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Selection criteria that co-optimize water use efficiency and yield are needed to promote 
plant productivity in increasingly challenging and variable drought scenarios, particularly 
dryland cereals in the semi-arid tropics. Optimizing water use efficiency and yield 
fundamentally involves transpiration dynamics, where restriction of maximum transpiration 
rate helps to avoid early crop failure, while maximizing grain filling. Transpiration restriction 
can be regulated by multiple mechanisms and involves cross-organ coordination. This 
coordination involves complex feedbacks and feedforwards over time scales ranging from 
minutes to weeks, and from spatial scales ranging from cell membrane to crop canopy. 
Aquaporins have direct effect but various compensation and coordination pathways 
involve phenology, relative root and shoot growth, shoot architecture, root length distribution 
profile, as well as other architectural and anatomical aspects of plant form and function. 
We propose gravimetric phenotyping as an integrative, cross-scale solution to understand 
the dynamic, interwoven, and context-dependent coordination of transpiration regulation. 
The most fruitful breeding strategy is likely to be that which maintains focus on the phene 
of interest, namely, daily and season level transpiration dynamics. This direct selection 
approach is more precise than yield-based selection but sufficiently integrative to capture 
attenuating and complementary factors.

Keywords: drought, cross-scale coordination, water acquisition and use, selection criteria, transpiration 
restriction, vapor pressure deficit

INTRODUCTION

Increasing temperature, aridity, and unpredictability of rainfall events motivates the development 
of dryland cereal crops that produce grain in severe and variable drought scenarios, but still 
have high yield potential in less stressful scenarios. In these agroecological zones, high temperature, 
and low relative humidity can combine to make extremely taxing vapor pressure deficit (VPD) 
conditions, meaning more water transpired per carbon gained. High VPD conditions are 
predicted to become more common and more severe (Grossiord et  al., 2020).
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Root system architectural and anatomical traits or phenes 
(phene is to phenome as gene is to genome, thus phenotype 
is composed of phenes) that optimize water acquisition per 
unit carbon invested (Lynch, 2007, 2019) and “right-size” plant 
water usage (Borrell et  al., 2014a; Lynch, 2018) are a positive 
step. Identifying and selecting for root trait plasticity may also 
be  a useful step (Topp, 2016; Schneider and Lynch, 2020). 
Similarly, the ratio of shoot to root area is of fundamental 
importance for plant water balance (Hsiao and Acevedo, 1974). 
However, optimized root to shoot growth can have limited 
utility when there is simply a limited amount of soil water available.

In these scenarios, a strategy based upon parsimonious water 
usage co-optimizes transpiration, carbon fixation, and yield by 
conserving soil water for the grain filling stage (Richards et al., 
2002; Zaman-Allah et  al., 2011; Vadez et  al., 2013a; Borrell 
et  al., 2014b; Vadez, 2014; Hammer et  al., 2020). Conserving 
soil water for grain filling can be  achieved by limiting leaf 
area, limiting transpiration rate, or accelerating senescence of 
older leaves (Borrell et  al., 2014a; George-Jaeggli et  al., 2017; 
Sinclair et  al., 2017). However, these adaptations may entail 
reduced yield potential under less stressful conditions (Gao 
et al., 2020a). Constraining daily transpiration rates from climbing 
above a certain threshold, when VPD is high (i.e., when the 
trade-offs between carbon fixation and water loss becomes too 
costly), is promising means to conserve water for the grain 
filling period, without reducing total leaf (Sinclair et  al., 2017).

Inducible limitation of maximum transpiration increases 
transpiration efficiency saves water over the course of a day 
and over the course of the season (Sinclair et  al., 2005, 2017). 
Modeling studies have shown the great benefit with little trade-off 
of high VPD induced transpiration restriction in soybean (Sinclair 
et al., 2010), maize (Messina et al., 2015), and sorghum (Sinclair 
and Muchow, 2001; Kholová et  al., 2014). However, there may 
be  trade-offs between leaf cooling and transpiration restriction 
under very high temperatures. Field studies indicate that 
transpiration restriction is related to greater yield for maize, 
sorghum, pearl millet, and wheat under severe terminal drought 
conditions (Sinclair et  al., 2017; Tharanya et  al., 2018a; Medina 
et  al., 2019). Selection for transpiration restriction phenotypes 
has been implemented in peanut, maize, and soybean breeding 
programs and cultivars have been generated exhibiting soil water 
conservation strategies (Shekoofa and Sinclair, 2018). Similar 
transpiration restriction strategies may conserve soil water and 
increase dryland production of other annual crops (Belko et  al., 
2012; Polania et  al., 2016). Understanding species and genotype 
level variation in transpiration restriction may help accelerate 
crop genetic improvement.

PART 1: REGULATION OF 
TRANSPIRATION RESTRICTION BY 
PLANT HYDRAULICS

Plants connect the pedosphere, with relatively high water 
potential, to the atmosphere, with relatively low water potential. 
Water movement along this soil–plant–air continuum is driven 
by a water potential gradient, as described by Ohm’s law and 

the cohesion–tension theory (Tyree, 1997; Carminati and Javaux, 
2020). Plants use a network of specialized architectural, 
anatomical, morphological, and functional mechanisms to 
regulate the axial and radial flow of water (Steudle, 2000). 
Root radial water transport involves passage through the 
epidermis, cortex, endodermis, and xylem parenchyma via the 
symplastic (cell to cell) or apoplasticaly (through cell walls 
and intercellular spaces; McCully and Canny, 1988; Bramley 
et  al., 2007). Water ascends axially by tension and cohesion 
through root, stem, petiole, and leaf vein xylem vessels. Tension 
draws water from the leaf veins, across multiple sets of cell 
membranes, including the bundle sheath, mesophyll, or epidermal 
cells. Water vapor then diffuses through the cuticle, or in a 
highly controlled fashion through the stomatal cavity. The actors 
and processes involved in hydraulic regulation are presented 
using a non-structured, conceptual arrangement in Figure  1, 
which serves to guide the literature review. Supporting 
information is supplied in Table  1; Supplementary Table  1. 
Functionally structured perspectives of plant hydraulic regulation 
are provided in Figure  2; Supplementary Figure  1.

Root Conductance
Root-based regulation of transpiration can be divided into radial 
and axial conductance. Root axial water conductance is typically 
not considered the most rate limiting step, but genotypic differences 
do exist in xylem number and diameter, which determine axial 
conductance capacity, and can relate to transpiration dynamics 
and adaptation to drought stress (Prince et  al., 2017; Nogueira 
et  al., 2020; Strock et  al., 2020). Reduced seminal root xylem 
conductance capacity was the basis of developing wheat cultivars 
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FIGURE 1 | Non-hierarchical arrangement of actors and processes involved 
in plant water acquisition, water transport, and transpiration regulation across 
all levels of plant organization. Numbered lines between circled actors 
correspond to publications demonstrating indicated connection, listed in 
Table 1. The network is not intended to be exhaustively populated, but rather 
representative, and indicates a high degree of interconnectivity, yet with 
substantial lacunae among actors and processes that are logically related. It 
suggests that as we accumulate more data, we find more interactions and 
more complexity.
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adapted to the water-limited Australian context (Richards and 
Passioura, 1989). The utility of reduced root axial conductance 
capacity for late season soil water conservation in wheat has 
been further supported in recent work (Hendel et  al., 2021). 
There may also be  the possibility for longitudinal adjustments 

of xylem conduits (Meunier et  al., 2017), regulation at the root 
to shoot junction (Meunier et  al., 2018), as well as among the 
various attributes of protoxylem and metaxylem vessels, their 
pits (Xu et  al., 2020) or perforation plates (Gao et  al., 2020b). 
These may be  part of a suite of embolism response traits and 
do not preclude the possibility that embolism is itself a means 
of restricting transpiration (McCully, 1999), in which aquaporins 
play a key recovery role (Secchi et  al., 2017).

Root anatomical phenes related to radial water transport 
include distance between root tip and suberized zone, as well 
as completeness of suberization (Barberon et  al., 2016; Doblas 
et  al., 2017) and lignification (Foster and Miklavcic, 2017). 
Construction of Casparian bands, suberin lamellae, and 
lignification may respond dynamically to abiotic stress factors 
and be  deployed differentially on roots of different diameters 
and class (Tylová et  al., 2017). Variation in cortex cell file 
number, or cortex cell size may lead to a different proportion 
of cell-to-intercellular spaces, which are hypothesized to affect 
root hydraulics (Vadez, 2014), with some evidence in pearl 
millet (Kholová et  al., 2016). Genotypic variation in radial 
conductance pathways has been observed in chickpea (Sivasakthi 
et  al., 2017, 2020). Similar effects of anatomical differences in 
the root radial water transport pathway were observed in wheat 
and lupin, showing predominance of apoplast water transport 
in lupin, whereas wheat dependent mostly on Hg-sensitive 
aquaporin in the endodermis (Bramley et  al., 2007).

Root radial conductance is influenced by AQP at 
various membranes including; epidermis, outer cortex 
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FIGURE 2 | Hierarchically structured network diagram of phenes influencing plant water acquisition and transport, including the same actors and processes as in 
Figure 1. This projection of plant hydraulic regulation highlights the distal position of aquaporins in relation to tissue level conductance, the complementary role of 
relative shoot and root growth, and the nested structure of plant form and function. C is an abbreviation for carbon and N for number.

TABLE 1 | List of publications demonstrating links between nodes.

Edge Node 1 Node 2 Reference numbers

1 VPD Leaf conductance 1, 18
2 Soil water potential RSA 2, 3, 40
3 Root AQP Transpiration 4, 5, 6, 20, 22, 25, 26, 31, 32
4 Leaf AQP Transpiration 7, 18, 19, 21, 27, 28, 33
5 Soil water potential Root AQP 8, 9
6 Leaf growth Root conductance 10, 11, 22, 25, 31, 32
7 Leaf anatomy Leaf conductance 7, 13, 14, 30, 37, 41, 42
8 Root AQP Leaf AQP 8
9 Root AQP Root conductance 15, 16, 17, 23, 24, 25, 31, 32, 

34, 38, 39
10 Root conductance Leaf water potential 22
11 Root anatomy Root conductance 12, 16, 23, 24
12 Leaf conductance Leaf AQP 29, 33, 35, 36, 38
13 VPD Transpiration 43, 44, 45, 46, 47, 49, 50, 51, 

52
14 VPD Root conductance 44, 48
15 Root conductance Transpiration 44, 48
16 VPD Leaf growth 49, 53
17 Soil water potential Transpiration 52, 54, 55, 56

Edge numbers correspond to links between nodes in Figure 1. References and 
reference numbers presented in Supplementary Table 1.
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(Ranathunge et  al., 2004), endodermis, and Casparian strip 
(Grondin et  al., 2016). AQP expression in rice shoots and 
roots suggests AQP mediated root conductance was most 
limiting to mid-day transpiration (Nada and Abogadallah, 2014). 
A pearl millet aquaporin gene transferred to tobacco conferred 
greater drought, heat, and higher water use efficiency (Reddy 
et  al., 2022). Knockout and overexpression mutants showed a 
specific AQP isoform in maize roots was an important regulator 
of root hydraulic conductance, with effects on plant growth 
(Ding et  al., 2020). The same study suggested non-uniform 
patterns of radial conductance, implying aquaporin function 
must integrate with root anatomy.

Leaf Conductance
Leaf conductance is an aggregate phene, sensu (York et  al., 
2013), integrating leaf vein anatomy, stomatal density size, and 
aperture, as well as xylem parenchyma, bundle sheath, and 
mesophyll cell number, size, and density, in addition to AQP 
function (Sack and Holbrook, 2006). This presents a variety 
of regulatory opportunities operating at different scales, involving 
different actors and signaling pathways. Outside xylem 
conductance, meaning conductance on the path between xylem 
and sites of evaporation (Scoffoni et  al., 2017; Corso et  al., 
2020) contributes to transpiration restriction (Sinclair et  al., 
2008). Guard cell conductance is involved in transpiration 
regulation in response to VPD (Sinclair et al., 2008). Regulation 
of conductance by bundle sheath cells, likely attributable to 
AQP, was demonstrated using applied ABA and mercury (Shatil-
Cohen et  al., 2011). Subsequent work used microRNA AQP 
silencing to demonstrate a role of AQP at the bundle sheath 
to mesophyll transition (Sade et  al., 2014, 2015). Knockout 
mutants were used to demonstrate that light-dependent activity 
of a single AQP isoform in leaf veins is a major regulator of 
leaf conductance (Prado et  al., 2013).

Anatomy, and its interaction with membrane level 
conductance, may play a role in regulating transpiration dynamics. 
Within the leaf, two-thirds of outside xylem hydraulic 
conductance was attributed to vapor transport, which is strongly 
influenced by distance between veins, distance between vein 
terminus and stomata, as well as spongy mesophyll anatomy 
(Sack and Frole, 2006; Sack and Holbrook, 2006; Brodribb 
et  al., 2007; Sack and Scoffoni, 2013; Buckley et  al., 2015). 
One study noted various leaf anatomic factors involved in 
transpiration efficiency and observed distinct association of 
anatomy and aquaporin function at different drought intensities 
(Henry et  al., 2019). Transpiration restriction phenotypes were 
associated with modified epidermal cell size and stomatal density 
in response to VPD in cotton (Devi and Reddy, 2018). Leaf 
petiole conductance, and by implication, all of xylem axial 
conductance could be involved in hydraulic regulation (Postaire 
et  al., 2010). The integration of these water transport factors 
into a complex series has potential regulatory ability in addition 
to the regulation of individual components (Zwieniecki et  al., 
2007). Indeed, canopy development, leaf anatomy, root growth, 
and water uptake have been related to the stay-green phenotype 
(Borrell et  al., 2014a), which has transpiration restriction as 
an underlying phenotype. We  conclude that focus is needed 

on the interactions among steps of the water transport pathway, 
as well as interactions with anatomy, irradiance, leaf water 
status, and growth to fully understand the regulation of leaf 
hydraulics (Prado and Maurel, 2013).

Cross-Organ Environmental Responses
Highly dynamic root and leaf expression of multiple AQP was 
related to maintenance of water use efficiency over the course 
of a day in sorghum but not in maize (Hasan et  al., 2017). 
Maize, sorghum, and pearl millet may deploy transpiration 
restriction strategies along a spectrum of reduced leaf area 
expansion rate or restricted transpiration rate (Sinclair et  al., 
2017; Choudhary et  al., 2020). These species may also vary in 
their transpiration restriction across different soils (Vadez et  al., 
2021). At high VPD maize restricted maximum transpiration 
rate, and transpiration rate became more sensitive to soil drying, 
while pearl millet and sorghum relied mainly on reduced leaf 
expansion as a means to reduce transpiration (Choudhary et al., 
2020). Genotypic variation also exists for the ability to restrict 
transpiration rate in response to environmental cues, such as 
high VPD or highly negative soil matric potential (Choudhary 
and Sinclair, 2014; Sinclair et  al., 2017; Medina et  al., 2019). 
Measurements of leaf and whole plant hydraulic conductance 
in 12 maize genotypes suggest coordination between root and 
shoot conductance effectively regulated transpiration in response 
to high VPD (Sunita et  al., 2014). However, work using 20 
sorghum genotypes found genotypic variation in both leaf and 
root conductance and suggested a shoot-based causal mechanism 
of limited maximum transpiration rate (Choudhary and Sinclair, 
2014). Growth chamber, glass house, and field experiments on 
sorghum linked genetic variation for response of maximum, 
transpiration rate under increasing VDP to water saving, but 
observed significantly different results between experiments 
(Karthika et al., 2019). In sum, the data suggest there are different 
transpiration restriction strategies and mechanisms with substantial 
species and genotypic level variation, some of which is 
environmentally dependent.

PART 2: TRANSPIRATION RESTRICTION 
CAN INVOLVE MULTIPLE SIGNALS, 
HYSTERESIS, AND PHENOTYPIC 
INTEGRATION

Transpiration is a dynamic process, involving coordination of 
structural and functional aspects across organizational scales 
in both roots and shoots. Therefore, identifying transpiration 
restriction mechanisms can be  very complex (Figure  2; 
Supplementary Figure 1). Outcomes of studies on transpiration 
restriction are influenced by plant size (Sadok and Sinclair, 
2010), time interval studied (Tardieu and Parent, 2017), timing 
of water stress (Shekoofa and Sinclair, 2018), stage of water 
stress (Pou et  al., 2013), severity of stress (Lovisolo et  al., 
2010), temperature (Yang et  al., 2012), and breeding history 
(Vadez et  al., 2011). Transpiration restriction can also 
be influenced by employing an isohydric or anisohydric strategy 
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(Vandeleur et  al., 2009), and generally if plants are “water 
savers” or “water spenders.”

A water spender, or profligate water use strategy, is associated 
with large leaf area and/or unrestricted transpiration in 
response to high VPD. A water saver, or conservative water 
use strategy, would reduce leaf area and/or restrict transpiration 
at high VPD. Isohydric behavior entails sensitive stomatal 
control that maintains relatively constant leaf water potential, 
even when soil water is limited or VPD is high. An anisohyric 
strategy would tolerate a drop in leaf water potential (Grossiord 
et  al., 2020). Genotypes with a water saver strategy may 
rely more on the apoplastic pathway, whereas water spenders 
may rely more on the symplastic pathway, but pathway 
utilization can also depend on growth rate (Grondin et  al., 
2020; Sivasakthi et  al., 2020).

Practices, such as deficit irrigation (Chaves et  al., 2010) 
and cropping system (Sadras et  al., 1989), can influence if a 
plant employs an isohydric or anisohydric strategy. However, 
these are just two points on a spectrum and strategy can vary 
by genotype and over time within a single plant (Knipfer et al., 
2020). This flexibility along the iso- to anisohydric continuum 
has been characterized using the hydroscape concept, defined 
as the area between predawn and mid-day plant water potential 
regression lines, which captures processes across the soil–plant–
atmosphere pathway (Meinzer et al., 2016; Javaux and Carminati, 
2021). We  conclude that a more robust, yet accurate, selection 
for transpiration restriction involves the cross-scale dynamic 
coordination of a spatially and temporally complex set of 
interacting phenes and processes.

Multiple Types of Signals Can Influence 
Membrane Conductance
Coordination of root and shoot AQP expression, localization, 
and function makes use of multiple signals, such as ABA, 
xylem pH (Davies et  al., 2002), and xylem pressure potential 
itself (Chaumont and Tyerman, 2014; Vandeleur et  al., 2014) 
and may require the integration of multiple signals (Comstock, 
2002). Multiple lines of research suggest the importance of a 
hydraulic signal but differ as to if that signal originates from 
root or shoot (Fuchs and Livingston, 1996; Yao et  al., 2001; 
Vandeleur et  al., 2014). Soil hydraulic conductivity, referring 
to the hydraulic connection between roots and the soil, has 
recently been identified as an important signal and regulator 
of plant hydraulics, transpiration, and stomatal response to 
drought (Carminati and Javaux, 2020; Hayat et  al., 2020; Cai 
et  al., 2021). The rapidity of transpiration response to VPD 
suggests hydraulic rather than biochemical signals are the 
immediate mechanisms (Kholová et al., 2010b). However, there 
is evidence that hydraulic and biochemical signals interact, 
perhaps over longer time scales (Christmann et  al., 2013).

Similarly, partial root drying studies suggest root originating 
signals that do not involve AQP transcription (Li et  al., 2008). 
For example, ABA and xylem pH can influence transpiration 
(Davies et  al., 2002). The role of ABA as both a local and 
long-distance signal of soil water limitation has been identified 
in several species (Dodd, 2005; Wang et  al., 2019), although 

a role for cytokinin has also been suggested (Kudoyarova et al., 
2007). Other work suggests ABA signaling operates in conjunction 
with hydraulic signals, which in turn affects hydraulic 
conductance of bundle sheath cells (Sade et  al., 2014) and 
may promote root growth, all while being sensitive to stress 
severity (Miao et  al., 2021). Other research suggesting both 
root and shoot need to be  in communication (Castro et  al., 
2019) are consistent with the multiple signal hypotheses. ABA 
accumulation in the root has been linked to increased root 
hydraulic conductivity (Sharipova et  al., 2016). However, 
enhanced root ABA production was linked to reduced leaf 
conductance under non-limiting conditions, and greater 
transpiration restriction under high VPD (Thompson et al., 2007).

In summary, particular signaling mechanisms have 
demonstratable involvement in communicating and responding 
to particular environmental conditions in particular experimental 
systems. Studies on membrane or organ level conductance 
usually involve transgenic, pharmacological, stem girdling, or 
de-topping approaches that have distinct limitations. These 
types of studies may fail to account for compensatory mechanisms 
at other organs and scales, like the opposite effects of ABA 
on leaf and root conductance described above (Thompson 
et al., 2007; Sharipova et al., 2016). Furthermore, there appears 
to be  little consistency in signals identified as mechanisms of 
transpiration regulation across experimental systems. This 
suggests a high degree of environmental dependency and implies 
that the actors, forces, and signals identified may not 
be commensurate with an unperturbed system. For these reasons 
reductionist experimental systems are ill-suited to deciphering 
the complexity of the whole system (Tardieu and Parent, 2017) 
and a broader perspective is warranted.

Hysteresis Influences Plant Responses
Hysteresis, in the context of a water acquisition and use, involves 
how the plant’s environment and history affects signal and 
response mechanisms. Hysteresis can thus describe a type of 
cross-scale legacy effect, involving previous architectural, 
anatomical, and cellular responses. Hysteresis also implies 
functional factors, such as stomatal aperture, water use strategy, 
and isohydricity, and if water is being absorbed into the root 
via symplastic or apoplastic pathways, which can make use 
of different AQP (Javot et al., 2003). Shifting between isohydric 
vs. anisohydric strategies (Sade et  al., 2012) may depend upon 
a combination of soil moisture, VPD, and hormonal cues 
(Rogiers et  al., 2012) interacting in a tissue-specific and dose-
dependent manner (Rosales et al., 2019). The shift in strategies 
likely involves modified AQP expression (Sade et  al., 2009), 
different root radial transport pathways (Tharanya et al., 2018b), 
as well as different signaling pathways in different scenarios 
(Aroca et al., 2012; Moshelion et al., 2015; Rosales et al., 2019). 
For example, Pou et al. (2013) found that the apoplastic pathway 
was more important during water stress. Furthermore, dynamic 
transpiration regulation, and its regulation by aquaporins, can 
depend upon N availability (Cramer et  al., 2009; Di Pietro 
et  al., 2013; Ding et  al., 2018) and its degree and duration 
of deprivation (Dodd et  al., 2003).
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The existence of multiple overlapping regulation pathways 
is further shown with research in grapevine, suggesting not 
only that there is variation in water use strategy by cultivar, 
which has impact on WUE, and is dependent on type and 
severity of stress (Lovisolo et  al., 2010), but also that the 
same cultivar can employ different strategies based on 
legacy effects (Chaves et  al., 2010). Transpiration response 
to VPD may involve different mechanisms under different 
environmental scenarios (Pou et al., 2013; Sunita et al., 2014; 
Henry et  al., 2019). A study comparing maize, sorghum, 
and pearl millet growth under contrasting VPD conditions, 
and then exposed to high VPD, showed species level variation 
in transpiration dynamics and leaf area, contingent upon 
growing conditions (Choudhary et  al., 2020). Work in pearl 
millet found diurnal variation and VPD treatment dependency 
on AQP expression patterns among VPD sensitive and 
insensitive genotypes (Reddy et  al., 2017). The impact of 
AQP overexpression in two rice cultivars on growth, 
transpiration patterns, and ultimately water use efficiency, 
was contingent upon root to shoot ratio and the expression 
of other aquaporins (Nada and Abogadallah, 2020). AQP 
downregulation can be  balanced by increases in root size, 
bundle sheath cell osmotic permeability, and other mechanism 
(Kaldenhoff et  al., 1998; Martre et  al., 2002; Siefritz et  al., 
2002; Vandeleur et  al., 2014). These examples demonstrate 
the existence of dynamic cross-scale compensation and a 
high degree of interconnectivity in transpiration regulation.

In terms of environmental interactions, temperature influences 
transient transpiration response to VPD (Seversike et al., 2013) 
and soil drying influences root morphology and transpiration 
response in soybean (Seversike et al., 2014). Genetic differences 
in root architecture and variation in root growth response to 
environmental factors may interact with transpiration regulation 
and have different impacts on transpiration, canopy temperature, 
and yield in different environments (Henry et  al., 2011). Fully 
describing a signal—response pathway may require multiple 
theories, similar to how explanations of nutrient regulation of 
plant growth differ in accord with the limiting nutrient (Rubio 
et  al., 2003). Indeed, it has been proposed that ABA signals 
originating from either root or shoot overlap with and mediate 
hydraulic signals to influence stomatal conductance and leaf 
hydraulic conductance (Pantin et  al., 2013). The high level of 
interactivity among signals and environmental dependence 
suggests multiple signals operate in an integrated fashion to 
influence the emergent transpiration response phenotype. In 
summary, the legacy of previous physiological responses dictates 
available responses to the next set of conditions and needs to 
be  taken into account when examining transient responses.

Phenotypes Integrate Across Scales
The integration of water acquisition, transport, and daily and 
season level water use dynamics, along with phenology, 
influence the effectiveness of the plant water use strategy in 
a given environment. Temporal dynamics in water availability 
and use introduces the need for cross-scale coordination 
of processes, such as plastic root growth (Topp, 2016; 
Schneider and Lynch, 2020), involving both architectural 

(Schneider et  al., 2020b) and anatomical (Schneider et  al., 
2020a) adjustments. Spatio-temporal variation in hydraulic 
conductance among different root classes and ages highlights 
an additional layer of variation (Schneider et  al., 2020c). 
Root architecture, xylem characteristics, and stomatal 
conductance integrate as a coordinated network in maize to 
enhance performance (Gleason et  al., 2019). Integrated root 
architectural, xylem conductance capacity and maturity group 
phenotypes have been related to performance and water use 
strategies in Phaseolus (Strock et  al., 2020) and in Zea mays 
(York and Lynch, 2015; Klein et al., 2020). Integrated phenotypes 
involving root architecture, root hydraulic conductance capacity, 
and phenology have been hypothesized to exist in grain 
legumes (Burridge et  al., 2020) and observed at the gene 
pool and race level in common bean (Jochua et  al., 2020).

There are likely multiple mechanisms for transpiration 
optimization that are composed of distinct integrated phenotypes 
involving architectural, anatomical, cellular, and even soil and 
canopy elements integrating with growth, phenology, and 
transpiration patterns. For instance, decades of research on 
the slow wilting phenomenon in soybean have uncovered 
multiple mechanisms (Kunert and Vorster, 2020) including 
reduced stomatal conductance (Tanaka et al., 2010), contrasting 
leaf morphology (Hudak and Patterson, 1995), a larger, more 
fibrous root system (Pantalone et  al., 1996) and by unknown 
mechanism(s) (Bagherzadi et  al., 2017). A recent paper (Ye 
et al., 2020) used different soybean germplasm than a previous 
study and identified transpiration restriction mechanisms distinct 
from the previously identified silver sensitive mechanism (Sadok 
and Sinclair, 2010). These findings support early work suggesting 
multiple water conservation mechanisms in soybean (Charlson 
et al., 2009) and again suggest phenotypes integrate to coordinate 
transpiration, growth, and soil water use.

Integrated transpiration regulation phenotypes involving 
conductance, transpiration, canopy size, and phenology have 
also been observed in sorghum, wheat, chickpea, and pearl 
millet. A study of four stay-green QTL in sorghum found the 
four QTL regulated canopy size but also affected leaf anatomy, 
root growth, and water uptake (Borrell et al., 2014a). Contrasting 
integrated phenotypes, involving root axial and transmembrane 
conductance, could be  involved in wheat drought tolerance 
strategies (Schoppach and Sadok, 2012; Schoppach et al., 2014). 
In chickpea, early vigor, as gauged by canopy size, was related 
to transpiration restriction and preferential use of the root 
apoplastic pathway (Sivasakthi et  al., 2020). Similarly, greater 
propensity to restrict transpiration via root conductance was 
associated with larger canopy size in pearl millet (Kholová 
et  al., 2010b; Tharanya et  al., 2018b) and chickpea (Zaman-
Allah et al., 2011) suggesting transpiration regulation mechanisms 
specific for large or small canopy size.

Root hairs provide another example for how phenotypic 
integration connects to the issue of coordination between root 
and leaf conductance. In addition to xylem embolisms, hydraulic 
disruptions between root and soil (Newman, 1969; Draye et al., 
2010; Carminati and Javaux, 2020; Hayat et  al., 2020) may 
be  another type of hydraulic signal, which is theoretically 
impacted by heterogenous soil conductivity and particle size 
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(von Jeetze et  al., 2020). Recent evidence demonstrates that 
roots signal this localized hydraulic resistance, which in turn 
triggers stomatal closure before leaf conductivity reduces 
(Rodriguez-Dominguez and Brodribb, 2020). Apart from 
potentially being involved in this signaling, root hairs may 
help maintain rhizosphere to bulk soil connectivity (Segal et al., 
2008; Draye et  al., 2010; Lobet et  al., 2014; Carminati et  al., 
2017). Root hair length and density may thus integrate with 
root length distribution profile and daily transpiration dynamics 
to promote increased season level transpiration (Tardieu and 
Parent, 2017).

PART 3: TOWARD EFFECTIVE 
INTEGRATIVE PHENOTYPING

There seems to be consensus in the literature that the primary 
short-term mechanisms for fine-tuning transpiration to 
environment and plant needs involve aquaporins. Aquaporins 
regulate conductance at the membrane level in both root 
and leaf (Hachez et  al., 2006a, 2008, 2012; Wang et  al., 
2019). For that reason, selection for particular AQP isoforms 
or AQP expression levels are tempting targets for engineering 
transpiration efficiency, even while intricacies of AQP function 
are acknowledged (Hachez et  al., 2006b; Afzal et  al., 2016; 
Zargar et  al., 2017). One of the challenges is that there is 
no consensus on a correlation between AQP abundance and 
tissue level conductivity (Aroca et  al., 2012). The challenges 
these intricacies pose for genetic improvement are further 
indicated by how different research programs, using different 
experimental designs and species, have contrastingly attributed 
hydraulic regulation almost exclusively to the root (Rodriguez-
Dominguez and Brodribb, 2020) or the shoot (Sinclair et  al., 
2008; Figure  1; Table  1). Delving into the many studies on 
aquaporins makes clear only that there is extensive interaction, 
compensation, and redundancy among aquaporins within 
and across scales, across organs, as well as architectural and 
anatomical effects. We  therefore conclude that AQP are 
currently ill-suited to be  used as a selection criterion for 
the genetic improvement of transpiration responses to 
environmental conditions.

Identification of robust selection criteria, with good heritability, 
becomes complicated when phenotypes are complex, cross-
scale, as well as legacy and environmentally dependent. Inducible 
transpiration restriction is one such multi-scale phenotype. It 
requires the coordination of plant water acquisition, transport, 
growth, and transpiration and is regulated by multiple actors 
and pathways. These actors and pathways can vary according 
to type, severity, and timing of stress, and in relation to plant 
size, phenology, and hysteresis. Viewing the dynamic coordination 
of plant transpiration and growth from this perspective highlights 
three potential approaches to accelerate crop genetic 
improvement. Firstly, multi-scale modeling and machine learning 
could be  used to predict outcomes and limit the number of 
phenotypic combinations to test empirically. Secondly, there 
is a potentially indicative phene. Thirdly, we propose an integrative 
direct selection strategy.

Multi-Scale Models
Understanding how modifications of transpiration and growth 
feedback and feedforward with tissue hydraulic conductance, 
stomatal conductance, shoot, and root architecture, hormones, 
and aquaporins is critical for identifying selection criteria for 
inducible transpiration restriction phenotypes (Tardieu and 
Parent, 2017). Multiple recent calls for integrating multi-scale 
computation models with crops simulations emphasize the need 
to integrate across spatial and temporal scales (Chew et  al., 
2017; Marshall-Colon et  al., 2017; Benes et  al., 2020; Peng 
et al., 2020), across disciplines (Hammer, 2020) and even beyond 
the plant and into the rhizosphere and soil (Lobet et al., 2014).

Organizing soil, plant, and canopy simulation models in 
nested networks, linked in multiple ways mirrors the function 
of the inducible transpiration restriction phenotype. Developing 
and benchmarking multi-scale models offers the potential to 
apply machine learning to data generated by said models. While 
truly multi-scale models are only just emerging (Ajmera et  al., 
2022), and benchmarking has much progress to make (Schnepf 
et  al., 2020), machine learning could conceivably help identify 
latent features and highlight selection targets. Models may help 
decipher how modifying a particular phene integrates with 
other phenes and effects the emergent phenotype of yield, in 
a given environment. A yield-risk approach (Hammer et  al., 
2020) could then be  applied to evaluate the influence of the 
timing, sensitivity, and degree of changes in transpiration. 
Emergent phenotypes related to transpiration optimization could 
then be directly selected for using traditional breeding techniques.

Xylem Conductance Capacity May Indicate 
Transpiration Strategy
Elementary plant phenes may indicate broader strategies, similarly 
to how selection for genes that lie at the hubs of gene networks 
likely modulate more complex phenotypes than genes at the 
outer spokes of a network (Dietz et  al., 2010). Root axial 
conductance capacity, as estimated by xylem vessel number 
and diameter using the Hagen–Poiseuille equation, is an example 
(Tyree et al., 1994). Xylem conductance capacity can be estimated 
using laser ablation tomography and has been linked to 
performance (Nogueira et  al., 2020; Schneider et  al., 2020a; 
Strock et  al., 2020; Hendel et  al., 2021). Potentially further 
facilitating selection, is the observation that xylem conductance 
phenotypes of young plants were related to mature plant 
phenotype (Falk et  al., 2020). It should be  noted here that 
the targeted phenotype, that is, xylem conductance, would 
be  an estimate, which could overestimate the actual value. 
Root anatomical modifications, such as suberization and lignin 
deposition, are also identifiable using laser ablation tomography 
(Strock et  al., 2019) and lignification may have added benefits 
related to soil resistivity as well as pathogen and root pest 
resistance (Schneider et  al., 2021). AQP may integrate with 
xylem parenchyma traits to refill xylem embolisms (Secchi 
et al., 2017), which laser ablation tomography could help address 
by quantifying parenchyma number, size, and positioning.

Xylem conductance capacity could indicate water use strategy 
for two reasons. Firstly, under-utilizing a high conductance 

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Burridge et al. Multi-Scale Water Use Optimization

Frontiers in Plant Science | www.frontiersin.org 8 April 2022 | Volume 13 | Article 824720

capacity xylem phenotype would unnecessarily increase the 
risk of cavitation. Empirical and modeling evidence suggests 
that plants operate near the upper threshold of xylem imposed 
limits on hydraulic conductance (Sperry et  al., 1998). 
Conceptually this makes sense, to avoid cavitation risk and 
to not waste the construction and maintenance costs of xylem 
and parenchyma. Secondly, elevated transpiration rates could 
not occur with a low xylem conductance phenotype, precluding 
the possibility for high transpiration, photosynthesis, and growth 
rates. Selection for reduced xylem conductance capacity estimated 
using root anatomical cross sections may thus be  an easy way 
to select for reduced transpiration rate. Alternatively, a high 
conductance capacity phenotype may indicate a risk-taking 
approach involving highly dynamic transpiration regulation 
imposed at the cell membrane scale.

Direct Selection for Transpiration 
Restriction
Direct phenotypic selection of inducible transpiration restriction 
in the target environment using realistic systems, such as 
gravimetric phenotyping, overcomes the potentially confounding 
cross-scale interactions and compensatory mechanisms to 
which organ level or controlled environment studies are 
sensitive. This type of direct phenotypic selection targets the 
emergent, or integrated phenotype, rather than lower-level 
component phenes, and acknowledges that feedbacks and 
compensation among component processes can obscure plant 
level processes and the ultimate target, yield (Vadez et  al., 
2013a; Kholová et  al., 2016).

Phenotyping transpiration dynamics in a field-based lysimeter 
system, with realistic VPD and progressive soil drying captures 
the aggregate phenotype of interest as well as component phenes 
(Vadez et  al., 2015; Kar et  al., 2020, 2021). While field-based 
lysimeters have significant construction and operating costs, 
they have demonstrated utility for both trait-based and QTL-based 
selection (Kholová et al., 2012; Karthika et al., 2019). Heritability 
values for metrics describing transpiration dynamics range from 
moderate to high (Aparna et  al., 2015; Sivasakthi et  al., 2018; 
Tharanya et  al., 2018a). This type of system uses lysimeters 
of large enough depth and total volume that permits additional 
root exploration, but with density similar to farmer’s conditions. 
It facilitates direct phenotypic selection of transpiration 
restriction, particular transpiration strategies and transpiration 
efficiency without eliminating dynamic and interacting 
environmental and plant factors (Kholová et  al., 2012; Vadez 
et  al., 2013b; Tharanya et  al., 2018a,b). Weekly weighings are 
adequate to identify genotypes that employ early season water 
conservation and enable late season transpiration and grain 
filling (Vadez et  al., 2013a; Tharanya et  al., 2018a). However, 
weekly weights do not necessarily permit distinguishing if the 
mechanisms of water saving arises from leaf area dynamics, 
daily transpiration dynamics, or weekly transpiration dynamics.

Significant insight on daily dynamics, and in particular 
transpiration restriction in response to daily VPD (Ryan et  al., 
2016), can be  gleaned from three (Kholová et  al., 2012) or even 
one daily measurement (Choudhary et al., 2020). A similar system 

enables minute level resolution transpiration measurements and 
permits selection for amplitude of daily transpiration restriction 
(Vadez et  al., 2015; Sivasakthi et  al., 2018). Studying daily 
transpiration dynamics under variable VPD, as well as under 
progressive soil drying (Karthika et al., 2019), may reveal multiple 
useful transpiration patterns (Kholová et al., 2016). Non-destructive 
shoot imaging enables quantification of leaf area dynamics. Root 
systems of smaller plants can be  washed and measured to reveal 
differences in root system size and root to shoot ratio. Combined 
utilization of these lysimeter systems capture hourly, daily, and 
season level interactions between soil water acquisition and use. 
These systems can quantify feedbacks among root investment, 
leaf area development, phenology, and density. By imposing 
realistic environmental conditions and enabling complex feedbacks 
to impact performance, gravimetric phenotyping offers the chance 
to identify superior integrated phenotypes and accelerate 
genetic improvement.

Next Challenges
Of primary importance for selecting for resilience to current 
and future climates is addressing the utility of favorable 
transpiration dynamics in progressive soil drying scenarios. 
Enhanced resilience to terminal drought likely involves multi-
scale coordination of water acquisition and use. Feedbacks 
among environment and phenes including axial root and leaf 
growth dynamics, tiller initiation, and transpiration dynamics 
quickly become complex and result in many trait combinations. 
The question of tillering, which relates to canopy density, leads 
to another very interesting set of questions involving if increasing 
planting density may reduce soil evaporation and create a 
favorable in-canopy micro-climate that improves the water loss 
to carbon gain ratio. In short, the challenge is to develop the 
conceptual frameworks, phenotyping platforms, and models 
that integrate across scales and capture overarching meta-
mechanisms, such as inducible transpiration restriction, in order 
to identify important and selectable phenes.

CONCLUSION

Our ultimate goal is the identification of robust selection criteria 
for water acquisition and use optimization, likely including 
inducible transpiration restriction. These selection criteria should 
optimize yield in increasingly variable high-temperature and 
drought-prone environments. A review of the literature suggests 
that transpiration restriction can lead to an optimized 
transpiration phenotype through multiple mechanisms and that 
multiple coordination pathways may be involved. Pharmacological 
or gene editing tools, when used in isolation, are poorly 
positioned to detect dynamic, hysteretic, multi-element, and 
multi-scale coordination associated with overlapping transpiration 
regulation pathways. Directly phenotyping for transpiration 
restriction in response to high VPD or limited soil water has 
demonstrated its utility for QTL and trait-based selection. 
Efforts to increase drought tolerance via the optimization of 
water acquisition and transpiration should focus on daily and 
season level transpiration dynamics at the whole plant level. 
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This direct selection approach is likely to identify key integrated 
phenotypes and coordination mechanisms that have immediate 
utility for a breeding pipeline.

AUTHOR CONTRIBUTIONS

JB, AG, and VV conceived the review. VV secured the funding. 
JB wrote the review with comments and edits from AG and 
VV. All authors contributed to the article and approved the 
submitted version.

FUNDING

The paper was written and supported under the Make Our Planet 
Great Again (MOPGA) ICARUS project (Improve Crops in Arid 

Regions and Future Climates) funded by the Agence Nationale 
de la Recherche (ANR, grant ANR-17-MPGA-0011).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fpls.2022.824720/
full#supplementary-material

Supplementary Figure 1 | Functional projection of plant hydraulic regulation 
foregrounding nested structural hierarchies associated with the four general 
mechanisms (root and shoot architecture and conductance) governing 
transpiration and growth. Solid arrows depict biochemical and hydraulic signaling 
mechanisms within and between structural hierarchies and include 
transmembrane pressure potential, xylem pressure potential, pH, hormones, as 
well as carbohydrate, and nutrient concentration. Dashed arrows indicate 
interactions with environmental factors. Dotted arrows indicate interactions with 
phenology and planting density.

 

REFERENCES

Afzal, Z., Howton, T. C., Sun, Y., and Mukhtar, M. S. (2016). The roles of 
aquaporins in plant stress responses. J. Dev. Biol. 4:9. doi: 10.3390/jdb4010009

Ajmera, I., Henry, A., Radanielson, A. M., Klein, S. P., Ianevski, A., Bennett, M. J., 
et al. (2022). Integrated root phenotypes for improved rice performance 
under low nitrogen availability. Plant Cell Environ. 45, 805–822. doi: 10.1111/
pce.14284

Aparna, K., Nepolean, T., Srivastsava, R. K., Kholová, J., Rajaram, V., Kumar, S., 
et al. (2015). Quantitative trait loci associated with constitutive traits control 
water use in pearl millet [Pennisetum glaucum (L.) R. Br.]. Plant Biol. 17, 
1073–1084. doi: 10.1111/plb.12343

Aroca, R., Porcel, R., and Ruiz-Lozano, J. M. (2012). Regulation of root water 
uptake under abiotic stress conditions. J. Exp. Bot. 63, 43–57. doi: 10.1093/
jxb/err266

Bagherzadi, L., Sinclair, T. R., Zwieniecki, M., Secchi, F., Hoffmann, W., 
Carter, T. E., et al. (2017). Assessing water-related plant traits to explain 
slow-wilting in soybean PI 471938. J. Crop Improv. 31, 400–417. doi: 
10.1080/15427528.2017.1309609

Bao, Y., Aggarwal, P., Robbins, N. E., Sturrock, C. J., Thompson, M. C., 
Tan, H. Q., et al. (2014). Plant roots use a patterning mechanism to position 
lateral root branches toward available water. Proc. Natl. Acad. Sci. U. S. A. 
111, 9319–9324. doi: 10.1073/pnas.1400966111

Barberon, M., Vermeer, J. E. M., De Bellis, D., Wang, P., Naseer, S., Andersen, T. G., 
et al. (2016). Adaptation of root function by nutrient-induced plasticity of 
endodermal differentiation. Cell 164, 447–459. doi: 10.1016/j.cell.2015.12.021

Belko, N., Zaman-allah, M., Cisse, N., Ndack Diop, N., Zombre, G., Ehlers, J. D., 
et al. (2012). Lower soil moisture threshold for transpiration decline under 
water deficit correlates with lower canopy conductance and higher transpiration 
efficiency in drought-tolerant cowpea. Funct. Plant Biol. 39, 306–322. doi: 
10.1071/FP11282

Benes, B., Guan, K., Lang, M., Long, S. P., Lynch, J. P., Marshall-Colón, A., 
et al. (2020). Multiscale computational models can guide experimentation 
and targeted measurements for crop improvement. Plant J. 103, 21–31. doi: 
10.1111/tpj.14722

Borrell, A. K., Mullet, J. E., George-Jaeggli, B., Van Oosterom, E. J., Hammer, G. L., 
Klein, P. E., et al. (2014a). Drought adaptation of stay-green sorghum is 
associated with canopy development, leaf anatomy, root growth, and water 
uptake. J. Exp. Bot. 65, 6251–6263. doi: 10.1093/jxb/eru232

Borrell, A. K., van Oosterom, E. J., Mullet, J. E., George-Jaeggli, B., Jordan, D. R., 
Klein, P. E., et al. (2014b). Stay-green alleles individually enhance grain 
yield in sorghum under drought by modifying canopy development and 
water uptake patterns. New Phytol. 203, 817–830. doi: 10.1111/nph.12869

Bramley, H., Turner, N. C., Turner, D. W., and Tyerman, S. D. (2009). Roles 
of morphology, anatomy, and aquaporins in determining contrasting hydraulic 
behavior of roots. Plant Physiol. 150, 348–364. doi: 10.1104/pp.108.134098

Bramley, H., Turner, D. W., Tyerman, S. D., and Turner, N. C. (2007). Water 
flow in the roots of crop species: the influence of root structure, aquaporin 
activity, and waterlogging. Adv. Agron. 96, 133–196. doi: 10.1016/
S0065-2113(07)96002-2

Brodribb, T. J., Feild, T. S., and Jordan, G. J. (2007). Leaf maximum photosynthetic 
rate and venation are linked by hydraulics. Plant Physiol. 144, 1890–1898. 
doi: 10.1104/pp.107.101352

Buckley, T. N., John, G. P., Scoffoni, C., and Sack, L. (2015). How does leaf 
anatomy influence water transport outside the xylem? Plant Physiol. 168, 
1616–1635. doi: 10.1104/pp.15.00731

Burridge, J. D., Rangarajan, H., and Lynch, J. P. (2020). Comparative phenomics 
of annual grain legume root architecture. Crop Sci. 60, 2574–2593. doi: 
10.1002/csc2.20241

Cai, G., Carminati, A., Abdalla, M., and Ahmed, M. A. (2021). Soil textures 
rather than root hairs dominate water uptake and soil-plant hydraulics under 
drought. Plant Physiol. 187, 858–872. doi: 10.1093/plphys/kiab271

Carminati, A., and Javaux, M. (2020). Soil rather than xylem vulnerability 
controls stomatal response to drought. Trends Plant Sci. 25, 868–880. doi: 
10.1016/j.tplants.2020.04.003

Carminati, A., Passioura, J. B., Zarebanadkouki, M., Ahmed, M. A., Ryan, P. R., 
Watt, M., et al. (2017). Root hairs enable high transpiration rates in drying 
soils. New Phytol. 216, 771–781. doi: 10.1111/nph.14715

Castro, P., Puertolas, J., and Dodd, I. C. (2019). Stem girdling uncouples soybean 
stomatal conductance from leaf water potential by enhancing leaf xylem 
ABA concentration. Environ. Exp. Bot. 159, 149–156. doi: 10.1016/j.
envexpbot.2018.12.020

Charlson, D. V., Bhatnagar, S., King, C. A., Ray, J. D., Sneller, C. H., Carter, T. E., 
et al. (2009). Polygenic inheritance of canopy wilting in soybean [Glycine 
max (L.) Merr.]. Theor. Appl. Genet. 119, 587–594. doi: 10.1007/
s00122-009-1068-4

Chaumont, F., and Tyerman, S. D. (2014). Aquaporins: highly regulated channels 
controlling plant water relations. Plant Physiol. 164, 1600–1618. doi: 10.1104/
pp.113.233791

Chaves, M. M., Zarrouk, O., Francisco, R., Costa, J. M., Santos, T., 
Regalado, A. P., et al. (2010). Grapevine under deficit irrigation: hints 
from physiological and molecular data. Ann. Bot. 105, 661–676. doi: 
10.1093/aob/mcq030

Chew, Y. H., Seaton, D. D., and Millar, A. J. (2017). Multi-scale modelling to 
synergise plant systems biology and crop science. Field Crop. Res. 202, 
77–83. doi: 10.1016/j.fcr.2016.02.012

Choudhary, S., Guha, A., Kholova, J., Pandravada, A., Messina, C. D., Cooper, M., 
et al. (2020). Maize, sorghum, and pearl millet have highly contrasting 
species strategies to adapt to water stress and climate change-like conditions. 
Plant Sci. 295:110297. doi: 10.1016/j.plantsci.2019.110297

Choudhary, S., Mutava, R. N., Shekoofa, A., Sinclair, T. R., and Prasad, P. V. 
V. (2013). Is the stay-green trait in sorghum a result of transpiration sensitivity 

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/articles/10.3389/fpls.2022.824720/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.824720/full#supplementary-material
https://doi.org/10.3390/jdb4010009
https://doi.org/10.1111/pce.14284
https://doi.org/10.1111/pce.14284
https://doi.org/10.1111/plb.12343
https://doi.org/10.1093/jxb/err266
https://doi.org/10.1093/jxb/err266
https://doi.org/10.1080/15427528.2017.1309609
https://doi.org/10.1073/pnas.1400966111
https://doi.org/10.1016/j.cell.2015.12.021
https://doi.org/10.1071/FP11282
https://doi.org/10.1111/tpj.14722
https://doi.org/10.1093/jxb/eru232
https://doi.org/10.1111/nph.12869
https://doi.org/10.1104/pp.108.134098
https://doi.org/10.1016/S0065-2113(07)96002-2
https://doi.org/10.1016/S0065-2113(07)96002-2
https://doi.org/10.1104/pp.107.101352
https://doi.org/10.1104/pp.15.00731
https://doi.org/10.1002/csc2.20241
https://doi.org/10.1093/plphys/kiab271
https://doi.org/10.1016/j.tplants.2020.04.003
https://doi.org/10.1111/nph.14715
https://doi.org/10.1016/j.envexpbot.2018.12.020
https://doi.org/10.1016/j.envexpbot.2018.12.020
https://doi.org/10.1007/s00122-009-1068-4
https://doi.org/10.1007/s00122-009-1068-4
https://doi.org/10.1104/pp.113.233791
https://doi.org/10.1104/pp.113.233791
https://doi.org/10.1093/aob/mcq030
https://doi.org/10.1016/j.fcr.2016.02.012
https://doi.org/10.1016/j.plantsci.2019.110297


Burridge et al. Multi-Scale Water Use Optimization

Frontiers in Plant Science | www.frontiersin.org 10 April 2022 | Volume 13 | Article 824720

to either soil drying or vapor pressure deficit? Crop Sci. 53, 2129–2134. 
doi: 10.2135/cropsci2013.01.0043

Choudhary, S., and Sinclair, T. R. (2014). Hydraulic conductance differences 
among sorghum genotypes to explain variation in restricted transpiration 
rates. Funct. Plant Biol. 41, 270–275. doi: 10.1071/FP13246

Christmann, A., Grill, E., and Huang, J. (2013). Hydraulic signals in long-
distance signaling. Curr. Opin. Plant Biol. 16, 293–300. doi: 10.1016/j.
pbi.2013.02.011

Comstock, J. P. (2002). Hydraulic and chemical signalling in the control of 
stomatal conductance and transpiration. J. Exp. Bot. 53, 195–200. doi: 10.1093/
jexbot/53.367.195

Corso, D., Delzon, S., Lamarque, L. J., Cochard, H., Torres-Ruiz, J. M., King, A., 
et al. (2020). Neither xylem collapse, cavitation, or changing leaf conductance 
drive stomatal closure in wheat. Plant Cell Environ. 43, 854–865. doi: 10.1111/
pce.13722

Cramer, M. D., Hawkins, H. J., and Verboom, G. A. (2009). The importance 
of nutritional regulation of plant water flux. Oecologia 161, 15–24. doi: 
10.1007/s00442-009-1364-3

Cui, X. H., Hao, F. S., Chen, H., Chen, J., and Wang, X. C. (2008). Expression 
of the Vicia faba VfPIP1 gene in Arabidopsis thaliana plants improves their 
drought resistance. J. Plant Res. 121, 207–214. doi: 10.1007/s10265-007-0130-z

Davies, W. J., Wilkinson, S., and Loveys, B. (2002). Stomatal control by chemical 
signalling and the exploitation of this mechanism to increase water use 
efficiency in agriculture. New Phytol. 153, 449–460. doi: 
10.1046/j.0028-646X.2001.00345.x

Devi, M. J., and Reddy, V. R. (2018). Transpiration response of cotton to vapor 
pressure deficit and its relationship with stomatal traits. Front. Plant Sci. 
871:1572. doi: 10.3389/fpls.2018.01572

Di Pietro, M., Vialaret, J., Hem, S., Prado, K., Rossignol, M., Maurel, C., et al. 
(2013). Coordinated post-translational responses of aquaporins to abiotic 
and nutritional stimuli in arabidopsis roots. Mol. Cell. Proteomics 12, 3886–3897. 
doi: 10.1074/mcp.M113.028241

DIetrich, D., Pang, L., Kobayashi, A., Fozard, J. A., Boudolf, V., Bhosale, R., 
et al. (2017). Root hydrotropism is controlled via a cortex-specific growth 
mechanism. Nat. Plants 3:17057. doi: 10.1038/s41477-017-0064-y

Dietz, K. J., Jacquot, J. P., and Harris, G. (2010). Hubs and bottlenecks in 
plant molecular signalling networks. New Phytol. 188, 919–938. doi: 10.1111/j.
1469-8137.2010.03502.x

Ding, L., Li, Y., Gao, L., Lu, Z., Wang, M., Ling, N., et al. (2018). Aquaporin 
expression and water transport pathways inside leaves are affected by nitrogen 
supply through transpiration in rice plants. Int. J. Mol. Sci. 19:256. doi: 
10.3390/ijms19010256

Ding, L., Milhiet, T., Couvreur, V., Nelissen, H., Meziane, A., Parent, B., et al. 
(2020). Modification of the expression of the aquaporin ZmPIP2;5 affects 
water relations and plant growth. Plant Physiol. 182, 2154–2165. doi: 10.1104/
pp.19.01183

Ding, L., Uehlein, N., Kaldenhoff, R., Guo, S., Zhu, Y., and Kai, L. (2019). 
Aquaporin PIP2;1 affects water transport and root growth in rice (Oryza 
sativa L.). Plant Physiol. Biochem. 139, 152–160. doi: 10.1016/j.
plaphy.2019.03.017

Doblas, V. G., Geldner, N., and Barberon, M. (2017). The endodermis, a tightly 
controlled barrier for nutrients. Curr. Opin. Plant Biol. 39, 136–143. doi: 
10.1016/j.pbi.2017.06.010

Dodd, I. C. (2005). Root-to-shoot signalling: assessing the roles of “up” in the 
up and down world of long-distance signalling in planta. Plant Soil 274, 
251–270. doi: 10.1007/s11104-004-0966-0

Dodd, I. C., Tan, L. P., and He, J. (2003). Do increases in xylem sap pH and/
or ABA concentration mediate stomatal closure following nitrate deprivation? 
J. Exp. Bot. 54, 1281–1288. doi: 10.1093/jxb/erg122

Draye, X., Kim, Y., Lobet, G., and Javaux, M. (2010). Model-assisted integration 
of physiological and environmental constraints affecting the dynamic and 
spatial patterns of root water uptake from soils. J. Exp. Bot. 61, 2145–2155. 
doi: 10.1093/jxb/erq077

Ehlert, C., Maurel, C., Tardieu, F., and Simonneau, T. (2009). Aquaporin-mediated 
reduction in maize root hydraulic conductivity impacts cell turgor and leaf 
elongation even without changing transpiration. Plant Physiol. 150, 1093–1104. 
doi: 10.1104/pp.108.131458

Falk, K. G., Jubery, T. Z., O’Rourke, J. A., Singh, A., Sarkar, S., 
Ganapathysubramanian, B., et al. (2020). Soybean root system architecture 

trait study through genotypic, phenotypic, and shape-based clusters. Plant 
Phenomics 2020, 1–23. doi: 10.34133/2020/1925495

Foster, K. J., and Miklavcic, S. J. (2017). A comprehensive biophysical model 
of ion and water transport in plant roots. I. Clarifying the roles of endodermal 
barriers in the salt stress response. Front. Plant Sci. 8:1326. doi: 10.3389/
fpls.2017.01326

Fuchs, E. E., and Livingston, N. J. (1996). Hydraulic control of stomatal 
conductance in Douglas fir [Pseudotsuga menziesii (Mirb.) Franco] and alder 
[Alnus rubra (bong)] seedlings. Plant Cell Environ. 19, 1091–1098. doi: 
10.1111/j.1365-3040.1996.tb00216.x

Gao, X. B., Guo, C., Li, F. M., Li, M., and He, J. (2020a). High soybean 
yield and drought adaptation being associated with canopy architecture, 
water uptake, and root traits. Agronomy 10:608. doi: 10.3390/
AGRONOMY10040608

Gao, Y., Yang, Z., Wang, G., Sun, J., and Zhang, X. (2020b). Discerning the 
difference between lumens and scalariform perforation plates in impeding 
water flow in single xylem vessels and vessel networks in cotton. Front. 
Plant Sci. 11:246. doi: 10.3389/fpls.2020.00246

George-Jaeggli, B., Mortlock, M. Y., and Borrell, A. K. (2017). Bigger is not 
always better: reducing leaf area helps stay-green sorghum use soil water 
more slowly. Environ. Exp. Bot. 138, 119–129. doi: 10.1016/j.
envexpbot.2017.03.002

Gleason, S. M., Cooper, M., Wiggans, D. R., Bliss, C. A., Romay, M. C., 
Gore, M. A., et al. (2019). Stomatal conductance, xylem water transport, 
and root traits underpin improved performance under drought and well-
watered conditions across a diverse panel of maize inbred lines. Field Crop. 
Res. 234, 119–128. doi: 10.1016/j.fcr.2019.02.001

Grondin, A., Affortit, P., Tranchant-Dubreuil, C., de la Fuente-Cantó, C., 
Mariac, C., Gantet, P., et al. (2020). Aquaporins are main contributors to 
root hydraulic conductivity in pearl millet [Pennisetum glaucum (L) R. Br.]. 
PLoS One 15:e0233481. doi: 10.1371/journal.pone.0233481

Grondin, A., Mauleon, R., Vadez, V., and Henry, A. (2016). Root aquaporins 
contribute to whole plant water fluxes under drought stress in rice (Oryza 
sativa L.). Plant Cell Environ. 39, 347–365. doi: 10.1111/pce.12616

Grossiord, C., Buckley, T. N., Cernusak, L. A., Novick, K. A., Poulter, B., 
Siegwolf, R. T. W., et al. (2020). Plant responses to rising vapor pressure 
deficit. New Phytol. 226, 1550–1566. doi: 10.1111/nph.16485

Hachez, C., Heinen, R. B., Draye, X., and Chaumont, F. (2008). The expression 
pattern of plasma membrane aquaporins in maize leaf highlights their role 
in hydraulic regulation. Plant Mol. Biol. 68, 337–353. doi: 10.1007/
s11103-008-9373-x

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

Hachez, C., Veselov, D., Ye, Q., Reinhardt, H., Knipfer, T., Fricke, W., et al. 
(2012). Short-term control of maize cell and root water permeability through 
plasma membrane aquaporin isoforms. Plant Cell Environ. 35, 185–198. doi: 
10.1111/j.1365-3040.2011.02429.x

Hachez, C., Zelazny, E., and Chaumont, F. (2006b). Modulating the expression 
of aquaporin genes in planta: a key to understand their physiological 
functions? Biochim. Biophys. Acta 1758, 1142–1156. doi: 10.1016/j.
bbamem.2006.02.017

Hammer, G. (2020). The roles of credibility and transdisciplinarity in modelling 
to support future crop improvement. In silico Plants 2, 1–3. doi: 10.1093/
insilicoplants/diaa004

Hammer, G. L., McLean, G., van Oosterom, E., Chapman, S., Zheng, B., Wu, A., 
et al. (2020). Designing crops for adaptation to the drought and high-
temperature risks anticipated in future climates. Crop Sci. 60, 605–621. doi: 
10.1002/csc2.20110

Hasan, S. A., Rabei, S. H., Nada, R. M., and Abogadallah, G. M. (2017). Water 
use efficiency in the drought-stressed sorghum and maize in relation to 
expression of aquaporin genes. Biol. Plant. 61, 127–137. doi: 10.1007/
s10535-016-0656-9

Hayat, F., Ahmed, M. A., Zarebanadkouki, M., Javaux, M., Cai, G., and 
Carminati, A. (2020). Transpiration reduction in maize (Zea mays L) in 
response to soil drying. Front. Plant Sci. 10:1695. doi: 10.3389/fpls.2019.01695

Hendel, E., Bacher, H., Oksenberg, A., Walia, H., Schwartz, N., and Peleg, Z. 
(2021). Deciphering the genetic basis of wheat seminal root anatomy uncovers 

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.2135/cropsci2013.01.0043
https://doi.org/10.1071/FP13246
https://doi.org/10.1016/j.pbi.2013.02.011
https://doi.org/10.1016/j.pbi.2013.02.011
https://doi.org/10.1093/jexbot/53.367.195
https://doi.org/10.1093/jexbot/53.367.195
https://doi.org/10.1111/pce.13722
https://doi.org/10.1111/pce.13722
https://doi.org/10.1007/s00442-009-1364-3
https://doi.org/10.1007/s10265-007-0130-z
https://doi.org/10.1046/j.0028-646X.2001.00345.x
https://doi.org/10.3389/fpls.2018.01572
https://doi.org/10.1074/mcp.M113.028241
https://doi.org/10.1038/s41477-017-0064-y
https://doi.org/10.1111/j.1469-8137.2010.03502.x
https://doi.org/10.1111/j.1469-8137.2010.03502.x
https://doi.org/10.3390/ijms19010256
https://doi.org/10.1104/pp.19.01183
https://doi.org/10.1104/pp.19.01183
https://doi.org/10.1016/j.plaphy.2019.03.017
https://doi.org/10.1016/j.plaphy.2019.03.017
https://doi.org/10.1016/j.pbi.2017.06.010
https://doi.org/10.1007/s11104-004-0966-0
https://doi.org/10.1093/jxb/erg122
https://doi.org/10.1093/jxb/erq077
https://doi.org/10.1104/pp.108.131458
https://doi.org/10.34133/2020/1925495
https://doi.org/10.3389/fpls.2017.01326
https://doi.org/10.3389/fpls.2017.01326
https://doi.org/10.1111/j.1365-3040.1996.tb00216.x
https://doi.org/10.3390/AGRONOMY10040608
https://doi.org/10.3390/AGRONOMY10040608
https://doi.org/10.3389/fpls.2020.00246
https://doi.org/10.1016/j.envexpbot.2017.03.002
https://doi.org/10.1016/j.envexpbot.2017.03.002
https://doi.org/10.1016/j.fcr.2019.02.001
https://doi.org/10.1371/journal.pone.0233481
https://doi.org/10.1111/pce.12616
https://doi.org/10.1111/nph.16485
https://doi.org/10.1007/s11103-008-9373-x
https://doi.org/10.1007/s11103-008-9373-x
https://doi.org/10.1007/s11103-006-9022-1
https://doi.org/10.1111/j.1365-3040.2011.02429.x
https://doi.org/10.1016/j.bbamem.2006.02.017
https://doi.org/10.1016/j.bbamem.2006.02.017
https://doi.org/10.1093/insilicoplants/diaa004
https://doi.org/10.1093/insilicoplants/diaa004
https://doi.org/10.1002/csc2.20110
https://doi.org/10.1007/s10535-016-0656-9
https://doi.org/10.1007/s10535-016-0656-9
https://doi.org/10.3389/fpls.2019.01695


Burridge et al. Multi-Scale Water Use Optimization

Frontiers in Plant Science | www.frontiersin.org 11 April 2022 | Volume 13 | Article 824720

ancestral axial conductance alleles. Plant Cell Environ. 44, 1921–1934. doi: 
10.1111/pce.14035

Henry, A., Cal, A. J., Batoto, T. C., Torres, R. O., and Serraj, R. (2012). Root 
attributes affecting water uptake of rice (Orza sativa) under drought. J. 
Exp. Bot. 63, 4751–4763. doi: 10.1093/jxb/ers150

Henry, A., Gowda, V. R. P., Torres, R. O., McNally, K. L., and Serraj, R. (2011). 
Variation in root system architecture and drought response in rice (Oryza 
sativa): phenotyping of the OryzaSNP panel in rainfed lowland fields. Field 
Crop. Res. 120, 205–214. doi: 10.1016/j.fcr.2010.10.003

Henry, A., Stuart-Williams, H., Dixit, S., Kumar, A., and Farquhar, G. (2019). 
Stomatal conductance responses to evaporative demand conferred by rice 
drought-yield quantitative trait locus qDTY12.1. Funct. Plant Biol. 46, 660–669. 
doi: 10.1071/FP18126

Hsiao, T. C., and Acevedo, E. (1974). Plant responses to water deficits, water-
use efficiency, and drought resistance. Agric. Meteorol. 14, 59–84. doi: 
10.1016/0002-1571(74)90011-9

Hudak, C. M., and Patterson, R. P. (1995). Vegetative growth analysis of a 
drought-resistant soybean plant introduction. Crop Sci. 35:464. doi: 10.2135/
cropsci1995.0011183X003500020031x

Javaux, M., and Carminati, A. (2021). Soil hydraulics affect the degree of 
isohydricity. Plant Physiol. 186, 1378–1381. doi: 10.1093/plphys/kiab154

Javot, H., Lauvergeat, V., Santoni, V., Martin-Laurent, F., Güçlü, J., Vinh, J., 
et al. (2003). Role of a single aquaporin isoform in root water uptake. 
Plant Cell 15, 509–522. doi: 10.1105/tpc.008888

Jochua, C. N., Strock, C. F., and Lynch, J. P. (2020). Root phenotypic diversity 
in common bean (Phaseolus vulgaris L.) reveals contrasting strategies for 
soil resource acquisition among gene pools and races. Crop Sci. 60, 1–17. 
doi: 10.1002/csc2.20312

Kaldenhoff, R., Grote, K., Zhu, J. J., and Zimmermann, U. (1998). Significance 
of plasmalemma aquaporins for water-transport in Arabidopsis thaliana. 
Plant J. 14, 121–128. doi: 10.1046/j.1365-313X.1998.00111.x

Kar, S., Purbey, V. K., Suradhaniwar, S., Korbu, L. B., Kholová, J., Durbha, S. S., 
et al. (2021). An ensemble machine learning approach for determination 
of the optimum sampling time for evapotranspiration assessment from high-
throughput phenotyping data. Comput. Electron. Agric. 182:105992. doi: 
10.1016/j.compag.2021.105992

Kar, S., Tanaka, R., Korbu, L. B., Kholová, J., Iwata, H., Durbha, S. S., et al. 
(2020). Automated discretization of ‘transpiration restriction to increasing 
VPD’ features from outdoors high-throughput phenotyping data. Plant 
Methods 16, 1–20. doi: 10.1186/s13007-020-00680-8

Karthika, G., Kholova, J., Alimagham, S., Ganesan, M., Chadalavada, K., 
Kumari, R., et al. (2019). Measurement of transpiration restriction under 
high vapor pressure deficit for sorghum mapping population parents. Plant 
Physiol. Rep. 24, 74–85. doi: 10.1007/s40502-019-0432-x

Kelly, G., Sade, N., Attia, Z., Secchi, F., Zwieniecki, M., Holbrook, N. M., et al. 
(2014). Relationship between hexokinase and the aquaporin PIP1  in the 
regulation of photosynthesis and plant growth. PLoS One 9:e87888. doi: 
10.1371/journal.pone.0087888

Kholová, J., Hash, C. T., Kakkera, A., Koová, M., and Vadez, V. (2010a). 
Constitutive water-conserving mechanisms are correlated with the terminal 
drought tolerance of pearl millet [Pennisetum glaucum (L.) R. Br.]. J. Exp. 
Bot. 61, 369–377. doi: 10.1093/jxb/erp314

Kholová, J., Hash, C. T., Kumar, P. L., Yadav, R. S., Koová, M., and Vadez, V. 
(2010b). Terminal drought-tolerant pearl millet [Pennisetum glaucum (L.) 
R. Br.] have high leaf ABA and limit transpiration at high vapour pressure 
deficit. J. Exp. Bot. 61, 1431–1440. doi: 10.1093/jxb/erq013

Kholová, J., Murugesan, T., Kaliamoorthy, S., Malayee, S., Baddam, R., 
Hammer, G. L., et al. (2014). Modelling the effect of plant water use traits 
on yield and stay-green expression in sorghum. Funct. Plant Biol. 41, 
1019–1034. doi: 10.1071/FP13355

Kholová, J., Nepolean, T., Tom Hash, C., Supriya, A., Rajaram, V., 
Senthilvel, S., et al. (2012). Water saving traits co-map with a major 
terminal drought tolerance quantitative trait locus in pearl millet 
[Pennisetum glaucum (L.) R. Br.]. Mol. Breed. 30, 1337–1353. doi: 10.1007/
s11032-012-9720-0

Kholová, J., Zindy, P., Malayee, S., Baddam, R., Murugesan, T., Kaliamoorthy, S., 
et al. (2016). Component traits of plant water use are modulated by vapour 
pressure deficit in pearl millet (Pennisetum glaucum (L.) r.Br.). Funct. Plant 
Biol. 43, 423–437. doi: 10.1071/FP15115

Klein, S. P., Schneider, H. M., Perkins, A. C., Brown, K. M., and Lynch, J. P. 
(2020). Multiple integrated root phenotypes are associated with improved 
drought tolerance. Plant Physiol. 183, 1011–1025. doi: 10.1104/pp.20.00211

Knipfer, T., Bambach, N., Isabel Hernandez, M., Bartlett, M. K., Sinclair, G., 
Duong, F., et al. (2020). Predicting stomatal closure and turgor loss in 
woody plants using predawn and midday water potential. Plant Physiol. 
184, 881–894. doi: 10.1104/pp.20.00500

Kudoyarova, G. R., Vysotskaya, L. B., Cherkozyanova, A., and Dodd, I. C. 
(2007). Effect of partial rootzone drying on the concentration of zeatin-type 
cytokinins in tomato (Solanum lycopersicum L.) xylem sap and leaves. J. 
Exp. Bot. 58, 161–168. doi: 10.1093/jxb/erl116

Kunert, K., and Vorster, B. J. (2020). In search for drought-tolerant soybean: 
is the slow-wilting phenotype more than just a curiosity? J. Exp. Bot. 71, 
457–460. doi: 10.1093/jxb/erz235

Li, G. W., Peng, Y. H., Yu, X., Zhang, M. H., Cai, W. M., Sun, W. N., et al. 
(2008). Transport functions and expression analysis of vacuolar membrane 
aquaporins in response to various stresses in rice. J. Plant Physiol. 165, 
1879–1888. doi: 10.1016/j.jplph.2008.05.002

Lobet, G., Couvreur, V., Meunier, F., Javaux, M., and Draye, X. (2014). Plant 
water uptake in drying soils. Plant Physiol. 164, 1619–1627. doi: 10.1104/
pp.113.233486

Lovisolo, C., Perrone, I., Carra, A., Ferrandino, A., Flexas, J., Medrano, H., 
et al. (2010). Drought-induced changes in development and function of 
grapevine (Vitis spp.) organs and in their hydraulic and non-hydraulic 
interactions at the whole-plant level: a physiological and molecular update. 
Funct. Plant Biol. 37, 98–116. doi: 10.1071/FP09191

Lynch, J. P. (2007). Roots of the second green revolution. Aust. J. Bot. 55, 
493–512. doi: 10.1071/BT06118

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

Lynch, J. P. (2019). Root phenotypes for improved nutrient capture: an 
underexploited opportunity for global agriculture. New Phytol. 223, 548–564. 
doi: 10.1111/nph.15738

Marshall-Colon, A., Long, S. P., Allen, D. K., Allen, G., Beard, D. A., Benes, B., 
et al. (2017). Crops in silico: generating virtual crops using an integrative 
and multi-scale modeling platform. Front. Plant Sci. 8:786. doi: 10.3389/
fpls.2017.00786

Martre, P., Morillon, R., Barrieu, F., North, G. B., Nobel, P. S., and Chrispeels, M. J. 
(2002). Plasma membrane aquaporins play a significant role during recovery 
from water deficit. Plant Physiol. 130, 2101–2110. doi: 10.1104/pp.009019

McCully, M. E. (1999). Root xylem embolisms and refilling. Relation to water 
potentials of soil, roots, and leaves, and osmotic potentials of root xylem 
sap. Plant Physiol. 119, 1001–1008. doi: 10.1104/pp.119.3.1001

McCully, M. E., and Canny, M. J. (1988). Pathways and processes of water 
and nutrient movement in roots. Plant Soil 111, 159–170. doi: 10.1007/
BF02139932

Medina, S., Vicente, R., Nieto-Taladriz, M. T., Aparicio, N., Chairi, F., 
Vergara-Diaz, O., et al. (2019). The plant-transpiration response to vapor 
pressure deficit (VPD) in durum wheat is associated with differential 
yield performance and specific expression of genes involved in primary 
metabolism and water transport. Front. Plant Sci. 9:1994. doi: 10.3389/
fpls.2018.01994

Meinzer, F. C., Woodruff, D. R., Marias, D. E., Smith, D. D., McCulloh, K. A., 
Howard, A. R., et al. (2016). Mapping ‘hydroscapes’ along the iso- to 
anisohydric continuum of stomatal regulation of plant water status. Ecol. 
Lett. 19, 1343–1352. doi: 10.1111/ele.12670

Meng, D., Walsh, M., and Fricke, W. (2016). Rapid changes in root hydraulic 
conductivity and aquaporin expression in rice (Oryza sativa l.) in response 
to shoot removal – xylem tension as a possible signal. Ann. Bot. 118, 
809–819. doi: 10.1093/aob/mcw150

Messina, C. D., Sinclair, T. R., Hammer, G. L., Curan, D., Thompson, J., Oler, Z., 
et al. (2015). Limited-transpiration trait may increase maize drought tolerance 
in the US corn belt. Agron. J. 107, 1978–1986. doi: 10.2134/agronj15.0016

Meunier, F., Draye, X., Vanderborght, J., Javaux, M., and Couvreur, V. (2017). 
A hybrid analytical-numerical method for solving water flow equations in 
root hydraulic architectures. Appl. Math. Model. 52, 648–663. doi: 10.1016/j.
apm.2017.08.011

Meunier, F., Zarebanadkouki, M., Ahmed, M. A., Carminati, A., Couvreur, V., 
and Javaux, M. (2018). Hydraulic conductivity of soil-grown lupine and 

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1111/pce.14035
https://doi.org/10.1093/jxb/ers150
https://doi.org/10.1016/j.fcr.2010.10.003
https://doi.org/10.1071/FP18126
https://doi.org/10.1016/0002-1571(74)90011-9
https://doi.org/10.2135/cropsci1995.0011183X003500020031x
https://doi.org/10.2135/cropsci1995.0011183X003500020031x
https://doi.org/10.1093/plphys/kiab154
https://doi.org/10.1105/tpc.008888
https://doi.org/10.1002/csc2.20312
https://doi.org/10.1046/j.1365-313X.1998.00111.x
https://doi.org/10.1016/j.compag.2021.105992
https://doi.org/10.1186/s13007-020-00680-8
https://doi.org/10.1007/s40502-019-0432-x
https://doi.org/10.1371/journal.pone.0087888
https://doi.org/10.1093/jxb/erp314
https://doi.org/10.1093/jxb/erq013
https://doi.org/10.1071/FP13355
https://doi.org/10.1007/s11032-012-9720-0
https://doi.org/10.1007/s11032-012-9720-0
https://doi.org/10.1071/FP15115
https://doi.org/10.1104/pp.20.00211
https://doi.org/10.1104/pp.20.00500
https://doi.org/10.1093/jxb/erl116
https://doi.org/10.1093/jxb/erz235
https://doi.org/10.1016/j.jplph.2008.05.002
https://doi.org/10.1104/pp.113.233486
https://doi.org/10.1104/pp.113.233486
https://doi.org/10.1071/FP09191
https://doi.org/10.1071/BT06118
https://doi.org/10.1093/jxb/ery048
https://doi.org/10.1111/nph.15738
https://doi.org/10.3389/fpls.2017.00786
https://doi.org/10.3389/fpls.2017.00786
https://doi.org/10.1104/pp.009019
https://doi.org/10.1104/pp.119.3.1001
https://doi.org/10.1007/BF02139932
https://doi.org/10.1007/BF02139932
https://doi.org/10.3389/fpls.2018.01994
https://doi.org/10.3389/fpls.2018.01994
https://doi.org/10.1111/ele.12670
https://doi.org/10.1093/aob/mcw150
https://doi.org/10.2134/agronj15.0016
https://doi.org/10.1016/j.apm.2017.08.011
https://doi.org/10.1016/j.apm.2017.08.011


Burridge et al. Multi-Scale Water Use Optimization

Frontiers in Plant Science | www.frontiersin.org 12 April 2022 | Volume 13 | Article 824720

maize unbranched roots and maize root-shoot junctions. J. Plant Physiol. 
227, 31–44. doi: 10.1016/j.jplph.2017.12.019

Miao, R., Yuan, W., Wang, Y., Garcia-Maquilon, I., Dang, X., Li, Y., et al. 
(2021). Low ABA concentration promotes root growth and hydrotropism 
through relief of ABA INSENSITIVE 1-mediated inhibition of plasma 
membrane H+-ATPase 2. Sci. Adv. 7, 4113–4130. doi: 10.1126/sciadv.abd4113

Moshelion, M., Halperin, O., Wallach, R., Oren, R., and Way, D. A. (2015). 
Role of aquaporins in determining transpiration and photosynthesis in 
water-stressed plants: crop water-use efficiency, growth and yield. Plant Cell 
Environ. 38, 1785–1793. doi: 10.1111/pce.12410

Nada, R. M., and Abogadallah, G. M. (2014). Aquaporins are major determinants 
of water use efficiency of rice plants in the field. Plant Sci. 227, 165–180. 
doi: 10.1016/j.plantsci.2014.08.006

Nada, R. M., and Abogadallah, G. M. (2020). Contrasting root traits and native 
regulation of aquaporin differentially determine the outcome of overexpressing 
a single aquaporin (OsPIP2;4) in two rice cultivars. Protoplasma 257, 583–595. 
doi: 10.1007/s00709-019-01468-x

Newman, E. I. (1969). Resistance to water flow in soil and plant. I. Soil resistance 
in relation to amounts of root: theoretical estimates. J. Appl. Ecol. 6, 1–12. 
doi: 10.2307/2401297

Nogueira, M., Livingston, D., Tuong, T., and Sinclair, T. R. (2020). Xylem 
vessel radii comparison between soybean genotypes differing in tolerance 
to drought. J. Crop Improv. 34, 404–413. doi: 10.1080/15427528.2020.1724225

Pantalone, V. R., Rebetzke, G. J., Burton, J. W., and Carter, T. E. (1996). 
Phenotypic evaluation of root traits in soybean and applicability to plant 
breeding. Crop Sci. 36, 456–459. doi: 10.2135/cropsci1996.001118
3X003600020039x

Pantin, F., Monnet, F., Jannaud, D., Costa, J. M., Renaud, J., Muller, B., et al. 
(2013). The dual effect of abscisic acid on stomata. New Phytol. 197, 65–72. 
doi: 10.1111/nph.12013

Parent, B., Hachez, C., Redondo, E., Simonneau, T., Chaumont, F., and Tardieu, F. 
(2009). Drought and abscisic acid effects on aquaporin content translate 
into changes in hydraulic conductivity and leaf growth rate: a trans-scale 
approach1[w][OA]. Plant Physiol. 149, 2000–2012. doi: 10.1104/pp.108.130682

Peng, B., Guan, K., Tang, J., Ainsworth, E. A., Asseng, S., Bernacchi, C. J., 
et al. (2020). Towards a multiscale crop modelling framework for climate 
change adaptation assessment. Nat. Plants 6, 338–348. doi: 10.1038/
s41477-020-0625-3

Polania, J. A., Poschenrieder, C., Beebe, S., and Rao, I. M. (2016). Effective 
use of water and increased dry matter partitioned to grain contribute to 
yield of common bean improved for drought resistance. Front. Plant Sci. 
7:660. doi: 10.3389/fpls.2016.00660

Postaire, O., Tournaire-Roux, C., Grondin, A., Boursiac, Y., Morillon, R., 
Schäffner, A. R., et al. (2010). A PIP1 aquaporin contributes to hydrostatic 
pressure-induced water transport in both the root and rosette of Arabidopsis. 
Plant Physiol. 152, 1418–1430. doi: 10.1104/pp.109.145326

Pou, A., Medrano, H., Flexas, J., and Tyerman, S. D. (2013). A putative role 
for TIP and PIP aquaporins in dynamics of leaf hydraulic and stomatal 
conductances in grapevine under water stress and re-watering. Plant Cell 
Environ. 36, 828–843. doi: 10.1111/pce.12019

Prado, K., Boursiac, Y., Tournaire-Roux, C., Monneuse, J. M., Postaire, O., Da 
Ines, O., et al. (2013). Regulation of Arabidopsis leaf hydraulics involves 
light-dependent phosphorylation of aquaporins in veins. Plant Cell 25, 
1029–1039. doi: 10.1105/tpc.112.108456

Prado, K., Cotelle, V., Li, G., Bellati, J., Tang, N., Tournaire-Roux, C., et al. 
(2019). Oscillating aquaporin phosphorylation and 14-3-3 proteins mediate 
the circadian regulation of leaf hydraulics. Plant Cell 31, 417–429. doi: 
10.1105/tpc.18.00804

Prado, K., and Maurel, C. (2013). Regulation of leaf hydraulics: from 
molecular to whole plant levels. Front. Plant Sci. 4:255. doi: 10.3389/
fpls.2013.00255

Prince, S. J., Murphy, M., Mutava, R. N., Durnell, L. A., Valliyodan, B., Grover 
Shannon, J., et al. (2017). Root xylem plasticity to improve water use and 
yield in water-stressed soybean. J. Exp. Bot. 68, 2027–2036. doi: 10.1093/
jxb/erw472

Ranathunge, K., Kotula, L., Steudle, E., and Lafitte, R. (2004). Water permeability 
and reflection coefficient of the outer part of young rice roots are differently 
affected by closure of water channels (aquaporins) or blockage of apoplastic 
pores. J. Exp. Bot. 55, 433–447. doi: 10.1093/jxb/erh041

Reddy, P. S., Dhaware, M. G., Sivasakthi, K., Divya, K., Nagaraju, M., Sri 
Cindhuri, K., et al. (2022). Pearl millet aquaporin gene PgPIP2;6 improves 
abiotic stress tolerance in transgenic tobacco. Front. Plant Sci. 13:820996. 
doi: 10.3389/fpls.2022.820996

Reddy, P. S., Tharanya, M., Sivasakthi, K., Srikanth, M., Hash, C. T., Kholova, J., 
et al. (2017). Molecular cloning and expression analysis of aquaporin genes 
in pearl millet [Pennisetum glaucum (L) R. Br.] genotypes contrasting in 
their transpiration response to high vapour pressure deficits. Plant Sci. 265, 
167–176. doi: 10.1016/j.plantsci.2017.10.005

Riar, M. K., Sinclair, T. R., and Prasad, P. V. V. (2015). Persistence of limited-
transpiration-rate trait in sorghum at high temperature. Environ. Exp. Bot. 
115, 58–62. doi: 10.1016/j.envexpbot.2015.02.007

Richards, R. A., and Passioura, J. B. (1989). A breeding program to reduce 
the diameter of the major xylem vessel in the seminal roots of wheat and 
its effect on grain yield in rain-fed environments. Aust. J. Agric. Res. 40, 
943–950. doi: 10.1071/AR9890943

Richards, R. A., Rebetzke, G. J., Condon, A. G., and van Herwaarden, A. F. 
(2002). Breeding opportunities for increasing the efficiency of water use 
and crop yield. Crop Sci. 42, 111–121. doi: 10.2135/cropsci2002.1110

Robbins, N. E., and Dinneny, J. R. (2018). Growth is required for perception 
of water availability to pattern root branches in plants. Proc. Natl. Acad. 
Sci. U. S. A. 115, E822–E831. doi: 10.1073/pnas.1710709115

Rodriguez-Dominguez, C. M., and Brodribb, T. J. (2020). Declining root water 
transport drives stomatal closure in olive under moderate water stress. New 
Phytol. 225, 126–134. doi: 10.1111/nph.16177

Rogiers, S. Y., Greer, D. H., Hatfield, J. M., Hutton, R. J., Clarke, S. J., 
Hutchinson, P. A., et al. (2012). Stomatal response of an anisohydric grapevine 
cultivar to evaporative demand, available soil moisture and abscisic acid. 
Tree Physiol. 32, 249–261. doi: 10.1093/treephys/tpr131

Rosales, M. A., Maurel, C., and Nacry, P. (2019). Abscisic acid coordinates 
dose-dependent developmental and hydraulic responses of roots to water 
deficit. Plant Physiol. 180, 2198–2211. doi: 10.1104/pp.18.01546

Rubio, G., Zhu, J., and Lynch, J. P. (2003). A critical test of the two prevailing 
theories of plant response to nutrient availability. Am. J. Bot. 90, 143–152. 
doi: 10.3732/ajb.90.1.143

Ryan, A. C., Dodd, I. C., Rothwell, S. A., Jones, R., Tardieu, F., Draye, X., 
et al. (2016). Gravimetric phenotyping of whole plant transpiration responses 
to atmospheric vapour pressure deficit identifies genotypic variation in water 
use efficiency. Plant Sci. 251, 101–109. doi: 10.1016/j.plantsci.2016.05.018

Sack, L., and Frole, K. (2006). Leaf structural diversity is related to hydraulic 
capacity in tropical rain forest trees. Ecology 87, 483–491. doi: 10.1890/05-0710

Sack, L., and Holbrook, N. M. (2006). Leaf hydraulics. Annu. Rev. Plant Biol. 
57, 361–381. doi: 10.1146/annurev.arplant.56.032604.144141

Sack, L., and Scoffoni, C. (2013). Leaf venation: structure, function, development, 
evolution, ecology and applications in the past, present and future. New 
Phytol. 198, 983–1000. doi: 10.1111/nph.12253

Sade, N., Gebremedhin, A., and Moshelion, M. (2012). Risk-taking plants: 
anisohydric behavior as a stress-resistance trait. Plant Signal. Behav. 7, 
767–770. doi: 10.4161/psb.20505

Sade, N., Shatil-Cohen, A., Attia, Z., Maurel, C., Boursiac, Y., Kelly, G., et al. 
(2014). The role of plasma membrane aquaporins in regulating the bundle 
sheath-mesophyll continuum and leaf hydraulics. Plant Physiol. 166, 1609–1620. 
doi: 10.1104/pp.114.248633

Sade, N., Shatil-Cohen, A., and Moshelion, M. (2015). Bundle-sheath aquaporins 
play a role in controlling Arabidopsis leaf hydraulic conductivity. Plant 
Signal. Behav. 10:e1017177. doi: 10.1080/15592324.2015.1017177

Sade, N., Vinocur, B. J., Diber, A., Shatil, A., Ronen, G., Nissan, H., et al. 
(2009). Improving plant stress tolerance and yield production: is the tonoplast 
aquaporin SlTIP2;2 a key to isohydric to anisohydric conversion? New Phytol. 
181, 651–661. doi: 10.1111/j.1469-8137.2008.02689.x

Sadok, W., and Sinclair, T. R. (2010). Transpiration response of “slow-wilting” 
and commercial soybean (Glycine max (L.) Merr.) genotypes to three aquaporin 
inhibitors. J. Exp. Bot. 61, 821–829. doi: 10.1093/jxb/erp350

Sadras, V. O., Hall, A. J., Trapani, N., and Vilella, F. (1989). Dynamics of 
rooting and root-length: leaf-area relationships as affected by plant population 
in sunflower crops. Field Crop. Res. 22, 45–57. doi: 10.1016/0378-4290(89) 
90088-9

Sakurai-Ishikawa, J., Murai-Hatano, M., Hayashi, H., Ahamed, A., Fukushi, K., 
Matsumoto, T., et al. (2011). Transpiration from shoots triggers diurnal 

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1016/j.jplph.2017.12.019
https://doi.org/10.1126/sciadv.abd4113
https://doi.org/10.1111/pce.12410
https://doi.org/10.1016/j.plantsci.2014.08.006
https://doi.org/10.1007/s00709-019-01468-x
https://doi.org/10.2307/2401297
https://doi.org/10.1080/15427528.2020.1724225
https://doi.org/10.2135/cropsci1996.0011183X003600020039x
https://doi.org/10.2135/cropsci1996.0011183X003600020039x
https://doi.org/10.1111/nph.12013
https://doi.org/10.1104/pp.108.130682
https://doi.org/10.1038/s41477-020-0625-3
https://doi.org/10.1038/s41477-020-0625-3
https://doi.org/10.3389/fpls.2016.00660
https://doi.org/10.1104/pp.109.145326
https://doi.org/10.1111/pce.12019
https://doi.org/10.1105/tpc.112.108456
https://doi.org/10.1105/tpc.18.00804
https://doi.org/10.3389/fpls.2013.00255
https://doi.org/10.3389/fpls.2013.00255
https://doi.org/10.1093/jxb/erw472
https://doi.org/10.1093/jxb/erw472
https://doi.org/10.1093/jxb/erh041
https://doi.org/10.3389/fpls.2022.820996
https://doi.org/10.1016/j.plantsci.2017.10.005
https://doi.org/10.1016/j.envexpbot.2015.02.007
https://doi.org/10.1071/AR9890943
https://doi.org/10.2135/cropsci2002.1110
https://doi.org/10.1073/pnas.1710709115
https://doi.org/10.1111/nph.16177
https://doi.org/10.1093/treephys/tpr131
https://doi.org/10.1104/pp.18.01546
https://doi.org/10.3732/ajb.90.1.143
https://doi.org/10.1016/j.plantsci.2016.05.018
https://doi.org/10.1890/05-0710
https://doi.org/10.1146/annurev.arplant.56.032604.144141
https://doi.org/10.1111/nph.12253
https://doi.org/10.4161/psb.20505
https://doi.org/10.1104/pp.114.248633
https://doi.org/10.1080/15592324.2015.1017177
https://doi.org/10.1111/j.1469-8137.2008.02689.x
https://doi.org/10.1093/jxb/erp350
https://doi.org/10.1016/0378-4290(89)90088-9
https://doi.org/10.1016/0378-4290(89)90088-9


Burridge et al. Multi-Scale Water Use Optimization

Frontiers in Plant Science | www.frontiersin.org 13 April 2022 | Volume 13 | Article 824720

changes in root aquaporin expression. Plant Cell Environ. 34, 1150–1163. 
doi: 10.1111/j.1365-3040.2011.02313.x

Schneider, H. M., Klein, S. P., Hanlon, M. T., Kaeppler, S., Brown, K. M., and 
Lynch, J. P. (2020a). Genetic control of root anatomical plasticity in maize. 
Plant Genome 13:e20003. doi: 10.1002/tpg2.20003

Schneider, H. M., Klein, S. P., Hanlon, M. T., Nord, E. A., Kaeppler, S., 
Brown, K. M., et al. (2020b). Genetic control of root architectural plasticity 
in maize. J. Exp. Bot. 71, 3185–3197. doi: 10.1093/jxb/eraa084

Schneider, H. M., and Lynch, J. P. (2020). Should root plasticity be  a crop 
breeding target? Front. Plant Sci. 11:546. doi: 10.3389/fpls.2020.00546

Schneider, H. M., Postma, J. A., Kochs, J., Pflugfelder, D., Lynch, J. P., and 
van Dusschoten, D. (2020c). Spatio-temporal variation in water uptake in 
seminal and nodal root systems of barley plants grown in soil. Front. Plant 
Sci. 11:1247. doi: 10.3389/fpls.2020.01247

Schneider, H. M., Strock, C. F., Hanlon, M. T., Vanhees, D. J., Perkins, A. C., 
Ajmera, I. B., et al. (2021). Multiseriate cortical sclerenchyma enhance root 
penetration in compacted soils. Proc. Natl. Acad. Sci. U. S. A. 118:e2012087118. 
doi: 10.1073/pnas.2012087118

Schnepf, A., Black, C. K., Couvreur, V., Delory, B. M., Doussan, C., Koch, A., 
et al. (2020). Call for participation: collaborative benchmarking of functional-
structural root architecture models. The case of root water uptake. Front. 
Plant Sci. 11:316. doi: 10.3389/fpls.2020.00316

Schoppach, R., and Sadok, W. (2012). Differential sensitivities of transpiration 
to evaporative demand and soil water deficit among wheat elite cultivars 
indicate different strategies for drought tolerance. Environ. Exp. Bot. 84, 
1–10. doi: 10.1016/j.envexpbot.2012.04.016

Schoppach, R., Wauthelet, D., Jeanguenin, L., and Sadok, W. (2014). Conservative 
water use under high evaporative demand associated with smaller root 
metaxylem and limited trans-membrane water transport in wheat. Funct. 
Plant Biol. 41, 257–269. doi: 10.1071/FP13211

Scoffoni, C., Albuquerque, C., Brodersen, C. R., Townes, S. V., John, G. P., 
Bartlett, M. K., et al. (2017). Outside-xylem vulnerability, not xylem embolism, 
controls leaf hydraulic decline during dehydration. Plant Physiol. 173, 
1197–1210. doi: 10.1104/pp.16.01643

Secchi, F., Pagliarani, C., and Zwieniecki, M. A. (2017). The functional role 
of xylem parenchyma cells and aquaporins during recovery from severe 
water stress. Plant Cell Environ. 40, 858–871. doi: 10.1111/pce.12831

Segal, E., Kushnir, T., Mualem, Y., and Shani, U. (2008). Water uptake and 
hydraulics of the root hair rhizosphere. Vadose Zone J. 7:1027. doi: 10.2136/
vzj2007.0122

Seversike, T. M., Sermons, S. M., Sinclair, T. R., Carter, T. E., and Rufty, T. W. 
(2013). Temperature interactions with transpiration response to vapor pressure 
deficit among cultivated and wild soybean genotypes. Physiol. Plant. 148, 
62–73. doi: 10.1111/j.1399-3054.2012.01693.x

Seversike, T. M., Sermons, S. M., Sinclair, T. R., Carter, T. E., and Rufty, T. W. 
(2014). Physiological properties of a drought-resistant wild soybean genotype: 
transpiration control with soil drying and expression of root morphology. 
Plant Soil 374, 359–370. doi: 10.1007/s11104-013-1757-2

Sharipova, G., Veselov, D., Kudoyarova, G., Fricke, W., Dodd, I. C., Katsuhara, M., 
et al. (2016). Exogenous application of abscisic acid (ABA) increases root 
and cell hydraulic conductivity and abundance of some aquaporin isoforms 
in the ABA-deficient barley mutant Az34. Ann. Bot. 118, 777–785. doi: 
10.1093/aob/mcw117

Shatil-Cohen, A., Attia, Z., and Moshelion, M. (2011). Bundle-sheath cell 
regulation of xylem-mesophyll water transport via aquaporins under drought 
stress: a target of xylem-borne ABA? Plant J. 67, 72–80. doi: 10.1111/j.1365- 
313X.2011.04576.x

Shekoofa, A., and Sinclair, T. (2018). Aquaporin activity to improve crop drought 
tolerance. Cell 7:123. doi: 10.3390/cells7090123

Shekoofa, A., Sinclair, T. R., Messina, C. D., and Cooper, M. (2016). Variation 
among maize hybrids in response to high vapor pressure deficit at high 
temperatures. Crop Sci. 56, 392–396. doi: 10.2135/cropsci2015.02.0134

Siefritz, F., Tyree, M. T., Lovisolo, C., Schubert, A., and Kaldenhoff, R. (2002). 
PIP1 plasma membrane aquaporins in tobacco: from cellular effects to 
function in plants. Plant Cell 14, 869–876. doi: 10.1105/tpc.000901

Sinclair, T. R., Devi, J., Shekoofa, A., Choudhary, S., Sadok, W., Vadez, V., 
et al. (2017). Limited-transpiration response to high vapor pressure 
deficit in crop species. Plant Sci. 260, 109–118. doi: 10.1016/j.
plantsci.2017.04.007

Sinclair, T. R., Hammer, G. L., and Van Oosterom, E. J. (2005). Potential yield 
and water-use efficiency benefits in sorghum from limited maximum 
transpiration rate. Funct. Plant Biol. 32, 945–952. doi: 10.1071/FP05047

Sinclair, T. R., Messina, C. D., Beatty, A., and Samples, M. (2010). Assessment 
across the United  States of the benefits of altered soybean drought traits. 
Agron. J. 102, 475–482. doi: 10.2134/agronj2009.0195

Sinclair, T. R., and Muchow, R. C. (2001). System analysis of plant traits to 
increase grain yield on limited water supplies. Agron. J. 93, 263–270. doi: 
10.2134/agronj2001.932263x

Sinclair, T. R., Zwieniecki, M. A., and Holbrook, N. M. (2008). Low leaf hydraulic 
conductance associated with drought tolerance in soybean. Physiol. Plant. 
132, 446–451. doi: 10.1111/j.1399-3054.2007.01028.x

Sivasakthi, K., Tharanya, M., Kholová, J., Muriuki, R. W., Thirunalasundari, T., 
and Vadez, V. (2017). Chickpea genotypes contrasting for vigor and canopy 
conductance also differ in their dependence on different water transport 
pathways. Front. Plant Sci. 8:1663. doi: 10.3389/fpls.2017.01663

Sivasakthi, K., Tharanya, M., Zaman-Allah, M., Kholová, J., Thirunalasundari, T., 
and Vadez, V. (2020). Transpiration difference under high evaporative demand 
in chickpea (Cicer arietinum L.) may be  explained by differences in the 
water transport pathway in the root cylinder. Plant Biol. 22, 769–780. doi: 
10.1111/plb.13147

Sivasakthi, K., Thudi, M., Tharanya, M., Kale, S. M., Kholová, J., Halime, M. H., 
et al. (2018). Plant vigour QTLs co-map with an earlier reported QTL 
hotspot for drought tolerance while water saving QTLs map in other 
regions of the chickpea genome. BMC Plant Biol. 18:29. doi: 10.1186/
s12870-018-1245-1

Sperry, J. S., Adler, F. R., Campbell, G. S., and Comstock, J. P. (1998). Limitation 
of plant water use by rhizosphere and xylem conductance: results from a 
model. Plant Cell Environ. 21, 347–359. doi: 10.1046/j.1365-3040.1998.00287.x

Steudle, E. (2000). Water uptake by plant roots: an integration of views. Plant 
Soil 226, 45–56. doi: 10.1023/A:1026439226716

Strock, C. F., Burridge, J. D., Niemiec, M. D., Brown, K. M., and Lynch, J. P. 
(2020). Root metaxylem and architecture phenotypes integrate to regulate 
water use under drought stress. Plant Cell Environ. 44, 49–67. doi: 10.1111/
pce.13875

Strock, C. F., Schneider, H. M., Galindo-Castañeda, T., Hall, B. T., Van 
Gansbeke, B., Mather, D. E., et al. (2019). Laser ablation tomography for 
visualization of root colonization by edaphic organisms. J. Exp. Bot. 70, 
5327–5342. doi: 10.1093/jxb/erz271

Sunita, C., Sinclair, T. R., Messina, C. D., and Cooper, M. (2014). Hydraulic 
conductance of maize hybrids differing in transpiration response to vapor 
pressure deficit. Crop Sci. 54, 1147–1152. doi: 10.2135/cropsci2013.05.0303

Sutka, M., Li, G., Boudet, J., Boursiac, Y., Doumas, P., and Maurel, C. (2011). 
Natural variation of root hydraulics in Arabidopsis grown in normal and 
salt-stressed conditions. Plant Physiol. 155, 1264–1276. doi: 10.1104/
pp.110.163113

Tanaka, Y., Fujii, K., and Shiraiwa, T. (2010). Variability of leaf morphology 
and stomatal conductance in soybean [Glycine max (L.) Merr.] cultivars. 
Crop Sci. 50, 2525–2532. doi: 10.2135/cropsci2010.02.0058

Tardieu, F., and Parent, B. (2017). Predictable ‘meta-mechanisms’ emerge from 
feedbacks between transpiration and plant growth and cannot be  simply 
deduced from short-term mechanisms. Plant Cell Environ. 40, 846–857. doi: 
10.1111/pce.12822

Tharanya, M., Kholova, J., Sivasakthi, K., Seghal, D., Hash, C. T., Raj, B., et al. 
(2018a). Quantitative trait loci (QTLs) for water use and crop production 
traits co-locate with major QTL for tolerance to water deficit in a fine-
mapping population of pearl millet (Pennisetum glaucum L. r.Br.). Theor. 
Appl. Genet. 131, 1509–1529. doi: 10.1007/s00122-018-3094-6

Tharanya, M., Sivasakthi, K., Barzana, G., Kholová, J., Thirunalasundari, T., 
and Vadez, V. (2018b). Pearl millet (Pennisetum glaucum) contrasting for 
the transpiration response to vapour pressure deficit also differ in their 
dependence on the symplastic and apoplastic water transport pathways. 
Funct. Plant Biol. 45, 719–736. doi: 10.1071/FP17161

Thompson, A. J., Andrews, J., Mulholland, B. J., McKee, J. M. T., Hilton, H. W., 
Horridge, J. S., et al. (2007). Overproduction of abscisic acid in tomato 
increases transpiration efficiency and root hydraulic conductivity and influences 
leaf expansion. Plant Physiol. 143, 1905–1917. doi: 10.1104/pp.106.093559

Topp, C. N. (2016). Hope in change: the role of root plasticity in crop yield 
stability. Plant Physiol. 172, 5–6. doi: 10.1104/pp.16.01257

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1111/j.1365-3040.2011.02313.x
https://doi.org/10.1002/tpg2.20003
https://doi.org/10.1093/jxb/eraa084
https://doi.org/10.3389/fpls.2020.00546
https://doi.org/10.3389/fpls.2020.01247
https://doi.org/10.1073/pnas.2012087118
https://doi.org/10.3389/fpls.2020.00316
https://doi.org/10.1016/j.envexpbot.2012.04.016
https://doi.org/10.1071/FP13211
https://doi.org/10.1104/pp.16.01643
https://doi.org/10.1111/pce.12831
https://doi.org/10.2136/vzj2007.0122
https://doi.org/10.2136/vzj2007.0122
https://doi.org/10.1111/j.1399-3054.2012.01693.x
https://doi.org/10.1007/s11104-013-1757-2
https://doi.org/10.1093/aob/mcw117
https://doi.org/10.1111/j.1365-313X.2011.04576.x
https://doi.org/10.1111/j.1365-313X.2011.04576.x
https://doi.org/10.3390/cells7090123
https://doi.org/10.2135/cropsci2015.02.0134
https://doi.org/10.1105/tpc.000901
https://doi.org/10.1016/j.plantsci.2017.04.007
https://doi.org/10.1016/j.plantsci.2017.04.007
https://doi.org/10.1071/FP05047
https://doi.org/10.2134/agronj2009.0195
https://doi.org/10.2134/agronj2001.932263x
https://doi.org/10.1111/j.1399-3054.2007.01028.x
https://doi.org/10.3389/fpls.2017.01663
https://doi.org/10.1111/plb.13147
https://doi.org/10.1186/s12870-018-1245-1
https://doi.org/10.1186/s12870-018-1245-1
https://doi.org/10.1046/j.1365-3040.1998.00287.x
https://doi.org/10.1023/A:1026439226716
https://doi.org/10.1111/pce.13875
https://doi.org/10.1111/pce.13875
https://doi.org/10.1093/jxb/erz271
https://doi.org/10.2135/cropsci2013.05.0303
https://doi.org/10.1104/pp.110.163113
https://doi.org/10.1104/pp.110.163113
https://doi.org/10.2135/cropsci2010.02.0058
https://doi.org/10.1111/pce.12822
https://doi.org/10.1007/s00122-018-3094-6
https://doi.org/10.1071/FP17161
https://doi.org/10.1104/pp.106.093559
https://doi.org/10.1104/pp.16.01257


Burridge et al. Multi-Scale Water Use Optimization

Frontiers in Plant Science | www.frontiersin.org 14 April 2022 | Volume 13 | Article 824720

Tylová, E., Pecková, E., Blascheová, Z., and Soukup, A. (2017). Casparian bands 
and suberin lamellae in exodermis of lateral roots: an important trait of 
roots system response to abiotic stress factors. Ann. Bot. 120, 71–85. doi: 
10.1093/aob/mcx047

Tyree, M. T. (1997). The cohesion-tension theory of sap ascent: current 
controversies. J. Exp. Bot. 48, 1753–1765. doi: 10.1093/jxb/48.10.1753

Tyree, M. T., Davis, S. D., and Cochard, H. (1994). Biophysical perspectives 
of xylem evolution: is there a tradeoff of hydraulic efficiency for vulnerability 
to dysfunction? IAWA J. 15, 335–360. doi: 10.1163/22941932-90001369

Vadez, V. (2014). Root hydraulics: the forgotten side of roots in drought 
adaptation. Field Crop. Res. 165, 15–24. doi: 10.1016/j.fcr.2014.03.017

Vadez, V., Choudhary, S., Kholová, J., Hash, C. T., Srivastava, R., Kumar, A. A., 
et al. (2021). Transpiration efficiency: insights from comparisons of C4 
cereal species. J. Exp. Bot. 72, 5221–5234. doi: 10.1093/jxb/erab251

Vadez, V., Deshpande, S. P., Kholova, J., Hammer, G. L., Borrell, A. K., 
Talwar, H. S., et al. (2011). Stay-green quantitative trait loci’s effects on 
water extraction, transpiration efficiency and seed yield depend on recipient 
parent background. Funct. Plant Biol. 38, 553–566. doi: 10.1071/FP11073

Vadez, V., Kholová, J., Hummel, G., Zhokhavets, U., Gupta, S. K., and Hash, C. T. 
(2015). LeasyScan: a novel concept combining 3D imaging and lysimetry 
for high-throughput phenotyping of traits controlling plant water budget. 
J. Exp. Bot. 66, 5581–5593. doi: 10.1093/jxb/erv251

Vadez, V., Kholová, J., Yadav, R. S., and Hash, C. T. (2013a). Small temporal 
differences in water uptake among varieties of pearl millet (Pennisetum 
glaucum (L.) R. Br.) are critical for grain yield under terminal drought. 
Plant Soil 371, 447–462. doi: 10.1007/s11104-013-1706-0

Vadez, V., Kholova, J., Zaman-Allah, M., and Belko, N. (2013b). Water: the 
most important “molecular” component of water stress tolerance research. 
Funct. Plant Biol. 40, 1310–1322. doi: 10.1071/FP13149

Vandeleur, R. K., Mayo, G., Shelden, M. C., Gilliham, M., Kaiser, B. N., 
and Tyerman, S. D. (2009). The role of plasma membrane intrinsic protein 
aquaporins in water transport through roots: diurnal and drought stress 
responses reveal different strategies between isohydric and anisohydric 
cultivars of grapevine. Plant Physiol. 149, 445–460. doi: 10.1104/
pp.108.128645

Vandeleur, R. K., Sullivan, W., Athman, A., Jordans, C., Gilliham, M., Kaiser, B. N., 
et al. (2014). Rapid shoot-to-root signalling regulates root hydraulic conductance 
via aquaporins. Plant Cell Environ. 37, 520–538. doi: 10.1111/pce.12175

von Jeetze, P. J., Zarebanadkouki, M., and Carminati, A. (2020). Spatial 
heterogeneity enables higher root water uptake in dry soil but protracts 
water stress after transpiration decline: a numerical study. Water Resour. 
Res. 56:e2019WR025501. doi: 10.1029/2019WR025501

Wang, P., Calvo-Polanco, M., Reyt, G., Barberon, M., Champeyroux, C., Santoni, V., 
et al. (2019). Surveillance of cell wall diffusion barrier integrity modulates 
water and solute transport in plants. Sci. Rep. 9:4227. doi: 10.1038/
s41598-019-40588-5

Xu, T., Zhang, L., and Li, Z. (2020). Computational fluid dynamics model and 
flow resistance characteristics of Jatropha curcas L xylem vessel. Sci. Rep. 
10:14728. doi: 10.1038/s41598-020-71576-9

Yang, Z., Sinclair, T. R., Zhu, M., Messina, C. D., Cooper, M., and Hammer, G. L. 
(2012). Temperature effect on transpiration response of maize plants to 
vapour pressure deficit. Environ. Exp. Bot. 78, 157–162. doi: 10.1016/j.
envexpbot.2011.12.034

Yao, C., Moreshet, S., and Aloni, B. (2001). Water relations and hydraulic 
control of stomatal behaviour in bell pepper plant in partial soil drying. 
Plant Cell Environ. 24, 227–235. doi: 10.1111/j.1365-3040.2001.00667.x

Ye, H., Song, L., Schapaugh, W. T., Ali, M. L., Sinclair, T. R., Riar, M. K., 
et al. (2020). The importance of slow canopy wilting in drought tolerance 
in soybean. J. Exp. Bot. 71, 642–652. doi: 10.1093/jxb/erz150

York, L. M., and Lynch, J. P. (2015). Intensive field phenotyping of maize (Zea 
mays L.) root crowns identifies phenes and phene integration associated 
with plant growth and nitrogen acquisition. J. Exp. Bot. 66, 5493–5505. 
doi: 10.1093/jxb/erv241

York, L. M., Nord, E. A., and Lynch, J. P. (2013). Integration of root phenes 
for soil resource acquisition. Front. Plant Sci. 4:355. doi: 10.3389/fpls.2013.00355

Zaman-Allah, M., Jenkinson, D. M., and Vadez, V. (2011). A conservative 
pattern of water use, rather than deep or profuse rooting, is critical for 
the terminal drought tolerance of chickpea. J. Exp. Bot. 62, 4239–4252. doi: 
10.1093/jxb/err139

Zargar, S. M., Nagar, P., Deshmukh, R., Nazir, M., Wani, A. A., Masoodi, K. Z., 
et al. (2017). Aquaporins as potential drought tolerance inducing proteins: 
towards instigating stress tolerance. J. Proteome 169, 233–238. doi: 10.1016/j.
jprot.2017.04.010

Zhou, S., Hu, W., Deng, X., Ma, Z., Chen, L., Huang, C., et al. (2012). 
Overexpression of the wheat aquaporin gene, TaAQP7, enhances drought 
tolerance in transgenic tobacco. PLoS One 7:e52439. doi: 10.1371/journal.
pone.0052439

Zwieniecki, M. A., Brodribb, T. J., and Holbrook, N. M. (2007). Hydraulic 
design of leaves: insights from rehydration kinetics. Plant Cell Environ. 30, 
910–921. doi: 10.1111/j.1365-3040.2007.001681.x

Conflict of Interest: The authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could be  construed 
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product that may 
be evaluated in this article, or claim that may be made by its manufacturer, is 
not guaranteed or endorsed by the publisher.

Copyright © 2022 Burridge, Grondin and Vadez. This is an open-access article 
distributed under the terms of the Creative Commons Attribution License (CC BY). 
The use, distribution or reproduction in other forums is permitted, provided the 
original author(s) and the copyright owner(s) are credited and that the original 
publication in this journal is cited, in accordance with accepted academic practice. 
No use, distribution or reproduction is permitted which does not comply with 
these terms.

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1093/aob/mcx047
https://doi.org/10.1093/jxb/48.10.1753
https://doi.org/10.1163/22941932-90001369
https://doi.org/10.1016/j.fcr.2014.03.017
https://doi.org/10.1093/jxb/erab251
https://doi.org/10.1071/FP11073
https://doi.org/10.1093/jxb/erv251
https://doi.org/10.1007/s11104-013-1706-0
https://doi.org/10.1071/FP13149
https://doi.org/10.1104/pp.108.128645
https://doi.org/10.1104/pp.108.128645
https://doi.org/10.1111/pce.12175
https://doi.org/10.1029/2019WR025501
https://doi.org/10.1038/s41598-019-40588-5
https://doi.org/10.1038/s41598-019-40588-5
https://doi.org/10.1038/s41598-020-71576-9
https://doi.org/10.1016/j.envexpbot.2011.12.034
https://doi.org/10.1016/j.envexpbot.2011.12.034
https://doi.org/10.1111/j.1365-3040.2001.00667.x
https://doi.org/10.1093/jxb/erz150
https://doi.org/10.1093/jxb/erv241
https://doi.org/10.3389/fpls.2013.00355
https://doi.org/10.1093/jxb/err139
https://doi.org/10.1016/j.jprot.2017.04.010
https://doi.org/10.1016/j.jprot.2017.04.010
https://doi.org/10.1371/journal.pone.0052439
https://doi.org/10.1371/journal.pone.0052439
https://doi.org/10.1111/j.1365-3040.2007.001681.x
http://creativecommons.org/licenses/by/4.0/

	Optimizing Crop Water Use for Drought and Climate Change Adaptation Requires a Multi-Scale Approach
	Introduction
	Part 1: Regulation of Transpiration Restriction by Plant Hydraulics
	Root Conductance
	Leaf Conductance
	Cross-Organ Environmental Responses

	Part 2: Transpiration Restriction Can Involve Multiple Signals, Hysteresis, and Phenotypic Integration
	Multiple Types of Signals Can Influence Membrane Conductance
	Hysteresis Influences Plant Responses
	Phenotypes Integrate Across Scales

	Part 3: Toward Effective Integrative Phenotyping
	Multi-Scale Models
	Xylem Conductance Capacity May Indicate Transpiration Strategy
	Direct Selection for Transpiration Restriction
	Next Challenges

	Conclusion
	Author Contributions
	Funding
	Supplementary Material

	References

