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Abstract
Drought stress is an increasing concern because of climate change and increasing demands on water for agriculture. There
are still many unknowns about how plants sense and respond to water limitation, including which genes and cellular
mechanisms are impactful for ecology and crop improvement in drought-prone environments. A better understanding of
plant drought resistance will require integration of several research disciplines. A common set of parameters to describe
plant water status and quantify drought severity can enhance data interpretation and research integration across the re-
search disciplines involved in understanding drought resistance and would be especially useful in integrating the flood of
genomic data being generated in drought studies. Water potential (ww) is a physical measure of the free energy status of
water that, along with related physiological measurements, allows unambiguous description of plant water status that can
apply across various soil types and environmental conditions. ww and related physiological parameters can be measured
with relatively modest investment in equipment and effort. Thus, we propose that increased use of ww as a fundamental
descriptor of plant water status can enhance the insight gained from many drought-related experiments and facilitate data
integration and sharing across laboratories and research disciplines.

Introduction
Drought is a topic of strong interest across plant biology
from agronomy to ecology and to molecular and cell biol-
ogy. The prospect that climate change will cause more fre-
quent drought episodes will only add to this interest in the
coming years. From an agronomic perspective, the goal of
many studies is to identify and study factors that influence
crop yield and how these factors are modified by drought.
From the ecological perspective, there are strong interests to
understand how plants adapt to water-limited environments
and how that adaptation scales to community and ecosys-
tem function. Molecular genetics research aims to find the

genes and cellular mechanisms plants use to detect and re-
spond to drought stress and thereby develop fundamental
knowledge of plant function. A common thread of these
types of plant drought research is that they seek to under-
stand the genotype by environment interactions that deter-
mine the distribution and productivity of different plant
species. All these research fields also have a strong interest
in being able to make predictions and interventions: predic-
tions of how climate change will alter ecosystems or crop
productivity; and, interventions, such as genetic modification
of crop plants or ecosystem management strategies, that
can mitigate the effects of drought.
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These objectives require scaling across different disciplines
and types of experiments. Multiple types of scientists need
to be able to compare their studies of drought stress and
learn from each other’s results. This in turn requires a com-
mon terminology and core methods to quantitate the sever-
ity of drought stress and report the most relevant plant
responses. Then researchers can get the most insights from
their data and have confidence in comparing the results of
different studies. But, what are the best methods to quantify
drought stress severity? Salt stress can be reported as salt
concentration or changes in the conductivity of soil water.
Temperature stresses (freezing, chilling, and heat stress) can
be standardized based on the timing and extent of the tem-
perature change (and whether ice nucleation is provided in
the case of freezing) (Verslues et al., 2006). In this article, we
describe equivalent measures for “drought” stress and show
how incorporating such measurements can increase the in-
sight gained from many types of experiments, including
‘omics approaches, and also allow us to avoid common pit-
falls in data interpretation.

The above sentence refers to “drought” in quotations be-
cause some readers may point out, correctly, that the core
definition of drought is meteorological (a period of below-
average precipitation). However, for much of plant biology,
and the majority of papers in this journal, the term drought
is instead used to refer to the plant’s relationship with water
(i.e. plant water status). Thus, “drought” responses as com-
monly discussed in most molecular and cellular studies are
really responses to an altered water status where water has
become less available to the plant because it is at a lower
free energy state compared with unstressed conditions. For
plant biology, the energy state of water can be quantified
and reported in terms of the water potential (ww).

ww and water movement through the SPAC:
A brief primer on plant water relations
Land plants move copious quantities of water through the
soil–plant–atmosphere continuum (SPAC) whereby water
taken up from the soil moves upward through the plant
vascular system (Figure 1A). Most of this water is lost from
the plant by transpiration through stomata. The movement
of water through the SPAC is driven by differences in ww.
The ww is defined as the amount by which the chemical po-
tential of water is reduced below that of pure water (pure
water being zero, thus ww is always negative) and is
expressed in units of pressure (Kramer and Boyer, 1995). A
higher concentration of dissolved solutes will decrease os-
motic potential (ws) to lower (more negative) values.
Adhesion of water molecules to surfaces also decreases their
free energy; this is referred to as the matric potential (wm)
and is an important determinant of soil ww. However, as
most techniques for measuring ww cannot separate the
effects of solutes versus adherence of water molecules along
surfaces (e.g. the surface of soil particles), wm is often con-
sidered to be part of ws for practical purposes. A positive
pressure (wp), in turgid cells, for example, will increase ww

(make it less negative) while a negative pressure (e.g. in xy-
lem as water is pulled up by transpiration) will reduce ww.
A higher position in gravity (wg) will also make ww more
negative; but, the effect of gravity is negligible for those not
studying large trees and is also typically omitted for practical
purposes. Thus, for purposes of most plant biology research,
ww is essentially determined by two major components, os-
motic potential ws (which is denoted as p in some cases,
also referred to as “solute potential”) and wp. Thus, the full
set of ww components (ww = ws + wm + wp + wg) can
be reduced to the basic ww equation of ww = ws + wp

(Kramer and Boyer, 1995).
At different points in the SPAC, the components of ww

differ. In the soil, matric forces of water adhering to soil par-
ticles are the dominant component of ww (except in highly
saline soils where dissolved salts also decrease ws). Inside the
plasma membrane of plant cells, the active accumulation of
solutes decreases ws to drive water uptake. This osmotically
driven uptake of water produces a positive turgor pressure
inside plant cells because they have rigid cell walls which re-
strict cellular volume. As solutes accumulate, turgor pressure
will increase until the cell reaches ww equilibrium with its
immediate surroundings (Figure 1A). In wall-less cells, the
accumulation of solutes determines the cell volume. Thus,
all cells must osmoregulate (regulate their solute content) at
all times, to maintain cell volume or regulate turgor. In the
apoplast and xylem, tension (negative pressure) generated
by adhesion of water molecules moving up through the
plant (and some matric and solute effects) is the major
component of ww. This upward movement of water is
driven by water evaporation from capillary surfaces in the
inner air spaces of the leaf. As water vapor, even at near sat-
uration humidities, has a much lower ww than liquid water,
evaporation can always occur at appreciable rates. Thus, the
rate of water loss from the leaf is controlled primarily by
stomata. The regulation of stomatal opening and closing, as
well as control of stomatal size and density, is key to balanc-
ing the competing priorities of controlling water loss while
allowing CO2 uptake.

For readers from a plant physiology background, the
above information is well known. For those approaching
plant stress biology from other backgrounds who are inter-
ested in a more thorough introduction to plant water rela-
tions, we recommend the Taiz and Zeiger Plant Physiology
textbook (renamed as Plant Physiology and Development for
later editions) (Taiz and Zeiger, 2006) as well as the compre-
hensive book of Kramer and Boyer (1995) or its methods fo-
cused companion (Boyer, 1995) or, the following web pages
provided by makers of instruments for ww measurement
(Ww versus water content).

Advantages of monitoring ww in plant
biology research
A key advantage of ww for plant research, compared with
other metrics such as soil water content, is that it allows
laboratory or field-based stress treatments to be described
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in a manner that is unambiguous and thus able to be repli-
cated across experimental systems while also giving a clearer
picture of the stress severity experienced by the plant. The
different distribution of particle sizes among soil types
means that the relationship between soil water content ver-
sus ww varies greatly among soil types (Figure 1B). Clay soils
(smaller average particle size) have much higher water con-
tent at even very low ww than sandy soils which have larger
average particle size and thus less surface area for water ad-
hesion (Kramer and Boyer, 1995); see also Soil water content

versus ww). Thus, a drought stress severity reported in terms
of soil water content could not be reproduced in another
laboratory by subjecting plants to the same soil water con-
tent unless both laboratories used exactly the same soil.
Many soils, including the peat-based horticultural soil mixes
often used in plant research, exhibit a dramatic decline in
soil ww once soil water content passes a threshold level
(Figure 1B; Walczak et al., 2002; Fields et al., 2014; Dowd
et al., 2019). Thus, a seemingly small difference in soil water
content between different replicates or different genotypes

Figure 1 Water movement through the SPAC and water status of soils, solutions and plant tissue can be described in a unified manner by ww. A,
Diagram of water movement through the SPAC. A continuous column of water exists from the soil, through the root tissue and into the xylem,
and into capillary spaces around leaf cells. Evaporation of water from leaf tissue and adhesion of water molecules pulls water up through the
SPAC. The rate of water evaporation from leaf tissue is controlled primarily by the opening and closing of stomata. The boxes give typical values
of ww and its components inside plant cells (symplast) or just outside these cells (apoplast/xylem) for well-watered conditions or drought condi-
tions. The low ww conditions shown would be within the range experienced by crop plants (or other mesophytic plants) and would be at or just
above the permanent wilting point (i.e. the ww below which the plant cannot regain turgor even overnight when stomata close and transpiration
is minimal) for most such species (depending on light, temperature and air humidity conditions). B, Example soil moisture retention curves for
five different soils highlighting the potential variability in soil ww (x-axis; WW) at various soil–water contents (y-axis; expressed as a percentage of
field capacity). The banded area (10–20% of field capacity) highlights the range of soil–water content typically utilized in studies imposing
drought stress on plants. Data were collected using the Decagon WP4 Dewpoint Potentiometer. Curves are presented for two common horticul-
tural mixes (Promix BX, Turface) along with several field soils spanning a gradient of texture and composition (sandy loam, clay loam, and silt
loam). For plotting purposes, the best fitting model (second-order polynomial of the reciprocal term and soil interaction) was selected by Akaike
Information Criterion and showed an adjusted R2 of 0.9893 (P51e–10) and significant differences among soils. All statistical analyses were per-
formed with the stats package in the R software environment (R Development Core Team). C, Relationship between PEG-8000 concentration and
ww. Note that the values are for a given amount of PEG-8000 added to 1 L of water without adjustment of the final volume (a significant increase
in volume will occur for higher PEG concentrations). The ww of PEG solutions was measured using a Wescor Psypro system with C52 sample
chambers following the manufacturer’s instructions and using ww standards provided by the manufacturer (Verslues, 2010) or by using a Wescor
vapor pressure osmometer. For the osmometer, osmolality readings in mmol kg–1 were converted to ww using the van’t Hoff calculation
(Verslues, 2010; Banks and Hirons, 2019). Both instruments gave essentially identical results. Note that because PEG-8000 is a large hygroscopic
molecule, which affects ww primarily by adherence to water molecules, there is a nonlinear relationship between PEG content and ww, similar to
the nonlinear relationship between soil ww and water content. Data are replotted from Verslues et al. (2006) and from previously unpublished
data of the Verslues laboratory.
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can actually indicate a substantial difference in stress sever-
ity. This is most acute for sandy soils (soils comprised mostly
of large particles with lower portion of smaller silt and clay-
type particles), as these soils have low water-holding
capacity.

In some studies, calculation of the fraction of transpirable
soil water (FTSW) has been used to estimate the degree of
water limitation experienced by plants. FTSW utilizes soil
moisture data along with the threshold soil water content
(or threshold ww) below which the plant under study can
no longer extract water (i.e. transpiration decreases to near
zero) to calculate the relative amount of plant available wa-
ter that remains at various bulk soil water contents (Serraj
and Sinclair, 1997). Since the threshold for water extraction
is determined largely by ww (along with soil hydraulic con-
ductivity), FTSW is strongly correlated with soil ww or leaf
ww (see e.g. Lacape et al., 1998; Yan et al., 2017; Devi and
Reddy, 2020). FTSW can be useful for field studies and irriga-
tion scheduling; however, for laboratory or greenhouse stud-
ies, measurement of ww still offers a more straightforward
measure of stress severity that is physically grounded and
not dependent upon the properties of the growth media or
properties of the plants under study. Use of ww also facili-
tates comparison of results between soil experiments and
experiments conducted in other types of media where
FTSW is not applicable, such as agar plates or liquid culture.
It should also be noted that in studies of plant stress accli-
mation, it has been observed that many important physio-
logical parameters, such as abscisic acid (ABA) accumulation,
proline accumulation, and growth show a linear or near-
linear relationship with ww (see e.g. van der Weele et al.,
2000; Verslues and Bray, 2004; Liu et al., 2005) . Use of ww to
scale data is further discussed later in this article. Thus, for
genetic studies of drought response, FTSW may be a supple-
ment to, but not a replacement for, measurement of ww.

For such laboratory- or greenhouse-based studies of con-
trolled soil drying, where the type of growth media used can
be deliberately selected, the approach described by Dowd
et al. (2019) may be applicable. They analyzed several types
of growth media and found dramatic differences in water-
holding capacity. They then selected the type of growth me-
dia that had a high water-holding capacity over the range of
low-to-moderate ww treatments they wished to impose
(–0.25 to –0.4 MPa; the unstressed control was –0.1 MPa). By
using this selection of appropriate growth media, along with
monitoring of soil weight and maintaining a high humidity
around the soil surface, they were able to expose maize seed-
lings to stable ww treatments over 9 days to quantify the
effects of ww on maize lateral root development (Dowd
et al., 2019). Thus, they could assay effects of reduced ww on
root development that would not be apparent if they used a
media with low water holding capacity over the target range
of ww and not apparent if they had simply allowed the soil
to dry rapidly over the experimental period.

It is also important to note that declines in soil ww lead
to a dramatic decline in soil hydraulic conductivity (i.e. the

water that remains in the soil is more tightly bound to soil
particles). This decline in hydraulic conductivity varies
greatly among soils and determines how much water the
soil can supply to the plant at a given ww. Soil hydraulic
conductivity can be a key factor in determining stomatal
opening (and perhaps other drought-responsive traits) as
the plant seeks to match the water supply available from
the soil with transpirational demand (Carminati and Javaux,
2020).

For other types of experiments, high molecular weight
polyethylene glycol (PEG; such as PEG-8000) is a useful agent
to impose low ww upon plants, especially when the PEG is
incorporated into a solid matrix such as agar plates (van der
Weele et al., 2000; Verslues et al., 2006). High molecular
weight PEG is useful because large PEG molecules reduce ww

primarily by matric forces rather than osmotic forces and
because large PEG molecules are not able to penetrate the
pores of plant cell walls and thus cause cytorrhysis (with-
drawal of water from and shrinkage of both cell wall and
protoplast) rather than plasmolysis where only the proto-
plast loses water and may separate from the cell wall
(Oertli, 1985). For these reasons, treatment with high molec-
ular weight PEG is more similar to soil drying than osmotic
stress imposed with low molecular weight solutes. However,
high molecular weight PEG does not behave as an ideal sol-
ute and there is a nonlinear relationship between PEG con-
centration and ww (Figure 1C) which needs to be accounted
for when determining the amount of PEG needed to impose
a moderate versus more severe low ww treatment (van der
Weele et al., 2000; Verslues et al., 2006). When using PEG for
liquid cultures, it should also be kept in mind that solutions
of high molecular weight PEG are viscous and can cause
root hypoxia unless the solutions are well aerated (Verslues
et al., 1998). At the same time, root damage should be
avoided as this may allow PEG molecules to enter the plant
tissue. Use of PEG-infused agar plates avoids these problems
and is a good experimental system for subjecting small
plants/seedlings to a constant and defined severity of low
ww stress (Van der Weele et al., 2000; Verslues et al., 2006)
while avoiding complications that may arise from using low
molecular weight solutes such as mannitol which, in addi-
tion to causing plasmolysis, may elicit specific responses
unrelated to changes in ww (Trontin et al., 2014).

Plants respond to restricted water supply by
avoiding water loss and tolerating reduced
ww

The key factor in our plant physiological definition of
drought is the decline in external ww. This is primarily
caused by reduced soil water content such that the remain-
ing soil water is held by stronger matric forces. Increased sol-
ute content of soil water can also be a factor, as well as a
high vapor pressure deficit resulting from drying atmo-
spheric conditions (low humidity and high temperature, per-
haps accompanied by rapid air movement) which may
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cause drying of the plant tissue even when soil moisture is
still available. The most basic effect of decreased external ww

is to collapse, or reverse, the ww gradient that had allowed
the plant tissue to take up water. Thus, when the external
ww decreases, ww of the plant tissue will also decline. If the
plant does nothing, this will occur passively by water efflux
from cells leading to loss of turgor and decrease in cell vol-
ume until equilibrium with external ww is reached. Because
water flux through the SPAC is rapid, the most immediate
need of the plant is to stop the bleeding (of water) by clos-
ing stomata. Stomatal closure, along with other drought
responses that aim to reduce water loss (e.g. rolling or shed-
ding of leaves, thicker cuticle, increased trichome density, or
reduced stomatal density on newly formed leaves) are classi-
cally referred to as avoidance responses because they aim to
avoid depletion of the available water. For mesophytic
plants which genetically prioritize high photosynthesis rates
and rapid growth (such as most crop plants), or in cases
where soil drying is rapid, avoidance is a key component of
the drought response. It is also the dominating factor in
many laboratory experiments where plants are grown in a
small volume of soil such that terminal drying rapidly occurs
once water is withheld from the plant. For these reasons,
avoidance responses are the aspects of drought response
that we are most familiar with at the molecular genetic
level. The stomatal closure responses described above are
regulated through relatively well-characterized signaling
pathways involving ABA and other plant hormones (see e.g.
Vaidya et al., 2019; Yang et al., 2019; Berrio et al., 2022).

While avoidance responses are essential to conserve water
and may help slow the rate of soil ww decline, this avoid-
ance of water loss cannot itself restore water uptake and
turgor. To do this, the plant must decrease its internal ww

to a value below the external soil ww by osmotic adjust-
ment, the active accumulation of additional solutes inside
cells (Figure 1A). Osmotic adjustment to maintain turgor is
a prerequisite for longer term developmental responses such
as increasing the root-to-shoot ratio and changing root
growth patterns through maintenance of root elongation to
reach deeper in the soil profile, hydrotrophic responses, or
altered lateral root initiation. Active osmotic adjustment, as
opposed to passive increase in solute content by tissue de-
hydration, is an adaptive tolerance response as it allows the
plant to maintain function at reduced ww. A simple example
of osmotic adjustment in Arabidopsis thaliana is shown in
Figure 2A where seedlings were transferred to agar plates
which had varying amounts of PEG added to generate a
range of ww from mild stress (small decrease of ww) that
had no apparent detrimental effect to severe stress levels.
Seedling ws and relative water content (RWC; water content
of the tissue relative to its water content when fully hy-
drated) were measured three days after transfer (Verslues,
2010). The plants were able to fully osmotically adjust and
maintain high RWC after transfer to ww as low as –1.0 MPa
(and because ws of the plant tissue is less than ww of the
agar media, it can be inferred that turgor was also

maintained over this range). The extent of osmotic adjust-
ment, and its role in maintaining high RWC even at sub-
stantially reduced ww, can be easily observed in this
experimental system because transpiration is minimal and
thus avoidance responses do not dominate the phenotype
observations in the way that often occurs in pot-based soil
drying experiments.

While osmotic adjustment is a fundamental aspect of
plant responses to low ww, whether or not increased os-
motic adjustment is of value for improving crop productiv-
ity during drought has been controversial. It has been
argued that at relatively low ww near the permanent wilting
point (around –1.5 MPa for most crop plants), the amount
of water that could be extracted by osmotic adjustment is
likely too small to affect productivity (Morgan, 1995, 2000;
Serraj and Sinclair, 2002). At higher soil ww, increased os-
motic adjustment may lead to more rapid water depletion
and thus may not be beneficial under prolonged drought
where water conservation and increased water use efficiency
(WUE) would be more valuable. However, others have
strongly disagreed with this assessment, and have argued
that the capacity for osmotic adjustment is associated with
crop productivity during drought and that root osmotic ad-
justment in particular can facilitate further growth to reach
water in deeper soil layers (Blum, 2017). It seems likely that
whether or not increased osmotic adjustment will allow im-
proved plant productivity depends on the timing and dura-
tion of water limitation during the plant life cycle as well as
the distribution of water among deep versus shallow soil
layers. As we discuss below, a better understanding of how
osmotic adjustment is regulated would help both to answer
these agronomic questions and to answer fundamental bio-
logical questions of how plants detect and respond to
changes in water availability.

It must also be kept in mind that plant growth is not de-
termined solely by physical limitations on turgor and water
uptake. For example, when Arabidopsis seedlings are ex-
posed to a moderately reduced ww (–0.7 MPa) on PEG-agar
plates we routinely observe that growth (quantified by fresh
and dry weight or root elongation) is reduced by two-thirds
compared with the unstressed high ww control (Bhaskara
et al., 2017; Longkumer et al., 2022). The data in Figure 2A
make it clear that there is no sustained loss of turgor or tis-
sue dehydration at –0.7 MPa that could explain such re-
duced growth. Rather the growth reduction observed is the
result of active growth restriction in response to low ww

(Verslues and Longkumer, 2022). We can also hypothesize
from these observations that a moderate low ww treatment
(such as –0.7 MPa, Figure 2A) would be ideal for identifying
genotypes that either fail to restrict growth at low ww, and
thus have increased growth maintenance compared with
the wild-type, or genotypes that are more sensitive, perhaps
because of a failure to osmotically adjust, and thus exhibit
more severe dehydration and growth restriction compared
with the wild-type. Indeed, our research has identified both
negative and positive effectors of growth and osmotic
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adjustment (Verslues and Bray, 2004; Bhaskara et al., 2012;
Longkumer et al., 2022).

A related, but more extensive, method of examining plant
water relations often used by ecophysiologists is the genera-
tion of pressure–volume (PV) curves (Figure 2B; Koide et al.,
1989). In this approach, a sample (typically a leaf, but could
be a branch for larger plants or the entire shoot for smaller
plants) is detached from the rest of the plant and is

subjected to repeated bulk ww and fresh weight measure-
ments while being allowed to dehydrate. Fully hydrated
weight is also measured to allow the RWC of the sample to
be calculated at each of the ww measurement points. This is
referred to as a PV curve because traditionally the ww was
measured using a pressure chamber. However, recent refine-
ments have shown that more rapid methods using a vapor
pressure osmometer can also be effective (Bartlett et al.,

Figure 2 Quantifying solute content, turgor, and plant tissue water content. A, Seedling osmotic potential (ws) and RWC of A. thaliana (Col-0 ac-
cession) seedlings provide a simple illustration of osmotic adjustment and the TLP concept (replotted from Verslues, 2010). Seven-day-old seedlings
(ecotype Col-0) were transferred to PEG-agar plates of the indicated ww and whole seedlings (10–30 per sample, depending on treatment) collected
3 days after transfer. As transpiration is minimal in this system, one can assume that the ww of the plant tissue is in near equilibrium with the agar
ww. Thus, a seedling ws below the dashed line indicates a positive turgor pressure. When osmotic adjustment can no longer maintain turgor (at �–
1.2 MPa), further declines in seedling ww occur via water loss (indicated by reduced RWC) and passive concentration of solutes. B, A theoretical PV
curve representing the expected relationship between –1/ww and RWC for a drying leaf. At high RWC, ww-leaf is a function of both turgor pressure
wp and osmotic potential ws and exhibits an exponential decline with drying. The TLP (the red dot) occurs when dehydration proceeds until
wp = 0. The linear decline in –1/ww past TLP is driven by the passive concentration of solutes with water loss. The linear extension of the relation-
ship to the y-axis reveals the osmotic potential at full hydration (a: –1/ws100). The osmotic potential at zero turgor (b: –1/wsTLP) can be determined
by extending a horizontal line from TLP to the y-axis while the RWC at TLP (c: RWCTLP) can be determined by a perpendicular line from TLP to the
x-axis. Symplastic and apoplastic (AWF) fractions can be inferred from the linear intersection of the fit line with the x-axis. The modulus of elasticity
(e) can be inferred from the slope of the wp from full hydration to the TLP. C, Example PV curves derived from well-water and drought-stressed
plants depicting osmotic adjustment and a shift in TLP. The osmotic potential at full turgor for the drought-stressed plant material (e: –1/ws100ds)
can be subtracted from the osmotic potential at full turgor for the well-water watered plant material (d: –1/ws100ww) to obtain an estimate of os-
motic adjustment. C, Redrawn from Sanders and Arndt (2012), adapted by permission from Springer Nature.
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2012a, 2012b; Banks and Hirons, 2019). After performing a
series of such measurements, a plot of –1/ww versus RWC is
constructed (Figure 2B). PV curves generally exhibit a steep
initial nonlinear decline driven by a rapid drop in turgor
(wp) until at a certain RWC the turgor pressure is lost (tur-
gor loss point [TLP]). The linear decline in ww past TLP is
subsequently driven by the passive concentration of solutes
with water loss. During the linear phase of the PV curve, the
ww will equal the osmotic potential (ww = ws). Linear exten-
sion of this portion of the function can be used to estimate
several parameters including the ws at full hydration (–1/
ws100), ws at the point of turgor loss (–1/wsTLP) and RWC at
the TLP (RWCTLP) (Figure 2B). Information about cell wall
elasticity (e, modulus of elasticity) can be derived from the
slope of wp between full hydration to the TLP: a steep slope
(high e) results from rigid cell walls while a shallow slope
indicates elastic walls (low e). Finally, estimates of the apo-
plastic water fraction (AWF) can be derived from the RWC
at which ww approaches infinity. The PV curve highlights
how RWC can be difficult to interpret in the absence of
other water relations data, especially whether ww has de-
creased past the TLP. Without such data, it can be ambigu-
ous whether a decreased RWC is associated with a
reduction in turgor; or, whether turgor has already been lost
and decreased RWC indicates dehydration of the tissue that
is likely to damage cellular structure.

It has been proposed that ws at the point of turgor loss
(wsTLP) is a key determinant of plant adaptation to water-
limited environments, as more negative values of wsTLP ex-
tend the range of ww over which the leaf can remain turgid
and functional (Bartlett et al., 2012a, 2012b). Theoretically,
plants may improve their drought tolerance by accumulat-
ing intracellular solutes (decrease ws) to decrease their TLP,
decreasing intracellular volume while maintaining a relatively
high amount of apoplastic water (increasing AWF), and in-
creasing cell wall flexibility (decreasing e) so that cell volume
can decrease without a loss of turgor. Bartlett et al. (2012a,
2012b) provide a detailed discussion and examples of how
various PV parameters may impact TLP. Also, the physiologi-
cal literature contains reports of the water relations charac-
teristics of most model or crop species. For example, a
number of papers have reported water relations parameters
for A. thaliana (Des Marais et al., 2012; Scoffoni et al., 2018),
information that may be valuable for designing and inter-
preting Arabidopsis drought stress experiments.

Similar to the ws and RWC data in Figure 2A, PV curve
analysis (Figure 2B) can provide valuable baseline informa-
tion for experimental design. For example, what is the range
of ww over which a plant is likely to retain the capacity to
generate turgor and preserve cellular function? Studies
employing ‘omics analyses, or other techniques, to under-
stand how the plant acclimates and continues to function
at low ww would need to collect samples from tissue at ww

above the TLP. Conversely, we may expect that at ww below
the TLP where extensive cell shrinkage and cytorrhysis occur,
many changes in gene expression or protein accumulation

are likely to be involved in cellular damage control and can
be interpreted in that light (Lang et al., 2014). A limitation
of PV curve analysis has been that it is laborious and
requires specialized pressure chamber equipment, although,
as mentioned above, this limitation may no longer apply.
Also, because a detached sample is used, PV curve analysis
may not capture plastic responses of osmotic adjustment or
cell wall properties as the plant acclimates to different mois-
ture conditions over time. In this case, a series of samples
would need to be analyzed from plants exposed to different
moisture conditions to see if ws100 or wsTLP are shifted as
the plant acclimates to different environmental conditions
(Bartlett et al., 2012a, 2012b). For instance, osmotic adjust-
ment can be calculated with PV curves by subtracting the
ws100 of drought-stressed plants from ws100 of well-watered
plants (Figure 2C).

Knowledge of plant water status can add a
new level of insight to many types of
physiological and molecular data
Interpretation of experimental data, including ‘omics data
and various genetic analyses, can be greatly enhanced by
knowledge of plant water status and ww of the soil or growth
media. Perhaps the most fundamental use of ww and plant
water relations data is to allow the experimenter to unambig-
uously tell the difference between low ww avoidance versus
tolerance. Many molecular genetic studies involve comparison
of genetically modified plants (e.g. a mutant or transgenic
line) to a wild-type control. A common experimental design
is to grow the different genotypes in separate pots and sub-
ject them to a fixed duration of water withholding before
phenotypic assay (often plant survival after re-watering;
Figure 3). In this case, the severity of stress experienced by
the plant is not controlled by the experimenter. Rather it is
determined by the plant itself through the amount of water
removed from the soil by transpiration. Plants that have less
water loss through transpiration will deplete the soil water
more slowly and thus be exposed to a less severe stress
(higher ww) at the end of the water withholding period than
plants with more rapid transpiration. Not surprisingly, the
plants that were exposed to a less severe stress (higher ww)
will typically have a higher survival rate at the end of the ex-
periment. In the absence of measurements of soil ww or wa-
ter content, it is difficult, or impossible, to conclusively
determine whether differences in survival are the result of
differences in avoidance of water loss or differences in
tolerance-related parameters. While both can be important,
the underlying mechanisms are different.

A further complication is that mutants or transgenic lines
that constitutively grow more slowly, often for reasons unre-
lated to stress response, can better survive the water with-
holding period solely by virtue of their relatively small
transpiring leaf area. Such a difference is of uncertain value
in terms of increasing plant productivity during drought.
Similarly, unequal rates of soil water depletion can also
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complicate phenotypic analysis of genotypes that have al-
tered ABA levels or altered sensitivity to ABA in stomatal
closure. In uncontrolled soil drying experiments, these
stomatal-dependent differences in soil water depletion will
dominate the experimental results. If one wants to examine
other, nonstomatal-related effects, steps need to be taken to
ensure that all genotypes are exposed to the same soil ww.
Similar concerns exist for comparisons among genotypes
with altered stomal size or stomatal density. From a practi-
cal point of view for plant improvement, both avoidance of
water depletion to conserve soil water and improve WUE
(without sacrificing productivity in biomass gain or seed
yield) as well as improved response to reduced ww can all
be of value. Which type of response may be most useful for
plant improvement is a matter of debate and depends upon
the timing, duration, and severity of drought in different
environments. If genetic and molecular studies can do a bet-
ter job of disentangling these two types of drought
responses, we can provide more relevant information to de-
velop new germplasm for use by agronomists who study
crop productivity in the field.

The limitations of uncontrolled soil drying experiments
and endpoint survival measurements have been highlighted
in several studies. Skirycz et al. (2011) found that mutants
reported to have increased survival after water withholding
did not differ from the wild-type in growth responses to wa-
ter limitation when they were exposed to an equal and
moderate severity of soil drying using an automated pot
weighing and watering system. Similarly, the dwarf mutant
chiquita1-1 (chiq1-1), also referred to as constitutively stressed
1, was originally described as drought “tolerant” based on
uncontrolled soil drying survival assays (Bao et al., 2020).
Later experiments where soil water content was monitored
and controlled found that chiq1-1 had reduced water usage
because of its small size but did not differ in tolerance com-
pared with the wild-type when both were exposed to the
same severity of soil drying (Ginzburg et al., 2022). Another
example of the avoidance of water loss phenomenon is pro-
vided in this issue by Wang et al. (2023), who describe a
component in ABA signaling, SPIRAL1 (SPR1), that mediates
microtubule disassembly during ABA-induced stomatal clo-
sure in Arabidopsis. When subjected to water withholding
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(with growth-

inhibi�ng transgene)
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Stop
Watering

Stop
Watering RewaterRewater
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Figure 3 Potential pitfalls in uncontrolled soil drying experiments. The diagram depicts a scenario in which a reference genotype (wild-type) is
compared with another genotype that is similar but has a slower growth rate resulting in a smaller plant size (less leaf area) at the start of the soil
drying period (e.g. a mutant or transgenic line that has reduced growth compared with its wild-type background). If each genotype is grown in
separate pots and subjected to a set period of soil drying, the smaller genotype will deplete the soil water more slowly by virtue of having less
transpiring leaf area. In this case, the smaller genotype will likely have better recovery and less tissue damage after this set period of soil drying;
however, this may not indicate a difference in drought resistance as the two genotypes were never exposed to the same severity of stress (the
smaller genotype remained at higher ww). A more robust comparison of drought resistance between these two genotypes could be achieved by
modifying the experiment design such that the soil water content (pot weight) is monitored and adjusted through the experiment to ensure that
both genotypes experience the same ww. Alternatively (or in addition), both genotypes can be grown close together in the same symmetrical con-
tainer such that they fully inter-root and thus experience the same soil ww regardless of which genotype transpires more rapidly.
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experiments, spr1 mutant plants failed to close their sto-
mata and therefore exhibited significantly greater water loss
and lower survivability than the wild-type after a fixed time
of water withholding. This indicates that SPR1 primarily
affects drought avoidance. Such experiments do not them-
selves completely rule out additional effects of SPR1 on
drought tolerance. However, determining whether or not
SPR1 also affects microtubules in other cell types leading to
differences in low ww tolerance would require further experi-
ments where spr1 is exposed to the same external ww and
parameters, such as osmotic adjustment and RWC, and
growth maintenance quantified.

Similarly, in cases where transcriptome or proteome data
are collected at the end of uncontrolled soil drying experi-
ments, it is difficult (or impossible) to deconvolute the effect
of unequal soil drying from true genotype-dependent differ-
ences. This pitfall can be avoided by weighing pots and doing
a partial re-watering to adjust all genotypes to the same soil
water content or by growing the different genotypes together
in a container that is sufficiently small and symmetrical to al-
low the plants to fully inter-root throughout the soil volume
and thus be exposed to the same degree of drying even if
different plants have differing rates of water usage (Verslues
et al., 2006). At the same time, plants must be grown in a
sufficient volume of soil to allow adequate root growth and
prevent rapid drying that can obscure drought acclimation
responses that occur over longer time scales as several days
or longer are often needed for differences in growth, metabo-
lism, or proteome remodeling to become apparent. As dis-
cussed above, consideration of the water holding capacity of
the growth media can help in designing experimental condi-
tions that allow the rate of soil drying and stability of the de-
sired ww treatment to be optimized (Dowd et al., 2019).

Many molecular stress studies focus on comparing the
responses of well-watered control plants with plants that ex-
perience a single severity of drought stress. Unfortunately,
stress treatments are often poorly controlled and therefore
measurements collected from the stressed plants usually ex-
hibit increased variability relative to measurements from con-
trol plants. It is simply easier to target a homogenous and
benign soil ww in a control treatment compared with consis-
tently maintaining a specific soil ww in treatment pots
experiencing dynamic drying. This complicates the statistical
analyses of stress experiments, often violating assumptions of
homoscedasticity, and can reduce the power to observe real
treatment impacts when they occur. Moreover, a single stress
level may not capture the important range of response to the
stress gradient plants would experience in nature. Many eco-
physiological studies focus on exploring stress responses across
a more dynamic and natural gradient of stress frequency and
amplitude (Beier et al., 2012). These types of experiments are
important as we anticipate that many stress responses result
in nonlinear physiological or performance impacts. Measures
of plant water status can also be used to evaluate relation-
ships between physiological responses and the severity of wa-
ter stress. For example, ww measurements from leaves during

the day can be a strong indicator of plant water stress as a
function of soil water availability and atmospheric demand.
This is because midday ww reflects the balance of the amount
of water supplied by the root system and transported
through the xylem, and the strong demand caused by transpi-
ration. Measures of plant ww-predawn are also valuable as a
picture of water status in the absence of transpiration as sto-
mates are generally closed at night. Predawn leaf ww is
expected to be in equilibrium with the “wettest” soil ww

accessed by roots (Richter, 1997) and should generally reflect
the ww of the soil prospected by the root system, although a
number of factors can complicate this relationship (Donovan
et al., 2001). Predawn ww measures can therefore provide a
whole-plant metric of the stress severity imposed by declining
soil ww. Moreover, the difference in predawn ww and ww

measured midday can give insight into the degree of maxi-
mum stress that plants experience due to the entire SPAC
continuum, including transpiration loss from leaves
(Mart�ınez-Vilalta et al., 2014). Thus, measurements of plant
ww can be used to scale data to facilitate comparisons across
different types of experiments and experimental conditions in-
cluding plants grown in growth chambers versus greenhouse
or field; or experiments using different types of growing media
with differing soil water holding capacity; or comparisons
among different species, cultivars, and genotypes.

From a biological perspective, using ww measurements to
identify genes that are differentially expressed can be more
powerful and may give greater insight than only considering
a contrast of a single stress treatment with a control. On a
practical level, using actual ww measurements to scale data
can obviate the need to always “hit” a certain target level of
stress when imposing the water limitation treatment. For ex-
ample, Meyer et al. (2014) studied stress responses of
switchgrass using a progressive dry-down experiment. The
experiment generated predawn ww measurements ranging
from –4.8 to –0.6 MPa in the drought treatment and from
–1.5 to –0.2 MPa in the controls. Analyses of covariation
revealed nonlinear relationships between gene expression,
predawn ww, and paired physiological traits (Figure 4) sug-
gesting critical thresholds in drought stress responses that
are likely associated with turgor loss. Similarly, Lovell et al.
(2016) used ww-predawn and ww-midday to compare gene
expression responses of switchgrass to soil drying in pots,
field cylinders, and field rainout shelters to identify a core
set of drought-responsive genes. Measuring ww-predawn not
only allowed the three distinct experimental designs to be
incorporated into a single analysis framework, it also allowed
variability in stress generated from dry down rates (leading
to differences in ww-predawn) to be incorporated in the
analysis, thus increasing statistical power. This type of meta-
analysis may allow more general discoveries of key biological
processes involved in adaptive stress responses and recovery
from water deficit.

We note that in this case, the use of ww to scale the data
is more robust than using RWC. This is because RWC does
not directly measure the severity of the stress but rather
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represents a composite of the stress severity along with the
plant response to stress in avoiding water loss and osmotic
adjustment to retain water and turgor. Defining stress sever-
ity in terms of ww allows the severity measurement to be in-
dependent of the plant’s stress response so that convolution
of severity and response does not hamper data interpreta-
tion. That said, RWC measurements can be valuable in
experiments conducted below the ww-TLP as they give an in-
dication of the extent of dehydration and the extent of cel-
lular damage the plant has experienced.

Genetic and genomic analyses are crucial
to answer long-standing questions in plant
water relations
Despite the well-developed methodology of plant water rela-
tions measurements illustrated above, and in contrast to
drought avoidance responses, little is known about the

genetic and cellular mechanisms that determine the capacity
for osmotic adjustment or that determine cell wall proper-
ties that influence PV relationships in vegetative tissues (as
opposed to guard cells which are distinct and not symplasti-
cally connected to other cells). Such mechanisms are not
only important for drought research but also are a critical
part of cell biology. For example, when external ww does not
change, cellular ws remains constant even as cells transition
from expansion (where rapid solute deposition is needed to
drive water uptake) to cell maturation where cell expansion
has ceased, and thus intracellular solute and water amounts
are constant. The constancy of ws and turgor during cell ex-
pansion and transition to elongation was demonstrated by
Sharp et al. (1990) and Spollen and Sharp (1991) who found
that even though low ww increased solute content and de-
creased turgor overall, there was no change in these param-
eters as root cells exited the root elongation zone and
ceased to expand.

In response to reduced external ww, the mechanisms that
control cellular solute content must be altered to allow
more solutes to accumulate. A decrease of cellular ws by
–0.5 MPa, which is within the capability of most plants,
requires a 200 mM increase in solute content (assuming
they act as ideal solutes). There is information about the
regulation of individual proteins potentially related to water
status, for example, aquaporins that control membrane wa-
ter permeability (Ehlert et al., 2009; Sutka et al., 2011;
Chaumont and Tyerman, 2014). However, the integrative
mechanisms by which these molecular responses are coordi-
nated to couple solute deposition with external ww and sol-
ute dilution by cell expansion to maintain an appropriate ws

and turgor remain unknown. Interpretation of mutant or
overexpression phenotypes is sometimes limited because
effects on osmotic adjustment and plant water status were
inferred rather than directly measured and avoidance versus
tolerance effects may be convoluted (Osakabe et al., 2013;
Um et al., 2018; Ren et al., 2021). Also, the solutes that accu-
mulate differ between different compartments and these
processes must somehow be coordinated (Wilson et al.,
2014). This also illustrates how it is perhaps unlikely (al-
though sometimes assumed) that changing the production
or transport of a single solute is sufficient to change overall
osmotic adjustment and water relations. For example, the
stress signaling protein phosphatase highly ABA-induced1
(HAI1) has a greater effect on ws than the closely related
phosphatases HAI2 (also known as AIP1), ABA-insenstive1
(ABI1), or ABI2, even though mutants of all four phospha-
tases have increased proline accumulation compared with
wild-type (Bhaskara et al., 2012). Similarly, cell wall responses
to drought that can influence growth and PV relationships
are varied and incompletely understood. There has been re-
cent interest in how cell wall integrity affects cellular
drought responses (see e.g. Bacete et al., 2022). Despite
some recent progress, investigation of the genetic and cellu-
lar underpinnings of true tolerance of low ww remains an
underexplored area of drought research.

Figure 4 Nonlinear relationship between gene expression and pre-
dawn leaf ww in a switchgrass drought experiment. Each line repre-
sents paired gene expression and physiological data from a progressive
dry-down experiment with switchgrass. The sets of genes correspond
to transcripts with significant nonlinear relationships with leaf ww.
The fit lines for two clusters of stress-responsive genes indicate critical
thresholds in expression that are likely related to turgor loss.
Reprinted from Meyer et al. (2014).
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At least part of the reason for our limited understanding
of the cellular basis of water relations and true drought tol-
erance mechanisms such as osmotic adjustment is that
these phenotypes have seldom been the focus of molecular
genetic studies. The studies mentioned above all started
from the study of specific genes or metabolic pathways
which may, or may not, affect core water relations parame-
ters such as osmotic adjustment. Forward genetic or reverse
genetic screening for drought tolerance traits has been sur-
prisingly limited. In part, this is due to the difficulty in mea-
suring such traits rapidly enough and in a nondestructive
manner as well as by lack of reporters that directly respond
to differences in solute content or ww. New types of sensors
and techniques may help alleviate this bottleneck (see be-
low). We anticipate that joining new high-throughput tools
for measuring water status and ‘omics responses to stress
will drive many new discoveries. For example, Condorelli
et al. (2022) recently used genome wide association (GWA)
studies of a Durum wheat diversity panel to identify candi-
date genes underlying osmotic adjustment.

Measurement of plant water status and new
methods used to scale up analysis of water
status and physiological responses to
drought
Plant water relations measurements are sometimes seen
as laborious and require specialized equipment only
available in a few laboratories. However, basic measurements
of soil ww or plant tissue ww can be performed using
readily available instruments (e.g. the WP4C)
or several types of soil probes) for costs that are reasonable

compared with the level of investment that is often required
for ‘omic analyses whose interpretation would be enhanced
by use of soil or plant ww data. We think that the above
examples convincingly show how much additional insight
can be gained when water relations measurements are in-
corporated into the experimental design. Recent advances in
techniques and instrumentation have made water relations
measurements easier and more accessible. In one example,
Sack and co-workers have described how wsTLP can be deter-
mined more rapidly by using a vapor pressure osmometer
(such as the widely available Wescor Vapro model) for di-
rect estimation of ws at full hydration (also referred to as p0;
Bartlett et al., 2012a, 2012b; Banks and Hirons, 2019).

Perhaps the biggest single change in instrumentation for
drought research is the availability of automated weighing
and watering systems. These systems allow individual pots
to be weighed and rewatered up to predetermined soil wa-
ter content to maintain plants under well-watered condi-
tions or under a set severity of soil drying from mild stress
to more severe stress. This can allow many plants to be ex-
posed to the same severity of stress. Controlled soil drying
can also be scaled to field studies using large soil monoliths
and weighing lysimeters that allow gravimetric measures of
evapotranspiration of plants from field soil (Schmidt et al.,

2013). However, as described above, soil water content is
not a parameter that can be used to report and reproduce
the level of stress across laboratories because of different soil
water holding capacities. Thus, the automated weighing and
water approach can be coupled with the generation of soil
moisture curves to relate soil water content to ww for the
soil type used (Figure 1B) and also potentially to PV curve
analysis (Figure 2, B and C) to determine whether the stress
imposed would be expected to push plants past the ww-TLP.
As long as the same soil is consistently used, the soil mois-
ture curves would only need to be generated once and
could then be used to calibrate soil water content versus
ww for many subsequent experiments. A similar approach
can be taken to incorporate the information in PV curves
into the design of high-throughput experiments. This would
allow the severity of stress imposed to be selected more pre-
cisely and reported in a manner that could be repeated in
other laboratories, even if they are using a different type of
soil. Thus, measurements of ww are helpful at the experi-
mental design stage both for reporting stress severity and
for choosing the soil water content that imposes the desired
severity of stress and also at later stages to improve inter-
pretation of the resulting data.

Typically, automated weighing and watering combined
with automated imaging to track plant growth parameters
and hyperspectral cameras are increasingly being used to ex-
tract more data from such imaging analysis. Interestingly,
data from hyperspectral imaging have been used to predict
plant water relations parameters once proper calibration
models were developed (Cotrozzi et al., 2020). Weighing and
watering systems which track the amount of water added
to each pot may also be used in calculations of gravimetric
WUE, provided that nontranspirational soil drying is mini-
mized. For those researchers without access to automated
phenotyping systems, relatively simple procedures such as
growing several genotypes together in one pot combined
with manual pot weighing and watering along with checks
of soil ww can still allow robust measurements of growth
responses to low ww (see e.g. Bhaskara et al., 2017) and rela-
tively simple procedures are available for medium through-
put gravimetric WUE assays (Bhaskara et al., 2022). Agar
plates incorporating high molecular weight PEG, when pre-
pared properly, also allow medium throughput analysis of
seedling low ww responses while better mimicking the cytor-
rhytic type of water loss that plants experience during soil
drying (Verslues et al., 2006).

Even more rapid detection of plant ww, perhaps even
rapid enough for evaluations of large plant populations or
to enable forward genetic screening for altered water rela-
tions, may become possible using new sensing technology.
Jain et al. (2021) have described a hydrogel (which they
named “AquaDust”) that reports leaf ww based on changes
in Förster Resonance Energy Transfer (FRET) between two
fluorophores as the gel expands or contracts due to changes
in hydration state. After infiltration into maize leaves,
AquaDust FRET emission could be calibrated by using a
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pressure chamber to impose defined ww onto the leaf.
Postcalibration, AquaDust had sufficient resolution to detect
ww gradients along maize leaves. Cuevas-Velazquez et al.
(2021) developed a genetically encoded FRET sensor which
may detect osmotic changes inside living cells. They hypoth-
esized that intrinsically disordered proteins, in their case an
Arabidopsis late embryogenesis abundant (LEA) protein,
may change conformation in response to changes in cellular
osmolarity and this conformation change could be reported
by the FRET signal between fluorophores attached to each
of the protein. Changes in FRET were observed in response
to large osmotic shifts in yeast, plant, or mammalian cells,
but interestingly not in Arabidopsis which was the source of
the LEA protein used to construct the sensor. Further test-
ing and development of this technology will be of interest.
In addition, several studies have reported the use of tera-
hertz radiation to analyze tissue water content and con-
struct PV curves (Baldacci et al., 2017; Browne et al., 2020; Li
et al., 2020). Further development of all these tools is prom-
ising both to enable more extensive field measurements of
plant water status and also to facilitate higher throughput
laboratory screening.

Conclusions
Plant biology is fundamentally intertwined with the study of
plant–water relations, and yet the various fields of plant bi-
ology have historically taken disparate approaches to the
analysis and reporting of plant water relations. Plant physiol-
ogists have traditionally studied parameters defining the re-
lationship between the environment and plant–water status
in exhaustive detail, but have yet to uncover many of the
molecular or genetic processes that explain the diversity of
traits and responses to water-deficit we see in nature.
Ecologists often focus on larger temporal and spatial scales,
evaluating how precipitation and water availability impact
plant population or community dynamics, but these studies
are often divorced from the physiological functions driving
outcomes. Molecular and cell biologists usually simplify their
experimental systems to afford greater control and precision,
but in doing so handicap their ability to interpret or under-
stand nature as it actually exists (Bergelson et al., 2021).
Each of these perspectives has made valuable contributions
to our understanding of plant function. Nevertheless, we ar-
gue that an integration of water relations data into cell and
molecular studies is needed to truly gain an understanding
of plant function and ultimately, to address the many
impacts of climate change and ongoing threats to food
security.

In this article, we have tried to show that converging on
common and fundamentally sound ways of defining and
reporting the severity of water limitation is not only advan-
tageous for all types of drought researchers, it is also increas-
ingly possible as water relations measurements continue to
be refined and streamlined by new technologies and techni-
ques, while genomic technologies also become ever more
widely used. As a baseline for designing drought

experiments, we would recommend that experiments seek-
ing to compare the responses of multiple genotypes include
sufficient data of plant or soil ww to determine whether all
the genotypes experienced the same decline in ww during
the stress period. This will allow a clear distinction of
whether any differences in phenotype can be attributed to
altered response to low ww or altered water use such that
some genotypes avoided water depletion and thus were not
exposed to the same ww as other genotypes. Also, as dis-
cussed above, using ww to directly scale data can also en-
hance data interpretation, especially when combined with
knowledge of related parameters such as the TLP. In this
case, one can unambiguously determine if a loss of turgor,
cellular dehydration, and damage have occurred versus
moderate stresses where the plants can successfully accli-
mate to the reduced ww and maintain cellular turgor and,
at least partially, maintain growth. Applying these distinc-
tions to large transcriptome or proteome data sets will help
clarify damage responses versus acclimation responses to re-
duced ww. For higher throughput laboratory experiments
with model plants such as Arabidopsis, there are well-
established protocols for making plates of defined ww severi-
ties that cover the range from mild stress to more severe
low ww (van der Weele et al., 2000; Verslues et al., 2006). As
long as the protocols are followed (e.g. do not autoclave
high molecular weight PEG), these experimental systems can
apply stable ww treatments (such that repeated checking of
media ww can be minimized) that mimic many of the key
aspects of soil drying.

We also recommend a certain degree of circumspection
in interpreting laboratory results. Drought is a complex phe-
nomenon and the record of basic research in model organ-
isms having an impact on improving drought resistance of
crop plants or understanding the cellular basis for differen-
ces in the ecophysiology of drought-prone environments is
not especially good. This is not because model organisms
commonly studied are somehow flawed or lack drought re-
sistance mechanisms. Rather, a key limitation is how we de-
sign experiments using these model organisms and how we
interpret the data. There is much to learn as we still do not
know either the genes and molecular mechanisms of how
plants detect changes in water status, osmoregulate, and
control turgor pressure, nor do we know what genetic fac-
tors will be most important to improve crop productivity
(Nuccio et al., 2018) or understand ecosystem transforma-
tions as climate changes (Novick et al., 2022). Knowing your
plants’ water status is fundamental to all these efforts.
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