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Abstract: Plants have evolved elaborate mechanisms to sense, respond to and overcome the detri-
mental effects of high soil salinity. The role of calcium transients in salinity stress signaling is well
established, but the physiological significance of concurrent salinity-induced changes in cytosolic
pH remains largely undefined. Here, we analyzed the response of Arabidopsis roots expressing
the genetically encoded ratiometric pH-sensor pHGFP fused to marker proteins for the recruit-
ment of the sensor to the cytosolic side of the tonoplast (pHGFP-VTI11) and the plasma membrane
(pHGFP-LTI6b). Salinity elicited a rapid alkalinization of cytosolic pH (pHcyt) in the meristematic
and elongation zone of wild-type roots. The pH-shift near the plasma membrane preceded that at the
tonoplast. In pH-maps transversal to the root axis, the epidermis and cortex had cells with a more
alkaline pHcyt relative to cells in the stele in control conditions. Conversely, seedlings treated with
100 mM NaCl exhibited an increased pHcyt in cells of the vasculature relative to the external layers
of the root, and this response occurred in both reporter lines. These pHcyt changes were substantially
reduced in mutant roots lacking a functional SOS3/CBL4 protein, suggesting that the operation of
the SOS pathway mediated the dynamics of pHcyt in response to salinity.

Keywords: salinity; cytosolic pH; salt-related signaling; SOS3/CBL4; roots; Arabidopsis

1. Introduction

Salinity stress imposes distinct challenges that affect plant physiology differently. The
osmotic component of salinity is represented by high amounts of soluble ions in the root–
soil interphase that reduce the water potential of the soil and hinder water uptake by the
root. The osmotic component is sufficient to elicit a strong and rapid growth repression,
mainly of aerial parts [1,2]. The ionic component of salinity stress results from the rising
toxicity of sodium (Na+) ions accumulating gradually in plant tissues, although high
concentrations of chloride (Cl−) may also become toxic to plants [3,4]. Na+ toxicity results
from interference with potassium (K+) nutrition and disturbance of the K+/Na+ ratio of
cells, which impairs plant physiology in several ways [2]. The strong hydration shell of Na+

ions may become chaotropic to macromolecules and thus Na+ can only partially replace K+

as a coordinating ion in certain enzymatic reactions [5]. However, Na+ is a suitable and
energetically ”cheap” replacement for K+ as an osmotic agent, principally in vacuoles [6,7].
A third component of salinity stress, oxidative stress, results from enhanced production of
reactive oxygen species (ROS) generated by both osmotic and ionic stresses to levels that are
beyond the capacity for cellular anti-oxidant detoxification [8]. However, the salt-generated
ROS signal has a role in the propagation of the salinity stress signal along the root and
towards the shoot and in salt tolerance [8–11].

Int. J. Mol. Sci. 2023, 24, 3549. https://doi.org/10.3390/ijms24043549 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms24043549
https://doi.org/10.3390/ijms24043549
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0003-4510-8624
https://doi.org/10.3390/ijms24043549
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms24043549?type=check_update&version=2


Int. J. Mol. Sci. 2023, 24, 3549 2 of 23

The salt overly sensitive (SOS) pathway is, by genetic criteria, the most important
cellular mechanism involved in Na+ homeostasis and salt tolerance in several plant species,
including halophytes [12]. The main components of the SOS pathway in Arabidopsis are
the CALCINEURIN-B LIKE PROTEINS SOS3/CBL4, SCaBP8/CBL10 and CBL8, which
bind calcium (Ca2+); the CBL-INTERACTING PROTEIN KINASES SOS2/CIPK24 and
CIPK8 that are activated by the CBLs; and the plasma membrane Na+/H+ antiporter
SOS1/NHX7 [12–16]. Upon sensing the Ca2+ spike triggered by salinity, the CBLs recruit
the CIPKs to the plasma membrane to phosphorylate and activate SOS1 to extrude Na+

in exchange for apoplastic H+. Salt stress induces membrane depolarization, which en-
hances P-type H+-ATPase activity, and the proton motive force generated maintains SOS1
activity [17]. The SOS pathway operates in both roots and shoots with a difference in the
Ca2+ sensor proteins. SOS3/CBL4 and CBL8 are preferentially expressed in roots, whereas
CBL10 is more relevant in shoots [14,16]. Moreover, SOS3/CBL4 and CBL8 govern root
Na+ tolerance at low and high intensities of salinity stress, respectively [16].

Plants have evolved elaborate mechanisms to sense, respond to, and overcome the
detrimental effects of high soil salinity [18,19]. However, the molecular nature of initial
perception of salt stress and the subsequent signal relay remain unclear [18,20,21]. Calcium
is a universal secondary messenger [22]. Cytosolic free Ca2+ rapidly increases within
seconds of plant exposure to NaCl [16,21,23], implying that salt sensor(s) are tightly coupled
with stress-responsive Ca2+ channels [21]. Accordingly, the hyperosmolarity-gated Ca2+-
permeable channel OSCA1 is involved in the perception of dehydrating conditions, and
it has been suggested to act as an osmosensor in Arabidopsis [24]. A genetic screen
in Arabidopsis identified the MONOCATION-INDUCED Ca2+ INCREASES 1 (moca1)
mutant that is defective in salt-induced Ca2+ spikes [25]. MOCA1 is required for glycosyl
inositol phosphorylceramide (GIPC) biosynthesis at the plasma membrane. Contrary to
OSCA1, MOCA1 responds specifically to NaCl and not to a purely osmotic challenge. The
unconventional Ca2+ channel ANNEXIN 1 mediates a Ca2+-permeable conductance in
Arabidopsis roots that is activated by reactive oxygen species (ROS) and is important for
the salt-responsive production of secondary roots [26]. Also in Arabidopsis, ANNEXIN
4 is involved in salinity-induced Ca2+ transients that specifically activate downstream
components of the salt overly sensitive (SOS) pathway mediating resistance to Na+ ions [27].
Last, since salinity induces membrane depolarization, the depolarization-activated non-
selective cation channels (DA-NSCC) are also plausible candidates to mediate Ca2+ influx.

The multiplicity of stimuli that can trigger Ca2+ transients as a common second
messenger [22], together with the fact that Ca2+ is an essential macronutrient, prompts
the question of how Ca2+ signaling can achieve output specificity [28]. Ca2+ transients
can be further imbricated with and shaped by concurrent signals of different nature that
assist signal decoding and propagation. Salinity produces ROS via the activation of the
NADPH oxidases ROBHD and ROBHF [9,29,30]. ROBHD is necessary for the propagation
of a ROS-assisted calcium wave that moves from the root apex upwards for long-distance
root-to-shoot signaling in Arabidopsis seedlings [11]. The propagation of the ROS-Ca2+

wave relies on the activity of the tonoplast-localized TWO PORE CHANNEL 1 (TPC1) [10]
that may release Ca2+ from the vacuole, which in turn activates NADPH oxidases at the
plasma membrane via their Ca2+-binding EF-hands and/or through the phosphorylation by
CBL1/9-CIPK26 complexes [31]. Newly produced apoplastic ROS by NADPH oxidases is
suggested to trigger ROS-sensitive Ca2+ channels in the plasma membrane of neighboring
cells, thereby propagating the self-sustaining ROS-assisted Ca2+-induced Ca2+-release
wave [11].

Shifts in cytosolic pH (pHcyt) have also been invoked to play a signaling role support-
ing stimulus-specific outcomes [32–35]. Increases in cytosolic Ca2+ were accompanied by
cytosolic acidification in response to several stimuli in both leaf and root cells of Arabidop-
sis [33]. Ca2+ and pHcyt were linked but not strictly coupled because different treatments
produced specific “signatures” [33]. Simultaneous recording in Arabidopsis roots revealed
that signaling intermediaries (glutamate, ATP, elicitor peptide, and glutathione disul-
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fide) induced rapid and spatio-temporally overlapping cytosolic Ca2+, H+, and anion
dynamics [34]. In tobacco, simultaneous ratiometric imaging of Ca2+ and pH indicated that
Ca2+-dynamics lagged behind pH changes in guard cell closure and pollen tube growth [35].
These precedents support the notion that the pHcyt shifts might encode supplemental
information additional to that of Ca2+ transients. However, the effect of salinity stress on
pHcyt has been controversial, with conflicting reports of pHcyt increases, decreases, or no
changes at all [32]. This inconsistency may result from the struggle to discriminate between
early (signaling) and late (disturbed ion homeostasis) events triggered by salinity. In this
regard, genetically encoded biosensors have emerged as powerful new tools allowing the
monitoring in vivo and in real time of changes in the agonist signaling compound targeted
by the biosensor in response to external and endogenous cues [36]. Therefore, we inspected
the salinity-induced shifts of pHcyt in roots of Arabidopsis thaliana expressing the ratiometric
pH-sensor pHGFP, a derivative of the pH-sensitive GFP ”pHluorin” specifically adapted
for plant cells [37]. pHGFP was fused to markers for targeted localization to the tonoplast
(VTI11) and the plasma membrane (LTI6b) to analyze the response in the vicinity of these
cellular membranes. Moreover, we tested whether the salinity-induced changes in pHcyt
were the direct consequence of disturbed ion homeostasis or were instead promoted by key
signaling intermediaries in the salinity stress response.

Our results demonstrate that salt treatments produced a rapid cytosolic alkalinization
in cells of the root segment comprising the meristematic and elongation zones. The increase
in pHcyt was detected 2–3 min after the application of the NaCl treatment and no tendency
to recover to the former resting state was observed during the 40 min time lapse of the
experiment. Longer salinity treatments also resulted in the alkalinization of cells in the
root stele around the early differentiation zone. Mutant roots lacking the SALT OVERTLY
SENSITIVE 3 (SOS3) protein that were impaired in relaying the salinity-induced Ca2+ signal
were also less responsive in generating salt-induced pH-shifts than the wild-type root,
suggesting that full-fledged salt-induced cytosolic alkalinization requires proper signaling
through the SOS pathway.

2. Results
2.1. In Vivo Measurement of Cytosolic pH with Genetically Encoded Sensors

For this study, we selected the genetically encoded pH-sensor pHGFP, which was
developed for ratiometric pH imaging in Arabidopsis roots in the range between pH 5.5
to 7.5 [37]. Moreover, to monitor cytosolic pH dynamics near cellular membranes, the
free cytosolic pHGFP was translationally fused to the protein markers VTI11 and LTI6b,
thereby targeting the recombinant protein to the cytosolic side of the tonoplast (pHGFP-
VTI11) or the plasma membrane (pHGFP-LTI6b) [38,39]. VTI11 is a v-SNARE protein
involved in vacuole fusion [40,41]. LTI6b is a small cold-inducible protein that recruits
pHGFP to the plasma membrane [39]. Constructs for the expression of pHGFP-VTI11 and
pHGFP-LTI6b were transformed independently into A. thaliana Col-0, and homozygous
lines expressing the fusion proteins were obtained. Localization of the pHGFP-VTI11 and
pHGFP-LTI6b fusions to the tonoplast and the plasma membrane has been demonstrated
elsewhere [38,39].

First, we tested whether the lines expressing pHGFP-VTI11 and pHGFP-LTI6b were
sensitive to externally imposed cytosolic pH variations. A graphical representation of the
experimental procedure is given in Supplemental Figure S1. A. thaliana Col-0 seedlings
expressing the pHGFP reporters were grown vertically onto plates with LAK medium and
were subsequently transferred to microscope dishes with LAK medium supplemented with
0.7% low melting point agarose. Before imaging, the seedlings were placed horizontally,
90 µL of liquid LAK medium was added onto the roots, and seedlings were allowed to
recover for 40–60 min. Next, the pHGFP reporter was excited with 405 and 488 nm light
wavelengths, and emission was detected in a 500–550 range. Ratiometric fluorescence data
are given as the emission ratios (R) after excitation with 405 and 488 nm light wavelengths.
Frames were acquired every 6 s. After 4 min of fluorescence baseline recordings, 10 µL of
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solutions imposing different treatments were added on the side of the root, and imaging
acquisition continued for 40 min. Maximal treatment-induced pH variations were detected
in the region comprising the meristematic and elongation zones (MEZ segment; 750 µm
upwards from the root tip). The fluorescence data were compiled graphically as heat-maps
representing pH variations along the MEZ axis over time.

Seedlings expressing the tonoplast-localized pHGFP-VTI11 reporter were treated with
10 mM BTP-MES/HEPES buffers adjusted to different pH (5.2, 6.8, 7.6, and 8.4). The
variation in pHcyt was immediately detected when the buffers with more extreme pH were
applied (Figure 1). With buffers near neutrality (pH 7.6 and 6.8), the detection of pHcyt
variations was delayed relative to extreme treatments. The results show that the addition of
acidic buffer (pH 5.2) decreased the emission ratio, indicating an acidification of the cytosol.
The opposite occurred when a basic buffer was added and the emission ratio increased,
indicating alkalization of the cytosol.
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Figure 1. Response of pHGFP-VTI11 to external pH. Measurement of variations in pHcyt sensed by
the pHGFP-VTI11 reporter in Arabidopsis thaliana Col-0 seedlings. (A) Normalized emission ratio
(∆R/R) changes, presented as means ± SEM. Values derive from the quantifications of ∆R/R in the
MEZ zone of at least two independent experiments per treatment. (B–E) Heat-maps of normalized
fluorescence data derived from 64 adjacent regions (268.2 × 24.2 µm) according to the length scale
shown. Arrows indicate the beginning of the treatment. Pictures on the right show fluorescence
emission ratio (R) and bright-field (DIC) images of roots at time point 35 min. Below, frames with
false-color calibration bars of the heat map. Heat-maps and root pictures are representative of at least
2 independent experiments for each treatment.
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In a second tier of experiments, we determined whether the pHGFP reporter was
sensitive to cytosolic pH variations imposed from within the cell. To that end, pHGFP-
LTI6b seedlings reporting pHcyt changes in the proximities of the plasma membrane were
treated with the fungal toxin fusicoccin (FC). This compound binds to the complex formed
by the plasma membrane H+-ATPase and the 14–3-3 proteins, stabilizing the interaction.
As a result, the pump is permanently activated [42,43] and the enhanced extrusion of H+

from the cytosol should be reported by pHGFP-LTI6B as pHcyt increases. As expected,
the pHGFP-LTI6b reporter detected alkalinized pHcyt after the FC addition relative to
the mock treatment with DMSO (Figure 2A). In the converse experiment, pHGFP-LTI6b
seedlings were treated with the plasma membrane H+-ATPase inhibitor vanadate [44]. In
this case, the pump inhibitor caused cytoplasmic acidification, which is coherent with im-
paired translocation of H+ mediated by the H+-ATPase (Figure 2B). From these results, we
concluded that the Arabidopsis lines expressing the constructs pHGFP-VTI11 and pHGFP-
LTI6b are reliable biological tools to study cytosolic pH variations in the physiological
range for plant cells.
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Figure 2. Response of pHGFP-LTI6b to altered activity of the PM H+-pump. pHGFP-LTI6b response
to activation of the plasma membrane H+-ATPase by fusicoccin (A) and inhibition of the plasma
membrane H+-ATPase by vanadate (B). Data in plots are the quantifications of ∆R/R in the MEZ
zone. The plots represent the mean of 2 independent experiments ± SEM. Arrows indicate the
time the treatment started. Heat-maps below show representative experiments. Pictures on the
right show fluorescence emission ratio (R) images of representative roots used at the 35 min time
point. Heat-maps and root pictures are representative of at least 2 independent experiments for each
treatment.

2.2. Cytosolic pH Variations near the Tonoplast and Plasma Membranes under Salt Stress

The salt stress response in A. thaliana roots modifies the activity of various ion trans-
porters at the plasma membrane that include P-type H+-ATPases, K+ transporters and chan-
nels, and the Na+/H+ exchanger SOS1 that is critically important for salt tolerance [12,45].
Alteration of these ion fluxes under salinity stress could translate into pHcyt dynamics as
part of the salinity stress response or as a consequence of disturbed ion homeostasis. To
address this point, seedlings of the pHGFP-LTI6b reporter line were treated with 50 mM
NaCl. The salt treatment produced an alkalization of pHcyt in root cells in comparison
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to the roots treated with the control medium. As previously detected, the main response
was observed at the MEZ segment (Figure 3). The increase in pHcyt was detected within
1–2 min after the application of the NaCl treatment. Notably, no tendency to restore the
former resting state during the elapsed time of the experiment (40 min) was observed
(Figure 3 and Supplemental Figure S2).
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Figure 3. Cytosolic pH variations under salt stress near the plasma membrane. Seedlings of the
Arabidopsis line expressing pHGFP-LTI6b were treated with either LAK medium (B) or LAK supple-
mented with 50 mM NaCl (C). (A) Normalized emission ratio (∆R/R) changes of pHGFP-LTI6b with
and without salt treatment; lines indicate the mean of emission ratio of the MEZ segment ± SEM.
(B,C) Heat-maps of normalized data derived from 64 adjacent regions (268.2 × 24.2 µm). Small
pictures at the right of the heat-maps show fluorescence emission ratio (R) and bright-field (DIC)
images of representative at 35 min time point. Arrows in the three panels indicate the beginning of
the treatment. Heat-maps and roots pictures correspond to a representative experiment from 5 to
6 independent experiments.

Ion fluxes at the tonoplast are thought to preserve and help restoring the cytosolic pH
and ion homeostasis of the cell [46–49]. Moreover, the main physiological activity under
salinity stress is Na+ compartmentalization into the vacuole, which proceeds through
Na+/H+ exchange energized by proton pumps in the tonoplast [46,50]. Therefore, the
pHGFP-VTI11 reporter line was treated with different concentrations of NaCl to determine
how the salt stress affected cytosolic pH in the vicinity of the vacuolar membrane and
if the activity of transport proteins in this organelle elicited a different pHcyt dynamics
compared to the plasma membrane. Changes in pHcyt were recorded after treatment
of pHGFP-VTI11 seedlings with two different NaCl concentrations, 50 mM and 100 mM
(Figure 4). The pHcyt response was dose-dependent, with a significant yet modest cytosolic
alkalinization in response to 50 mM NaCl that was also of lower amplitude compared to the
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plasma membrane (see Figure 3). Treatment with 100 mM NaCl produced a robust response
comparable in magnitude to the pHcyt shift attained with 50 mM NaCl in pHGFP-LTI6b
seedlings, but slightly delayed in time relative to pHGFP-LTI6b seedlings (ca. 1 min when
the ∆R/R curves were compared). The 100 mM NaCl treatment induced an increased
pH along the whole imaged root, but, again, it was more intense in the MEZ region
(Supplemental Figure S2).
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Figure 4. Cytosolic pH variations under salt stress near the vacuolar membrane. Seedlings of the
Arabidopsis line expressing the pH sensor pHGFP-VTI11 were treated with either LAK medium
1 mM K+ (B) or the same medium supplemented with 50 mM NaCl (C) or 100 mM NaCl (D).
(A) Normalized emission ratio (∆R/R) changes of pHGFP-VTI11 with or without NaCl treatment;
lines indicate the mean of emission ratio of the MEZ sector ± SEM from 5 to 6 seedlings. (B,D) Heat-
maps of normalized data derived from 64 adjacent regions (268.2 × 24.2 µm) according to the position
scale on the left. On the right are shown fluorescence at time point 35 min and bright-field (DIC)
images. Arrows indicate the beginning of the treatment. Heat-maps and roots pictures correspond to
a representative experiment from 5 to 6 independent experiments.



Int. J. Mol. Sci. 2023, 24, 3549 8 of 23

2.3. Changes in Cytosolic pH in Whole Roots under Salt Stress

From the above results, it was concluded that salt stress produced an increase in the
cytosolic pH of the root cells at the MEZ root segment. However, not much information
about pHcyt variations in different root tissues could be obtained from that imaging
protocol. To investigate how the pHcyt of the entire root varied under salt stress, pH-maps
of the complete seedling were generated according to [51]. For this, 3–4-day-old seedlings
expressing the pHGFP-LTI6b and pHGFP-VTI11 reporters were grown vertically in LAK
plates, transferred to new dishes with the same medium supplemented or not with NaCl,
and left to recover overnight in a growth chamber (Supplemental Figure S1). The day after,
seedlings were imaged directly onto the dish. Images obtained from these measurements
were processed with Fiji software to obtain quantitative pH data. In these experiments,
the emission ratio was measured in separate segments corresponding to four different
phenological zones of the root, namely the elongation zone S1 (equivalent to MEZ in
previous experiments), a transition zone S2 in which the vascular bundle and root hairs
were starting to differentiate, a differentiated zone S3 is which the vascular bundle was
fully formed, and the mature zone S4 near the cotyledons (Supplemental Figure S3).

Fluorescence imaging found substantial differences between seedlings in the saline
medium and the mock treatment with regular LAK medium (Figures 5 and 6). From pH-
maps transversal to the root axis of seedlings grown in normal conditions, it appeared that
epidermis and cortex had cells with a more alkaline pHcyt relative to cells in the stele. This
pattern changed towards a higher pH in the vasculature and a lower pH in the epidermis
and cortex in response to salt stress. Although the whole root exhibited a similar pattern,
the fluorescence data were collected from segments S1–S4 of at least 6–8 seedlings, and a
pHcyt profile for each of these segments was created (Figures 5 and 6). The difference in
pHcyt between root cell layers was maximal in section S4 and less in S1 in pHGFP-LTI6b
seedlings, whereas pHGFP-VTI11 seedlings exhibited a more consistent pattern between
sections. Conversely, seedlings treated with 100 mM NaCl exhibited an increased pHcyt in
cells of the vasculature relative to the external layers of the root, and this response occurred
in both reporter lines (Figures 5 and 6). In this case, maximal alkalinization occurred in
stellar cells of section S2 (early differentiation stage of vascular bundle and root hairs). The
statistical analyses (Tukey HSD test, p < 0.05) indicated that the differences of variation
observed between the vasculature (V) and the epidermis and cortex (EC) of seedlings in
control condition or under salt treatment were significant (Figures 5E,F and 6E,F).

2.4. Cytosolic pH Shifts under Compromised Salt-Stress Sensing

The SOS pathway is one of the main mechanisms that plant cells activate under
salt stress in order to extrude Na+ from the cytosol, which is linked to the re-entry of
extracellular H+ via the plasma membrane Na+/H+ exchanger SOS1 [52–54]. This pathway
is dependent on the activity of the Ca2+-sensor proteins SOS3/CBL4, SCaBP8/CBL10, and
CBL8 [13,14,16]. Among these CBLs, SOS3/CBL4 is particularly relevant in the early root
response to salinity [16].

To analyze the contribution of the SOS3 sensor protein to salt stress response, pHcyt
variations under salt stress conditions were measured in the sos3-1 mutant in comparison
with the wild type. The sos3-1 mutant expresses a dysfunctional SOS3 protein with a
defective EF-hand calcium-binding site, making it unable to activate SOS2 [55]. Because
SOS3 targets the protein kinase SOS2/CIPK24 to the plasma membrane for the activa-
tion of the SOS1 Na+/H+ exchanger [13,56], the sos3-1 mutant was transformed with the
pHGFP-LTI6b reporter localized at the plasma membrane. A first approach was aimed to
compare the most salt-responsive root zone, the MEZ segment, of the sos3-1 mutant and
wild-type seedlings. As shown in Figure 7, no significant differences in pHcyt were ob-
served when the sos3-1 mutant expressing pHGFP-LTI6b was treated with 50 and 100 mM
NaCl solution relative to non-treated seedlings, in contrast to the salt-dependent response
observed with wild-type seedlings expressing the reporters pHGFP-LTI6b and pHGFP-
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VTI11 (Figures 2 and 3). These results indicate that the meristem and elongation zone
(MEZ) of sos3-1 roots is poorly responsive to salinity stress.
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Figure 5. pHcyt maps of whole seedlings expressing the pH-sensor pHGFP-LTI6b. Fluorescence emis-
sion ratios after sequential excitation at 405 and 488 nm (R) of pHGFP-LTI6b in 4-day-old seedlings
16 h after being transferred to LAK media (A,B,E) or supplemented with 100 mM NaCl (C,D,F).
(A,C) Representative seedlings grown in LAK medium (A) or LAK supplemented with NaCl (C).
(B,D) Profile of root sectors showing average emission ratios (R) from at least 6–8 seedlings per
treatment; the root zones S1 to S4 are named as in Supplemental Figure S3; the scales of R values are
shown on the right; yellow lines indicate the division used to analyze the vasculature (center) and
the epidermis and cortex (flanks). (E,F) Box plots indicating the mean of the emission ratios (R) in
different tissues for each condition. The mean was obtained from the aggregated sectors S1–S4 shown
in the images above. EC: epidermis and cortex; V: vasculature. Different letters indicate groups with
significantly different values according to Tukey HSD test at p < 0.05.

Inspection of whole seedlings evidenced that other root sectors besides MEZ had dif-
ferential responses to NaCl in wild-type and sos3-1 seedlings. To quantify these differences
with improved statistical robustness, the whole-root imaging protocol was modified. The
alternative approach, termed the One Shot per Root method (see Materials and Methods
for details), collected fluorescence data resolved in space and time, allowing the imaging of
8–9 seedlings per genotype and treatment while minimizing sample-to-sample experimen-
tal noise (Supplemental Figure S1). The wild-type Col-0 and mutant sos3-1 lines expressing
the pHGFP-LTI6b reporter were treated with increasing concentrations of NaCl (25, 50, 75
and 100 mM NaCl), imaged using the One Shot per Root method, and the imaging data was
statistically analyzed. The results from these analyses (Figure 8) show that, although both
genotypes displayed the same tendency towards an alkaline shift of pHcyt in response to
increasing NaCl concentrations, differences between whole roots of the Col-0 line and sos3-1
mutant were also observed. Firstly, the emission ratios suggest that sos3-1 seedlings had a
more alkaline pHcyt than Col-0 under control non-saline conditions. Secondly, at 75 mM
NaCl the emission ratios were more alkaline in Col-0 than in sos3-1 seedlings. Together,
these differences signify that the dynamic range of the pHGFP-LTI6b response was greater
in Col-0 than in the sos3-1 mutant. At the highest concentration used, 100 mM NaCl, both
genotypes exhibited less alkalinization than at 75 mM NaCl. Because the decline was more
pronounced in the salt-sensitive sos3-1 seedlings, this could reflect salt-induced toxicity
and impaired physiological response in these experimental conditions. Together, these data
imply that roots of sos3-1 mutant seedlings are less responsive to salt-induced pH-shifts
than the wild type.
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Figure 6. pHcyt maps of whole seedlings expressing the pH-sensor pHGFP-VTI11. Fluorescence
emission ratios after sequential excitation at 405 and 488 nm (R) of pHGFP-VTI11 in 4-day-old
seedlings 16 h after being transferred to LAK media (A,B,E) or LAK supplemented with 100 mM
NaCl (C,D,F). (A,C) Representative seedlings grown in LAK medium (A) or LAK supplemented
with NaCl (C). (B,D) Profile of root sectors showing average emission ratios (R) from at least 6 to
8 seedlings per treatment; the root zones S1 to S4 are named as in Supplemental Figure S3; the scales
of R values are shown on the right; yellow lines indicate the division used to analyze the vasculature
(center) and the epidermis and cortex (flanks). (E,F) Box plots indicating the mean of the emission
ratios (R) in different tissues for each condition. The mean was obtained from the aggregated sectors
S1–S4 shown in the images above. EC: epidermis and cortex; V: vasculature. Different letters indicate
groups with significantly different values according to Tukey HSD test at p < 0.05.

To test if different root tissues exhibited a differential response to NaCl depending
on the genotype, pH-maps of whole seedlings were generated and sectors S1 to S4 were
analyzed transversally (Figure 9). The pHGFP-LTI6b reporter in wild-type Col-0 seedlings
exhibited the same pHcyt variations as previously described for the tonoplast and plasma
membrane reporters (Figures 5 and 6). However, the vasculature of the sos3-1 mutant did
not show the characteristic cytoplasmic alkalinization observed in the wild type indepen-
dently of the salt concentration applied (Figure 9 and Supplemental Figure S4).

The emission ratio (R) data obtained for each seedling in S1 to S4 were aggregated
and compared according to the different root tissues as described above, i.e., epidermis
plus cortex at both sides of the vasculature (EC1 and EC2) and the vascular bundle (V).
The mean emission ratio for each tissue was calculated and plotted (Figure 10). Results
show that at 50 mM NaCl, the difference in emission ratio between the vasculature (V) and
the surrounding tissues (EC) was statistically more significant in sos3-1, in contrast to the
wild type, because the EC tissues were more alkaline in the mutant. Strikingly, the inverted
pattern typical in wild-type seedlings at 100 and 150 mM NaCl, in which the vasculature
became more alkaline than the surrounding tissues, was not observed in the sos3-1 mutant
(Figure 10). Together, these results point to SOS3 as an important signaling effector in the
salt stress response affecting the alterations of pHcyt in root cells resulting from salinity
stress.
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Figure 7. Cytosolic pH variations under salt stress reported by pHGFP-LTI6b in the sos3 mutant.
Seedlings of the sos3-1 mutant expressing the pH-sensor pHGFP-LTI6b were treated with either LAK
medium (B) or the same medium supplemented with 50 mM NaCl (C) or 100 mM NaCl (D) and the
variations in pHcyt were measured. (A) Normalized emission ratio (∆R/R); lines indicate the mean of
emission ratio of the MEZ sector ± SEM from 5 to 6 seedlings. (B–D) Heat-maps of normalized data
derived from 64 adjacent sections (268.2 × 24.2 µm) according to the position scale on the left. On the
right are shown fluorescence (R) and bright-field (DIC) images at time point 35 min. Heat-maps and
root micrographs correspond to representative experiments. Arrows in all panels indicate the time
the treatment started.
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Figure 8. Cytosolic pH variations under salt stress reported by pHGFP-LTI6b in wild-type Col-0
and sos3 mutant seedlings. Seedlings expressing the pH-sensor pHGFP-LTI6b were treated with
either LAK medium or the same medium supplemented with increasing concentrations of NaCl
as indicated, and the variations of pHcyt were measured. Handling and measurements followed
the One Shot per Root method. Fluorescence emission ratios (R) of pHGFP-LTI6b with or without
treatment for each genotype are represented. The box plot shows individual data points. Outliers are
not shown but were included for statistical analysis. The ”x” symbol represents the means. Different
letters indicate groups with significantly different values according to Tukey HSD test at p < 0.05. The
experiment was repeated twice with similar results.
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Figure 9. Root pH-maps under salt stress of wild-type Col-0 and sos3 seedlings. Fluorescence emis-
sion ratios (R) of pHGFP-LTI6b in 4-day-old seedlings 24 h after being transferred to LAK medium
supplemented with the indicated NaCl concentrations. (A–H) Panels present the fluorescence emis-
sion ratios (R) of cross-sections of the root zones defined in Supplemental Figure S3 of 5–6 seedlings
for each segment. The scales of the R values are shown on the right of each panel.
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Figure 10. Cytosolic pH variation across the root sections of wild-type seedlings and the sos3 mutant.
Box plots represent the mean fluorescence emission ratios (R) of pHGFP-LTI6b in different tissues for
each condition and genotype. (A) Col-0, (B) sos3-1. EC: epidermis and cortex; V: vasculature. Values
were plotted from root segments S1 to S4 as defined in Supplementary Figure S3. Means are marked
with symbol “x”. Outlier points are not shown but were included for statistical analyses. Different
letters indicate groups with significantly different means for each genotype according to the Tukey
HSD test at p < 0.05.

3. Discussion

Plants are exposed to a multitude of environmental inputs and stressors to which they
respond by activating signaling pathways that start with stimulus perception. Among the
several mechanisms known to convey salt tolerance, the ability to extrude cytosolic Na+ is
strongly correlated with salinity stress tolerance in different plant species [18,57,58]. This
exclusion is mediated by the plasma membrane (PM) Na+/H+ antiporter encoded by SALT
OVERLY SENSITIVE 1 (SOS1) gene and driven by the proton gradient generated by plasma
membrane H+-ATPases [12,52,54,59].

Changes in pH in the cytoplasm and the lumen of organelles are now widely accepted
as a signaling mechanism in plant cells [33,34,60]. Even though cytosolic pH is tightly
regulated, alterations in the activity of H+-pumps and H+-energized secondary transporters
in different tissues and membranes of the cell may produce local and transient pH changes
that could act as a signal. The luminal pHs of endomembranes have already been obtained
through the use of genetically encoded pH indicators [60–62]. Generating a pH-map of
A. thaliana roots under salinity would allow a better understanding of how the cytosolic
pH is affected upon salt stress. Moreover, the specific detection of these pH variations
in the surroundings of the different cellular membranes may enable the study of how
the physiological activity of the proteins in the membranes of each organelle affect the
cytosolic pH. To that end, A. thaliana Col-0 plants were generated that express the genetically
encoded pH-sensor pHGFP, which was translationally fused to protein markers that localize
either at the plasma membrane (LTI6b) or the tonoplast (VTI11) [38,39]. The pH reporting
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capacities of pHGFP-VTI11 and pHGFP-LTI6b were validated using externally imposed pH
challenges and applying the H+-pump inhibitor vanadate or the activating drug fusicoccin.
To document cytosolic pH dynamics in response to salinity stress, the Arabidopsis lines
expressing pHGFP-VTI11 and pHGFP-L16b were challenged with increasing concentrations
of NaCl.

Previous reports addressing the changes in pHcyt upon saline (NaCl) treatment
have yielded inconsistent results. Salt-induced cytoplasmic alkalinization [63,64], acid-
ification [65], no significant response [66,67], and even the opposite dynamics of pHcyt
depending on the contrasting salt tolerance of rice cultivars [68] or treatment length [69]
have been described. However, these reports were carried out with internalized fluorescent
chemical probes, protoplasts, in single-cell systems or leaves, or were restricted to prede-
fined root segments. In our experimental setup, we used whole seedlings expressing a
ratiometric genetically encoded pH-sensor whose accurate response to externally imposed
pH-shifts was experimentally assessed (Figures 1 and 2). The pH-maps of salt-treated
seedlings show a substantive alkalinization of a group of cells in the meristematic and early
differentiation zone (MEZ). Additionally, a differential alkalinization in the vasculature
relative to the epidermal and cortical tissues was found. However, the lack of a reliable
calibration curve in fully organized tissues to relate changes in emission rates to actual
pHcyt values did not allow for discriminating whether the relative acidification of the cortex
and epidermis corresponded to an actual decrease in pHcyt compared to the seedlings in
normal conditions, or just relative to the vasculature in the same conditions.

Different signaling pathways are activated by salinity-induced Ca2+ influx, among
which the SOS pathway is paramount for salt tolerance [12,54,59,70]. The activity of SOS1
extrudes Na+ in exchange for H+, which results in cytosolic acidification. However, salt-
induced membrane depolarization also elicits K+ loss through depolarization-activated
K+ outward rectifying channels expressed in roots (e.g., GORK) and enhances P-type
H+-ATPase activity, both responses aiming to repolarize the membrane [71–73]. In single
cells, H+-pumping and Na+/H+ exchange would have opposite effects on pHcyt upon
salinity treatment (Figure 11). Our results suggest that the net balance of the opposing
forces of H+-pumping and Na+/H+ exchange in the meristematic and elongation zone
(MEZ) is shifted towards pHcyt alkalinization, signifying that H+ efflux by H+ pumps
predominates over Na+ efflux and H+ re-entry. Moreover, a proton motive force across the
plasma membrane of greater magnitude than the inward-driven Na+ gradient is required
to energize the electroneutral Na+/H+ exchange mediated by SOS1. It should be expected
that, in the long term, homeostasis is restored and H+ efflux and pHcyt return to pre-stress
values. We did not observe that restoration within the 40 min time frame of experiments
focused on the responsive MEZ sector. In experiments monitoring the whole root after
16 h of salt treatment, differences at the MEZ were difficult to quantitate, but the strong
signal regarding the relative alkalinization of pHcyt in the vasculature indicated that the
root system had not returned to homeostatic values.

The alkaline pHcyt measured in the vasculature of seedlings exposed to NaCl relative
to other root tissues can be explained by the accumulation of Na+ in these tissues as the
result of the centripetal movement of Na+ along the evapotranspiration stream and to-
wards the vasculature, as shown for Arabidopsis, Thellungiella halophyla, and rice [54,74,75].
Accumulation of Na+ in the root xylem parenchyma would bring about the opposing forces
of H+-pumping and Na+/H+ exchange explained above (Figure 11), resulting in cytosolic
alkalinization. Again, it should be emphasized that our results do not exclude cytoplas-
mic alkalinization of epidermal and cortex cells because that tendency could have been
obscured by the much greater Na+ accumulation in tissues surrounding the vasculature,
since Na+ loading in the xylem vessels seems to be the rate-limiting step in Na+ export out
of the root [53,74,75]. In any case, it is worth noting that the relatively alkalinized regions
of roots exposed to NaCl, such as the meristematic cells and the vasculature, coincide with
the expression pattern of SOS1 [53], and are therefore expected to correspond to cells and
tissues that will be acutely exposed to and protected from Na+ toxicity by SOS1.
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Figure 11. Model of ion transport processes relevant to salinity-induced shifts in pHcyt. For simplicity,
only the salt-induced Ca2+ entry, Na+ fluxes, and H+ cycles are shown. K+ and Cl− fluxes are omitted.
Under salinity stress, Na+ and Ca2+ entry elicit depolarization of the PM, which activates the H+-
pump to repolarize the membrane. Intracellular Na+ is extruded by SOS1 at the expense of the H+

gradient created by the H+-pump. Similar fluxes take place at the tonoplast for Na+ compartmentation
in the vacuole. The enhanced proton-motive force created by pumps at both membranes should be of
sufficient magnitude to energize Na+ transport with the predicted result of cytoplasmic alkalinization.
However, this salt-induced rise in pHcyt was not observed in the sos3-1 mutant, suggesting that
the operation of the SOS pathway is necessary to create the alkalinization response. The Ca2+ entry
activates SOS3 that in turn promotes Na+/H+ exchange by SOS1. Salt-induced alkalinization is not a
symptom of disturbed ion homeostasis but the consequence of the activation of the SOS pathway. PM:
plasma membrane; VM: vacuolar membrane; CaC: Ca2+ channel; NSCC: non-selective cation channel;
NHX: Na+,K+/H+ exchanger at the tonoplast; H+-pumps: V-ATPase and pyrophosphatase; pHa:
apoplastic pH; pHcyt: cytosolic pH; pHv: vacuolar pH. Green boxes with +/− symbols represent
the electrical membrane potential; dashed green and red arrows mean positive and negative effects,
respectively.

The observation that no differences were observed between the pHGFP-LTI6b and
pHGFP-VTI11 Arabidopsis lines except a small delay in the response of pHGFP-VTI11
relative to pHGFP-LTI6b could mean that either the cytosolic pH variations occurred
in all the intracellular space, or that transport activities of each membrane generate the
same effect in the cytosol. At the tonoplast, two main proteins are believed to have the
capacity of affecting the cytosolic pH: the V-ATPase, whose activity translocating H+ into
the vacuolar lumen alkalinizes the cytosolic pH, and tonoplast-localized NHXs, whose
cation/H+ exchanger activity acidifies the cytosolic pH (Figure 11). In Arabidopsis, the
predominant vacuolar isoforms AtNHX1 and AtNHX2 should be fully active at tissues
under pressure from high Na+ concentration [76,77]. In other words, the activity of these
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vacuolar exchangers would be maximal in conditions demanding greater capacity of cation
compartmentation into vacuoles, which in turn could impose a greater demand for proton
pumps and contribute towards cytosolic alkalinization. As discussed above, the interplay
of H+-pumps and SOS1 at the plasma membrane would have the same output, with the
pumps alkalinizing the cytosol and SOS1 decreasing pHcyt.

A key question is whether the salt-induced shifts in pHcyt are simply the symptom of
disturbed ion homeostasis and the “automatic” operation of the transport systems involved
(Figure 11), or if they are instead the result and an integral part of the ”active” response
mechanism. In other words, are changes in pHcyt only the consequence of salt stress, or are
they a signal produced by the pertinent sensory and response mechanisms? In this regard,
the finding that salt-induced pHcyt changes were largely dampened in the sos3-1 mutant
strongly suggests that the pHcyt-shift results from the sensory and response activity of the
SOS pathway. Equal NaCl treatments result in a more severe stress in the sos3-1 mutant
root than in the wild-type [14,78]. Consequently, a greater cytoplasmic alkalinization
should be expected if that were produced only by Na+-induced ionic disturbance. This
cytoplasmic alkalinization would arise from the activation of proton pumps by salinity-
induced membrane depolarization together with the faulty activation of the Na+/H+

antiporter SOS1 [17,52,79,80]. Moreover, the PM H+ pumps are themselves a target of the
SOS pathway in Arabidopsis roots, and the sos1 mutation affects H+ transport even in the
absence of salt stress [81]. Hence, we propose that salt-induced cytoplasmic alkalinization
is not just a consequence of rebalanced ion transport for Na+ efflux, but instead this salinity-
induced pHcyt shift is likely to be part of the sensory and response system for which the
SOS3 function is required. We also argue that salt-induced changes in pHcyt are informative
to plant cells to discriminate between environmental insults, all resulting in Ca2+ spikes,
which may or may not alter the cellular ionic homeostasis [32,34,82].

The root cross-section pHcyt values in WT seedlings (Figures 5 and 6) show not only
the differential alkalization of the vasculature and the epidermis in control and saline
conditions, but also that the response to the salt treatment was not homogeneous along the
longitudinal root axis. For seedlings grown in control medium, the epidermis and cortex
had cells with a more alkaline pHcyt relative to cells in the stele, and this profile did not
differ between the four segments analyzed. By contrast, seedlings treated with 100 mM
NaCl exhibited an inverted pHcyt pattern, in which the pHcyt increased in the vasculature
relative to the external layers of the root, and this response occurred in both reporter
lines pHGFP-LTI6b and pHGPF-VTI11 (Figures 5 and 6). The most significant increase
in pHcyt took place in the vasculature of zone S2. SOS1, whose activity is controlled
by the kinase complex SOS2-SOS3, which plays a fundamental role in Na+ fluxes at the
vasculature promoting Na+ loading in the xylem for long-distance transport in several plant
species [53,54,74,83–85]. Again, the increase in pHcyt in the vasculature is inconsistent
with enhanced Na+/H+ exchange for Na+ extrusion and instead could reflect enhanced H+-
pumping to energize Na+ loading in the xylem or depolarization-induced K+ and H+ leaks,
but the largely reduced response in sos3-1 seedlings relative to WT plants (Figures 9 and 10)
strongly suggests that this phenomenon results from a signaling and response mechanism
in which SOS3 plays a substantial role.

Recently, a ”sodium-sensing niche” (SSN) was proposed to operate in a cell group
within the early differentiation zone of Arabidopsis roots [16]. The amplitude of the
primary Ca2+ signal at the SSN and the speed at which the resulting Ca2+ wave propagated
bidirectionally were both dose-dependent and specifically responsive to Na+ ions. The
Ca2+ sensors SOS3/CBL4 and CBL8, both able to activate the SOS2-SOS1 module, were
responsive by distinct Ca2+-signal amplitudes. Whereas the SOS3-SOS2-SOS1 module
conferred basal salt tolerance, the CBL8-SOS2-SOS1 module became activated only in
response to severe and durable salt stress. Accordingly, seedlings lacking SOS3 were
sensitive to salt stress levels that produced only moderate Ca2+ signals, and the SOS3 protein
was less responsive to Ca2+-induced structural changes than CBL8 [16]. The signaling
activity of the SSN was not analyzed in the sos3/clb4 and cbl8 mutants to determine to
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what extent these signaling intermediaries influenced the response. Our data regarding
the response of the MEZ, which does not coincide with the SSN in the early differentiation
zone, indicate that SOS3 activity is critical for the salinity response of the root. Moreover,
in whole-root imaging, salinity-induced alkalinization was also observed in the early
differentiation zone possibly corresponding to the SSN (see Figures 5C and 6C). Salinity-
induced alkalinization in root sectors S2 and S3 of the wild-type seedlings was largely
absent in the sos3-1 mutant (Figure 9).

The Ca2+ spikes and waves triggered by salinity stress have been amply charac-
terized [8,21], but the question remains of whether a Ca2+ signature conveys sufficient
stimulus-specific information to mount a salinity stress response per se, or whether addi-
tional inputs must be perceived, processed, and integrated with the Ca2+ signal [20]. The
interdependent Ca2+-ROS waves travelling acropetally in Arabidopsis seedlings whose root
tips are exposed to NaCl mainly operate in the long-distance propagation of the signal [8],
but again it remains unclear whether these signals convey the pertinent information to
detect the disturbance of cellular ion homeostasis resulting from the ionic component of
salinity stress. We hypothesized that because Na+ influx depolarizes the plasma membrane
and promotes K+ efflux [17], and Na+ extrusion requires commensurate rates of H+ translo-
cation, salt-induced changes in pHcyt could assist the cell in rightly perceiving salinity
stress, as opposed to other insults triggering Ca2+ signals. Indeed, other stimuli that trigger
Ca2+ signals coincide with a cytosolic acidification rather than an alkalinization [33,34]. The
SSN identified by [16] occurred in the early differentiation zone, which is upstream to the
MEZ sector we identified here as a focal point highly responsive to NaCl treatment with
regard to changes in pHcyt. However, salinity-induced alkalinization was also observed
in the vasculature axis in the S2-S3 sectors comprising the SSN (Figures 5 and 6). This
correspondence strongly suggests that both signals, Ca2+ transients and shifts in pHcyt,
could inform the cell of a sodicity stress. It will be important to investigate whether changes
in cytosolic Ca2+ and pH occur simultaneously or sequentially by using a dual-reporting
sensor [34].

4. Materials and Methods
4.1. pHGFP Reporters

For this study, we selected the genetically encoded ratiometric pH-sensor pHGFP [37].
Constructs for the stable expression in Arabidopsis thaliana of pHGFP-VTI11 and pHGFP-
LTI6b translational fusions, both driven by the UBQ10 gene promoter, have been described
elsewhere [38,39]. Localization of the chimeric proteins pHGFP-VTI11 in the tonoplast
and of pHGP-LTI6b in the plasma membrane have also been demonstrated prior to this
study [38,39] and were confirmed via confocal fluorescence microscopy of roots of trans-
genic seedlings.

4.2. Plant Transformation and Reporter Lines Selection

Wild-type Arabidopsis Col-gl1 and the congenic sos3-1 mutant [86] were used in this
work. Transgenic Arabidopsis plants were produced by Agrobacterium tumefaciens-mediated
transformation and floral dipping [87]. A. tumefaciens GV3010 (RifR, pMP90, pTiC58DT-
DNA) was used for transformation of Arabidopsis thaliana. When needed, rifampicin at
50 mg/L, gentamicin at 20 mg/L, or kanamycin at 50 mg/L were added to cultures. In all
plant transformations made for this study, several primary transgenic lines were tested for
coherent pHGFP fluorescence, and representative homozygous lines of the T3 generation
were used for further experimentation.

For routine plant propagation, seeds were sterilized, stratified (darkness and 4 ◦C)
for 2–4 days, and sawn on pots with Compo® Sana Universal substrate in a plant growth
chamber under a long day regime (16 h day/8 h night, 23/19 oC, 60–70% relative humidity),
and 250 µmol m−2 s−1 photosynthetically active radiation (PAR). For pHGFP imaging,
seedlings were grown in LAK medium, which is nominally free of Na+ and K+ [76],
supplemented with 1 mM K+ and 10 mM MES pH 5.6.
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4.3. Fluorescence Imaging of pHGFP Reporter Lines

Two different experimental set-ups were used to monitor variations of pHcyt in whole
roots or sectors therein. The root imaging procedure to create pHcyt heat-maps followed the
method reported by [51] with modifications (Supplemental Figure S1). In brief, A. thaliana
Col-0 plants expressing the pHGFP fluorescent reporters were grown vertically in LAK
medium with 1 mM KCl and 10 mM MES pH 5.6 in a growth chamber. Three-day-old
seedlings were transferred to microscope glass-bottom dishes (MatTek, USA) with the
same medium and 0.7% low-melting-point agarose. Seedlings were incubated vertically
overnight in a growth chamber. Before imaging, seedlings were placed horizontally and
90 µL of liquid LAK medium was added. Seedlings were gently pressed back into their
agarose bed and incubated for 40–60 min for recovery. Imaging was performed with a
Leica SP5 using a ×10 objective (HC PL Fluotar ×10/0.3 DRY). The pHGFP reporters were
excited sequentially with 405 and 488 nm light wavelengths, and emission was detected in
a 500–550 range using a HyD2 detector. Frames were acquired every 6 s for 40 min. After
4 min of imaging (stack 40), 10 µL of stock solutions for imposing the different treatments
were added on the side of the root, and imaging acquisition continued.

The fluorescence images were processed using Fiji software [88]. The processing
steps were: background subtraction, Gaussian blur (1), 32-bit conversion, thresholding,
ratio calculation, and royal look-up table. Quantitative imaging data were obtained from
processed 32-bit images. Entire images were quantified for presentations of global responses.
Heat-maps were generated from 64 adjacent regions of 16 × 178 pixels (24.2 × 268.2 µm).
For heat-maps, normalized datasets (∆R:R) were calculated as (R−R0)/R0, where R0
represent mean 4 min baseline values. Normalized heat maps were obtained from registered
movies and each region was normalized to its respective baseline. Graphs and heat-maps
were generated using OriginPro software. The final data obtained correspond to the ratio
I405/I488 (intensity of the fluorescence emission after sequential excitation with the 405 nm
and 488 nm wavelength, respectively), corrected according to Waadt et al. (2017) and
presented graphically as a heat-map representing the pH variation along the root with
time. A region between the maturation and elongation zones of the roots produced the
strongest pHcyt variations. This behavior was observed in almost all the roots analyzed,
independently of the treatment used. For that reason, the numerical data analyzed were
taken from this selected zone comprising the meristematic and elongation zones (MEZ
segment; 750 µM upwards from the root tip) to avoid the possible masking of cytosolic pH
variations by less responsive zones of the root.

For the pHcyt imaging in whole seedlings, plants expressing the pHGFP fluorescent
reporters were grown on LAK medium (1 mM KCl, 10 mM MES-KOH, pH 5.6). Four-
day-old seedlings grown vertically in the growth chamber were transferred to new plates,
supplemented with the same media or different concentrations of NaCl, and grown for an
additional 24 h. Microscopy analyses were performed using a Leica TCS LSI microscope
equipped with a PLAN APO ×5.0 macro-objective (Leica Microsystems, Wetzlar, Germany).
The pHGFP reporters were sequentially imaged with excitation wavelengths of 405 nm
and 488 nm and an emission wavelength of 500–550 nm. Seedlings were directly imaged
from the plate without any manipulation. To image entire seedlings in X, Y, and Z, Z-
stacks at multiple positions were acquired. Image processing and analysis was performed
using Fiji. Fluorescence intensity values of Z-stacks were summed up and individual tiles
were stitched together using the Grid/Collection stitching tool [89]. After background
subtractions, ratiometric image calculations proceeded as described by [90].

To quantify and compare differences in whole-root responses between contrasting
genotypes (Col-0 and sos3-1) with statistical robustness, the whole seedling imaging proto-
col was modified to overcome the technical limitations of a small number of samples, long
processing time, and limited repetitiveness between individual seedlings. This approach,
termed the One Shot per Root method (Supplemental Figure S1), allowed the simultaneous
imaging of several seedlings, thereby improving the statistical analyses while minimiz-
ing sample-to-sample experimental noise. Wild-type and sos3-1 seedlings expressing the
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cytosolic pHGFP-LTI6b reporter were grown vertically in plates with LAK medium in a
growth chamber. Four-day-old seedlings were transferred to small dishes filled with fresh
liquid LAK medium (8–9 seedlings per genotype and treatment) and incubated for recovery
at room temperature for 30 min. Next, seedlings were transferred to new dishes with
liquid LAK medium supplemented with different concentrations of NaCl and incubated
for additional 20 min. After the incubation period and before imaging, seedlings were
placed horizontally in a microscope dish and the roots were covered with the same media
as the one they had been incubated with. The pHGFP reporters were imaged in a Leica
TCS SP5II after sequential excitation with 405 and 488 nm light wavelengths, and emission
was detected in the 500–550 nm range using the HyD2 detector. One picture per root was
acquired with a 63× objective, comprising the most responsive zone in the meristematic
and elongation zones (MEZ) of the root. Images of each root were processed with Fiji
software and the fluorescence data were plotted using OriginLab software. Statistical
analyses were performed using the OriginPro program.

5. Conclusions

We show that salinity stress elicits a rapid cytosolic alkalinization of cells in the
meristematic and early elongation zone of the root. Within hours, salinity stress also results
in the alkalinization of cells in the root stele around the early differentiation zone, which
overlaps with the sodium-sensitive niche recently described to initiate a salt-induced Ca2+

wave. Both pHcyt responses were largely attenuated in the sos3-1 mutant root, strongly
suggesting that salt-induced changes in pHcyt are not simply the consequence of disturbed
ion homeostasis but instead result from the acclimation response involving the operation
of the SOS pathway. We also suggest that these changes in pHcyt may constitute a signal
informing cells of salt-affected roots to recognize specific hallmarks of sodicity stress.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms24043549/s1.

Author Contributions: B.R.-C., Z.A. and R.W. conducted experiments and analyzed the data. F.J.Q.,
K.S. and J.M.P. designed and supervised the research. B.R.-C., R.W. and J.M.P. wrote the manuscript.
All authors have read and agreed to the published version of the manuscript.

Funding: The study was funded by the Spanish Agencia Estatal de Investigación, grant PID2021-
126863NB-I00 (J.M.P.) and by Consejería de Conocimiento, Investigación y Universidad, Junta de
Andalucía, grant P18-RT-3991 (F.J.Q.), both co-financed by the European Regional Development
Fund. B.R-C. was supported by fellowships BES-2013-064466 and EEBB-I-17-12111 from Ministerio
de Economía, Industria y Competitividad, Spain.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data contained in this article is part of the PhD dissertation of author
Belén Rombolá-Caldentey, which can be found at https://hdl.handle.net/11441/83771.

Acknowledgments: We thank Imelda Mendoza for technical assistance.

Conflicts of Interest: The authors declare that no conflict of interest exist regarding the completion
and publication of this research.

References
1. Munns, R. Comparative physiology of salt and water stress. Plant Cell Environ. 2002, 25, 239–250. [CrossRef] [PubMed]
2. Munns, R.; Tester, M. Mechanisms of Salinity Tolerance. Annu. Rev. Plant Biol. 2008, 59, 651–681. [CrossRef]
3. Tester, M.; Davenport, R. Na+ tolerance and Na+ transport in higher plants. Ann. Bot. 2003, 91, 503–527. [CrossRef] [PubMed]
4. Alvarez-Aragon, R.; Haro, R.; Benito, B.; Rodriguez-Navarro, A. Salt intolerance in Arabidopsis: Shoot and root sodium toxicity,

and inhibition by sodium-plus-potassium overaccumulation. Planta 2016, 243, 97–114. [CrossRef] [PubMed]
5. Benito, B.; Haro, R.; Amtmann, A.; Cuin, T.A.; Dreyer, I. The twins K+ and Na+ in plants. J. Plant Physiol. 2014, 171, 723–731.

[CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms24043549/s1
https://www.mdpi.com/article/10.3390/ijms24043549/s1
https://hdl.handle.net/11441/83771
http://doi.org/10.1046/j.0016-8025.2001.00808.x
http://www.ncbi.nlm.nih.gov/pubmed/11841667
http://doi.org/10.1146/annurev.arplant.59.032607.092911
http://doi.org/10.1093/aob/mcg058
http://www.ncbi.nlm.nih.gov/pubmed/12646496
http://doi.org/10.1007/s00425-015-2400-7
http://www.ncbi.nlm.nih.gov/pubmed/26345991
http://doi.org/10.1016/j.jplph.2013.10.014
http://www.ncbi.nlm.nih.gov/pubmed/24810769


Int. J. Mol. Sci. 2023, 24, 3549 20 of 23

6. Alvarez-Aragon, R.; Rodriguez-Navarro, A. Nitrate-dependent shoot sodium accumulation and osmotic functions of sodium in
Arabidopsis under saline conditions. Plant J. Cell Mol. Biol. 2017, 91, 208–219. [CrossRef] [PubMed]

7. Ragel, P.; Raddatz, N.; Leidi, E.O.; Quintero, F.J.; Pardo, J.M. Regulation of K+ Nutrition in Plants. Front. Plant Sci. 2019, 10, 281.
[CrossRef] [PubMed]

8. Choi, W.G.; Hilleary, R.; Swanson, S.J.; Kim, S.H.; Gilroy, S. Rapid, Long-Distance Electrical and Calcium Signaling in Plants.
Annu. Rev. Plant Biol. 2016, 67, 287–307. [CrossRef] [PubMed]

9. Jiang, C.; Belfield, E.J.; Mithani, A.; Visscher, A.; Ragoussis, J.; Mott, R.; Smith, J.A.C.; Harberd, N.P. ROS-mediated vascular
homeostatic control of root-to-shoot soil Na delivery in Arabidopsis. EMBO J. 2012, 31, 4359–4370. [CrossRef]

10. Choi, W.G.; Toyota, M.; Kim, S.H.; Hilleary, R.; Gilroy, S. Salt stress-induced Ca2+ waves are associated with rapid, long-distance
root-to-shoot signaling in plants. Proc. Natl. Acad. Sci. USA 2014, 111, 6497–6502. [CrossRef]

11. Evans, M.J.; Choi, W.G.; Gilroy, S.; Morris, R.J. A ROS-Assisted Calcium Wave Dependent on the AtRBOHD NADPH Oxidase and
TPC1 Cation Channel Propagates the Systemic Response to Salt Stress. Plant Physiol. 2016, 171, 1771–1784. [CrossRef] [PubMed]

12. Ji, H.; Pardo, J.M.; Batelli, G.; Van Oosten, M.J.; Bressan, R.A.; Li, X. The Salt Overly Sensitive (SOS) pathway: Established and
emerging roles. Mol. Plant 2013, 6, 275–286. [CrossRef] [PubMed]

13. Quintero, F.J.; Ohta, M.; Shi, H.Z.; Zhu, J.K.; Pardo, J.M. Reconstitution in yeast of the Arabidopsis SOS signaling pathway for
Na+ homeostasis. Proc. Natl. Acad. Sci. USA 2002, 99, 9061–9066. [CrossRef]

14. Quan, R.D.; Lin, H.X.; Mendoza, I.; Zhang, Y.G.; Cao, W.H.; Yang, Y.Q.; Shang, M.; Chen, S.Y.; Pardo, J.M.; Guo, Y. SCABP8/CBL10,
a putative calcium sensor, interacts with the protein kinase SOS2 to protect Arabidopsis shoots from salt stress. Plant Cell 2007, 19,
1415–1431. [CrossRef]

15. Yin, X.; Xia, Y.; Xie, Q.; Cao, Y.; Wang, Z.; Hao, G.; Song, J.; Zhou, Y.; Jiang, X. The protein kinase complex CBL10-CIPK8-SOS1
functions in Arabidopsis to regulate salt tolerance. J. Exp. Bot. 2020, 71, 1801–1814. [CrossRef] [PubMed]

16. Steinhorst, L.; He, G.; Moore, L.K.; Schültke, S.; Schmitz-Thom, I.; Cao, Y.; Hashimoto, K.; Andrés, Z.; Piepenburg, K.; Ragel, P.;
et al. A Ca(2+)-sensor switch for tolerance to elevated salt stress in Arabidopsis. Dev. Cell 2022, 57, 2081–2094.e7. [CrossRef]

17. Shabala, S.; Pottosin, I. Regulation of potassium transport in plants under hostile conditions: Implications for abiotic and biotic
stress tolerance. Physiol. Plant 2014, 151, 257–279. [CrossRef]

18. Zelm, E.V.; Zhang, Y.; Testerink, C. Salt Tolerance Mechanisms of Plants. Annu. Rev. Plant Biol. 2020, 71, 403–433. [CrossRef]
19. Shelake, R.M.; Kadam, U.S.; Kumar, R.; Pramanik, D.; Singh, A.K.; Kim, J.Y. Engineering drought and salinity tolerance traits in

crops through CRISPR-mediated genome editing: Targets, tools, challenges, and perspectives. Plant Commun. 2022, 3, 100417.
[CrossRef]

20. Shabala, S.; Wu, H.; Bose, J. Salt stress sensing and early signalling events in plant roots: Current knowledge and hypothesis.
Plant Sci 2015, 241, 109–119. [CrossRef]

21. Koster, P.; Wallrad, L.; Edel, K.H.; Faisal, M.; Alatar, A.A.; Kudla, J. The battle of two ions: Ca(2+) signalling against Na(+) stress.
Plant Biol. 2019, 21 (Suppl. S1), 39–48. [CrossRef] [PubMed]

22. Li, Y.; Liu, Y.; Jin, L.; Peng, R. Crosstalk between Ca(2+) and Other Regulators Assists Plants in Responding to Abiotic Stress.
Plants 2022, 11, 1351. [CrossRef]

23. Kiegle, E.; Moore, C.A.; Haseloff, J.; Tester, M.A.; Knight, M.R. Cell-type-specific calcium responses to drought, salt and cold in
the Arabidopsis root. Plant J. Cell Mol. Biol. 2000, 23, 267–278. [CrossRef] [PubMed]

24. Yuan, F.; Yang, H.; Xue, Y.; Kong, D.; Ye, R.; Li, C.; Zhang, J.; Theprungsirikul, L.; Shrift, T.; Krichilsky, B.; et al. OSCA1 mediates
osmotic-stress-evoked Ca2+ increases vital for osmosensing in Arabidopsis. Nature 2014, 514, 367–371. [CrossRef] [PubMed]

25. Jiang, Z.; Zhou, X.; Tao, M.; Yuan, F.; Liu, L.; Wu, F.; Wu, X.; Xiang, Y.; Niu, Y.; Liu, F.; et al. Plant cell-surface GIPC sphingolipids
sense salt to trigger Ca(2+) influx. Nature 2019, 572, 341–346. [CrossRef]

26. Laohavisit, A.; Richards, S.L.; Shabala, L.; Chen, C.; Colaco, R.D.; Swarbreck, S.M.; Shaw, E.; Dark, A.; Shabala, S.; Shang, Z.; et al.
Salinity-induced calcium signaling and root adaptation in Arabidopsis require the calcium regulatory protein annexin1. Plant
Physiol. 2013, 163, 253–262. [CrossRef]

27. Ma, L.; Ye, J.; Yang, Y.; Lin, H.; Yue, L.; Luo, J.; Long, Y.; Fu, H.; Liu, X.; Zhang, Y.; et al. The SOS2-SCaBP8 Complex Generates and
Fine-Tunes an AtANN4-Dependent Calcium Signature under Salt Stress. Dev. Cell 2019, 48, 697–709. [CrossRef]

28. Wilkins, K.A.; Matthus, E.; Swarbreck, S.M.; Davies, J.M. Calcium-Mediated Abiotic Stress Signaling in Roots. Front. Plant Sci.
2016, 7, 1296. [CrossRef]

29. Miller, G.; Schlauch, K.; Tam, R.; Cortes, D.; Torres, M.A.; Shulaev, V.; Dangl, J.L.; Mittler, R. The plant NADPH oxidase RBOHD
mediates rapid systemic signaling in response to diverse stimuli. Sci. Signal 2009, 2, ra45. [CrossRef]

30. Ma, L.; Zhang, H.; Sun, L.; Jiao, Y.; Zhang, G.; Miao, C.; Hao, F. NADPH oxidase AtrbohD and AtrbohF function in ROS-dependent
regulation of Na(+)/K(+)homeostasis in Arabidopsis under salt stress. J. Exp. Bot. 2012, 63, 305–317. [CrossRef]

31. Drerup, M.M.; Schlucking, K.; Hashimoto, K.; Manishankar, P.; Steinhorst, L.; Kuchitsu, K.; Kudla, J. The Calcineurin B-like
calcium sensors CBL1 and CBL9 together with their interacting protein kinase CIPK26 regulate the Arabidopsis NADPH oxidase
RBOHF. Mol. Plant 2013, 6, 559–569. [CrossRef] [PubMed]

32. Kader, M.A.; Lindberg, S. Cytosolic calcium and pH signaling in plants under salinity stress. Plant Signal. Behav. 2010, 5, 233–238.
[CrossRef] [PubMed]

33. Behera, S.; Xu, Z.; Luoni, L.; Bonza, M.C.; Doccula, F.G.; De Michelis, M.I.; Morris, R.J.; Schwarzländer, M.; Costa, A. Cellular Ca2+

Signals Generate Defined pH Signatures in Plants. Plant Cell 2018, 30, 2704. [CrossRef] [PubMed]

http://doi.org/10.1111/tpj.13556
http://www.ncbi.nlm.nih.gov/pubmed/28370621
http://doi.org/10.3389/fpls.2019.00281
http://www.ncbi.nlm.nih.gov/pubmed/30949187
http://doi.org/10.1146/annurev-arplant-043015-112130
http://www.ncbi.nlm.nih.gov/pubmed/27023742
http://doi.org/10.1038/emboj.2012.273
http://doi.org/10.1073/pnas.1319955111
http://doi.org/10.1104/pp.16.00215
http://www.ncbi.nlm.nih.gov/pubmed/27261066
http://doi.org/10.1093/mp/sst017
http://www.ncbi.nlm.nih.gov/pubmed/23355543
http://doi.org/10.1073/pnas.132092099
http://doi.org/10.1105/tpc.106.042291
http://doi.org/10.1093/jxb/erz549
http://www.ncbi.nlm.nih.gov/pubmed/31858132
http://doi.org/10.1016/j.devcel.2022.08.001
http://doi.org/10.1111/ppl.12165
http://doi.org/10.1146/annurev-arplant-050718-100005
http://doi.org/10.1016/j.xplc.2022.100417
http://doi.org/10.1016/j.plantsci.2015.10.003
http://doi.org/10.1111/plb.12704
http://www.ncbi.nlm.nih.gov/pubmed/29411929
http://doi.org/10.3390/plants11101351
http://doi.org/10.1046/j.1365-313x.2000.00786.x
http://www.ncbi.nlm.nih.gov/pubmed/10929120
http://doi.org/10.1038/nature13593
http://www.ncbi.nlm.nih.gov/pubmed/25162526
http://doi.org/10.1038/s41586-019-1449-z
http://doi.org/10.1104/pp.113.217810
http://doi.org/10.1016/j.devcel.2019.02.010
http://doi.org/10.3389/fpls.2016.01296
http://doi.org/10.1126/scisignal.2000448
http://doi.org/10.1093/jxb/err280
http://doi.org/10.1093/mp/sst009
http://www.ncbi.nlm.nih.gov/pubmed/23335733
http://doi.org/10.4161/psb.5.3.10740
http://www.ncbi.nlm.nih.gov/pubmed/20037468
http://doi.org/10.1105/tpc.18.00655
http://www.ncbi.nlm.nih.gov/pubmed/30377237


Int. J. Mol. Sci. 2023, 24, 3549 21 of 23

34. Waadt, R.; Köster, P.; Andrés, Z.; Waadt, C.; Bradamante, G.; Lampou, K.; Kudla, J.; Schumacher, K. Dual-Reporting Transcription-
ally Linked Genetically Encoded Fluorescent Indicators Resolve the Spatiotemporal Coordination of Cytosolic Abscisic Acid and
Second Messenger Dynamics in Arabidopsis. Plant Cell 2020, 32, 2582–2601. [CrossRef]

35. Li, K.; Prada, J.; Damineli, D.S.C.; Liese, A.; Romeis, T.; Dandekar, T.; Feijó, J.A.; Hedrich, R.; Konrad, K.R. An optimized
genetically encoded dual reporter for simultaneous ratio imaging of Ca(2+) and H(+) reveals new insights into ion signaling in
plants. New Phytol. 2021, 230, 2292–2310. [CrossRef]

36. Waadt, R.; Kudla, J.; Kollist, H. Multiparameter in vivo imaging in plants using genetically encoded fluorescent indicator
multiplexing. Plant Physiol. 2021, 187, 537–549. [CrossRef]

37. Moseyko, N.; Feldman, L.J. Expression of pH-sensitive green fluorescent protein in Arabidopsis thaliana. Plant Cell Environ. 2001,
24, 557–563. [CrossRef]

38. Takemoto, K.; Ebine, K.; Askani, J.C.; Krüger, F.; Gonzalez, Z.A.; Ito, E.; Goh, T.; Schumacher, K.; Nakano, A.; Ueda, T. Distinct
sets of tethering complexes, SNARE complexes, and Rab GTPases mediate membrane fusion at the vacuole in Arabidopsis. Proc.
Natl. Acad. Sci. USA 2018, 115, E2457–E2466. [CrossRef]

39. Kesten, C.; Gámez-Arjona, F.M.; Menna, A.; Scholl, S.; Dora, S.; Huerta, A.I.; Huang, H.-Y.; Tintor, N.; Kinoshita, T.; Rep, M.; et al.
Pathogen-induced pH changes regulate the growth-defense balance in plants. EMBO J. 2019, 38, e101822. [CrossRef]

40. Zheng, J.; Han, S.W.; Rodriguez-Welsh, M.F.; Rojas-Pierce, M. Homotypic Vacuole Fusion Requires VTI11 and Is Regulated by
Phosphoinositides. Mol. Plant 2014, 7, 1026–1040. [CrossRef]

41. Brillada, C.; Zheng, J.; Krüger, F.; Rovira-Diaz, E.; Askani, J.C.; Schumacher, K.; Rojas-Pierce, M. Phosphoinositides control the
localization of HOPS subunit VPS41, which together with VPS33 mediates vacuole fusion in plants. Proc. Natl. Acad. Sci. USA
2018, 115, E8305–E8314. [CrossRef] [PubMed]

42. Würtele, M.; Jelich-Ottmann, C.; Wittinghofer, A.; Oecking, C. Structural view of a fungal toxin acting on a 14-3-3 regulatory
complex. EMBO J. 2003, 22, 987–994. [CrossRef]

43. Ottmann, C.; Marco, S.; Jaspert, N.; Marcon, C.; Schauer, N.; Weyand, M.; Vandermeeren, C.; Duby, G.; Boutry, M.; Wittinghofer, A.;
et al. Structure of a 14-3-3 coordinated hexamer of the plant plasma membrane H+ -ATPase by combining X-ray crystallography
and electron cryomicroscopy. Mol. Cell 2007, 25, 427–440. [CrossRef] [PubMed]

44. Lew, R.R. Electrogenic Transport Properties of Growing Arabidopsis Root Hairs1 The Plasma Membrane Proton Pump and
Potassium Channels. Plant Physiol. 1991, 97, 1527–1534. [CrossRef]

45. Assaha, D.V.M.; Ueda, A.; Saneoka, H.; Al-Yahyai, R.; Yaish, M.W. The Role of Na+ and K+ Transporters in Salt Stress Adaptation
in Glycophytes. Front. Physiol. 2017, 8, 509. [CrossRef] [PubMed]

46. Martinoia, E.; Meyer, S.; De Angeli, A.; Nagy, R. Vacuolar transporters in their physiological context. Annu. Rev. Plant Biol. 2012,
63, 183–213. [CrossRef]

47. Seidel, T.; Siek, M.; Marg, B.; Dietz, K.J. Energization of vacuolar transport in plant cells and its significance under stress. Int. Rev.
Cell Mol. Biol. 2013, 304, 57–131.

48. Peiter, E. The plant vacuole: Emitter and receiver of calcium signals. Cell Calcium 2011, 50, 120–128. [CrossRef]
49. Tan, X.; Li, K.; Wang, Z.; Zhu, K.; Tan, X.; Cao, J. A Review of Plant Vacuoles: Formation, Located Proteins, and Functions. Plants

2019, 8, 327. [CrossRef]
50. Shabala, S.; Chen, G.; Chen, Z.H.; Pottosin, I. The energy cost of the tonoplast futile sodium leak. New Phytol. 2020, 225, 1105–1110.

[CrossRef]
51. Waadt, R.; Krebs, M.; Kudla, J.; Schumacher, K. Multiparameter imaging of calcium and abscisic acid and high-resolution

quantitative calcium measurements using R-GECO1-mTurquoise in Arabidopsis. New Phytol. 2017, 216, 303–320. [CrossRef]
52. Qiu, Q.S.; Guo, Y.; Dietrich, M.A.; Schumaker, K.S.; Zhu, J.K. Regulation of SOS1, a plasma membrane Na+/H+ exchanger in

Arabidopsis thaliana, by SOS2 and SOS3. Proc. Natl. Acad. Sci. USA 2002, 99, 8436–8441. [CrossRef] [PubMed]
53. Shi, H.Z.; Quintero, F.J.; Pardo, J.M.; Zhu, J.K. The putative plasma membrane Na+/H+ antiporter SOS1 controls long-distance

Na+ transport in plants. Plant Cell 2002, 14, 465–477. [CrossRef]
54. El Mahi, H.; Perez-Hormaeche, J.; De Luca, A.; Villalta, I.; Espartero, J.; Gamez-Arjona, F.; Fernandez, J.L.; Bundo, M.; Mendoza, I.;

Mieulet, D.; et al. A Critical Role of Sodium Flux via the Plasma Membrane Na(+)/H(+) Exchanger SOS1 in the Salt Tolerance of
Rice. Plant Physiol. 2019, 180, 1046–1065. [CrossRef]

55. Guo, Y.; Qiu, Q.S.; Quintero, F.J.; Pardo, J.M.; Ohta, M.; Zhang, C.Q.; Schumaker, K.S.; Zhu, J.K. Transgenic evaluation of activated
mutant alleles of SOS2 reveals a critical requirement for its kinase activity and C-terminal regulatory domain for salt tolerance in
Arabidopsis thaliana. Plant Cell 2004, 16, 435–449. [CrossRef] [PubMed]

56. Villalta, I.; García, E.; Hornero-Mendez, D.; Carranco, R.; Tello, C.; Mendoza, I.; De Luca, A.; Andrés, Z.; Schumacher, K.; Pardo,
J.M.; et al. Distinct Roles of N-Terminal Fatty Acid Acylation of the Salinity-Sensor Protein SOS3. Front. Plant Sci. 2021, 12, 691124.
[CrossRef] [PubMed]

57. Roy, S.J.; Negrão, S.; Tester, M. Salt resistant crop plants. Curr. Opin. Biotechnol. 2014, 26, 115–124. [CrossRef] [PubMed]
58. Kronzucker, H.J.; Coskun, D.; Schulze, L.M.; Wong, J.R.; Britto, D.T. Sodium as nutrient and toxicant. Plant Soil 2013, 369, 1–23.

[CrossRef]
59. Xie, Q.; Zhou, Y.; Jiang, X. Structure, Function, and Regulation of the Plasma Membrane Na(+)/H(+) Antiporter Salt Overly

Sensitive 1 in Plants. Front. Plant Sci. 2022, 13, 866265. [CrossRef]

http://doi.org/10.1105/tpc.19.00892
http://doi.org/10.1111/nph.17202
http://doi.org/10.1093/plphys/kiab399
http://doi.org/10.1046/j.1365-3040.2001.00703.x
http://doi.org/10.1073/pnas.1717839115
http://doi.org/10.15252/embj.2019101822
http://doi.org/10.1093/mp/ssu019
http://doi.org/10.1073/pnas.1807763115
http://www.ncbi.nlm.nih.gov/pubmed/30104351
http://doi.org/10.1093/emboj/cdg104
http://doi.org/10.1016/j.molcel.2006.12.017
http://www.ncbi.nlm.nih.gov/pubmed/17289589
http://doi.org/10.1104/pp.97.4.1527
http://doi.org/10.3389/fphys.2017.00509
http://www.ncbi.nlm.nih.gov/pubmed/28769821
http://doi.org/10.1146/annurev-arplant-042811-105608
http://doi.org/10.1016/j.ceca.2011.02.002
http://doi.org/10.3390/plants8090327
http://doi.org/10.1111/nph.15758
http://doi.org/10.1111/nph.14706
http://doi.org/10.1073/pnas.122224699
http://www.ncbi.nlm.nih.gov/pubmed/12034882
http://doi.org/10.1105/tpc.010371
http://doi.org/10.1104/pp.19.00324
http://doi.org/10.1105/tpc.019174
http://www.ncbi.nlm.nih.gov/pubmed/14742879
http://doi.org/10.3389/fpls.2021.691124
http://www.ncbi.nlm.nih.gov/pubmed/34630451
http://doi.org/10.1016/j.copbio.2013.12.004
http://www.ncbi.nlm.nih.gov/pubmed/24679267
http://doi.org/10.1007/s11104-013-1801-2
http://doi.org/10.3389/fpls.2022.866265


Int. J. Mol. Sci. 2023, 24, 3549 22 of 23

60. Martiniere, A.; Bassil, E.; Jublanc, E.; Alcon, C.; Reguera, M.; Sentenac, H.; Blumwald, E.; Paris, N. In vivo intracellular pH
measurements in tobacco and Arabidopsis reveal an unexpected pH gradient in the endomembrane system. Plant Cell 2013, 25,
4028–4043. [CrossRef]

61. Shen, J.; Zeng, Y.; Zhuang, X.; Sun, L.; Yao, X.; Pimpl, P.; Jiang, L. Organelle pH in the Arabidopsis Endomembrane System. Mol.
Plant 2013, 6, 1419–1437. [CrossRef] [PubMed]

62. Zhu, X.; Pan, T.; Zhang, X.; Fan, L.; Quintero, F.J.; Zhao, H.; Su, X.; Li, X.; Villalta, I.; Mendoza, I.; et al. K(+) Efflux Antiporters 4,
5, and 6 Mediate pH and K(+) Homeostasis in Endomembrane Compartments. Plant Physiol. 2018, 178, 1657–1678. [CrossRef]
[PubMed]

63. D’Onofrio, C.; Lindberg, S. Sodium induces simultaneous changes in cytosolic calcium and pH in salt-tolerant quince protoplasts.
J. Plant Physiol. 2009, 166, 1755–1763. [CrossRef] [PubMed]

64. Morgan, S.H.; Maity, P.J.; Geilfus, C.-M.; Lindberg, S.; Mühling, K.H. Leaf ion homeostasis and plasma Membr. H+-ATPase Act.
Vicia Faba Change After Extra Calcium Potassium Supply Under Salinity. Plant Physiol Biochem. 2014, 82, 244–253. [CrossRef]

65. Pecherina, A.; Grinberg, M.; Ageyeva, M.; Zanegina, D.; Akinchits, E.; Brilkina, A.; Vodeneev, V. Salt-Induced Changes in
Cytosolic pH and Photosynthesis in Tobacco and Potato Leaves. Int. J. Mol. Sci. 2023, 24, 491. [CrossRef]

66. Gao, D.; Knight, M.R.; Trewavas, A.J.; Sattelmacher, B.; Plieth, C. Self-reporting Arabidopsis expressing pH and [Ca2+] indicators
unveil ion dynamics in the cytoplasm and in the apoplast under abiotic stress. Plant Physiol. 2004, 134, 898–908. [CrossRef]

67. Schulte, A.; Lorenzen, I.; Böttcher, M.; Plieth, C. A novel fluorescent pH probe for expression in plants. Plant Methods 2006, 2, 7.
[CrossRef]

68. Kader, M.A.; Lindberg, S.; Seidel, T.; Golldack, D.; Yemelyanov, V. Sodium sensing induces different changes in free cytosolic
calcium concentration and pH in salt-tolerant and -sensitive rice (Oryza sativa) cultivars. Physiol. Plant. 2007, 130, 99–111.
[CrossRef]

69. Sun, Y.; Lindberg, S.; Shabala, L.; Morgan, S.; Shabala, S.; Jacobsen, S.E. A comparative analysis of cytosolic Na+ changes under
salinity between halophyte quinoa (Chenopodium quinoa) and glycophyte pea (Pisum sativum). Environ. Exp. Bot. 2017, 141,
154–160. [CrossRef]

70. Zhou, X.; Li, J.; Wang, Y.; Liang, X.; Zhang, M.; Lu, M.; Guo, Y.; Qin, F.; Jiang, C. The classical SOS pathway confers natural
variation of salt tolerance in maize. New Phytol. 2022, 236, 479–494. [CrossRef]

71. Demidchik, V. Mechanisms and physiological roles of K+ efflux from root cells. J. Plant Physiol. 2014, 171, 696–707. [CrossRef]
[PubMed]

72. Jayakannan, M.; Bose, J.; Babourina, O.; Rengel, Z.; Shabala, S. Salicylic acid improves salinity tolerance in Arabidopsis by
restoring membrane potential and preventing salt-induced K+ loss via a GORK channel. J. Exp. Bot. 2013, 64, 2255–2268.
[CrossRef]

73. Bose, J.; Rodrigo-Moreno, A.; Lai, D.; Xie, Y.; Shen, W.; Shabala, S. Rapid regulation of the plasma membrane H+-ATPase activity
is essential to salinity tolerance in two halophyte species, Atriplex lentiformis and Chenopodium quinoa. Ann. Bot. 2015, 115, 481–494.
[CrossRef] [PubMed]

74. Oh, D.-H.; Leidi, E.; Zhang, Q.; Hwang, S.-M.; Li, Y.; Quintero, F.J.; Jiang, X.; D’Urzo, M.P.; Lee, S.Y.; Zhao, Y.; et al. Loss of
Halophytism by Interference with SOS1 Expression. Plant Physiol. 2009, 151, 210–222. [CrossRef] [PubMed]

75. Oh, D.H.; Lee, S.Y.; Bressan, R.A.; Yun, D.J.; Bohnert, H.J. Intracellular consequences of SOS1 deficiency during salt stress. J. Exp.
Bot. 2010, 61, 1205–1213. [CrossRef]

76. Barragan, V.; Leidi, E.; Andres, Z.; Rubio, L.; De Luca, A.; Fernandez, J.; Cubero, B.; Pardo, J. Ion Exchangers NHX1 and NHX2
Mediate Active Potassium Uptake into Vacuoles to Regulate Cell Turgor and Stomatal Function in Arabidopsis. Plant Cell 2012,
24, 1127–1142. [CrossRef]

77. Bassil, E.; Tajima, H.; Liang, Y.C.; Ohto, M.A.; Ushijima, K.; Nakano, R.; Esumi, T.; Coku, A.; Belmonte, M.; Blumwald, E.
The Arabidopsis Na+/H+ antiporters NHX1 and NHX2 control vacuolar pH and K+ homeostasis to regulate growth, flower
development, and reproduction. Plant Cell 2011, 23, 3482–3497. [CrossRef]

78. Park, H.J.; Gámez-Arjona, F.M.; Lindahl, M.; Aman, R.; Villalta, I.; Cha, J.Y.; Carranco, R.; Lim, C.J.; García, E.; Bressan, R.A.;
et al. S-acylated and nucleus-localized SALT OVERLY SENSITIVE3/CALCINEURIN B-LIKE4 stabilizes GIGANTEA to regulate
Arabidopsis flowering time under salt stress. Plant Cell 2023, 35, 298–317. [CrossRef]

79. Shabala, S.; Demidchik, V.; Shabala, L.; Cuin, T.A.; Smith, S.J.; Miller, A.J.; Davies, J.M.; Newman, I.A. Extracellular Ca2+
ameliorates NaCl-induced K+ loss from Arabidopsis root and leaf cells by controlling plasma membrane K+-permeable channels.
Plant Physiol. 2006, 141, 1653–1665. [CrossRef]

80. Quintero, F.J.; Martinez-Atienza, J.; Villalta, I.; Jiang, X.; Kim, W.Y.; Ali, Z.; Fujii, H.; Mendoza, I.; Yun, D.J.; Zhu, J.K.; et al.
Activation of the plasma membrane Na/H antiporter Salt-Overly-Sensitive 1 (SOS1) by phosphorylation of an auto-inhibitory
C-terminal domain. Proc. Natl. Acad. Sci. USA 2011, 108, 2611–2616. [CrossRef]

81. Shabala, L.; Cuin, T.; Newman, I.; Shabala, S. Salinity-induced ion flux patterns from the excised roots of Arabidopsis sos mutants.
Planta 2005, 222, 1041–1050. [CrossRef] [PubMed]

82. Li, W.; Song, T.; Wallrad, L.; Kudla, J.; Wang, X.; Zhang, W. Tissue-specific accumulation of pH-sensing phosphatidic acid
determines plant stress tolerance. Nat. Plants 2019, 5, 1012–1021. [CrossRef] [PubMed]

http://doi.org/10.1105/tpc.113.116897
http://doi.org/10.1093/mp/sst079
http://www.ncbi.nlm.nih.gov/pubmed/23702593
http://doi.org/10.1104/pp.18.01053
http://www.ncbi.nlm.nih.gov/pubmed/30309966
http://doi.org/10.1016/j.jplph.2009.05.006
http://www.ncbi.nlm.nih.gov/pubmed/19556023
http://doi.org/10.1016/j.plaphy.2014.06.010
http://doi.org/10.3390/ijms24010491
http://doi.org/10.1104/pp.103.032508
http://doi.org/10.1186/1746-4811-2-7
http://doi.org/10.1111/j.1399-3054.2007.00890.x
http://doi.org/10.1016/j.envexpbot.2017.07.003
http://doi.org/10.1111/nph.18278
http://doi.org/10.1016/j.jplph.2014.01.015
http://www.ncbi.nlm.nih.gov/pubmed/24685330
http://doi.org/10.1093/jxb/ert085
http://doi.org/10.1093/aob/mcu219
http://www.ncbi.nlm.nih.gov/pubmed/25471095
http://doi.org/10.1104/pp.109.137802
http://www.ncbi.nlm.nih.gov/pubmed/19571313
http://doi.org/10.1093/jxb/erp391
http://doi.org/10.1105/tpc.111.095273
http://doi.org/10.1105/tpc.111.089581
http://doi.org/10.1093/plcell/koac289
http://doi.org/10.1104/pp.106.082388
http://doi.org/10.1073/pnas.1018921108
http://doi.org/10.1007/s00425-005-0074-2
http://www.ncbi.nlm.nih.gov/pubmed/16079998
http://doi.org/10.1038/s41477-019-0497-6
http://www.ncbi.nlm.nih.gov/pubmed/31451794


Int. J. Mol. Sci. 2023, 24, 3549 23 of 23

83. Olias, R.; Eljakaoui, Z.; Li, J.; Alvarez De Morales, P.; Marin-Manzano, M.C.; Pardo, J.M.; Belver, A. The plasma membrane
Na+/H+ antiporter SOS1 is essential for salt tolerance in tomato and affects the partitioning of Na+ between plant organs. Plant
Cell Environ. 2009, 32, 904–916. [CrossRef] [PubMed]

84. Wang, Q.; Guan, C.; Wang, P.; Ma, Q.; Bao, A.K.; Zhang, J.L.; Wang, S.M. The Effect of AtHKT1;1 or AtSOS1 Mutation on the
Expressions of Na+ or K+ Transporter Genes and Ion Homeostasis in Arabidopsis thaliana under Salt Stress. Int. J. Mol. Sci. 2019,
20, 1085. [CrossRef] [PubMed]

85. Yadav, N.S.; Shukla, P.S.; Jha, A.; Agarwal, P.K.; Jha, B. The SbSOS1 gene from the extreme halophyte Salicornia brachiata enhances
Na(+) loading in xylem and confers salt tolerance in transgenic tobacco. BMC Plant Biol. 2012, 12, 188. [CrossRef]

86. Zhu, J.K.; Liu, J.P.; Xiong, L.M. Genetic analysis of salt tolerance in Arabidopsis: Evidence for a critical role of potassium nutrition.
Plant Cell 1998, 10, 1181–1191. [CrossRef]

87. Clough, S.J.; Bent, A.F. Floral dip: A simplified method for Agrobacterium-mediated transformation of Arabidopsis thaliana. Plant
J. 1998, 16, 735–743. [CrossRef] [PubMed]

88. Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid,
B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676–682. [CrossRef]

89. Preibisch, S.; Saalfeld, S.; Tomancak, P. Globally optimal stitching of tiled 3D microscopic image acquisitions. Bioinformatics 2009,
25, 1463–1465. [CrossRef]

90. Kardash, E.; Bandemer, J.; Raz, E. Imaging protein activity in live embryos using fluorescence resonance energy transfer biosensors.
Nat. Protoc. 2011, 6, 1835–1846. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1111/j.1365-3040.2009.01971.x
http://www.ncbi.nlm.nih.gov/pubmed/19302170
http://doi.org/10.3390/ijms20051085
http://www.ncbi.nlm.nih.gov/pubmed/30832374
http://doi.org/10.1186/1471-2229-12-188
http://doi.org/10.1105/tpc.10.7.1181
http://doi.org/10.1046/j.1365-313x.1998.00343.x
http://www.ncbi.nlm.nih.gov/pubmed/10069079
http://doi.org/10.1038/nmeth.2019
http://doi.org/10.1093/bioinformatics/btp184
http://doi.org/10.1038/nprot.2011.395

	Introduction 
	Results 
	In Vivo Measurement of Cytosolic pH with Genetically Encoded Sensors 
	Cytosolic pH Variations near the Tonoplast and Plasma Membranes under Salt Stress 
	Changes in Cytosolic pH in Whole Roots under Salt Stress 
	Cytosolic pH Shifts under Compromised Salt-Stress Sensing 

	Discussion 
	Materials and Methods 
	pHGFP Reporters 
	Plant Transformation and Reporter Lines Selection 
	Fluorescence Imaging of pHGFP Reporter Lines 

	Conclusions 
	References

