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Abscisic acid (ABA) regulates plant stress adaptation, growth and
reproduction. Despite extensive ABA-Ca** signalling links, imaging

ABA-induced increases in Ca® concentration has been challenging,
exceptin guard cells. Here we visualize ABA-triggered [Ca*"] dynamicsin
diverse organs and cell types of Arabidopsis thaliana using a genetically
encoded Ca* ratiometric sensor with alow-nanomolar Ca*-binding affinity
and a large dynamic range. The subcellular-targeted Ca*' ratiometric
sensor reveals time-resolved and unique spatiotemporal Ca* signatures
from the initial plasma-membrane nanodomain, to cytosol, to nuclear
oscillation. Viareceptors and sucrose-non-fermentingl-related protein
kinases (SnRK2.2/2.3/2.6), ABA activates low-nanomolar Ca** transient

and Ca*-sensor protein kinase (CPK10/30/32) signalling in the root cap

cycle from stem cells to cell detachment. Surprisingly, unlike the prevailing
NaCl-stimulated micromolar Ca* spike, salt stress induces a low-nanomolar
Ca*' transient through ABA signalling, repressing key transcription factors
that dictate cell fate and enzymes that are crucial to root cap maturation and
slough. Our findings uncover ABA-Ca**-CPK signalling that modulates root
cap cycle plasticity in adaptation to adverse environments.

Abscisic acid (ABA) is a versatile and central plant hormone that
regulates broad developmental processes throughout the plant life
cycle including embryogenesis, seed dormancy and germination,
organ size, mass and architecture, fertility, and integrative nutrient,
metabolicand hormone signalling networks'™. Inresponse to diverse
environmental stress conditions, local and systemic synthesis and
transport contribute to elevated ABA in various organs and cell types to
enhance plantadaptation to and protection from abiotic challenges®”.
ABA is perceived by its binding to many functionally redundant or
overlapping receptors, PYRABACTIN RESISTANCE1 (PYR1)/PYRI1-LIKE
(PYL)/REGULATORY COMPONENTS OF ABA RECEPTORS (RCAR).

ABA-bound RCAR/PYR1/PYL complexes with and inhibits the func-
tion of clade A Protein Phosphatase 2Cs (PP2Cs). In the absence of
ABA, the phosphatase activity of PP2Cs inhibits the kinase activity of
sucrose-non-fermentingl-related protein kinases (SnRK2.2/2.3/2.6),
which positively regulate the ABA signalling network*>.

As a universal cellular messenger, Ca** mediates diverse signal-
ling events in multiple subcellular compartments of all organisms®”’.
Temporal patterns in the dynamics of [Ca*'], so-called Ca®' signatures,
may appear as rapid spikes, transient or sustained increases above
background levels, or oscillating peaks in [Ca*']. In the cytosol and
organelles, Ca®* signatures are often attributed to specific signalling
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eventsinplantdevelopmentand responses to environmental cues’ ™.
Extensive research supports the idea that Ca*' signalling plays a central
rolein ABAresponses, especially in guard cells" . For example, multi-
ple Ca?*-sensor proteinkinases (CPK3/6/21/23) perceiving endogenous
cytosolic[Ca*] ([Ca*],,,) oscillations have been shown to phosphoryl-
ate and activate S-type anion channels, SLAC1and SLAH3, to mediate
ABA-induced stomatal closure™ ¢, CPK4/11/10/30/32 areimplicated in
activating gene expressionthroughthe phosphorylationand activation
of ABA-responsive transcription factors>?~?'. Moreover, CPK3/4/6/11
modulates ABA-induced phosphorylation and degradation of guanine
nucleotide exchange factor RopGEF1to facilitate ABA signallingin root
hair development and cotyledon growth®.

Despite molecular, cellular, biochemical and genetic evidence
supporting intimate ABA-Ca?" signalling connections in leaf, root
and guard cells'*, direct imaging of ABA-stimulated [Ca*'],,, oscil-
lations was feasible only in guard cells*. Attempts to visualize and
quantify [Ca*'] increases induced by ABA at single-cell resolution in
diverse organs and cell types have not been reported, even with the
intensity-based Ca*" sensor R-GECO1 which shows a notably higher
sensitivity compared to the Forster resonance energy transfer
(FRET)-based Ca* reporter yellow cameleon NES-YC3.6 and YC-nano50
(refs.23-26).

Genetically encoded Ca* indicators (GECIs) are indispensable
tools forvisualizing and quantifying Ca* signatures in plant and animal
cells. The GECls aequorin, YC3.6, R-GECOland GCaMPs have been used
to detect changes in local and systemic [Ca*'] induced by a variety of
stimuli®'®?*"*2, Aequorin is a bioluminescence-based Ca* indicator
(with anin vitro dissociation constant (K;) of 7.2-13 uM for Ca*") after
reconstitution of the holoenzyme with the exogenously applied pros-
thetic group coelenterazine and has been widely employed at the level
of cell populations or entire plants®'**°,

Fluorescent-protein-based GECIs bind to Ca*" with nanomolar K,
and are more sensitive to lower intracellular [Ca*'], enhancing the spati-
otemporal resolution and sensitivity of Ca* signalling detection at the
single-cell level. Although R-GECO1 (K, of 482 nM), CGf (K, 0f 220 nM)
and YC3.6 (K, of 250 nM) can detect nanomolar levels of [Ca®'], only
the ultrasensitive GCaMP6s, exhibiting high affinity with a K; 0f 144 nM
for Ca** and alarge dynamicrange, detected clear nitrate-induced Ca*"
signatures in plant leaf and root cells'>*~*°, To directly visualize and
quantify the elusive Ca®* signatures induced by ABA in various plant
organs and cell types, we developed reliable and versatile GECI tools
that enable the exploration of new ABA-Ca?®* signalling mechanisms
and the discovery of new ABA functions in plant development and
stress adaptation.

Results

Single-cell visualization of ABA-triggered [Ca*'] dynamics

We postulated that an ultrasensitive GECI might reliably detect
ABA-induced Ca®* signals in various plant cell types. To support this
hypothesis, we performed time-lapse recordings of ABA responses in
theroots of transgenic GCaMP6s plants. ABA triggered a rapid Ca* tran-
sientwith dual peaks at100-200 sinthe root tip region never previously
observed, which were distinct from ABA-activated Ca? oscillationsin
guard cells*®** (Extended Data Fig. 1a). To simplify and improve the
quantification of GCaMP6s and maintain its Ca** sensitivity and high
dynamic range, we created a synthetic gene that expressed a single
proteinwithtwo fluorescent proteins—the green fluorescent GCaMPé6s
andred fluorescent dTomato—fused by ashort SSGS linker (Fig. 1a,b).
In this simple Ca* ratiometric sensor (CRS), the carboxy-terminal dTo-
mato served as astableiinternal control insensitive to Ca*" and did not
interfere with the Ca®* binding of the amino-terminal GCaMPé6s (Fig. 1¢).
While the Ca**-induced green fluorescence of CRS was inhibited by EGTA
chelation of Ca?, the red fluorescence of CRS was unaffected (Fig. 1c).
Thus, the ratio of Ca*-sensitive green fluorescence to Ca*-insensitive
red fluorescence of CRS with excitation at 488 nm and 554 nm,

respectively, indicates the relative Ca* signal changes independent
of protein expression levels. The K, of CRS for Ca** was 165 nM with a
Hill coefficient of 3.0 (refs. 27-32) (Fig. 1d and Extended Data Fig. 1h).
As a positive control, we first measured [Ca®*] dynamics after nitrate
stimulationin mesophyll protoplasts transiently expressing CRS. The
ratio of greento red fluorescence showed a similar dynamic Ca* profile
as previously recorded using GCaMP6s' (Fig. 1e). Remarkably, we also
detected reliable ABA-induced [Ca®] dynamics with a distinct cytosolic
patternand lower amplitude compared with nitrate-induced dynamics
inthe transfected mesophyll protoplasts, but notin the mock control
without ABA' (Fig. le-g and Extended Data Fig. 1b).

To enable analyses of ABA-induced Ca?* responses in different
plant organs and cell types, we generated CRS transgenic plants with
gene expression driven by the constitutive UB/IQUITINIO (UBQI0)
promoter. Because ABA-induced Ca* oscillations were previously
observedinguardcells, wefirst validated the use of CRS in transgenic
plants by analysing the ABA-induced Ca*" response in guard cells.
Ca* oscillations in the cytosol of guard cells were observed only after
ABA stimulation (Fig. 2a and Extended Data Fig. 2a). We then moni-
tored Ca* responses in different organs, tissues and cell types, not
previously reported. After ABA treatment, the stimulated mesophyll
cells initiated a slower Ca?* transient featuring a different shape and
kinetics compared with the faster Ca*" transient in the root tip or root
differentiation zone, or the more rapid and sharper Ca* transient in
the lateral root primordium (Fig. 2b-e and Extended Data Fig. 2b-d).
CRS-based live imaging in plants revealed that ABA could trigger
diverse Ca*' signatures distinct from Ca?* oscillations in guard cells
and might activate different cellular Ca®* sensors to relay ABA signalling
responsesin various organs and cell types, asimplicated by ABA report-
ersand next-generation ABACUS biosensors' " 2**3* (Extended Data
Fig. 2b-d). Having visualized ABA-triggered [Ca*'] changes in root
tips using CRS, we investigated whether other GECIs could simi-
larly detect these changes. We selected the YC3.6 (FRET-based), CGf
(GCaMPé6f-based) and MatryoshCaMPé6s (CaMPé6s-based) trans-
genic lines for monitoring ABA-triggered [Ca*"] changes***'. No
ABA-triggered [Ca®'] changes were detected in root tips using YC3.6
or CGf (Extended Data Fig. 1d,e). Similar to CRS, ABA triggered a
green-fluorescent GCaMP6s signal in MatryoshCaMPé6s. However,
the LSSmOrange signal, which serves as an internal control, was also
triggered by ABA (Extended DataFig. If). The ratio of GCaMPé6s to LSS-
mOrange did not change upon ABA treatment. These results suggest
that only GCaMPé6s detected clear ABA-induced Ca** signaturesin plant
root tips and that CRS serves as areliable ratiometric calcium sensor.

Spatiotemporal patterns of ABA-triggered Ca* signalling

Nitrate and ABA appeared to activate different subcellular patterns of
[Ca*] changes and dynamics in mesophyll protoplasts'™ (Fig. le-g).
Unlike GCaMPé6s, which can detect low-nanomolar [Ca*"] changes in
both the cytosol and the nucleus'®, CRS was restricted to detecting
[Ca®].,. (Extended Data Fig. 1g). To overcome the subcellular limit of
CRS, we created new versions of CRS localized at the plasma mem-
brane or specific organelles to further characterize Ca* signatures at
high spatiotemporal resolution in different subcellular compartments
(Fig.3a). Transgenic plants expressing CRS fusion proteins showed no
obvious growth defect phenotype (Extended Data Fig. 3). We analysed
ABA-triggered Ca*' signatures in transgenic plants stably expressing
the CRS fusion protein variants targeted to the plasma membrane
(CRS-PM), cytosol (CRS) or nucleus (CRS-NLS). As the root tip exhibited
prominent ABA-responsive reporter gene expression®and Ca** dynam-
ics (Fig. 2c and Extended Data Fig. 1a,c), we monitored time-resolved
ABA-triggered [Ca*'] change patterns in subcellular compartments
in the uniform-shaped epidermal cells in the root meristematic zone
(Figs. 2c and 3b-f and Extended Data Figs. 2e and 4). When treated
with ABA, cells expressing CRS-PM displayed the most rapid elevation
of Ca*" signals (<50 s), which appeared to represent the first phase of
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Fig.1| Anultrasensitive CRS for detecting ABA-triggered [Ca*>'] dynamics.

a, CRS fusion protein. M13, calmodulin-binding peptide; HA, haemagglutinin.

b, Structure of CRS predicted by AlphaFold 2. ¢, GCaMPés fluorescence is
activated by calciumin vitro. The bars indicate GCaMP#é6s (left) or dTomato (right)
fluorescence intensity. The error bars denote +s.e.m. n = 3 biological repeats. NS,
notsignificant (P> 0.05); ***P < 0.0001 (statistical significance was determined
by two-tailed non-paired Student’s t-tests). d, Ca** titration curves of GCaMPé6s
and CRS. These results were used to calculate K, and the Hill coefficient for

Ca*". The error bars denote +s.e.m. n = 3 biological repeats. e, Ca** signalling
stimulated by KNO, in mesophyll protoplasts expressing CRS. KNO, was added
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ataconcentration of 10 mM. (F - F,)/F, is the relative fluorescence intensity.
‘Ratio’ indicates the relative fluorescence ratio of GCaMP6s to dTomato. The
error bars denote ts.e.m. n =13 protoplasts. f, Time-lapse images of ABA-
triggered Ca** signalling in mesophyll protoplasts expressing CRS. Scale bar,
10 pm. Theimages are representative of ten protoplasts. ABA was added ata
concentration of 10 pM. g, CRS signals stimulated by 10 uM ABA in mesophyll
protoplasts expressing CRS. The error bars denote +s.e.m. n =13 protoplasts.
All experiments were conducted in at least three biological repeats, with
similar results.
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Fig.2| ABA triggered different Ca>* dynamics in diverse tissues and cell types.
a-e, Time-lapse images and CRS signals of ABA-stimulated Ca* signalling.

The panels show fluorescence images of GCaMP6s and dTomato and the
fluorescence ratio in the guard cells of cotyledons (a), mesophyll cells (b), the
root tip (c), theroot differentiation zone (d) and the lateral root primordium (e)
of 7-day-old transgenic CRS plants. ABA was added at a concentration of 10 pM.
The greenarrows indicate the peak of the calcium transient. The error bars

300 400

Time (s)

denote +s.e.m. The data are from at least three independent experiments

(total number of plants or guard cells: ABA, n = 6; mock,n = 6 (a); ABA, n=13;
mock, n=10 (b); ABA, n=11; mock, n=10 (c); ABA, n=15; mock, n =10 (d);

ABA, n=13; mock,n =9 (e)).Scale bars, 10 um. ‘Ratio’ indicates the relative
fluorescence ratio of GCaMPé6s to dTomato. The monitored region isillustrated
inthe red-lined drawings. All experiments were conducted in at least three
biological repeats, with similar results.
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Fig. 3| ABA-induced dynamic spatiotemporal [Ca*'] changes in the epidermal
cells of the primary root tip. a, CRS variants targeted to different subcellular
compartments. b-d, Fluorescence signals of CRS-PM (b), CRS (c) and CRS-NLS
(d) stimulated by 10 pM ABA in the epidermal cell of the root meristem zone in
7-day-old transgenic CRS plants. Scale bars, 5 pm. ‘Ratio’ indicates the relative
fluorescence ratio of GCaMP6s to dTomato. The error bars denote +s.e.m. The
dataare from at least three independent experiments (total number of plants:
ABA, n = 6; mock, n = 6). The monitored region of epidermal cells in the root
meristem zoneis illustrated in red-lined cells in b. Subcellular localizations of
dTomato images from the CRS derivatives are shown. The gray dashed lines mark
the onset of cytosolic [Ca*] elevation at 45 s. The purple dashed lines indicate the
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0 100 200 300 400

Epidermal cell in the root
meristem (CRS-PM): time (s)

second phase of the two-phase cytosolic [Ca®*]increase at 100 s. The blue dashed
lines represent a significant decline near the plasma membrane occurring at 200
s. e, Time-lapse images of ABA-induced Ca* transients in epidermal cells in the
root meristem zone of 7-day-old plants expressing both CRS-PM and CRS-NLS.
The white arrows indicate elevated Ca*' signal. Scale bar, 5 um. f, Kymography
analysis of CRS-PMin response to ABA of the epidermal cell in the 7-day-old

plant root meristem zone. The red boxes indicate the detection region. The
images are representative of three root epidermal cells from three independent
experiments. All experiments were conducted in at least three biological repeats,
with similar results.

two-phase cytosolic Ca* increases in timing and amplitude (Extended
Data Fig. 1a). The second phase of the elevated cytosolic Ca®* signal
was sustained above the initial level of calcium for more than 5 min,
whereas amarked decrease occurred near the plasma membrane after
2min. Unexpectedly, slower (approximately 100 s) but substantial Ca?*
oscillation was observed with CRS-NLS (Fig. 3b-d and Extended Data
Figs. 2e and 4). Imaging of [Ca*"].,, changes in single cells expressing
CRS variants suggests that the initial Ca** signal increase due to ABA
perception might originate at the discrete nanodomains of the plasma
membrane, thenspread throughout the plasma membrane and migrate
to the cytosol and into the nucleus (Figs. 1f and 3b-d and Extended
Data Figs. 2e and 4). These findings are consistent with the detection
of ABA receptors and PP2C/ABI1-CPK21 signalling complexes on the
plasma membrane nanodomains® ¥,

To directly visualize spatiotemporal ABA-Ca®" signalling pro-
cesses at the single-cell resolution, we performed time-lapse imaging
analysis along the plasma membrane of single CRS-expressing meso-
phyll cells exhibiting slower ABA-activated [Ca*'] dynamics (Figs. 1f,g
and 2b). We found that ABA-triggered Ca®' signal elevations could start
fromdiscrete sites and were not evenly distributed along the plasma
membrane before migratinginto the cytosol (Extended DataFig. 5a).In
theroottip, with faster ABA-Ca”* signalling (Fig. 2c and Extended Data
Fig.1a,c), the CRS seedlings were treated with an extracellular Ca** che-
lator, EGTA or BAPTA, or anon-selective Ca* channel blocker, GdCl,,

and the ABA-induced cytosolic Ca* transient was abolished (Extended
Data Fig. 5b). To demonstrate that the ABA-triggered Ca®* signal was
first initiated near the plasma membrane'®, we generated a trans-
genic line harbouring dual CRS-PM and CRS-NLS sensors (CRS-PM/
CRS-NLS). When CRS-PM/CRS-NLS seedlings were treated with ABA,
Ca* signals appeared first near the plasma membrane at 10-20 s and
theninthenucleusat50 sinthesingle epidermal cells of the primary
root meristem (Fig. 3e). We further conducted a higher-resolution
kymography analysis of CRS-PM in response to ABA by dividing the
perimeter of a single root epidermal cell into 440 adjacent regions
(Fig.3fand Extended DataFig. 6). Combining live imaging analysesin
single leaf and root cells with CRS variants provided strong evidence
that the elevated Ca** that originated along the plasma membranein
response to ABA was not homogeneously distributed. CRS enabled
ultrasensitive detection of low-nanomolar Ca?* signatures in ABA
and nitrate signalling with distinct extracellular and intracellular Ca*
sources and dynamics™.

Calibration of CRS for quantifying intracellular [Ca?']

To quantify the precise in vivo low-nanomolar [Ca*'],,. in response
to ABA, we recorded [Ca?'] changes in the root tip of CRS transgenic
plants in response to ABA using two references generated by almM
extracellular ATP (eATP)-activated micromolar increase in [Ca*"] and
Ca* chelators to deplete free Ca®" in the root tip cells** % (Fig. 4a).
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Fig.4 | ABA-induced low-nanomolar [Ca*'] increases via ABA receptors and
SnRK2.2/2.3/2.6. a, Range of ABA-induced changes in [Ca*'].,.. The highest [Ca*]
represents the maximum peak of 10 pM ABA induction (110 s) or 1 mM eATP-
induced [Ca®*]in theroot tip. The lowest [Ca*'] represents the minimum ABA
(0's) or BAPTA-AM- and EGTA-treated [Ca*'] in the root tip. The error bars denote
+s.e.m. The dataare fromat least three independent experiments (total number
of plants: eATP/EGTA and BAPTA-AM, n=15; ABA, n=15). ‘Ratio’ indicates the
relative fluorescence ratio of GCaMP6s to dTomato. b, Time-lapse images and
fluoresence signals of ABA-stimulated [Ca*] changes in the root tip of 7-day-old
transgenic CRS plants. The error bars denote +s.e.m. The data are from at least
three independent experiments (total number of plants: ABA, n =13; mock,
n=10).Scale bar, 10 um. ¢,d, [Ca*'] transients in 7-day-old pyrpyl112458-CRS

(c)andsnrk2.2,2.3,2.6-CRS (d) root tip cells stimulated by ABA. The error bars
denote +s.e.m. The data are from at least three independent experiments (total
number of plants: WT (+ABA), n = 7; WT (-ABA), n = 7; pypyrpyl112458 (+ABA),
n=7; pypyrpyl112458 (-ABA), n =7;snrk2.2,2.3,2.6 (+ABA),n = 7; snrk2.2,2.3,2.6
(-ABA), n=7).e,f,[Ca*]transients in 7-day-old Arabidopsis root tip cells.

WT plants were treated with 10 pM ABA as a control. pyrpyl112458-CRS (e)

and snrk2.2,2.3,2.6-CRS (f) plants were treated with 10 pM ABA for 5 min and
thenwith1mM eATP. The green lines indicate the WT; the black lines indicate
the mutants. The error bars denote ts.e.m. The data are from at least three
independent experiments (total number of plants: WT, n = 7; pypyrpyl112458,
n=7;snrk2.2,2.3,2.6,n="7). All experiments were conducted in at least three
biological repeats, with similar results.

To calibrate and calculate the Ca* concentration of CRS in the root
tip cells, we first treated CRS seedlings with 1 mM eATP to saturate
cellular Ca® and obtain the maximum fluorescence intensity and ratio.
We thenincubated the same plantsin EGTA and BAPTA-AM to acquire
the minimum fluorescence intensity and ratio. Treatment with the
membrane-permeable detergent digitonin®® also saturated cellular
Ca*, yielding a similar range of maximum-to-minimum fluorescence

intensity ratios in CRS-expressing root tips (Extended Data Fig. 7).
Given thattheinvitro K;of CRS for Ca®*is 165 nM with a Hill coefficient
of 3.0, we calculated theintracellular [Ca*"] activated by ABA in the root
tips (Fig. 4a,b). ABA increased [Ca**],,, to approximately 159.9 nM in
theroottip cells expressing CRS. Furthermore, CRS-PM and CRS-NLS
displayed similar maximum-to-minimum fluorescence intensity and
ratio ranges (Extended Data Fig. 7).
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ABA-triggered low-nanomolar [Ca**] viareceptors and SnRK2s
Despite decades of intensive research'*°, how ABA activates [Ca*']
increases has remained unknown in most cell types except guard
cells'***, Arabidopsis PYR1and PYL1/2/4/5/8 are functionally redundant
ABA receptors that regulate ABA inhibition of primary root forma-
tion, while SnRK2.2/2.3/2.6 are key activators of ABA signalling®****",
To determine whether ABA-triggered [Ca*'] increases require ABA
receptors and SnRK2.2/2.3/2.6, we generated stable transgenic lines
expressing CRS in the sextuple pyrpyl112458 and triple snrk2.2,2.3,2.6
mutants®**”. The ABA-induced [Ca*"] increase was eliminated in the
pyrpyl112458-CRS and snrk2.2,2.3,2.6-CRS mutants (Fig. 4c,d). To show
that the abolished [Ca**]increase was not due to CRS failure, we treated
the same seedlings with1 mM eATP after recording the ABA responses.
A striking [Ca*] rise was induced by eATP in pyrpyl112458-CRS and
snrk2.2,2.3,2.6-CRS, indicating that the ABA-triggered [Ca*']increase is
regulated downstream of ABA receptors and SnRK2.2/2.3/2.6 (Fig. 4e,f).

ABA-Ca*'-CPK signalling delays the root cap cycle

CRS detected conspicuous ABA-triggered Ca** signalling in the root
tip (Figs. 2c and 4 and Extended Data Fig. 1a,c), where the root cap is
located. The root cap plays essential functions in stem cell niche pro-
tection, gravitropism, thigmotropism, water/nutrient sensing and
uptake, root system architecture, and protection from biotic and abi-
oticstress® *, To explore ABA-Ca* signalling functions and regulatory
mechanisms in the root cap, we examined the effect of ABA on the
unique root cap cycle encompassing the differentiation programs of
the columellaand lateral root cap cells from stem cell regulation, differ-
entiation and maturation, to detachment®*~** (Fig. 5a). We first defined
the periodicity of the root cap cycle by live imaging of the root cap mor-
phology changes at 3-hintervals for 48 hin 5-day-old seedlings using an
ECHO Revolve microscope (Fig. 5b). The average cycle period of root
cap initiation and sloughing is approximately 30.4 + 0.5 h (Fig. 5b).
ABAtreatment delayed the root cap cycleto approximately 34 + 0.4 h.
To further confirm the involvement of ABA in regulating the root cap
cycle, we examined ABA regulation in the sextuple ABA receptor mutant
pyrpyl112458 (Fig. 5b). The pyrpyl112458 mutant was insensitive to ABA
treatment in delaying the root cap cycle. Since ABA triggered a maxi-
mum [Ca*],,, 0f159.9 nMin the root tip of the CRS seedlings (Fig. 4a),
we looked to previous studies suggesting that CPK10/30/32, with a
higher Ca*" sensitivity than other CPK subgroups, may participate in
ABA signalling!®1>1844,

Recently, a genetically encoded FRET-based reporter, CPKaleon,
was developed to visualize CPK conformational activation, allowing
for the recording of Ca?* decoding via CPK21 in guard cells'®. Since
subgroup Il CPK10, CPK30 and CPK32 share high protein sequence
identity’>?°**, we constructed CPK32aleon and an additional con-
trol, CPK2aleon, which has lower Ca®" sensitivity (Extended Data
Fig. 8a), to investigate whether CPK32 can sense ABA-triggered
[Ca*] changes in root cells. We first measured the [Ca*'] response
in individual CPKaleons by transiently transfecting and expressing
each CPKaleon in root cell protoplasts, followed by treatment with
1mM CaCl, and digitonin to saturate intracellular [Ca*"]. CPK2aleon
and CPK32aleon recorded conformational changes (Extended Data
Fig. 8b). We then focused on CPK32aleon and CPK2aleon to monitor
ABA-triggered [Ca?'] changes (Extended Data Fig. 8c). CPK32aleon
recorded ABA-triggered [Ca*'] changes, whereas CPK2aleon did not
inthe root protoplasts. Next, to test whether CPK10/30/32 may serve
as the Ca* sensors to decode ABA-Ca** signalling in modulating the
root cap cycle, we assessed the ABA response in the chemical-inducible
triple icpk mutant’® (Fig. 5¢). In wild-type (WT) and icpk seedlings
pretreated with 1-isopropyl-3-(3-methylbenzyl)-1H-pyrazolo[3,4-d]
pyrimidin-4-amine (3MBiP) induction'®, the average period of the root
cap cycle was similar to that in the WT at approximately 31.5+ 0.7 h.
ABA treatment delayed the root cap cycle to 37.5 + 0.7 h, but this was
reduced to approximately 34.3 + 0.4 hin icpk (Fig. 5¢).

Toelucidate the molecular function of ABA in regulating the root
capcycle, weinvestigated the expression of key marker genes involved
in regulating the differentiation processes. The transcription factor
FEZ controls the columella stem cells and the epidermal/lateral root
cap stem cells responsible for the initiation of the root cap. The tran-
scription factor SOMBRERO (SMB) promotes root cap differentiation,
whereas BEARSKIN 2 (BRN2) is a central transcription factor for the
maturation and detachment processes that activates target genes
encoding enzymes involved in cell wall degradation (for example,
CELLULASE 5 (CELS5), PECTINESTERASE (PE11) and XYLOGLUCAN
ENDOTRANSGLUCOSYLASE 5 (XTHS5)) and programmed cell death
(including RIBONUCLEASE 3 (RNS3) and METACASPASE 9 (MC9))***
(Fig. 5a). Real-time quantitative polymerase chain reaction (PCR) (RT-
qPCR) analysis was performed on RNA isolated from the root tips of
WT plants and pyrpyl112458 mutants with or without ABA. The results
revealed that ABA activated a typical marker gene, KINI (refs. 14,21),
butrepressed FEZ,SMB, BRN2, CEL5,XTHS, PE11,RNS3 and MC9 expres-
sion (Fig. 5d and Extended Data Fig. 9a). The ABA repression of these
geneswas abolished in the pyrpyl112458 mutant (Fig. 5d and Extended
Data Fig. 9a). Furthermore, to test whether ABA repression of these
genes depended on calcium signalling, we pretreated seedlings with
or without the membrane-permeable calcium chelator EGTA-AM. ABA
repression of FEZ, SMB, BRN2, CEL5, XTHS, PE11, RNS3and MC9 was con-
siderably reducedin EGTA-AM-treated seedlings (Fig. 5e and Extended
Data Fig. 9b). Similarly, ABA repression of SMB, BRN2, CELS, PEI11,
RNS3 and MC9 was markedly reduced in the icpk mutant. ABA repres-
sion of FEZ, CEL5 and XTHS5 required ABA receptors but was partially
Ca*-CPK10/30/32 independent (Fig. 5f and Extended Data Fig. 9c).
These data further support the hypothesis that ABA-Ca®-CPK sig-
nalling is involved in regulating the root cap cycle by suppressing
the expression of key genes in the developmental program of the
entire root cap cycle. Our data indicate that ABA perception and sig-
nalling are important for triggering [Ca*'] transients, which repress
key genes involved in this cycle. ABA-SnRK2-dependent but Ca®-
CPK-independent signalling may also contribute to the regulation of
therootcapcycle.

Salt-ABA-Ca”* signalling modulates the root cap cycle

Currentknowledge supportstheideathat high saltstress triggersatran-
sient and strong [Ca*"] increase and the classical salt-overly-sensitive
(SOS) signalling pathway mediated by the Ca® sensor SOS3 (CBL4),
the protein kinase SOS2 (CIPK24) and the Na*/H* antiporter SOS1in
roots®***¢, However, little is known about salt stress effects on root
cap cells. In CRS transgenic plants, we confirmed that 200 mM NacCl
activated asharp 50-s cytosolic Ca*' spikein the root elongation zone
(Fig. 6a). Unexpectedly, in contrast to the usual NaCl-activated micro-
molar[Ca®*]spike, saltstress activated alow-nanomolar [Ca*] transient,
kept the rising [Ca*"] above the initial concentration in root cap cells
(Fig. 6b) and substantially delayed the root cap cycle (Fig. 6¢). This
salt-induced [Ca®']increase was largely dependent on ABA signalling, as
itwas strongly reduced inthe pyrpyl112458-CRS and snrk2.2,2.3,2.6-CRS
mutants (Fig. 6b). We further demonstrated that salt stressinduces ABA
accumulationinroot cap cells by treating transgenic plants expressing
the FRET-based ABA sensor nlsABACUS2-400n with200 mM NaCl for
30 min (Extended Data Fig. 10a). Our results suggest the involvement
oftwo salt signalling pathways, ABA-dependent and ABA-independent,
in orchestrating the salt-stress-induced repression of the root cap
cycle. Upon treatment with 200 mM NaCl for 24 h, seedling root tip
growthwasstrongly inhibited, and the root cells turned dark (Extended
Data Fig. 10b). To assess the impact of salt stress on the regulation of
theroot cap cycle, we established along-term observation method to
investigate salt-stress-induced phenotypes. Five-day-old seedlings
were treated with 50 mM NaCl, and the differentiation, maturation and
detachment of the root cap were monitored under amicroscope every
3 hfor 60 h.Theaverage period of the root cap cycle frominitiation to
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Fig.5|ABA delays the root cap cycle and represses genes essential to the root
cap cycle. a, Root-cap-formation-related gene functions involved in regulating
theroot cap cycle.b,c, Root cap cycle in response to 10 uM ABA treatment in
5-day-old WT, pyrpyl112458 (b) and icpk (c) plants. To compare the WT and icpk,
WT or icpk plants were pretreated with 0.2 uM 3MBIP for 15 min in the medium.
Theroot cap cycle of 5-day-old WT and pyrpyl112458 (b) or icpk (c) root tips

was monitored under astereo microscope every 3 hfor 48 h. The error bars
denote +s.e.m. The data are from at least three independent experiments

(total number of plants: WT mock, n = 45; WT ABA, n = 44; pypyrpyl112458
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(+3MBIiP) ABA, n = 24; icpk (+3MBiP) mock, n =14; icpk (+3MBiP) ABA, n =22).
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determined by two-way analysis of variance with Tukey’s multiple comparisons
test). d-f, Heat maps and ratios of RT-qPCR analysis of genes central to the
root cap differentiation programin 5-day-old WT and pyrpyl112458 (d) or icpk
(f) root tips in response to ABA treatment, and 5-day-old WT root tips (e) with
or without 100 pM EGTA-AM pretreatment for 30 minin response to ABA. NS,

P>0.05;*P<0.05;*P<0.01; **P< 0.001; ***P < 0.0001 (statistical significance

was determined by two-tailed non-paired Student’s ¢-tests). TFs, transcription
factors; PCD, programmed cell death. ‘ABA’ denotes an ABA-activated gene.
‘Ratio’ represents the fold change of genes under ABA treatment compared

with the control condition. The genes marked in red are regulated through the
ABA-SnRK2-Ca?-CPK signalling pathway. All experiments were conducted in at
least three biological repeats, with similar results.
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in7-day-old WT, pyrpyl112458-CRS and snrk2.2,2.3,2.6-CRS plant root tip cells
stimulated by 200 mM NaCl. The error bars denote +s.e.m.n =7 plants. c, The
length of the root cap cycle in response to 50 mM NaCl treatment of 5-day-old
WT, pyrpyl112458 and snrk2.2/2.3/2.6 plants. The error bars denote ts.e.m. The
dataare from atleast three independent experiments (total number of plants:
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5-day-old WT root tip cells in response to 200 mM NaCl or mock treatment.

**P < 0.01;**P < 0.001; ***P < 0.0001 (statistical significance was determined by
two-tailed non-paired Student’s ¢-tests). ‘ABA’ indicates an ABA-activated gene.
‘Ratio’ represents the fold change of genes under ABA treatment compared

with the control condition. The genes marked in red are regulated through the
ABA-SnRK2-Ca?"-CPK signalling pathway. All experiments were conducted in
atleast three biological repeats, with similar results. e, A proposed model for the
regulation of the root cap cycle through calcium signalling in response to NaCl
stress and ABA treatment. Distinct low-nanomolar [Ca*'] dynamics triggered

by ABA in different subcellular compartments are revealed by CRS-PM, CRS and
CRS-NLS. ABA-triggered [Ca®'] transients are downstream of ABA receptors
(RCAR/PYR/PYL) and downstream regulators (SnRK2s). ABA and calcium
signalling are important for regulating gene expression and the root cap cycle.
Saltstressinduces ABA accumulation and [Ca®'] increases in root tip cells, and
represses root-cap-cycle-related gene expression through orindependent of the
downstream effectors CPK10/30/32.
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shedding was delayed from31.4 + 0.7 h (inmock treatment) to approxi-
mately41.1+ 0.6 hwith NaCl treatment (Fig. 6¢). The root cap cycle was
notnotably delayed inthe pyrpyl112458 and snrk2.2,2.3,2.6 mutants with
50 mM NaCl treatment (Fig. 6¢). Additionally, RT-qPCR analysis was
performed withRNA isolated from the root tip of WT seedlings with or
without 200 mM NaCl treatment. Salt stress activated the expression
of KIN1, a salt-stress- and ABA-responsive gene”, while it repressed
FEZ,SMB, BRN2, PE11, RNS3, MC9, XTH5 and CELS5 expression (Fig. 6d
and Extended DataFig. 9d), resembling ABA repression (Fig. 5d-fand
Extended DataFig. 8). The data presented here connectsalt stress, ABA
and Ca*'signalling in controlling the root cap cycle (Fig. 6¢).

Discussion

Despite decades of research, the full physiological functions of ABA as
aversatile planthormone and its wide-ranging signalling mechanisms
remainincompletely understood""2***** The molecular links of ABA-
Ca* signalling are especially enigmatic in most plant organs and cell
types' . The simple design and easy application and modification
of CRS offer several advantages over other prevalent Ca®* biosensors
based on aequorin, YC3.6, YCnano50, R-GECO1, CGf, CamelliA and
MatryoshCaMP6s> > for new investigations of ABA-Ca*'signallingin
plants. CRS exhibits high sensitivity, a large dynamic range and a fast
response. Single-cell ratiometric imaging by the stable single fusion
of GCaMP6s'*?*° and dTomato for dual fluorescence displays low
phototoxicity suitable for tagged protein monitoring (Extended Data
Fig.1h). CRS andits variants localize in different subcellular compart-
ments and organelles, representing ultrasensitive and versatile Ca*'
imaging tools that enable real-time quantitative and comparative
detection at high spatiotemporal resolutions without disturbing plant
growthand development®?’ (Extended Data Fig. 3). With CRS, we have
demonstrated that ABA triggers different and previously unknown
cytosolic Ca* signatures in shoot and root cells distinct from the Ca*'
oscillation in guard cells?. Despite a high correlation between ABA
and abiotic stress, ABA-induced cytosolic Ca* signals are markedly
slower but more sustained with lower amplitude compared with the
rapid, strong and very transient and sharp Ca?* spikes characteristic
of cold, salt and osmotic stress responses®*?%*°, Direct visualization
and recording of distinct [Ca**] dynamics with CRS and its subcellular
derivatives could be broadly applied in investigating physiological
responses to other phytohormone, nutrient, chemical, physical or
peptide signals that may elicit sensitive and specific Ca* responsesin
localized subcellular compartments and nanodomains with previously
unrecognized physiological roles in plants.

Chelation of apoplast Ca** by EGTA and BAPTA blocked ABA-
induced [Ca*'] changes, suggesting an extracellular source of Ca*'
in root cells in response to ABA. Distinct patterns of ABA-activated
[Ca®'] dynamics, initiating from the plasma membrane, migrating to
the cytoplasmand triggering nuclear oscillation, further support this
hypothesis. ABA-induced Ca** signalling appears to initiate at nanodo-
mains of the plasma membrane in leaf mesophyll and root meristem
epidermal cells, consistent with the detection of ABA receptors and
signalling components®*. Rapid Ca® propagation around the plasma
membrane may reflect positive feedback in Ca* signalling associated
with recruiting more ABA receptor complexes®?*” and amplified Ca**
channel activation'. Future research may reveal whether specific
nanodomains are enriched with Ca*"-permeable channels and/or ABA
signalling components and how [Ca*"] dynamics are decoded and
coordinated for cell-type-specific and organelle- or subcellular-specific
ABA responses.

FRET-based ABA indicators detect ABA accumulation in the
root* (Extended Data Fig. 10a). However, R-GECO1, YC3.6 and CGf,
Ca*"indicators failed to detect ABA-triggered Ca®* signals in roots>*
(Extended Data Fig.1d,e). Our results with CRS revealed that ABA trig-
gered low-nanomolar [Ca?'] increases up to approximately 159.9 nM
calibrated in the root tip. Although MatryoshCaMPés also detected

this Ca** change, its internal control increased upon ABA treatment,
making it unsuitable for ratiometric quantification of ABA-Ca* signal-
ling. Therefore, only ultrasensitive Ca* indicators such as GCaMPés
and CRS can overcome the limitations of R-GECO1, CGf and YC3.6
(refs. 23-26,31,32) (Extended Data Fig. 1d,e,h). We also found that
CPK10/30/32 are low-nanomolar Ca* sensors contributing to the
signalling decoding specificity responsible for ABA and nitrate'***
responses in the root cap and perhaps also in other organs and cell
types and in different subcellular compartments. In guard cells,
CPK3/6/21/23 (responsible for ABA signalling and relaying the unique
cytosolic Ca*" oscillation) appeared to require higher [Ca*'] for full
activation™'®* The differential activation of different CPKs as natural
plant Ca* sensorsindifferent cell typesinresponse to ABA may explain
the detection of ABA-activated cytosolic Ca* oscillation by FRET-based
YC2.1and YC3.6 with lower dynamic ranges and Ca** affinities than
GCaMPé6s and CRS variants™ 544,

The application of CRS in Arabidopsis plants led to our discovery
that ABA triggers [Ca*"] dynamics in the root tip and delays the root
cap cycleviaPYR/PYL-SnRK2-CPK10/30/32 signalling. These findings
suggestthat ABA represses theroot cap cycle as astress adaptation and
protection mechanism. As most research has focused on ABA-activated
genes' 7% our study reveals the often-overlooked functional impor-
tance of ABA-repressed genes that encode cell-fate-regulating tran-
scription factors and enzymes involved in cell-wall degradation and
programmed cell death, which contribute to modulating root cap cycle
plasticity. Further exploration of ABA-repressed genes may uncover
novel ABA functions and regulatory mechanisms in plant development
and reproduction’”**?**,

The root cap plays crucial roles in protecting the stem cell niche
and regulating the directional growth of roots by sensing environ-
mental stimuli and triggering various tropisms. Rapid and precise
turnover of the root cap, from cell division to sloughing, is essential
forthe plant to adapt to varying environmental conditions™®. Salt stress
strongly inhibits root elongation and altersroot growth direction, with
anincreasein calciumlevels beingan early response to salt stress*. This
dynamic turnover process enables the root cap to effectively manage
andrespond to environmental challenges, ensuring protection of the
stem cell niche and optimal root growth and development. In CRS
transgenic plants, we confirmed that NaCl activated the prevailing
[Ca®'] spike in the root elongation zone. However, in contrast to the
typical NaCl-activated micromolar [Ca*'] spike, our study with CRS
revealed thatsalt stress activates alow-nanomolar [Ca*'] transient via
ABA, leadingtoanincreasein [Ca*],, specifically within root cap cells,
which concurrently delayed the root cap cycle. It has been reported
thatittook 6 hinmultiple root zones above the root cap to respond to
shoot-derived ABA stimulated by NaCl treatment in Arabidopsis seed-
lings expressing nISABACUS2 biosensors**. However, NaCl appears to
stimulate ABA accumulationin the root cap within minutes (Extended
Data Fig. 10a). This suggests that ABA-Ca?* signalling in the root cap
may involve a distinct local source of ABA. Moreover, salt and ABA
signalling target and repress common key transcription factors dic-
tating cell fate and enzymes activating cell-wall degradation and cell
death, which are crucial to root cap maturation and slough. Unveil-
ing the precise Ca®* channel, transporter or Ca®*-permeable protein
that facilitates ABA-mediated increases in [Ca®*],,, distinct from the
canonical SOS signalling pathway will lead to new insights into plant
salt stress signalling.

Ca* signalling may also interface with many other regulatory
mechanismsinthe root cap cycle. Exploiting the CRS transgenicline as
aresearchtool holds the potential to address these inquiries through
the investigation of Ca** signalling responses to diverse stimuli. Cur-
rently, the signalling mechanisms that converge and control the devel-
opment of the root cap cycle are poorly understood. Future research
willreveal the integrated regulatory network that modulates root cap
development via other transcription factors, peptides, hormones and
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environmental cues—for instance, how ABA and the WOXS5 transcrip-
tion factor acting in the root quiescent centre synergistically block
the differentiation of the root cap stem cells***’, and how ABA, auxin
and cytokinin signalling crosstalk in columella and lateral root cap
cells****24748 Intriguingly, nitrate and ABA signalling interactand regu-
late the root cap cycle by initiating distinct subcellular Ca** transients
but sharing ultrasensitive CPKs and the NLP7 and SMB transcription
factors'>**, It will also be important to determine the downstream
signalling mechanisms thatinterconnect IDL1-HSL2 peptide-receptor
kinase and ABA signalling with antagonistic functions in modulating
theroot cap cycle®.

Methods
Plasmid constructs and transgenic lines
The 1.3 kb GCaMP6s coding region was amplified by PCR from
the pHBT-GCaMPé6s plasmid' using the primers GCaMPé6s-F and
GCaMPé6s-R (Supplementary Table 1). The 0.7 kb dTomato coding
region was amplified by PCR from the pHBT-tdTomato plasmid' using
the primers dTomato-F and dTomato-R (Supplementary Table 1). The
promoterisavailable from the Arabidopsis Biological Resource Center
(pHBT-sGFP(S65T)-NOS, EF090408 CD3-911). A GS linker (AGTTCCG-
GATCT) fused the two fragments, and they were subcloned into the
BamHI and Stul sites of the pHBT-tdTomato plasmid using a Gibson
Assembly kit (New England Biolabs). The plasmid pUBQI0-CRS was
generated by replacing the HBT promoter with the UBQ10 promoter
using the primers UBQ10-F and UBQ10-R (Supplementary Table 1).
For nuclear or plasma membrane localization, C-terminal tar-
geting sequences (Supplementary Table 2) were added to the CRS
construct using designed oligonucleotides with the ATG start codon
and restriction sites. PCR amplified products were cloned into the
BamHI and Stul sites using Gibson Assembly. The plasma membrane
localization sequence was amplified from Arabidopsis genomic DNA
using the primerslisted in Supplementary Table 1. The PCR fragments
were cloned into the BamHI and Stul sites of the CRS plasmid using the
Gibson Assembly method. The different CRS constructs were amplified
and inserted into the binary vector pGIIB-p355-LIC-NOSt*, and the
Agrobacterium (GV3101)-mediated floral-dip method was applied to
generate transgenic plants harbouring the CRS constructs. The trans-
genic plants were selected after they had been sprayed with Basta her-
bicide. To obtain pyrpyl112458 and snrk2.2,2.3,2.6 mutants expressing
CRS, pyrpyl112458 and snrk2.2,2.3,2.6 were crossed with the CRS trans-
genic line. Homozygous pyrpyl112458-CRS and snrk2.2,2.3,2.6-CRS
were characterized by genotyping. The DNA sequence of CPKaleonswas
synthesized by Sangon Biotech and then clonedinto aplantexpression
vector containing the HBT promoter. The sequences of CPKaleons are
listed in Supplementary Table 4.

Plant materials and growth conditions

Arabidopsis ecotype Columbia (Col-0) was used as the WT. The
pyrpyl112458 and snrk2.2,2.3,2.6 seeds were provided by J.-K. Zhu,
the CGf transgenic line by J. F. Harper, the YC3.6 transgenic line by
A. Miyawaki, nlIsABACUS2-400n by A. Jones and MatryoshCaMPé6s
by the Arabidopsis Biological Resource Center. To monitor
ABA-triggered Ca*' changes and the dynamic range of CRS variants,
10-15transgenic seedlings of CRS, CRS-PM and CRS-NLS were grown
in each well of a six-well tissue culture plate (Corning) containing
1 ml of ¥2 Murashige and Skoog Basal Salt Mixture (MS) medium
(Caisson) with1g 1™ MES and 1% sucrose, at pH 5.8 (12 MS medium).
The seedlings were maintained under a 12-h light/12h dark photo-
period at 23 °C for 7 days. Seedlings for comparing ABA-induced Ca*'
signal detection in CGf, YC3.6 and MatryoshCaMPé6s were grown
similarly. To obtain nitrate-free mesophyll protoplasts, 20 plants
were grown on a petri dish (150 mm x 15 mm) containing 100 ml of
nitrogen-free 1x MS medium (MSPO7, Caisson) with 0.1% MES, 1%
sucrose, 0.8% phytoagar (PlantMedia) and 2.5 mM ammonium

succinate, pH 5.8. The growth conditions were 12 h light/12 h dark at
23 °Cfor23-28 days. Leaves were digested inan enzyme solution con-
taining20 mM MES (pH 5.7), 0.4 M mannitol, 20 mM KCl, 10 mM CaCl,,
1.25% cellulase (Yakult) and 0.3% macerozyme (Yakult) for 3-4 hon a
benchtop orbital shaker at 50 rpm. The cells were filtered through
70 pmstrainers and pelleted at 100 g for 2 min. The protoplasts were
resuspendedin10 ml of W5 solutionand thenrested onice for 30 min.
After the W5 solution was removed, the protoplasts were resuspended
to -2 x 10° cells per ml in MMG" solution (4 mM MES at pH 5.7, 0.4 M
mannitol and 15 mM MgCl,). For transfection, 1 ml of the cell suspen-
sion was mixed with 100 pl (-100 pg) of plasmid DNA and 1.1 ml of
PEG' solution (40% (w/v) PEG4000 (81240, MilliporeSigma), 0.2 M
mannitoland 100 mM CaCl,) in a10 mltube for 5 min. The mixture was
diluted with W5 solution (2 mM MES at pH 5.7,154 mM NacCl, 125 mM
CaCl, and 5 mM KCI) and gently mixed to stop the transfection. The
protoplasts were pelleted at 100 g for 2 min, the supernatant was
removed and the cells were resuspended in Wi (ref. 10) solution (4 mM
MES at pH 5.7, 0.5 M mannitol and 20 mM KCI). The protoplasts were
then incubated under constant light at 23 °C for 6-12 h. For shoot
development comparisoninthe WT, CRS, CRS-NLS and CRS-PM, plants
were grown in soil (Pindstrup) under constant light (120 pmol m2s™)
at 23 °C for 21 days. Photos were taken using a digital camera (Canon
DOS80D) and processed using Adobe Photoshop (v.29.0). Flowering
time was assessed in soil-grown WT, CRS, CRS-NLS and CRS-PM plants
under constant light (120 pmol m™2s™) at 23 °C until flowering. Fresh
weight, rootlength and leafarea were measured in WT, CRS, CRS-NLS
and CRS-PM seedlings grown in square petri dishes containing 2 MS
solid medium (2 MS medium with 0.8% phytoagar) under constant
light at 23 °C for 7 days. Root length and leaf area were quantified
using Image] 1.53t°° from photos taken with a digital camera. Flowering
time was recorded as days to bolting (stems -3 mm)*'. The data were
processed with GraphPad Prism (version 8.0 for Windows, GraphPad
Software, Boston, MA, USA; www.graphpad.com) and Adobe Photo-
shop. Root progression was monitored by growing one seedling per
well in a 12-well plate with 0.5 ml of ¥2 MS medium under constant
light at 23 °C for 5 days. Gene expression was induced in the WT or
pyrpyl112458 with 10 uM ABA or 0.1% ethanol (mock) for 4 h. WT and
icpk seedlings were pretreated with10 pM 3MBiP for 15 min, followed
by 4 hoftreatment with10 uM ABA or 0.1% ethanol (mock). For the Ca**
chelation assay, WT seedlings were pretreated with 100 pM EGTA-AM
or 0.1% DMSO (mock) in1 ml of ¥2MS medium for 30 min, followed by
treatment with 10 uM ABA or 0.1% ethanol (mock) for 4 h. For the salt
stress assay, seedlings were treated with200 mM NaCl or H,0 (mock) in
1 mlofY2MS medium for 2 h.Root tip protoplasts were obtained from
WT seedlings grown in 2 MS solid medium under constant light at
23 °Cfor10 days. For protoplasting and transfections, one third of the
roots fromtheroot tip were harvested, and the cell walls were removed
using the enzyme solution described above for 5-6 h. The cells were
filtered sequentially through 70 pm and 40 pm cell strainers and pel-
leted at 500 g for 5 min. The filtered cells were washed with MMG"
solution and resuspended to approximately 2-3 x 10° cells per ml. For
each transfection, 50 pl of the cell suspension was mixed with 5 pg of
plasmid DNA and 55 pl of PEG' solution in a 2 ml centrifuge tube for
10 min. Then, 500 pl of W5 (ref. 10) buffer was slowly added to the tube.
The mixture was centrifuged at 500 g for 5 min at room temperature
using abench-top centrifuge, and the supernatant was removed. The
protoplasts were gently resuspended with 0.25 ml of Wi (ref.10) in each
well of a24-well tissue culture plate and incubated under constant light
at23°Cfor10-12 h. For analysis of salt-stress-induced ABA accumula-
tioninnlsABACUS2-400n, seedlings were grown in six-well plates with
1 mlofY2MS medium under al2 hlight/dark cycle at 23 °C for 7 days.

CRS-based Ca*' imaging and analysis
CRS-based Ca*" imaging in mesophyll protoplasts was employed as
previously described'. Briefly, for nitrate-triggered Ca®* changes,
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nitrate-free protoplasts (2 x 10°) in1 ml of buffer were transfected with
100 pg of CRS plasmid DNA and incubated in 5 ml of Wi buffer for 6 h.
KCl or KNO, (10 mM) was added for stimulation. For ABA-triggered
changes, 1 ml of four-week-old mesophyll protoplasts (2 x 10° per ml)
from soil-grown plants were transfected with 100 pg of CRS plasmid
and then stimulated with 10 pM ABA. Imaging was performed with
Leica AF software using a Leica DM5000B microscope at x20. The
GCaMP6s and dTomato exposure times were 0.5sand 0.2 s, recorded
every 10 s. Fluorescence data were processed using Microsoft Excel,
and the images were edited in Adobe Photoshop.

For guard and mesophyll cells, root tips and roots, 10-15 CRS seed-
lings were grownin asix-well plate with1 mlof 2MS mediumunder12 h
light/12 h dark at 23 °C for 7 days. A chamber slide was prepared with
coverslipsand invisible tape, embedding seedlings in the medium. Ca*"
imaging was analysed witha Leica TCS SP8X DSL confocal microscope.
The stimulus buffer (15 pl, ¥2 MS medium with 40 pM ABA or 0.1%
ethanol) was applied, achieving a final ABA concentration of 10 pM.
For GCaMP6s and dTomato, excitation was set at 488 nm and 554 nm,
with emissions at 497-520 nm and 571-610 nm, respectively. Micro-
scope magnification was x63 for high-resolution areas (1,024 x 1,024
pixels) and x20 for root tips (512 x 512 pixels), captured every 0.868 s
or5.12s.Subcellular localization and Ca* imaging was processed using
Leica software, ImageJ and Adobe Photoshop, with GraphPad Prism
used for traces. For Ca** channel blockers, seedlings were pretreated
with2 mM GdCl;,20 mM EGTA or 50 uM for 30 min. ABA-induced Ca**
changes in pyrpyl112458-CRS and snrk2.2,2.3,2.6-CRS mutants were
recorded before and after adding 1 mM ATP. NaCl-induced changes
were similarly monitored in these mutants and CRS root elongation
regions, stimulated by 200 mM NaCl or water (mock).

To assess the dynamic range of CRS variants, 7-day-old transgenic
seedlings (CRS, CRS-PM and CRS-NLS) were treated with 1 mM CaCl,
and100 pM digitonin for 20 min. Fluorescence images of root tips were
captured using a Leica M205 FA microscope. The seedlings were then
incubated in 20 mM EGTA and 50 pM BAPTA-AM for 15 min, followed
by additional imaging. All images were acquired with a x16 objective
lens and 1 s exposure time for both GCaMP6s and dTomato. Intensity
data were analysed using Microsoft Excel for Mac 16.89.1 (24091630)
and GraphPad Prism.

The signal values of GCaMP6s and dTomato fluorescence intensity
were extracted from theindicated regions. The dynamic fluorescence
intensity values (AF) were calculated as (F - F,)/F,, where F,represents
the starting point value. The ratio was calculated as A(Fgcavpes/ Fatomato)-
To generate a Ca®" imaging heat map of CRS-PM in the primary root
meristem, fluorescence ratio values along the plasma membrane were
cropped and divided into 440 segments. The heat map was generated
using ImageJ and GraphPad Prism.

For[Ca*] calibrationinroot tip cells, CRS seedlings were treated
with 1 mM eATP to saturate cellular Ca®*, providing the maximum
fluorescence ratio (R.y): Rmax = ((FocampssMaX = Fo)/Fo)/AF qromato- SUD-
sequently, the seedlings were incubated in EGTA and BAPTA-AM to
obtainthe minimum ratio (R,i,): Rmin = ((FgcampesMin = Fo)/Fo)/AF 4romato-
The dynamic fluorescence ratio at each time point was calculated as
R, = ((Fgcamposmax — Fo)/Fo)/ AF gromato With Ry, set to 1, and R, and R,
normalized relative to R,;,,. Using the Hill equation and an in vitro K
of'165.1 nM for CRS with a Hill coefficient (h) of 3.0, [Caz*]cyt was deter-
mined as follows:

[Caz+]cy[ = Kd X ((RA - Rmin)/(Rmax - Rmin))

/(1= /((Ra = Runin)/ (Renax. = Renie)) ™"

GCaMPé6s-based Ca** imaging and analysis
For Ca*"imagingin GCaMPés transgenic root tips, achamber slide was
prepared using two strips of tape along the edges of a 50 mm x 24 mm

cover slip coated with 45 pl of 2MS medium. A 7-day-old seedling was
embedded inthe medium, withathin cottonlayer placed over the coty-
ledon, and a24 mm x 24 mm cover slip was secured on top. The seedling
recovered for 10-20 min before imaging with a Leica TCS SP8X DLS
confocal microscope. Then, 15 pl of buffer (2MS medium with 40 pM
ABA or 0.1% ethanol) was applied along the cover slip edge, result-
ing in a final ABA concentration of 10 uM. Fluorescence images were
recorded at 488 nm excitation and 497-520 nm emission, using a x20
objective, with 512 x 512 pixel resolution, and captured every 0.868 s.
The data were processed with Leica Application Suite X, ImageJ and
Adobe Photoshop, and traces were generated using GraphPad Prism.
Dynamic fluorescence intensity values were calculated as (F - F,,)/F,.

Ca* imaging and analysis with YC3.6, CGfand
MatryoshCaMP6s

For Ca* imaging of the root tip using YC3.6, CGf and Matryosh-
CaMPés transgenic seedlings, a chamber slide was made, and two
strips of invisible tape were placed along the long sides of a cover slip
(50 mm x 24 mm) coated with 45 pl of 2 MS medium. Each 7-day-old
seedling was embedded and covered with cotton fibre, and a smaller
cover slip (24 mm x 24 mm) was secured with tape. After a10-20-min
recovery, Ca*" imaging was done using a Leica TCS SPSX DLS confocal
microscope. Stimulus buffer (15 pl; ¥2 MS medium and 40 uM ABA
(A100953, Aladdin) or 0.1% ethanol (mock)) was added along the edge,
resulting in a final ABA concentration of 10 pM. For YC3.6, excitation
was set at 458 nm, with FRET pair CFP and YFP emissions collected at
465-500 nm and 525-560 nm, respectively. Images were captured
every 2.582 s at x20 magnification with 512 x 512 pixel resolution, and
fluorescence intensity was measured over root tip regions. YFP and
CFP emissions of the analysed region were used for the ratio (YFP/CFP)
calculation. Theratio (YFP/CFP) was calculated as (F - F,)/F,. The Fvalue
was calculated as Fygp/Fcpp. The CGf, GCaMP6f and mCherry signals
were detected with GFP (488 nm excitation, 495-520 nm emission)
and mCherry (587 nm excitation, 595-635 nmemission) filters. Images
were captured every 5.163 s at x20 magnification with 512 x 512 pixel
resolution. The AF values were calculated as (F - F,,)/F,. The ratio was
calculated as A(Fgcampst/ Frncherry)- The MatryoshCaMP6s signals were
detected with cpEGFP (488 nm excitation, 500-540 nm emission) and
LSSmOrange (440 nmexcitation, 570-650 nm emission) filters. Images
were captured every 5.163 s at x20 magnification with 512 x 512 pixel
resolution. The AF values were calculated as (F - F,)/F,. The dynamic
fluorescence (green/orange) was calculated as (R - R,)/R,, where R is
Fgreendivided by F, ... The trace was produced using GraphPad Prism.

CPKaleon fluorescence imaging in root protoplasts and
dataanalysis

For CPKaleon fluorescence analysis with digitonin or ABA treatment,
root protoplasts (1-1.5 x 10°) in 50 pl of buffer were co-transfected
with2.5 pg of HBT-CPKaleon and 2.5 pg of HBT-HY5-mCherry (control)
plasmid DNA. After 10-12 h of incubation in 0.25 ml of Wi buffer, the
protoplasts were centrifuged at 500 g for 5 min. For digitonin treat-
ment, 0.5 pl of 100 puM digitonin or H,0 (mock) was added to 1.5 pl
of concentrated protoplasts in Wi buffer (1 mM CacCl,), giving a final
concentration of 25 uM digitonin. For ABA treatment, 0.5 pl of 50 pM
ABA or 0.1% ethanol (mock) was added to 2.5 pl of protoplasts in WI
buffer, yielding10 uM ABA. After 1 min, the samples were loaded onto
an eight-well chamber forimaging using a Leica TCS SP8X DLS confocal
microscope. CPKaleons were excited at 458 nm, with CFP and cpVenus
emissions collected at 465-505 nm and 525-560 nm, respectively.
HY5-mCherry excitation was set at 587 nm with 600-625 nm emission.
Imaging was analysed at x40 magnification with a 512 x 512 pixel resolu-
tion. The emissions of CFP and cpVenusinroot protoplasts expressing
HY5-mCherrywere used to calculate theratio (cpVenus/CFP). The ratio
was calculated as Fpyequs/Feres With the initialmock rationormalized to
1. Intensity data were analysed using GraphPad Prism.
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Protein expression and in vitro Ca* binding assay

GCaMPé6s or CRS plasmid DNA was transformed into Rosetta 2(DE3)
pLysS Competent Cells (MilliporeSigma) and induced with 0.5 mM
IPTG at ODy, = 0.6, and proteins were expressed at 18 °C for 18 h. Puri-
fication used Ni-NTA agarose beads (Qiagen), with buffer exchange
in PBS via PD-10 Desalting Columns (GE Healthcare) and concentra-
tion using Amicon Ultra-0.5 Centrifugal Filters (MilliporeSigma). To
determine the Ca?*-dependent fluorescence intensity of CRS, 0.5 pg
of purified recombinant protein was diluted in a final volume of
100 pl PBS buffer with or without 10 uM CaCl, and 1 mM EGTA. The
steady-state fluorescence spectra were recorded in Corning 96-well
plates (CLS3925, MilliporeSigma) using a spectramax m5 plate reader
(Molecular Devices) at room temperature. The filter sets used were
excitation 485 nm/emission 525 + 15 nm for GCaMPé6s and excitation
545 nm/emission 600 nm for dTomato. The fluorescence intensity
values were background-subtracted using a buffer control. Toanalyse
the Ca®* binding affinity of CRS and GCaMPé6s, 11 Ca*' titrations were
generated using a Calcium Calibration Buffer Kit #1 (Molecular Probe,
Thermo Fisher Scientific) as described in the manual. The purified
proteinsample (0.5 pg) was added in a final volume of 100 pl Ca?* titra-
tions. The fluorescence intensity was measured as described above.
K, and Hill coefficient values were derived by fitting the fluorescence
ratio (GCaMP6s/dTomato) to the Hill equation using GraphPad Prism.

RNAisolation, PCR with reverse transcription and RT-qPCR
For RNA extraction, one third of the roots were harvested using a
phenol-based buffer® (38% phenol (Solarbio), 0.8 M guanidine thio-
cyanate (MilliporeSigma), 0.4 M ammonium thiocyanate (Shanghai
Yuanye Bio-Technology), 0.1 M sodium acetate and 5% glycerol) at pH
5.2. PCR with reverse transcription (RT-PCR) and RT-qPCR were per-
formedas previously described. First-strand complementary DNAwas
synthesized from 1 pg of total RNA using the HiScript III RT SuperMix
system (Vazyme) in a final volume of 20 pl. RT-PCR was conducted
using a Biorad RT-PCR detection system with ChamQ Universal SYBR
gqPCRMaster Mix (Vazyme). The primers used for RT-PCRand RT-qPCR
are listed in Supplementary Table 3. The relative gene expression was
normalized to the expression of UBQIO. Triplicate biological samples
were analysed, yielding consistent results.

Cellfractionation

Approximately 40 7-day-old CRS transgenic seedlings were ground
in liquid nitrogen and lysed in 1 ml of lysis buffer containing 20 mM
Tris-HCI (pH 8.0), 250 mM sucrose, 25% glycerol, 20 mM KCI, 2 mM
EDTA, 1% Triton X-100,1 mM spermidine and a protease inhibitor cock-
tail (Complete Mini, Roche). The lysate was filtered through Miracloth
(Millipore) and centrifuged at 1,000 gfor10 minat4 °C. The superna-
tant (cytoplasmic proteins) was collected, and the pellet was washed
three times. Nuclear proteins were extracted in100 pl of nuclear lysis
buffer (50 mM Tris-HCI, 10 mM EDTA, 0.5% SDS and a protease inhibitor
cocktail). The proteins were separated on a12% SDS-PAGE gel. Immu-
noblotting used anti-HA (Anti-HA-Peroxidase High Affinity, Roche,
1:5,000), anti-histone H3 (Histone H3 Antibody, MB9211S, Abmart,
1:5,000) and anti-tubulin (B-Tubulin Antibody for plant, M20045S,
Abmart, 1:5,000) antibodies.

Imaging and defining the root cap cycle

To observe the root cap morphology changes in 5-day-old WT and
pyrpyl112458 mutant seedlings treated with or without 10 pM ABA at
different time points at 3-h intervals, the seedlings were embedded
in 2 MS liquid medium on a slide and then recorded using an ECHO
Revolve microscope (ECHO). The microscope objective magnification
was set at x10, and images were captured every 3 h for a total of 48 h.
The root cap images were collected and processed using ECHO PRO
software (ECHO) and Adobe Photoshop. After each image capture,
each individual seedling was carefully removed from the slide and

continued to be treated in a well of a 12-well culture plate with 0.5 ml
of 2MS liquid medium containing 10 pM ABA or 0.1% ethanol (mock).
Aroot cap cycle was defined from the initial time point (O h) event to the
next new same event*’, Tomonitor the morphology changes of the com-
plete differentiation program of theroot capin WT and icpk seedlings,
5-day-old WT seedlings were pretreated with 0.2 uM 3MBiP for 15 min
and then treated with 10 uM ABA or 0.1% ethanol (mock). Root cap
images were capturedat 0 h,24 h,27h,30h,33h,36 h,39h,42hand
45 h. Tomonitor the root cap morphology changes of WT, pyrpyl112458
andsnrk2.2,2.3,2.6 seedlings in response to NaCl, 5-day-old seedlings
were transferred to %2 MS liquid medium containing 50 mM NaCl or
H,0 (mock). Root cap cycles were captured at 0 h,27 h,30 h, 33 h,
36h,39h,42h,45h,48 h,51h,54 h,57 hand 60 h. The statistical and
analytical basis for the root cap cycle was previously described®. The
bar graphs of theroot cap cycle were generated using GraphPad Prism.

Detection of ABA dynamics

Tovisualize ABA distributionin root tips, 7-day-old nlsABACUS2-400n
transgenic seedlings were embedded in a chamber with 40 pl of 12
MS medium containing 200 mM NaCl or H,0 (mock) for 30 min. The
dynamics of ABA signals were assessed using theratio of FRET acceptor
emission to donor emission (DxAm/DxDm) after excitation at 440 nm.
Confocal Z-stack images were captured with a Leica TCS SP8X DLS
confocal microscope, using a x20 objective and 512 x 512 pixel resolu-
tion. Emission was detected at 458-482 nm for the donor (CFP) and
at 520-550 nm for the acceptor (YFP). The data were processed with
Leica Application Suite X and ImageJ, and the bar charts were created
with GraphPad Prism.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data underlying the findings of this study are available from the
corresponding author upon request. Source data are provided with
this paper.
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Extended DataFig.1| Detecting ABA-induced Ca** signals by different
calcium biosensors. (a) Fluorescence signals of GCaMPé6s stimulated by ABA
inthe root tip of 7-day-old plants. (F-F,)/F, represents the relative fluorescence
intensity. The red-dotted box on the left indicates the area where the Ca**

signal was detected. Dual peaks (green arrow) were visible in the ABA-induced
Ca* transientin the root tip at a concentration of 10 uM ABA. Error bars

denote ts.e.m., n=7 plants. (b) Box plot of highest fluorescence signal ratio

of CRSinduced by ABA or nitrate in Fig. 1e, g. Error bars denote t+s.e.m., n=13
protoplasts. Upper and lower box boundaries represent the first and third
quantiles, respectively, horizontal lines mark the median and whiskers mark the
highest and lowest values. (c) Fluorescence signals of CRS stimulated by 0.1, 1,
or10 uM ABAin the root tip of 7-day-old plants. (F-F,)/F, represents the relative
fluorescence intensity. The ratio represents the relative fluorescence ratio of
GCaMPé6s to dTomato, with error bars denoting +s.e.m., n=7 plants. Fluorescence
signalsin the root tips of 7-day-old plants were monitored after ABA stimulation

using YC3.6 (d), CGf (e), and MatryoshCaMPés (f). Error bars denote +s.e.m.,
datafromatleast three independent experiments (total number of plants: YC3.6
mock, n=7; YC3.6 ABA, n=7; CGf mock, n=10; CGf ABA, n=25; MatryoshCaMPé6s
(+ABA), n=6). All results were conducted in at least three biological repeats

with similar outcomes. YC3.6 and CGf did not detect ABA-induced Ca** signals
inroot tips. MatryoshCaMPés detected ABA-induced signals from both green
(calcium signal) and orange (control) channels in root tips. ABA did not affect
the green/orange ratio change in the root tips of MatryoshCaMP#é6s. (g) CRS
protein localization in the Arabidopsis cytoplasm but not in the nucleus fraction.
Proteins from the CRS transgenic line were analyzed by immunoblots with
anti-HA, anti-Tubulin (cytoplasm marker), and anti-Histone (nucleus marker)
antibodies. All experiments were conducted in at least three biological repeats
with similar results. (h) Summary of available genetically encoded Ca* indicators
used for detecting cytosolic [Ca?*] of Arabidopsis plants. Hill coeffindicates

Hill coefficience.
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Extended Data Fig. 2| See next page for caption.
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Extended DataFig. 2| ABA triggers Ca>' transients in different cell types.
Five indepedent repeats for single-cell detection of Ca** signals of CRS
stimulated by ABA or mock treatment in guard cells (a), mesophyll protoplasts
(b), mesophyli cells (c) and root tip cells (d). Ratio, relative fluorescence

ratio of GCaMP6s to dTomato. Ca* oscillations were stimulated by ABA.

We observed very few guard cells displaying different patterns of spontaneous

Ca* oscillations featured with low amplitude (Ratio <0.5) and 1-2 peaks in 7 out of
99 guard cells in the mock treatment experiments. All Ca** signals were recorded
at the single cell level. e, Five independent repeats for single-cell detection of Ca**
signals of CRS-NLS stimulated by ABA or mock treatment in the nucleus of the
epidermal cells in the root meristem of 7-day-old transgenic plants. Ratio, relative
fluorescence ratio of GCaMP6s to dTomato. ABA, 10 uM. Left, ABA. Right, Mock.
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Extended Data Fig. 3| The CRS variants do not exhibit overt growth defect datafromatleast three independent experiments (total number of plants:
phenotypes. a, WT, CRS, CRS-NLS and CRS-PM transgenic plants were grown in WT, n=28; CRS, n=23; CRS-NLS, n=25; CRS-PM, n=24 (b), WT, n=28; CRS,
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variants did not alter plant growth. Fresh weight (b), primary root length (c) and CRS-PM, n=16 (d), WT, n=30; CRS, n=30; CRS-NLS, n=30; CRS-PM, n=30 (d)).
leafarea (d) of 7-day-old Arabidopsis seedlings were measured when grownon1/2  ns(notsignificant) P> 0.05, (statistical significance determined by two-tailed
MS solid medium. e, CRS, CRS-NLS, CRS-PM, and WT plants were grown in non-paired Student’s t test). All experiments were conducted in at least three
soil for statistical flowering time measurements. Error bars denote ts.e.m., biological repeats with similar results.
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sources. a, Time-lapse images of ABA-induced Ca** signals near nanodomains ABA-triggered Ca** changes in Arabidopsis root tips (Extended Data Fig.1and
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were captured in three independent experiments. Black or white dotted circles of GCaMP6s to dTomato. ABA, 10 M. Scale bar, 10 um. All experiments were
outline the cell. White arrows indicate elevated Ca*' signals. b, A non-selective conducted in atleast three biological repeats with similar results.
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to ABA in the epidermal cells of the root meristem zone of 7-day-old plants was performed in two more independent experiments besides the result presented in Fig. 3f.
The red box indicates the detection region.
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experiments (total number of plants: CRS (EGTA and BAPTA-AM), n=9; CRS
(Digitonin), n=9; CRS-NLS (EGTA and BAPTA-AM), n=9; CRS (Digitonin), n=10;
CRS-PM (EGTA and BAPTA-AM), n=7; CRS-PM (Digitonin), n=7). Ratio, relative
fluorescence ratio of GCaMP6s to dTomato. All experiments were conducted in at

Extended DataFig. 7| CRS, CRS-NLS and CRS-PM show similar Ca** dynamic
rangein root tip cells. Range of ABA-induced changes in cytosolic [Ca*'].

The highest ratio represents the maximum [Ca*"] with 1ImM CaCl, in digitonin-
treated cells for 20 minutes [Ca®'] in the root tip. The lowest ratio represents
the minimum [Ca?']in the BAPTA-AM and EGTA-treated cells for 15 minutesin least three biological repeats with similar results.
theroot tip. Error bars denote +s.e.m., data from at least three independent
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Extended Data Fig. 8 | AFRET-based sensor CPKaleon shows that CPK32aleon
isactivated inresponse to ABA inroot tip protoplasts. a, Schematic diagram
of CPKaleons, displaying the variable domain, kinase domain, pseudosubstrate
segment (PS), and calmodulin-like domain (CLD) containing four EF-hand
motifs. eGFP and cpVenus173 sandwich the CPK PS-CLD. b, Fluorescence
accumulationinroot tip protoplasts expressing CPKaleons with or without
digitonin treatment. Fluorescence accumulation was quantified. Error bars
denote ts.e.m., data from at least three independent experiments (total number
of protoplasts: CPK2aleon mock, n=24; CPK2aleon Digitonin, n=36; CPK32aleon

mock, n=25; CPK2aleon Digitonin, n=25). ns (not significant) P> 0.05,

***+ P <0.0001 (statistical significance determined by two-tailed non-paired
Student’s t test). ¢, CPK32, but not CPK2, is activated by ABA in root tip
protoplasts. Error bars denote +s.e.m., data from at least three independent
experiments (total number of protoplasts: CPK2aleon mock, n=55; CPK2aleon
ABA, n=29; CPK32aleon mock, n=23; CPK2aleon ABA, n=30). ns (not significant)
P>0.05, **P <0.001 (statistical significance determined by two-tailed
non-paired Student’s ¢ test). All experiments were conducted in at least three
biological repeats with similar results.
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e WT Mock WT ABA P value | pyrpyl112458 Mock | pympyl112458 ABA P value
FEZ |1.086 |0.861]1.053| 0.253] 0.304| 0333 0.0007 |0.736 | 1.174 | 1.089 | 1.020 | 0.601] 1.007 | 0.5548
SMB |0.844 |1.022|1.134| 0.345| 0.506 | 0.399 | 0.0038 |0.844 | 1.059 | 1.097 | 0.861 | 1.186| 0.910|0.9164
BRN2|1.157 |1.141]0.702 | 0.315| 0.431| 0.554|0.0261 |1.303 | 0.784 | 0.913 | 0.945 |0.729| 1.235|0.8942
CEL5 | 0.952 |0.961 [1.087 | 0.349| 0.400 | 0.201|0.0008 |1.204 | 0.805 | 0.991 | 0.995 | 1.204| 1.095|0.4932
XTH5 | 0.944 |0.931|1.125| 0.324| 0.344 | 0.220|0.0007 |1.109| 0.873 | 1.019 | 0.857 |1.052| 0.773|0.3786
PE11 | 1213 |0.965|0.822 | 0.464| 0.365| 0.418|0.0077 |1.133 | 0.816 | 1.052 | 0.973 |0.896| 1.076|0.8717
RNS3|1.114 |1.000|0.877 | 0.344| 0.414| 0574|0.0045 |0.955| 1.183 | 0.862 | 0.910 |1.063| 0.727|0.5033
MC9 | 1.104 |0.849|1.047| 0.741| 0.581| 0.714|0.0248 | 1.057 | 0.868 | 1.075 | 0.754 |0.954| 1.034|0.4642
KIN1 | 0.872 | 1.200 | 0.829 |49.112 | 54.965 | 62.523| 0.0001 | 1.054 | 1.103 | 0.843 | 1.647 | 1.098| 1.056| 0.2655

b WT (DMSO) Mock | WT (DMSO) ABA__| Pvalue | WT (EGTAAM) Mock | _WT (EGTA-AM) ABA_| P value
FEZ | 0.869 | 1.045]1.086| 0.390 | 0.173 | 0.216 | 0.0014 | 1.070] 0.879] 1.058 | 0.610 | 0.516 | 0.425 | 0.0400
smB | 1.154 | 1.086|0.759 | 0.163 | 0.235 | 0.422 | 0.0073 | 0.835| 0.906 | 0.517 | 0.594 | 0.562 | 0.462 | 0.1658
BRNZ| 0.958 | 1.098|0.945 | 0.448 | 0.378 | 0.415 | 0.0004 | 0.645| 0.804 | 0.504 | 0.445 | 0.724 | 0.576 | 0.5900
CEL5 | 0.939 | 1.084|0.977 | 0.147 | 0.076 | 0.308 | 0.0005 | 0.672| 0.730 | 0.900 | 0.404 | 0.602 | 0.459 |0.0371
XTH5| 1.010 | 1.120[0.870 | 0.324 | 0.128 | 0.178 | 0.0011 | 0.886| 0.723| 0.767 | 0.538 | 0.452 | 0.486 | 0.0054
PETT | 1226 | 0.877]|0.897 | 0.471 | 0.144 | 0.279 | 0.0089 | 0.700| 1.044| 0.667 | 0.839 | 0.580 | 0.867 | 0.7966
RNS3| 1.030 | 1.017]0.953 | 0.573 | 0.365 | 0.609 | 0.0037 | 0.755| 0.633| 0.759 | 0.696 | 0.694 | 0.440 | 0.3248
Mco | 1.161 | 0.984|0.855 | 0.546 | 0.749 | 0.537 | 0.0258 | 0.670| 0.918| 0.581 | 0.659 | 0.853 | 0.526 | 0.7688
s | 1.001 | 1.008]0.902 | 60.242| 70.845 | 63.617 | <0.0001| 1.016| 1.257 | 1.330 [49.937 |47.844 |51.284 |<0.0001

¢ WT(+3MBP) Mock | WT(+3MBiP) ABA | P value | icpk(*3MBIP) Mock | icpk (*3MBIP) ABA [P value
FEZ |1.199 |0.869]0.932 | 0.296] 0.381] 0.288 0.0030 |0.998 | 1.141 | 0.861 | 0.376 | 0.350] 0.320| 0.0014
sMB |0.878 |0.891|1.231 | 0.317| 0.208 | 0.385|0.0049 |1.122 | 0.887 | 0.991 | 0.970 | 0.728| 0.696 | 0.1402
BRN2 | 1.249 |0.901|0.850 | 0.429| 0.438 | 0.565(0.0170 |0.761 | 0.993 | 1.246 | 0.418 | 0.478| 0.801|0.0773
CEL5 | 0.865 | 1.094 [1.041 | 0.305| 0.192 | 0.203|0.0006 | 1.180 | 0.946 | 0.874 | 0.336 | 0.252| 0.311|0.0019
XTH5 | 0.905 |0.792 | 1.303 | 0.198| 0.243| 0.209|0.0073 |0.801 | 1.026 | 1.172 | 0.234 | 0.248| 0.175|0.0021
PE11 | 0.810 |0.801|1.389 | 0.416| 0.325| 0.266(0.0290 |0.774 | 1.048 | 1.178 | 0.828 | 0.728| 1.198 | 0.6822
RNS3|1.101 |0.792]1.107 | 0.554| 0.611 | 0.405|0.0169 |1.010| 0.862 | 1.128 | 0.666 | 0.933| 0.789|0.1345
MC9 | 0857 |1.203]0.940 | 0.403| 0.699 | 0.601(0.0335 |0.862 | 1.038 | 1.100 | 0.879 | 1.457| 1.094|0.4775
KIN1 | 0.802 | 0.953 | 1.245 |50.402 | 40.961 | 51.637| 0.0002 | 0.944 | 0.927 | 1.130 |27.549 |33.591|34.629 | 0.0002

d NT Mock WT NaCl P value
FEZ | 0765 | 1.271] 0.964| 0.081] 0.141] 0.089| 0.0038
sMB | 0.989 | 1.071| 094 | 0281| 0.291 | 0.226| 0.0001
BRN2 | 0.801 | 1.221| 0.978| 0.202| 0.388 | 0.251| 0.0058
CEL5 | 1.012 | 0.855| 1.133| 0.242| 0.238 | 0.161| 0.0007
XTH5 | 1.078 | 0.809| 1.113| 0.201| 0.209 | 0.121| 0.0012
PE11| 1.178 | 0.761| 1.061| 0.303| 0.279 | 0.294 | 0.0047
RNS3| 0899 | 1.111] 099 | 0.303| 0.231 | 0.156| 0.0005
MC9 | 1.012 | 0.981| 1.007| 0.327| 0432 | 0.531| 0.0007
KiNT | 1.322 | 0.881| 0.797] 4.111] 6.332 | 4.377] 0.0054

Extended Data Fig. 9 | Relative expression of genes associated with the root
cap differentiation programin response to ABA. The analysis was conducted
on 5-day-old wild-type and pyrpyl112458 (a) or icpk (c) root tips in response to
ABA, and 5-day-old wild-type (b) with or without 100 uM EGTA-AM pretreatment
for 30 minutes in response to ABA. The RT-qPCR analyses of gene expression
levels were normalized to the expression of UBQI0 in each sample. The average

gene expression ratio from triplicate samples was calculated and is presented in
Fig. 5d, Fig. Se and Fig. 5f. d, The analysis was conducted on 5-day-old wild-type
root tipsin response to 200 mM NaCl treatment. The RT-qPCR analyses of gene
expression levels were normalized to the expression of UBQIO in each sample.
The average gene expression ratio from triplicate samples was calculated and is
presented in Fig. 6d.
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Extended Data Fig. 10 | Salt stress promotes ABA accumulationin root significance determined by two-tailed non-paired Student’s ¢ test). b, Treatment
tips and inhibits root cap growth. a, ABA accumulation in root cap cells and with200 mM NaCl for 24 hseverely inhibited root cap cycle in 5-day-old
epidermal cells measured using the FRET sensor nIsABACUS2-400n with or WT plants. Scale bars, 10 um. All results are reproducible from at least three

without 200 mM NaCl treatment for 30 min. Scale bars, 10 um. ABA accumulation  independent experiments.
was quantified. Error bars denote s.e.m., n=10 plants. ***P <0.0001 (statistical
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