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Water is the most limiting resource on land for plant growth, and its uptake by plants is affected by many abiotic stresses,
such as salinity, cold, heat, and drought. While much research has focused on exploring the molecular mechanisms
underlying the cellular signaling events governing water-stress responses, it is also important to consider the role organismal
structure plays as a context for such responses. The regulation of growth in plants occurs at two spatial scales: the cell and
the organ. In this review, we focus on how the regulation of growth at these different spatial scales enables plants to
acclimate to water-deficit stress. The cell wall is discussed with respect to how the physical properties of this structure affect
water loss and how regulatory mechanisms that affect wall extensibility maintain growth under water deficit. At a higher
spatial scale, the architecture of the root system represents a highly dynamic physical network that facilitates access of the
plant to a heterogeneous distribution of water in soil. We discuss the role differential growth plays in shaping the structure of

this system and the physiological implications of such changes.

INTRODUCTION

An architect’s plans are drafted years in advance of construction
and are discussed until every detail is decided, from the number of
floors present to the color of each wall and the fixtures on every
cabinet. Imagine instead if the plans for these buildings changed
during the construction process. What if a new funding initiative
doubled the number of floors in a research building mid-way
through construction? Or perhaps the plumbing adjusted the
water efficiency of the bathrooms, depending on the state of the
drought? Far-fetched, perhaps, but plants do the equivalent, in
biological terms, as they revise their architectural plans throughout
their lives.

In plant physiology, development plays the unique role of
allowing the plant to both respond to current environmental
pressures and to change the structural context through which
future stimuli are experienced (Dinneny, 2015). Thus, plant
structures, established through the highly regulated process of
growth, provide the context and the medium through which plants
acclimate to environmental change. To understand the basis for
the resilience and plasticity of plants to environmental pressures,
a fundamental understanding of the cellular and developmental
mechanisms that determine the architecture of plants is needed,
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along with an understanding of the functional consequences that
such structures have on physiology.

Few challenges to feeding the expanding human population are
as great as those associated with water availability (www.fao.org/
home/en/; www.reports.weforum.org/global-risks-2015). Limited
access to fresh water imposes a major restriction on the expanse
of land that can be cultivated for agriculture, and major environ-
mental damage can ensue when civil engineering is used to bring
water long distances to agricultural centers (Borsa et al., 2014).
Water has many roles in the plant, but most important for de-
velopment is the role water plays in enabling growth (Kramer and
Boyer, 1995). Through a conceptually simple process of cell wall
loosening and water uptake, plant cells elongate and the pres-
sure that builds up provides mechanical support for tissues to
resist the pull of gravity or, in roots, to penetrate through hard-
ened soil (Cosgrove, 2016a, 2016b; Cosgrove and Green, 1981).
The ability of cells to take up water for growth is dependent
on the availability of water in the external environment (see
the “Plant-Water Relations at the Cell Scale” section for a more
precise description). Under environmental conditions that cause
water-deficit stress, such as drought, the total amount of water
in soil becomes limiting, while under high salinity, water may
be quite abundant, but the ability of cells to extract this water
becomes limited due to the amount of dissolved solutes
(Verslues et al., 2006). Thus, water-deficit stresses negatively
affectaprocessthatis fundamental to growth and the associated
patterning mechanisms plants use to construct and support their
body.

A deeper understanding of the interaction between the root with
the environment requires an appreciation that such processes are
highly dependent on the spatial scale considered (Passioura, 1979;
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Dinneny, 2015; Rellan-Alvarez et al., 2016; Robbins and Dinneny,
2015). In this review, we will focus on defining the processes that
regulate growth at the two scales where this process is funda-
mentally controlled: the cellular and organ scales. Through this
analysis, we aim to define the scale-dependent processes that are
unique and how information at these two scales is ultimately in-
tegrated at the root system level.

We have specifically chosen not to cover processes that
operate at the whole-plant level, as this would require coverage of
a vast literature including regulation of transpiration, vascular
conductivity, and movement of water across complex and poorly
understood cellular paths (Christmann et al., 2013; Kramer and
Boyer, 1995; Steudle and Peterson, 1998).

GROWTH CONTROL AT THE CELL SCALE

When considering how environmental cues affect the growth of
the plant, a fair starting point is the cell. While the contribution of
cell-scale processes to morphogenesis and organ-scale growth
events is not without controversy (Kaplan, 1992; Smith et al.,
1996), the flux of water into the plant is ultimately determined by
cell-scale physiological parameters (Kramer and Boyer, 1995). In
particular, the cell wall plays important roles in determining the
mechanical properties of the cell and the resistance to water
uptake and expansion (Robbins and Dinneny, 2015). Interactions
between the wall and the plasma membrane, and changes in
membrane tension caused by the flux of water into or out of the
cell, appear to be critical in the ability of plants to sense water
availability (Monshausen and Gilroy, 2009).

Plant-Water Relations at the Cell Scale

As a small, uncharged molecule, water can move into and out of
a cell across the plasma membrane, but this process is facilitated
by water channels, such as aquaporins (Kramer and Boyer, 1995;
Maurel et al., 2008). Although aquaporins provide a mechanism to
regulate water flow, its directionality is largely determined by the
difference in the potential free energy of water (water potential)
across the membrane. Water potential is influenced by three
separable components: osmotic potential, pressure potential, and
matric potential (Kramer and Boyer, 1995; Verslues et al., 2006).
The concentration of solutes in a cell determines its osmotic
potential, and the differential between the cytoplasm and the
extracellular environment is one of the key determinants for the
direction of water movement. Another important structural
component of plant cells that affects the rate of water uptake is the
cell wall. The degree to which the cell wall can be deformed
provides mechanical resistance to water uptake as pressure
within the cell (turgor pressure) rises. This potential energy, due to
pressure (pressure potential), is typically positive and limits water
uptake in a cell. Matric potential involves the effects of capillary
forces that affect the ability of water to move freely through
a physical matrix, such as soil. Stronger capillary forces cause the
water to adhere more tightly to the surrounding matrix, thereby
decreasing its free energy and lowering its water potential. In-
dependent of the differences in water potential between the inside
and outside of a cell, the hydraulic conductivity of the path of water
movement is also critical to determine the rate of water movement

in the system. A cell contacting air, even if fully humidified, will be
able to take up water at only a very slow rate due to the low
conductance of air for water (Robbins and Dinneny, 2015). Con-
versely, cells directly contacting liquid water will take up water at
a much higher rate. Here, aquaporins facilitate water uptake by
increasing hydraulic conductivity.

Integral for determining the shape and physical properties of
a cell, the wall is a much more dynamic component of the cell than
its name implies (Peaucelle et al., 2012). Different structural
components of the wall interact with water and solutes in complex
yet poorly understood ways that affect growth of cells and roots. In
a growing cell, wall loosening allows for continued water uptake
and the acquisition of a larger final volume. Thus, the growth of an
organ is ultimately dependent on cell-level changes in wall ex-
tensibility, the difference in solute potential between the inside and
outside of the cell, and the conductance for the path of water from
the environment.

Cell Wall Properties Affect the Wall-Plasma
Membrane Interface

At equilibrium, the external water potential is equal to the inter-
nal water potential of the cell. When external water potential
decreases, water leaves the cell, causing a decrease in cell
volume and pressure potential. As a consequence, the wall may
deform and its association with the membrane can become
weakened. The extent of deformation depends on the severity of
water loss and rigidity of the cell wall, which can itself be affected
by water availability (Verslues et al., 2006). For example, some
irreversible changes can occur in the wall due to water loss, such
as enhanced bonding between polymers (Moore et al., 2008). Due
to the differences in elasticity between the cell wall and cell
membrane, weakening of the association between the cell wall
and plasma membrane may culminate in the separation of the two
at very low external water potentials in a process termed plas-
molysis (Figures 1B and 1C). The partial or complete loss of
the interaction with the plasma membrane has a large effect on
the wall and wall-associated proteins, which are anchored to the
plasma membrane and are important for maintaining cell wall
function. However, even under plasmolysis, when most of the
protoplast separates from the cell wall, some strands of plasma
membrane, termed Hechtian strands, remain attached to the wall,
though the nature of these strands needs to be further studied
(Figure 1C) (Oparka, 1994). Thus, the physical changes that
the cell wall experiences under water-deficit stress may not be
homogenous across the entire wall.

Water-deficit stress also affects the biosynthesis of new wall
materials by regulating the localization of proteins involved in the
deposition of wall components, especially in growing cells. The
primary cell wall of plants comprises cellulose microfibrils em-
bedded in a hydrated matrix of hemicellulose, pectin, and gly-
coproteins (Figure 1A). The relatively stiff cellulose microfibrils are
considered the main load-bearing element of the cell wall and
provide tensile strength (McFarlane et al., 2014). Microfibrils are
deposited by cellulose synthase complexes (CSCs), which as-
sociate with the plasma membrane and track along cortical mi-
crotubules (Paredez et al., 2006; Gutierrez et al., 2009). It has been
shown that microtubule arrays are sensitive torapid changesin the
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Figure 1. Changes in the Primary Cell Wall under Water-Deficit Stress.

(A) Cell wall structure. The primary cell wall mainly consists of cellulose microfibrils, xyloglucan, and pectin. The orientation of cellulose microfibrils is largely
determined by microtubule arrays. The current model suggests that xyloglucans localize to cellulose bundles, while pectins form a network that coats the
cellulose. Cross-linked pectins that tether cellulose microfibrils may be load-bearing. Blue arrows indicate turgor pressure.

(B) Changes in cell wall properties under water-deficit stress. Under water-deficit stress, the cell wall deforms and dissociates from the plasma membrane.
Cellulose biosynthesis is disrupted due to the depolymerization of microtubules under these conditions. Different stresses may trigger unique changes in
addition to the general effect caused by water loss by the cell. For example, sodium ions (Na*) may disrupt pectin cross-links as well as microtubule arrays.
Changes in cell wall integrity may be monitored directly by RLKs or indirectly by membrane-localized mechanosensitive channels.

(C) Comparison of cells under standard and salt stress conditions. With plasmolysis, most of the cellmembrane dissociates from the cell wall. The cellulose
synthase complex dislocates from the cell membrane as the microtubules depolymerize. CC1/2 proteins remain associated with the CSCs and aid the
reassembly of the microtubule array and relocalization of CSCs under salt stress.

osmotic potential of the environment and disassemble rapidly
after plasmolysis (Figure 1) (Komis et al., 2001, 2002). The de-
stabilization of microtubules will greatly affect wall strength, as
mutants with alterations in microtubule orientation have a radially
swollen cell phenotype and weakened cell wall due to reduced
cellulose deposition (Burk and Ye, 2002; Zhong et al., 2002).
Microtubule arrays and cellulose microfibril organization are in-
terdependent, as the dynamics of microtubules are also depen-
dent upon mechanical properties of the cell wall (Nick, 2013).
Removal of the cell wall through enzymatic digestion destabilizes

cortical microtubules in cultured tobacco (Nicotiana tabacum)
cells (Akashi et al., 1990; Nick, 2013). In animal cells, integrins link
microtubules to the extracellular matrix. Although transmembrane
proteins homologous to animal integrins have not been identi-
fied in plants, cortical microtubules of plant cells are thought to
connect with the cell wall by an analogous mechanism (Baluska
et al., 2003). In future studies, it will be interesting to determine
whether water deficit-induced destabilization of the microtubule
array is a direct consequence of dissociation of the cell wall and
plasma membrane.
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Signaling Mechanisms at the Cellular Scale Utilize
Mechanical Cues

Despite the importance of water for plant growth, how plant cells
perceive water availability is still largely unknown. In prokaryotes
and animal cells, changes in plasma membrane tension are used
as a physical cue for sensing the osmotic potential of the envi-
ronment (osmosensing) (Kung, 2005). Recent evidence suggests
that plants may use similar mechanical cues at the plasma
membrane and cell wall interface for osmosensing, although the
underlying molecular machinery may not be conserved (Haswell
and Verslues, 2015).

Mechanosensitive channels alter their conductivity to ions
in response to changes in membrane tension and therefore
can convert mechanical signals to ion flux. Recently, several
mechanosensitive channels were found to be involved in
osmosensing. OSCA1, a plasma membrane-localized calcium-
permeable channel, was shown to regulate many aspects of
osmotic responses in plants, including Ca?* influx (Hou et al.,
2014;Yuanetal.,2014). Invitro studies showed that OSCA1 Ca%*
permeability is induced by hyper-osmotic stress, which makes it
a strong candidate as an osmosensor in plants, although the
corresponding mutants display relatively subtle defects (Yuan
et al., 2014). Interestingly, another group of putative stretch-
activated Ca?* channels, MID1-complementing activity 1 and
2 (MCA1and MCA2), seem to mediate Ca2* increases induced by
hypo-osmotic stress (Nakagawa et al., 2007; Furuichi et al.,
2012). Besides Ca?* channels, other mechanosensitive channels
may also be involved in osmosensing. Two members of another
type of mechanosensitive channel, MscS-Like (MSL) 2 and 3,
function in the plastid to regulate the hyper-osmotic response
(Haswell and Meyerowitz, 2006; Wilson et al., 2011). Recently,
MSLS8, a pollen-specific ion channel, was found to be required for
preventing pollen bursting under hypo-osmotic stress during
rehydration (Hamilton et al., 2015). In plants, due to the close
physical relationship of the plasma membrane and cell wall, the
wall itself may contribute to the changes in membrane tension
that occur during osmotic stress. For example, during the for-
mation of Hechtian strands, both hyper-osmolarity and hypo-
osmolarity can theoretically cause anincrease inlocal membrane
tension (Figure 1A, B) (Haswell and Verslues, 2015).

As stated above, water deficit can invoke physical changes at
the interface of the plasma membrane and cell wall, leading to
a potentially weakened cell wall. Therefore, proteins involved in
monitoring cell wall integrity may also play a role in sensing
osmotic stress (Haswelland Verslues, 2015). Plasmamembrane-
localized receptor-like kinases (RLKSs) are a large family of pro-
teins that play roles in early signal transduction events in many
pathways. Based on their domain arrangements, two families of
RLKs are likely to be involved in cell wall integrity sensing (Figures
1A and 1B). A group of RLKs, Catharanthus roseus RLK1-like
kinases (CrRLK1Ls), are of particular interest. They contain
a cytoplasmic serine/threonine kinase domain and an extra-
cellular malectin-like domain that may bind to carbohydrates, as
occurs in their animal counterparts (Schallus et al., 2010;
Boisson-Dernieretal.,2011). The plasma membrane localization
of CrRLKs has been confirmed for at least some of the members
and may require the help of cell wall-localized glycoproteins,

such as glycosylphosphatidylinositol-anchored proteins (Li et al.,
2015). The biological functions of 6 out of 17 CrRLK subfamily
members in Arabidopsis thaliana have been studied, and many of
them are involved in regulating cell growth during vegetative or
reproductive development, possibly by coordinating cell expansion
and wall integrity (Lindner et al., 2012). THESEUS1 (THE1) was the
first member of this family found to be involved in sensing cell wall
integrity. Mutation in THET attenuates the hypocotyl elongation
defect and ectopic lignin production of cellulose-deficient Arabi-
dopsis mutants, suggesting a role in inhibiting cell expansion when
cell wall defects are sensed (Hématy et al., 2007). Other members
were also found to be involved in processes related to cell wall
function. ANXUR1 (ANX1) and ANX2, which are specifically ex-
pressed in pollen, redundantly functionin preventing the bursting of
elongating pollen tubes in Arabidopsis (Boisson-Derier et al.,
2009, 2013; Miyazaki et al., 2009).

In Arabidopsis, the closest homolog of ANX7/2 is FERONIA
(FER), which has a much broader expression profile (Escobar-
Restrepo et al., 2007). The fer mutant displays many growth-
related phenotypes, including dwarfism, abnormal root growth,
root hair bursting, and reproductive defects due to pollen tube
overgrowth (Huck et al., 2003; Rotman et al., 2003; Guo et al.,
2009; Duan et al., 2010; Haruta et al., 2014). Recently, it was
shown that FER is involved in mechanical sensing in the root
through Ca2* signaling. When the root is bent to one direction,
a unique FER-dependent Ca?* signature is detected only on the
convex side of the bend (Shih et al., 2014). Interestingly, the
convex side of the root experiences a mechanical stress similar
to hyper-osmotic shockin that thereis areductionin the pressure
potential of the cell. Therefore, one may speculate that FER could
also mediate signaling under osmotic stress, although direct
proof is still lacking. Despite the hypothesis that CrRLK1Ls may
bind to the wall, the actual molecules that serve as ligands remain
largely unknown. It is possible that the relative polymerization
status of certain carbohydrates or their derivatives may be rec-
ognized by the malectin-like domain. RALF, a small peptide, is
currently the only ligand identified to bind to FER (Haruta et al.,
2014). RALF is found in the apoplast, and the relationship between
its localization and mechanical or osmotic stress could be an in-
teresting area of investigation.

Wall-associated kinases (WAKSs) are another group of RLKs that
have the potential to monitor cell wall integrity. Encoded by five
closely linked genes, WAKSs are considered to be pectin receptors
that not only bind to cross-linked pectin, but also to pectin frag-
ments, such as oligogalacturonides (OGs) (Kohorn and Kohorn,
2012). Therelease of OGs seems to be specific to biotic stress, such
as pathogen infection or wounding (Ferrari et al., 2013). Binding of
pectin seems to activate WAKSs. Pectin activation of downstream
MAP kinase activity and gene expression are blocked in wak2
mutants (Kohorn et al., 2009). Plants expressing antisense WAK
RNA display a smaller cell size, suggesting WAKs are also required
for normal cell elongation (Lally et al., 2001). Interestingly, wak2
mutants displayed reduced growth only in media with low osmo-
larity (Kohorn et al., 2006). While the function of WAKs is mostly
studied in terms of defense responses, little is known about
whether they are involved in abiotic stresses, such as osmotic
stress (Kohorn, 2016). Besides OGs, WAKSs also bind to glycine-
rich proteins (Park et al., 2001). Recently, WAK1 was found to be



associated with glycine-rich proteins that accumulated in cell
walls during dehydration in the resurrection plant Craterostigma
plantagineum, suggesting its potential role in desiccation re-
sponses (Giarola et al., 2016).

Water Deficit-Associated Stresses Directly Affect
Wall Mechanics

Many water deficit-related stresses, such as salt stress and freezing
stress, have additional effects independent of theirimpact on water
availability. For example, Na* ions present during salt stress may
have a specific effect on the pectin component of the cell wall.
Pectin is a complex group of large molecules whose activity is
mainly regulated by two large protein families, pectin methyl-
esterases and pectin methylesterase inhibitors, as well as Ca?*
cross-linking (Grant et al., 1973; Pelloux et al., 2007; Burton et al.,
2010). Na* ions can compete with and displace Ca?* in pectin
cross-links and thus potentially reduce wall rigidity (Figure 1B) (Yoo
et al., 2003). Metal ions also directly affect pectin methylesterase
activity (Nari et al., 1991; Do Amaral et al., 2005). Cold, on the other
hand, reduces the fluidity of the plasma membrane and reduces the
activity of cell wall enzymes and microtubule polymerization (Nick,
2013). Hence, metal ion and temperature-dependent changes in
cell wall properties may modulate the plant’s response to water-
deficit stress and may serve as additional signals that induce salt/
freezing-specific responses.

Changes in the Cell Wall Enable Growth Recovery

At the individual-cell level, growth is regulated by turgor pressure
and the rate of cell wall loosening. The growth rate of a root drops
immediately after transfer to hyper-osmotic media largely due to
the escape of water from the cell and the reduction in turgor
pressure (Shabala and Lew, 2002; Geng et al., 2013). Interestingly,
while turgor pressure can be restored rapidly through an increase
in the concentration of osmolytes in the cell, a process termed
osmotic adjustment (Beauzamy et al., 2014), growth rate generally
recovers at a much slower pace. Depending on the strength of the
applied stress, cells in the elongation zone may enter a quiescent
stage before their growth rate is recovered (Geng et al., 2013).
Through tissue-specific transcriptional analysis, several clusters
of genes whose transcriptional regulation temporally correlate
with the dynamic changes in growth were found to be enriched for
genes regulating the cell wall. Brassinosteroid and gibberellic acid
signaling pathways were predicted to be regulators of these
genes, providing evidence for what upstream pathway may be
involved in determining the timing of such events (Geng et al,,
2013). Importantly, however, it is not clear how the mechanical
properties and organization of the wall change during the accli-
mation response.

While adding newly synthesized cell wall components is not
required for short-term wall expansion, cell wall biosynthetic
enzymes, such as CSCs that function in cellulose biosynthesis
and deposition, are required to sustain long-term growth (Cosgrove,
2014, 2016b). Disrupting the functions of CSCs by mutation or
isoxaben treatment in Arabidopsis leads to growth defects, which
become more obvious under salt or osmotic stress (Kang et al.,
2008). Some cellulose synthase-like (CSL) genes, which are
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predicted to be involved in the biosynthesis of noncellulosic
polysaccharides of the cell wall, are specifically induced by water-
deficit stress to regulate growth (Zhu et al., 2010). For example, the
csld5/sos6 (salt overly sensitive6) mutant, which appears normal
under control conditions, shows root growth defects under drought,
salt, or osmotic stress. Reduced pectin levels are found in the cell
wall of csld5/sos6 mutants and may contribute to these wall integrity
defects as well (Zhu et al., 2010). This suggests that water-deficit
stress may induce changes in cell wall composition, which can be
important for growth adjustment.

Microtubule arrays are sensitive to osmotic stress (Komis et al.,
2001, 2002). To restore growth during water-deficit stress, cells must
reassemble their microtubule arrays and organize their distribution.
Upon recovery from osmotic stress, relocalization of CSCs to the
plasma membrane was observed in association with microtubule-
tethered compartments (Gutierrez et al., 2009). Similarly, after pro-
longed salt treatment, microtubule arrays disappear after 2 h and
start to reappear after 8 h, remaining stable thereafter (Endler et al.,
2015). This correlates well with the membrane localization dynamics
of CSCs (Endler et al., 2015). Recently, two proteins, COMPANION
OF CELLULOSE SYNTHASE1 (CC1) and CC2, were found to be
important in reorganizing microtubule arrays and recruiting CSCs
back to the plasma membrane during salt stress. CC1 and CC2 can
bind to CesA1, CesA3, and CesA6, the major components of CSCs,
possibly through their C termini, and they maintain this association
during salt stress after the CSCs relocate to the cytosol (Endler et al.,
2015). The N termini of CC proteins bind to microtubules, which aids
in the reassembly of the microtubule array (Endler et al., 2015) (Figure
1C). In the cc1 cc2 double mutant, the reassembled microtubule
array is not stable under salt stress and the CSCs fail to repopulate
the plasma membrane, leading to defects in cell morphology and
elongation (Endler et al., 2015). The functions of CC1/CC2 proteins
are specific to salt stress, and it is unclear whether similar mecha-
nisms exist for other water deficit-related stresses.

Induction of wall-loosening proteins contributes in important
ways to maintaining growth under water-deficit stress. The ex-
pression of expansins, a group of proteins implicated to act by
disrupting noncovalent bonding between hemicellulose and cel-
lulose microfibrils, is induced by water-deficit stresses across
different species (Yang et al., 2004; Dai et al., 2012; Geng et al.,
2013). Many expansin genes are induced within hours after transfer
of maize (Zea mays) roots to low water potential medium, specif-
ically in the growing region (Wu et al., 2001). A similar induction
pattern of several expansin genes was also observed in Arabidopsis
under soil water-deficit treatment (Harb et al., 2010). Consistent
with these findings, overexpression of expansin genes has been
reported to confer tolerance to various water-deficit stresses in
different plant species, likely by maintaining root elongation, though
these results should not be overinterpreted, as overexpression of
expansins may lead to many pleiotropic effects on physiology that
are not directly related to root growth (Guo et al., 2011; Li et al.,
2013; Xu et al., 2014).

ORGAN-SCALE GROWTH CONTROL UNDER WATER
STRESS

The effect of water availability on plant physiology cannot be
understood simply through extrapolating cell-scale processes to
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a multicellular context. Coordination of growth across an organ
requires precise control of cell division and elongation rates across
fields of cells with different developmental states. In the next
sections, we describe classic and current work that has elucidated
the mechanisms for growth control operating at the organ scale
that ultimately determine the architecture of the root system and
the ability of this structure to access and take up water from soil.

Restructuring of the Root Growth Zone under
Water-Deficit Stress

Changing root growth in response to water-limited conditions
requires a trade-off between saving metabolic resources and
increasing root system area for sufficient water access and
uptake. Under mild and moderate water-deficit conditions, root
growth rates increase in maize compared with well-watered
plants, while shoot growth is highly suppressed (Sharp and
Davies, 1979; Eghball and Maranville, 1993). Under severe water
deficit, however, maize roots displayed a reduction in growth
(Sharp etal., 1988; Eghball and Maranville, 1993). Understanding
the molecular mechanisms that control such changes in growth
requires foundational knowledge of the specific growth pro-
cesses that change with water deficit.

Kinematic analysis enables the determination of the spatial dis-
tribution of elemental growth rates in an organ based on the dis-
placement of particles along the surface of that organ (Erickson,
1976; Erickson and Silk, 1980). Kinematic analyses of maize roots
have been performed by making ink markings on the surface of the
organ and capturing the displacement of these marks after short
time intervals. Quantification of the relative displacement of these
particles with respect to the root tip reveals the acceleration and
deceleration of tissue strain rates moving from the apex of the root
tip to the end of the growth zone. Interestingly, it was found that the
rate of growth acceleration was not affected by water-deficit stress,
but the positions at which elemental growth rate peaked and fell
were stress sensitive (Sharp et al., 1988). These data suggest that
the root enacts regulatory changes that allow continued cell ex-
pansion despite the reduction in available water. Measurements of
tissue water content and osmolytes revealed that different mech-
anisms were used to maintain water status in specific subregions of
the growth zone. In the distal region, reduction in the diameter of the
root allowed tissues to acquire a lower solute potential with less
solute deposition, which was primarily driven by hexose accumu-
lation (Sharp et al., 1990). Contrastingly, in the apical region of the
root tip, proline accumulation allowed these cells to maintain their
capacity to grow (Voetberg and Sharp, 1991).

Abscisic acid (ABA) is an important hormonal regulator of pri-
mary root (PR) growth under water-deficit stress. Experiments in
maize seedlings showed that ABA content increased in the root tip
after transfer to low water-potential medium (Saab et al., 1990).
The effects of ABA were tested using the carotenoid biosynthesis
inhibitor fluridone, as well as the vp5 mutant, which has a defect
in a similar upstream biosynthetic pathway necessary for ABA
production. While exogenous ABA treatment generally causes
growth inhibition, reduced ABA levels also led to reduced root
growth (Saab et al., 1990). Subsequent studies revealed that the
growth-promoting effects of ABA likely function through the in-
hibition of ethylene biosynthesis or signaling, as suppression of

these pathways suppressed the effects of fluridone (Spollen et al.,
2000; LeNoble et al., 2004).

More recently, studies from our group examining the sup-
pression of PR growth by high salinity also revealed a growth-
promoting role for ABA (Geng et al., 2013). Arabidopsis roots
transferred to 140 mM NaCl exhibit a temporally dynamic change
in growth rate, with an initial period of growth quiescence followed
by growth recovery between 8 and 12 h after treatment (Geng
etal., 2013). Treatment of seedlings with fluridone at different time
periods during the salt stress response showed that ABA was
most important for growth promotion during the recovery phase of
the salt response (Geng et al., 2013). This result is intriguing, since
ABA levels and associated transcriptional responses both peaked
between 4 and 8 h after salt treatment, while ABA levels declined
during the recovery phase (Geng et al., 2013). Fluridone-treated
roots exhibit extensive radial tissue swelling, similar to ethylene
treatment. Similar effects were also observed when ABA signaling
was inhibited through expression of the aba insentitive1-1 mutant
protein phosphatase, which inhibits downstream signaling events
(Gengetal.,2013; Leung et al., 1997). Together, these data suggest
that under water deficit and high salinity, growth is maintained
through ABA signaling, which may act partly through ethylene
antagonism. Whether ABA also has growth-inhibitory effects at
earlier stages of the salt stress response is unclear.

Organ-Type-Specific Growth Responses to
Water-Deficit Stress

Root systems are composed of roots with different hierarchical
relationships, tissue organization, growth rates, and physio-
logical activities (Rellan-Alvarez et al., 2016). Correlated with
these structural and physiological differences, the response to
abiotic stress has also been shown to distinguish the organs of
the root system. Exposure to water deficit during early lateral root
(LR) development revealed inhibition of postemergence growth
in Arabidopsis (Xiong et al., 2006; Rellan-Alvarez et al., 2015),
involving ABA and auxin signaling (Deak and Malamy, 2005;
Xiong et al., 2006). Therefore, water deficit causes a clear re-
duction in root mass in more mature root systems (Xiong et al.,
2006; Rellan-Alvarez et al., 2015). For salt stress, many genes
and pathways have been identified over the past few decades
that regulate the early response of roots at the cellular level
(Julkowska and Testerink, 2015). However, understanding how
these early responses shape root system architecture (RSA) in
a soil environment remain largely elusive.

Studies from our laboratory have shown that LRs are hyper-
sensitive to salt stress compared with the PR due to the LR-specific
activation of ABA signaling in the endodermis (Duan et al., 2013;
Dinneny, 2014). ABA signaling prevents postemergence LRs from
growing for a period lasting several days, presumably until some
unknown acclimation event occurs. Growth recovery of the PR
occurs more rapidly, within hours of salt treatment, with ABA
signaling being induced over a similar time scale. These organ-
specific differences in ABA signaling lead to a PR-dominated root
system, which may limit the number of routes by which salt enters
the plant. Evaluation of PR and LR growth rates under mild and high
salt concentrations over longer time periods also revealed a clear
reduction in root growth (Zolla et al., 2010; Julkowska et al., 2014).



However, in these studies, PR growth was more severely inhibited
under long-term exposure to high salt concentrations (Julkowska
et al., 2014). Differences between studies may reflect the different
spatial and temporal scales at which these processes were studied
and may indicate that organ-specific effects of salt stress are highly
dependent on the temporal context of the experiment.

Growth Direction Is Determined Locally by Water Availability

Changing the growth direction of roots in response to environ-
mental cues is another efficient way developmental mechanisms
are used to optimize plant survival (Figure 2). Directional growth
toward or away from an external stimulus is termed a positive or
negative tropic response, respectively. Combinatorial effects of
different tropisms shape the root system under most environ-
mental conditions, which makes the identification of the specific
pathways involved often challenging.

Gravitropism is possibly the best understood tropism in plant
roots, and since gravity is constantly present, it is the pre-
dominant tropism that all other tropisms antagonize (Figure 2).
Soon after seed germination, the PR orients itself along the
gravity vector for plant anchoring, as well as water and nutrient
uptake (Bailey et al., 2002). In the Arabidopsis PR, gravity is
mainly perceived in the two innermost S1 and S2 layers of
columella cells in the root cap (Blancaflor et al., 1998). A major
sensing mechanism involves the sedimentation of the starch-
enriched amyloplasts or statoliths at the site of the gravity
stimulus (Haberlandt, 1900; Nemec, 1900). Research over the
last several decades has shown that auxin is the key signal that
links perception of the gravity vectorin theroot cap to differential
growth in the elongation zone (Swarup et al., 2005; Sato et al.,
2015). Incontrasttothe gravitropic response ofthe PR, LRs have
been shown to overcome the gravity response by reducing
asymmetric auxin signaling in LR columella cells to promote
horizontal soil exploration (Figure 2A) (Rosquete et al., 2013).

Two tropisms related to water availability are hydrotropism
and xerotropism (see below). Hydrotropism is the growth of the
root tip toward environments with higher water potential (Figure
2B). Hydrotropism is often difficult to study, as the gravitropic
response is typically dominant. However, agravitropic mutants
offer a tool to study the effects of moisture gradients in iso-
lation. Investigations of such mutants in pea (Pisum sativum)
have shown that two independent sensing and response
mechanisms are involved in hydrotropism and gravitropism
(Jaffe et al., 1985), although the two seem to interact in wild-
type plants. Ca?* is likely an important transducer of both the
gravitropic (Plieth and Trewavas, 2002) and hydrotropic re-
sponses (Takano et al., 1997).

While the identification of genes involved in hydrotropism could
be an important step in crop improvement, few genes have been
cloned and no studies have yet determined the field relevance of
this trait. Three mutants with impaired hydrotropism have been
identified in Arabidopsis: no hydrotropic response1 (nhr1), where
the underlying gene remains to be determined (Eapen et al., 2003);
mizu-kussei1l (miz1), encoding a protein of unknown function
(Kobayashi et al., 2007); and miz2, a weak mutant allele of GNOM
(Miyazawa et al., 2009), encoding a guanine nucleotide exchange
factor involved in membrane trafficking and localization of the
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Figure 2. Changes in Root Growth Direction in Response to Environ-
mental Stimuli.

(A) Root system architecture of a taproot system under non-stress con-
ditions. The PR grows toward the gravity vector (g) and the LRs overcome
this gravity response and grow at a certain gravity set-point angle (GSA) to
enable expanded soil exploration.

(B) Hydrotropism: growth of PR and LR tips toward environments with
higher water potential.

(C) Xerotropism: increased gravitropic response of the PR and LRs upon
water deficit.

(D) Halotropism: growth of the PR away from high salt concentrations.

auxin transporter PIN1 (Steinmann et al., 1999; Geldner et al.,
2003). The mutant altered hydrotropic response1 (ahr1) displays
an enhanced hydrotropic response, but the causal gene remains
unknown (Saucedo et al., 2012).

It was shown that root caps of wild-type plants display amy-
loplast degradation upon exposure to a hydrotropic stimulus,
which presumably causes a decrease in gravity responsiveness
(Takahashi et al., 2003; Nakayama et al., 2012). In line with this
hypothesis, water-stressed roots also contain degraded amylo-
plasts (Takahashi et al., 2003; Nakayama et al., 2012; Cassab
et al., 2013), which may be important for osmotic adjustment and
presumably also makes them less responsive to gravity.

Several studies described steep root growth in plants exposed
to water stress, which may enable better exploration of deeper soil
strata with higher water availability (see below) (Nord and Lynch,
2009; Lynch, 2013). Here, we define xerotropism as the enhanced
gravitropism of roots occurring under water deficit (Figure 2C). In
a recent study published by our group, we observed this phe-
nomenon using the GLO-Roots system (Rellan-Alvarez et al.,
2015), in which a luciferase reporter enables the visualization of
changes in root growth upon water-deficit treatment in a soil-like
environment. We observed that LR growth directionality changed
from shallow to steeper angles when water was only available in
deeper layers of the soil. This avoidance mechanism was shown to
be independent of hydrotropism, as the miz1 mutant showed
a similar response to that of the wild type. The auxin response is
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necessary for a normal xerotropic response, since the auxin
receptor mutant tir7 did not show a change in LR growth di-
rection upon water-deficit treatment (Rellan-Alvarez et al.,
2015). Xerotropism may involve enhancement of the gravity
response, perhaps through changes in auxin biosynthesis or
signaling capacity. Interestingly, similar responses are ob-
served at elevated temperature, suggesting that various
environmental cues associated with drought may affect the
root system in similar ways to promote deep-soil exploration.
Measurement of LR growth trajectory together with local soil
moisture indicated that root angle is likely influenced by both
local and systemic signaling. It will be interesting to determine
whether xerotropism operates through systemic signaling
while hydrotropism provides a local mechanism for growth
direction control.

Besides hydrotropism and xerotropism, both of which in-
teract with gravitropism, salt stress seems to induce a unique
tropism of its own. Negative halotropism describes the growth
of the root system away from salt (Figure 2D). This phenom-
enon has been described for PRs of Arabidopsis, tomato
(Solanum lycopersicum), and sorghum (Sorghum bicolor)
(Galvan-Ampudiaetal.,2013). This growth patternis caused by
targeted endocytosis of the auxin efflux carrier PIN2 at the site
of higher salt concentration in the root tip, leading to auxin
redistribution and root bending (Galvan-Ampudia et al., 2013).
One study suggested that degradation of starch in the amy-
loplasts of columella cells may promote salt avoidance (Sun
etal., 2008). However, the sos mutants, which display impaired
amyloplast degradation, retain the ability to avoid salinity.
Salinity also negatively affects gravitropism, even when no
gradient exists, suggesting that the effect on growth direction
may be highly dependent upon the environmental context
(Dinneny et al., 2008). These data suggest a more complex
relationship between gravitropism and halotropism that re-
quires further investigation.

The effect of changes in root growth directionality on drought
stress avoidance has been demonstrated in field studies. In rice
(Oryza sativa), a large-effect quantitative trait locus (QTL) linked to
deeper root growth was shown to be involved in increased water
uptake and grain yield improvement under severe water-limiting
conditions (Bernier et al., 2009). Introgressing the responsible
QTL, DEEPER ROOTING1 (DROT), into a shallow-growing rice
cultivar achieved increased drought avoidance and yield im-
provement (Uga et al., 2013). Higher DRO1 expression leads to
steeper root angles due to an increase in the gravitropic response
(Ugaetal., 2013). Thisis achieved by an asymmetric accumulation
of DRO1 transcripts in the outer cells of the elongation zone. There,
DRO1 positively regulates cell elongation on the upper side,
whereas auxin represses DRO7 expression on the lower side,
causing asymmetric growth and downward bending (Uga et al.,
2013). A follow-up study demonstrated that having the deep-
rooting allele at the DRO1 locus enhanced tolerance to drought
stress in the field (Arai-Sanoh et al., 2014). Recently, another QTL
was identified (DROG3) that affects root growth angle in a DRO1-
dependentmanner (Ugaetal.,2015). Additional QTL and genome-
wide association studies in rice revealed further QTLs for deeper
root growth under water-deficit conditions (Courtois et al., 2009;
Lou et al., 2015; Wade et al., 2015).

Water Acts as a Potent Inducer of Branching in
Root Systems

An essential mechanism to expand the size of the root system is
through the patterning and induction of branches. There are two
main types of root systems in angiosperms, which differ in their
origin of development and branching pattern (Figure 3A). In the
taproot system, the PR becomes the central axis from which LRs
branch off postembryonically in a periodic manner (Lavenus et al.,
2013; Van Norman et al., 2013). In contrast, some eudicots and
most monocots, including all cereal crops, possess a fibrous root
system, which is multiaxial and lacks a single dominant root
(Mauseth, 2008; Rogers and Benfey, 2015). Recent work has
highlighted the role that water can play as a local environmental
cue to promote the patterning and postemergence development
of root branches.

LR patterning is affected at the earliest stages of founder cell
specification by the local distribution of water surrounding the root
in a process termed hydropatterning (Bao et al., 2014). This
adaptive root branching response has been observed in grasses
(maize and rice), as well as eudicots (Arabidopsis) (Bao et al.,
2014). Hence, roots of different species appear able to distinguish
between wet surfaces and air environments to induce LRs only
along the wet surface. Roots appear to respond specifically to the
availability of water in the medium; reducing the water potential of
the medium lowers its LR-inducing effects, while contacting roots
with materials that do not conduct water such as glass or rubber
did not induce LR patterning. In contrast to classic water-stress
responses, hydropatterning is not dependent upon endogenous
ABA signaling but is highly dependent on auxin biosynthesis and
signaling (Bao et al., 2014). How roots are able to sense variationin
the availability of water is not clear but may involve processes
specific to the growing regions of roots, where responsiveness to
the hydropatterning signal appears to be located (Robbins and
Dinneny, 2015).

While hydropatterning of LRs reveals how water can regulate
branching through evolutionarily conserved processes, the fi-
brous root system that forms in cereal crops such as maize, rice,
and wheat (Triticum aestivum) has a very different developmental
origin than that in Arabidopsis. In members of the Poaceae family,
the majority of the root system originates postembryonically from
the base of the shoot, termed the crown (Orman-Ligeza et al.,
2013). These crown roots form at or below the soil surface and play
important roles in water and nutrient uptake, as well as anchorage
and protection against lodging. Grass species are incapable of
expanding their vascular system through secondary growth (Esau,
1953); thus, the multiaxial nature of the crown root system pro-
vides a unique developmental mechanism to increase the flux of
materials from the soil to the shoot.

Recent work from our group has shown that water-deficit stress
causes a severe inhibition of postemergence crown root growth
(Sebastian et al., 2016). Using the model grass species Setaria
viridis, which facilitates the use of molecular physiology ap-
proaches due to its rapid lifecycle, limited infrastructure required
for cultivation, and sequenced genome (Brutnell et al., 2015), we
found that the transition from a PR-dominated system to a crown
root dominated system is completely environment dependent.
Under water deficit, the crown roots become arrested after
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Figure 3. Changes in RSA upon Water-Deficit Stress.

(A) RSA of a taproot system (left) and a fibrous root system (right). Taproot systems consist of a PR and LRs. Fibrous root systems consist of embryonically
derived primary and seminal roots (SR), postembryonic LRs, belowground crown roots (CR), and aboveground brace roots (BR).

(B) Different environmental factors such as light, precipitation, and soil influence RSA during plant development and growth.

(C) RSAideotypes for well-watered and water-deficit conditions. Water is shown in blue and is equally distributed in the soil under well-watered conditions. If
the primary water source is rainfall before the growing season, the “steep, deep, and cheap” ideotype ensures water uptake in deep soil strata. If occasional
rainfall is the primary water source, water uptake is highest in upper soil strata.

Deep root growth correlates with arrow length and branching frequency with the number of inverted arrowheads.
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emergence, whereas the PR system expands in size. Crown root
arrest is irreversible at the individual root level; however, after
rewatering of water deficit-treated plants, new crown root emer-
gence is rapidly induced. Within 8 h after rewatering, crown root
primordia are visible, and within 6 d, these roots take over as the
dominant part of the root system.

Similar responses of crown roots were observed under water-
deficit stress in other grass species including sorghum, miscanthus,
and Brachypodium distachyon (Sebastian et al., 2016). In-
terestingly, the response was less severe in maize, where some
crown root growth still occurred. The development of crown roots
under water deficit in maize allowed us to test their physiological
contribution to plant water status using the rootless concerning
crown and seminal roots (rtcs) mutant, which completely lacks
crown root development (Hetz et al., 1996; Taramino et al., 2007).
Interestingly, the rtcs mutant was better able to maintain the water
status of the shoot under water deficit compared with the refer-
ence inbred and was accompanied by the preservation of water in
the soil in the pot (Sebastian et al., 2016). These data suggest that
reduced crown root growth allows the plant to slow the extraction
of water from the soil and to bank these reserves for the future. This
phenomenon, known as water banking, may allow grasses to
survive irregularity in precipitation patterns. Maize inbreds show
tremendous variation in the degree to which crown root growth is
suppressed under water deficit. These data suggest that during
domestication, there may have been selection for reduced
drought responsiveness, perhaps as a way of generating a larger
root system. It will be interesting for future studies to identify
the molecular targets of water-deficit signaling that cause crown
root arrest and to generate varieties with different sensitivities
to stress to identify a response that best suits soil and water
management conditions in the field.

Selecting Root System-Level Traits for Better Water Usage

The dynamic responses to limited water availability on the organ
scale described above lead to complex spatial arrangements
of roots in soil, and the emergent properties of this system ul-
timately determine the expanse of soil where water can be
accessed. To date, in the field of plant breeding, rather static,
idealized root phenotypes, namely ideotypes, have been tar-
geted to optimize plant growth under a particular environment or
stress condition. Such ideotypes can be theoretical or based on
modeling data. The “steep, deep and cheap” ideotype has been
proposed for water- and nitrogen-limited conditions (Nord and
Lynch, 2009; Lynch, 2013). This ideotype is defined by a root
system that has roots oriented more vertically to capture deep
water resources and high rates of growth, which are enabled by
several anatomical features that reduce the metabolic cost per
unit length of root (Figure 3C) (Lynch et al., 2014). This ideotype
was designed for maize roots based on the greater availability of
water and nitrogen in deeper soil strata throughout the growing
season in most agricultural soils.

The steep, deep, and cheap ideotype is partly reflected in the
patterns of root system growth observed in nature. While a wide
range of interspecific strategies to cope with drought were ob-
served in grassland communities (Zwicke et al., 2015), species
that survive and recover best from drought combine a large root

mass for water acquisition and dehydration avoidance with deeper
roots with higher cell membrane stability and carbohydrate accu-
mulation for dehydration tolerance (Zwicke et al., 2015). Importantly,
however, other strategies are also observed in xerophytes. For
example, perennial cactus species growing in the desert have very
shallow root systems that are adapted to rapidly capture water from
seasonal rains (Figure 3C) (Rundel et al., 1991). In addition, different
desert species increase water uptake from seasonal rain by pro-
ducing very fine roots from laterals that become highly suberized
after a long dry period (Figure 3C) (Nobel and Sanderson, 1984;
Salguero-Gémez and Casper, 2011).

A recent large-scale modeling approach combined RSA mod-
eling with soil-hydrological modeling to investigate if there is one
optimal RSA ideotype for enhanced drought tolerance (Tron et al.,
2015). The authors conclude that the “ideal” root architecture for
efficient water uptake always has to be considered with respect to
the hydrological environment. In their model, deep-rooted sys-
tems provide ideal water uptake if there is sufficient rainfall before
the growing season in fine soil textures (Figure 3C). However,
dense root systems close to the soil surface are essential for water
uptake if rainfalls are the main water source during plant de-
velopment (Figure 3C).

CONCLUSIONS AND PERSPECTIVES

Biological systems are multiscale in organization, from molecules,
cells, organs, and organisms to communities (Passioura, 1979).
Fully understanding a given phenomenon requires studies at all
levels; however, it is essential that the observations made at
aspecific scale be understood in the context of higher scales. One
can always find patterns and rules at lower scales. However, to
ensure the principles discovered are not trivial, it is essential to
understand the context in which these phenomena occur. As the
population of the Earth approaches over 9 billion in 2050 and we
attempt to feed the massively increasing number of humans,
emphasis must be placed on studies of plant-environment in-
teractions that are of broad importance. Clearly, this is essential to
ensure that studies in plant model systems have the best chance
of improving agriculture. However, this is not the only goal of such
a holistic approach. A clearer understanding of plant biology re-
quires appreciation of the ecological contexts in which organisms
have evolved to function. Thus, broadly impactful research on
plant-environment interactions will naturally influence our ideas of
how plants function in natural and agricultural field contexts.

The cell- and organ-scale processes described here serve as
a foundation for our understanding of how changes in water avail-
ability affect the form and function of the plant. Current research
on the mechanisms that allow cells to sense such environmental
stimuli have emphasized mechanisms that operate at the cell scale.
However, additional research is needed to understand how these
processes act at the organ and organism scale. Where do plants
sense changes in water availability and how do processes such as
cell expansion affect water sensing? At the scale of the organ, how
does water sensing at the single cell scale get integrated into higher
order patterning processes such as hydropatterning, which likely
require communication between tissue layers? Answers to these
questions will allow us to understand not only how plants sense
water, but also why it matters.
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