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Abstract
Limited water availability is a major environmental factor constraining plant development and crop yields. One of the prominent 
adaptations of plants to water deficits is the maintenance of root growth that enables sustained access to soil water. Despite early 
recognition of the adaptive significance of root growth maintenance under water deficits, progress in understanding has been 
hampered by the inherent complexity of root systems and their interactions with the soil environment. We highlight selected 
milestones in the understanding of root growth responses to water deficits, with emphasis on founding studies that have shaped 
current knowledge and set the stage for further investigation. We revisit the concept of integrated biophysical and metabolic 
regulation of plant growth and use this framework to review central growth-regulatory processes occurring within root growth 
zones under water stress at subcellular to organ scales. Key topics include the primary processes of modifications of cell wall– 
yielding properties and osmotic adjustment, as well as regulatory roles of abscisic acid and its interactions with other hormones. 
We include consideration of long-recognized responses for which detailed mechanistic understanding has been elusive until re
cently, for example hydrotropism, and identify gaps in knowledge, ongoing challenges, and opportunities for future research.
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Introduction
Limited availability of arable land worldwide creates a pressing 
need for substantial enhancements of agricultural productiv
ity to satisfy the projected demands for food, feed, fiber, and 
energy in the near future (Fedoroff et al. 2010). In addition 
to land limitations, unpredictable changes in climate are cre
ating conditions detrimental to plant growth and crop prod
uctivity. Among the stressors, droughts are a major 
environmental constraint on plant development that adverse
ly affect crop yields and are likely to worsen in many areas of 
the world (Boyer 1982; Bailey-Serres et al. 2019). To achieve 
enhanced plant productivity under drought conditions 
while reducing the environmental footprint of production 
agriculture (Campbell et al. 2017; Springmann et al. 2018; 
Pareek et al. 2020), it is critical to elucidate the physiological 

and molecular mechanisms that regulate plant growth and 
development under water limitation (Boyer et al. 2013; 
Tardieu et al. 2018; Bailey-Serres et al. 2019).

It is well known that the growth of different plant organs 
responds differentially to water deficits. Typically, growth 
of aerial tissues is reduced or arrested, whereas growth of 
the root system is relatively maintained or even enhanced 
under water-limited conditions (Fig. 1; Sharp and Davies 
1979; Westgate and Boyer 1985; Sharp et al. 1988). These ob
servations underlie the increased ratio of root to shoot devel
opment regarded to be a key adaptive response of plants 
growing under water-limited conditions (Hsiao 1973; 
Meyer and Boyer 1981; Sharp and Davies 1989; Hsiao and 
Xu 2000). The high sensitivities of both vegetative and repro
ductive shoot growth responses to water deficits (Fig. 1A) are 
considered to be adaptive rather than injurious effects that 
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are beneficial for plant fitness and survival in an ecological 
context but tend to reduce yield in an agricultural context 
(Skirycz and Inzé 2010; Tardieu et al. 2018; Turc and 
Tardieu 2018). These tradeoffs between survival and growth 
and the regulatory mechanisms that determine shoot 
growth responses to water limitation have been studied ex
tensively over the past 50 years, and interested readers are re
ferred to comprehensive reviews on the topic (Hsiao 1973; 
Skirycz et al. 2011; Tardieu 2012; Claeys and Inzé 2013; 
Nelissen et al. 2018; Tardieu et al. 2018; Turc and Tardieu 2018).

Increased root system growth under water limitation in 
several crop and wild species was documented by Weaver 
(1926) a century ago in a seminal body of work on root de
velopment under field conditions. For example, compared 
with irrigated conditions, maize plants were observed to de
velop a root system that grew deeper and was more heavily 
branched under soil-drying conditions (Fig. 1B). These obser
vations in maize and other crops led Weaver (1926, pp 1, 90)
to comment on the importance of studying roots, stating 
that “Frequently, half—and often much more—of every 
crop plant is invisible. This portion consists entirely or largely 
of roots which extend far into the soil…. Since roots absorb 
water and nutrients, a knowledge of their development, ex
tent, and activities and how these are modified by the 
changes in the environment are necessary for a scientific un
derstanding of plant production.” Development of more ex
tensive rooting under water-limited conditions not only 
reflects the continued growth of root apices into regions of 

moist soil; in some circumstances, roots must grow through 
soil that is already dry to reach soil with available water. The 
ability of roots to grow into and through dry soil has at
tracted the attention of plant physiologists for many decades 
(Hendrickson and Veihmeyer 1931; Hunter and Kelley 1946; 
Portas and Taylor 1976), and it has been shown that certain 
types of roots—including the primary root of seedlings (see 
Figs. 2 and 3) and the shoot-borne nodal roots of grasses 
(Fig. 1A)—have the ability to continue growing at low tissue 
water potentials that completely inhibit shoot growth (Sharp 
and Davies 1979; Westgate and Boyer 1985; Sharp et al. 1988; 
Yamaguchi and Sharp 2010).

Despite early recognition of the adaptive significance of 
root developmental responses to water-limited conditions, 
progress in understanding the underlying physiological and 
genetic control mechanisms has been hampered by the in
herent complexity of root systems and their interaction 
with the soil environment. Different root types, including 
the primary, seminal, and nodal root axes and their subtending 
lateral roots, exhibit varying responses to water deficits and are 
physiologically and genetically distinct (Hochholdinger et al. 
2004, 2018; Ahmed et al. 2016, 2018; Waidmann et al. 2020; 
Freschet et al. 2021). Together with other factors, including 
root hair production, root exudation, and microbial interac
tions, this diversity collectively enables optimal root system 
development and function but complicates experimental in
vestigation. The growth of the root system is further impacted 
by the spatial and temporal dynamics of soil water and 
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Figure 1. Maintenance of root growth under water deficit conditions. A) Comparative responses of elongation rate in different organs of maize to 
the development of water stress during soil drying. Nodal root elongation continued at growth zone water potentials that caused complete inhib
ition of elongation in vegetative and reproductive shoot tissues. Because growth responses were determined as a function of the water potentials of 
the growing tissues, the differential sensitivities reflect inherent differences in how cellular physiology responds to water stress in the different or
gans. B) More extensive root system development in maize plants when grown under soil drying (dryland) compared with irrigated conditions. A 
modified from Westgate and Boyer (1985), Figure 1, by permission of Springer Nature. B reproduced from Weaver (1926), Figure 87, p 189, by per
mission of John Wiley and Sons.
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nutrient availability as well as variability in other physical, 
chemical, and biological properties within the soil matrix. 
With heightened appreciation of the critical importance yet 
understudied nature of root development and function 
(Russell 1977; Eshel and Beeckman 2013; Gregory 2021), and 
with advances in experimental approaches and measurement 
techniques, the past several decades have seen increasingly 
intensive research on root growth responses to water def
icits (Hsiao 1973; Pritchard 1994; Sharp et al. 2004; Ober 
and Sharp 2007, 2013; Yamaguchi and Sharp 2010; 
Gowda et al. 2011; Lynch 2013, 2018; Dinneny 2019; 
Karlova et al. 2021). The development of thermodynamic
ally based methods to measure soil and plant tissue water sta
tus in the 1960s was of particular importance in studies of 
plant responses to water deficits. These techniques allowed 
precise quantification of experimental conditions and repeat
ability of plant responses (Slatyer and Taylor 1960; Boyer and 
Knipling 1965; Scholander et al. 1965; Boyer 1995; Kramer and 
Boyer 1995; Juenger and Verslues 2023), enabling charac
terization of the diverse growth responses of different 
root types, as well as between roots and shoots, to water def
icit conditions (Westgate and Boyer 1985; Sharp et al. 1988; 
Hsiao and Xu 2000; Dowd et al. 2019).

Selected milestones in the understanding of root growth re
sponses to water-limited conditions are the focus of this ASPB 
Centennial Review, with emphasis on founding studies that 
have shaped current knowledge and set the stage for further 
investigation. We first highlight how characteristics of root 
system architecture (RSA) benefit plant performance under 
water limitation. We then address the variety of root growth 
responses that determine the RSA for exploration of the soil 
profile. These growth responses occur within a relatively small 
volume of tissue that constitutes the root growth zone at the 
individual root apices, and it is the mechanisms that control 
cell production in the meristem and the rate, duration, and 
direction of cell expansion within the root growth zones 
that ultimately establish the growth and dimensions of the 
entire root system. We revisit the concept of integrated bio
physical and metabolic control of plant growth and use this 
framework to review key growth-regulatory processes occur
ring within root growth zones under water stress at subcellu
lar, cellular, and tissue scales. Whereas knowledge of the 
molecular regulation of many aspects of root development 
is advanced (Motte et al. 2019), we focus on long-recognized 
physiological responses to water deficits for which, in many 
cases, detailed mechanistic understanding remains limited. 
Lastly, we propose future avenues for research to increase un
derstanding of root growth under water limitation and, con
sequently, for enhanced opportunities to improve crop 
productivity under drought conditions.

Features of RSA for improved drought 
tolerance
The root system functions to provide both anchorage and the 
absorption of water and nutrients necessary for plant growth. 

The response of deeper rooting in water-limited environments 
(Fig. 1B) can enable access of water from the subsoil (Klepper 
et al. 1973; Sharp and Davies 1985; Sponchiado et al. 1989; 
Lopes and Reynolds 2010), which, by maintaining water avail
ability through to reproductive development, can have a major 
impact on yield sustainability. For example, in Australian wheat 
production, an additional 10 cm of rooting depth can result in 
a 10% to 20% increase in grain yield (Kirkegaard et al. 2007; 
Lilley and Kirkegaard 2007). Moreover, in elegant reciprocal 
grafting experiments with common bean lines varying in 
drought tolerance, White and Castillo (1989, 1992) demon
strated that under soil-drying conditions, the deep-rooting 
phenotype was genetically determined by the rootstock 
and, rather than the shoot phenotypes, was of greater import
ance for maintaining yield. Interestingly, in contrast, grafting 
experiments with potato cultivars led to opposite conclusions 
on the relative importance of the scion and rootstock in de
termining root system development under soil-drying condi
tions (Jefferies 1993). Accordingly, further studies are 
warranted to investigate root- vs shoot-sourced regulation 
of root growth responses to water deficits.

Lynch (2013) proposed that an ideotype of steep-angled 
roots that explore deeper layers of the soil profile and are 
anatomically cheaper to build and maintain will enhance 
drought tolerance and referred to such root system charac
teristics as a “steep, deep and cheap” ideotype. Several studies 
have demonstrated that under terminal drought conditions, 
this ideotype of RSA contributes to drought tolerance in rice 
(Uga et al. 2011, 2013), maize (Zhu et al. 2010; Chimungu 
et al. 2014a, 2014b), wheat (Gabay et al. 2021, 2023), chick 
pea (Kashiwagi et al. 2015), and common bean (Strock 
et al. 2019). The studies in rice are particularly noteworthy 
because they show mechanistic understanding of the deep 
rooting phenotype and demonstrate its impact on increasing 
grain yield in the field under water deficit conditions (Uga 
et al. 2011, 2013). The quantitative trait locus DEEPER 
ROOTING 1 (DRO1) was identified in a rice recombinant in
bred line population, which accounted for 67% of variation 
in the deep-rooting phenotype (Uga et al. 2011). Further ana
lyses of the DRO1 locus found that it is negatively regulated 
by auxin and is involved in strong gravitropic response of the 
roots, leading to steeper growth angle and deeper root phe
notypes of DRO1-containing lines compared with the 
shallow-rooting control lines (Uga et al. 2013). Phylogenetic 
analyses revealed that DRO1 homologs are present in a 
wide range of plant species, and they have been demonstrated 
to modify RSA in Arabidopsis, Medicago, and Prunus species in 
addition to rice (Ge and Chen 2016; Guseman et al. 2017; 
Kitomi et al. 2020; Uga 2021). A similar multidisciplinary ap
proach was used to understand variation in RSA and drought 
tolerance in wheat, and these studies found that RSA was 
regulated by dosage of the genes involved in jasmonic acid 
biosynthesis (Gabay et al. 2021, 2023). These studies indicate 
that the mechanistic understanding of genes and gene pro
ducts regulating RSA can be effectively used to obtain root 
phenotypes that improve drought tolerance in plants.
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Although the steep, deep, and cheap ideotype was favor
able in the terminal drought conditions imposed in these 
studies, it might not be suitable in dry environments where 
intermittent rainfall provides water in the upper layers of 
the soil profile. In a study of root phenotypes of diverse maize 
genotypes in which stress was imposed by providing 50% of 
the water required for optimal growth, Klein et al. (2020)
found that the steep, deep, and cheap ideotype was not fa
vored. The irrigation provided by the center pivot system 
used in the study is analogous to intermittent rainfall during 
the growing season that provides water to the upper layers of 
the soil profile, and the results demonstrated that maize (and 
likely other crops) has genetic variability in root growth char
acteristics that are suited for drought tolerance in these con
ditions. Favored phenotypes included thicker nodal roots, 
increased lateral root branching, larger proportion of stele, 
numerous metaxylem elements, larger cortical cells, and 
aerenchyma formation; the authors suggested that having 
multiple phenotypes integrated within an ideotype was ne
cessary for adapting to environments with intermittent rain
fall. Therefore, it is important to consider the attributes of 
RSA and individual root phenotypes in the context of par
ticular drought scenarios and the potential tradeoffs of those 
features in optimal environmental conditions (Tardieu 2012; 
Lynch 2018; Tardieu et al. 2018; Verslues et al. 2023). In fact, it 
has been suggested that an average root system growth 
phenotype combined with developmental plasticity to envir
onmental changes (rather than constitutive expression of 
traits) is more productive in a variety of environments and 
stress conditions (Sandhu et al. 2016; Strock et al. 2019; 
Schneider and Lynch 2020). Developmental plasticity has 
many potential ecological and physiological benefits for re
ducing inputs in production agriculture and is particularly 
important in low-input systems where water and nutrients 
are more variable (Weaver 1926; O’Toole and Bland 1987; 
Sponchiado et al. 1989; Fukai and Cooper 1995; Dardanelli 
et al. 1997; Sandhu et al. 2016; Strock et al. 2019; Schneider 
and Lynch 2020; Woods et al. 2022). Therefore, it is vital to 
discover the genetic and physiological mechanisms that 
regulate the integrated RSA phenotypes that optimize plant 
performance under water-limited conditions (Schneider and 
Lynch 2020; Uga 2021; Lynch 2022; Verslues et al. 2023).

Integrated biophysical and metabolic 
regulation of plant cell expansion
In his seminal review on plant responses to water stress, 
Hsiao (1973, p 536) emphasized that “with the shift of atten
tion to metabolic and molecular aspects of stress physiology 
in the mid-1960s, the importance of water uptake and the re
sulting turgor as a physical force needed for cell growth has at 
times been almost overlooked or ignored.” Arguably, the 
same statement could still be made today, and the role of 
turgor as well as mechanisms of turgor regulation and turgor 
sensing remain important areas for further investigation 
(Ali et al. 2023). The Lockhart model of plant cell expansion 

(Lockhart 1965) was originally formulated to describe the 
growth of single cells and, with caution, is also useful to 
gain an understanding of multicellular organ growth (Boyer 
1985; Spollen and Sharp 1991; Pritchard 1994; Dumais 
2021). In simplified form, the model describes the inter- 
dependence of expansive growth (G) on turgor and cell 
wall–yielding properties:

G = m (P-Y),

where m is the cell wall extensibility, P the cellular turgor, and 
Y the yield threshold turgor (i.e. the minimum turgor re
quired for irreversible cell wall extension). An elaborated 
equation additionally considers the hydraulic resistance 
and associated water potential gradient required to drive 
water flow through tissues and into the growing cells 
(“growth-induced” or “growth-sustaining” water potential 
gradients; Molz and Boyer 1978; Silk and Wagner 1980), 
which, by lowering the cellular water potential, reduces the 
magnitude of turgor that develops for a given osmotic poten
tial (Lockhart 1965; Boyer 1985; Passioura and Boyer 2003). 
The Lockhart equation conceptualizes that cell expansion oc
curs only when the internal pressure exerted on the wall is 
large enough to exceed the yield threshold, resulting in 
wall yielding at a rate dependent on the extensibility. More 
precisely, cell wall metabolism first results in wall relaxation 
(Cosgrove 2016), which relaxes stress and thus lowers turgor 
and consequently water potential inside the cell (because 
turgor is a component of water potential). This generates a 
water potential gradient that, in water-sufficient situations, 
drives water flow into the cell, resulting in turgor restoration, 
cell wall yielding, and cell expansion. The cells also take up or 
generate metabolites to maintain their osmotic concentra
tion and reinforce the primary cell wall. These processes con
tinue until cells reach their final size as secondary cell wall 
deposition leads to wall stiffening and growth cessation.

The Lockhart equation indicates that a decrease in turgor 
under water-limited conditions will result in a decrease in 
growth rate. However, the equation also illustrates that, the
oretically, cell expansion can be regulated under water stress 
by 2 key mechanisms: first, by modifying cell wall–yielding 
properties, and second, by manipulating the processes of tur
gor maintenance. In a pioneering study of the dynamic rela
tionship of plant cell expansion to turgor, Green et al. (1971)
provided evidence for metabolic as well as physical control of 
plant cell expansion. Using the large cells of the alga Nitella as 
an experimentally amenable system, it was shown that a 
small stepwise decrease in turgor caused essentially immedi
ate cessation of cell elongation. (Turgor was measured in situ 
using an ingenious inserted capillary method, and decreases 
in turgor were imposed by lowering the external water po
tential; Green 1968.) However, the original elongation rate re
sumed within approximately 30 min while the cell remained 
at the decreased turgor. Conversely, imposed increases in tur
gor caused very high but short-lived increases in elongation 
rate, followed by deceleration to the original rate. These 
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observations supported the concept of a yield threshold tur
gor for cell wall extension that is subject to compensatory 
and presumably metabolic adjustments (as well as, possibly, 
changes in wall extensibility) following changes in turgor.

The subsequent development of the pressure microprobe 
(Husken et al. 1978) allowed similar experiments to be con
ducted in the much smaller cells within the growth zones of 
roots and leaves of higher plants. The results indicated that 
roots exhibit a high capacity for enhanced cell wall yielding 
and rapid growth resumption in response to turgor decreases 
(Hsiao and Jing 1987; Frensch and Hsiao 1995; Hsiao and Xu 
2000; also see Kuzmanoff and Evans 1981); the original results 
from Hsiao and Jing (1987) for the maize primary root are 
shown in Fig. 2. Interestingly, this experiment also showed 
that turgor began to recover (Fig. 2C) while the low water po
tential treatment remained constant (Fig. 2A); this observa
tion is indicative of solute accumulation by the process of 
osmotic adjustment, a process first shown to occur in water- 
stressed roots by Greacen and Oh (1972). Notably, root 
elongation remained constant during this phase (Fig. 2B), 
again pointing to compensatory adjustments of cell wall– 
yielding properties as turgor increased. Moreover, as a result 
of the osmotic adjustment, turgor increased to higher levels 
than in well-watered roots (Fig. 2C) following removal of 
water stress (Fig. 2A). This resulted in a large spike in root 
elongation followed by rapid deceleration to the original 
rate (Fig. 2B), indicating that wall-yielding properties were 
rapidly moderated. In contrast to the findings with water- 
stressed roots, studies of leaves indicated that cell wall– 
yielding properties either did not increase substantially after 
low water potential imposition or, with longer-term stress 
exposure, actually decreased, leading to growth inhibition 
despite turgor maintenance by osmotic adjustment 
(Matthews et al. 1984; Hsiao and Jing 1987; Serpe and 
Matthews 1992; Hsiao and Xu 2000).

The Green et al. (1971) study provided the foundation for 
investigation of the metabolic regulation of plant cell wall ex
pansion, particularly in response to water deficit conditions. 
The influence of this work was recognized in 2010 by the 
American Society of Plant Biologists, who included the paper 
among a “Classics Collection” of 25 papers in Plant Physiology 
that played a key role in shaping modern plant biology re
search. Modifications of cell wall–yielding properties and os
motic adjustment are now established as primary processes 
contributing to the ability of roots to maintain growth under 
water-stressed conditions and are addressed in detail in later 
sections.

Kinematic approaches to study root growth 
responses
Among plant organs, roots have a relatively simple growth 
zone in terms of organization, and root growth zones there
fore have been used for many decades as models to study 
various aspects of plant growth (Sinnott 1939; Erickson and 
Sax 1956; Goodwin and Avers 1956; Erickson and Silk 1980; 
Beemster and Baskin 1998; Brady et al. 2005). Cells are first 
formed in the apical meristem by division of stem cells and 
then continue to divide for several cycles while cell elong
ation simultaneously pushes the apex through the soil and 

R
oo

t e
lo

ng
at

io
n 

ra
te

 
(µ

m
 m

in
-1

)
Tu

rg
or

 
(M

P
a)

M
ed

ia
 w

at
er

 p
ot

en
tia

l 
(M

P
a)

0.0

0.4

0.40.5

0.6

0.7

0.8

-0.5

-0.4

-0.3

-0.2

-0.1

0

20

40

60

80

100

120

140

0.3
16 17 18 19 20 21

Time (h)
15

Addition of sorbitol 
medium, -0.42 MPa

Rapid enhancement 
of cell wall yielding 
properties (initial 
growth cessation 
followed by recovery 
at reduced turgor)

Osmotic adjustment 
(gradual turgor 
recovery at constant 
low water potential)

Removal of 
sorbitol, 0.0 MPa

A

B

C

Figure 2. Cell wall–yielding properties are enhanced in maize primary 
roots after water stress imposition. Maize seedlings were grown in so
lution at a water potential of approximately 0 MPa (0.1 mM CaCl2). 
Root elongation rate was monitored with a position transducer, and 
turgor of surface cells in the central region of the growth zone was mea
sured every few minutes using a pressure microprobe. A) A stepwise 
decrease in media water potential was imposed by addition of 
−0.42 MPa sorbitol, and after 2 hours the sorbitol was removed. B) 
The abrupt decrease in water potential caused essentially immediate 
cessation of root elongation, as well as decrease in root turgor (C). 
Elongation recovered to the well-watered rate within an hour after 
the onset of stress, whereas turgor recovery as a result of osmotic ad
justment was more gradual and turgor did not reach the well-watered 
level for the duration of the stress treatment. Full recovery of elong
ation with only partial turgor recovery indicates that cell wall–yielding 
properties were rapidly enhanced in response to water stress; in terms 
of the Lockhart model (see text), either the yield threshold decreased or 
the extensibility increased, or both. Conversely, removal of water stress 
caused a short-lived spike in root elongation followed by deceleration 
to the original rate, again pointing to compensatory adjustments of cell 
wall–yielding properties. Modified from Hsiao and Jing (1987), Figure 7, 
by permission of ASPB.
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displaces older cells away from the apex. The cells continue 
to expand as they exit the meristem and traverse the growth 
zone. Hence, as root growth occurs, cells are progressively lo
cated at increasing distances from the root apex (Fig. 3A) and 
experience increasing displacement velocities (Erickson and 
Silk 1980; Sharp et al. 1988; Baskin et al. 2020). As the cells ex
pand, they typically develop an anisotropic growth pattern 
due to longitudinal expansion being favored over radial ex
pansion (Liang et al. 1997), resulting in the cylindrical geom
etry of most roots. The end of the growth zone is marked by 
cells that have stopped expanding and undergo processes of 
maturation, including the development of secondary cell wall 
thickening.

The overall rate of root elongation is determined by the 
rate of cell production from the meristem and the rate and 

duration of cell elongation. However, the apparent simplicity 
of this relationship belies the realization that within the 
growth zone there is massive spatial and temporal hetero
geneity of cellular growth rates and, thus, of underlying 
growth-regulatory processes. This heterogeneity occurs in 
the course of normal development (Erickson and Sax 1956; 
Beemster and Baskin 1998) and in response to various 
environmental conditions, including, for example, water 
limitation (Sharp et al. 1988) and soil mechanical resist
ance (Croser et al. 1999). To obtain detailed analyses of 
spatio-temporal growth patterns within plant growth 
zones, powerful kinematic approaches that apply concepts 
of fluid dynamics to tissue expansion were pioneered 
by Ralph Erickson and Wendy Silk (Erickson and Sax 
1956; Erickson 1976; Silk and Erickson 1979; Silk 1984; 
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Figure 3. Kinematic analysis reveals spatially differential responses of tissue expansion to water stress within the growth zone of the maize primary 
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shortening of the growth zone. Modified from Sharp et al. (1988), Figures 3 and 5, by permission of ASPB.
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Walter et al. 2009). These analyses revealed that in a typical 
root growth zone, the local elongation rate dramatically ac
celerates as cells move out of the meristem, reaches a peak 
in the central region, and then decelerates before growth 
cessation (Fig. 3B; Erickson and Sax 1956; Goodwin and 
Avers 1956). Moreover, this large range of tissue expansion 
rates occurs within a brief frame of space and time. For ex
ample, in the maize primary root growing under well- 
watered conditions, around 8 hours is required for a cell 
exiting the meristem to be displaced to the end of the growth 
zone, located at approximately 10 mm from the apex, during 
which time the relative elongation rate (longitudinal strain 
rate) accelerates to a remarkably high peak value of almost 
50% h−1 (i.e. a tissue element at this location would double 
in length in an hour; Fig. 3B) and then abruptly decreases 
(Sharp et al. 1988).

Knowledge of cell expansion patterns within plant growth 
zones allows comparison of local effects to putative local 
causes and, thereby, facilitates investigation of underlying 
regulatory processes (Hsiao et al. 1985; Walter et al. 2009). 
In the maize primary root, kinematic analyses revealed that 
cell elongation is differentially responsive to water stress in 
different regions of the growth zone (Fig. 3). Remarkably, in 
the apical region that encompasses the meristem, longitudin
al expansion is maintained even under severe water stress (at 
tissue water potentials as low as −1.6 MPa). In contrast, 
elongation is progressively inhibited compared with well- 
watered roots as cells are displaced further from the apex, re
sulting in decreased final cell lengths and a shortened growth 
zone (Sharp et al. 1988; Saab et al. 1992; Fan and Neumann 
2004; Voothuluru et al. 2020). Similar findings were reported 
in primary roots of several other species, including wheat 
(Pritchard et al. 1991), pine (Triboulot et al. 1995), soybean 
(Yamaguchi et al. 2010), and cotton (Kang et al. 2022), and 
have also been observed in water-stressed leaves (Durand 
et al. 1995; Skirycz et al. 2011; Avramova et al. 2015). On 
the other hand, cell production decreased substantially in 
roots growing under moderate to severe water stress condi
tions (Fraser et al. 1990; Voothuluru et al. 2020; Kang et al. 
2022; Verslues and Longkumer 2022). The possible adaptive 
advantage of inhibited cell production in water-stressed 
roots is discussed in a later section.

Interestingly, the degree of growth anisotropy was also 
shown to be altered in water-stressed maize primary roots 
(Sharp et al. 1988; Liang et al. 1997). In contrast to the main
tenance of longitudinal expansion in the apical region of the 
growth zone (Fig. 3B), radial expansion was inhibited, result
ing in substantially thinner roots compared with well- 
watered controls (Fig. 3A). These results indicate that effects 
of water stress on root expansion in length and width are 
regulated independently, although the control mechanisms 
underlying this differential response are not understood 
(Baskin et al. 1999). Thinner roots in water-stressed com
pared with well-watered plants have been reported in sev
eral species (Taylor and Ratliff 1969; van der Weele et al. 
2000). It should be noted, however, that whether roots 

become thinner under water stress depends on soil proper
ties. Many soils increase in mechanical resistance as they 
dry, and a common response to physical impedance is 
root swelling (Moss et al. 1988; Pandey et al. 2021; Huang 
et al. 2022).

Preferential maintenance of cell elongation in the apical re
gion of the growth zone under water deficit conditions, to
gether with root thinning, likely represents a coordinated 
adaptive response that enables the root to concentrate its 
use of limited resources to sustain adequate water and solute 
transport to the vital apical region that includes the meri
stem and thereby to continue exploration of the soil for 
water at minimum cost (Sharp et al. 1990; Voetberg and 
Sharp 1991; Verslues and Sharp 1999; Wiegers et al. 2009; 
Voothuluru et al. 2020). As described in the following sec
tions, these findings provided a powerful underpinning to in
vestigate the complex network of physiological and molecular 
processes involved in the regulation of root elongation under 
water stress conditions (Sharp et al. 2004; Yamaguchi and 
Sharp 2010, Ober and Sharp 2013).

Historically, kinematic analyses have been an important 
tool to link cellular growth heterogeneity in root growth 
zones with spatial variation in, for example, hormones (aux
in [IAA]: Hejnovicz 1961; Goodwin 1972; abscisic acid 
[ABA]: Saab et al. 1992; Ober and Sharp 2003; gibberellin: 
Band et al. 2012), cell wall proteins (Wu et al. 1994, 1996; 
Zhu et al. 2007), apoplastic pH (Peters and Felle 1999; 
Winch and Pritchard 1999; Fan and Neumann 2004) and re
active oxygen species (ROS) (Voothuluru et al. 2020), and 
other growth-regulatory factors. Further, the application 
of growth kinematics provides a powerful approach to as
certain rates of associated developmental processes (Silk 
et al. 1984, 1986; Sharp et al. 1990; Voetberg and Sharp 
1991; Silk and Bogeat-Triboulot 2014), as detailed below 
with regard to osmotic adjustment. However, despite early 
recognition of the importance of characterizing how 
growth patterns are altered by environmental variation 
(Goodwin and Avers 1956), relatively few studies of root 
stress biology have taken advantage of these approaches. 
Whereas original tissue marking and time-lapse photo
graphic techniques were laborious (Fig. 3A), modern tools 
such as computational video image analysis combined 
with microscopy techniques have enabled kinematic 
growth analyses to be obtained with relative ease (Silk 
et al. 1989; van der Weele et al. 2003; Basu et al. 2007).

Cell wall changes impacting root growth under 
water deficits
The original indications of enhanced cell wall yielding in 
water-stressed roots, as described above, were based on the 
temporal responses of turgor and root growth to low water 
potential imposition (Fig. 2), and similar inferences were 
made from comparisons of relative elongation rate and tur
gor profiles within the growth zone of roots growing under 
steady water stress conditions (Spollen and Sharp 1991; 
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Triboulot et al. 1995). However, those studies did not provide 
direct assessments of cell wall–yielding properties or the bio
chemical basis for stress-induced changes. Taking advantage 
of the kinematic growth analysis in water-stressed maize pri
mary roots (Fig. 3), Wu et al. (1996) demonstrated that the 
maintenance of elongation in the apical region and the pre
mature deceleration and cessation of elongation in the basal 
region of the growth zone were associated with differential 
responses of wall-yielding properties. Although substantial 
osmotic adjustment occurred (see following section), this 
was insufficient to maintain turgor, which was decreased 
by over 50% throughout the growth zone (Fig. 4A, inset). 
Accordingly, the maintenance of elongation in the apical 
region indicated that longitudinal cell wall yielding was en
hanced, which was confirmed by demonstration of substan
tially increased acid-induced extension in water-stressed 
compared with well-watered roots (Fig. 4A). Acid-induced 
growth of plant cell walls has long been recognized (Rayle 
and Cleland 1992; Peters and Felle 1999) and is mediated 
at least partly by wall-loosening expansin proteins (McQueen- 
Mason et al. 1992; Cosgrove 2000, 2022). Consistently, expansin 
activity (Fig. 4B; Wu et al. 1996) and transcript levels of several 
expansin genes (Wu et al. 2001; Kang et al. 2023) were markedly 
increased in the apical region of water-stressed roots, as was 
activity of the “wall remodeling” enzyme (Cosgrove 2022) 
xyloglucan endotransglycosylase/hydrolase (XTH) (Fig. 4D; 
Wu et al. 1994). Interestingly, susceptibility to exogenous ex
pansins also increased in the apical region (Fig. 4C), suggest
ing that stress-induced modifications of cell wall structure or 
composition facilitated expansin accessibility (Wu et al. 
1996). In contrast, acid-induced extension was greatly de
creased in the basal region of growth inhibition (Fig. 4A). 
Although extractable expansin activity also increased in 
this region (probably reflecting maintained activity as cells 
were displaced from the apical region), the minimal extensi
bility was likely attributable to compositional changes resulting 
in wall stiffening (Wu et al. 1996; Fan et al. 2006; Yamaguchi and 
Sharp 2010). Water stress–induced cell wall compositional 
changes are discussed further below.

Correlations between profiles of apoplastic pH and longi
tudinal expansion have been demonstrated in root growth 
zones, with more acidic regions coinciding with peak expan
sion rates (Peters and Felle 1999). Much evidence indicates 
that the pH profile is metabolically regulated and causally re
lated to the growth rate distribution (e.g. Staal et al. 2011; Xu 
et al. 2013). In a study of cell wall pH regulation in water- 
stressed maize primary roots, Fan and Neumann (2004)
found that spatial profiles of root surface acidification (pro
ton efflux) and epidermal cell wall pH correlated with the 
region-specific growth responses. While the apical region of 
growth maintenance exhibited profiles similar to the well- 
watered control, the basal region of growth inhibition showed 
decreased acidification and a higher pH. Importantly, addition 
of acidic buffer partially restored growth in the basal region, 
indicating that the stress-induced increase in wall pH was 
functionally related to the inhibition of growth in this region. 

Because apoplastic acidification is important for activation 
of cell wall loosening proteins (Cosgrove 2000; Hager 2003), 
the pH profile is likely involved in differentially regulating 
wall loosening and, thereby, contributing to the spatial growth 
pattern in water-stressed roots.

To gain a more comprehensive understanding of how cell 
wall protein composition changes in response to water stress 
in different regions of the maize primary root growth zone, a 
proteomics analysis of water-soluble and lightly ionically 
bound cell wall proteins was conducted by Zhu et al. 
(2007). The results showed predominantly region-specific 
changes in several functional categories, suggesting the in
volvement of multiple processes in the growth responses. 
Notably, an increase in apoplastic ROS was predicted particu
larly in the apical region of growth maintenance, which 
was confirmed by imaging techniques (Zhu et al. 2007; 
Voothuluru and Sharp 2013). As discussed by Voothuluru 
et al. (2020), apoplastic ROS may have wall loosening or tigh
tening effects and could also be involved in signaling pro
cesses that effect cell production. To investigate these 
possibilities, root growth characteristics of transgenic maize 
lines (constitutively expressing a wheat oxalate oxidase) 
with altered apoplastic ROS levels were evaluated. The results 
revealed a complex picture with apoplastic ROS modulating 
elongation differentially in well-watered (promoted) or 
water-stressed (inhibited) roots, in both cases via effects on 
both cell production and spatial profiles of cell elongation, 
as discussed in a later section.

Root growth depends on the coordinated and integrated 
expansion of all cells within the organ, but the biomechanical 
and biochemical properties of individual tissues may be 
predominant in regulating and/or limiting the overall 
rate of elongation. As described above, extensibility assays 
(Fig. 4A) indicated there are differential changes in wall com
position in the apical and basal regions of the growth zone of 
water-stressed maize primary roots that contribute to the 
growth pattern, and evidence suggests that these changes oc
cur in a tissue-specific manner. Fan et al. (2006) tested the 
hypothesis that water stress-induced alterations in wall- 
linked phenolic compounds are linked with the inhibition 
of elongation in the basal region of the growth zone. 
Results from Fourier transform infrared spectroscopy in
dicated region-specific changes in phenolic composition 
(Fig. 4F), and progressive accumulation of lignin with increas
ing distance from the apex was observed primarily in stelar 
tissues in correlation with inhibition of mechanical extensi
bility of root segments. A similar spatial pattern of water 
stress–induced lignification was observed in the soybean pri
mary root (Yamaguchi et al. 2010). When the growth zone of 
well-watered or water-stressed maize roots was bisected, the 
roots curved inward as they grew, suggesting that the inner 
tissues were limiting root elongation (as reported over a cen
tury ago in Vicia faba L. roots by Darwin and Acton 1909). 
However, Pritchard and Tomos (1993) found in well-watered 
roots that extensibility of the separated stele was higher than 
that of the cortical sleeve and therefore suggested that 
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properties of the endodermis and/or the inner layers of the 
cortex, rather than stelar tissues, are rate limiting for root 
elongation. Consistently, there is evidence that the endoder
mis may play a key role in hormone-mediated control of root 
growth (Dinneny 2014). For example, the endodermis was 
shown to be the primary GA/DELLA-responsive tissue regu
lating root growth in Arabidopsis (Úbeda-Tomás et al. 2008). 
On the other hand, evidence suggests that the properties of 
the epidermis and/or cortex are also important in determin
ing Arabidopsis root elongation (Dyson et al. 2014; Vaseva 
et al. 2018; Verslues and Longkumer 2022), similarly to the 

more well-characterized regulation of shoot growth 
(Kutschera and Briggs 1988; Wakabayashi et al. 1989; Peters 
and Tomos 2000; Passioura and Boyer 2003; Kutschera and 
Niklas 2007; Savaldi-Goldstein et al. 2007).

Along with the increases in lignin, there is evidence sug
gesting that water-stressed maize primary roots have differ
ential accumulation of cell wall–bound ferulates in the 
apical and basal regions of the growth zone (Fan et al. 
2006; Spollen et al. 2008; Yamaguchi and Sharp 2010). 
Ferulates and other hydroxycinnamates are abundant in 
the cell walls of monocotyledonous plants and have a role 
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in cross-linking wall polysaccharides, including hemicellulose, 
xylans, pectins, and lignin (Vogel 2008; Vermerris et al. 2010; 
Hatfield et al. 2018). In mature root and shoot tissues, de
creased wall extensibility strongly correlates with increases 
in cell wall–bound ferulates (Tan et al. 1992; MacAdam 
and Grabber 2002; Azuma et al. 2005). Therefore, increased 
accumulation of ferulates in the basal region of the growth 
zone in water-stressed roots could be involved in enhanced 
cell wall cross-linking, thereby decreasing cell wall extensibil
ity and elongation. Substantial modifications of cell wall 
composition in the growth zone of water-stressed maize pri
mary roots were also suggested by cell wall and plasma mem
brane–enriched proteome analyses (Zhu et al. 2007; 
Yamaguchi and Sharp 2010; Voothuluru et al. 2016) together 
with transcriptome studies (Spollen et al. 2008; Opitz et al. 
2016; Kang et al. 2023). In particular, modification of xyloglu
can composition in the apical region was implicated by the 
spatial patterns of abundance of enzymes involved in xylo
glucan biosynthesis (Fig. 4E). Xyloglucan forms load-bearing 
associations with cellulose microfibrils, and the potential 
structural modifications in xyloglucan composition likely im
pact the susceptibility of cell walls to wall-loosening and re
modeling proteins. Along with previous reports of high levels 
of XTH activity in the root and shoot growth zones of several 
species (Fry et al. 1992; Wu et al. 1994), the evidence collect
ively indicates that cell wall remodeling from xyloglucan 
composition may have an important role in growth regula
tion of water-stressed roots.

The specific examples of lignin, ferulate, and xyloglucan 
compositional changes as well as the findings of substantial 
modifications of cell wall extensibility in water-stressed roots 
indicate that combining kinematic growth analyses with 
comprehensive cell wall compositional analyses will enable 
deciphering of the functional role of various cell wall compo
nents. Furthermore, it will be important to ascertain whether 
stress-induced changes occur in a cell type-specific manner 
and how these changes impact tissue-level and organ-level 
growth characteristics. The technical challenge of obtaining 
the requisite amounts of tissues for cell wall compositional 
analysis has prevented detailed characterization of the rela
tionship with root growth responses to water stress (Wu 
and Cosgrove 2000; Cosgrove 2016). Recent developments 
in glycome profiling and immunohistochemistry (Pattathil 
et al. 2010) as well as nanoimaging and nanomechanical tech
niques (Kozlova et al. 2019; Coste et al. 2020) provide unpre
cedented opportunities for studying plant cell walls from 
subcellular to organ scales (Bou Daher et al. 2018; 
Sampathkumar et al. 2019; Petrova et al. 2021). This multi- 
scale approach will unveil how components interact within 
the cell wall matrix and how they impact cell expansion and 
root growth under normal and water deficit conditions. In 
the long term, knowledge from these studies will pave the 
way to selectively alter cell wall components in a tissue-specific 
manner to promote stress-responsive growth in plants and en
hance agricultural productivity under water deficits.

Osmotic adjustment in roots growing under 
water deficits
As discussed above, roots exhibit a high capacity to enhance 
cell wall–yielding properties under water deficit conditions, 
allowing elongation to continue despite substantial de
creases in turgor (Figs. 2 and 4A). However, if tissue water po
tentials continue to decline with further soil drying, turgor 
may decrease below the lower limit to which the yield 
threshold can be adjusted, in which case cell expansion can 
no longer occur. Accordingly, a second key mechanism for 
growth maintenance in water-stressed tissues is turgor main
tenance by osmotic adjustment (Morgan 1984; Blum 2017; 
Turner 2018). With osmotic adjustment, increases in cellular 
solute concentrations (by processes other than dehydration, 
which does not result in turgor maintenance) lower the os
motic potential and thereby maintain the osmotic driving 
force for water uptake. A number of early studies reported 
increased concentrations of sugars and other solutes in 
root and shoot tissues under water stress conditions and re
cognized that these changes may positively correlate with 
drought resistance (Martin et al. 1931; Eaton and Ergle 
1948; Iljin 1957). Subsequent studies established that roots, 
especially the growth zone, have a high capacity for turgor 
maintenance by osmotic adjustment (Fig. 5) and that this re
sponse is associated with continued root elongation under 
water deficit conditions (Greacen and Oh 1972; Sharp and 
Davies 1979; Westgate and Boyer 1985). Further, it has 
been shown that roots can exhibit more pronounced osmot
ic adjustment than leaves under equivalent water stress con
ditions (Fig. 5; Sharp and Davies 1979; Hsiao and Xu 2000).

To understand the regulation of osmotic adjustment in 
growing regions, it is important to recognize that increases 
in solute concentration can occur by 2 distinct overall pro
cesses. First, there may be increases in the net rate of solute 
deposition (encompassing uptake, import, local generation, 
utilization), which could contribute to growth maintenance. 
Second, if tissue volume expansion is inhibited, this will re
duce rates of water uptake (water represents about 90% of 
volume increases) and, therefore, of solute dilution. Indeed, 
this distinction combined with the sensitivity of shoot 
growth to water stress (Fig. 1A) contributed to early contro
versy about the potential benefits of osmotic adjustment 
(Turner and Jones 1980; Steponkus et al. 1982; Munns 
1988; Serraj and Sinclair 2002). For example, Wilson and 
Ludlow (1983, p 536) suggested: “It seems somewhat contra
dictory to consider osmotic adjustment as a benefit to main
taining growth if the contributing solutes only increase in 
concentration because growth (and hence solute demand) 
has slowed down.” This view led in turn to the important 
question of whether selection pressure for enhanced osmotic 
adjustment might result in reduced growth potential 
(Quisenberry et al. 1984).

In the case of roots, the observed association of osmotic 
adjustment with maintenance of elongation under water 
stress appeared to satisfy this concern (Greacen and Oh 
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1972; Sharp and Davies 1979; Westgate and Boyer 1985). 
However, quantitative assessment of this question in the 
growth zone of the maize primary root revealed a more com
plex picture, showing that osmotic adjustment involves a 
multifaceted interplay of morphogenic and metabolic re
sponses (Sharp et al. 1988, 1990; Voetberg and Sharp 1991). 
While substantial decreases in osmotic potential occurred 
throughout the growth zone with increasing levels of water 
stress (Fig. 6A), different solutes were major contributors in 
the apical region where elongation was maintained vs the ba
sal region of growth inhibition. The apical region showed a 
dramatic increase in proline concentration that contributed 
up to 50% of the decrease in osmotic potential (Fig. 6B; 
Voetberg and Sharp 1991). The particular use of proline for 
osmotic adjustment in the only slightly vacuolated cells of 
the apical region is consistent with its function as a cytoplas
mic solute that is compatible with metabolism at high con
centrations (Yancey 2005; Verslues and Sharma 2010). In 
contrast, hexoses increased minimally in the apical region 
but greatly in the basal region, suggesting a primarily vacu
olar compartmentation, where they accounted for up to 

60% of the adjustment (Fig. 6C; Sharp et al. 1990). The kine
matic analysis of tissue expansion rate profiles (Fig. 3) was 
used to calculate spatial distributions of solute and water de
position rates using the continuity equation from fluid dy
namics (Silk 1984), which revealed that the increased 
concentrations of these 2 solutes occurred by contrasting 
mechanisms (Sharp et al. 1990; Voetberg and Sharp 1991). 
In the apical region, the increase in proline resulted primarily 
from a large stimulation of the rate of proline deposition (by 
as much as 10-fold; Fig. 6D) in combination with an approxi
mately 50% decrease in water deposition that was due specif
ically to the root thinning response as described above 
(Fig. 3A). In the basal region, in contrast, the large increase 
in hexose concentration occurred despite the fact that the 
rate of hexose deposition greatly decreased (Fig. 6E); this re
sult is explained because the rate of water deposition de
creased to an even greater extent due to the inhibition of 
both longitudinal and radial expansion in this region (Fig. 3).

The proline results shown in Fig. 6D provided the first 
demonstration that increased solute deposition rates can 
make a major contribution to the osmotic adjustment of 
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growing regions and, accordingly, this response is likely to be 
critical for the maintenance of elongation in the apical region 
of water-stressed roots (Fig. 3). Subsequent studies indicated 
that the response is attributable to increased rates of proline 
import from more basal regions of the root and/or the seed 
(Verslues and Sharp 1999; Raymond and Smirnoff 2002). In 
related observations, increased levels of proline in phloem 
sap (Girousse et al. 1996; Lee et al. 2009) and induction of 

proline transporter expression (Rentsch et al. 1996; Lehmann 
et al. 2010) were reported in water-stressed plants. Further 
analysis of proline metabolism showed that under water limi
tation, plants can coordinate the metabolism and transport of 
proline in shoot and root tissues to optimize growth and redox 
regulation (Verslues et al. 2023). In photosynthesizing shoot 
tissues, proline is synthesized to regenerate oxidized NADP 
pools (Sharma et al. 2011). The synthesized proline can then 
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be used for osmotic adjustment in mature tissues or trans
ported to growing tissues for osmotic adjustment and catab
olism (Sharma et al. 2011; Bhaskara et al. 2015; Verslues et al. 
2023).

In contrast, because the dramatic increase in hexose con
centration in the basal part of the root growth zone 
(Fig. 6C) was associated with inhibition of elongation in 
this region, this response is not so obviously adaptive— 
although it is emphasized that in the absence of the 
increased solute levels the tissues would have become signifi
cantly dehydrated. As discussed by Sharp et al. (1990), 
increases in solute concentrations are not an inevitable result 
when root growth is restricted by adverse conditions. 
Accordingly, it was concluded that the osmotic adjustment 
throughout the root growth zone likely represents an im
portant and highly regulated process involving selective in
creases of specific solutes in combination with modulation 
of the growth pattern. More recently, multiomics analyses 
have provided additional insights into region-specific osmot
ic regulation within the growth zone of water-stressed maize 
and cotton primary roots (Spollen et al. 2008; Voothuluru 
et al. 2016; Kang et al. 2022, 2023).

An important aspect of osmotic adjustment and continu
ation of cell expansion in water-stressed plants is the main
tenance of sink strength in growing tissues. When the root 
growth zone cannot obtain water from the surrounding 
soil, for example, during elongation into dry regions or across 
air gaps (see later section on lateral roots), water is delivered 
to the growth zone axially via the xylem and/or phloem from 
regions with greater water availability (upper layers after 
rainfall or irrigation, or via hydraulic lift from roots in deeper 
and wetter layers) (Boyer et al. 2010). However, functional xy
lem does not develop until some distance beyond the growth 
zone (McCully 1995), whereas phloem occurs closer to the 
apex and is understood to supply much of the water, along 
with sugars and other solutes, to support continued cell ex
pansion under these circumstances (Bret-Harte and Silk 
1994; Wiegers et al. 2009; Boyer et al. 2010; Rostamza et al. 
2013). Water must then flow radially and apically via sym
plastic and/or apoplastic routes to the expanding cells. Due 
to the hydraulic resistance to water flow across the nonvas
cularized root tip tissues, the required growth-induced water 
potential gradients can be large in this situation (Fig. 5). In 
dry soil conditions especially, this necessitates a substantially 
higher capacity for osmotic adjustment in the growth zone 
than in adjacent mature tissues (Fig. 5; Sharp and Davies 
1979; Westgate and Boyer 1985), which, in turn, requires 
high concentration gradients to drive growth-sustaining sol
ute fluxes. Accordingly, mechanisms that lessen the magni
tude of the water potential gradient are predicted to 
facilitate continued root elongation under water stress. The 
shortening of the growth zone and thinning of water-stressed 
roots (Fig. 3) could play adaptive roles in this regard because 
of the associated decrease in volume of expanding tissue. 
Additionally, a modeling study of root tip hydraulics indi
cated an advantage of more apical phloem differentiation 

(Wiegers et al. 2009). Modulation of aquaporin-regulated 
water transport across cell membranes within the growth 
zone (Chaumont et al. 1998; Hachez et al. 2006; Gambetta 
et al. 2013) could also play an important role. Notably, in
creased abundance of a TIP aquaporin was observed in the 
growth zone of water-stressed maize primary roots specific
ally in the apical region where elongation was maintained 
(Voothuluru et al. 2016), and upregulated expression of sev
eral aquaporin genes in the growth zone of water-stressed 
maize roots has also been reported (Poroyko et al. 2007; 
Opitz et al. 2016).

At the same time, species or genotypes that are able to 
maintain or enhance source-sink allocation to roots are likely 
to be better adapted to growing in water-limited conditions 
(Hsiao and Xu 2000). For example, in a comparison of 2 maize 
lines with differing abilities for primary root growth mainten
ance under water stress, the more tolerant line exhibited 
greater osmotic adjustment and accumulated more sugars 
and proline in the root growth zone (Velázquez-Márquez 
et al. 2015). Notably, a plasma membrane–enriched proteo
mics analysis revealed that 2 sugar transporters increased 
in abundance in the maize primary root growth zone 
under water stress conditions (Voothuluru et al. 2016). In 
related observations in Arabidopsis, sugar transporter loss- 
of-function mutants exhibited impaired primary and lateral 
root development under control and water stress conditions 
(Valifard et al. 2021), and conversely, enhanced activity of 
sucrose transporters was found to increase sucrose levels in 
the phloem and roots together with increased root growth 
and enhanced root/shoot ratio under water stress (Chen 
et al. 2022). These studies indicate that manipulation of 
source strength can enhance long-distance sugar transport 
and promote root growth under water stress. However, the 
authors did not study the accumulation of sugars and osmot
ic adjustment in developing root tissues, and further studies 
are needed to assess whether an integrated phenotype of en
hanced sugar transport from source tissues and maintenance 
of osmotic adjustment as well as enhanced sink strength 
within the root growth zone underlies genetic variability of 
root development under water-limited conditions.

Studies of several plant species have provided unequivocal 
evidence that osmotic adjustment is linked to increased yield 
under water limitation (Blum 2017; Turner 2018). Osmotic 
adjustment in the roots, by enabling continued root growth 
and exploration of the soil for water, is recognized as a likely 
contributing factor (Serraj and Sinclair 2002). Indeed, several 
early reports showed a greater depth of soil water extraction, 
indicative of greater rooting depths, in lines selected for high 
osmotic adjustment in the leaves of wheat (Morgan and 
Condon 1986; Morgan 1995), sorghum (Wright and Smith 
1983; Tangpremsri et al. 1991), and maize (Chimenti et al. 
2006). However, it is possible that the enhanced root growth 
resulted from greater assimilate availability and diversion to 
the root system due to leaf osmotic adjustment sustaining 
photosynthesis (Wright et al. 1983; Mervyn and Ludlow 
1987) rather than from osmotic adjustment in the roots 
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themselves. Definitive selection or metabolic engineering 
studies of the importance of osmotic adjustment in roots are 
lacking, reflecting the fact that over 50 years after first being 
reported (Greacen and Oh 1972) osmotic adjustment in roots 
remains an understudied area of investigation.

Reduced cell production in root meristems 
under water deficits
Organ growth can be regulated by impacting cell production 
and/or cell elongation processes. The previous sections 
focused on cell wall changes and osmotic adjustment as pro
cesses that contribute to the ability of roots to continue cell 
elongation under water-limited conditions. Interestingly, sev
eral studies showed that although local elongation rates were 
maintained in the apical region of the growth zone that en
compasses the meristem, cell production was substantially 
reduced (Fraser et al. 1990; Saab et al. 1992; Sacks et al. 
1997; Voothuluru et al. 2020; Kang et al. 2022). Reductions 
in cell production occurred even under moderate water 
stress (Longkumer et al. 2022), indicating that the effects 
were likely not due to insufficient availability of resources 
or cellular damage but, rather, represent an active restriction 
of meristem activity under water-limited conditions (Verslues 
and Longkumer 2022). This response could have an adaptive 
advantage for roots growing under water stress. Decreased 
cell production combined with maintenance of local elong
ation results in longer cells in the apical region of the growth 
zone (Sacks et al. 1997; Voothuluru et al. 2020). This response 
likely facilitates symplastic translocation of solutes from the 
phloem to the expanding cells because of the smaller number 
of plasmodesmata that have to be traversed, thereby helping 
to promote osmotic adjustment and the maintenance of cell 
elongation (Bret-Harte and Silk 1994; Sacks et al. 1997; 
Wiegers et al. 2009; Voothuluru et al. 2020). In addition, given 
the tendency for shortening of the growth zone in water- 
stressed roots (Fig. 3) and because fewer cells require less 
space for expansion, decreased cell production may be part 
of a coordinated response to reduce the energy costs of con
tinued root elongation.

Nevertheless, it is possible that in an agricultural setting, 
the downregulation of cell production may be too sensitive 
to water stress and that overcoming this restriction could im
prove root growth under water-limited conditions (Verslues 
and Longkumer 2022). Indeed, recent studies showed that 
by increasing cell production using chemical or genetic 
approaches, it was possible to increase root elongation un
der water-stressed conditions. As mentioned earlier, water- 
stressed maize primary roots exhibit an increase in apoplastic 
ROS specifically in the apical region of the growth zone (Zhu 
et al. 2007; Voothuluru and Sharp 2013). Voothuluru et al. 
(2020) showed that decreasing ROS levels using scavenger 
treatments resulted in increased root elongation compared 
with control roots via promotion of both cell production 
and the spatial profile of cell elongation. In Arabidopsis, 
Longkumer et al. (2022) reported that mutant and transgenic 

lines with modified EGR-MASP1 protein stoichiometry (Clade 
E Growth-Regulating 2 protein phosphatase and Microtubule- 
Associated Stress Protein 1) exhibited enhanced meristem size 
and root elongation under water stress conditions. In both 
cases, the results showed that cell production was normally 
downregulated under water stress, with the result that 
root elongation was more inhibited than would otherwise 
have been the case. It remains unclear how signals from 
the apoplast/cytosol impact the cell cycle process in the 
nucleus (Voothuluru et al. 2020; Longkumer et al. 2022), 
and further studies are needed to identify the direct regulators 
of cell production and meristem size under water-limited 
conditions.

In contrast to the evidence for reduced cell production in 
moderately to severely water-stressed roots, it was reported 
that cell production was stimulated in the primary root of 
Arabidopsis under mild stress conditions (van der Weele 
et al. 2000). Also, a recent report showed that enhancement 
of maize lateral root length under mild water deficit was as
sociated with sustained rates of cell production compared 
with well-watered controls (Dowd et al. 2020), as discussed 
in a later section. A future challenge will be to investigate 
whether specific manipulations of meristem size, cell produc
tion, and elongation in different root types can be achieved 
to optimize root system development under water-limited 
conditions that are relevant to production agriculture 
scenarios.

Hydrotropism and root growth responses to 
heterogenous soil water availability
In addition to the influence of water deficits on the rate and dur
ation of elongation in different root types, effects of soil drying 
on root architecture are also determined by modifications of 
the direction of root elongation. For example, nodal root axes 
of maize (Nakamoto 1993), sorghum, and millet (Rostamza 
et al. 2013) exhibit phenotypic plasticity to grow more vertically 
in dry soil conditions, relating to the steep-angled root system 
ideotype discussed earlier in this review (Lynch 2013; Uga 
et al. 2013). Besides the possibility of enhanced gravity sensing 
and response, another potential contributing process to such 
responses is the phenomenon of hydrotropism, whereby to 
varying degrees the tips of plant roots can sense the moisture 
gradient of their surroundings and grow toward wetter areas. 
Hydrotropism was first observed over 150 years ago (reviewed 
in Takahashi 1997; Cassab et al. 2013; Dietrich 2018). Sachs 
(1872) and Molisch (1883) germinated pea, maize, and other 
seeds in a wet matrix that was suspended in the air. As soon as 
young roots grew out of the matrix and into the air (due to 
gravitropism), the roots curved and grew nearly horizontally 
along the bottom of the wet matrix. These results showed 
that the roots defied gravitropism to grow toward a water 
source. However, despite the potential importance of hydro
tropism for water acquisition and drought tolerance, the 
physiological and molecular mechanisms of control have 
not been extensively studied.
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Owing mainly to the efforts of a small number of research 
groups, we now have a basic understanding of the hydrotropic 
response (Cassab et al. 2013; Moriwaki et al. 2013; Dietrich 2018; 
Wang et al. 2020a). Like other responses to environmental sig
nals, hydrotropic responses can be roughly divided into 3 stages: 
signal sensing, transduction, and the final response. Where in 
the root the moisture gradient is sensed remains a topic of ac
tive investigation, as detailed below. The signal then triggers 
complex biochemical and physiological changes in the elongat
ing cells of the growth zone, including differential modifications 
of cell wall–yielding properties in the drier and wetter sides of 
the root. Kinematic analysis of the maize primary root revealed 
that these changes result in slower cell elongation on both the 
drier and wetter sides of the root compared with control roots 
but more so on the wetter side, and thus the root curves toward 
the water source (Wang et al. 2020a). Interestingly, this analysis 
also showed that relative to control roots, cell production rate 
was enhanced on the drier side of the root and inhibited on the 
wetter side during hydrotropic bending.

The location along the root that is able to perceive a mois
ture gradient is a controversial topic (Dietrich 2018; Wang 
et al. 2020a). Conflicting results have been obtained depend
ing on the species or different approaches used within the 
same species. Early studies of several species suggested that 
the very tip of the root is responsible, particularly the root 
cap (e.g. Takahashi and Scott 1993; Takano et al. 1995). 
However, a study of the Arabidopsis primary root by 
Dietrich et al. (2017) showed that removal of the root cap 
and meristem using a microdissection or laser ablation tech
nique did not prevent the hydrotropic response, and their re
sults indicated that the elongation zone is able to perceive 
the moisture gradient via a cortex-specific mechanism. 
In contrast, a recent study of the maize primary root by 
Wang et al. (2020a) used a nondestructive approach to estab
lish a moisture gradient at specific locations along the root. 
The results demonstrated that the very tip of the root (apical 
1.5 mm, including the cap) was the most sensitive to the 
moisture gradient, whereas establishing the gradient only 
in the zone of elongation resulted in a weaker response. 
This nondestructive approach presents an opportunity to 
conduct a wider species survey to investigate the extent to 
which moisture sensing in hydrotropism varies among differ
ent species.

The mechanism by which roots sense a moisture gradient 
remains unknown. It is probable that the response is asso
ciated with changes in cellular water status and water trans
port in the root tissues, and mechanosensitive ion channels 
(Hamilton et al. 2015) that respond to cell turgor and volume 
changes have been suggested as potential sensing mechan
isms (Dietrich 2018). In a study of pea primary roots exhibit
ing hydrotropic bending (Hirasawa et al. 1997), independent 
turgor measurements of the 2 halves of the growth zone 
that were facing or facing away from the hydrostimulant 
(achieved by splitting the root along its axis) did not reveal 
differences. However, turgor was calculated indirectly from 
water and osmotic potential measurements of the bulk 

tissues and lacked spatial resolution along or across the 
root. Direct turgor measurements of individual cells in the 
outer tissue layers using a pressure microprobe, and with spa
tial resolution along the root, are needed to definitively ad
dress this question. Alternatively, root cells may possess 
specific receptors capable of directly sensing the presence 
of water molecules in the surrounding environment.

Many studies have depicted a complex web of signal 
transduction pathways involved in hydrotropism. Several hor
mones, including IAA, ABA, cytokinins, and brassinosteroids, 
have been reported to be involved (Quiroz-Figueroa et al. 
2010; Dietrich et al. 2017; Miao et al. 2018, 2021; Chang et al. 
2019; Wang et al. 2020a). Additionally, other regulatory factors, 
including calcium signaling (Takano et al. 1997; Shkolnik et al. 
2016), H+-ATPases (Miao et al. 2021), and ROS (Krieger et al. 
2016), have also been found to influence hydrotropic re
sponses. For further information on the molecular and signal
ing processes involved in hydrotropism, interested readers are 
referred to a comprehensive review by Dietrich (2018). It is not 
yet known how these signal transduction pathways ultimately 
regulate the cell production and cell elongation responses that 
result in hydrotropic bending.

The growth direction of roots is influenced by other pro
cesses that may interact with hydrotropism, for example, 
the interaction of hydrotropism with gravitropism (Takahashi 
et al. 2009; Dietrich 2018). Among the different hormones 
that are involved in hydrotropic bending, it has long been pro
posed that IAA plays an important role. Whether an asymmet
ric distribution of IAA is necessary for hydrotropic bending, 
however, remains an active area of investigation. Shkolnik et 
al. (2016) reported that asymmetric distribution of IAA, based 
on the fluorescence intensity of an IAA reporter protein, is 
not required for hydrotropism in Arabidopsis because an 
asymmetric IAA distribution was not observed before bend
ing. Other studies, using indirect approaches such as IAA 
transporter inhibitors or expression of IAA responsive genes, 
showed that the asymmetric distribution of IAA is required 
but is species dependent (Nakajima et al. 2017; Fujii et al. 
2018). In maize primary roots, Wang et al. (2020a) quantified 
hormones directly in the drier and wetter halves of the root 
tip during hydrotropic bending and found that IAA content, 
alongside ABA, was higher on the dry side compared with the 
wet side and that the asymmetric IAA distribution occurred 
before bending. The higher IAA concentration on the dry 
side was surprising because a higher concentration of IAA 
on the lower side of the root during gravitropism results in 
the inhibition of root cell elongation (Evans 1991; Swarup 
and Bennett 2009; Konstantinova et al. 2021). This example 
suggests that the growth control mechanisms involved in 
gravitropic and hydrotropic curvature may employ different 
mechanisms, even though both involve IAA.

Because signal sensing, transduction, and root bending en
compass the entire growth zone and involve many cell types 
on both sides of the root, further studies will need to be con
ducted with spatial resolution and at the tissue- or cell- 
specific level. Among the tools currently available, single-cell 
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transcriptome analysis has become a mature technology 
(Rodriques et al. 2019; Ryu et al. 2019) that will allow for 
the construction of transcript response maps along the 
root in different cell types and at different time points. 
With the aid of such comprehensive approaches combined 
with gene function analysis, our understanding of the com
plex molecular mechanisms underlying root hydrotropism 
is likely to advance significantly. There is also a need to develop 
techniques that are more sensitive than those currently avail
able so that the responses of different root types, including lat
eral roots, can be characterized. These advances will allow 
assessment of genetically controlled traits and the biological 
significance of hydrotropism, particularly its potential role in 
enhanced water acquisition and drought tolerance.

Role of ABA in root growth responses under 
water deficits
The involvement of plant hormones in the regulation of 
plant growth responses to water deficits has been investi
gated for many decades (Vaadia 1976; Davies and Zhang 
1991; Wilkinson and Davies 2002; Waadt et al. 2022). Even 
for the focus of this review on root growth responses, com
prehensive coverage of the roles of different hormones, and 
their many interactions, is beyond the scope of the article. 
Instead, we provide a brief history of key discoveries of the 
role of ABA in root growth regulation under water deficit 
conditions. Among the hormones, ABA has received the 
most attention in this regard. However, despite the long- 
standing interest in the involvement of ABA in root (and 
shoot) growth regulation, its roles have been challenging to 
decipher (Sharp 2002; Humplik et al. 2017; Li et al. 2017).

Early interest in the involvement of ABA in regulating plant 
growth responses to water stress was stimulated because 
first, it often accumulates in water-stressed tissues in correl
ation with growth inhibition, and second, it commonly inhi
bits growth when applied to nonstressed plants. Accordingly, 
ABA was frequently cited as a potential cause of reductions 
in root and shoot growth under water-stressed conditions 
(Quarrie and Jones 1977; Creelman et al. 1990; reviewed in 
Trewavas and Jones 1991). An example is provided by the ob
servation that in well-watered maize seedlings, primary root 
elongation is progressively inhibited when increasing concen
trations of exogenous ABA are applied (Fig. 7A; Sharp et al. 
1994). However, interpretation of such findings assumes 
that effects of applied ABA on growth of nonstressed plants 
are similar to those of endogenous ABA accumulation in 
water-stressed plants, which may not be the case. To bypass 
this concern, mutants, transgenics, or chemical inhibitors can 
be used to examine the effects of decreasing ABA synthesis or 
sensitivity on the growth of water-stressed plants. However, 
despite the availability of ABA-deficient mutants as early as 
the 1970s (Imber and Tal 1970), this approach was not taken 
until a study of ABA-deficient maize seedlings by Saab et al. 
(1990, 1992). Both the vp5 mutant, which is deficient in ca
rotenoid (and ABA) biosynthesis, and fluridone, an inhibitor 

of carotenoid (and ABA) biosynthesis, were used to reduce 
ABA levels under water stress. To ensure that inhibition of 
carotenoid synthesis, rather than ABA itself, was not a cause 
of observed growth responses, confirmatory experiments 
were subsequently conducted (Sharp 2002) using the vp14 
mutant (mutated in a 9-cis-epoxycarotenoid dioxygenase 
[NCED] gene), which is impaired in the synthesis of xanthoxin 
that represents the first committed step in ABA biosynthesis 
and is considered rate-limiting for water stress-induced ABA 
production (Tan et al. 1997; Qin and Zeevaart 1999). Also, 
the experiments were performed under conditions of min
imal transpiration (darkness and near-saturation humidity) 
to avoid the typical “wiltiness” of ABA-deficient plants 
(due to impaired stomatal function) that can confound in
terpretation of growth responses (Sharp et al. 2000; Sharp 
2002). All 3 approaches showed that reduced ABA levels sub
stantially inhibited primary root elongation under water 
stress, with a common relationship of growth inhibition to 
ABA deficiency in the root growth zone (Fig. 7A). Notably, 
the inhibition of root growth involved impairment of the 
normal ability to maintain cell elongation in the apical region 
of the growth zone (Fig. 3), resulting in further shortening of the 
growth zone toward the apex (Saab et al. 1992; Sharp et al. 
1994). Root elongation was restored when growth zone ABA 
content was returned to normal levels by applying exogenous 
ABA (Fig. 7B; Sharp et al. 1994). These experiments revealed 
that rather than acting as a growth inhibitor, ABA accumulation 
is required for the maintenance of primary root elongation in 
water-stressed maize seedlings. Notably, this conclusion could 
not be inferred by applying ABA to nonstressed seedlings, which 
resulted in growth inhibition over the same range of tissue ABA 
levels (Fig. 7A). Accordingly, the results reveal that the root 
growth response to ABA accumulation was altered by the 
water-limited environment.

Subsequent studies have similarly reported that under 
water stress conditions, primary root elongation was inhib
ited in an ABA-deficient tomato mutant (notabilis, also a 
NCED mutation; Zhang et al. 2022) and in fluridone-treated 
Arabidopsis and rice seedlings (Xu et al. 2013). In addition, 
several studies have shown that ABA, generally at low con
centrations, can promote root growth in well-watered plants, 
whereas higher concentrations are generally inhibitory (Li 
et al. 2017; Miao et al. 2021). Based on these observations, 
Li et al. (2017) speculated that the biphasic response to ap
plied ABA may be causally related to the promotion of 
root elongation that has occasionally been reported under 
mild water stress conditions (Triboulot et al. 1995; Maia 
et al. 2013), whereas root growth eventually becomes inhib
ited under more severe water stress (Figs. 1A and 3; Westgate 
and Boyer 1985; Sebastian et al. 2016). However, it is import
ant to note that the necessity for ABA accumulation in 
water-stressed maize primary roots (Fig. 7, A and B) was de
monstrated under severe water stress conditions (water po
tential of −1.6 MPa), and the highest levels of ABA occurred 
in the apical region of the growth zone, where local elong
ation rates were maintained (Fig. 3B; Saab et al. 1992). It 
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should also be noted that in the ABA-deficient roots in which 
elongation under water stress was impaired, ABA levels re
mained much higher than in well-watered plants (Fig. 7A).

Interestingly, a recent study using the ABA-deficient aba2 
mutant of Arabidopsis (impaired in the conversion of 
xanthoxin to ABA-aldehyde) showed that increased levels 
of ABA in the primary root growth zone are also required 
for growth maintenance under conditions of low (40%) aerial 
relative humidity but where the roots were growing in well- 

watered soil (Rowe et al. 2023). ABA accumulation in the 
root growth zone of the wild-type (Col-0) in the low- 
humidity treatment was visualized using the recently devel
oped ABACUS2s ABA biosensor (Fig. 7, D and E). The water 
status of the root growth zone was not measured, but effects 
were likely to have been minimal due to the relative hydraul
ic isolation of the apical region of roots growing in wet soil 
from lower water potentials in more shootward locations 
(Zwieniecki et al. 2003; Wiegers et al. 2009). In this situation, 
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(A) to the vermiculite, which caused progressive inhibition of root elongation. Conversely, in water-stressed roots, the growth zone ABA content 
was decreased below the normal level by treatment with fluridone (F) or by using the vp5 or vp14 mutants (ABA deficient), which resulted in in
hibition of root elongation with a common relationship of growth inhibition to ABA deficiency. Data are plotted as a percentage of the rate for the 
same genotype at high water potential. B) Recovery of elongation in water-stressed roots of the vp5 maize mutant when growth zone ABA content 
was restored by applying exogenous ABA. C) Arabidopsis primary root growth was greatly reduced in the aba2 mutant (ABA deficient) but not in 
the Col-0 wild-type when grown under conditions of low aerial relative humidity (40% RH) compared with a high humidity control (Mock) treat
ment. The roots were growing in well-watered soil. D) ABA accumulation in the growth zone of wild-type roots in the low humidity treatment was 
visualized using the ABACUS2s ABA biosensor. E) Relative quantification of the emission ratio signal in (D) in various regions of the root showed that 
the elongation zone (EZ) accumulates more ABA when grown in the low humidity treatment. DZ, differentiation/maturation zone; RHair, root hair 
zone. A reproduced from Sharp (2002), Figure 2, by permission of John Wiley and Sons; B modified from Sharp et al. (1994), Plate 2 and Table 1, by 
permission of Oxford University Press; C to E, modified from Rowe et al. (2023), Figure 4, CC BY 4.0.
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the accumulated ABA in the root growth zone likely repre
sents delivery of shoot-sourced ABA via the phloem 
(McAdam et al. 2016). As shown in Fig. 7C, the low–aerial hu
midity treatment caused severe inhibition of root elongation 
in the aba2 mutant, whereas there was no effect in the wild- 
type control. Thus, the results showed that increased levels of 
ABA in the root growth zone are required to maintain root 
growth even under very mild water stress conditions.

These findings raise the question of why increased levels of 
ABA are required for root growth maintenance under plant 
water deficit conditions regardless of whether the water sta
tus of the root tissues themselves changes minimally or sub
stantially. Continuing the study of ABA deficiency (vp5, vp14, 
fluridone treatment) in severely water-stressed maize pri
mary roots described above, it was shown that an important 
role of ABA accumulation is to prevent excess ethylene pro
duction that would otherwise cause root growth inhibition 
(Spollen et al. 2000; Sharp 2002). In ABA-deficient seedlings 
under water stress, rates of ethylene evolution increased in 
correlation with both the degree of ABA deficiency and 
the inhibition of root elongation, and moreover, root elong
ation was restored by each of 3 inhibitors of ethylene synthe
sis or action (Spollen et al. 2000). These findings were 
consistent with an early observation that ABA-deficient to
mato mutants exhibit increased ethylene production (Tal 
et al. 1979) and supported the idea initially suggested by 
Wright (1980) that ABA accumulation in water-stressed 
plants may function to restrict stress-induced ethylene pro
duction. This hypothesis was based on observations that pre
treatment with exogenous ABA prevented wilting-induced 
increases in ethylene in wheat leaves. More recently, 
ABA-ethylene interactions have been shown to be involved 
in various growth responses of plants to water deficits 
and other abiotic stress conditions (Yang et al. 2004; Rowe 
et al. 2016; Valluru et al. 2016; Huang et al. 2022). 
Interestingly, it was recently reported that ethylene is in
volved in modulating shoot responses to high aerial humidity 
in Arabidopsis (Jiang et al. 2024). Accordingly, it is tempting 
to speculate that ABA-ethylene interactions may also be in
volved in the above-described ABA dependency of root 
growth under low–aerial humidity conditions (Fig. 7, C–E).

Research over several decades has demonstrated that ABA 
also plays regulatory roles in several other processes contrib
uting to root growth responses to water deficits that were 
described in earlier sections of this review (Fig. 8). These pro
cesses include proline accumulation for osmotic adjustment 
(Ober and Sharp 1994; Sharma et al. 2011), shoot-to-root su
gar transport and accumulation (Chen et al. 2022; Gong and 
Yang 2022), cell wall XTH activity (Wu et al. 1994), plasma 
membrane H+-ATPase activity and cell wall pH regulation 
(Ober and Sharp 2003; Xu et al. 2013; Miao et al. 2021), 
ROS regulation (Zhang et al. (2014), hydraulic conductivity 
including aquaporin activity (Hose et al. 2000; Shahzad 
et al. 2024), and hydrotropism (Miao et al. 2021). In addition, 
ABA is involved in the regulation of suberin deposition in the 
root exodermis and/or endodermis (Wang et al. 2020b; 

Shiono et al. 2022) and can thereby impact root/soil hydraul
ics (Baxter et al. 2009; Kreszies et al. 2019; Cantó-Pastor et al. 
2024). In many cases, ABA’s function involves interactions 
with IAA and other hormones as well as ethylene (Xu et al. 
2013; Rowe et al. 2016; Zhang et al. 2022). Further work is 
needed to fully decipher the interplay between ABA and 
other plant hormones in coordinately regulating the cellular 
processes involved in root growth and RSA development un
der water deficits.

Growth of lateral roots and root hairs under 
water deficits
Although this review has focused on the growth responses of 
root axes to water deficit conditions, the responses of lateral 
roots are also essential to understand. Lateral roots comprise 
the bulk of the root system’s length, and their spatial and 
temporal distribution within the soil matrix has major im
pacts on the ability of the plant to forage for water and 
nutrients (Russell 1977; Ahmed et al. 2016). Hence, consider
able research has focused on understanding how the produc
tion and elongation of lateral roots is affected in plants 
growing under various adverse environmental conditions 
(Waidmann et al. 2020). A brief synopsis of key responses 
of lateral root development to water deficits follows.

Lateral roots develop in the maturation zone of primary, sem
inal, and nodal root axes and subsequently undergo higher- 
order branching. In terminal drought conditions, evidence in 
maize indicates that the development of fewer and longer lat
eral roots on deeper nodal roots can be more efficient than 
shorter and numerous lateral roots that are more widely dis
tributed throughout the root system (Zhan et al. 2015). 
Conversely, analysis of root growth phenotypes in diverse maize 
lines showed that lateral root branching is a plastic response 
and that more prolific lateral rooting can be beneficial under 
intermittent irrigation conditions (Klein et al. 2020). Indeed, in
creased lateral root proliferation under soil-drying conditions 
(Fig. 1B) was reported a century ago by Weaver (1926). 
Several later studies reported that promotion of lateral root 
elongation and/or number occurs specifically in response to 
mild water deficits, whereas inhibition of lateral root develop
ment generally follows as stress becomes more severe (Read 
and Bartlett 1972; Ito et al. 2006; Kano et al. 2011; Dowd et al. 
2019). A biphasic response of lateral root development to in
creasing water deficits is rational from the perspective of water 
uptake; growth promotion under mild water deficits facilitates 
access to moisture in regions where water is still available, 
whereas in drier soil continued lateral root development is 
less effective in obtaining water and, therefore, maintenance 
of axial growth is prioritized to access deeper and wetter soil 
layers. It should be noted that although many other studies 
have concluded that water deficits inhibit lateral root develop
ment, imposed stress levels may have been too severe or the 
rate of dry-down too rapid to characterize the phase of growth 
promotion, for which high-resolution studies at mild stress le
vels are necessary (Dowd et al. 2019).
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Although much is known about the regulation of lateral root 
formation and elongation (Motte et al. 2019; Waidmann et al. 
2020), studies of mechanisms underlying increased lateral root 
growth under water deficits are limited. A significant aspect of 
lateral root development is their determinate growth pattern, 
whereby the meristem is genetically programmed to stop cell 
production at a particular stage of development, resulting in 
finite growth durations and root lengths (Varney and 
McCully 1991; Passot et al. 2018, Dowd et al. 2020). As a 
root approaches determinacy, exhaustion of the apical meri
stem results in progressive shortening of the growth zone 
and cell maturation closer to the apex. Dowd et al. (2020)
used kinematic growth analyses to demonstrate that enhanced 
elongation of maize (cv. FR697) first-order lateral roots from 
the primary root of mildly water-stressed plants (Fig. 9A) 
was attributable to a delay in the determinate growth program. 
This was evident from sustained rates of cell flux (approximat
ing the rate of cell production from the meristem; Fig. 9B) and 
repression of decreases in cell elongation and growth zone 
length (Fig. 9C) that occurred over time in roots of well- 
watered plants. Further, large genotypic variation in these re
sponses was evident, because a contrasting genotype (B73) 
that did not exhibit lateral root growth promotion under 
water deficits also did not exhibit any changes in the determin
ate growth program. Interestingly, in FR697 (but not B73), 
mild water deficits also suppressed lateral root thinning that 
accompanied the progression of determinacy in well-watered 

roots (Dowd et al. 2020). This contrasts with water stress– 
induced thinning of the maize primary root (Fig. 3A). As dis
cussed above, thinning of water-stressed root axes is thought 
to be adaptive, enabling the root to efficiently maintain 
elongation and exploration of deeper soil. The contrasting 
suppression of thinning in lateral roots, along with the main
tenance of elongation and thus of volumetric expansion, may 
help to maintain root-soil contact and thereby facilitate con
tinued water uptake from the surrounding soil.

The cellular and genetic mechanisms underlying the 
interaction of water deficits with lateral root determinacy 
are not known. A number of transcription factors, auxin 
transport and signaling processes, folate metabolism, and 
other processes are involved in regulating indeterminate- 
to-determinate root development (Shishkova et al. 2008; 
Lucas et al 2011; Reyes-Hernández et al. 2014; Rodriguez- 
Alonso et al. 2018). Future studies of the regulation of delayed 
determinacy in lateral roots may provide new opportunities 
to enhance root system developmental plasticity under water 
deficits. It is also likely that, as in primary roots, mechanisms 
including changes in cell wall–yielding properties, osmotic 
adjustment, hormonal regulation, and other processes re
viewed above are also important in lateral root growth pro
motion under water deficits.

Another example of the plasticity of lateral root develop
ment with varying water availability is provided by the 
responses of lateral root formation to transient or local 
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Figure 8. Schematic summarizing the effects of ABA accumulation on diverse cellular processes in different regions of roots growing under water 
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heterogeneity of soil water. Interestingly, in contrast to the 
above-described promotion of lateral root development in re
sponse to mild soil water deficits, lateral root formation can be 
completely inhibited under otherwise moist conditions when 
the root axis temporarily loses contact with moisture, for ex
ample, during growth across air gaps (Fig. 9, D and E), in a pro
cess known as xerobranching (Orman-Ligeza et al. 2018). It was 

recently shown that the xerobranching response is regulated 
by hydraulic flux-responsive redistribution of ABA and IAA 
within the apical region of the axial root (Mehra et al. 2022). 
When roots enter an air gap, the phloem rather than the sur
rounding soil becomes the main source of water to the root 
growth zone, as described above. This reversal of the direction 
of water flow also alters the flow of phloem-derived ABA 
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between the inner and outer tissues, triggering closure of 
plasmodesmata, which, in turn, decreases the inward symplas
tic movement of IAA and thereby inhibits lateral root forma
tion. ABA-deficient mutants are disrupted in the 
xerobranching response, for example, in the vp14 mutant of 
maize (Fig. 9, D and E). When the root axis regains contact 
with moist soil, the changes in ABA and IAA flows are attenu
ated and normal lateral root branching resumes.

The xerobranching response is phenotypically similar to 
another response of lateral root formation termed hydropat
terning (Bao et al. 2014). Under conditions of heterogeneity 
in water availability around the circumference of the axial 
root, lateral root formation occurs preferentially on the 
root surfaces in contact with moisture and is inhibited on 
air-exposed surfaces. Interestingly, however, although hydro
patterning also involves auxin signaling (Orosa-Puente et al. 
2018), the response is independent of ABA signaling, distin
guishing it mechanistically from xerobranching as well as 
from other root growth responses to water stress described 
above (Fig. 7). Nevertheless, evidence suggests that modifi
cation of internal growth-induced water potential gradients 
that arise from the heterogeneity in water availability 
around the axial root growth zone are involved in the hy
dropatterning signaling mechanism (Robbins and Dinneny 
2018).

In addition to lateral roots, root hairs, originating from epi
dermal cells, greatly increase the absorbing surface area and 
enhance root-soil contact, and there is evidence that longer 
and denser root hair phenotypes are more beneficial in redu
cing the water potential gradient across the soil-root inter
face than shorter and sparer phenotypes (Carminati et al. 
2017; Burak et al. 2021; Marin et al. 2021; Cai et al. 2022). 
Accordingly, root hairs have long been assumed to enhance 
root water uptake, particularly in drier soils, although experi
mental evidence has been contradictory (Cai and Ahmed 
2022). In addition to differences between species and in 
soil structural parameters, recent evidence suggests that in 
dry soil conditions, variable loss of root hair turgidity and 
shrinkage may explain some of the conflicting results 
(Duddek et al. 2022, 2023). Although shrinkage diminishes 
their effectiveness, the results nevertheless indicated that 
root hairs can facilitate water uptake under a range of low 
soil water potential conditions. In this regard, it is important 
to evaluate the capacity for osmotic adjustment and turgor 
maintenance in root hairs.

Root hairs are also an important determinant of rhi
zosheath formation, which can also positively influence 
root water uptake (North and Nobel 1997). Soil water deficits 
have been reported to increase the length of root hairs and 
enhance rhizosheath formation, and evidence indicates 
that these responses involve ABA and IAA signaling (Zhang 
et al. 2020a, 2021). Root hair density has also been shown 
to be influenced by heterogenous water availability although, 
intriguingly, with an opposite response to the above- 
described xerobranching and hydropatterning responses of 
lateral root formation. In a field study of wheat, White and 

Kirkegaard (2010) showed that root hair density was greatest 
where root-soil contact within pores in the soil matrix was 
minimal. Similarly, in their hydropatterning studies, Bao 
et al. (2014) observed that root hair development was 
much greater on the air-exposed root surface compared 
with surfaces in contact with water. Perhaps the promotion 
of root hair density concurrent with inhibition of lateral root 
formation in both situations facilitates maintenance of root- 
soil contact with minimal metabolic cost.

Future studies are needed to assess whether there is genet
ic variability within a species that impacts root hair density 
and length and whether this variability can improve drought 
tolerance (Cai et al. 2022). Given that there is considerable 
knowledge about the genes involved in root hair production 
and expansion (Li et al. 2016; Salazar-Henao et al. 2016; Zhang 
et al. 2020b), genetic targets with enhanced root hair pheno
types might improve root water uptake under drought 
conditions.

Conclusions, challenges, and avenues for 
future research
This review has highlighted several key advances in the un
derstanding of root growth responses to water deficits that 
have been made over the past century. As summarized in 
Fig. 10, in many cases these responses are spatially variable 
within different regions of the root growth zone. Certainly, 
as emphasized in the title of the article, roots are not so hid
den anymore due to rapid acceleration of interest in root de
velopment and function among the international plant 
biology community (Ephrath et al. 2020). Despite these ad
vances, there are still challenges and gaps in understanding 
as well as important avenues for future research.

Changes in many processes during water stress occur ei
ther sequentially or simultaneously. In many cases, the inter- 
relationships between different responses remain poorly 
understood, and many of the changes may occur indirectly 
or secondarily. The importance of gaining greater insight 
into this question was highlighted by Hsiao et al. (1976, 
p 497) in their conclusion that “… the causes of growth re
sponses under water stress probably will not be understood 
until the sequence of physiological events developing as 
water stress sets in is better known.” This knowledge is crit
ical to decipher causal vs consequential components of root 
growth responses. Further, responses to water stress occur 
across subcellular, cellular, tissue, and organ scales and can 
differ depending on the stress severity and stage of develop
ment of the plant. It is essential to demonstrate that effects 
observed at different levels of organization are important for 
the regulation of root growth responses at the whole-plant 
level under various water deficit conditions.

In addition to changes in the responses of individual root 
growth and overall RSA under water deficits per se, it is im
portant to understand how plants respond to other stresses 
that co-occur with soil drying under field conditions. For ex
ample, roots generally experience increased soil strength, 
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which negatively impacts root elongation, simultaneously 
with decreased water availability (Bengough et al. 2011; 
Correa et al. 2019). To date, effects of water stress and soil 
strength on root growth, and the mechanisms underlying 
the responses, have generally been studied separately, al
though a few studies have varied soil water content and 
soil strength to assess the simultaneous impacts of both 
stresses on root elongation (Greacen and Oh 1972; Mirreh 
and Ketcheson 1973; Veen and Boone 1990). Importantly, 
the results suggest that mechanical impedance can be an im
portant limitation to root elongation even in moderately dry 
soils (Bengough et al. 2011). Accordingly, it is important to 
examine potential interactions between mechanisms that 
determine the growth responses to the 2 stresses. Several me
chanisms underlying root growth responses to water deficits 
are also involved in root growth regulation in response to soil 
strength. Importantly, although some mechanisms are com
mon, for example osmotic adjustment (Greacen and Oh 
1972), other processes play contrasting roles. For example, al
though enhanced cell wall loosening is associated with the 
maintenance of elongation in the apical region of water- 

stressed maize primary roots (Fig. 4), Schneider et al. (2021) re
ported that maize genotypes with thicker and more heavily 
lignified cortical cell walls (multiseriate cortical sclerenchyma) 
were better able to penetrate high-strength soils. In another 
example, it was recently shown that ethylene induces the syn
thesis of both IAA and ABA to regulate inhibition of elong
ation and promotion of radial expansion in rice primary 
roots growing in compacted soil (Huang et al. 2022). This func
tional pattern contrasts with the role of ABA in preventing ex
cess ethylene production and thereby maintaining elongation 
in maize primary roots under water stress (Fig. 7, A and B), 
along with the root thinning response shown in Fig. 3A. 
Studies are needed to investigate how these and other regula
tory processes are impacted when the 2 stresses co-occur.

A second abiotic stress factor that co-occurs with water 
deficits is high temperature, and future climate change scen
arios predict increasing frequencies of combined drought and 
heat waves that can severely impact plant productivity 
(Zandalinas et al. 2021; Bheemanahalli et al. 2022). Recent 
studies with soybean plants subjected to water deficit, heat, 
and their combination found that leaves, flowers, and pods 
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respond differentially to the stress combination (Sinha et al. 
2023a, 2023b). Although root growth responses were not 
evaluated, it is likely that root tissues acclimate and respond 
differentially to the individual and combined stressors.

Another key area for intensified future research is the role 
of root exudation, root-rhizosphere and root-microbiome in
teractions in root growth responses to water deficits 
(McCully 1999; Schnepf et al. 2022). Root exudation and 
mucilage secretion are considered important processes for 
root growth, particularly in dry and hardening soil conditions 
(Watt et al. 1994; Bengough and McKenzie 1997; Iijima et al. 
2004), and are thought to impact rhizosphere hydraulic 
properties (McCully and Boyer 1997; Bais et al. 2006; 
Kroener et al. 2014; Naylor and Coleman-Derr 2018). There 
is considerable evidence suggesting that root-rhizosphere in
teractions, particularly with arbuscular mycorrhizal fungi, en
able water and nutrient absorption in normal and water 
deficit conditions (Augé 2001; Bárzana et al. 2014; Augé 
et al. 2015). Differential spatial and temporal root exudation 
is hypothesized to impact the diversity and strength of mi
crobial associations (Marschner et al. 2001; Farrar et al. 
2003; Watt et al. 2003; Bais et al. 2006; Voothuluru et al. 
2018). However, mechanisms involved in root exudation re
main largely unknown (Volkov and Schwenke 2020; Williams 
and de Vries 2020). A deeper mechanistic understanding of 
root exudation processes and their modulation by environ
mental stimuli is important to improve our knowledge of 
beneficial plant-microbial interactions and to manipulate na
tive microbial communities to enhance root and whole plant 
growth under water deficit conditions.

The coming decades offer tremendously exciting oppor
tunities to build further on the strong foundation of 
understanding of the diversity of root growth responses to 
water deficits that has been summarized in this review. 
Ultimately, deciphering how plants integrate the effects of 
combined abiotic stresses and biotic interactions to coordi
nately regulate the diversity of spatially and temporally vari
able root growth responses will enable strategies for 
developing integrated phenotypes with RSA suitable for spe
cific drought scenarios.

Acknowledgments
We apologize to colleagues whose work we were unable to cite 
due to space limitations. We thank Vicki Bryan for assistance 
with preparation of the manuscript. R.E.S. would like to thank 
William J. Davies (Lancaster University, UK), John S. Boyer 
(University of Missouri), Theodore C. Hsiao (University of 
California, Davis; 1931-2023), and Wendy K. Silk (University 
of California, Davis) for their mentorship and inspiration 
over many years.

Author contributions
All authors contributed to the conception, writing, and edit
ing of this review.

Funding
This work was supported by a National Science Foundation 
EAGER grant (IOS-2318661) to P.V.

Conflict of interest statement. None declared.

Data availability
This historical review contains no new data.

References
Ahmed MA, Zarebanadkouki M, Kaestner A, Carminati A. 

Measurements of water uptake of maize roots: the key function of 
lateral roots. Plant Soil. 2016:398(1-2):59–77. https://doi.org/10. 
1007/s11104-015-2639-6

Ahmed MA, Zarebanadkouki M, Muenier F, Javaux M, Kaestner A, 
Carminati A. Root type matters: measurement of water uptake by 
seminal, crown and lateral roots in maize. J Exp Bot. 2018:69(5): 
1199–1206. https://doi.org/10.1093/jxb/erx439

Ali O, Cheddadi I, Landrein B, Long Y. Revisiting the relationship be
tween turgor pressure and plant cell growth. New Phytol. 
2023:238(1):62–69. https://doi.org/10.1111/nph.18683

Augé RM. Water relations, drought and vesicular-arbuscular mycor
rhizal symbiosis. Mycorrhiza. 2001:11(1):3–42. https://doi.org/10. 
1007/s005720100097

Augé RM, Toler HD, Saxton AM. Arbuscular mycorrhizal symbiosis al
ters stomatal conductance of host plants more under drought than 
under amply watered conditions: a meta-analysis. Mycorrhiza. 
2015:25(1):13–24. https://doi.org/10.1007/s00572-014-0585-4

Avramova V, AbdElgawad H, Zhang Z, Fotschki B, Casadevall R, 
Vergauwen L, Knapen D, Taleisnik E, Guisez Y, Asard H, et al. 
Drought induces distinct growth response, protection, and recovery 
mechanisms in the maize leaf growth zone. Plant Physiol. 
2015:169(2):1382–1396. https://doi.org/10.1104/pp.15.00276

Azuma T, Okita N, Nanmori T, Yasuda T. Changes in cell wall-bound 
phenolic acids in the internodes of submerged floating rice. Plant 
Prod Sci. 2005:8(4):441–446. https://doi.org/10.1626/pps.8.441

Bailey-Serres J, Parker JE, Ainsworth EA, Oldroyd GED, Schroeder JI. 
Genetic strategies for improving crop yields. Nature. 2019:575(7781): 
109–118. https://doi.org/10.1038/s41586-019-1679-0

Bais HP, Weir TL, Perry LG, Gilroy S, Vivanco JM. The role of root exu
dates in rhizosphere interactions with plants and other organisms. 
Annu Rev Plant Biol. 2006:57(1):233–266. https://doi.org/10.1146/ 
annurev.arplant.57.032905.105159

Band LR, Úbeda-Tomás S, Dyson RJ, Middleton AM, Hodgman TC, 
Owen MR, Jensen OE, Bennett MJ, King JR. Growth-induced hor
mone dilution can explain the dynamics of plant root cell elongation. 
Proc Natl Acad Sci U S A. 2012:109(19):7577–7582. https://doi.org/ 
10.1073/pnas.1113632109

Bao Y, Aggarwal P, Robbins NE 2nd, Sturrock CJ, Thompson MC, 
Tan HQ, Tham C, Duan L, Rodriguez PL, Vernoux T, et al. Plant 
roots use a patterning mechanism to position lateral root branches 
toward available water. Proc Natl Acad Sci U S A. 2014:111(25): 
9319–9324. https://doi.org/10.1073/pnas.1400966111

Bárzana G, Aroca R, Bienert GP, Chaumont F, Ruiz-Lozano JM. 
New insights into the regulation of aquaporins by the arbuscular 
mycorrhizal symbiosis in maize plants under drought stress and 
possible implications for plant performance. Mol Plant Microbe 
Interact. 2014:27(4):349–363. https://doi.org/10.1094/MPMI-09- 
13-0268-R

Baskin TI, Meekes HTHM, Liang BM, Sharp RE. Regulation of growth 
anisotropy in well-watered and water-stressed maize roots. II. Role of 
cortical microtubules and cellulose microfibrils. Plant Physiol. 
1999:119(2):681–692. https://doi.org/10.1104/pp.119.2.681

Root growth under water deficits                                                                                THE PLANT CELL 2024: 36; 1377–1409 | 1399

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/article/36/5/1377/7612217 by Jeff C

orrigan user on 22 July 2024



Baskin TI, Preston S, Zelinsky E, Yang X, Elmali M, Bellos D, Wells 
DM, Bennett MJ. Positioning the root elongation zone is saltatory 
and receives input from the shoot. iScience. 2020:23(7):101309. 
https://doi.org/10.1016/j.isci.2020.101309

Basu P, Pal A, Lynch JP, Brown KM. A novel image-analysis technique 
for kinematic study of growth and curvature. Plant Physiol. 
2007:145(2):305–316. https://doi.org/10.1104/pp.107.103226

Baxter I, Hosmani PS, Rus A, Lahner B, Borewitz JO, Muthukumar B, 
Mickelbart MV, Schreiber L, Franke RB, Salt DE. Root suberin 
forms an extracellular barrier that affects water relations and mineral 
nutrition in Arabidopsis. PLoS Genet. 2009:5(5):e1000492. https://doi. 
org/10.1371/journal.pgen.1000492

Beemster GTS, Baskin TI. Analysis of cell division and elongation 
underlying the developmental acceleration of root growth in 
Arabidopsis thaliana. Plant Physiol. 1998:116(4):1515–1526. https:// 
doi.org/10.1104/pp.116.4.1515

Bengough AG, McKenzie BM. Sloughing of root cap cells decreases the 
frictional resistance to maize (Zea mays L.) root growth. J Exp Bot. 
1997:48(4):885–893. https://doi.org/10.1093/jxb/48.4.885

Bengough AG, McKenzie BM, Hallett PD, Valentine TA. Root elong
ation, water stress, and mechanical impedance: a review of limiting 
stresses and beneficial root tip traits. J Exp Bot. 2011:62(1):59–68. 
https://doi.org/10.1093/jxb/erq350

Bhaskara GB, Yang T-H, Verslues PE. Dynamic proline metabolism: 
importance and regulation in water limited environments. Front 
Plant Sci. 2015:6:484. https://doi.org/10.3389/fpls.2015.00484

Bheemanahalli R, Ramamoorthy P, Poudel S, Samiappan S, 
Wijewar-dane N, Reddy KR. Effects of drought and heat stresses 
during reproductive stage on pollen germination, yield, and leaf re
flectance properties in maize (Zea mays L.). Plant Direct. 2022:6(8): 
e434. https://doi.org/10.1002/pld3.434

Blum A. Osmotic adjustment is a prime drought stress adaptive engine 
in support of plant production. Plant Cell Environ. 2017:40(1):4–10. 
https://doi.org/10.1111/pce.12800

Bou Daher F, Chen Y, Bozorg B, Clough J, Jönsson H, Braybrook SA. 
Anisotropic growth is achieved through the additive mechanical ef
fect of material anisotropy and elastic asymmetry. elife. 2018:7: 
e38161. https://doi.org/10.7554/eLife.38161

Boyer JS. Plant productivity and environment. Science. 1982:218(4571): 
443–448. https://doi.org/10.1126/science.218.4571.443

Boyer JS. Water transport. Annu Rev Plant Physiol. 1985:36(1):473–516. 
https://doi.org/10.1146/annurev.pp.36.060185.002353

Boyer JS. Measuring the water status of plants and soils. San Diego 
(CA): Academic Press; 1995.

Boyer JS, Byrne P, Cassman KG, Cooper M, Delmer D, Greene T, 
Gruis F, Habben J, Hausmann N, Kenny N, et al. The US drought 
of 2012 in perspective: A call to action. Glob Food Security. 
2013:2(3):139–143. https://doi.org/10.1016/j.gfs.2013.08.002

Boyer JS, Knipling EB. Isopiestic technique for measuring leaf water po
tentials with a thermocouple psychrometer. Proc Natl Acad Sci U S 
A. 1965:54(4):1044–1051. PMCID: PMC219791 https://www.ncbi. 
nlm.nih.gov/pmc/articles/PMC219791/

Boyer JS, Silk WK, Watt M. Path of water for root growth. Funct Plant 
Biol. 2010:37(12):1105–1116. https://doi.org/10.1071/FP10108

Brady SM, David A, Orlando DA, Lee J, Wang J-Y, Koch J, Dinneny JR, 
Mace D, Ohler U, Benfey PN. A high-resolution root spatiotemporal 
map reveals dominant expression patterns. Science. 2005:318(5851): 
801–806. https://doi.org/10.1126/science.1146265

Bret-Harte MS, Silk WK. Nonvascular, symplastic diffusion of sucrose 
cannot satisfy the carbon demands of growth in the primary root tip 
of Zea mays L. Plant Physiol. 1994:105(1):19–33. https://doi.org/10. 
1104/pp.105.1.19

Burak E, Quinton JN, Dodd IC. Root hairs are the most important root 
trait for rhizosheath formation of barley (Hordeum vulgare), maize 
(Zea mays) and Lotus japonicus (Gifu). Ann Bot. 2021:128(1): 
45–57. https://doi.org/10.1093/aob/mcab029

Cai G, Ahmed MA. The role of root hairs in water uptake: recent ad
vances and future perspectives. J Exp Bot. 2022:73(11):3330–3338. 
https://doi.org/10.1093/jxb/erac114

Cai G, Ahmed MA, Abdalla M, Carminati A. Root hydraulic pheno
types impacting water uptake in drying soils. Plant Cell Environ. 
2022:45(3):650–663. https://doi.org/10.1111/pce.14259

Campbell BM, Beare DJ, Bennett EM, Hall-Spencer JM, Ingram JSI, 
Jaramillo F, Ortiz R, Ramankutty N, Sayer JA, Shindell D. 
Agriculture production as a major driver of the Earth system exceed
ing planetary boundaries. Ecol Soc. 2017:22(4):8. https://doi.org/10. 
5751/ES-09595-220408

Cantó-Pastor A, Kajala K, Shaar-Moshe L, Manzano C, Timilsena P, De 
Bellis D, Gray S, Holbein J, Yang H, Mohammad S, et al. A suberized 
exodermis is required for tomato drought tolerance. Nat Plants. 
2024:10(1):118–130. https://doi.org/10.1038/s41477-023-01567-x

Carminati A, Passioura JB, Zarebanadkouki M, Ahmed MA, Ryan 
PR, Watt M, Delhaize E. Root hairs enable high transpiration rates 
in drying soils. New Phytol. 2017:216(3):771–781. https://doi.org/ 
10.1111/nph.14715

Cassab GI, Eapen D, Campos ME. Root hydrotropism: an update. Am J 
Bot. 2013:100(1):14–24. https://doi.org/10.3732/ajb.1200306

Chang J, Li X, Fu W, Wang J, Yong Y, Shi H, Ding Z, Kui H, Gou X, He 
K, et al. Asymmetric distribution of cytokinins determines root 
hydrotropism in Arabidopsis thaliana. Cell Res. 2019:29(12): 
984–993. https://doi.org/10.1038/s41422-019-0239-3

Chaumont F, Barrieu F, Herman EM, Chrispeels MJ. Characterization 
of a maize tonoplast aquaporin expressed in zones of cell division and 
elongation. Plant Physiol. 1998:117(4):1143–1152. https://doi.org/10. 
1104/pp.117.4.1143

Chen Q, Hu T, Li X, Song C-P, Zhu J-K, Chen L, Zhao Y. 
Phosphorylation of SWEET sucrose transporters regulates plant 
root:shoot ratio under drought. Nat Plants. 2022:8(1):68–77. 
https://doi.org/10.1038/s41477-021-01040-7

Chimenti CA, Marcantonio M, Hall AJ. Divergent selection for 
osmotic adjustment results in improved drought tolerance in 
maize (Zea mays L.) in both early growth and flowering stages. 
Field Crops Res. 2006:95(2-3):305–315. https://doi.org/10.1016/j.fcr. 
2005.04.003

Chimungu JG, Brown KM, Lynch JP. Reduced root cortical cell file 
number improves drought tolerance in maize. Plant Physiol. 
2014a:166(4):1943–1955. https://doi.org/10.1104/pp.114.249037

Chimungu JG, Brown KM, Lynch JP. Large root cortical cell size im
proves drought tolerance in maize (Zea mays L.). Plant Physiol. 
2014b:166(4):2166–2178. https://doi.org/10.1104/pp.114.250449

Claeys H, Inzé D. The agony of choice: how plants balance growth and 
survival under water-limiting conditions. Plant Physiol. 2013:162(4): 
1768–1779. https://doi.org/10.1104/pp.113.220921

Correa J, Postma JA, Watt M, Wojciechowski T. Soil compaction and 
the architectural plasticity of root systems. J Exp Bot. 2019:70(21): 
6019–6134. https://doi.org/10.1093/jxb/erz383

Cosgrove DJ. Loosening of plant cell walls by expansins. Nature. 
2000:407(6802):321–326. https://doi.org/10.1038/35030000

Cosgrove DJ. Plant cell wall extensibility: connecting plant cell growth 
with cell wall structure, mechanics, and the action of wall-modifying 
enzymes. J Exp Bot. 2016:67(2):463–476. https://doi.org/10.1093/jxb/ 
erv511

Cosgrove DJ. Building an extensible cell wall. Plant Physiol. 2022:189(3): 
1246–1277. https://doi.org/10.1093/plphys/kiac184

Coste R, Pernes M, Tetard L, Molinari M, Chabbert B. Effect of 
the interplay of composition and environmental humidity on 
the nanomechanical properties of hemp fibers. ACS Sust Chem 
Eng. 2020:8(16):6381–6390. https://doi.org/10.1021/acssuschemeng. 
0c00566

Creelman RA, Mason HS, Bensen RJ, Boyer JS, Mullet JE. Water deficit 
and abscisic acid cause differential inhibition of shoot versus root 
growth in soybean seedlings: analysis of growth, sugar accumulation, 

1400 | THE PLANT CELL 2024: 36; 1377–1409                                                                                                       Voothuluru et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/article/36/5/1377/7612217 by Jeff C

orrigan user on 22 July 2024



and gene expression. Plant Physiol. 1990:92(1):205–214. https://doi. 
org/10.1104/pp.92.1.205

Croser C, Bengough AG, Pritchard J. The effect of mechanical imped
ance on root growth in pea (Pisum sativum). I. Rates of cell flux, mi
tosis, and strain during recovery. Physiol Plant. 1999:107(3):277–286. 
https://doi.org/10.1034/j.1399-3054.1999.100304.x

Dardanelli JL, Bachmeier OA, Sereno R, Gil R. Rooting depth and soil 
water extraction patterns of different crops in a silty loam Haplustoll. 
Field Crops Res. 1997:54(1):29–38. https://doi.org/10.1016/S0378- 
4290(97)00017-8

Darwin F, Acton EH. Practical physiology of plants. Cambridge: 
Cambridge University Press; 1909.

Davies WJ, Zhang J. Root signals and the regulation of growth and 
development of plants in drying soil. Annu Rev Plant Physiol Plant 
Mol Biol. 1991:42(1):55–76. https://doi.org/10.1146/annurev.pp.42. 
060191.000415

Dietrich D. Hydrotropism: how roots search for water. J Exp Bot. 
2018:69(11):2759–2771. https://doi.org/10.1093/jxb/ery034

Dietrich D, Pang L, Kobayashi A, Fozard JA, Boudolf V, Bhosale R, 
Antoni R, Nguyen T, Hiratsuka S, Fujii N, et al. Root hydrotropism 
is controlled via a cortex-specific growth mechanism. Nat Plants. 
2017:3:17057. https://doi.org/10.1038/nplants.2017.57

Dinneny JR. A gateway with a guard: how the endodermis regulates 
growth through hormone signaling. Plant Sci. 2014:214:14–19. 
https://doi.org/10.1016/j.plantsci.2013.09.009

Dinneny JR. Developmental responses to water and salinity in root sys
tems. Annu Rev Cell Dev Biol. 2019:35(1):239–257. https://doi.org/10. 
1146/annurev-cellbio-100617-062949

Dowd TG, Braun DM, Sharp RE. Maize lateral root developmental 
plasticity induced by mild water stress. I: Genotypic variation across 
a high-resolution series of water potentials. Plant Cell Environ. 
2019:42(7):2259–2273. https://doi.org/10.1111/pce.13399

Dowd TG, Braun DM, Sharp RE. Maize lateral root developmental 
plasticity induced by mild water stress. II: Genotype-specific spatio- 
temporal effects on determinate development. Plant Cell Environ. 
2020:43(10):2409–2427. https://doi.org/10.1111/pce.13840

Duddek P, Ahmed MA, Javaux M, Venderborght J, Lovric G, 
KingA, Carminati A. The effect of root hairs on root water uptake is de
termined by root-soil contact and root hair shrinkage. New Phytol. 
2023:240(6):2484–2497. https://doi.org/10.1111/nph.19144

Duddek P, Carminati A, Koebernick N, Ohmann L, Lovric G, Delzon 
S, Rodriguez-Dominguez CM, King A, Ahmed MA. The impact of 
drought-induced root and root hair shrinkage on root-soil contact. 
Plant Physiol. 2022:189(3):1232–1236. https://doi.org/10.1093/ 
plphys/kiac144

Dumais J. Mechanics and hydraulics of pollen tube growth. New 
Phytol. 2021:232(4):1549–1565. https://doi.org/10.1111/nph.17722

Durand J-L, Onillon B, Schnyder H, Rademacher I. Drought effects on 
cellular and spatial parameters of leaf growth in tall fescue. J Exp Bot. 
1995:46(9):1147–1155. https://doi.org/10.1093/jxb/46.9.1147

Dyson RJ, Vizcay-Barrena G, Band LR, Fernandes AN, French AP, 
Fozaed JA, Hodgman TC, Kenobi K, Pridmore TP, Stout M, 
et al. Mechanical modelling quantifies the functional importance 
of outer tissue layers during root elongation and bending. New 
Phytol. 2014:202(4):1212–1222. https://doi.org/10.1111/nph.12764

Eaton FM, Ergle DR. Carbohydrate accumulation in the cotton plant at 
low moisture levels. Plant Physiol. 1948:23(2):169–187. https://doi. 
org/10.1104/pp.23.2.169

Ephrath JE, Klien T, Sharp RE, Lazarovitch N. Exposing the hidden 
half: root research at the forefront of science. Plant Soil. 2020: 
447(1-2):1–5. https://doi.org/10.1007/s11104-019-04417-y

Erickson RO. Modelling of plant growth. Annu Rev Plant Physiol. 
1976:27(1):407–434. https://doi.org/10.1146/annurev.pp.27.060176. 
002203

Erickson RO, Sax KB. Elemental growth rate of the primary root of Zea 
mays. Proc Am Philos Soc (Philadelphia). 1956:100:487–498. https:// 
www.jstor.org/stable/3143682

Erickson RO, Silk WK. The kinematics of plant growth. Sci Am. 
1980:242(5):134–151. https://doi.org/10.1038/scientificamerican0580- 
134

Eshel A, Beeckman T, editors. Plant roots: the hidden half. 4th ed. Boca 
Raton, FL:CRC Press; 2013, p 848.

Evans ML. Gravitropism: interaction of sensitivity modulation and ef
fector redistribution. Plant Physiol. 1991:95(1):1–5. https://doi.org/ 
10.1104/pp.95.1.1

Fan L, Linker R, Gepstein S, Tanimoto E, Yamamoto R, Neumann 
PM. Progressive inhibition by water deficit of cell wall extensibility 
and growth along the elongation zone of maize roots is related to in
creased lignin metabolism and progressive stelar accumulation of 
wall phenolics. Plant Physiol. 2006:140(2):603–612. https://doi.org/ 
10.1104/pp.105.073130

Fan L, Neumann PM. The spatially variable inhibition by water deficit 
of maize root growth correlates with altered profiles of proton flux 
and cell wall pH. Plant Physiol. 2004:135(4):2291–2300. https://doi. 
org/10.1104/pp.104.041426

Farrar J, Hawes M, Jones D, Lindow S. How roots control the flux of 
carbon to the rhizosphere. Ecology. 2003:84(4):827–837. https:// 
doi.org/10.1890/0012-9658(2003)084[0827:HRCTFO]2.0.CO;2

Fedoroff NV. The past, present and future of crop genetic modification. 
New Biotechnol. 2010:27(5):461–465. https://doi.org/10.1016/j.nbt. 
2009.12.004

Fraser TE, Silk WK, Rost TL. Effects of low water potential on cortical 
cell length in growing regions of maize roots. Plant Physiol. 
1990:93(2):648–651. https://doi.org/10.1104/pp.93.2.648

Frensch J, Hsiao TC. Rapid response of the yield threshold and turgor 
regulation during adjustment of root growth to water stress in Zea 
mays. Plant Physiol. 1995:108(1):303–312. https://doi.org/10.1104/ 
pp.108.1.303

Freschet GT, Pagès L, Iversen CM, Comas LH, Rewald B, Roumet C, 
Klimešová J, Zadworny M, Poorter H, Postma JA, et al. A starting 
guide to root ecology: strengthening ecological concepts and standar
dising root classification, sampling, processing and trait measurements. 
New Phytol. 2021:232(3):973–1122. https://doi.org/10.1111/nph.17572

Fry SC, Smith RC, Renwick KF, Martin DJ, Hodge SK, Matthews KJ. 
Xyloglucan endotransglycosylase, a new wall-loosening enzyme activ
ity from plants. Biochem J. 1992:282(3):821–828. https://doi.org/10. 
1042/bj2820821

Fujii N, Miyabayashi S, Sugita T, Kobayashi A, Yamazaki C, 
Miyazawa Y, Kamada M, Kasahara H, Osada I, Shimazu T, 
et al. Root-tip-mediated inhibition of hydrotropism is accompan
ied with the suppression of asymmetric expression of auxin- 
inducible genes in response to moisture gradients in cucumber 
roots. PLoS One. 2018:13(1):e0189827. https://doi.org/10.1371/ 
journal.pone.0189827

Fukai S, Cooper M. Development of drought-resistant cultivars using 
physio-morphological traits in rice. Field Crop Res. 1995:40(2): 
67–86. https://doi.org/10.1016/0378-4290(94)00096-U

Gabay G, Wang H, Zhang J, Moriconi JI, Burguener GF, Gualano LD, 
Howell T, Lukaszewski A, Staskawicz B, Cho MJ, et al. Dosage dif
ferences in 12-OXOPHYTODIENOATE REDUCTASE genes modulate 
wheat root growth. Nat Commun. 2023:14(1):539. https://doi.org/ 
10.1038/s41467-023-36248-y

Gabay G, Zhang J, Burguener GF, Howell T, Wang H, Fahima T, 
Lukaszewski A, Moriconi JI, Santa Maria GE, Dubcovsky J. 
Structural rearrangements in wheat (1BS)-rye (1RS) recombinant 
chromosomes affect gene dosage and root length. Plant Genome. 
2021:14(1):e20079. https://doi.org/10.1002/tpg2.20079

Gambetta GA, Fei J, Rost TL, Knipfer T, Matthews MA, Shackel KA, 
Walker MA, McElrone AJ. Water uptake along the length of grape
vine fine roots: developmental anatomy, tissue-specific aquaporin ex
pression, and pathways of water transport. Plant Physiol. 2013:163(3): 
1254–1265. https://doi.org/10.1104/pp.113.221283

Ge L, Chen R. Negative gravitropism in plant roots. Nat Plants. 
2016:2(11):16155. https://doi.org/10.1038/nplants.2016.155

Root growth under water deficits                                                                                THE PLANT CELL 2024: 36; 1377–1409 | 1401

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/article/36/5/1377/7612217 by Jeff C

orrigan user on 22 July 2024



Girousse C, Bournoville R, Bonnemain J-L. Water deficit-induced 
changes in concentrations in proline and some other amino acids 
in the phloem sap of alfalfa. Plant Physiol. 1996:111(1):109–113. 
https://doi.org/10.1104/pp.111.1.109

Gong Z, Yang S. Drought meets SWEET. Nat Plants. 2022:8(1):25–26. 
https://doi.org/10.1038/s41477-021-01032-7

Goodwin RH. Studies on roots. V. Effects of indoleacetic acid on the 
standard root growth pattern of Phleum pratense. Bot Gaz. 1972: 
133(3):224–229. https://doi.org/10.1086/336637

Goodwin RH, Avers CJ. Studies on roots. III. An analysis of root growth 
in Phleum pratense using photomicrographic records. Am J Bot. 
1956:43(7):479–487. https://doi.org/10.1002/j.1537-2197.1956. 
tb10521.x

Gowda VR, Henry A, Yamauchi A, Shashidhar HE, Serraj R. Root biol
ogy and genetic improvement for drought avoidance in rice. Field 
Crops Res. 2011:122(1):1–13. https://doi.org/10.1016/j.fcr.2011.03. 
001

Greacen EL, Oh JS. Physics of root growth. Nature. 1972:235(53):24–25. 
https://doi.org/10.1038/newbio235024a0

Green PB. Growth physics in Nitella: a method for continuous in vivo 
analysis of extensibility based on a micro-manometer technique for 
turgor pressure. Plant Physiol. 1968:43(8):1169–1184. https://doi. 
org/10.1104/pp.43.8.1169

Green PB, Erickson RO, Buggy J. Metabolic and physical control of cell 
elongation rate—in vivo studies in Nitella. Plant Physiol. 1971:47(3): 
423–430. https://doi.org/10.1104/pp.47.3.423

Gregory PJ, editor. Understanding and improving crop root function. 
Cambridge: Burleigh Dodds Science Publishing; 2021. 440 p.

Guseman JM, Webb K, Srinivasan C, Dardick C. DRO1 influences root 
system architecture in Arabidopsis and Prunus species. Plant J. 
2017:89(6):1093–1105. https://doi.org/10.1111/tpj.13470

Hachez C, Moshelion M, Zelazny E, Cavez D, Chaumont F. 
Localization and quantification of plasma membrane aquaporin ex
pression in maize primary root: a clue to understanding their role 
as cellular plumbers. Plant Mol Biol. 2006:62(1-2):305–323. https:// 
doi.org/10.1007/s11103-006-9022-1

Hager A. Role of the plasma membrane H+-ATPase in auxin-induced 
elongation growth: historical and new aspects. J Plant Res. 
2003:116(6):483–505. https://doi.org/10.1007/s10265-003-0110-x

Hamilton ES, Schlegel AM, Haswell ES. United in diversity: mechano
sensitive ion channels in plants. Ann Rev Plant Biol. 2015:66(1): 
113–137. https://doi.org/10.1146/annurev-arplant-043014-114700

Hatfield RD, Jung H, Marita JM, Kim H. Cell wall characteristics of a 
maize mutant selected for decreased ferulates. Am J Plant Sci. 
2018:9(3):446–466. https://doi.org/10.4236/ajps.2018.93034

Hejnovicz Z. The response of the different parts of the cell elongation 
zone in root to external β-indolylacetic acid. Acta Soc Bot Pol. 
1961:30(1):25–42. https://doi.org/10.5586/asbp.1961.003

Hendrickson AH, Veihmeyer FJ. Influence of dry soil on root exten
sion. Plant Physiol. 1931:6(3):567–576. https://doi.org/10.1104/pp.6. 
3.567

Hirasawa T, Takahashi H, Suge H, Ishihara K. Water potential, turgor 
and cell wall properties in elongating tissues of the hydrotropically bend
ing roots of pea (Pisum sativum L.). Plant Cell Environ. 1997:20(3): 
381–386. https://doi.org/10.1046/j.1365-3040.1997.d01-70.x

Hochholdinger F, Woll K, Sauer MA, Dembinsky D. Genetic dissec
tion of root formation in maize (Zea mays) reveals root-type specific 
developmental programmes. Ann Bot. 2004:93(4):359–368. https:// 
doi.org/10.1093/aob/mch056

Hochholdinger F, Yu P, Marcon C. Genetic control of root system de
velopment in maize. Trends Plant Sci. 2018:23(1):79–88. https://doi. 
org/10.1016/j.tplants.2017.10.004

Hose E, Steudle E, Hartung W. Abscisic acid and hydraulic 
conductivity of maize roots: a study using cell- and root-pressure 
probes. Planta. 2000:211(6):874–882. https://doi.org/10.1007/s0042 
50000412

Hsiao TC. Plant responses to water stress. Annu Rev Plant Physiol. 
1973:24(1):519–570. https://doi.org/10.1146/annurev.pp.24.060173. 
002511

Hsiao TC, Acevedo E, Fereres E, Henderson DW. Water stress, growth, 
and osmotic adjustment. Philos Trans R Soc Lond B Biol Sci. 
1976:273(927):479–500. https://doi.org/10.1098/rstb.1976.0026

Hsiao TC, Jing J. Leaf and root expansive growth in response to water def
icits. In: Cosgrove DJ, Knievel DP, editors. Physiology of cell expansion 
during plant growth: proceedings of the second annual Penn State sym
posium in plant physiology (May 21–23, 1987). Rockville (MD): 
American Society of Plant Physiologists; 1987. p. 180–192.

Hsiao TC, Silk WK, Jing J. Leaf growth and water deficits: biophysical 
effects. In: Baker NR, Davies WJ, Ong CK, editors. Control of leaf 
growth, SEB seminar 27. Cambridge: Cambridge University Press; 
1985. p. 239–266.

Hsiao TC, Xu L-K. Sensitivity of growth of roots versus leaves to water 
stress: biophysical analysis and relation to water transport. J Exp Bot. 
2000:51(350):1595–1616. https://doi.org/10.1093/jexbot/51.350.1595

Huang G, Kilic A, Karady M, Zhang J, Mehra P, Song X, Sturrock CJ, 
Zhu W, Qin H, Hartman S, et al. Ethylene inhibits rice root elong
ation in compacted soil via ABA- and auxin-mediated mechanisms. 
Proc Natl Acad Sci U S A. 2022:119(30):e2201072119. https://doi. 
org/10.1073/pnas.2201072119

Humplík JF, Bergougnoux V, Van Volkenburgh E. To stimulate or in
hibit? That is the question for the function of abscisic acid. Trends 
Plant Sci. 2017:22(10):830–841. https://doi.org/10.1016/j.tplants.2017. 
07.009

Hunter AS, Kelley OJ. The extension of plant roots into dry soil. Plant 
Physiol. 1946:21(4):445–451. https://doi.org/10.1104/pp.21.4.445

Husken D, Steudle E, Zimmermann U. Pressure probe technique for 
measuring water relations of cells in higher plants. Plant Physiol. 
1978:61(2):158–163. https://doi.org/10.1104/pp.61.2.158

Iijima M, Higuchi T, Barlow PW. Contribution of root cap mucilage 
and presence of an intact root cap in maize (Zea mays) to the reduc
tion of soil mechanical impedance. Ann Bot. 2004:94(3):473–477. 
https://doi.org/10.1093/aob/mch166

Iljin WS. Drought resistance in plants and physiological processes. 
Annu Rev Plant Physiol. 1957:8(1):257–274. https://doi.org/10.1146/ 
annurev.pp.08.060157.001353

Imber D, Tal M. Phenotypic reversion of flacca, a wilty mutant of to
mato, by abscisic acid. Science. 1970:169(3945):592–593. https:// 
doi.org/10.1126/science.169.3945.592

Ito K, Tanakamaru K, Morita S, Abe J, Inanaga S. Lateral root de
velopment, including responses to soil drying, of maize (Zea 
mays) and wheat (Triticum aestivum) seminal roots. Physiol 
Plant. 2006:127(2):260–267. https://doi.org/10.1111/j.1399-3054. 
2006.00657.x

Jefferies RA. Cultivar responses to water stress in potato: effects of 
shoot and roots. New Phytol. 1993:123(3):491–498. https://doi.org/ 
10.1111/j.1469-8137.1993.tb03761.x

Jiang Z, Yao L, Zhu X, Hao G, Ding Y, Zhao H, Wang S, Wen C-K, Xu X, 
Xin X-F. Ethylene signaling modulates air humidity responses in plants. 
Plant J. 2024:117(3):653–668. https://doi.org/10.1111/tpj.16556

Juenger TE, Verslues PE. Time for a drought experiment: do you know 
your plants’ water status? Plant Cell. 2023:35(1):10–23. https://doi. 
org/10.1093/plcell/koac324

Kang J, Sen S, Oliver MJ, Sharp RE. Comparative transcriptomics re
veal metabolic rather than genetic control of divergent antioxidant 
metabolism in the primary root elongation zone of water-stressed 
cotton and maize. Antioxidants (Basel). 2023:12(2):287. https://doi. 
org/10.3390/antiox12020287

Kang J, Voothuluru P, Hoyos-Miernyk E, Alexander D, Oliver MJ, 
Sharp RE. Antioxidant metabolism underlies different metabolic 
strategies for primary root growth maintenance under water stress 
in cotton and maize. Antioxidants (Basel). 2022:11(5):820. https:// 
doi.org/10.3390/antiox11050820

1402 | THE PLANT CELL 2024: 36; 1377–1409                                                                                                       Voothuluru et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/article/36/5/1377/7612217 by Jeff C

orrigan user on 22 July 2024



Kano M, Inukai Y, Kitano H, Yamauchi A. Root plasticity as the key 
root trait for adaptation to various intensities of drought stress in 
rice. Plant Soil. 2011:342(1-2):117–128. https://doi.org/10.1007/ 
s11104-010-0675-9

Karlova R, Boer D, Hayes S, Testerink C. Root plasticity under abiotic 
stress. Plant Physiol. 2021:187(3):1057–1070. https://doi.org/10.1093/ 
plphys/kiab392

Kashiwagi J, Krishnamurthy L, Purushothaman R, Upadhyaya HD, 
Gaur PM, Gowda CLL, Ito O, Varshney RK. Scope for improvement 
of yield under drought through the root traits in chickpea (Cicer ar
ietinum L). Field Crop Res. 2015:170:47–54. https://doi.org/10.1016/j. 
fcr.2014.10.003

Kirkegaard JA, Lilley JM, Howe GN, Graham JM. Impact of subsoil 
water use on wheat yield. Aust J Agric Res. 2007:58(4):303–315. 
https://doi.org/10.1071/AR06285

Kitomi Y, Hanzawa E, Kuya N, Inoue H, Hara N, Kawai S, Kanno N, 
Endo M, Sugimoto K, Yamazaki T, et al. Root angle modifications 
by the DRO1 homolog improve rice yields in saline paddy fields. Proc 
Natl Acad Sci U S A. 2020:117(35):21242–21250. https://doi.org/10. 
1073/pnas.2005911117

Klein SP, Schneider HM, Perkins AC, Brown KM, Lynch JP. Multiple 
integrated root phenotypes are associated with improved drought 
tolerance. Plant Physiol. 2020:83(3):1011–1025. https://doi.org/10. 
1104/pp.20.00211

Klepper B, Taylor HM, Huck MG, Fiscus EL. Water relations and 
growth of cotton in drying soil. Agron J. 1973:65(2):307–310. 
https://doi.org/10.2134/agronj1973.00021962006500020036x

Konstantinova N, Korbei B, Luschnig C. Auxin and root gravitropism: 
addressing basic cellular processes by exploiting a defined growth re
sponse. Int J Mol Sci. 2021:22(5):2749. https://doi.org/10.3390/ 
ijms22052749

Kozlova L, Petrova A, Ananchenko B, Gorshkova T. Assessment of 
primary cell wall nanomechanical properties in internal cells of non- 
fixed maize roots. Plants (Basel). 2019:8(6):172. https://doi.org/10. 
3390/plants8060172

Kramer PJ, Boyer JS. Water relations of plants and soils. San Diego, 
(CA): Academic Press; 1995.

Kreszies T, Shellakkutti N, Osthoff A, Yu P, Baldauf JA, Zeisler-Diehl 
VV, Ranathunge K, Hochholdinger F, Schreiber L. Osmotic 
stress enhances suberization of apoplastic barriers in barley seminal 
roots: analysis of chemical, transcriptomic and physiological re
sponses. New Phytol. 2019:221(1):180–194. https://doi.org/10.1111/ 
nph.15351

Krieger G, Shkolnik D, Miller G, Fromm H. Reactive oxygen species 
tune root tropic responses. Plant Physiol. 2016:172(2):1209–1220. 
https://doi.org/10.1104/pp.16.00660

Kroener E, Zarebanadkouki M, Kaestner A, Carminati A. Non- 
equilibrium water dynamics in the rhizosphere: how mucilage affects 
water flow in soils. Water Resour Res. 2014:50(8):6479–6495. https:// 
doi.org/10.1002/2013WR014756

Kutschera U, Briggs WR. Growth, in vivo extensibility, and tissue ten
sion in developing pea internodes. Plant Physiol. 1988:86(1):306–311. 
https://doi.org/10.1104/pp.86.1.306

Kutschera U, Niklas KJ. The epidermal-growth-control theory of stem 
elongation: an old and a new perspective. J Plant Physiol. 
2007:164(11):1395–1409. https://doi.org/10.1016/j.jplph.2007.08.002

Kuzmanoff KM, Evans ML. Kinetics of adaptation to osmotic stress in 
lentil (Lens culinaris Med.) roots. Plant Physiol. 1981:68(1):244–247. 
https://doi.org/10.1104/pp.68.1.244

Lee B-R, Jin YL, Avice J-C, Cliquet J-B, Ourry A, Kim T-H. Increased 
proline loading to phloem and its effects on nitrogen uptake and as
similation in water-stressed white clover (Trifolium repens). New 
Phytol. 2009:182(3):654–663. https://doi.org/10.1111/j.1469-8137. 
2009.02795.x

Lehmann S, Funck D, Szabados L, Rentsch D. Proline metabolism and 
transport in plant development. Amino Acids. 2010:39(4):949–962. 
https://doi.org/10.1007/s00726-010-0525-3

Li L, Hey S, Liu S, Liu Q, McNinch C, Hu H-C, Wen T-J, Marcon C, 
Paschold A, Bruce W, et al. Characterization of maize roothairless6 
which encodes a D-type cellulose synthase and controls the switch 
from bulge formation to tip growth. Sci Rep. 2016:6(1):34395. 
https://doi.org/10.1038/srep34395

Li X, Chen L, Forde BG, Davies WJ. The biphasic root growth response 
to abscisic acid in Arabidopsis involves interaction with ethylene and 
auxin signalling pathways. Front Plant Sci. 2017:8:1493. https://doi. 
org/10.3389/fpls.2017.01493

Liang BM, Sharp RE, Baskin TI. Regulation of growth anisotropy in 
well-watered and water-stressed maize roots. I. Spatial distribution 
of longitudinal, radial and tangential expansion rates. Plant Physiol. 
1997:115(1):101–111. https://doi.org/10.1104/pp.115.1.101

Lilley JM, Kirkegaard JA. Seasonal variations in the value of subsoil 
water to wheat: simulation studies in southern New South Wales. Aust 
J Agric Res. 2007:58(12):1115–1128. https://doi.org/10.1071/AR07046

Lockhart JA. An analysis of irreversible plant cell elongation. J Theor Biol. 
1965:8(2):264–275. https://doi.org/10.1016/0022-5193(65)90077-9

Longkumer T, Chen C-Y, Biancucci M, Bhaskara GB, Verslues PE. 
Spatial differences in stoichiometry of EGR phosphatase and 
microtubule-associated stress protein 1 control root meristem activ
ity during drought stress. Plant Cell. 2022:34(2):742–758. https://doi. 
org/10.1093/plcell/koab290

Lopes MS, Reynolds MP. Partitioning of assimilates to deeper roots is 
associated with cooler canopies and increased yield under drought in 
wheat. Funct Plant Biol. 2010:37(2):147–156. https://doi.org/10.1071/ 
FP09121

Lucas M, Swarup R, Paponov IA, Swarup K, Casimiro I, Lake D, Peret B, 
Zappala S, Mairhofer S, Whitworth M, et al. SHORT-ROOT regulates 
primary, lateral and adventitious root development in Arabidopsis. Plant 
Physiol. 2011:155(1):384–398. https://doi.org/10.1104/pp.110.165126

Lynch JP. Steep, cheap and deep: an ideotype to optimize water and N 
acquisition by maize root systems. Ann Bot. 2013:112(2):347–357. 
https://doi.org/10.1093/aob/mcs293

Lynch JP. Rightsizing root phenotypes for drought resistance. J Exp Bot. 
2018:69(13):3279–3292. https://doi.org/10.1093/jxb/ery048

Lynch JP. Harnessing root architecture to address global challenges. 
Plant J. 2022:109(2):415–431. https://doi.org/10.1111/tpj.15560

MacAdam JW, Grabber JH. Relationship of growth cessation with the 
formation of diferulate cross-links and p-coumaroylated lignins in tall 
fescue leaf blades. Planta. 2002:215(5):785–793. https://doi.org/10. 
1007/s00425-002-0812-7

Maia JM, Voigt EL, Ferreira-Silva SL, Fontenele AV, Macêdo CEC, 
Silveira JAG. Differences in cowpea root growth triggered by salin
ity and dehydration are associated with oxidative modulation in
volving types I and III peroxidases and apoplastic ascorbate. J 
Plant Growth Regul. 2013:32(2):376–387. https://doi.org/10.1007/ 
s00344-012-9308-2

Marin M, Feeney DS, Brown LK, Naveed M, Ruiz S, Koebernick N, 
Bengough AG, Hallett PD, Roose T, Puértolas J, et al. 
Significance of root hairs for plant performance under contrasting 
field conditions and water deficit. Ann Bot. 2021:128(1):1–16. 
https://doi.org/10.1093/aob/mcaa181

Marschner P, Yang C-H, Lieberei R, Crowley DE. Soil and plant spe
cific effects on bacterial community composition in the rhizosphere. 
Soil Biol Biochem. 2001:33(11):1437–1445. https://doi.org/10.1016/ 
S0038-0717(01)00052-9

Martin JH, Harris JA, Jones ID. Freezing-point depression and specific 
conductivity of sorghum tissue fluids. J Agric Res. 1931:42:57–69.

Matthews MA, Van Volkenburgh E, Boyer JS. Acclimation of leaf 
growth to low water potentials in sunflower. Plant Cell Environ. 
1984:7(3):199–206. https://doi.org/10.1111/1365-3040.ep11614641

McAdam SAM, Brodribb TJ, Ross JJ. Shoot-derived abscisic acid pro
motes root growth. Plant Cell Environ. 2016:39(3):652–659. https:// 
doi.org/10.1111/pce.12669

McCully M. How do real roots work? Some new views of root structure. 
Plant Physiol. 1995:109(1):1–6. https://doi.org/10.1104/pp.109.1.1

Root growth under water deficits                                                                                THE PLANT CELL 2024: 36; 1377–1409 | 1403

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/article/36/5/1377/7612217 by Jeff C

orrigan user on 22 July 2024



McCully ME. ROOTS IN SOIL: unearthing the complexities of roots and 
their rhizospheres. Annu Rev Plant Physiol Plant Mol Biol. 1999:50(1): 
695–718. https://doi.org/10.1146/annurev.arplant.50.1.695

McCully ME, Boyer JS. The expansion of maize root-cap mucilage dur
ing hydration. 3. Changes in water potential and water content. 
Physiol Plant. 1997:99(1):169–177. https://doi.org/10.1111/j.1399- 
3054.1997.tb03445.x

McQueen-Mason S, Durachko DM, Cosgrove DJ. Two endogenous 
proteins that induce cell wall extension in plants. Plant Cell. 
1992:4(11):1425–1433. https://doi.org/10.1105/tpc.4.11.1425

Mehra P, Pandey BK, Melebari D, Banda J, Leftley N, Couvreur V, 
Rowe J, Anfang M, De Gernier H, Morris E, et al. Hydraulic flux- 
responsive hormone redistribution determines root branching. Science. 
2022:378(6621):762–768. https://doi.org/10.1126/science.add3771

Mervyn M, Ludlow MM. Contribution of osmotic adjustment to the 
maintenance of photosynthesis during water stress. In: Biggins J, 
editor. Progress in photosynthesis research. New York: Springer; 
1987. p. 161–168.

Meyer RF, Boyer JS. Osmoregulation, solute distribution, and growth in 
soybean seedlings having low water potentials. Planta. 1981:151(5): 
482–489. https://doi.org/10.1007/BF00386543

Miao R, Wang M, Yuan W, Ren Y, Li Y, Zhang N, Zhang J, Kronzucker 
HJ, Xu W. Comparative analysis of Arabidopsis ecotypes reveals a role 
for brassinosteroids in root hydrotropism. Plant Physiol. 2018:176(4): 
27202736. https://doi.org/10.1104/pp.17.01563

Miao R, Yuan W, Wang Y, Garcia-Maquilon I, Dang X, Li Y, Zhang J, 
Zhu Y, Rodriguez PL, Xu W. Low ABA concentration promotes root 
growth and hydrotropism through relief of ABA INSENSITIVE 
1-mediated inhibition of plasma membrane H+-ATPase 2. Sci Adv. 
2021:7(12):eabd4113. https://doi.org/10.1126/sciadv.abd4113

Mirreh HF, Ketcheson JW. Influence of soil water matric potential and 
resistance to penetration on corn root elongation. Can J Soil Sci. 
1973:53(4):383–388. https://doi.org/10.4141/cjss73-055

Molisch H. Untersuchungen über den hydrotropismus. Sitzungsberichte 
Akad Wiss Wien. 1883:88:897–943. https://www.zobodat.at/pdf/ 
SBAWW_88_0897-0943.pdf

Molz FJ, Boyer JS. Growth-induced water potentials in plant cells and tissues. 
Plant Physiol. 1978:62(3):423–429. https://doi.org/10.1104/pp.62.3.423

Morgan JM. Osmoregulation and water stress in higher plants. Annu 
Rev Plant Physiol. 1984:35(1):299–319. https://doi.org/10.1146/ 
annurev.pp.35.060184.001503

Morgan JM. Growth and yield of wheat lines with differing osmoregu
lative capacity at high soil water deficit in seasons of varying evapora
tive demand. Field Crops Res. 1995:40(3):143–152. https://doi.org/10. 
1016/0378-4290(94)00100-Q

Morgan JM, Condon AG. Water use, grain yield, and osmoregulation in 
wheat. Aust J Plant Physiol. 1986:13(4):523–532. https://doi.org/10. 
1071/PP9860523

Moriwaki T, Miyazawa Y, Kobayashi A, Takahashi H. Molecular me
chanisms of hydrotropism in seedling roots of Arabidopsis thaliana 
(Brassicaceae). Am J Bot. 2013:100(1):25–34. https://doi.org/10. 
3732/ajb.1200419

Moss GI, Hall KC, Jackson MB. Ethylene and the responses of roots of 
maize (Zea mays L.) to physical impedance. New Phytol. 1988:109(3): 
303–311. https://doi.org/10.1111/j.1469-8137.1988.tb04199.x

Motte H, Vanneste S, Beeckman T. Molecular and environmental 
regulation of root development. Annu Rev Plant Biol. 2019:70(1): 
465–488. https://doi.org/10.1146/annurev-arplant-050718-100423

Munns R. Why measure osmotic adjustment? Aust J Plant Physiol. 
1988:15:717–726. https://doi.org/10.1071/PP9880717

Nakajima Y, Nara Y, Kobayashi A, Sugita T, Miyazawa Y, Fujii N, 
Takahashi H. Auxin transport and response requirements for root 
hydrotropism differ between plant species. J Exp Bot. 2017:68(13): 
3441–3456. https://doi.org/10.1093/jxb/erx193

Nakamoto T. Effect of soil water content on the gravitropic behavior of 
nodal roots in maize. Plant Soil. 1993:152(2):261–267. https://doi. 
org/10.1007/BF00029096

Naylor D, Coleman-Derr D. Drought stress and root-associated bac
terial communities. Front Plant Sci. 2018:8:2223. https://doi.org/10. 
3389/fpls.2017.02223

Nelissen H, Sun X-H, Rymen B, Jikumaru Y, Kojima M, Takebayashi 
Y, Abbeloos R, Demuynck K, Storme V, Vuylsteke M, et al. The re
duction in maize leaf growth under mild drought affects the transi
tion between cell division and cell expansion and cannot be restored 
by elevated gibberellic acid levels. Plant Biotechnol J. 2018:16(2): 
615–627. https://doi.org/10.1111/pbi.12801

North GB, Nobel PS. Drought-induced changes in soil contact and hy
draulic conductivity for roots of Opuntia ficus-indica with and with
out rhizosheaths. Plant Soil. 1997:191(2):249–258. https://doi.org/10. 
1023/A:1004213728734

Ober ES, Sharp RE. Proline accumulation in maize (Zea mays L.) pri
mary roots at low water potentials. I. Requirement for increased le
vels of abscisic acid. Plant Physiol. 1994:105(3):981–987. https://doi. 
org/10.1104/pp.105.3.981

Ober ES, Sharp RE. Electrophysiological responses of maize roots to 
low water potentials: relationship to growth and ABA accumulation. 
J Exp Bot. 2003:54(383):813–824. https://doi.org/10.1093/jxb/erg060

Ober ES, Sharp RE. Regulation of root growth responses to water def
icit. In: Jenks MA, Hasegawa PM, Jain SM, editors. Advances in mo
lecular breeding toward drought and salt tolerant crops. Dortrecht, 
(The Netherlands): Springer; 2007. p. 33–53.

Ober ES, Sharp RE. Maintaining root growth in drying soil: a review of 
progress and gaps in understanding. In: Eshel A, Beekman T, editors. 
Plant roots: the hidden half. 4th ed. New York: CRC Press; 2013. 
Chapter 35. p. 1–11.

Opitz N, Marcon C, Paschold A, Malik WA, Lithio A, Brandt R, 
Piepho H-P, Nettleton D, Hochholdinger F. Extensive tissue- 
specific transcriptomic plasticity in maize primary roots upon 
water deficit. J Exp Bot. 2016:67(4):1095–1107. https://doi.org/10. 
1093/jxb/erv453

Orman-Ligeza B, Morris EC, Parizot B, Lavigne T, Babé A, Ligeza A, 
Klein S, Sturrock C, Xuan W, Novák O, et al. The xerobranching re
sponse represses lateral root formation when roots are not in contact 
with water. Curr Biol. 2018:28(19):3165–3173. https://doi.org/10. 
1016/j.cub.2018.07.074

Orosa-Puente B, Leftley N, von Wangenheim D, Banda J, Srivastava 
AK, Hill K, Truskina J, Bhosale R, Morris E, Srivastava M, et al. 
Root branching toward water involves posttranslational modifica
tion of transcription factor ARF7. Science. 2018:362(6421): 
1407–1410. https://doi.org/10.1126/science.aau3956

O’Toole JC, Bland WL. Genotypic variation in crop plant root systems. 
Adv Agron. 1987:41:91–145. https://doi.org/10.1016/S0065-2113(08) 
60803-2

Pandey BK, Huang G, Bhosale R, Hartman S, Sturrock CJ, Jose L, 
Martin OC, Karady M, Voesenek LACJ, Ljung K, et al. Plant roots 
sense soil compaction through restricted ethylene diffusion. Science. 
2021:371(6526):276–280. https://doi.org/10.1126/science.abf3013

Pareek A, Dhankher OP, Foyer CH. Mitigating the impact of climate 
change on plant productivity and ecosystem sustainability. J Exp Bot. 
2020:71(2):451–456. https://doi.org/10.1093/jxb/erz518

Passioura JB, Boyer JS. Tissues stresses and resistance to water flow 
conspire to uncouple the water potential of the epidermis from 
that of the xylem in elongating plant stems. Funct Plant Biol. 
2003:30(3):325–334. https://doi.org/10.1071/FP02202

Passot S, Moreno-Ortega B, Moukouanga D, Balsera C, Guyomarc’h 
S, Lucas M, Lobet G, Laplaze L, Muller B, Guédon Y. A new pheno
typing pipeline reveals three types of lateral roots and a random 
branching pattern in two cereals. Plant Physiol. 2018:177(3): 
896–910. https://doi.org/10.1104/pp.17.01648

Pattathil S, Avci U, Baldwin D, Swennes AG, McGill JA, Popper Z, 
Bootten T, Albert A, Davis RH, Chennareddy C, et al. A compre
hensive toolkit of plant cell wall glycan-directed monoclonal anti
bodies. Plant Physiol. 2010:153(2):514–525. https://doi.org/10.1104/ 
pp.109.151985

1404 | THE PLANT CELL 2024: 36; 1377–1409                                                                                                       Voothuluru et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/article/36/5/1377/7612217 by Jeff C

orrigan user on 22 July 2024



Peters WS, Felle HH. The correlation of profiles of surface pH and 
elongation growth in maize roots. Plant Physiol. 1999:121(3):905–912. 
https://doi.org/10.1104/pp.121.3.905

Peters WS, Tomos AD. The mechanistic state of “inner tissue” in the 
growing zone of sunflower hypocotyls and the regulation of its 
growth rate following excision. Plant Physiol. 2000:123(2):605–612. 
https://doi.org/10.1104/pp.123.2.605

Petrova A, Gorshkova T, Kozlova L. Gradients of cell wall nano- 
mechanical properties along and across elongating primary roots of 
maize. J Exp Bot. 2021:72(5):1764–1781. https://doi.org/10.1093/jxb/ 
eraa561

Poroyko V, Spollen WG, Hejlek LG, Hernandez AG, LeNoble ME, 
Davis G, Nguyen HT, Springer GK, Sharp RE, Bohnert HJ. 
Comparing regional transcript profiles from maize primary roots un
der well-watered and low water potential conditions. J Exp Bot. 
2007:58(2):279–289. https://doi.org/10.1093/jxb/erl119

Portas CAM, Taylor HM. Growth and survival of young plant roots in 
dry soil. Soil Sci. 1976:121(3):170–175. https://doi.org/10.1097/ 
00010694-197603000-00005

Pritchard J. Tansley review No. 68. The control of cell expansion in 
roots. New Phytol. 1994:127(1):3–26. https://doi.org/10.1111/j. 
1469-8137.1994.tb04255.x

Pritchard J, Tomos AD. Biophysics of root expansion growth under 
water stressed and non-stressed conditions. In: Smith JAC, 
Griffiths H, editors. Plant responses to water deficits-from cell to 
community. SEB Environmental Plant Biology Series. Abingdon 
(UK): BIOS Scientific Publishers; 1993. p. 53–72.

Pritchard J, Wyn Jones RG, Tomos AD. Turgor, growth and rheological 
gradients of wheat roots following osmotic stress. J Exp Bot. 
1991:42(8):1043–1049. https://doi.org/10.1093/jxb/42.8.1043

Qin X, Zeevaart JAD. The 9-cis-epoxycarotenoid cleavage reaction in 
the key regulatory step of abscisic acid biosynthesis in water-stressed 
bean. Proc Natl Acad Sci U S A. 1999:96(26):15354–15361. https:// 
doi.org/10.1073/pnas.96.26.15354

Quarrie SA, Jones HG. Effects of abscisic acid and water stress on de
velopment and morphology of wheat. J Exp Bot. 1977:28(1):192–203. 
https://doi.org/10.1093/jxb/28.1.192

Quiroz-Figueroa F, Rodríguez-Acosta A, Salazar-Blas A, Hernández- 
Domínguez E, Campos ME, Kitahata N, Asami T, Galaz-Avalos 
RM, Cassab GI. Accumulation of high levels of ABA regulates the 
pleiotropic response of the nhr1 Arabidopsis mutant. J Plant Biol. 
2010:53(1):32–44. https://doi.org/10.1007/s12374-009-9083-1

Quisenberry JE, Cartwright GB, McMichael BL. Genetic relationship 
between turgor maintenance and growth in cotton germplasm. 
Crop Sci. 1984:24(3):479–482. https://doi.org/10.2135/cropsci1984. 
0011183X002400030011x

Rayle DL, Cleland RE. The Acid Growth Theory of auxin-induced cell 
elongation is alive and well. Plant Physiol. 1992:99(4):1271–1274. 
https://doi.org/10.1104/pp.99.4.1271

Raymond MJ, Smirnoff N. Proline metabolism and transport in maize 
seedlings at low water potential. Ann Bot. 2002:89(7):813–823. 
https://doi.org/10.1093/aob/mcf082

Read DJ, Bartlett EM. The physiology of drought resistance in the soy- 
bean plant (Glycine max). I. The relationship between drought resist
ance and growth. J Appl Ecol. 1972:9(2):487–499. https://doi.org/10. 
2307/2402447

Rentsch D, Hirner B, Schmelzer E, Frommer WB. Salt stress-induced 
proline transporters and salt stress-repressed broad specificity 
amino acid permeases identified by suppression of a yeast amino 
acid permease-targeting mutant. Plant Cell. 1996:8(8):1437–1446. 
https://doi.org/10.1105/tpc.8.8.1437

Reyes-Hernández BJ, Srivastava AC, Ugartechea-Chirino Y, 
Shishkova S, Ramos-Parra PA, Lira-Ruan V, Díaz de la Garza RI, 
Dong G, Moon J-C, Blancafor EB, et al. The root indeterminacy-to- 
determinacy developmental switch is operated through a folate- 
dependent pathway in Arabidopsis thaliana. New Phytol. 2014:202(4): 
1223–1236. https://doi.org/10.1111/nph.12757

Robbins NE 2nd, Dinneny JR. Growth is required for perception of water 
availability to pattern root branches in plants. Proc Natl Acad Sci U S A. 
2018:115(4):E822–E831. https://doi.org/10.1073/pnas.1710709115

Rodriguez-Alonso G, Matvienko M, López-Valle ML, Lázaro-Mixteco 
PE, Napsucialy-Mendivil S, Dubrovsky JG, Shishkova S. 
Transcriptomics insights into the genetic regulation of root apical 
meristem exhaustion and determinate primary root growth in 
Pachycereus pringlei (Cactaceae). Sci Rep. 2018:8(1):8529. https:// 
doi.org/10.1038/s41598-018-26897-1

Rodriques SG, Stickels RR, Goeva A, Martin CA, Murray E, 
Vanderburg CR, Welch J, Chen LM, Chen F, Macosko EZ. 
Slide-seq: a scalable technology for measuring genome-wide expres
sion at high spatial resolution. Science. 2019:363(6434):1463–1467. 
https://doi.org/10.1126/science.aaw1219

Rostamza M, Richards RA, Watt M. Response of millet and sorghum 
to a varying water supply around the primary and nodal roots. Ann 
Bot. 2013:112(2):439–446. https://doi.org/10.1093/aob/mct099

Rowe J, Grangé-Guermente M, Exposito-Rodiguez M, Wimalasekera 
R, Lenz MO, Shetty KN, Cutler SR, Jones AM. Next-generation 
ABACUS biosensors reveal cellular ABA dynamics driving root 
growth at low aerial humidity. Nat Plants. 2023:9(7):1103–1115. 
https://doi.org/10.1038/s41477-023-01447-4

Rowe JH, Topping JF, Liu J, Lindsey K. Abscisic acid regulates root 
growth under osmotic stress conditions via an interacting hormonal 
network with cytokinin, ethylene and auxin. New Phytol. 
2016:211(1):225–239. https://doi.org/10.1111/nph.13882

Russell RS. Plant root systems: their function and interaction with the 
soil. London: McGraw-Hill Book Company (UK) Ltd.; 1977. 298 p.

Ryu KH, Huang L, Kang HM, Schiefelbein J. Single-cell RNA sequencing 
resolves molecular relationships among individual plant cells. Plant 
Physiol. 2019:179(4):1444–1456. https://doi.org/10.1104/pp.18.01482

Saab IN, Sharp RE, Pritchard J. Effect of inhibition of abscisic acid ac
cumulation on the spatial distribution of elongation in the primary 
root and mesocotyl of maize at low water potentials. Plant Physiol. 
1992:99(1):26–33. https://doi.org/10.1104/pp.99.1.26

Saab IN, Sharp RE, Pritchard J, Voetberg GS. Increased endogenous 
abscisic acid maintains primary root growth and inhibits shoot 
growth of maize seedlings at low water potentials. Plant Physiol. 
1990:93(4):1329–1336. https://doi.org/10.1104/pp.93.4.1329

Sachs J. Ablenkung der Wurzel von ihrer normalen Wachstumsrichtung 
durch feutchte Körper. Arb D Bot Inst Würzburg. 1872:1:209–222.

Sacks MM, Silk WK, Burman P. Effects of water stress on cortical cell 
division within the apical meristem of primary roots of maize. Plant 
Physiol. 1997:114(2):519–527. https://doi.org/10.1104/pp.114.2.519

Salazar-Henao JE, Vélez-Bermúdez IC, Schmidt W. The regulation 
and plasticity of root hair patterning and morphogenesis. 
Development. 2016:143(11):1848–1858. https://doi.org/10.1242/ 
dev.132845

Sampathkumar A, Peaucelle A, Fujita M, Schuster C, Persson S, 
Wasteneys GO, Meyerowitz EM. Primary wall cellulose synthase reg
ulates shoot apical meristem mechanics and growth. Development. 
2019:146(10):dev179036. https://doi.org/10.1242/dev.179036

Sandhu N, Raman KA, Torres RO, Audebert A, Dardou A, Kumar A, 
Henry A. Rice root architectural plasticity traits and genetic 
regions for adaptability to variable cultivation and stress conditions. 
Plant Physiol. 2016:171(4):2562–2576. https://doi.org/10.1104/pp.16. 
00705

Savaldi-Goldstein S, Peto C, Chory J. The epidermis both drives and 
restricts plant shoot growth. Nature. 2007:446(7132):199–202. 
https://doi.org/10.1038/nature05618

Schneider HM, Lynch JP. Should root plasticity be a crop breeding target? 
Front Plant Sci. 2020:11:546. https://doi.org/10.3389/fpls.2020.00546

Schneider HM, Strock CF, Hanlon MT, Vanhees DJ, Perkins AC, 
Ajmera IB, Sidhu JS, Mooney SJ, Brown KM, Lynch JP. 
Multiseriate cortical sclerenchyma enhance root penetration in com
pacted soils. Proc Natl Acad Sci U S A. 2021:118(6):e2012087118. 
https://doi.org/10.1073/pnas.2012087118

Root growth under water deficits                                                                                THE PLANT CELL 2024: 36; 1377–1409 | 1405

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/article/36/5/1377/7612217 by Jeff C

orrigan user on 22 July 2024



Schnepf A, Carminati A, Ahmed MA, Ani M, Benard P, Bentz J, 
Bonkowski M, Knott M, Diehl D, Duddek P, et al. Linking rhizo
sphere processes across scales: opinion. Plant Soil. 2022:478(1–2): 
5–42. https://doi.org/10.1007/s11104-022-05306-7

Scholander PF, Bradstreet ED, Hemmingsen EA, Hammel HT. Sap 
pressure in vascular plants: negative hydrostatic pressure can be mea
sured in plants. Science. 1965:148(3668):339–346. https://doi.org/10. 
1126/science.148.3668.339

Sebastian J, Yee M-C, Goudinho Viana W, Rellán-Álvarez R, 
Feldman M, Priest HD, Trontin C, Lee T, Jiang H, Baxter I, et al. 
Grasses suppress shoot-borne roots to conserve water during 
drought. Proc Natl Acad Sci U S A. 2016:113(31):8861–8866. 
https://doi.org/10.1073/pnas.1604021113

Serpe MD, Matthews MA. Rapid changes in cell wall yielding of elong
ating Begonia argenteo-guttata L. leaves in response to changes in 
plant water status. Plant Physiol. 1992:100(4):1852–1857. https:// 
doi.org/10.1104/pp.100.4.1852

Serraj R, Sinclair TR. Osmolyte accumulation: can it really 
help increase crop yield under drought conditions? Plant Cell 
Environ. 2002:25(2):333–341. https://doi.org/10.1046/j.1365-3040. 
2002.00754.x

Shahzad Z, Tournaire-Roux C, Canut M, Adamo M, Roeder J, 
Verdoucq L, Martinière A, Amtmann A, Santoni V, Grill E, et al. 
Protein kinase SnRK2.4 is a key regulator of aquaporins and root hy
draulics in Arabidopsis. Plant J. 2024:117(1):264–279. https://doi.org/ 
10.1111/tpj.16494

Sharma S, Villamor JG, Verslues PE. Essential role of tissue-specific 
proline synthesis and catabolism in growth and redox balance at 
low water potential. Plant Physiol. 2011:157(1):292–304. https:// 
doi.org/10.1104/pp.111.183210

Sharp RE. Interaction with ethylene: changing views on the role of ab
scisic acid in root and shoot growth responses to water stress. Plant 
Cell Environ. 2002:25(2):211–222. https://doi.org/10.1046/j.1365- 
3040.2002.00798.x

Sharp RE, Davies WJ. Solute regulation and growth by roots and shoots 
of water-stressed maize plants. Planta. 1979:146(3):319–326. https:// 
doi.org/10.1007/BF00384589

Sharp RE, Davies WJ. Root growth and water uptake by maize plants in 
drying soil. J Exp Bot. 1985:36(9):1441–1456. https://doi.org/10.1093/ 
jxb/36.9.1441

Sharp RE, Davies WJ. Regulation of growth and development of plants 
growing with a restricted supply of water. In: Jones HG, Flowers TL, 
Jones MB, editors. Plants under stress. Cambridge: Cambridge 
University Press; 1989. p. 71–93.

Sharp RE, Hsiao TC, Silk WK. Growth of the maize primary root at low 
water potentials. II. Role of growth and deposition of hexose and po
tassium in osmotic adjustment. Plant Physiol. 1990:93(4):1337–1346. 
https://doi.org/10.1104/pp.93.4.1337

Sharp RE, LeNoble ME, Else MA, Thorne ET, Gherardi F. 
Endogenous ABA maintains shoot growth in tomato independent
ly of effects on plant water balance: evidence for an interaction 
with ethylene. J Exp Bot. 2000:51(350):1575–1584. https://doi.org/10. 
1093/jexbot/51.350.1575

Sharp RE, Poroyko V, Hejlek LG, Spollen WG, Springer GK, Bohnert 
HJ, Nguyen HT. Root growth maintenance during water deficits: 
physiology to functional genomics. J Exp Bot. 2004:55(407): 
2343–2351. https://doi.org/10.1093/jxb/erh276

Sharp RE, Silk WK, Hsiao TC. Growth of the maize primary root at low 
water potentials. I. Spatial distribution of expansive growth. Plant 
Physiol. 1988:87(1):50–57. https://doi.org/10.1104/pp.87.1.50

Sharp RE, Wu Y, Voetberg GS, Saab IN, LeNoble ME. Confirmation 
that abscisic acid accumulation is required for maize primary root 
elongation at low water potentials. J Exp Bot. 1994:45(Special_Issue): 
1743–1751. https://doi.org/10.1093/jxb/45.Special_Issue.1743

Shiono K, Yoshikawa M, Kreszies T, Yamada S, Hojo Y, Matsuura T, 
Mori IC, Schreiber L, Yoshioka T. Abscisic acid is required for exo
dermal suberization to form a barrier to radial oxygen loss in the 

adventitious roots of rice (Oryza sativa). New Phytol. 2022:233(2): 
655–669. https://doi.org/10.1111/nph.17751

Shishkova S, Rost TL, Dubrovsky JG. Determinate root growth and 
meristem maintenance in angiosperms. Ann Bot. 2008:101(3): 
319–340. https://doi.org/10.1093/aob/mcm251

Shkolnik D, Krieger G, Nuriel R, Fromm H. Hydrotropism: root bend
ing does not require auxin redistribution. Mol Plant. 2016:9(5): 
757–759. https://doi.org/10.1016/j.molp.2016.02.001

Shkolnik D, Nuriel R, Bonza MC, Costa A, Fromm H. MIZ1 regulates 
ECA1 to generate a slow, long-distance phloem-transmitted Ca2+ sig
nal essential for root water tracking in Arabidopsis. Proc Natl Acad 
Sci U S A. 2018:115(31):8031–8036. https://doi.org/10.1073/pnas. 
1804130115

Silk WK. Quantitative descriptions of development. Annu Rev Plant 
Physiol. 1984:35(1):479–518. https://doi.org/10.1146/annurev.pp.35. 
060184.002403

Silk WK, Bogeat-Triboulot M-B. Deposition rates in growing tissue: 
Implications for physiology, molecular biology, and response to en
vironmental variation. Plant Soil. 2014:374(1–2):1–17. https://doi. 
org/10.1007/s11104-013-1726-9

Silk WK, Erickson RO. Kinematics of plant growth. J Theor Biol. 
1979:76(4):481–501. https://doi.org/10.1016/0022-5193(79)90014-6

Silk WK, Hsiao TC, Diedenhoffen U, Matson C. Spatial distributions of 
potassium, solutes, and their deposition rates in the growth zone of 
the primary corn root. Plant Physiol. 1986:82(3):853–858. https://doi. 
org/10.1104/pp.82.3.853

Silk WK, Lord EM, Eckard KJ. Growth patterns inferred from anatomical 
records. Empirical tests using longisections of roots of Zea mays L. 
Plant Physiol. 1989:90(2):708–713. https://doi.org/10.1104/pp.90.2.708

Silk WK, Wagner KK. Growth-sustaining water potential distributions 
in the primary corn root: A NONCOMPARTMENTED CONTINUUM 
MODEL. Plant Physiol. 1980:66(5):859–863. https://doi.org/10.1104/ 
pp.66.5.859

Silk WK, Walker RC, Labavitch J. Uronide deposition rates in the pri
mary root of Zea mays. Plant Physiol. 1984:74(3):721–726. https:// 
doi.org/10.1104/pp.74.3.721

Sinha R, Induri SP, Peláez-Vico MÁ, Tukuli A, Shostak B, Zandalinas 
SI, Joshi T, Fritschi FB, Mittler R. The transcriptome of soybean re
productive tissues subjected to water deficit, heat stress, and a com
bination of water deficit and heat stress. Plant J. 2023a:116(4): 
1064–1080. https://doi.org/10.1111/tpj.16222

Sinha R, Shostak B, Induri SP, Sen S, Zandalinas SI, Joshi T, Fritschi 
FB, Mittler R. Differential transpiration between pods and leaves 
during stress combination in soybean. Plant Physiol. 2023b:192(2): 
753–766. https://doi.org/10.1093/plphys/kiad114

Sinnott EW. Growth and differentiation in living plant meristems. Proc 
Natl Acad Sci U S A. 1939:25(2):55–58. https://doi.org/10.1073/pnas. 
25.2.55

Skirycz A, Claeys H, De Bodt S, Oikawa A, Shinoda S, Andriankaja M, 
Maleux K, Eloy NB, Coppens F, Yoo S-D, et al. Pause-and-stop: the 
effects of osmotic stress on cell proliferation during early leaf devel
opment in Arabidopsis and a role for ethylene signaling in cell cycle 
arrest. Plant Cell. 2011:23(5):1876–1888. https://doi.org/10.1105/tpc. 
111.084160

Skirycz A, Inzé D. More from less: plant growth under limited water. 
Curr Opin Biotechnol. 2010:21(2):197–203. https://doi.org/10.1016/ 
j.copbio.2010.03.002

Slatyer RO, Taylor SA. Terminology in plant- and soil-water relations. 
Nature. 1960:187(4741):922–924. https://doi.org/10.1038/187922a0

Spollen WG, LeNoble ME, Samuels TD, Bernstein N, Sharp RE. ABA 
accumulation maintains primary root elongation at low water poten
tials by restricting ethylene production. Plant Physiol. 2000:122(3): 
967–976. https://doi.org/10.1104/pp.122.3.967

Spollen WG, Sharp RE. Spatial distribution of turgor and root growth 
at low water potentials. Plant Physiol. 1991:96(2):438–443. https:// 
doi.org/10.1104/pp.96.2.438

1406 | THE PLANT CELL 2024: 36; 1377–1409                                                                                                       Voothuluru et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/article/36/5/1377/7612217 by Jeff C

orrigan user on 22 July 2024



Spollen WG, Tao W, Valliyodan B, Chen K, Hejlek LG, Kim JJ, 
Lenoble ME, Zhu J, Bohnert HJ, Henderson D, et al. Spatial distri
bution of transcript changes in the maize primary root elongation 
zone at low water potential. BMC Plant Biol. 2008:8(1):32. https:// 
doi.org/10.1186/1471-2229-8-32

Sponchiado BN, White JW, Castillo JA, Jones PG. Root growth of four 
common bean cultivars in relation to drought tolerance in environ
ments with contrasting soil types. Exp Agric. 1989:25(2):249–257. 
https://doi.org/10.1017/S0014479700016756

Springmann M, Clark M, Mason-D’Croz D, Wiebe K, Bodirsky BL, 
Lassaletta L, de Vries W, Vermeulen SJ, Herrero M, Carlson KM, 
et al. Options for keeping the food system within environmental lim
its. Nature. 2018:562(7728):519–525. https://doi.org/10.1038/s41586- 
018-0594-0

Staal M, De Cnodder T, Simon D, Vandenbussche F, Van Der 
Straeten D, Verbelen J-P, Elzenga T, Vissenberg K. Apoplastic alka
linization is instrumental for the inhibition of cell elongation in the 
Arabidopsis root by the ethylene precursor 1-aminocyclopropane-1- 
carboxylic acid. Plant Physiol. 2011:155(4):2049–2055. https://doi. 
org/10.1104/pp.110.168476

Steponkus PL, Shahan KW, Cutler JM. Osmotic adjustment in rice. In: 
Drought resistance in crops with emphasis on rice. Los Banos, Leguna, 
Philippines: IRRI; 1982. p. 181–194.

Strock CF, Burridge J, Massas ASF, Beaver J, Beebe S, Camilo SA, 
Fourie D, Jochua C, Miguel M, Miklas PN, et al. Seedling root archi
tecture and its relationship with seed yield across diverse environ
ments in Phaseolus vulgaris. Field Crops Res. 2019:237:53–64. 
https://doi.org/10.1016/j.fcr.2019.04.012

Swarup R, Bennett MJ. Root gravitropism. In: Beeckman T, editor. 
Root development. Annual Plant Reviews. Vol. 37. Oxford, UK: 
Blackwell; 2009. p. 157–174.

Takahashi H. Hydrotropism: The current state of our knowledge. 
J Plant Res. 1997:110(2):163–169. https://doi.org/10.1007/BF02509304

Takahashi H, Miyazawa Y, Fujii N. Hormonal interactions during root 
tropic growth: hydrotropism versus gravitropism. Plant Mol Biol. 
2009:69(4):489–502. https://doi.org/10.1007/s11103-008-9438-x

Takahashi H, Scott TK. Intensity of hydrostimulation for the induction 
of root hydrotropism and its sensing by the root cap. Plant Cell 
Environ. 1993:16(1):99–103. https://doi.org/10.1111/j.1365-3040.1993. 
tb00850.x

Takano M, Takahashi H, Hirasawa T, Suge H. Hydrotropism in roots 
—sensing of a gradient in water potential by the root cap. Planta. 
1995:197(2):410–413. https://doi.org/10.1007/BF00202664

Takano M, Takahashi H, Suge H. Calcium requirement for the induc
tion of hydrotropism and enhancement of calcium-induced curvature 
by water stress in primary roots of pea, Pisum sativum L. Plant Cell 
Physiol. 1997:38(4):385–391. https://doi.org/10.1093/oxfordjournals. 
pcp.a029180

Tal M, Imber D, Erez A, Epstein E. Abnormal stomatal behavior and 
hormonal imbalance in flacca, a wilty mutant of tomato: V. Effect 
of abscisic acid on indoleacetic acid metabolism and ethylene evolu
tion. Plant Physiol. 1979:63(6):1044–1048. https://doi.org/10.1104/ 
pp.63.6.1044

Tan BC, Schwartz SH, Zeevaart JAD, McCarty DR. Genetic control of 
abscisic acid biosynthesis in maize. Proc Natl Acad Sci U S A. 
1997:94(22):12235–12240. https://doi.org/10.1073/pnas.94.22.12235

Tan K-S, Hoson T, Masuda Y, Kamisaka S. Involvement of cell wall- 
bound diferulic acid in light-induced decrease in growth-rate and cell- 
wall extensibility of Oryza coleoptiles. Plant Cell Physiol. 1992:33(2): 
103–108. https://doi.org/10.1093/oxfordjournals.pcp.a078227

Tangpremsri T, Fukai S, Fischer KS, Henzell RG. Genotypic variation 
in osmotic adjustment in grain sorghum. II. Relation with some 
growth attributes. Aust J Agric Res. 1991:42(5):759–767. https://doi. 
org/10.1071/AR9910759

Tardieu F. Any trait or trait-related allele can confer drought tolerance: 
just design the right drought scenario. J Exp Bot. 2012:63(1):25–31. 
https://doi.org/10.1093/jxb/err269

Tardieu F, Simonneau T, Muller B. The physiological basis of drought 
tolerance in crop plants: a scenario-dependent probabilistic ap
proach. Annu Rev Plant Biol. 2018:69(1):733–759. https://doi.org/ 
10.1146/annurev-arplant-042817-040218

Taylor HM, Ratliff LF. Root elongation rates of cotton and peanuts as a 
function of soil strength and soil water content. Soil Sci. 1969:108(2): 
113–119. https://doi.org/10.1097/00010694-196908000-00006

Trewavas AJ, Jones HG. An assessment of the role of ABA in plant de
velopment. In: Davies WJ, Jones HG, editors. Abscisic acid: physiology 
and biochemistry. Oxford: Bios Scientific Publishers; 1991. p. 169–188.

Triboulot M-B, Pritchard J, Tomos D. Stimulation and inhibition of 
pine root growth by osmotic stress. New Phytol. 1995:130(2): 
169–175. https://doi.org/10.1111/j.1469-8137.1995.tb03038.x

Turc O, Tardieu F. Drought affects abortion of reproductive organs by 
exacerbating developmentally driven processes via expansive growth 
and hydraulics. J Exp Bot. 2018:69(13):3245–3254. https://doi.org/10. 
1093/jxb/ery078

Turner NC. Turgor maintenance by osmotic adjustment: 40 years of 
progress. J Exp Bot. 2018:69(13):3223–3233. https://doi.org/10. 
1093/jxb/ery181

Turner NC, Jones MM. Turgor maintenance by osmotic adjustment: a 
review and evaluation. In: Turner NC, Kramer PJ, editors. Adaptation 
of plants to water and high temperature stress. New York: Wiley- 
Interscience; 1980. p. 87–103.

Ubeda-Tomás S, Swarup R, Coates J, Swarup K, Laplaze L, Beemster 
GTS, Hedden P, Bhalerao R, Bennett MJ. Root growth in 
Arabidopsis requires gibberellin/DELLA signalling in the endodermis. 
Nat Cell Biol. 2008:10(5):625–628. https://doi.org/10.1038/ncb1726

Uga Y. Challenges to design-oriented breeding of root system architec
ture adapted to climate change. Breed Sci. 2021:71(1):3–12. https:// 
doi.org/10.1270/jsbbs.20118

Uga Y, Okuno K, Yano M. Dro1, a major QTL involved in deep rooting 
of rice under upland field conditions. J Exp Bot. 2011:62(8): 
2485–2494. https://doi.org/10.1093/jxb/erq429

Uga Y, Sugimoto K, Ogawa S, Rane J, Ishitani M, Hara N, Kitomi Y, 
Inukai Y, Ono K, Kanno N, et al. Control of root system architecture 
by DEEPER ROOTING 1 increases rice yield under drought conditions. 
Nat Genet. 2013:45(9):1097–1102. https://doi.org/10.1038/ng.2725

Vaadia Y. Plant hormones and water stress. Philos Trans R Soc Lond B. 
1976:273(927):513–522. https://doi.org/10.1098/rstb.1976.0028

Valifard M, Le Hir R, Müller J, Scheuring D, Neuhaus HE, 
Pommerrenig B. Vacuolar fructose transporter SWEET17 is critical 
for root development and drought tolerance. Plant Physiol. 
2021:187(4):2716–2730. https://doi.org/10.1093/plphys/kiab436

Valluru R, Davies WJ, Reynolds MP, Dodd IC. Foliar abscisic 
acid-to-ethylene accumulation and response regulate shoot growth 
sensitivity to mild drought in wheat. Front Plant Sci. 2016:7:461. 
https://doi.org/10.3389/fpls.2016.00461

van der Weele CM, Jiang HS, Palaniappan KK, Ivanov VB, 
Palaniappan K, Baskin TI. A new algorithm for computational im
age analysis of deformable motion at high spatial and temporal reso
lution applied to root growth. Roughly uniform elongation in the 
meristem and also, after an abrupt acceleration, in the elongation 
zone. Plant Physiol. 2003:132(3):1138–1148. https://doi.org/10. 
1104/pp.103.021345

van der Weele CM, Spollen WG, Sharp RE, Baskin TI. Growth of 
Arabidopsis thaliana seedlings under water deficit studied by control 
of water potential in nutrient-agar media. J Exp Bot. 2000:51(350): 
1555–1562. https://doi.org/10.1093/jexbot/51.350.1555

Varney GT, McCully ME. The branch roots of Zea. II. Developmental 
loss of the apical meristem in field-grown roots. New Phytol. 
1991:118(4):535–546. https://doi.org/10.1111/j.1469-8137.1991.tb00993.x

Vaseva II, Qudeimat E, Potuschak T, Du Y, Genschik P, 
Vandenbussche F, Van Der Straeten D. The plant hormone ethyl
ene restricts Arabidopsis growth via the epidermis. Proc Natl Acad 
Sci U S A. 2018:115(17):E4130–E4139. https://doi.org/10.1073/pnas. 
1717649115

Root growth under water deficits                                                                                THE PLANT CELL 2024: 36; 1377–1409 | 1407

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/article/36/5/1377/7612217 by Jeff C

orrigan user on 22 July 2024



Veen BW, Boone FR. The influence of mechanical resistance and soil  
water on the growth of seminal roots of maize. Soil Tillage Res. 
1990:16(1-2):219–226. https://doi.org/10.1016/0167-1987(90)90031-8

Velázquez-Márquez S, Conde-Martínez V, Trejo C, Delgado- 
Alvarado A, Carballo A, Suárez R, Mascorro JO, Trujillo AR. 
Effects of water deficit on radicle apex elongation and solute accu
mulation in Zea mays L. Plant Physiol Biochem. 2015:96:29–37. 
https://doi.org/10.1016/j.plaphy.2015.07.006

Vermerris W, Sherman DM, McIntyre LM. Phenotypic plasticity in cell 
walls of maize brown midrib mutants is limited by lignin compos
ition. J Exp Bot. 2010:61(9):2479–2490. https://doi.org/10.1093/jxb/ 
erq093

Verslues PE, Bailey-Serres J, Brodersen C, Buckley TN, Conti L, 
Christmann A, Dinneny JR, Grill E, Hayes S, Heckman RW, et al. 
Burning questions for a warming and changing world: 15 unknowns 
in plant abiotic stress. Plant Cell. 2023:35(1):67–108. https://doi.org/ 
10.1093/plcell/koac263

Verslues PE, Longkumer T. Size and activity of the root meristem: a 
key for drought resistance and a key model of drought-related signal
ing. Physiol Plant. 2022:174(1):e13622. https://doi.org/10.1111/ppl. 
13622

Verslues PE, Sharma S. Proline metabolism and its implications 
for plant-environment interaction. In: The Arabidopsis book 8. 
Rockwille (MD): American Society of Plant Biologists; 2010. p. e0140.

Verslues PE, Sharp RE. Proline accumulation in maize (Zea mays L.) 
primary roots at low water potentials. II. Metabolic source of in
creased proline deposition in the elongation zone. Plant Physiol. 
1999:119(4):1349–1360. https://doi.org/10.1104/pp.119.4.1349

Voetberg GS, Sharp RE. Growth of the maize primary root at low water 
potentials. III. Role of increased proline deposition in osmotic adjust
ment. Plant Physiol. 1991:96(4):1125–1130. https://doi.org/10.1104/ 
pp.96.4.1125

Vogel J. Unique aspects of the grass cell wall. Curr Opin Plant Biol. 
2008:11(3):301–307. https://doi.org/10.1016/j.pbi.2008.03.002

Volkov V, Schwenke H. A quest for mechanisms of plant root exud
ation brings new results and models, 300 years after Hales. Plants. 
2020:10(1):38. https://doi.org/10.3390/plants10010038

Voothuluru P, Anderson JC, Sharp RE, Peck SC. Plasma membrane 
proteomics in the maize primary root growth zone: novel insights 
into root growth adaptation to water stress. Plant Cell Environ. 
2016:39(9):2043–2054. https://doi.org/10.1111/pce.12778

Voothuluru P, Braun DM, Boyer JS. An in vivo imaging assay detects 
spatial variability in glucose release from plant roots. Plant Physiol. 
2018:178(3):1002–1010. https://doi.org/10.1104/pp.18.00614

Voothuluru P, Mäkelä P, Zhu J, Yamaguchi M, Cho I-J, Oliver MJ, 
Simmonds J, Sharp RE. Apoplastic hydrogen peroxide in the growth 
zone of the maize primary root. Increased levels differentially modu
late root elongation under well-watered and water-stressed condi
tions. Front Plant Sci. 2020:11:392. https://doi.org/10.3389/fpls.2020. 
00392

Voothuluru P, Sharp RE. Apoplastic hydrogen peroxide in the growth 
zone of the maize primary root under water stress. I. Increased levels 
are specific to the apical region of growth maintenance. J Exp Bot. 
2013:64(5):1223–1233. https://doi.org/10.1093/jxb/ers277

Waadt R, Seller CA, Hsu PK, Takahashi Y, Munemasa S, Schroeder JI. 
Plant hormone regulation of abiotic stress responses. Nat Rev Mol 
Cell Biol. 2022:23(10):680–694. https://doi.org/10.1038/s41580-022- 
00479-6

Waidmann S, Sarkel E, Kleine-Vehn J. Same same, but different: 
growth responses of primary and lateral roots. J Exp Bot. 
2020:71(8):2397–2411. https://doi.org/10.1093/jxb/eraa027

Walter A, Silk W, Schurr U. Environmental effects on spatial and tem
poral patterns of leaf and root growth. Annu Rev Plant Biol. 
2009:60(1):279–304. https://doi.org/10.1146/annurev.arplant.59. 
032607.092819

Wakabayashi K, Sakurai N, Kuraishi S. Role of the outer tissues in ab
scisic acid-mediated growth suppression of etiolated squash 

hypocotyl segments. Physiol Plant. 1989:75(2):151–156. https://doi. 
org/10.1111/j.1399-3054.1989.tb06162.x

Wang C, Wang H, Li P, Li H, Xu C, Cohen H, Aharoni A, Wu S. 
Developmental programs interact with abscisic acid to coordinate 
root suberization in Arabidopsis. Plant J. 2020b:104(1):241–251. 
https://doi.org/10.1111/tpj.14920

Wang Y, Afeworki Y, Geng S, Kanchupati P, Gu M, Martins C, Rude 
B, Tefera H, Kim Y, Ge X, et al. Hydrotropism in the primary roots of 
maize. New Phytol. 2020a:226(6):1796–1808. https://doi.org/10. 
1111/nph.16472

Watt M, McCully ME, Canny MJ. Formation and stabilization of rhi
zosheaths of Zea mays L. Effect of soil water content. Plant Physiol. 
1994:106(1):179–186. https://doi.org/10.1104/pp.106.1.179

Watt M, McCully ME, Kirkegaard JA. Soil strength and rate of root 
elongation alter the accumulation of Pseudomonas spp. and other 
bacteria in the rhizosphere of wheat. Funct Plant Biol. 2003:30(5): 
483–491. https://doi.org/10.1071/FP03045

Weaver JE. Root development of field crops. New York: McGraw-Hill; 
1926. 291 p.

Westgate ME, Boyer JS. Osmotic adjustment and the inhibition of leaf, 
root, stem and silk growth at low water potentials in maize. Planta. 
1985:164(4):540–549. https://doi.org/10.1007/BF00395973

White JW, Castillo JA. Relative effect of root and shoot genotypes on 
yield of common bean under drought stress. Crop Sci. 1989:29(2): 
360–362. https://doi.org/10.2135/cropsci1989.0011183X002900020026x

White JW, Castillo JA. Evaluation of diverse shoot genotypes on se
lected root genotypes of common bean under soil water deficits. 
Crop Sci. 1992:32(3):762–765. https://doi.org/10.2135/cropsci1992. 
0011183X003200030037x

White RG, Kirkegaard JA. The distribution and abundance of wheat 
roots in a dense, structured subsoil—implications for water uptake. 
Plant Cell Environ. 2010:33(2):133–148. https://doi.org/10.1111/j. 
1365-3040.2009.02059.x

Wiegers BS, Cheer AY, Silk WK. Modeling the hydraulics of root 
growth in three dimensions with phloem water sources. Plant Physiol. 
2009:150(4):2092–2103. https://doi.org/10.1104/pp.109.138198

Wilkinson S, Davies WJ. ABA-based chemical signalling: the co-ordination 
of responses to stress in plants. Plant Cell Environ. 2002:25(2):195–210. 
https://doi.org/10.1046/j.0016-8025.2001.00824.x

Williams A, de Vries FT. Plant root exudation under drought: implica
tions for ecosystem functioning. New Phytol. 2020:225(5):1899–1905. 
https://doi.org/10.1111/nph.16223

Wilson JR, Ludlow MM. Time trends of solute accumulation and the 
influence of potassium fertilizer on osmotic adjustment of water- 
stressed leaves of three tropical grasses. Aust J Plant Physiol. 
1983:10(6):523–537. https://doi.org/10.1071/PP9830523

Winch S, Pritchard J. Acid-induced wall loosening is confined to the 
accelerating region of the root growing zone. J Exp Bot. 1999: 
50(338):1481–1487. https://doi.org/10.1093/jxb/50.338.1481

Woods P, Lehner KR, Hein K, Mullen JL, McKay JK. Root pulling force 
across drought in maize reveals genotype by environment interac
tions and candidate genes. Front Plant Sci. 2022:13:883209. https:// 
doi.org/10.3389/fpls.2022.883209

Wright GC, Smith RCG. Differences between two grain sorghum gen
otypes in adaptation to drought stress. II. Root water uptake and 
water use. Aust J Agric Res. 1983:34(6):627–636. https://doi.org/10. 
1071/AR9830627

Wright GC, Smith RCG, Morgan JM. Differences between two grain 
sorghum genotypes in adaptation to drought stress. III. Physiological 
responses. Aust J Agric Res. 1983:34(6):637–651. https://doi.org/10. 
1071/AR9830637

Wright STC. The effect of plant growth regulator treatments on the levels 
of ethylene emanating from excised turgid and wilted wheat leaves. 
Planta. 1980:148(4):381–388. https://doi.org/10.1007/BF00388127

Wu Y, Cosgrove DJ. Adaptation of roots to low water potentials by 
changes in cell wall extensibility and cell wall proteins. J Exp Bot. 
2000:51(350):1543–1553. https://doi.org/10.1093/jexbot/51.350.1543

1408 | THE PLANT CELL 2024: 36; 1377–1409                                                                                                       Voothuluru et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/article/36/5/1377/7612217 by Jeff C

orrigan user on 22 July 2024



Wu Y, Sharp RE, Durachko DM, Cosgrove DJ. Growth maintenance of 
the maize primary root at low water potentials involves increases in 
cell-wall extension properties, expansin activity, and wall susceptibil
ity to expansins. Plant Physiol. 1996:111(3):765–772. https://doi.org/ 
10.1104/pp.111.3.765

Wu Y, Spollen WG, Sharp RE, Hetherington PR, Fry SC. Root growth 
maintenance at low water potentials. Increased activity of xyloglucan 
endotransglycosylase and its possible regulation by abscisic acid. Plant 
Physiol. 1994:106(2):607–615. https://doi.org/10.1104/pp.106.2.607

Wu Y, Thorne ET, Sharp RE, Cosgrove DJ. Modification of expansin 
transcript levels in the maize primary root at low water potentials. 
Plant Physiol. 2001:126(4):1471–1479. https://doi.org/10.1104/pp. 
126.4.1471

Xu W, Jia L, Shi W, Liang J, Zhou F, Li Q, Zhang J. Abscisic acid accu
mulation modulates auxin transport in the root tip to enhance proton 
secretion for maintaining root growth under moderate water stress. 
New Phytol. 2013:197(1):139–150. https://doi.org/10.1111/nph.12004

Yamaguchi M, Sharp RE. Complexity and coordination of root growth 
at low water potentials: recent advances from transcriptomic and 
proteomic analyses. Plant Cell Environ. 2010:33(4):590–603. https:// 
doi.org/10.1111/j.1365-3040.2009.02064.x

Yamaguchi M, Valliyodan B, Zhang J, LeNoble ME, Yu O, Rogers EE, 
Nguyen HT, Sharp RE. Regulation of growth response to water stress 
in the soybean primary root. I. Proteomic analysis reveals region- 
specific regulation of phenylpropanoid metabolism and control of 
free iron in the elongation zone. Plant Cell Environ. 2010:33(2): 
223–243. https://doi.org/10.1111/j.1365-3040.2009.02073.x

Yancey PH. Organic osmolytes as compatible, metabolic and counter
acting cytoprotectants in high osmolarity and other stresses. J Exp 
Bot. 2005:208(15):2819–2830. https://doi.org/10.1242/jeb.01730

Yang JC, Zhang JH, Ye YX, Wang ZQ, Zhu QS, Liu LJ. Involvement of 
abscisic acid and ethylene in the responses of rice grains to water 
stress during filling. Plant Cell Environ. 2004:27(8):1055–1064. 
https://doi.org/10.1111/j.1365-3040.2004.01210.x

Zandalinas SI, Fritschi FB, Mittler R. Global warming, climate change, 
and environmental pollution: recipe for a multifactorial stress com
bination disaster. Trends Plant Sci. 2021:26(6):588–599. https://doi. 
org/10.1016/j.tplants.2021.02.011

Zhan A, Schneider H, Lynch JP. Reduced lateral root branching density 
improves drought tolerance in maize. Plant Physiol. 2015:168(4): 
1603–1615. https://doi.org/10.1104/pp.15.00187

Zhang C, Bousquet A, Harris JM. Abscisic acid and LATERAL ROOT 
ORGAN DEFECTIVE/NUMEROUS INFECTIONS AND POLY 
PHENOLICS modulate root elongation via reactive oxygen species 
in Medicago truncatula. Plant Physiol. 2014:166(2):644–658. 
https://doi.org/10.1104/pp.114.248542

Zhang X, Mi Y, Mao H, Liu S, Chen L, Qin F. Genetic variation in 
ZmTIP1 contributes to root hair elongation and drought tolerance 
in maize. Plant Biotechnol J. 2020b:18(5):1271–1283. https://doi. 
org/10.1111/pbi.13290

Zhang Y, Du H, Gui Y, Xu F, Liu J, Zhang J, Xu W. Moderate water 
stress in rice induces rhizosheath formation associated with abscisic 
acid and auxin responses. J Exp Bot. 2020a:71(9):2740–2751. https:// 
doi.org/10.1093/jxb/eraa021

Zhang Y, Xu F, Ding Y, Du H, Zhang Q, Dang X, Cao Y, Dodd IC, Xu 
W. Abscisic acid mediates barley rhizosheath formation under mild 
soil drying by promoting root hair growth and auxin response. 
Plant Cell Environ. 2021:44(6):1935–1945. https://doi.org/10.1111/ 
pce.14036

Zhang Q, Yuan W, Wang Q, Cao Y, Xu F, Dodd IC, Xu W. ABA regu
lation of root growth during soil drying and recovery can involve aux
in response. Plant Cell Environ. 2022:45(3):871–883. https://doi.org/ 
10.1111/pce.14137

Zhu J, Alvarez S, Marsh EL, Lenoble ME, Cho I-J, Sivaguru M, Chen S, 
Nguyen HT, Wu Y, Schachtman DP, et al. Cell wall proteome in the 
maize primary root elongation zone. II. Region-specific changes in 
water soluble and lightly ionically bound proteins under water def
icit. Plant Physiol. 2007:145(4):1533–1548. https://doi.org/10.1104/ 
pp.107.107250

Zhu J, Brown KM, Lynch JP. Root cortical aerenchyma improves the 
drought tolerance of maize (Zea mays L.). Plant Cell Environ. 
2010:33(5):740–749. https://doi.org/10.1111/j.1365-3040.2009.02099.x

Zwieniecki MA, Thompson MV, Holbrook NM. Understanding the 
hydraulics of porous pipes: tradeoffs between water uptake and 
root length utilization. J Plant Growth Reg. 2003:21(4):315–323. 
https://doi.org/10.1007/s00344-003-0008-9

Root growth under water deficits                                                                                THE PLANT CELL 2024: 36; 1377–1409 | 1409

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/article/36/5/1377/7612217 by Jeff C

orrigan user on 22 July 2024


