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Drought is now recognized as the abiotic stress that causes most problems in agriculture,
mainly due to the strong water demand from intensive culture and the effects of climate
change, especially in arid/semi-arid areas. When plants suffer from water deficit (WD), a
plethora of negative physiological alterations such as cell turgor loss, reduction of CO,
net assimilation rate, oxidative stress damage, and nutritional imbalances, among others,
can lead to a decrease in the yield production and loss of commercial quality. Nutritional
imbalances in plants grown under drought stress occur by decreasing water uptake and
leaf transpiration, combined by alteration of nutrient uptake and long-distance transport
processes. Plants try to counteract these effects by activating drought resistance
mechanisms. Correct accumulation of salts and water constitutes an important portion
of these mechanisms, in particular of those related to the cell osmotic adjustment and
function of stomata. In recent years, molecular insights into the regulation of K+, CI-, and
water transport under drought have been gained. Therefore, this article brings an update
on this topic. Moreover, agronomical practices that ameliorate drought symptoms of
crops by improving nutrient homeostasis will also be presented.

Keywords: drought stress, water deficit, plant, potassium, chloride, water transport, fertilizer

INTRODUCTION

Water is the essence of life. Plants, like the rest of living organisms, need water to complete their
life cycle. Land plants have the additional handicap that they are anchored to the soil and rely on
weather, soil, groundwater aquifers, and on their root growth capacity to ensure water availability.
Moreover, land plants are not very efficient in the use of water since 95% of the water taken up by
the plant is lost by transpiration (Kramer, 1983), making them quite vulnerable to water scarcity.
This situation is very common since approximately one-third of the Earth’s land is arid or semi-
arid and it is expected that this fraction increases due to climate change in the following decades
(El-Beltagy and Madkour, 2012). In fact, drought is the abiotic stress with the biggest negative
impact on the sustainability of agriculture and food security (Farooq et al., 2009). Drought strongly
reduces plant growth and yield due to the loss of cell turgor, reduction of CO, assimilation, oxidative
stress, and nutritional imbalance among other effects (Farooq et al., 2009). Water deficit (WD) is

Frontiers in Plant Science | www.frontiersin.org 1

December 2019 | Volume 10 | Article 1619


https://creativecommons.org/licenses/by/4.0/
mailto:mncordones@cebas.csic.es
https://doi.org/10.3389/fpls.2019.01619
https://www.frontiersin.org/article/10.3389/fpls.2019.01619/full
https://www.frontiersin.org/article/10.3389/fpls.2019.01619/full
https://www.frontiersin.org/article/10.3389/fpls.2019.01619/full
https://www.frontiersin.org/article/10.3389/fpls.2019.01619/full
https://loop.frontiersin.org/people/299615
https://loop.frontiersin.org/people/232129
https://loop.frontiersin.org/people/256419
https://loop.frontiersin.org/people/30790
https://loop.frontiersin.org/people/128896
https://loop.frontiersin.org/people/382650
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/journals/plant-science/
http://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2019.01619
https://www.frontiersin.org/journals/plant-science#editorial-board
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2019.01619&domain=pdf&date_stamp=2019-12-20

Nieves-Cordones et al.

Membrane transport under drought

defined as an imbalance between water supply and demand. WD
can be originated around roots due to soil drying and around
leaf cells due to low air humidity and high temperature (Tardieu
et al,, 2018). It is worth highlighting that in arid environments,
which will be present in larger world areas in the future, both
WD conditions occur at the same time and plant responses may
be different under stress combination in comparison to single
WD conditions. Thus, studies taking into account these aspects
are of special relevance (Georgii et al., 2017). The response of
crops to WD depends on the timescale considered (Tardieu et al.,
2018). Short-term responses are related to the adjustment of
stomatal conductance, water potential differences among tissues,
hydraulic conductance (including that of xylem and of phloem),
osmolyte content and turgor pressure and organ growth. Long-
term responses are associated with crop cycle duration, grain
abortion, root architecture, nutrient allocation (including total
nonstructural carbohydrates), leaf/root phenological cycles, cell-
dehydration tolerance mechanisms, and delayed senescence. Part
of these responses aims at saving water such as stomatal closure
(WD avoidance) whereas others aim at coping with the low water
status such as osmoregulation (WD acclimation). WD is rapidly
sensed by plant cells and significant advances in the identification
of sensing mechanisms have been made in the last years. Reactive
oxygen species and Ca*? signaling enter the scene very early
and allow shaping and propagation of the signal (Demidchik,
2018). When WD takes place at the soil level, a root-to-shoot
transmission of the WD signal seems to be mediated to some
extent by sulfate which precedes abscisic acid (ABA) synthesis in
leaf tissues (Ernst et al., 2010; Malcheska et al., 2017; Batool et al.,
2018). However, when WD is produced by low air humidity, this
condition is perceived by guard cells which synthesize ABA and,
then, stomata close (Bauer et al, 2013). Indeed, among plant
hormones, ABA plays a major role to drought stress responses
due to its involvement in crucial processes such as stomatal
closure, root-to-shoot ion translocation, and modulation of root
growth (Cram and Pitman, 1972; Pitman and Wellfare, 1978;
Ma et al., 2018). Cross-talk between ABA and other hormones
such as auxin, jasmonic acid, ethylene, and cytokinins has been
reported (Tanaka et al., 2006; Benlloch-Gonzalez et al., 2010;
Aleman et al., 2016; Rowe et al., 2016; Huang et al., 2018) which
enormously increase the variety of hormonal signals taking part
during drought stress.

Nutrient homeostasis is a key process for WD resistance. This
is exemplified by the fact that nutrient deficiency symptoms
are observed in plants under drought stress conditions and an
increased input of nutrients helps in the mitigation of drought
symptoms in plants (Waraich et al, 2011). Rapid osmotic
adjustment in response to WD results from a fast accumulation
of the inorganic ions such as K* and CI- in the vacuole, allowing
rapid recovery of the cell osmotic potential and maintenance of
cell turgor (Shabala et al., 2000; Shabala and Lew, 2002). Given
that K* and Cl- are not metabolically assimilated and due to
their high availability, mobility, and very low molecular weight,
these inorganic ions are very effective osmoregulatory molecules.
Concomitant to K+ and CI- movements, cell hydraulics also plays
a crucial role in the acclimation to the WD, since they allow the
plant to adjust water flux and to set a cell water potential that

is better suited for the water-limiting condition and to facilitate
solute movements (Scharwies and Dinneny, 2019). Thus, it is
not surprising that a significant part of the cellular responses
to WD had ion homeostasis and water membrane transport as
the target process (Jarzyniak and Jasinski, 2014). Consequently,
cellular mechanisms and agricultural practices improving K,
CI,, and water transport should be considered as potential targets
to breed drought-tolerant crops. In recent years, significant
progress in this topic has been made which will be summarized
in the present mini-review. We would like to indicate that, unless
stated, WD means hereafter root-applied WD since it is the most
used WD stress in the papers we cite.

Potassium, Chloride, and Water
Membrane Transport Under Water

Deficit Conditions

Potassium Membrane Transport

Potassium is an essential macronutrient which fulfils critical
functions in plants. For example, it enhances enzyme activity,
protein synthesis, photosynthesis, phloem transport, charge
balance, osmoregulation and takes part in stress signaling
(Marschner, 2012; Shabala, 2017). Most, if not all, of these
functions are negatively affected by WD (Farooq et al., 2009)
and adequate K* levels in the plant are important for mitigation
of stress symptoms (Cakmak, 2005). K* ions are highly mobile
and are not metabolized. Therefore, membrane transport is
the critical process to correctly distribute K* among cells and
compartments. The first step in K* nutrition is the K* absorption
by root cells from the soil solution (Figure 1). At this level,
drought has already a negative impact on K+ homeostasis since
low soil moisture leads to reduced K* mobility in the soil solution
and thus reduced plant K* uptake (Kuchenbuch et al., 1986). The
impact on WD responses of manipulating root K* transporters
has been addressed in few studies. Rice K* uptake transporters
such as OsHAK1 and OsAKT1 have been shown to have a
positive contribution to WD responses (Ahmad et al., 2016b;
Chen et al., 2017). On the one hand, loss-of-function mutants
are sensitive to WD and, on the other hand, overexpressors are
tolerant. Similar results were obtained for the rice small vacuole
K* channel OsTPKb (Ahmad et al., 2016a). Rice overexpressing
lines showed better growth and higher K* uptake capacity
than wild-type (WT) plants when exposed to WD conditions.
However, the mechanism by which increased OsTPKb activity
in small vacuoles led to enhanced root K* uptake and increased
K* tissue concentration in rice plants remains uncertain.
Overall, the proposed mechanism underlying the phenotypes
of OsAKTI1, OsHAKI1, and OsTPKb overexpressors is that
enhanced K* uptake leads to improved plant performance under
WD conditions.

Control of stomatal movements is critical for saving water
under drought conditions and is largely dependent on K*
transport [reviewed by (MacRobbie, 1998; Kwak et al., 2001; Hosy
et al., 2003; Roelfsema and Hedrich, 2005; Ward et al., 2009).
However, there are not so many studies assessing the impact of
altered guard cell K* transport under WD conditions (Nieves-
Cordones et al.,, 2012; Osakabe et al., 2013; Andrés et al., 2014;
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FIGURE 1 | Overview of the main processes associated to water deficit (WD) resistance. Some of these processes aim at retaining water (drought avoidance, i.e.,
stomatal closure and root water uptake) while others aim at coping with reduced intracellular water content (drought tolerance, i.e., osmotic adjustment). It has been
shown that high accumulation of K+ and CI- within the plant is beneficial for WD acclimation. Thus, high activity of K* and CI- uptake systems and a large root system
are desirable traits. Hydraulic conductivity of the root (Lp,) under WD can be upregulated if the water potential of root cells has been readjusted in comparison to
that of the soil. Thus, flow of water into the root can still occur. Abscisic acid plays a crucial role in WD responses as it triggers K+ and CI- retention in roots, changes
in root system architecture (enhances lateral root growth and inhibits primary root growth), and stomatal closure. With respect to leaf tissues, K* and Cl- allow an
efficient osmotic adjustment of leaf cells which is a key process to retain water within cells. Efficient stomatal closure prevents excessive water loss and is achieved
by K* and CI- release from guard cells. CI- has a specific beneficial effect in leaf cells by giving rise to larger cells (with higher water storage capacity), lower stomatal
conductance (reduced stomatal density), and higher mesophyll conductance (g,,) to CO,. Therefore, water use efficiency is increased under proper Cl- nutrition.

Desirable root traits under WD
*High K*, CI- uptake rates

K+
: a *High Lp, (if W o < Weo)

HZO *Large root system

Jezek and Blatt, 2017; Papanatsiou et al., 2019). The link between
guard cell K* transport, stomatal pore size, and WD avoidance is
somehow clear but the performance of plants with altered guard
cell K* transport under water stress cannot be easily anticipated.
In the case of the vacuolar K* channel TPK1, it was shown that
loss-of-function tpkl plants closed stomata more slowly than
WT plants but no phenotype was observed under drought
conditions (Gobert et al., 2007; Isner et al., 2018). Regarding K*
Shaker-like channels, GORK encodes the major voltage-gated
outwardly rectifying K* channel in Arabidopsis guard cells which
allows a rapid release of K+ from these cells upon membrane
depolarization (Hosy et al., 2003). Consequently, gork plants
exhibited impaired stomatal closure and consumed more water
than WT plants during water stress (Hosy et al., 2003). Different
results were obtained in the loss-of-function mutant of the
Arabidopsis inward-rectifying K* channel AKT1 (aktI plants) in
which an improved water-deficit response was observed (Nieves-
Cordones et al., 2012). This response was explained by enhanced
ABA-induced stomatal closure of aktl guard cells in stomatal
aperture assays with no effect of the akt1 mutation in the absence
of ABA. A similar phenotype was observed for the protein kinase
CIPK23 which activates AKT1 (Cheong et al., 2007; Nieves-
Cordones et al., 2012; Sadhukhan et al., 2019).

Maintenance of root growth under WD depends on the
intensity and duration of the stress. In some species such as maize,

it has been shown that root keeps growing in contrast to rice and
soybean when a drought treatment is applied (Tanguilig et al.,
1987). That leads to higher accumulation of K* (root and shoot),
N (root), and P (root) which can help in the plant acclimation to
the stress treatment. Auxins are well-known to shape root growth
and architecture (Overvoorde et al., 2010). Interestingly, several
K* transport systems such as KUP6, TRH1, and AKT1 have been
related to root growth traits and to auxin homeostasis (Osakabe
et al,, 2013; Rigas et al., 2013; Li et al., 2017). For example, it has
been proposed that the Arabidopsis K+ channel AKT1 acts as
a sensor that contributes to primary root growth signaling. In
low K* media, akt! plants did not degrade PIN1 proteins, auxin
accumulated in the root tip, and root kept growing in contrast
to WT plants (Li et al,, 2017). Interestingly, aktl roots were
also longer than those of WT under WD conditions (Nieves-
Cordones et al., 2012) which suggests that AKT1 sensing is of
relevance under this stress, too. Thus, the Arabidopsis K* channel
AKT1 function has been related to root K* uptake (Hirsch et al,,
1998), ABA-induced stomatal closure (Nieves-Cordones et al,,
2012), and primary root growth (Li et al., 2017).

Chloride Membrane Transport

Plants accumulate Cl- to macronutrient levels, around 15-50
mg g dry weight (DW), when the external concentration is
1 to 5 mM CI- (Colmenero-Flores et al., 2019). This range of
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Cl- concentration is beneficial for the plant and insufficient to
cause toxicity. Thus, Cl- represents the dominant inorganic
anion in plant cells, with leaf contents that can be similar to
those of the macronutrient K* (Franco-Navarro et al.,, 2016).
This accumulation led to better plant performance, the reason
why CI- has been recently defined as a beneficial macronutrient
(Franco-Navarro et al., 2016; Raven, 2017; Wege et al., 2017;
Colmenero-Flores et al., 2019). It is worth highlighting that field
assays using durum wheat have shown that soil Cl- deficiency
caused a number of physiological disorders impairing the growth
and yield (Schwenke et al., 2015). Therefore, Cl" nutrition should
receive particular attention.

Osmoregulation in plant cells occurs mainly in the vacuole
through the accumulation of osmolytes, mainly of ionic nature.
Vacuoles accumulate high concentrations of Ca?*, K*, and Na,
with CI- acting as a major counteranion. Chloride is preferentially
compartmentalized in the vacuole, where it is normally the
most abundant anion. Chloride specifically stimulates plant
cell osmolarity and turgor for different reasons: i) Cl- is not
metabolized; ii) it stimulates specifically the vacuolar proton-
pumping V-type ATP-ase (Sze, 1985), which in turn boosts
ion compartmentalization; iii) the stability of water molecules
interaction is atypically high in the solvation shell of halogen
anions (Marcus, 1991; Kropman and Bakker, 2001), making
Cl- very suitable to enhance water retention. In comparison to
anionic macronutrients like NO;, SO,*, and PO,*, Cl- salts
specifically promotes higher osmolarity, water content, relative
water content, turgor, and leaf succulence (Franco-Navarro
et al., 2016). Osmolarity, water accumulation, and turgor are the
driving force of plant cell elongation, and CI- has been proven
to specifically stimulates cell elongation in different cell types
[reviewed in (Colmenero-Flores et al., 2019)]. Therefore, Cl-
stimulation of larger cells with higher osmotic capacity and
relative water content give rise to plant tissues with superior
water storage capacity (Franco-Navarro et al,, 2016). This is
a crucial aspect when considering plant acclimation to WD.
Interestingly, chloride simultaneously stimulates growth and
reduces water consumption, resulting in a clear improvement of
water-use efficiency [WUE (Franco-Navarro et al., 2016)]. The
beneficial effect of macronutrient Cl- nutrition in maintaining
high photosynthesis rates while improving WUE is particularly
challenging in C, plants, in which water loss through transpiration
is inherent to the process of fixing atmospheric CO,. This
is because Cl- specifically increases the mesophyll diffusion
conductance to CO, (Franco-Navarro et al., 2019; Maron, 2019).
This is a consequence, at least in part, of a higher surface area of
chloroplasts exposed to the intercellular airspace of mesophyll
cells. However, it remains to be understood how Cl- takes part in
this issue (Figure 1).

Another aspect of CI- related to water stress avoidance is its
role in guard cells movements. They are crucial for stomatal
closure and, in turn, to prevent excessive water loss during
WD (MacRobbie et al., 1982; Saito and Uozumi, 2019). In this
regard, the slow type (S-type) channel SLAC1 (Negi et al., 2008;
Vahisalu et al., 2008) and, in a lesser extent, SLAH3 (Geiger et al.,
2011) have been shown to mediate Cl efflux in direct response
to ABA stimulation at the plasma membrane of guard cells as a

necessary step to trigger stomatal closure. Regarding vacuolar CI
compartmentalization in guard cells, the quick-type AtALMT9
(De Angeli et al, 2013), and the MATE-type AtDTX33 and
AtDTX35 (Zhang et al., 2017) anion channels are required for
adequate stomatal functioning. However, it is expected that other
yet unidentified transport systems take part in Cl transport at
the plasma membrane and at the tonoplast which are necessary
for stomatal movements.

To improve acclimation to WD, ABA increases the
accumulation of the most abundant plant electrolytes K* and
Cl- within the root by significantly inhibiting the release of
these ions into the xylem, but having little effect on their root
ion influx (Cram and Pitman, 1972; Cram, 1973; Pitman and
Wellfare, 1978) (Figure 1). Thus, drought stress and ABA down-
regulate the activity and expression of K* and CI translocation
systems (Gaymard et al., 1998; Roberts, 1998; Kohler and
Raschke, 2000; Roberts and Snowman, 2000; Gilliham and
Tester, 2005). Recently, Cubero-Font et al. (2016) demonstrated
the role of two S-type channels, AtSLAHI1 and AtSLAH3, in
the regulation of xylem loading of NO;™ and Cl- in Arabidopsis
thaliana. The AtSLAH1 protein functions like a molecular switch
that regulates the degree of NO; vs. Cl- conductance according
to environmental cues. Under WD conditions, the expression of
the AtSLAH]I gene is strongly repressed in an ABA-dependent
manner (Cubero-Font et al., 2016; Qiu et al., 2016), significantly
reducing the Cl- conductance of SLAH3, therefore favoring the
retention of CI" in the root.

Root Water Membrane Transport

Water acts as a transport medium for nutrients and metabolites.
Leaf transpiration is the main driver of the water flow, from root
to leaves, by creating a gradient of water potential between the
soil and the atmosphere. When exposed to WD, plants quickly
respond to enhance their capacity to uptake water from the
soil through the modulation of the hydraulics of root cells and
tissues, i.e., their intrinsic permeability to water (Scharwies and
Dinneny, 2019). Long-distance water transport occurs through
xylem and phloem vessels and WD is well known to produce
profound effects on this process (Qaderi et al, 2019). This
section is focused on recent findings related to water membrane
transport and architecture of roots under WD. Information
on long-distance water transport under WD can be found in
recent reviews (Sevanto, 2014; Venturas et al., 2017; Scharwies
and Dinneny, 2019; Qaderi et al., 2019). Root water uptake
mainly occurs by two pathways: cell-to-cell (transcellular and
symplastic) and apoplastic (Steudle and Peterson, 1998). In the
cell-to-cell pathway, aquaporins are water channel proteins that
facilitate water transport across cell membranes and play a major
role in the control of water homeostasis inside the plant (Maurel
et al,, 2015), with contributions up to 80% of the root hydraulic
conductivity (Lp,) in A. thaliana (Sutka et al., 2011; Li et al,
2015; Rosales et al., 2019). Under stress, Lp, is mainly modified
by aquaporin activity, whose regulation is mostly related to post-
translational mechanisms (e.g., phosphorylation) rather than
changes in gene expression (Aroca et al.,, 2012; Li et al,, 2015;
Sanchez-Romera et al., 2018). When soil water potential strongly
decreases, water leaves the cells and turgor pressure falls rapidly.
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In response to severe WD, roots quickly reduce the aquaporin
activity and Lp, to avoid the root-to-soil water flow (Sutka et al.,
2011; Hachez et al., 2012; Rosales et al., 2019). However, under
mild drought stress, some plant species are able to enhance the
Lp, and aquaporin activity as a response mechanism mediated
by ABA to promote water uptake and transport, when the
difference of water potential between roots and soil has already
been readjusted (Siemens and Zwiazek, 2004; Aroca et al., 2006;
Rosales et al., 2019). When drought stress is prolonged, plants
have shown to respond by developing root apoplastic barriers as
suberization (Vandeleur et al., 2009; Henry et al., 2012), and by
even inducing the xylem cavitation that results in the formation
of embolism and disruption of the transpiration stream (Qaderi
etal., 2019).

In leaves, drought stress alters the water transport through
the xylem (e.g., petiole and veins) and, specially, out of the
xylem in the bundle sheath and mesophyll (Scoffoni et al., 2011;
Buckley, 2015; Maurel et al., 2015). ABA is a key hormone that
induces the stomatal closure in response to WD by controlling
the movement of ions and water across the guard cell plasma
membrane and, finally, the transpiration and plant water status
(Roelfsema and Hedrich, 2005; Kim et al., 2010). Aquaporins
control the water transport in guard cells and its regulation has
been linked to the stomatal regulation in higher plants (Maurel
et al., 2016). Recently, AfPIP2;1 has been found to be activated
by ABA through OST1-mediated phosphorylation of a specific
cytosolic site (Ser121), being essential for ABA-induced stomatal
closure (Grondin et al., 2015). Furthermore, leaf hydraulics has
been demonstrated to decrease under drought stress, by the
downregulation of aquaporins in bundle sheath cells and leaf
xylem embolism (Hose et al., 2000; Johnson et al., 2009; Shatil-
Cohen et al., 2011; Pou et al., 2013; Sade et al., 2015).

In the longer-term, plants also regulate water uptake in
response to WD by adjusting the root architecture, which
results from root growth and branching determining the ability
of roots to explore the soil (Lynch, 2013). Water and nutrients
are usually distributed heterogeneously in the soil and exert
deep effects on both root hydraulics and architecture, being
central for plant’s acclimation to drought by optimization of
water uptake. A common response to severe drought in higher
plants is the inhibition of plant growth and development, which
have been related to an accumulation of ABA in both roots and
shoots (Wilkinson et al., 2012; Comas et al., 2013; Claeys et al.,
2014; Rosales et al., 2019), whereas root growth stimulatory
responses under mild WD have been also reported (Henry
et al,, 2011; Dowd et al.,, 2019; Rosales et al., 2019). Recently, a
fine analysis of root system architecture in A. thaliana, by using
different ABA mutants and applying low ABA concentrations.
Recently, a fine analysis of root system architecture in A.
thaliana, by using different ABA mutants and applying low
ABA concentrations, have revealed a complex response to
WD that resulted to be coordinated by ABA, showing different
sensitivity depending on root age and branching level (Rosales
et al,, 2019). ABA has been identified as a key component of
several major adaptive responses to local WD (Scharwies and
Dinneny, 2019). In primary roots, the local activation of ABA
signaling in the root cortex of the elongation zone regulates

their hydrotropic response of growth toward the water in
Arabidopsis (Dietrich et al., 2017). In cereals, the transient
WD at the root tip resulted in a local inhibition of lateral root
formation, a phenomenon termed xerobranching, which is
dependent on PYRABACTIN RESISTANCE/PYR-LIKE ABA
signaling pathway (Orman-Ligeza et al., 2018). Finally, ABA
and auxin signaling pathways have been shown to control
hydropatterning, positioning preferentially the lateral roots
toward higher water availability (Bao et al., 2014; Orosa-Puente
et al., 2018; Robbins and Dinneny, 2018).

Improving Crop Yield Under Drought in

the Field

Current precision agriculture is based on the combined use of
water and fertilizers as a strategy to optimize inputs, maximize
performance, and improve the quality of the crops. In arid and
semi-arid regions, where the precipitation does not exceed 300
mm annually, the sustainability of the crops is strongly linked to
the correct management of fertigation (Figure 2). In the current
scenario of climate change, drought periods are becoming
more frequent, forcing the growers to irrigate below the water
requirements of the crops (Chai et al., 2015). Numerous studies
have shown that the appropriate supply of nutrients to the
crops can help plants withstand WD (Garcia-Sanchez et al.,
2016). Thus, fertilization with main macronutrients (N-P-K)
can be a general strategy to mitigate the effects of drought.
Unlike K*, nitrogen (N) and phosphorus (P) are metabolized
in the plant and their contribution to cell osmotic potential
as inorganic salts is lower than that of K*. However, they are a
part of organic molecules with osmoregulation and antioxidant
capacity. Thus, it is not surprising that additional inputs of N
and P have a beneficial effect on plants under drought stress
(Tariq et al., 2018; Mahpara et al., 2019). With respect to K*,
in cotton (Pervez et al., 2004) and citrus crops (Gimeno et al.,
2014), it has been observed that an adequate level of K* in the
irrigation water increases their tolerance to drought. Recently,
it has also been observed that K* regulates the processes of
photo-assimilation and translocation of carbohydrates in cotton
plants, favoring their acclimation to drought stress (Zahoor
etal., 2017). Regarding CI- fertilization, substantial responses to
Cl- containing fertilizers have been reported for different crops
in many parts of the world (Xu et al., 1999; Chen et al., 2010;
Colmenero-Flores et al., 2019). However, these studies do not
clarify to what extent plant yield enhancement was due to the
accompanying cations, or whether other anions could replace
CI" in such growth-promoting effect. It has been recently proven
that a number of physiological disorders impairing the growth
and yield of a relevant crop, durum wheat, are specifically due to
soil CI- deficiency under field conditions (Schwenke et al., 2015).
These and other crop species are expected to be specifically
favored by CI- fertilization.

CONCLUSIONS AND PERSPECTIVES

In the present mini-review, we have summarized the recent
advances related to K+, Cl', and water membrane transport under
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Popular K* and CI- fertilizer applied via
soil and foliar under drought
condition:

-Potassium chloride
-Potassium sulphate
-Potassium nitrate

-Calcium chloride

FIGURE 2 | Summary of the main K+ and CI- fertilizers applied to crops and their beneficial effects under soil water deficit.

Physiological effects of fertilizer
application under drought condition

- Nutritional status of the crop
- Osmotic adjustment
- Antioxidant defense systems
- Stomatal regulation

-Carbohydrate distribution
between leaf and roots

~ - Root growth

WD conditions. The promising results obtained so far strongly
encourage the study of transport systems mediating in K*, CI,
water fluxes in plants and should be regarded as interesting
biotechnological targets to breed drought-tolerant crops. These
transport systems usually have multiple roles within the plant.
So, additional work is required in assessing the potential benefit
of improving K¥, CI,, and water transport in a certain cellular
type or tissue (ie., guard cells, mesophyll cells, and xylem
parenchyma cells) to better understand drought resistance
mechanisms. Another scientific challenge relies on the cross-talk
between auxins and ABA during WD. They have an outstanding
importance on plant cell growth rates, in particular for root cells,
and on K*, Cl', and water transport. So, further insights into how
these hormones regulate K+, CI, and water transport and in how
these processes are integrated into drought-tolerant genotypes are
required. In the field, fertigation is the main solution adopted by
farmers to improve plant nutrient status under WD. However, we
expect that new strategies can emerge from the aforementioned
proposed studies leading to increased productivity of agriculture
in the XXI century.

AUTHOR CONTRIBUTIONS

JC-F and MR conceived the idea. FG-S and JP-P wrote
“improving crop...” section and made figure 2. MN-C and FR
wrote “potassium membrane transport” section and made figure

1. JC-F wrote “chloride membrane transport” section. MR wrote
“root membrane water transport” MN-C wrote the rest of the
text and assembled all sections.

FUNDING

This work was supported by Grant 20806/P1/18 from
Fundacién Séneca de la Region de Murcia (to FR) and
AGL2015-74011-JIN (to MN-C) from the Spanish Ministry of
Economy and Competitiveness. MN-C and JP-P are recipients
of a Ramén y Cajal Fellowship (RyC-2017-21924 and RYC-
2015-17726, respectively) from Spanish Ministry of Economy
and Competitiveness, Spain. This work was supported by the
Spanish Ministry of Science Innovation and Universities-
FEDER grant RTI2018-094460-B-100 and by the Spanish
National Research Council Project CSIC-201940E039 (to
JC-F and MR). This work was also supported by the Network
of Excellence BI02016-81957-REDT funded by the Spanish
Ministry of Economy and Competitiveness.

ACKNOWLEDGMENTS

We acknowledge support of the publication fee by the CSIC
Open Access Publication Support Initiative through its Unit of
Information Resources for Research (URICI).

Frontiers in Plant Science | www.frontiersin.org

December 2019 | Volume 10 | Article 1619


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

Nieves-Cordones et al.

Membrane transport under drought

REFERENCES

Ahmad, I, Devonshire, J., Mohamed, R., Schultze, M., and Maathuis, F. J. M. (2016a).
Overexpression of the potassium channel TPKb in small vacuoles confers
osmotic and drought tolerance to rice. New Phytol. 209, 1040-1048. doi: 10.1111/
nph.13708

Ahmad, L., Mian, A., and Maathuis, E J. (2016b). Overexpression of the rice AKT1
potassium channel affects potassium nutrition and rice drought tolerance. J.
Exp. Bot. 67, 2689-2698. doi: 10.1093/jxb/erw103

Aleman, E, Yazaki, J., Lee, M., Takahashi, Y., Kim, A. Y., Li, Z., et al. (2016). An
ABA-increased interaction of the PYL6 ABA receptor with MYC2 transcription
factor: a putative link of ABA and JA signaling. Sci. Rep. 6, 28941. doi: 10.1038/
srep28941

Andrés, Z., Pérez-Hormaeche, J., Leidi, E. O., Schliicking, K., Steinhorst, L.,
Mclachlan, D. H., et al. (2014). Control of vacuolar dynamics and regulation of
stomatal aperture by tonoplast potassium uptake. Proc. Natl. Acad. Sci. U. S. A.
111, E1806-E1814. doi: 10.1073/pnas.1320421111

Aroca, R., Ferrante, A., Vernieri, P, and Chrispeels, M. J. (2006). Drought,
abscisic acid and transpiration rate effects on regulation of PIP aquaporin gene
expression and abundance in Phaseolus vulgaris plants. Ann. Bot. 98, 1301—
1310. doi: 10.1093/aob/mcl219

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

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. 111, 9319-9324. doi:
10.1073/pnas.1400966111

Batool, S., Uslu, V. V., Rajab, H., Ahmad, N., Waadt, R., Geiger, D., et al. (2018).
Sulfate is Incorporated into Cysteine to Trigger ABA Production and Stomatal
Closure. Plant Cell 30, 2973-2987. doi: 10.1105/tpc.18.00612

Bauer, H., Ache, P, Lautner, S., Fromm, J., Hartung, W., Al-Rasheid, K. A., et
al. (2013). The stomatal response to reduced relative humidity requires
guard cell-autonomous ABA synthesis. Curr. Biol. 23, 53-57. doi: 10.1016/j.
cub.2012.11.022

Benlloch-Gonzalez, M., Romera, J., Cristescu, S., Harren, E, Fournier, J. M., and
Benlloch, M. (2010). K+ starvation inhibits water-stress-induced stomatal
closure via ethylene synthesis in sunflower plants. J. Exp. Bot. 61, 1139-1145.
doi: 10.1093/jxb/erp379

Buckley, T. N. (2015). The contributions of apoplastic, symplastic and gas phase
pathways for water transport outside the bundle sheath in leaves. Plant Cell
Environ. 38, 7-22. doi: 10.1111/pce.12372

Cakmak, I. (2005). The role of potassium in alleviating detrimental effects of
abiotic stresses in plants. J. Plant Nutr. Soil Sci. 168, 521-530. doi: 10.1002/
jpIn.200420485

Chai, Q., Gan, Y., Zhao, C., Xu, H.-L., Waskom, R. M., Niu, Y., et al. (2015).
Regulated deficit irrigation for crop production under drought stress. A review.
Agron. Sustain. Dev. 36, 3. doi: 10.1007/s13593-015-0338-6

Chen, W, He, Z. L., Yang, X. E., Mishra, S., and Stoffella, P. J. (2010). Chlorine
nutrition of higher plants: progress and perspectives. J. Plant Nutr. 33, 943-952.
doi: 10.1080/01904160903242417

Chen, G, Liu, C, Gao, Z., Zhang, Y., Jiang, H., Zhu, L., et al. (2017). OsHAK1, a
High-affinity potassium transporter, positively regulates responses to drought
stress in rice. Front. Plant Sci. 8, 1885. doi: 10.3389/fpls.2017.01885

Cheong, Y. H., Pandey, G. K., Grant, ]. ], Batistic, O., Li, L., Kim, B. G, et al.
(2007). Two calcineurin B-like calcium sensors, interacting with protein kinase
CIPK23, regulate leaf transpiration and root potassium uptake in Arabidopsis.
Plant J. 52, 223-239. doi: 10.1111/j.1365-313X.2007.03236.x

Claeys, H., Van Landeghem, S., Dubois, M., Maleux, K., and Inze, D. (2014). What
is stress? dose-response effects in commonly used in vitro stress assays. Plant
Physiol. 165, 519-527. doi: 10.1104/pp.113.234641

Colmenero-Flores, J. M., Franco-Navarro, ]. D., Cubero-Font, P, Peinado-
Torrubia, P, and Rosales, M. A. (2019). Chloride as a Beneficial Macronutrient
in Higher Plants: New Roles and Regulation. Int. J. Mol. Sci. 20, 4686. doi:
10.3390/ijms20194686

Comas, L. H., Becker, S. R., Cruz, V. M., Byrne, P. E, and Dierig, D. A. (2013). Root
traits contributing to plant productivity under drought. Front. Plant Sci. 4, 442.
doi: 10.3389/fpls.2013.00442

Cram, W. ], and Pitman, M. G. (1972). The action of abscisic acid on ion uptake
and water flow in plant roots. Aust. J. Biol. Sci. 25, 1125-1132. doi: 10.1071/
BI9721125

Cram, W. J. (1973). Chloride fluxes in cells of the isolated root cortex of Zea mays.
Aust. J. Biol. Sci. 26, 757. doi: 10.1071/B19730757

Cubero-Font, P., Maierhofer, T., Jaslan, J., Rosales, M. A., Espartero, J., Diaz-
Rueda, P, etal. (2016). Silent s-type anion channel subunit SLAH1 gates SLAH3
open for chloride root-to-shoot translocation. Curr. Biol. 26, 2213-2220. doi:
10.1016/j.cub.2016.06.045

De Angeli, A., Zhang, J., Meyer, S., and Martinoia, E. (2013). AtALMT9 is a
malate-activated vacuolar chloride channel required for stomatal opening in
Arabidopsis. Nat. Commun. 4. doi: 10.1038/ncomms2815

Demidchik, V. (2018). ROS-activated ion channels in plants: biophysical
characteristics, physiological functions and molecular nature. Int. J. Mol. Sci.
19. doi: 10.3390/ijms19041263

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/nplants.2017.57

Dowd, T. G., Braun, D. M., and Sharp, R. E. (2019). Maize lateral root developmental
plasticity induced by mild water stress. I. Genotypic variation across a high-
resolution series of water potentials. Plant Cell Environ. 42, 2259-2273. doi:
10.1111/pce.13399

El-Beltagy, A., and Madkour, M. (2012). Impact of climate change on arid lands
agriculture. Agric. Food Secur. 1, 3. doi: 10.1186/2048-7010-1-3

Ernst, L., Goodger, J. Q., Alvarez, S., Marsh, E. L., Berla, B., Lockhart, E., et al.
(2010). Sulphate as a xylem-borne chemical signal precedes the expression
of ABA biosynthetic genes in maize roots. J. Exp. Bot. 61, 3395-3405. doi:
10.1093/jxb/erq160

Farooq, M., Wahid, A., Kobayashi, N., Fujita, D., and Basra, S. M. A. (2009). Plant
drought stress: Effects, mechanisms and management. Agron. Sustain. Dev. 29,
185-212. doi: 10.1051/agro:2008021

Franco-Navarro, J. D., Brumos, J., Rosales, M. A., Cubero-Font, P, Talon, M., and
Colmenero-Flores, J. M. (2016). Chloride regulates leaf cell size and water
relations in tobacco plants. J. Exp. Bot. 67, 873-891. doi: 10.1093/jxb/erv502

Franco-Navarro, J. D., Rosales, M. A., élvarez, R., Cubero-Font, P, Calvo, P,
Diaz-Espejo, A, et al. (2019). Chloride as macronutrient increases water use
efficiency by anatomically-driven reduced stomatal conductance and increased
mesophyll diffusion to CO,. Plant J. 99, 815-831. doi: 10.1111/tpj.14423

Garcia-Sanchez, F, Simon-Grao, S., Perez-Perez, J. G., Gimeno, V., and Martinez-
Nicolas, J. J. (2016). Methods used for the improvement of crop productivity
under water stress. Water Stress and Crop Plant: A sustainable Approach, Vol 2
484-505. doi: 10.1002/9781119054450.ch29

Gaymard, FE, Pilot, G., Lacombe, B., Bouchez, D., Bruneau, D., Lytton, J., et al.
(1998). Identification and disruption of a plant shaker-like outward channel
involved in K+ release into the xylem sap. Cell 94, 647-655. doi: 10.1016/
$0092-8674(00)81606-2

Geiger, D., Maierhofer, T., Al-Rasheid, K. A., Scherzer, S., Mumm, P, Liese, A.,
etal. (2011). Stomatal closure by fast abscisic acid signaling is mediated by the
guard cell anion channel SLAH3 and the receptor RCARL. Sci. Signal 4, ra32.
doi: 10.1126/scisignal.2001346

Georgii, E., Jin, M., Zhao, J., Kanawati, B., Schmitt-Kopplin, P., Albert, A., et al.
(2017). Relationships between drought, heat and air humidity responses
revealed by transcriptome-metabolome co-analysis. BMC Plant Biol. 17, 120—
120. doi: 10.1186/s12870-017-1062-y

Gilliham, M., and Tester, M. (2005). The regulation of anion loading to the maize
root xylem. Plant Physiol. 137, 819-828. doi: 10.1104/pp.104.054056

Gimeno, V., Diaz-Lopez, L., Simon-Grao, S., Martinez, V., Martinez-Nicolas, J. J.,
and Garcia-Sanchez, E (2014). Foliar potassium nitrate application improves
the tolerance of Citrus macrophylla L. seedlings to drought conditions. Plant
Physiol. Biochem. 83, 308-315. doi: 10.1016/j.plaphy.2014.08.008

Gobert, A., Isayenkov, S., Voelker, C., Czempinski, K., and Maathuis, F. J. M.
(2007). The two-pore channel TPK1 gene encodes the vacuolar K* conductance
and plays a role in K* homeostasis. Proc. Natl. Acad. Sci. 104, 10726-10731. doi:
10.1073/pnas.0702595104

Grondin, A., Rodrigues, O., Verdoucq, L., Merlot, S., Leonhardt, N., and Maurel, C.
(2015). Aquaporins contribute to ABA-troggered stomatal closure through
OST1-mediated phosphorylation. Plant Cell 27, 1945-1954. doi: 10.1105/
tpc.15.00421

Frontiers in Plant Science | www.frontiersin.org

December 2019 | Volume 10 | Article 1619


https://doi.org/10.1111/nph.13708
https://doi.org/10.1111/nph.13708
https://doi.org/10.1093/jxb/erw103
https://doi.org/10.1038/srep28941
https://doi.org/10.1038/srep28941
https://doi.org/10.1073/pnas.1320421111
https://doi.org/10.1093/aob/mcl219
https://doi.org/10.1093/jxb/err266
https://doi.org/10.1093/jxb/err266
https://doi.org/10.1073/pnas.1400966111
https://doi.org/10.1105/tpc.18.00612
https://doi.org/10.1016/j.cub.2012.11.022
https://doi.org/10.1016/j.cub.2012.11.022
https://doi.org/10.1093/jxb/erp379
https://doi.org/10.1111/pce.12372
https://doi.org/10.1002/jpln.200420485
https://doi.org/10.1002/jpln.200420485
https://doi.org/10.1007/s13593-015-0338-6
https://doi.org/10.1080/01904160903242417
https://doi.org/10.3389/fpls.2017.01885
https://doi.org/10.1111/j.1365-313X.2007.03236.x
https://doi.org/10.1104/pp.113.234641
https://doi.org/10.3390/ijms20194686
https://doi.org/10.3389/fpls.2013.00442
https://doi.org/10.1071/BI9721125
https://doi.org/10.1071/BI9721125
https://doi.org/10.1071/BI9730757
https://doi.org/10.1016/j.cub.2016.06.045
https://doi.org/10.1038/ncomms2815
https://doi.org/10.3390/ijms19041263
https://doi.org/10.1038/nplants.2017.57
https://doi.org/10.1111/pce.13399
https://doi.org/10.1186/2048-7010-1-3
https://doi.org/10.1093/jxb/erq160
https://doi.org/10.1051/agro:2008021
https://doi.org/10.1093/jxb/erv502
https://doi.org/10.1111/tpj.14423
https://doi.org/10.1002/9781119054450.ch29
https://doi.org/10.1016/S0092-8674(00)81606-2
https://doi.org/10.1016/S0092-8674(00)81606-2
https://doi.org/10.1126/scisignal.2001346
https://doi.org/10.1186/s12870-017-1062-y
https://doi.org/10.1104/pp.104.054056
https://doi.org/10.1016/j.plaphy.2014.08.008
https://doi.org/10.1073/pnas.0702595104
https://doi.org/10.1105/tpc.15.00421
https://doi.org/10.1105/tpc.15.00421
https://www.frontiersin.org/journals/plant-science/
http://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Nieves-Cordones et al.

Membrane transport under drought

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

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., Cal, A. ], Batoto, T. C., Torres, R. O., and Serraj, R. (2012). Root
Attributes Affecting Water Uptake of Rice (Oryza Sativa) Under Drought. J.
Exp. Bot. 63, 4751-4763. doi: 10.1093/jxb/ers150

Hirsch, R. E., Lewis, B. D., Spalding, E. P,, and Sussman, M. R. (1998). A role for
the AKT1 potassium channel in plant nutrition. Science 280, 918-921. doi:
10.1126/science.280.5365.918

Hose, E., Steudle, E., and Hartung, W. (2000). Abscisic acid and hydraulic
conductivity of maize roots: a study using cell- and root-pressure probes.
Planta 211, 874-882. doi: 10.1007/s004250000412

Hosy, E., Vavasseur, A., Mouline, K., Dreyer, I, Gaymard, E D. R., Poree, E, et al.
(2003). The arabidopsis outward K* channel GORK is involved in regulation of
stomatal movements and plant transpiration. Proc. Natl. Acad. Sci. U. S. A. 100,
5549-5554. doi: 10.1073/pnas.0733970100

Huang, X., Hou, L., Meng, J., You, H., Li, Z., Gong, Z., et al. (2018). The antagonistic
action of abscisic acid and cytokinin signaling mediates drought stress response
in arabidopsis. Mol. Plant 11, 970-982. doi: 10.1016/j.molp.2018.05.001

Isner, J. C., Begum, A., Nuehse, T., Hetherington, A. M., and Maathuis, F. J. M.
(2018). KIN7 kinase regulates the vacuolar TPK1 K(+) channel during stomatal
closure. Curr. Biol. 28, 466-472 e464. doi: 10.1016/j.cub.2017.12.046

Jarzyniak, K. M., and Jasinski, M. (2014). Membrane transporters and
drought resistance - a complex issue. Front. In Plant Sci. 5. doi: 10.3389/
fpls.2014.00687

Jezek, M., and Blatt, M. R. (2017). The membrane transport system of the guard
cell and its integration for stomatal dynamics([CC-BY]). Plant Physiol. 174,
487-519. doi: 10.1104/pp.16.01949

Johnson, D. M., Meinzer, F. C., Woodruff, D. R., and Mcculloh, K. A. (2009).
Leaf xylem embolism, detected acoustically and by cryo-SEM, corresponds to
decreases in leaf hydraulic conductance in four evergreen species. Plant Cell
Environ. 32, 828-836. doi: 10.1111/j.1365-3040.2009.01961.x

Kim, T. H., Bohmer, M., Hu, H., Nishimura, N., and Schroeder, J. I. (2010). Guard
cell signal transduction network: advances in understanding abscisic acid,
CO,, and Ca,"* signaling. Annu. Rev. Plant Biol. 61, 561-591. doi: 10.1146/
annurev-arplant-042809-112226

Kohler, B., and Raschke, K. (2000). The delivery of salts to the xylem. Three types
of anion conductance in the plasmalemma of the xylem parenchyma of roots of
barley. Plant Physiol. 122, 243-254. doi: 10.1104/pp.122.1.243

Kramer, P. J. (1983). “11 - Transpiration,” in Water Relations of Plants. Ed. P. J.
Kramer (San Diego: Academic Press), 291-341.

Kropman, M. E, and Bakker, H. J. (2001). Dynamics of water molecules in aqueous
solvation shells. Science 291, 2118-2120. doi: 10.1126/science.1058190

Kuchenbuch, R., Claassen, N., and Jungk, A. (1986). Potassium availability in
relation to soil moisture. Plant Soil 95, 221-231. doi: 10.1007/BF02375074

Kwak, J. M., Murata, Y., Baizabal-Aguirre, V. M., Merrill, J., Wang, M., Kemper, A.,
etal. (2001). Dominant negative guard cell K* channel mutants reduce inward-
rectifying K* currents and light-induced stomatal opening in Arabidopsis.
Plant Physiol. 127, 473-485. doi: 10.1104/pp.010428

Li, G., Boudsocq, M., Hem, S., Vialaret, J., Rossignol, M., Maurel, C., et al.
(2015). The calcium-dependent protein kinase CPK7 acts on root hydraulic
conductivity. Plant Cell Environ. 38, 1312-1320. doi: 10.1111/pce.12478

Li, J., Wu, W. H., and Wang, Y. (2017). Potassium channel AKT1 is involved in the
auxin-mediated root growth inhibition in Arabidopsis response to low K(+)
stress. J. Integr. Plant Biol. 59, 895-909. doi: 10.1111/jipb.12575

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

Ma, Y, Cao, J., He, J., Chen, Q,, Li, X, and Yang, Y. (2018). Molecular mechanism
for the regulation of aba homeostasis during plant development and stress
responses. Int. J. Mol. Sci. 19, 3643. doi: 10.3390/ijms19113643

MacRobbie, E.a.C., Keynes, R. D., and Ellory, J. C. (1982). Chloride transport in
stomatal guard cells. Philos. Trans. R. Soc. London. B Biol. Sci. 299, 469-481.
doi: 10.1098/rstb.1982.0145

MacRobbie, E.a.C. (1998). Signal transduction and ion channels in guard cells.
Philos. Trans.: Biol. Sci. 353, 1475-1488. doi: 10.1098/rstb.1998.0303

Mahpara, S., Shahnawaz, M., Rehman, K., Ahmad, R., and Khan, E U. (2019). 4.
Nitrogen fertilization induced drought tolerance in sunflower: a review. Pure
Appl. Biol. (PAB) 8, 1675-1683. doi: 10.19045/bspab.2019.80110

Malcheska, FE, Ahmad, A., Batool, S., Muller, H. M., Ludwig-Muller, J.,
Kreuzwieser, ], et al. (2017). Drought-enhanced xylem sap sulfate closes
stomata by affecting ALMT12 and guard cell ABA synthesis. Plant Physiol. 174,
798-814. doi: 10.1104/pp.16.01784

Marcus, Y. (1991). Thermodynamics of solvation of ions .5. Gibbs free-energy
of hydration at 298.15-K. J. Chem. Soc.-Faraday Trans. 87, 2995-2999. doi:
10.1039/FT9918702995

Maron, L. G. (2019). From foe to friend: the role of chloride as a beneficial
macronutrient. Plant J. 99. doi: 10.1111/tpj.14498

Marschner, P. (2012). Marschner"s Mineral Nutrition of Higher Plants . 3rd ed. (San
Diego: Academic Press). doi: 10.1093/pcp/pcr194

Maurel, C., Boursiac, Y., Luu, D. T., Santoni, V., Shahzad, Z., and Verdoucq, L.
(2015). Aquaporins in Plants. Physiol. Rev. 95, 1321-1358. doi: 10.1152/
physrev.00008.2015

Maurel, C., Verdoucq, L., and Rodrigues, O. (2016). Aquaporins and plant
transpiration. Plant Cell Environ. 39, 2580-2587. doi: 10.1111/pce.12814

Negi, J., Matsuda, O., Nagasawa, T., Oba, Y., Takahashi, H., Kawai-Yamada, M.,
et al. (2008). CO, regulator SLACI and its homologues are essential for anion
homeostasis in plant cells. Nature 452, 483-486. doi: 10.1038/nature06720

Nieves-Cordones, M., Caballero, E, Martinez, V., and Rubio, E. (2012). Disruption
of the Arabidopsis thaliana inward-rectifier K+ channel AKT1 improves plant
responses to water stress. Plant Cell Physiol. 53, 423-432. doi: 10.1093/pcp/pcr194

Orman-Ligeza, B., Morris, E. C., Parizot, B., Lavigne, T., Babe, A., Ligeza, A., et
al. (2018). The xerobranching response represses lateral root formation when
roots are not in contact with water. Curr. Biol. 28, 3165-3173.e3165. doi:
10.1016/j.cub.2018.07.074

Orosa-Puente, B., Leftley, N., Von Wangenheim, D., Banda, J., Srivastava, A. K.,
Hill, K., et al. (2018). Root branching toward water involves posttranslational
modification of transcription factor ARF7. Science 362, 1407-1410. doi:
10.1126/science.aau3956

Osakabe, Y., Arinaga, N., Umezawa, T., Katsura, S., Nagamachi, K., Tanaka,
H., et al. (2013). Osmotic stress responses and plant growth controlled by
potassium transporters in Arabidopsis. Plant Cell Online. 25, 609-624. doi:
10.1105/tpc.112.105700

Overvoorde, P, Fukaki, H., and Beeckman, T. (2010). Auxin control of root
development. Cold Spring Harb Perspect. Biol. 2, a001537. doi: 10.1101/
cshperspect.a001537

Papanatsiou, M., Petersen, J., Henderson, L., Wang, Y., Christie, J. M., and Blatt,
M. R. (2019). Optogenetic manipulation of stomatal kinetics improves carbon
assimilation, water use, and growth. Science 363, 1456-1459. doi: 10.1126/
science.aaw0046

Pervez, H., Ashraf, M., and Makhdum, M. I. (2004). Influence of potassium nutrition
on gas exchange characteristics and water relations in cotton (Gossypium hirsutum
L.). Photosynthetica 42, 251-255. doi: 10.1023/B:PHOT.0000040597.62743.5b

Pitman, M. G., and Wellfare, D. (1978). Inhibition of ion-transport in excised
barley roots by abscisic-acid - relation to water permeability of roots. J. Exp.
Bot. 29, 1125-1138. doi: 10.1093/jxb/29.5.1125

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

Qaderi, M. M., Martel, A. B.,, and Dixon, S. L. (2019). Environmental factors
influence plant vascular system and water regulation. Plants 8, 65. doi: 10.3390/
plants8030065

Qiu, J., Henderson, S. W, Tester, M., Roy, S. J., and Gilliham, M. (2016). SLAH1,
a homologue of the slow type anion channel SLACI1, modulates shoot Cl-
accumulation and salt tolerance in Arabidopsis thaliana. J. Exp. Bot. 68, 4495-
4505. doi: 10.1093/jxb/erw237

Frontiers in Plant Science | www.frontiersin.org

December 2019 | Volume 10 | Article 1619


https://doi.org/10.1111/j.1365-3040.2011.02429.x
https://doi.org/10.1016/j.fcr.2010.10.003
https://doi.org/10.1093/jxb/ers150
https://doi.org/10.1126/science.280.5365.918
https://doi.org/10.1007/s004250000412
https://doi.org/10.1073/pnas.0733970100
https://doi.org/10.1016/j.molp.2018.05.001
https://doi.org/10.1016/j.cub.2017.12.046
https://doi.org/10.3389/fpls.2014.00687
https://doi.org/10.3389/fpls.2014.00687
https://doi.org/10.1104/pp.16.01949
https://doi.org/10.1111/j.1365-3040.2009.01961.x
https://doi.org/10.1146/annurev-arplant-042809-112226
https://doi.org/10.1146/annurev-arplant-042809-112226
https://doi.org/10.1104/pp.122.1.243
https://doi.org/10.1126/science.1058190
https://doi.org/10.1007/BF02375074
https://doi.org/10.1104/pp.010428
https://doi.org/10.1111/pce.12478
https://doi.org/10.1111/jipb.12575
https://doi.org/10.1093/aob/mcs293
https://doi.org/10.1093/aob/mcs293
https://doi.org/10.3390/ijms19113643
https://doi.org/10.1098/rstb.1982.0145
https://doi.org/10.1098/rstb.1998.0303
https://doi.org/10.19045/bspab.2019.80110
http://doi.org/10.1104/pp.16.01784
https://doi.org/10.1039/FT9918702995
https://doi.org/10.1111/tpj.14498
https://doi.org/10.1093/pcp/pcr194
https://doi.org/10.1152/physrev.00008.2015
https://doi.org/10.1152/physrev.00008.2015
https://doi.org/10.1111/pce.12814
https://doi.org/10.1038/nature06720
https://doi.org/10.1093/pcp/pcr194
https://doi.org/10.1016/j.cub.2018.07.074
https://doi.org/10.1126/science.aau3956
https://doi.org/10.1105/tpc.112.105700
https://doi.org/10.1101/cshperspect.a001537
https://doi.org/10.1101/cshperspect.a001537
https://doi.org/10.1126/science.aaw0046
https://doi.org/10.1126/science.aaw0046
https://doi.org/10.1023/B:PHOT.0000040597.62743.5b
https://doi.org/10.1093/jxb/29.5.1125
https://doi.org/10.1111/pce.12019
https://doi.org/10.3390/plants8030065
https://doi.org/10.3390/plants8030065
https://doi.org/10.1093/jxb/erw237
https://www.frontiersin.org/journals/plant-science/
http://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Nieves-Cordones et al.

Membrane transport under drought

Raven, J. A. (2017). Chloride: essential micronutrient and multifunctional
beneficial ion. J. Exp. Bot. 68, 359-367.

Rigas, S., Ditengou, E. A, Ljung, K., Daras, G., Tietz, O., Palme, K., et al. (2013).
Root gravitropism and root hair development constitute coupled developmental
responses regulated by auxin homeostasis in the Arabidopsis root apex. New
Phytol. 197, 1130-1141. doi: 10.1111/nph.12092

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. 115,
E822-E831. doi: 10.1073/pnas.1710709115

Roberts, S. K., and Snowman, B. N. (2000). The effects of ABA on channel-
mediated K* transport across higher plant roots. J. Exp. Bot. 51, 1585-1594.
doi: 10.1093/jexbot/51.350.1585

Roberts, S. K. (1998). Regulation of K* channels in maize roots by water stress and
abscisic acid. Plant Physiol. 116, 145-153. doi: 10.1104/pp.116.1.145

Roelfsema, M. R., and Hedrich, R. (2005). In the light of stomatal opening:
new insights into 'the Watergate. New Phytol 167, 665-691. doi:
10.1111/j.1469-8137.2005.01460.x

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

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

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, €1017177. doi: 10.1080/15592324.2015.1017177

Sadhukhan, A., Enomoto, T., Kobayashi, Y., Watanabe, T., Iuchi, S., Kobayashi,
M, et al. (2019). Sensitive to proton rhizotoxicityl regulates salt and drought
tolerance of Arabidopsis thaliana through transcriptional regulation of
CIPK?23. Plant Cell Physiol. 60, 2113-2126. doi: 10.1093/pcp/pcz120

Saito, S., and Uozumi, N. (2019). Guard cell membrane anion transport systems
and their regulatory components: an elaborate mechanism controlling stress-
induced stomatal closure. Plants-Basel 8. doi: 10.3390/plants8010009

Sanchez-Romera, B., Calvo-Polanco, M., Ruiz-Lozano, J. M., Zamarreno, A. M.,
Arbona, V,, Garcia-Mina, ]. M., et al. (2018). Involvement of the def-1 mutation
in the response of tomato plants to arbuscular mycorrhizal symbiosis under
well-watered and drought conditions. Plant Cell Physiol. 59, 248-261. doi:
10.1093/pcp/pcx178

Scharwies, J. D., and Dinneny, J. R. (2019). Water transport, perception, and
response in plants. J. Plant Res. 132, 311-324. doi: 10.1007/s10265-019-01089-8

Schwenke, G. D., Simpfendorfer, S. R., and Collard, B. C. Y. (2015). Confirmation
of chloride deficiency as the cause of leaf spotting in durum wheat grown in the
Australian northern grains region. Crop Pasture Sci. 66, 122-134. doi: 10.1071/
CP14223

Scoffoni, C., Rawls, M., Mckown, A., Cocherd, H., and Sack, L. (2011). Decline
of leaf hydraulic conductance with dehydration: relatioship to leaf size and
venation architecture. Plant Physiol. 156, 832-843. doi: 10.1104/pp.111.173856

Sevanto, S. (2014). Phloem transport and drought. J. Exp. Bot. 65, 1751-1759. doi:
10.1093/jxb/ert467

Shabala, S. N., and Lew, R. R. (2002). Turgor regulation in osmotically stressed
Arabidopsis epidermal root cells. Direct support for the role of inorganic ion
uptake as revealed by concurrent flux and cell turgor measurements. Plant
Physiol. 129, 290-299. doi: 10.1104/pp.020005

Shabala, S., Babourina, O., and Newman, I. (2000). Ion-specific mechanisms
of osmoregulation in bean mesophyll cells. J. Exp. Bot. 51, 1243-1253. doi:
10.1093/jexbot/51.348.1243

Shabala, S. (2017). Signalling by potassium: another second messenger to add to
the list? J. Exp. Bot. 68, 4003-4007. doi: 10.1093/jxb/erx238

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

Siemens, J. A., and Zwiazek, J. J. (2004). Changes in root water flow properties
of solution culture-grown trembling aspen (Populus tremuloides) seedlings
under different intensities of water-deficit stress. Physiol. Plant 121, 44-49. doi:
10.1111/j.0031-9317.2004.00291.x

Steudle, E., and Peterson, C. C. (1998). How does water get through roots? J. Exp.
Bot. 49, 775-788. doi: 10.1093/jxb/49.322.775

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

Sze, H. (1985). H+-translocating ATPases - advances using membrane-vesicles.
Annu. Rev. Plant Physiol. Plant Mol. Biol. 36, 175-208. doi: 10.1146/annurev.
Pp.36.060185.001135

Tanaka, Y., Sano, T., Tamaoki, M., Nakajima, N., Kondo, N., and Hasezawa, S.
(2006). Cytokinin and auxin inhibit abscisic acid-induced stomatal closure by
enhancing ethylene production in Arabidopsis. J. Exp. Bot. 57, 2259-2266. doi:
10.1093/jxb/erj193

Tanguilig, V. C., Yambao, E. B., O'toole, J. C., and De Datta, S. K. (1987). Water
stress effects on leaf elongation, leaf water potential, transpiration, and nutrient
uptake of rice, maize, and soybean. Plant Soil 103, 155-168. doi: 10.1007/
BF02370385

Tardieu, E, Simonneau, T., and Muller, B. (2018). The physiological basis of drought
tolerance in crop plants: a scenario-dependent probabilistic approach. Annu.
Rev. Plant Biol. 69, 733-759. doi: 10.1146/annurev-arplant-042817-040218

Tariq, A., Pan, t., Olatunji, O. A., Graciano, C., Li, Z., Li, N., et al. (2018). Impact of
phosphorus application on drought resistant responses of Eucalyptus grandis
seedlings. Physiol. Plant. 166, 894-908. doi: 10.1111/ppl.12868

Vahisalu, T., Kollist, H., Wang, Y.-E, Nishimura, N., Chan, W.-Y,, Valerio, G., et al.
(2008). SLAC1 is required for plant guard cell S-type anion channel function in
stomatal signalling. Nature 452, 487-491. doi: 10.1038/nature06608

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. Plant Physiol.
149, 445-460. doi: 10.1104/pp.108.128645

Venturas, M. D., Sperry, J. S., and Hacke, U. G. (2017). Plant xylem hydraulics:
What we understand, current research, and future challenges. J. Integr. Plant
Biol. 59, 356-389. doi: 10.1111/jipb.12534

Waraich, E. A., Ahmad, R., and Ashraf, M. Y. (2011). Role of mineral nutrition in
alleviation of drought stress in plants. Aust. J. Crop Sci. 5, 764-777.

Ward, J. M., M+Ser, P, and Schroeder, J. 1. (2009). Plant Ion Channels: Gene
Families, Physiology, and Functional Genomics Analyses. Annu. Rev. Physiol.
71, 59-82. doi: 10.1146/annurev.physiol.010908.163204

Wege, S., Gilliham, M., and Henderson, S. W. (2017). Chloride: not simply a 'cheap
osmoticum; but a beneficial plant macronutrient. J. Exp. Bot. 68, 3057-3069.
doi: 10.1093/jxb/erx050

Wilkinson, S., Kudoyarova, G. R., Veselov, D. S., Arkhipova, T. N., and Davies, W. J.
(2012). Plant hormone interactions: innovative targets for crop breeding and
management. J. Exp. Bot. 63, 3499-3509. doi: 10.1093/jxb/ers148

Xu, G. H., Magen, H., Tarchitzky, J., and Kafkafi, U. (1999). “Advances in chloride
nutrition of plants,” in Advances in Agronomy, vol. 68 . Ed. D. L. Sparks, 97-150.
doi: 10.1016/S0065-2113(08)60844-5

Zahoor, R., Zhao, W,, Dong, H., Snider, J. L., Abid, M., Igbal, B., et al. (2017).
Potassium improves photosynthetic tolerance to and recovery from episodic
drought stress in functional leaves of cotton (Gossypium hirsutum L.). Plant
Physiol. Biochem. 119, 21-32. doi: 10.1016/j.plaphy.2017.08.011

Zhang, H., Zhao, E-G., Tang, R.-], Yu, Y., Song, J., Wang, Y., et al. (2017). Two
tonoplast MATE proteins function as turgor-regulating chloride channels in
Arabidopsis. Proc. Natl. Acad. Sci. U. S. A. 114, E2036-E2045. doi: 10.1073/
pnas.1616203114

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.

Copyright © 2019 Nieves-Cordones, Garcia-Sdnchez, Pérez-Pérez, Colmenero-
Flores, Rubio and Rosales. 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.

Frontiers in Plant Science | www.frontiersin.org

December 2019 | Volume 10 | Article 1619


https://doi.org/10.1111/nph.12092
https://doi.org/10.1073/pnas.1710709115
https://doi.org/10.1093/jexbot/51.350.1585
https://doi.org/10.1104/pp.116.1.145
https://doi.org/10.1111/j.1469-8137.2005.01460.x
https://doi.org/10.1104/pp.18.01546
https://doi.org/10.1111/nph.13882
https://doi.org/10.1080/15592324.2015.1017177
https://doi.org/10.1093/pcp/pcz120
https://doi.org/10.3390/plants8010009
https://doi.org/10.1093/pcp/pcx178
https://doi.org/10.1007/s10265-019-01089-8
https://doi.org/10.1071/CP14223
https://doi.org/10.1071/CP14223
https://doi.org/10.1104/pp.111.173856
https://doi.org/10.1093/jxb/ert467
https://doi.org/10.1104/pp.020005
https://doi.org/10.1093/jexbot/51.348.1243
https://doi.org/10.1093/jxb/erx238
https://doi.org/10.1111/j.1365-313X.2011.04576.x
https://doi.org/10.1111/j.0031-9317.2004.00291.x
https://doi:org/10.1093/jxb/49.322.775
https://doi.org/10.1104/pp.110.163113
https://doi.org/10.1146/annurev.pp.36.060185.001135
https://doi.org/10.1146/annurev.pp.36.060185.001135
https://doi.org/10.1093/jxb/erj193
https://doi.org/10.1007/BF02370385
https://doi.org/10.1007/BF02370385
https://doi.org/10.1146/annurev-arplant-042817-040218
http://doi.org/10.1111/ppl.12868
https://doi.org/10.1038/nature06608
https://doi.org/10.1104/pp.108.128645
https://doi.org/10.1111/jipb.12534
https://doi.org/10.1146/annurev.physiol.010908.163204
https://doi.org/10.1093/jxb/erx050
https://doi.org/10.1016/S0065-2113(08)60844-5
http://doi.org/10.1016/j.plaphy.2017.08.011
http://doi.org/10.1073/pnas.1616203114
http://doi.org/10.1073/pnas.1616203114
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science/
http://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

	Coping With Water Shortage: An Update on the Role of K+, Cl-, and Water Membrane Transport Mechanisms on Drought Resistance

	﻿Introduction

	﻿Potassium, Chloride, and Water Membrane Transport Under Water Deficit Conditions

	Potassium Membrane Transport

	Chloride Membrane Transport

	Root Water Membrane Transport


	﻿Improving Crop Yield Under Drought in the Field


	﻿Conclusions and Perspectives

	﻿Author Contributions

	﻿Funding

	Acknowledgments

	References



