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Rapid hyperosmotic-induced Ca’* responses in
Arabidopsis thaliana exhibit sensory potentiation
and involvement of plastidial KEA transporters

Aaron B. Stephan?, Hans-Henning Kunz®P?, Eric Yang?, and Julian I. Schroeder®"

#Division of Biological Sciences, Cell and Developmental Biology Section, Food and Fuel for the 21st Century Center, University of California, San Diego,
La Jolla, CA 92093; and PSchool of Biological Sciences, Washington State University, Pullman, WA 99164

Contributed by Julian 1. Schroeder, July 12, 2016 (sent for review October 2, 2015; reviewed by Elizabeth S. Haswell and Paul E. Verslues)

Plants experience hyperosmotic stress when faced with saline soils
and possibly with drought stress, but it is currently unclear how
plant roots perceive this stress in an environment of dynamic water
availabilities. Hyperosmotic stress induces a rapid rise in intracellu-
lar Ca®* concentrations ([Ca?*])) in plants, and this Ca?* response may
reflect the activities of osmo-sensory components. Here, we find in
the reference plant Arabidopsis thaliana that the rapid hyperosmotic-
induced Ca?* response exhibited enhanced response magnitudes af-
ter preexposure to an intermediate hyperosmotic stress. We term
this phenomenon “osmo-sensory potentiation.” The initial sensing
and potentiation occurred in intact plants as well as in roots. Having
established a quantitative understanding of wild-type responses, we
investigated effects of pharmacological inhibitors and candidate
channel/transporter mutants. Quintuple mechano-sensitive channels
of small conductance-like (MSL) plasma membrane-targeted channel
mutants as well as double mid1-complementing activity (MICA) chan-
nel mutants did not affect the response. Interestingly, however, dou-
ble mutations in the plastid K* exchange antiporter (KEA) transporters
kealkea2 and a single mutation that does not visibly affect chloro-
plast structure, kea3, impaired the rapid hyperosmotic-induced Ca®*
responses. These mutations did not significantly affect sensory poten-
tiation of the response. These findings suggest that plastids may play
an important role in early steps mediating the response to hyperosmotic
stimuli. Together, these findings demonstrate that the plant osmo-
sensory components necessary to generate rapid osmotic-induced
Ca?* responses remain responsive under varying osmolarities,
endowing plants with the ability to perceive the dynamic intensities
of water limitation imposed by osmotic stress.

osmotic sensing | calcium | salt stress | plastid | abscisic acid

lants exhibit a wide range of physiological responses to cope

with water deprivation by drought and salinity stress (1-3). The
properties of biological sensors determine the circumstances and
extent to which these coping mechanisms are activated, but the
early sensory mechanisms and components regulating the osmotic
sensory components in plants are not well understood (see ref. 4
for review). Pioneering studies have demonstrated that Arabidopsis
seedlings expressing the bioluminescent Ca®* reporter protein
aequorin exhibit a rapid rise in intracellular Ca** ([Ca**];) within
seconds upon stimulation by NaCl solution (5, 6). This rapid os-
motic-induced Ca”* response has been observed in plant species
ranging from rice (7) to the basal-branching moss taxon Phys-
comitrella patens (8), indicating that this response may be conserved
across the Plantae kingdom. Solutions of either NaCl or iso-
osmotic mannitol/sorbitol induce nearly identical rapid Ca®" re-
sponses, indicating that the nature of this rapid stimulus is largely
osmotic rather than ionic (5, 9, 10). Individual seedling responses
tend to be quite heterogeneous, and the response characteristics
show variation depending on the accession or extracellular ionic
composition (9, 11). It has been demonstrated that, for NaCl stress
in particular, Ca®* influx first appears in roots and later in shoots
(9), and when roots are stimulated with salt stress, the Ca** signal
propagates to the leaves in waves (12, 13). The root-to-shoot
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propagation requires the slow vacuolar (SV) channel two-pore
calcium channel protein 1 (TPC1), proposed to mediate a Ca**-
induced Ca®* release mechanism (12). However, TPC1 is not re-
quired for the rapid osmotic-induced Ca®* response (12). On a
longer time scale, Ca?* oscillations have been observed within in-
dividual cells (14). Thus, rapid hyperosmotic-induced Ca®* re-
sponses represent the initial cytosolic Ca®* rise preceding these
secondary Ca®" signaling events that occur throughout the plant.
Given the short time interval between stimulus and response,
quantitative interrogation of the rapid hyperosmotic-induced Ca**
response in plants was used as a method to identify a potential
osmo-sensory component (15) as well as sensory components for
other stimuli such as ATP and rapid alkalization factor (RALF)
peptides (16, 17). One mutant line, reduced hyperosmolality-
induced [Ca®*]; increase 1 (oscal), was mapped to mutations in a
membrane protein At4g04340 (15). Both oscal and a homolog
CSCl1 (encoded by the gene At4G22120) were shown to confer
osmotically sensitive Ca”*-permeable channel currents (15, 18). It
remains unknown, however, how these and other unidentified
components of the osmo-sensory components are regulated.
Osmotic stress in plants is dynamic in nature; availability of
water to the plant can vary widely depending on soil water ca-
pacity, dissolved ionic content, precipitation, atmospheric humid-
ity, temperature, wind speed, and solar irradiance (19). However, it
is not known whether a dynamic osmotic environment modulates
the activity of the initial osmo-sensory components in plants. Here
we present a quantitative study of rapid hyperosmotic-induced
Ca®* responses in the plant Arabidopsis thaliana. We found that
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seedlings preexposed to mild osmotic stress exhibited larger, more
robust rapid Ca®* responses to subsequent hyperosmotic stress.
We term this response “osmo-sensory potentiation.”

Ca®* is not only released across the plasma membrane from the
apoplast; several organelle types may act as [Ca®*]; storage pools
(20, 21). We further investigated several candidate mutant genes
and found that members of the plastidial K* exchange antiporter
(KEA) transporter family are necessary for eliciting wild-type
levels of rapid hyperosmotic-induced Ca**, but kea mutant lines
were still largely capable of exhibiting sensory potentiation. To-
gether, these results demonstrate that the sensitivities of the
osmo-sensory components are capable of being tuned according
to previous stimulation and indicate an important role for plas-
tidial ion transporters in stress-induced [Ca®*]; elevation.

Results

Features of Rapid Hyperosmotic-Induced Ca’* Responses. Wild-type
Arabidopsis seedlings of the ecotype Col-0 expressing aequorin
under the control of the strong and constitutive 35S promoter
(henceforth referred to as “wild-type Col-0") were grown for 1 wk
in individual wells of 96-well plates. The seedlings were pretreated
with the cofactor coelenterazine to reconstitute the active aequorin
Ca”* reporter complex. Stimulation solutions were applied auto-
matically to each well while Ca**-dependent light emission from
individual seedlings was measured. We observed that stimulation
of the seedlings by hyperosmotic stress resulted in a rapid, tran-
sient rise in [Ca®"]; (Fig. 1 A4-D), consistent with previous reports
(5,9, 12, 15). When seedlings were stimulated by a low-osmolarity
solution iso-osmotic to the existing medium, only small responses
were observed (Fig. 1 A and B). These small responses could be
the result of the seedlings sensing a mechanical force caused
during application of the stimulus into the wells containing the
seedlings (22, 23). We found that these “mechano-sensory” re-
sponses peaked consistently within 2 s and returned to baseline by
20 s under the imposed conditions (Fig. 1 4 and B). As the os-
molarities of the stimuli were increased, the amplitudes of the
rapid Ca" responses increased dramatically (Fig. 1 A-D). These
osmo-sensory responses varied from seedling to seedling in terms
of amplitudes and kinetics (Fig. 1 C and D), as has been noted
previously (9). However, we observed that nearly all hyperosmotic-
induced Ca®* responses exhibited an initial peak in free cytosolic
Ca** within 5 s of stress application and exhibited an additional
peak or several secondary peaks that were much more variable in
amplitude and kinetics (Fig. 1 C and D). Occasionally the sec-
ondary peaks blended in with the first peak, giving the impression
of a single, larger peak (e.g., black trace in Fig. 1C) (24). The
variation in amplitude is not caused by variation in aequorin ex-
pression levels, because relative Ca** concentrations were calcu-
lated based on calibrated normalization to total active aequorin
protein in each seedling (Materials and Methods) (25). Indeed,
independent aequorin-transformant wild-type Col-0 lines varying
by more than fivefold in aequorin expression levels showed in-
distinguishable mean hyperosmotic-induced Ca®" responses after
normalization (Fig. S1). Because of the inherent variability from
seedling to seedling, we developed an analysis program that
quantifies more than 40 features of individual seedling responses
including primary and secondary peak amplitudes, time to peaks,
decay rates, integrated areas under the peaks, and principal com-
ponents, and automated plots measured features for individual
seedlings as well as averages of replicate seedlings for any tested
treatment or genotype (Materials and Methods).

To determine how a dynamic osmotic environment affects
hyperosmotic-induced Ca®* responses, we first established how
different response parameters varied as a function of stimulus
osmolarity. As the log(osmolarity) of the stimulus increased, pri-
mary peaks rose in a quasisigmoidal fashion (Fig. 1E). The ECs,,
determined by the osmolarity needed to elicit 50% of the maximal
response, was ~316 mOsmol/L for primary peak amplitudes. The
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Fig. 1. Osmotic dose dependency of rapid Ca®* response parameters.
(A) Average [Ca®*]; responses (solid lines) + SEM (transparent shading) of 39-40
seedlings stimulated with an application of NaCl solutions resulting in an os-
molarity of 12 (red), 316 (green), or 1,792 (blue) mOsmol/L at time = 0. (B-D) Six
representative individual seedling Ca* responses to selected solution osmo-
larities. Note the differing y axis scales in B-D. (E-G) Influence of stimulus os-
molarity on measured parameters of the Ca®* response, including primary (1°)
and secondary (2°) peak amplitudes (E), time from stimulation to the peaks (F),
and response termination kinetics as quantified by the decay constant = (black
trace) and the area under the normalized response curve (green trace) (G). n =
31-40 seedlings per data point in E-G. Statistical comparisons were made be-
tween the lowest and highest stimulus concentrations using one-way ANOVA
with the Tukey honestly significant difference (HSD) post hoc test. ***P <
0.001. (H) Baseline Ca®* concentrations immediately preceding (pre) and 2, 4,
and 6 min following stimulation with NaCl solutions to result in the indicated
osmolarity. Error bars represent + SEM.

time from stimulation to primary peak increased slightly but sig-
nificantly (Fig. 1F); the time from stimulation to the largest sec-
ondary peaks was reduced dramatically at higher osmolarities (Fig.
1F). Termination kinetics, measured in terms of an exponential
decay constant () and integrated area under normalized curves
showed that termination rates slowed as the hyperosmotic stimulus
was increased but then fell slightly at very high stimulus intensities
(Fig. 1G). The sensory threshold, determined by the osmolarity
that achieves above-background responses, was determined to be
in the range of 123-164 mOsmol/L for the parameters measured
here (Fig. 1 E-G).

Under the stimulation paradigm used in this study, the hyper-
osmotic stress is applied to a well containing the seedling, so the
stress remains constant after application of the stress. However, the
[Ca™]; levels did not remain at peak elevations. Instead, the Ca**
levels decayed dramatically within 30 s after stimulation (Fig. 1. A-D)
and approached prestimulus levels several minutes after stimu-
lation for low-intensity (12 mOsmol/L) and high-intensity
(1,792 mOsmol/L) stimuli (Fig. 1H). The intermediate-intensity
(316 mOsmol/L) stimulus showed a slower decay time course
(Fig. 1 G and H).

Potentiation of Rapid Hyperosmotic Stress-Induced Ca?* Responses by
Prior Hyperosmotic Exposure. We next preexposed Arabidopsis seed-
lings to intermediate levels of hyperosmotic stress for prolonged
durations (~1-3 h) and measured rapid Ca’" responses to
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subsequent hyperosmotic stimuli. Interestingly, we found that raising
the prestimulus osmolarity from 21 mOsmol/L to 149 mOsmol/L
resulted in larger, more robust hyperosmotic-induced Ca®* re-
sponses (Fig. 24). By quantifying the features of hyperosmotic
responses as a function of starting osmolarity, we found that the
amplitude of the primary peak, but not the amplitude of the
secondary peak, was increased by the starting osmolarity (Fig. 2B
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Fig. 2. Potentiation of rapid hyperosmotic-induced Ca®* responses by prior
exposure of seedlings to hyperosmotic stress. (A) Average Ca** responses (solid
lines) + SEM (transparent shading) of seedlings preexposed for 1-2 h to low-
osmolarity (21 mOsmol/L, black trace) and high-osmolarity (149 mOsmol/L, red
trace) medium, stimulated with an injection of 0.7 volumes of 700-mM sorbitol
solution at time = 0. n = 40 seedlings per trace. (B-D) Influence of starting
osmolarity before stimulation on measured parameters of the Ca®* response,
including primary and secondary peak amplitudes (B), time from stimulation to
the peaks (C), and response termination kinetics as quantified by the decay
constant 7 (black trace) and the area under the normalized response curve
(green trace) (D). n = 40 seedlings per data point in B-D. Statistical comparisons
were made between an indicated data point and the lowest starting osmo-
larity data point using one-way ANOVA with the Tukey HSD post hoc test.
(E) Time course of sensory potentiation, comparing primary peak amplitudes of
seedlings stimulated with an application of hyperosmotic medium and pre-
exposed to low-osmolarity (21 mOsmol/L; green trace) or high-osmolarity
(149 mOsmol/L; blue trace) medium as a function of time from preexposure to
time of stimulation. n = 62-69 seedlings per data point. Statistical comparisons
were made between preexposure to 21 mOsmol/L and preexposure to
149 mOsmol/L at each time point using one-way ANOVA with the Tukey HSD
post hoc test. (F) Reversibility of sensory potentiation assessed by serial expo-
sure to either low-osmolarity (21 mOsmol/L) or high-osmolarity (149 mOsmol/L)
medium. n = 91-93 seedlings per data point. (G) Ca* responses were recorded
in the presence of starting osmolarities of 0 or 200 mOsmol/L and ending os-
molarities of 200 or 400 mOsmol/L imposed by sorbitol stress. n = 46-58
seedlings per condition. Error bars represent + SEM. Statistical comparisons
were made between conditions using one-way ANOVA with the Tukey HSD
post hoc test. *P < 0.05; **P < 0.01; ***P < 0.001; N.S., P > 0.05.
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and Fig. S2 C and D). Because increasing background stress
resulted in larger response amplitudes, we term this phenomenon
“osmo-sensory potentiation,” after analogous potentiation phenom-
ena described in neuroscience (26) and pharmacology (27).
Osmo-sensory potentiation was confirmed to occur in two in-
dependent aequorin-expressing lines (Materials and Methods).
When the background stress was raised above ~212 mOsmol/L, the
primary peak amplitudes were no longer amplified but instead
returned to nonpotentiated levels (Fig. 2B). Sensory potentiation of
hyperosmotic-induced Ca®* responses occurred consistently, re-
gardless of whether the osmolyte was sorbitol or NaCl in either the
preexposure medium or the stimulation solution (Fig. S2 A and B).

Preexposure to higher levels of hyperosmotic stress (512 mOsmol/L)
resulted in a modest shortening of the time required to reach the
primary Ca** peak (Fig. 2C). In contrast, the time required to reach
the secondary peak was lengthened significantly at high starting
osmolarities (Fig. 2C). Preexposure to higher levels of hyperosmotic
stress also resulted in more rapid termination kinetics and reduced
area under the normalized peaks (Fig. 2D).

Time-course analysis revealed that sensory potentiation began to
occur within 18 min after preexposure to intermediate osmolarity
and that the sensory potentiation peaked by 2 h after preexposure
(Fig. 2E). To determine whether this sensory potentiation was
reversible, we reexposed the seedlings to low-osmolarity medium a
second time before high-osmolarity stimulation and Ca** mea-
surement. We found the potentiation effects of the first pre-
exposure to high-osmolarity medium could be erased completely
by subsequent exposure to low-osmolarity medium before hyper-
osmotic stimulation (Fig. 2F).

To test further how potentiation is affected by both relative and
final osmolarity changes, we varied the starting (pretreatment) and
ending (stimulus) osmolarities and measured the resulting Ca**
responses. We found that the solutions starting from 200 and
ending at 400 mOsmol/L elicited a larger Ca>* response than the
solutions starting from 0 and ending at 200 mOsmol/L and those
starting from 0 and ending at 400 mOsmol/L (Fig. 2G). These
results demonstrate that elevating the starting osmolarity poten-
tiates the subsequent Ca®" in response to the same ending osmo-
larity and that the plant may sense relative changes in stimulus
intensity rather than total or final osmolarity.

Osmo-Sensing and Hyperosmotic-Induced Sensory Potentiation Occur
in Roots. There is some debate about the site of initial generation
of rapid hyperosmotic-induced Ca** responses, and the site may
depend on experimental conditions. Although some studies show
that the Ca®* signal first appears in roots (9, 12), another indicates
that the Ca®* signal may occur simultancously and more strongly
in the shoots (15). The Ca** response occurs in many cell types,
but it is reported to be largest and to occur earliest within cells of
the root epidermis (24, 28). We measured hyperosmotic-induced
Ca%t responses in isolated roots, isolated shoots, and whole
seedlings (Fig. 3 4 and B). The hyperosmotic-induced Ca®* re-
sponse was larger in roots than in shoots when both were exposed
to the same stimulus (Fig. 3B). By varying the starting osmolarity,
we determined that whole seedlings and isolated roots were
competent to exhibit potentiation at a 90% confidence level, but
isolated shoots were not (Fig. 3B).

To analyze the spatial distribution of Ca®* dynamics more di-
rectly in whole, intact seedlings, plants were stimulated uniformly
with hyperosmotic stress and were imaged with a CCD camera
(Fig. 3C). Rapid luminescence from the aequorin reporter was
emitted almost exclusively from the roots, most strongly in the
zones close to the root tip, 0-30 s after stimulation (Fig. 3C). A
lack of light emission from the leaves could not be explained by
the absence of aequorin reporter in the leaves, because subsequent
discharge of total remaining aequorin with 2 M CaCl, + 20%
(vol/vol) ethanol revealed an abundance of active aequorin re-
porter remaining in leaves (Fig. 3D).

Stephan et al.
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Fig. 3. Rapid hyperosmotic-induced Ca®* responses and potentiation occur
primarily in roots. (A) Average Ca%t responses (solid lines) + SEM (transparent
shading) of 1-wk-old whole seedlings (red trace), isolated roots (green trace),
and isolated shoots (blue trace) preexposed for 1-2 h to low-osmolarity
(21 mOsmol/L) medium and stimulated with an application of hyperosmotic
sorbitol solution at time = 0. n = 37-40 seedlings per trace. (B) Primary peak
amplitudes whole seedlings, isolated roots, and isolated shoots stimulated with
an application of hyperosmotic medium and preexposed to low-osmolarity
(21 mOsmol/L) or moderate-osmolarity (149 mOsmol/L) medium. Error bars
represent + SEM. Statistical comparisons were made between starting osmolarity
conditions using one-way ANOVA with the Tukey HSD post hoc test. P values are
indicated. (C and D) Pseudocolored photographs depicting light emission of in-
tact whole seedlings in response to hyperosmotic shock (1 M sorbitol, signal in-
tegrated for 30 s) (C) and subsequently to 2 M CaCl, + 20% ethanol, which
discharges all remaining aequorin (signal integrated for 1 min) (D).

Additive Effects of Abscisic Acid Signaling and Hyperosmotic-Induced
Potentiation. One possible mechanism for sensory potentiation
could involve positive feedback from downstream hyperosmotic-
induced signaling components on the upstream osmo-sensory
components. Because osmotic stress induces abscisic acid (ABA)
biosynthesis (29, 30), and ABA enacts a multitude of physiological
changes including modulation of ion channel activity and tran-
scriptional reprogramming (31), we tested the effects of exoge-
nous ABA application on hyperosmotic-induced Ca** responses.
In 6 of 12 experiments, preexposure of seedlings to ABA resulted
in larger-amplitude hyperosmotic-mduced Ca*" responses (Fig. 4
A-C). In the other six experiments, no effect of adding exogenous
ABA was observed. In experiments in Wthh ABA resulted in
larger-amplitude hyperosmotic-induced Ca** responses, 2 uM
ABA was sufficient to reach saturation, and 10 pM ABA did not
further increase the response amplitudes (Fig. 4 A and B). To
determine whether this ABA effect may interact with the poten-
tiation of the response by elevated starting osmolarity, we pre-
exposed seedlings to either low- or moderate-hyperosmolarity
medium that either lacked or contained ABA. We found that the
increases in amplitude induced by either ABA preexposure or
hyperosmotic preexposure alone were additive when the seedlings
were preexposed to both ABA and medium with high starting
osmolarity (Fig. 4C); two-way ANOVA (32) analysis indicated
that preexposure to ABA together with preexposure to a starting
osmolarity preexposure s §mf1cantly mcreased the primary peak
amplitudes (P = 2.3 x 107" and P = 6.79 x 107®, respectively), but
there was no detectable interaction between the ABA and starting
osmolarity pretreatments (P = 0.89). This result suggests that
potentiation of the hyperosmotic-induced Ca*" response by

Stephan et al.

preexposure to hyperosmotic stress occurs by mechanisms that are
at least partially distinct from those involved in ABA signaling.
To address this question further, we made use of a recently
developed ABA-signaling antagonist, hexasulfanyl-ABA (HS-
ABA). This ABA analog has been shown to bind the PYR/PYL
family of ABA receptors and to disrupt the receptor interactions
with inhibitory PP2C proteins, thereby leading to constitutive re-
pression of ABA signaling (33). HS-ABA drastically reduced the
amplitudes of the hyperosmotic-induced Ca** responses, elimi-
nating any discernible effect of hyperosmotic pretreatment po-
tentiation (Fig. 4D). Two-way ANOVA demonstrated that starting
osmolarity and HS-ABA treatment had large effects on primary
peak amplitudes (P = 1.8 x 107" and P < 2 x 107", respectively).
Nevertheless, no significant interaction was found between HS-
ABA treatment and starting osmolarity (i.e., the treatments
appeared to be additive) (P = 0.07). If the effects of HS-ABA
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Fig. 4. Influence of ABA on Ca?' response amplitudes and potentiation.
(A) Average Ca** responses (solid lines) + SEM (transparent shading) of 1-wk-
old whole seedlings preexposed for 1-2 h to low-osmolarity (21 mOsmol/L)
medium with or without ABA at the indicated concentrations and stimulated
with an application of hyperosmotic sorbitol solution at time = 0. n = 20-23
seedlings per trace. (B) Quantification of primary peak amplitudes in A. Sta-
tistical comparisons were made between conditions using one-way ANOVA
with the Tukey HSD post hoc test. **P < 0.01; N.S., P> 0.05. (C) Additive effects
of preexposure to ABA and elevated osmolarity on Ca®* responses in seedlings
stimulated with an application of hyperosmotic medium. n = 47-48 seedlings
per data point. Two-way ANOVA analysis revealed that ABA preexposure and
starting osmolarity preexposure significantly increased the primary peak am-
plitudes (P = 2.3 x 107 and P = 6.79 x 1078, respectively), but there was no
detectable interaction between the treatments (P = 0.89). P values were cal-
culated by the Tukey HSD post hoc test. *P < 0.05; ***P < 0.001. (D) Effects of
the ABA antagonist HS-ABA (100 pM) on hyperosmotic-induced Ca®* response
amplitudes in seedlings preexposed to low- or high-osmolarity medium. n =
30-32 seedlings per data point. Error bars represent + SEM. Two-way ANOVA
revealed that starting osmolarity and HS-ABA treatment had large effects on
primary peak amplitudes (P = 1.8 x 107 and P < 2 x 107", respectively). No
significant interaction was seen between HS-ABA treatment and starting os-
molarity. Depicted P values were calculated by the Tukey HSD post hoc test.
*P < 0.05; **P < 0.01; ***P < 0.001; N.S., not significant. The influence of ABA
on the Ca** response amplitudes was observed in 6 of 12 experiments. A and B
show one experiment, and C shows another experiment.
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indeed result from specific inhibition of ABA signaling, this result
could indicate that a certain level of basal ABA signaling is a pre-
requisite for maintaining the responsiveness of the osmo-sensory
components, regardless of potentiation status.

Survey of lon Transporters That May Play a Role in Eliciting
Hyperosmotic-induced Ca®* Responses. Only one mutant, OSCAI,
has been described to date that impairs the rapid osmotic stress-
induced Ca®* elevation (15). Previous studies suggest that the Ca®*
stores responsible for rapid hyperosmotic-induced Ca** influx may
include both the apoplast and intracellular organelles, because the
extracellular Ca®*-signaling inhibitors La®>*, Gd**, and EGTA and
several [Ca®*];-signaling inhibitors all affect the amplitude and ki-
netics of the osmotic-induced Ca** response (5, 9). We tested a
variety of pharmacological agents and found that LaCl;, GdCl;,
amiloride, and D-cis-diltiazem dampened the rapid osmotic-induced
Ca®* response (Fig. S3 and Table S1), but DNQX, CNQX, p-APS,
verapamil, tetracaine, Ruthenium red, U-73122, H-8, Methylene
blue, NS-2028, and ODQ did not dampen the rapid osmotic-induced
Ca®* response (for details, see Table S1).

We assessed candidate mutant lines for altered hyperosmotic-
induced Ca* responses, including mechano-sensitive plasma
membrane-localized channels. No significant effects were observed
in the higher-order mechanosensitive Ca®* channel root MidI-
complementing activity mcal;mca2 (AT4G35920, AT2G17780)
double mutant (34, 35) or the plasma membrane-targeted mem-
bers of the mechano-sensitive channel of small conductance
(MscS)-like family msl4,5,6,9,10 (AT1G53470, AT3G14810,
AT1G78610, AT5G19520, AT5G12080) quintuple mutant (Fig.
S4) (36). Additionally, it has been shown prev1ously that the tpc]
(AT4G03560) mutants in the vacuolar Ca**-activated Ca**
permeable SV channel do not affect the rapld osmotically mduced
increase in Ca®* but rather impair the ensuing root-to-shoot Ca>*
wave (12).

It has recently become evident that plastids represent a significant
pool for Ca** release in plants (21 37, 38). We measured hyper-
osmotic-induced Ca** responses in plastidial-localized kea mutant
lines. KEA1 (AT1G01790) and KEA2 (AT4G00630) are targeted
to the inner plastid envelope membrane and are required for plastid
ion homeostasis and osmo-regulation (39-41). Loss of function re-
sults in morphologically swollen plastids and decreased photosyn-
thetic activity (41). Because KEA1 and KEA2 act as KY/H"
antiporters, mutation of these genes is expected to perturb the
electrochemical potential of these—and possibly other—ions across
the envelope membrane. We found that keal-2kea2-2 double mu-
tants displayed a substantlally reduced amplitude of the rapid
hyperosmotic-induced Ca®* response at high starting osmolarity
(Fig. 5 A and B). Comparing conditions of low and high starting
osmolarity, we found that the keal-2kea2-2 double mutant line was
competent to exhibit sensory potentiation despite overall reduced
amplitudes compared with wild type (Fig. 5 4 and B). Transgenic
expression of wild-type KEA2 under the control of the AtUBQlO
promoter was sufficient to rescue the low-amplitude Ca®* pheno-
type of the keal-2kea2-2 double mutant (Fig. 5 E and F).

We next tested a mutant in the KEA3 (AT4GO4850) gene; KEA3
is localized to the thylakoid membrane (41, 42). Ca** storage occurs
within the plastid lumen. Kea3 mutants show morphologically intact
chloroplasts, but mutation results in altered absorption of photo-
synthetic energy under dynamic light conditions (42). Interestingly,
we found that the kea3-1 mutant line dlsplayed a reduced ampli-
tude of the hyperosmotic-induced Ca®* response, much like the
keal-2kea2-2 double-mutant line (Fig. 5 C and D), and likewise was
still competent to exhibit sensory potentiation (Fig. 5 C and D).
Thus, the impairment in osmotic stress-induced Ca** cannot be
linked solely to the aberrant chloroplast morphology of the keal-
kea2 mutant (41) but correlates with the effects of both mutants on
chloroplast ion homeostasis and photosynthetic efficiency.
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Fig. 5. Plastidial kea mutations reduce rapid hyperosmotic-induced Ca®* re-
sponse amplitudes but do not eliminate sensory potentiation. (A) Average Ca®*
responses (solid lines) + SEM (transparent shading) of 1-wk-old wild-type (Col-0) or
kea1-2; kea2-2 double mutant seedlings preexposed for 1-2 h to low-osmolarity
(21 mOsmol/L) or high-osmolarity (149 mOsmol/L) medium and stimulated with
an application of hyperosmotic sorbitol solution at time = 0. n = 44-64 seedlings
per trace. (B) Quantification of primary peak amplitudes in A. Two-way ANOVA
demonstrated that the effects of both genotype and starting osmolarity on pri-
mary peak amplitudes were highly significant (P = 2.77 x 107 and 2.0 x 107",
respectively) and that the interaction between genotype and starting osmo-
larity was also significant (P = 0.01). Statistical comparisons were made with
the Tukey HSD post hoc test. (C) Average Ca®* responses (solid lines) + SEM
(transparent shading) of 1-wk-old wild-type (Col-0) or kea3-7 mutant seedlings
preexposed for 1-2 h to low-osmolarity (21 mOsmol/L) or high-osmolarity
(149 mOsmol/L) medium and stimulated with an application of hyperosmotic
sorbitol solution at time = 0. n = 28-66 seedlings per trace. (D) Quantification
of primary peak amplitudes in C. Two-way ANOVA demonstrated that the
effects of both genotype and starting osmolarity on primary peak amplitudes
were significant (P = 4.5 x 107 and 6.69 x 107'°, respectively), but the in-
teraction between genotype and starting osmolarity was not significant (P =
0.59). Statistical comparisons were made with the Tukey HSD post hoc test.
(E and F) Genetic complementation with a wild-type copy of Kea2 can rescue
the reduced amplitude phenotype of the kea7-2;kea2-2 double mutant. C#1
and C#2 represent independent complementation lines. Error bars represent +
SEM. Statistical comparisons were made using one-way ANOVA with the Tukey
HSD post hoc test. *P < 0.05; **P < 0.01; ***P < 0.001; N.S., P > 0.05.

Discussion

Here we report that early sensory components leading to rapid
osmotic-induced Ca** responses in plants can be up-regulated
(“potentiated”) by prior exposure to osmotic stress, whereas mu-
tation of plastidial KEA transporters results in reduced rapid Ca®*
elevation. Because plants exhibit rapid hyperosmotic-induced
Ca”* responses with or without preexposure to osmotic stress, this
finding indicates that the sensory components are always present
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and functional. However, the expression, activity, or sensitivity of
the sensory components is increased after a previous experience of
hyperosmotic stress, thereby exhibiting sensory potentiation. Im-
portant and interesting examples in the literature describe the
enhancement of responses after experiencing stress, sometimes
referred to as “priming” or “memory” (43-46). The present study,
however, reports that the earliest sensory components of the rapid
osmotic stress response can be up-regulated in such a manner.
Sensory potentiation, as described here, is distinct from these
previously described examples because all responses downstream
of the initial perception event could be affected. Moreover, the
rapid onset and reversibility of sensory potentiation suggest that
this phenomenon may be of key importance for “on-the-fly” ad-
justment of the sensitivity to osmotic conditions as experienced by
plant roots in soils when experiencing osmotic stress.

We found that under constant hyperosmotic stimulation, the
Ca”" response returns to baseline. This return to baseline suggests
that negative feedback mechanlsms must exist to inactivate sensory
components including closing Ca>* channels and removing cytosolic
Ca’* by active transport (47) Many sensory systems exhibit a similar
return to baseline, which is termed “sensory adaptation” (48); ex-
amples include mammalian vision and audition, bacterial chemo-
taxis, and yeast osmoregulation. These systems require integral
feedback control to balance sensory components’ activation with
inactivation (49, 50). Returning to baseline ensures that the system
remains responsive to further relative changes in stimulus intensity.
Together, these data indicate that the plant may sense relative
changes in stimulus intensity rather than total or final osmolarity.

Although we had hypothesized initially that ABA elevation in-
duced by osmotic stress could feed back to up-regulate the osmo-
sensory components, we found that the increase in sensitivity
caused by ABA is more variable than and is largely independent of
the increase in sensitivity caused by prior exposure to hyperosmotic
stress (Fig. 4). Despite our best efforts to control environmental
conditions, the effects of exogenous ABA application varied from
experiment to experiment. Given that ABA had an effect in only
half of our tested experiments and that HS-ABA could reduce the
amplitude of osmotic-induced Ca** responses, we hypothes1ze that
a basal amount of ABA is required for osmotic-induced Ca**
sponses and that, once that basal level is reached, additional ABA—
dependent potentiation may be limited. This hypothesis can be
tested further in the future with mutant lines that are deficient in
ABA biosynthesis. We observed a rapid (<20-min) onset of po-
tentiation by preexposure to hyperosmotic stress (Fig. 2E), but it
has been observed that osmotic-induced ABA increases in roots
occur on a substantially slower timescale (51). Therefore, it is un-
likely that a rapid increase in ABA concentration can account for
osmotic-induced potentiation.

The flndlng that hyperosmotic stress results in an increase in
[Ca*]; raises the question of which Ca®* stores are important for
this response. Our analyses of the mcal;mca2 double mutant and
the msl quintuple mutant show that other channels are required to
display the rapid wild-type osmotic-induced Ca** responses. Our
analyses of the plastidial KEA transporters offer initial insight into
this question. KEA1 and KEA?2 are localized to the inner envelope
of the plastid, whereas KEA3 is localized to the thylakoid mem-
brane (39, 41, 42). Although keal-2kea2-2 double mutants display
phenotypes associated with severely impaired chloroplast functions
(41), the kea3-1 mutant line does not affect chloroplast morphology
and is known to display electron transport phenotypes under
dynamic light situations (42). In this study we found that both kea!-
2kea2-2 double mutants and kea3-1 mutants showed reduced osmotic-
induced Ca”" responses despite being grown in standard lighting
conditions. These results offer the tantahzmg prospect that plas-
tidial membrane energetics and Ca®* stores may be linked and
required for wild-type hyperosmotic-induced Ca®* responses (21,
52). In animal systems, for instance, it has been demonstrated that
mitochondria play an important function in Ca®* release (53, 54).
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A recent study shows that KEA1, KEA2, and KEA3 transcripts are
detectable in roots (55). Additionally, root leucoplasts have in-
tracellular membranous lamellar vesicles and plastoglobules (56),
the latter of which has significant association with thylakoids in
terms of proteome composition (57). Indeed, a recent publication
demonstrates the existence of root plastid calcium signaling in
response to various chemical stimuli (58). Thus, the calcium sig-
naling phenotype found in the kea mutants may be attributable to
disrupted root plastid ion homeostasis, but presently an indirect
effect (leaf-to-root) or systemic effect cannot be excluded and will
require further analyses. The effects of these mutations could be
more indirect, affecting ion homeostasis or osmotic perception at
the cell surface or in other organelles. Note that mutations in the
kea3 transporter do not visually affect chloroplast ultrastructures
(41, 42). Tt has been reported that disrupted plastid osmoregula-
tion in the msl2msi3 double mutant activates drought-related
phenotypes in the absence of an external stress (59). The present
study highlights that the involvement of plant plastids in the initial
osmotic sensory events deserves further attentlon

A novel family of osmotlcally gated Ca®"-permeable ion chan-
nels has been reported in plants (15, 18), and mutations of one
family member are the only mutations known to reduce hyper-
osmotic-induced Ca** responses primarily in leaves (15). Our
study identifies the regulation of the osmo-sensory components by
preceding exposure to hyperosmotic stress (potentiation), by the
hormone ABA, and by the activities of plastid-localized KEA
transporters. These results suggest that the initial osmotic per-
ception events leading to induction of rapid [Ca®*]; elevations
represent a complex trait that is influenced by several factors.
Taken together, the results in this work will guide mechanistic
studies toward elucidating the osmosensory components in plants.

Materials and Methods

Arabidopsis Plant Lines. Wild-type Col-0 Arabidopsis seedlings harboring a
transfer DNA (T-DNA) insertion carrying a 35S:Apoaequorin expression cassette
were used throughout this study. The lines were either direct descendants of the
original kanamycin-resistant pMAQ?2 line (60) (shared by Marc Knight, Durham
University, Durham, UK and Zhen-Ming Pei, Duke University, Durham, NC) or an
independently generated hygromycin-resistant line (shared by Antony Dodd,
Bristol University, Bristol, UK). Both lines showed nearly identical expression
levels of Apoaequorin, and sensory potentiation was confirmed to occur in both
lines. The hygromycin-resistant 35:Apoaequorin line was crossed to the kea1-2,2-2
(SAIL_1156_HO07; SALK_020285) double-mutant and the kea3-17 (SAIL_556_E12)
single-mutant lines (41). The resulting F1 individuals were self-pollinated, and
F2 progeny were genotyped and assayed for aequorin expression (41). The F2
individuals that were homozygous for the intended kea mutations as well as
expressing aequorin were propagated to the F3 generation and tested for
hyperosmotic-induced Ca®* responses. Four F3 lines were tested with similar
results. Mca1,;2 mutants, provided by Hidetoshi lida, Okazaki Institute for In-
tegrative Bioscience, National Institutes of Natural Sciences, Okazaki, Aichi, Japan,
and Msl4;5;6;9;10 mutants, provided by Elizabeth Haswell, Washington Uni-
versity in St. Louis, St. Louis, were transformed by the agrobacterium-mediated
floral-dip method using a pMAQ2-NEW vector provided by Zhen-Ming Pei,
Duke University. T1 transformants were selected based on Basta resistance and
aequorin expression. Two T2 lines were tested for each mutant combination.
For the Kea complementation experiment, the kea1-2;,kea2-2 double mutant
expressing aequorin was transformed by the agrobacterium-mediated floral-
dip method using a vector expressing Kea2-mVenus fusion protein under the
control of the UB10 promoter (41). T1 transformants were selected based on
enhanced hygromycin resistance and nonchlorotic leaves, indicating functional
complementation. Two T2 lines were tested for osmotic-induced Ca®* re-
sponses by analyzing the rescued kea-expressing lines (approximately three of
four lines), as determined by wild-type green leaf appearance.

Luminometry Measurements of Ca?* Responses in Seedlings. Ethanol-sterilized
seeds were plated individually in wells of sterile, white, 96-well microplates (BD
Biosciences) containing 130 pL of medium composed of 1/2 Murashige and
Skoog (MS) medium (2.2 g/L), 0.5 g/L MES, 1% sucrose, and 0.08% Phyto Agar
(Phytotek). The low percentage of Phyto Agar provided modest support for seed-
ling growth while allowing subsequent rapid mixing of injected pretreatment
solutions and stimulus solutions. The clear lids were sealed with Parafilm
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(Bemis NA) to prevent medium evaporation. The seedlings were cold strat-
ified for 2-3 d at 4 °C in the dark and then were grown for 6.5 d in a growth
cabinet (16-h light/8-h dark, 22 °C, 60-80 pEmzls light intensity). Twelve to
fourteen hours before the experiment, 130 uL of water containing 2 pM
native coelenterazine (Ctz) (Promega) was added to each well. The lid was
replaced on the plate but was not sealed with Parafilm again. The plate was
covered by aluminum foil to prevent light-induced degradation of Ctz and
was incubated overnight in the growth cabinet.

The following day, just before experiments, 130 pL of medium was removed
from each well, and 130 pL of preexposure medium was added. Unless other-
wise noted, the preexposure proceeded for ~1 h before stimulation, and, be-
cause the luminometer recordings take ~45 min to measure all of the wells, the
preexposure generally lasted for 1-1.75 h. In the serial-preexposure experiment
(Fig. 2F), the first preexposure proceeded for 1 h, and the second preexposure
was done immediately before luminometry readings. Therefore, the second
preexposure proceeded for ~5-45 min before a given well was stimulated and
recorded. In the time-course measurements (Fig. 2E), the wells were preexposed
with staggered start times, factoring in the additional time required for the
plate reader to reach a given well during measurement. Unless otherwise
noted, the preexposure medium was water, resulting in a final diluted osmo-
larity of 41 mOsmol/L, with a starting medium of 21 mOsmol/L. In the poten-
tiated responses, unless otherwise noted, the preexposure medium was
256 mM sorbitol, resulting in a final diluted osmolarity of 149 mOsmol/L with
the starting medium. In the experiments involving ABA, HS-ABA, pharmaco-
logical agents, and various starting osmolarities (Fig. 4), the preexposure solu-
tions contained 2x the final diluted concentrations of the compounds. HS-ABA
was synthesized as a racemic alkyl thioether, according to methods in refs. 33
and 61. In the experiments evaluating pharmacological inhibition of osmotic-
induced Ca®* responses, the compounds were dissolved in the stock solvents
indicated in Table S1 and then were diluted in water and the medium in the
well to their final concentrations indicated in Table S1. These solutions were
incubated for 30 min before stimulation. The drug concentrations used were
determined from previously reported studies and our own dose-response
analyses. In all cases, just before luminometry recordings, 130 puL (0.5 of the
volume) of the medium was removed to allow enough empty volume for
stimulation solutions.

The 96-well plates containing seedlings were loaded into a Berthold Mithras
LB930 luminometer plate reader. Luminescence was measured every 0.1sfor5s
to establish a baseline reading, and then 100 pL of stimulation solution was
injected automatically at the device’s highest rate to ensure the shortest dis-
ruption of recording. Unless otherwise noted, the injected stimulation solution
was 700 mM sorbitol. In the dose-response measurements in Fig. 1, stimulation
was done with NaCl because of the solubility limits of sorbitol. The lower-
osmolarity dose dependencies were confirmed with sorbitol stimulus. After
application, light was measured every 0.1 s for an additional 30 s to 1 min.
Because of the mechanical limitations of the luminometer, there was generally
a period of 0.2 s during application when light could not be measured. The
data from these recordings were exported as tab-separated values on spread-
sheets and were designated as the “stimulus-induced” luminescence data.

After all 96 wells had been stimulated and measured, the plate was removed
from the luminometer, and 100 puL of solution was removed from each well.
The plate was loaded into the luminometer again. Luminescence was mea-
sured every 0.1 s for 2 s to establish a baseline reading, and then 100 pL of the
2 M CaCl; + 20% ethanol solution was injected automatically at the device's
highest rate to ensure the shortest disruption of recording. After application,
light was measured every 0.1 s for an additional 15-30 s. The data from these
recordings were exported as tab-separated values on spreadsheets and were
designated as the “aequorin discharge” luminescence data.
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Quantification of Response Features. A data-analysis script was written in R (62)
to quantify features of individual responses as well as averages of conditions
or genotypes (Dataset S1). Raw light emission was converted to Ca** con-
centration by the empirically determined formula pCa = 0.332588(-logk) +
5.5593, where k is a rate constant equal to stimulus-induced luminescence
counts per second divided by total remaining counts (elicited by discharge by
2 M CaCl, + 20% ethanol) (25). It should be noted that this calculation assumes
that all cells containing aequorin are responsive to the stimulus. Because this
assumption may not always hold true, the calculated apparent [Ca®*]; may
underestimate the true [Ca®*].. The [Ca®*]s reported in this study reflect the
apparent [Ca®*];.

Peak detection was performed using the Peaks library (cran.r-project.org/
web/packages/Peaks/index.html), using empirically established values that
generally fit the observed peaks: The primary peak was defined as the first
observable peak subsequent to stimulation. The secondary peak was defined as
the largest detected peak that was not the primary peak. The largest peaks
were normalized to a maximum value of 1 and were fit to the single expo-
nential decay function R = exp(-T/x), where R is the response amplitude at time
T, and 7 is the decay time constant. Given that the termination kinetics were
much slower than activation kinetics, a calculation of integrated area under the
normalized peak also served as a useful metric of termination kinetics. Each of
the calculated features was initially plotted in “beeswarm” stripcharts depict-
ing individuals, averages, and confidence intervals (cran.r-project.org/web/
packages/beeswarm/index.html) (Figs. S3 and S4), and the calculated values
were used for subsequent statistical analyses.

Imaging of Whole-Seedling Ca®* Responses. Ethanol-sterilized seeds were
plated on medium containing 1/2 MS medium (2.2 g/L), 0.5 g/L MES, and 1.5%
Phyto Agar. The plates were wrapped in Micropore tape (3M) and were cold
stratified for 2-3 d at 4 °C in the dark. The plates were transferred to a
growth cabinet, and the seedlings were grown vertically for 6.5 d under 16-h
light/8-h dark, 22 °C, 60-80 pEm?/s light intensity. The evening before the
experiment, the vertical plate was repositioned to lie flat horizontally. A few
drops of 37 °C 0.5% low-melt agarose were added along the length of the
seedlings (both shoots and roots) to affix the seedlings to the plate. After the
agarose solidified, 20 mL of water containing 1 pM native Ctz was added to
the plate. The plate was covered in aluminum foil and placed back in the
growth cabinet overnight.

The following day, the solution containing Ctz was decanted off the plate,
and the plate was placed horizontally in an imaging cabinet. A CCD camera was
used to image the light emitting from the seedlings. For sorbitol stimulation,
25 mL of 1-M sorbitol was dispensed onto the seedlings, and the photographs
integrated light for 30 s. The sorbitol stimulation solution was decanted off the
plate, and the plate was again placed horizontally in the imaging cabinet.
Twenty-five milliliters of 2 M CaCl, + 20% ethanol was dispensed onto the
seedlings, and the photographs integrated light for 1-2 min. The photographs
were subsequently pseudocolored in ImageJ with the “Fire” lookup table to
emphasize light emission intensities.
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