Oecologia , 188
(2), 633-643.

Lynch, J. P. (2011). Root Phenes for Enhanced Soil Exploration and Phosphorus Acquisition: Tools for
Future Crops. Plant Physiology ,156 (3), 1041–1049. https://doi.org/10.1104/pp.111.175414

Lynch, J. (2013). Steep, cheap and deep: An ideotype to optimize water and N acquisition by maize root
systems. Annals of Botany ,112 . https://doi.org/10.1093/aob/mcs293

Lynch, J. P., Chimungu, J. G., & Brown, K. M. (2014). Root anatomical phenes associated with water
acquisition from drying soil: Targets for crop improvement. Journal of Experimental Botany , 65 (21), 6155–
6166. https://doi.org/10.1093/jxb/eru162

Ma, Z., Guo, D., Xu, X., Lu, M., Bardgett, R. D., Eissenstat, D. M., McCormack, M. L., & Hedin, L. O.
(2018). Evolutionary history resolves global organization of root functional traits. Nature ,555 (7694), 94–97.
https://doi.org/10.1038/nature25783

Mace, E. S., Singh, V., Van Oosterom, E. J., Hammer, G. L., Hunt, C. H., & Jordan, D. R. (2012). QTL
for nodal root angle in sorghum (Sorghum bicolor L. Moench) co-locate with QTL for traits associated with
drought adaptation. Theoretical and Applied Genetics , 124 (1), 97–109. https://doi.org/10.1007/s00122-
011-1690-9

23



P
os

te
d

on
11

Ja
n

20
23

|T
he

co
py

ri
gh

t
ho

ld
er

is
th

e
au

th
or

/f
un

de
r.

A
ll

ri
gh

ts
re

se
rv

ed
.

N
o

re
us

e
w

it
ho

ut
pe

rm
is

si
on

.
|h

tt
ps

:/
/d

oi
.o

rg
/1

0.
22

54
1/

es
so

ar
.1

67
34

70
82

.2
52

16
66

9/
v1

|T
hi

s
a

pr
ep

ri
nt

an
d

ha
s

no
t

be
en

pe
er

re
vi

ew
ed

.
D

at
a

m
ay

be
pr

el
im

in
ar

y.

Mahmood, T., Iqbal, M. S., Li, H., Nazir, M. F., Khalid, S., Sarfraz, Z., Hu, D., Baojun, C., Geng, X., Tajo, S.
M., Dev, W., Iqbal, Z., Zhao, P., Hu, G., & Du, X. (2022). Differential seedling growth and tolerance indices
reflect drought tolerance in cotton. BMC Plant Biology ,22 (1), 1–11. https://doi.org/10.1186/s12870-022-
03724-4

Mahouachi, J. (2009). Changes in nutrient concentrations and leaf gas exchange parameters in ba-
nana plantlets under gradual soil moisture depletion. Scientia Horticulturae , 120 (4), 460–466. htt-
ps://doi.org/10.1016/j.scienta.2008.12.002

Malamy, J. E., & Benfey, P. N. (1997). Organization and cell differentiation in lateral roots of Arabidopsis
thaliana. Development , 124 (1), 33-44.

Manickavelu, A., Nadarajan, N., Ganesh, S. K., Gnanamalar, R. P., & Chandra Babu, R. (2006). Drought
tolerance in rice: morphological and molecular genetic consideration. Plant Growth Regulation , 50 (2),
121-138.

Manske, G. G., & Vlek, P. L. (2002). Root architecture—wheat as a model plant. In Plant Roots (pp.
410-426). CRC Press.

Mansoor, U., Fatima, S., Hameed, M., Naseer, M., Ahmad, M. S. A., Ashraf, M., Ahmad, F., & Waseem,
M. (2019). Structural modifications for drought tolerance in stem and leaves of Cenchrus ciliaris L. ecotypes
from the Cholistan Desert. Flora: Morphology, Distribution, Functional Ecology of Plants , 261 , 151485.
https://doi.org/10.1016/j.flora.2019.151485

Manzi, Mat́ıas, Marta Pitarch-Bielsa, Vicent Arbona, and Aurelio Gómez-Cadenas. 2017. “Leaf Dehydration
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