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Environmental mechanical forces, such as wind and touch, trigger
gene-expression regulation and developmental changes, called
"thigmomorphogenesis,” in plants, demonstrating the ability of
plants to perceive such stimuli. In Arabidopsis, a major thigmomor-
phogenetic response is delayed bolting, i.e., emergence of the
flowering stem. The signaling components responsible for mecha-
notransduction of the touch response are largely unknown. Here,
we performed a high-throughput SILIA (stable isotope labeling in
Arabidopsis)-based quantitative phosphoproteomics analysis to
profile changes in protein phosphorylation resulting from 40 sec-
onds of force stimulation in Arabidopsis thaliana. Of the 24 touch-
responsive phosphopeptides identified, many were derived from
kinases, phosphatases, cytoskeleton proteins, membrane proteins,
and ion transporters. In addition, the previously uncharacterized
protein TOUCH-REGULATED PHOSPHOPROTEIN1 (TREPH1) became
rapidly phosphorylated in touch-stimulated plants, as confirmed
by immunoblots. TREPH1 fractionates as a soluble protein and is
shown to be required for the touch-induced delay of bolting and
gene-expression changes. Furthermore, a nonphosphorylatable
site-specific isoform of TREPH1 (S625A) failed to restore touch-
induced flowering delay of treph1-1, indicating the necessity of
$625 for TREPH1 function and providing evidence consistent
with the possible functional relevance of the touch-regulated
TREPH1 phosphorylation. Taken together, these findings identify
a phosphoprotein player in Arabidopsis thigmomorphogenesis
regulation and provide evidence that TREPH1 and its touch-
induced phosphorylation may play a role in touch-induced bolting
delay, a major component of thigmomorphogenesis.
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lants perceive and respond to mechanical forces, including

those resulting from extracellular stimuli such as wind and
rain, as well as stimuli manifested during cell proliferation and the
differential growth of neighboring cells (1-7). Plants respond to
mechanostimulation throughout growth and development (2, 8),
and these responses are thought to play essential roles in pattern
formation (9). Mechanical signals derived from cellular activities
are integrated with the gravitational forces that are constantly
imposed on plants through the weight of cellular components such
as amyloplasts and the central vacuole (10, 11). Responses to
gravitational forces include tropisms, whereby shoots grow away
from the gravitational pull of the earth and roots grow toward this
force (12). Reaction wood in conifer trees and many flowering
plants is produced when woody stem tissues expand differentially
due to the gravitational force imposed by the weight of the stem
(13). Some plants display thigmotropic (“thigmo” means “touch” in
Greek) growth, whereby a touch stimulus results in growth directed
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toward or away from the stimulus contact point; an exemplary
thigmotropic response is the directed coiling of a climbing plant
tendril around a supporting object (14). Touch-induced plant
movements that occur in a direction independent of the stimulus
direction are called thigmonastic responses (15) and include the
dramatic rapid touch-induced leaf movements of Mimosa pudica
and the carnivorous Venus flytrap plant (16). Thigmomorpho-
genesis is a slower touch response that affects overall plant growth
(17). Thigmomorphogenesis can be quite dramatic and is wide-
spread among plants. Thigmomorphogenesis can result from di-
verse environmental factors, such as wind, rainfall, hail, animal
contact, and even the touch of a plant organ itself (13, 18). Frequent
touch stimulation of Arabidopsis thaliana leaves triggers delayed

Significance

Plants respond to a delicate force signal, such as a light touch,
similar to animal neural systems, as demonstrated by thig-
motropism, thigmonastic movement, and thigmomorpho-
genesis. To understand the force-signaling networks, we
applied stable isotope labeling in Arabidopsis (SILIA)-based
quantitative posttranslational modification proteomics to as-
sess protein phosphorylation changes in Arabidopsis subjected
to 40-second cotton-swab touch, identified 4,895 non-
redundant phosphopeptides, 579 of which are previously
unreported phosphosites derived from 509 phosphoprotein
groups, and identified 24 TOUCH-REGULATED PHOSPHOPRO-
TEIN (TREPH) groups. Molecular biological, genetic, and bio-
informatic analyses revealed that the previously uncharacterized
TREPH1 protein is required for the bolting-delay aspect of the
Arabidopsis touch response. These studies suggest that protein
phosphorylation and the TREPH1 protein are critical for the
mechanotransduction pathway leading to an aspect of plant
thigmomorphogenesis.

Author contributions: N.L. designed research; K.W., Z.Y., D.Q., F.R,, S.L, Q.Z, J.L, W.Z,,
C.D., and E.W.C. performed research; Z.Y. and N.L. contributed new reagents/analytic
tools; J.L., W.Z., and C.D. performed preliminary MS/MS analysis; E.W.C. and J.B. con-
structed transgenic LUC plants; K.W., 2.Y., D.Q., F.R,, S.L, Q.Z,, and N.L. analyzed data;
and K.W., Z.Y., M.W,, J.B., and N.L. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.
Published under the PNAS license.

Data deposition: The proteomic data reported in this paper have been deposited in the
ProteomeXchange database (accession nos. PXD006180 and PXD006181).

K.W., Z.Y., D.Q., and F.R. contributed equally to this work.
2To whom correspondence should be addressed. Email: boningli@ust.hk.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1814006115/-/DCSupplemental.

Published online October 5, 2018.

PNAS | vol. 115 | no.43 | E10265-E10274

>
[\
[=]
=
=]
@
-
=
<
I~
[



http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1814006115&domain=pdf
http://www.pnas.org/site/aboutpnas/licenses.xhtml
http://proteomecentral.proteomexchange.org/cgi/GetDataset?ID=PXD006180
http://proteomecentral.proteomexchange.org/cgi/GetDataset?ID=PXD006181
mailto:boningli@ust.hk
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814006115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814006115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1814006115

L T

/

1\

=y

flowering (2, 19), and long-term wind-entrained trees can become
stocky (20).

Specialized mechanosensory cells or structural appendages
of plants may participate in sophisticated mechanoresponses.
For example, specialized endodermal and columella cells can
sense changes in orientation relative to the gravity vector (21-24).
The modified leaves in the Venus flytrap and mimosa petioles
harbor trigger-hair gland cells and pulvinar cells, respectively,
which perceive touch signals (2). Root tips are also highly re-
sponsive to mechanostimulation; upon encountering growth
barriers, specialized mechanosensing founder cells initiate a
barrier-avoidance response that can promote lateral root
initiation (25).

How plants sense various mechanical stimuli and transduce
signals to regulate their diverse responses to touch signals remains
elusive (2, 9). One class of potential plant mechanoreceptors has
been identified based on studies of homologs of well-characterized
mechanosensitive ion channels from microbes and animals (26—
28). For example, plant mechanosensitive channel of small con-
ductance (MscS)-like (MSL) ion channels, mating-induced deathl
(MID1)-complementing activity (MCA) calcium channels, and
two-pore potassium (TPK) channels are homologs of those in
bacteria, yeasts, and animals, respectively (29, 30). Recently, Piezo,
a mechanosensitive ion channel identified in humans, was found
to have plant homologs that may function as selective calcium ion
channels that are responsive to a wide array of force stimuli (31,
32). Examples of these homologs include MSLS8, which functions
in pollen hydration and seed germination (8), and MCA1/2 pro-
teins, which are stretch activated and function as mechano-
sensitive cation channels in Arabidopsis and promote calcium
fluctuations upon mechanical loading. Another class of potential
mechanoreceptors consists of multimeric protein complexes that
span the plasma membrane (30); these include the epithelial Na™
channel (ENaC) protein complex of the sodium channel super-
family and the MEC/DEG channels (33). A subtype of these
tethered mechanosensitive channel complexes is the transient
receptor potential (TRP) cation channels, a superfamily that in-
cludes numerous non—voltage-gated Ca>* channels such as TRPN
(34). A third class of multiprotein mechanosensors includes cad-
herins and integrins, which span the plasma membrane and
physically interconnect the intracellular actomyosin cytoskeleton
with extracellular matrix (ECM) fibronectin proteins (6). This
group of multiprotein mechanosensors is usually associated with
RhoA/Rho-associated coiled-coil-containing kinase (ROCK),
focal adhesion kinase (FAK), Scr tyrosine kinase, and Rho/Ras
kinases, which function as mechanosensitive motors that phos-
phorylate downstream protein substrates upon mechanical force
loading (6, 35). These proteins convert force signals into diverse
downstream ion currents and biochemical signals and induce
protein—protein interactions, leading to touch-inducible gene
expression and mechanoresponses.

Due to the potential functional redundancy and heteromeric
nature of these force receptors, forward genetic screening for
components of the mechanosensory and mechanoresponse ma-
chinery may not be sufficient for identifying their functions (3, 9).
To circumvent this problem, we used the high-throughput stable
isotope labeling in Arabidopsis (SILIA)-based (36) quantitative
posttranslational modification (PTM) proteomic approach to
identify potential force signaling components that may be im-
portant for Arabidopsis thigmomorphogenesis. Consistent with
this possibility, proposed mechanosensitive sensors harbor kinase
activity (37-40), and touch-induced gene expression is sensitive
to chemical modulators of protein phosphorylation (41). Thus,
we focused our study on profiling touch-induced and rapidly
phosphorylated sites of plant proteins to identify potential force-
signaling components involved in regulating Arabidopsis thig-
momorphogenesis. We successfully identified 24 touch-responsive
phosphopeptides. To conduct an in-depth investigation of the
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touch-response relevance of these candidates, we chose to
focus on a candidate phosphoprotein, TOUCH-REGULATED
PHOSPHOPROTEIN1 (TREPH1). Our findings indicate that
TREPHLI is required for touch-induced bolting delay and point
to a critical requirement for the amino acid serine 625 of
TREPHL], which is phosphorylated upon plant touch stimulation.
Taken together, our findings demonstrate that protein phos-
phorylation dynamics plays an important role in force signaling
in Arabidopsis.

Results

A Light Touch Treatment Reproducibly Triggers a Cytosolic Calcium
Increase, Gene-Expression Changes, and Delayed Bolting in
Arabidopsis. In Arabidopsis, touch treatment leads to a delay in
the emergence of the flowering inflorescence stem, a process
called “bolting,” in addition to reducing the average rosette ra-
dius and inflorescence stem height (2, 19), and this response is
associated with signal-specific calcium signatures (42). To elu-
cidate the dosage effect of touch on morphogenesis, we treated
five groups of Arabidopsis plants with one touch per second for
10-80 s (Fig. 14). A repetitive touch treatment of 10-s duration
(10 consecutive touches in each round of touch treatment, 1 s per
touch) for three rounds daily was sufficient to trigger a signifi-
cant bolting delay (Fig. 14). The touch response increased with
increasing duration of each round of treatment, reaching the
maximum at 40-s touch treatment per round. We confirmed the
cellular effect of a 40-s treatment in both Pro35S::Aequorin
(AEQ) (42) and ProCML39::LUC/Col-0 (LUC) transgenic
plants. The 40-s touch treatment triggered a rise in luminescence
reporting rapid elevation of the cytoplasmic calcium concentra-
tion, [Caz+]cyt, in the AEQ plants and a rise in luminescence
reflecting increased expression of the recombinant gene
ProCML39::LUC (Fig. 1B and SI Appendix, Fig. S1), consistent
with evidence for CML39 touch inducibility of expression (43).
The experimentally measured force of the cotton-swab treatment
(Movies S1 and S2) was 84 + 80 mg per touch (Fig. 1C). Thus,
the force applied to the plants was 0.84 + 0.8 mN per
touch (gravity constant g = 10 m/s®), which was close to our
targeted 1 mN (SI Appendix, Supplementary Materials and
Methods). The repetitive 40-s touch (one touch/s) treatment
at that force resulted in delayed bolting in Arabidopsis plants (Fig.
1D and SI Appendix, Fig. S2). In addition to the treatment using
cotton swabs, touch treatments with similar force, repetitions,
and frequency (the number of rounds/d) were also performed
with soil-grown plants using touch administered by a gloved
finger and touch administered by an automated machine
that brushed human hair across the leaf surfaces (Movie S3).
These diverse treatments similarly delayed bolting (SI Appendix,
Figs. S3-S5).

Quantitative Phosphoproteomic Analysis of Early Mechanotransduction
Signaling Components During Thigmomorphogenesis. We analyzed
the 40-s—touched LUC plants using the SILIA-based quantita-
tive phosphoproteomic approach (SI Appendix, Fig. S6) (44) to
identify the phosphoproteins present during early touch-
response signaling. Our 4C quantitative PTM proteomics (44)
integrates (i) chemical labeling, (if) chromatographic separation
and enrichment of PTM proteins and peptides followed by mass
spectrometry analysis, with (i) computational analysis of PTM
peptides using software for identification, quantitation, and sta-
tistical evaluation, followed by (iv) confirmation using bio-
chemical and/or functional analysis. To achieve this objective, we
first selected LUC plants for PTM proteomics analysis, as these
plants report dynamic touch responses (Fig. 1B and SI Ap-
pendix, Fig. S1). We employed "“N- and '"N-labeled plants as
either the control or touch-treated plant samples in both forward
and reciprocal mixing experiments (Fig. 2). Six biological repli-
cates (SI Appendix, Supplementary Materials and Methods) were
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Fig. 1. The effect of touch on Arabidopsis. (A) The dose-dependent effect of touch using cotton swabs on bolting time. Twelve-day-old LUC transgenic plants
were subjected to three rounds of touch treatment per day. Each round consisted of 0, 10, 20, 40, 60, or 80 touches (1 s per touch). Data are shown as means +
SE. Statistical analysis was performed using a pairwise Student'’s t test: *P < 0.05 and **P < 0.01. The homogeneity of variance among the results was analyzed
using Tukey’s range test. Different lowercase and uppercase letters represent significant differences at the 5% and 0.5% level, respectively. The results were
compiled from three independent biological replicates, with n >27 plants per replicate. (B) Photonic reporting of calcium flux and luciferase expression in
transgenic Arabidopsis after 40 s of cotton-swab touch. Ten-day-old AEQ and 14-d-old LUC transgenic plants were subjected to 40 s of touch treatment (1 s per
touch). Luminescence levels of aequorin and luciferase peaked within 60 s and at 30 min, respectively. The Inset shows the luminescence peaked from —0.5 to
1.5 min. The results of other two replications are shown in S/ Appendix, Fig. S1. (C) Box-and-whisker plot of touch force using cotton swabs. The data points
that were collected from n = 2,400 touches on 30 wild-type and 30 treph1-1 plants (40 touches per plant) are scattered over the box-and-whisker plot.
Means + SE are annotated above the plot, defined as the typical touch force or “gentle touch.” The touch force median was 54 mg, the upper quartile was
110 mg, and the lower quartile was 28 mg. The maximum was 232 mg, and the minimum force was 5 mg. (D) Comparison of bolting plants that were
untouched or were touched by cotton swab. (Left) Box-and-whisker plots of bolting days. The numbers of the total individual plants (n) and means + SE from
three biological replicates (n >20 plants per replicate) are noted below and above the plots, respectively. (Right) Photographs of representative untouched
and touch-treated plants. The results of each replication are shown in S/ Appendix, Fig. S2. Similar results obtained from various touch treatments are shown

in SI Appendix, Figs. S3-S5.

performed with aerial tissues. As a result, this 4C quantitative
PTM proteomics (44) allowed us to identify 4,895 repeatable
(n >2) and nonredundant (herein referred to as “unique”)
phosphopeptides derived from 2,426 phosphoprotein groups
[Datasets S1-S3; false-discovery rate (FDR) <1%, Mascot delta
score >10; see SI Appendix, Supplementary Materials and Meth-
ods], which included 4,616 singly, 268 doubly, 9 triply, and
2 quadruply phosphorylated peptides. Among them, 579 phos-
phopeptides represented previously unreported phosphosites of
the 509 protein groups (Datasets S1 and S2) according to the
phosphopeptide repertoire of the PhosPhAt 4.0 database (phos-
phat.uni-hohenheim.de). The number of unique phosphopeptides
detected from two replicates was 50% higher than that from a
single replicate (3,362 vs. 2,237), whereas the number increased by
only 4% (from 4,712 to 4,895) when the total number of unique
phosphopeptides from six replicates was compared with that from
five replicates (Fig. 24). These results indicate that increasing
the number of replicates to more than five contributed little to the
total number of unique phosphopeptides identified using the
current quantitative phosphoproteomics approach. Although over
80% of the phosphopeptides were detected in both the untouched
and touch-treated samples, the number of touch-specific phos-
phopeptides (603) was much (2.4-fold) higher than the num-
ber of phosphopeptides specific to the untouched control (250)
(Fig. 2B). According to the substrate sequence specificity of Ser/
Thr protein kinases (45), 28%, 9%, and 27% of the phosphory-
lated Ser/Thr are found in acidophilic (,[S/T][D/E] or ,[S/T]xx[D/
E]), basophilic (Rxx,[S/T]), and proline-directed (,[S/T]P) motifs,
respectively (Fig. 2C). Moreover, we identified six touch-specific
phosphorylation motifs via bioinformatics analysis of the phos-
phoproteome (SI Appendix, Fig. S7), suggesting that some touch-
regulated phosphorylation events may be catalyzed by related
kinases.

We also performed quantitative PTM proteomic analysis of
the ratios of isotope-coded peptides in 750 strictly selected,
quantifiable pairs of light and heavy phosphopeptides (see SI
Appendix, Supplementary Materials and Methods and Dataset S3
for selection criteria), leading to the identification of 23 touch-
enhanced phosphopeptides and one touch-suppressed phos-
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phopeptide (Fig. 2D and SI Appendix, Fig. S8 and Table S1),
corresponding to a total of 24 phosphoprotein groups (in
which several phosphoproteins may share the same phospho-
peptide). The largest phosphorylation increase was obtained on
phosphopeptides 23 ,sFLTQSGpTFKDGDLR (15.2-fold; pT,
phosphorylated threonine), derived from MAP KINASE KI-
NASE1 [MKKI1, The Arabidopsis Information Resource (TAIR)
AT4G26070] and/or MKK2 (TAIR AT4G29810), and the
greatest decrease (—1.4-fold) of phosphorylation occurred on
20LSPAASEVFGpTGR from the light-harvesting chlorophyll-
protein complex II subunit B1 (LHB1B1, TAIR AT2G34430).
These SILIA-based quantitative PTM proteomic results are
consistent with the observed difference in the number of
phosphopeptides obtained from the differential PTM proteo-
mic analysis of both control and touch-treated samples (i.e.,
touched > untouched phosphopeptides in phosphopeptide
number) (Fig. 2B). Therefore, the touch treatment increased
both the species and phosphorylation levels of phosphopeptides.
This list of selected phosphopeptides (SI Appendix, Table S1)
includes MKK1 and/or MKK2, CALCIUM-DEPENDENT PRO-
TEIN KINASE1 (CPK1, TAIR AT5G04870), CALMODULIN-
DOMAIN PROTEIN KINASES5/6 (CPK5/6, TAIR AT4G35310/
AT2G17290), and PROTEIN PHOSPHATASE 2C (PP2C)
family proteins, which are known protein phosphorylation/
dephosphorylation enzymes that function in cell signaling (46).
In addition, the levels of two similar peptides, VNpSLLSIPR and
VNpSLVQLPR (derived from distinct members of the PP2C
family), increased 1.8- and 1.4-fold, respectively, in response to
touch treatment. These results, in combination with the results
of the bioinformatics analysis, revealed a conserved touch-
regulated phosphosite motif in PP2C family proteins (Fig. 2F).
Finally, we identified eight touch-enhanced phosphopeptides
from eight phosphoproteins of unknown function, which we
named “touch-regulated phosphoproteins,” TREPHs (SI Ap-
pendix, Table S1). Bioinformatic analysis of the touch-regulated
phosphosites predicted a number of putative touch-regulated
phosphosites; one of these motifs is the S625 phosphosite mo-
tif of TREPHI1, which shares sequence similarity with putative
phosphosites in RECEPTOR-LIKE PROTEIN 47 (RLP47,

PNAS | vol. 115 | no.43 | E10267
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framework is shown in S/ Appendix, Fig. S6. (B) The sizes of the untouched and touch-specific phosphopeptides and their overlap (Datasets S1 and S2). (C)
Classification of phosphorylation sites in three general categories according to kinase docking site amino acid sequence specificity. (D) Volcano plots of
quantitative phosphopeptide analysis. (Upper) The red and blue circles represent significantly touch-enhanced and -suppressed phosphopeptides, re-
spectively, defined by t test followed by Benjamini-Hochberg correction. The log2 ratio is the average binary logarithmic ratio of MS1 isotopologue areas of a
phosphopeptide between touch-treated and control plants (Dataset S3), and P is the P value determined using Student’s t test followed by Benjamini-—
Hochberg multiple hypothesis test correction. The horizontal dashed line indicates the cutoff threshold for the significance (FDRg_4. <5%). (Lower) The
histogram shows the log2 ratios, which were fitted using a normal distribution (red curve). In both panels, the vertical black dashed lines indicate the mean
distribution + 2 SD of the log2 ratios of all phosphopeptides. (E) Highly conserved touch-regulated phosphosite motifs. VNpSLLSIPR and VNpSLVQLPR, the
touch-enhanced phosphopeptides of PP2C family members, were used to construct a WebLogo of a touch-regulated motif from the highly conserved amino
acid sequences surrounding the phosphosites and those identified from amino acid sequence BLAST searching. (F) The BLAST-based phosphosite motif
predicted from phosphosite 5625 of TREPH1 protein. In E and F, TAIR accessions and annotations are labeled on both sides of the peptides. The subscript
numbers before the peptide sequences indicate the positions of the first amino acid residues in the corresponding proteins. Triangles (VW) indicate the

phosphorylation sites. The experimentally identified phosphoproteins are underlined.

TAIR AT4G13810) and L-TYPE LECTIN RECEPTOR
KINASE III.1 (LECRK-IIL.1, TAIR AT2G29220) (Fig. 2F).
These results suggest that these putative kinases might play a
role in plant touch responses.

Confirmation of Touch-Regulated Protein Phosphorylation. To in-
vestigate the molecular functions of candidate phosphoproteins,
we first performed bioinformatic analysis of the touch-regulated
phosphoproteins listed in SI Appendix, Table S1. Interestingly,
we identified two protein—protein interactomic modules using
the STRING program (SI Appendix, Fig. S94). One module is
mainly composed of kinases and phosphatases of the MAPK
cascade interconnected with the Ca**-dependent kinase-mediated
phosphor-relay pathway (SI Appendix, Fig. S9A4). Another module
shares related components of mechano-signalosomes found in
animal cells (6), which consist of dual-tethered architectural
integrins that span the plasma membrane and physically in-
terconnect the intracellular actomyosin cytoskeleton with ECM
architectural fibronectin proteins (SI Appendix, Fig. S94). Pre-
vious studies predicted that the previously uncharacterized protein
TREPH1 is a WEB1/PMI2-related protein that may be a cyto-
skeleton component related to plastid movement (47, 48).
Homology-based protein-structure prediction suggested that
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TREPH1 may have a sickle-shaped structure consisting of five
coiled-coil domains (SI Appendix, Fig. S9B). We decided to select
both TREPH1 and MKK1/2 proteins for further investigation to
interrogate the two touch-related interactome modules (SI Ap-
pendix, Fig. S9A).

By quantitative PTM proteomics, TREPH1 has a relatively
large (8.3-fold) increase in phosphorylation status at the
S625 residue in response to touch, while MKK1/2 proteins have
the greatest (15.2-fold) phosphorylation increase at the T29 site
of MKK1 and/or the T31 site of MKK2 (SI Appendix, Table S1).
To validate these changes, we generated polyclonal anti-
bodies against both the S625-nonphosphorylated TREPH1 (anti-
npTREPHI1) and S625-phosphorylated TREPH1 (anti-pTREPH1)
and the T29-phosphorylated MKK1 and/or T31-phosphorylated
MKK?2 (anti-pMKK1/2) peptides. The antibodies were validated
using immuno-dot blots with synthetic peptides (SI Appendix,
Fig. S10 A and H). Immunoblot-based quantitation of phosphory-
lation demonstrated that the phosphorylation of TREPHI in-
creased 2.4 + 0.2-fold in response to touch (Fig. 34 and S/
Appendix, Figs. S10B and S114), and TREPH1 phosphorylation
was sustained after a 40-s cotton-swab touch (Fig. 3B and S/
Appendix, Figs. S10C and S11B).
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Fig. 3. Protein immunoblot analysis of the touch-regulated phosphoryla-
tion of MKK1/2 and TREPH1. (A) The enhanced phosphorylation level of
TREPH1 after 40-s cotton-swab touch treatment. (B) Time-dependent
changes in the phosphorylation of $625 of TREPH1. (C) Negative control of
TREPH1 S625 phosphorylation antibody in touch-treated treph1-1. (D) Time-
dependent changes in the phosphorylation of T31 of MKK2 (and/or T29 of
MKK1) after 40-s cotton-swab touch treatment. Each bar represents the
results of three immunoblotting analyses (three biological replicates).
Means + SE are shown: *P < 0.05, **P < 0.01, and n.s. (nonsignificant) P >
0.05; pairwise Student’s t test. The homogeneity of variance in each panel
with multiple (more than two) values was analyzed using Tukey’s range test.
Different letters represent significant differences at the 5% level. The non-
adjacent lanes from the same and whole immunoblot membranes are shown
in SI Appendix, Fig. $10, and the multiple biological replicates for each im-
munoblot data point are shown in S/ Appendix, Fig. S11. The genotypes of
mutants were validated and are shown in S/ Appendix, Fig. S12.

In contrast, the touch-induced phosphorylation of TREPH1
was either undetectable or fairly low in the untouched wild-type
plants and in the transfer DNA (T-DNA) insertional mutant
trephl1-1 (Fig. 3C and SI Appendix, Figs. S10D and S11C; see SI
Appendix, Fig. S12 for genotyping details). The phosphorylation
level of MKK1/2 also increased (4.9 + 0.9-fold) and was main-
tained after a 40-s cotton-swab touch (Fig. 3D and SI Appendix,
Figs. S10E and S11D). MKKI1/2 phosphorylation appears to
occur very rapidly, with phosphoprotein increases detected im-
mediately after the touch stimulus (Fig. 3D). Taken together,
both quantitative PTM proteomics and immunoblot analysis
demonstrated a rapid alteration in phosphorylation occurring in
both TREPH1 and MKK1/2 upon touch induction.

TREPH1 Is Required for the Touch-Induced Bolting Delay. Because
TREPHI1 is a previously uncharacterized protein, unlike MKK1/2,
we sought to focus our in-depth analysis on TREPHI1, antici-
pating insights into the plant mechanotransduction process.
Bioinformatics analysis with STRING indicates that two touch-
regulated protein networks may exist (SI Appendix, Fig. S9A4).
TREPHI1 may play a role in the cytoskeleton network mediating
mechanotransduction. Homology-based tertiary structure pre-
diction suggests that TREPH1 may consist of five tandemly
arranged three-helix coiled-coil domains, have a sickle-shaped
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structure, and lack a transmembrane domain (S Appendix, Fig.
S9B). It was predicted that TREPH1 is a putative coiled-coil
protein that may function in plastid movement-related protein—
protein interactions (48). Available gene-expression data
(ePlant, bar.utoronto.ca/eplant/) indicate that TREPHI expres-
sion is relatively constitutive in the plant life cycle, suggesting a
persistent production of TREPHI in plant cells. BLAST analysis
of the TREPH1 amino acid sequence against the proteomes of
both plants and animals revealed potential homologs of the
TREPHI1 C terminus in mammals, monocots, and dicots (S/
Appendix, Fig. S9C), suggesting that TREPH1 function may be
conserved in diverse organisms.

To examine whether TREPH1 has functional relevance in
plant thigmomorphogenesis, we assessed touch-induced thig-
momorphogenesis in a TREPH1 T-DNA insertional line, trephl-
1. A full-length TREPH] transcript was undetectable in trephl-1
plants (SI Appendix, Fig. S12). Protein extracts from trephl-1
plants also showed only faint immunoreactivity to the anti-
pTREPHI antibodies and failed to show an increase in band
intensity upon touch stimulation (Fig. 3C) compared with pro-
tein extracts from wild-type plants (Fig. 34).

The trephi-1 mutant showed a conspicuous defect in the touch-
induced delay of bolting compared with that of Col-0 wild-type
plants when subjected to either cotton-swab or automated hu-
man hair touch treatments (Fig. 4 and SI Appendix, Fig. S13). Col-
0 plants exhibited 2.0 d of bolting delay in response to cotton-swab
touch treatment (Fig. 44 and SI Appendix, Fig. S134), whereas no
significant delay of bolting was observed in trephl-1 plants under
these conditions (23.3 + 0.2 d vs. 23.5 + 0. 2 d) (Fig. 4C and SI
Appendix, Fig. S13C). Similarly, Col-0 plants exhibited 1.4 d of
delay in bolting time (Fig. 4B and SI Appendix, Fig. S13B) in re-
sponse to automated touch treatment, whereas delayed bolting was
not observed in trephi-1 plants (24.0 + 0.2 d vs. 23.8 + 0.1 d) (Fig.
4D and SI Appendix, Fig. S13D). Similarly, our preliminary data
have shown that the loss-of-function mutants mkk2 and mkkl1 also
exhibit defects in delayed bolting in response to automated touch
treatment (SI Appendix, Fig. S14). These touch-response mutants
were not studied further for reasons explained above.

Two other phenotypic changes associated with the Arabidopsis
touch response and thigmomorphogenesis are changes in in-
florescence stem height and average rosette radius (2). Both
inflorescence stem height and average rosette radius were sig-
nificantly affected by touch treatment in trephi-1 plants, but the
magnitude of these responses was reduced relative to similarly
treated Col-0 plants (SI Appendix, Fig. S15). Overall, these re-
sults demonstrated that trephl-1 plants are defective in touch-
induced delay of bolting, and therefore TREPH] is essential for
this aspect of thigmomorphogenesis.

The Roles of TREPH1 in Mechanosignaling. Since in response to
touch plant cells generate cytoplasmic calcium spikes (42) im-
plicated in touch-inducible gene expression (2), we measured the
luminescence emitted from the BRET-based GFP::Aequorin
fusion protein (G5A) (49) in both G54/Col-0 and G5A/trephl-1
transgenic plants following touch treatments. The cytoplasmic
calcium signals became stronger as the duration of touch treat-
ment increased (Fig. 54). No significant difference in calcium
signature was observed between plants in the Col-0 versus trephi-
1 background in response to 1-, 10-, 20-, 40-, and 60-s touch
treatments (Fig. 54), indicating that TREPH1 does not function
upstream of the touch-induced cellular calcium signal. In Col-
0 plants, the signal strength appeared to saturate after 40 s.
These results are consistent with the dose-dependent morpho-
logical changes described above (Fig. 14).

To investigate whether TREPH1 may be essential for touch-
induced changes in gene expression, we compared touch-regulated
transcript accumulation in wild-type and frephl-1 plants. In wild-
type plants, we identified 418 genes that were up-regulated by touch
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Fig. 4. Touch responses of wild-type, mutant, and transgenic plants
expressing the TREPH1 isoforms. Box-and-whisker plots (Left) and repre-
sentative individuals (Right) for the untouched control and cotton swab-
touched Col-0 (A), automated human hair-touched Col-0 (B), cotton
swab-touched treph7-1 (C), and automated human hair-touched treph1-1
(D) experiments. The numbers of the total individual plants (n) and
means + SE from three biological replicates are noted below and above the
plots, respectively. The results for each replicate are shown in SI Appendix,
Fig. S13. The genotype validation of these lines is shown in S/ Appendix, Fig.
S12. All results were compiled from three biological replicates, with
n >24 plants per replicate. Significance between the untouched and touch-
treated groups of each experiment was obtained by t test: ***P < 0.001 and
n.s. (not significant) P > 0.05.

(fold change >2 and probability >0.8) and 87 that were down-
regulated by this treatment (fold change equal to or less than
—2 and probability >0.8). We compared the transcriptomes with
previous transcriptomics results, finding that 92% (47 of 51) of
previously identified touch-regulated genes (43) were again de-
tected by our RNA deep sequencing. By contrast, only 47% (76 of
162) of the genes up-regulated by wounding (50) were identified
among these touch-regulated genes.
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Using the type 1 (|Alogpratio] >1) and type 2 methods of
transcriptomic analysis (SI Appendix, Supplementary Materials
and Methods) to analyze the data, we identified genes that
showed differential touch-responsiveness in trephl-1 compared
with wild-type plants. Genes whose expression was either up- or
down-regulated by touch in wild-type plants but were less
responsive in trephl-1 plants were defined as “TREPHI-
dependent” genes. The type 1 and type 2 methods revealed
92 and 75 TREPHI-dependent touch-responsive genes, re-
spectively. Of the 167 touch-responsive genes analyzed, 67 were
identified by both the type 1 and type 2 methods (Fig. 5 B and C,
SI Appendix, Fig. S16, and Dataset S4). Of these 100 unique
touch-responsive and TREPHI-dependent genes, 86 (86% of
100 genes) had increased expression in trephl-1 plants, suggest-
ing that their expression is suppressed by TREPHI1 protein
during the touch response, whereas 14 touch-responsive genes
showed reduced expression in trephl-1 plants, indicating that
TREPHI is required for the appropriate expression of these
14 genes. We subjected several of these genes to RT-qPCR
analysis, including CALMODULIN-LIKE38 (CML38, TAIR
AT1G76650), ETHYLENE RESPONSE FACTORII (ERFII,
TAIR AT1G28370), and JASMONATE-ZIM-DOMAIN PROTEIN7
(JAZ7, TAIR AT2G34600) found by the type 1 method as well as
an unknown touch-inducible gene (TCH2K1, TAIR AT1G56660)
found by the type 2 method (Fig. 5 D-G). CML38, which was
reported as a touch-inducible gene in a previous study (43), and
CML39 (TAIR AT1G76640), which was reported as a touch-
induced gene in the same study (43) but was not TREPHI-
regulated according to our transcriptomic results, were also
included as controls for touch-inducible genes (Fig. 5H). Although
we detected a higher number of genes with increased expression
levels in trephl-1 plants (86 of 100) than in wild-type plants, no
gene was selected from this group for RT-qPCR because most
(73%) of these genes are implicated in energy pathways
(19 photosynthetic proteins, 13 NADH dehydrogenases, 7 ATP
synthases/ATPases, and 1 cytochrome) or protein synthesis
(23 ribosomal proteins) (Dataset S4). Therefore, these genes are
suspected to play only an indirect role, at most, in plant touch
response. We thus decided not to pursue the functions of these
genes at this time.

CML38 expression was induced 36.7 + 3.6- and 6.5 + 0.5-fold
at 5 min after the application of a 40-s touch stimulation in wild-
type and trephl-1 plants, respectively, compared with its ex-
pression at 0 min (Fig. 5D). CML38 expression peaked at a level
328.5 + 48.8- and 45.3 + 5.4-fold that of the control at 15 min
after touch induction and decreased to 31.7 + 9.6- and 5.5 + 1.0-
fold at 60 min after touch induction in the wild-type and trephl-1
plants, respectively. The expression pattern of ERF11 was similar
to that of CML38, increasing 111.3 + 7.6- and 33.7 + 2.5-fold in
wild-type and frephli-1 plants, respectively, at 15 min after touch
induction (Fig. 5E). The other two touch-inducible genes, JAZ7
and TCH2KI, showed similar induction kinetics within 60 min
following 40-s of touch treatment in the RT-qPCR-based touch-
response assay (Fig. 5 F and G). On the other hand, wild-type
and trephl-1 plants demonstrated no significant difference in
CML39 expression 15 min after touch stimulation in the tran-
scriptomic analysis, but the genotypes showed distinct regulation
(4.6 + 0.6-fold vs. 14.8 + 1.9-fold, respectively) of CML39 ex-
pression 30 min after touch treatment (Fig. 5H).

The Amino Acid Residue Modified by Phosphorylation in TREPH1 Is
Required for Touch-Induced Delay of Flowering and Gene-Expression
Changes. Our data indicate that TREPH1 is essential for Arabidopsis
to respond to force stimulation by delayed bolting. We next sought
to investigate the potential role of S625 phosphorylation of
TREPHLI in this aspect of touch response. Therefore, we compared
the performance of TREPH1 with and without the phosphor-
ylatable S625 amino acid. We generated two transgenes for
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complementation tests of trephl-1 (SI Appendix, Fig. S17): dPro35S::
His::YFP::TREPH]I, which retains the capability of being phos-
phorylated (SI Appendix, Fig. S10G), and dPro35S::His::YFP:
TREPHI%%4, which removes the phosphorylatable amino acid.
These transgenes were introduced into frephl-I plants. In the
presence of dPro358::His::YFP::TREPH1, the touch-induced bolting
delay of frephl-1 was rescued. Cotton swab-touched plants bolted
with an average of 24.7 + 0.2 d, whereas untouched plants bolted at
234 + 0.1 d (Fig. 64 and SI Appendix, Fig. S184). Automated
human hair touch delayed the average bolting time from 23.7 +
0.1 d to 24.8 + 0.1 d (Fig. 6B and SI Appendix, Fig. S18B). How-
ever, the dPro35S:His:YFP:TREPHI****-complemented pop-
ulation showed no significant delay in bolting (23.3 + 0.1 d vs. 23.5 +
0.1 d and 254 + 0.1 d vs. 25.3 = 0.1 d for trials using cotton swabs
and automated human hair, respectively) (Fig. 6 C and D and SI
Appendix, Fig. S18 C and D). Thus, the transgenic Wild-téyge
TREPHI protein, but not the point-mutated TREPH1%°%4
protein, can rescue touch-induced delayed bolting (Fig. 6 A-D).
Therefore, the S625 amino acid of TREPHI is required for
TREPHT’s function in delayed bolting in response to touch.
We also performed RT-qPCR analysis in transgenic pop-
ulations of dPro35S::His::YFP::TREPH] /trephI-1 and dPro35S::
His::YFP::TREPHI%***trephl-1 plants to determine whether
S625 phosphorylation of TREPHI1 is required for the expression
of touch-regulated genes (Fig. 6F). Although the presence of the
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Time after touch treatment (min)

0.001, and n.s. (nonsignificant) P > 0.05.

dPro35S::His::YFP::TREPHI transgene rescues the trephl-1
touch expression inducibility of the genes tested, the presence
of the dPro35S::His::YFP::TREPHI®*** in the trephl-1 back-
ground resulted in significantly reduced expression levels of
CML38, ERF11,JAZ7, and TCH2KI but not CML39 (Fig. 6E).
Taken together, these results demonstrate a critical role for
S625 in the functioning of the TREPHI protein both in regu-
lating the touch-induced delay of bolting and in touch-induced
gene expression, suggesting the possibility that the touch-induced
phosphorylation of TREPHI is an essential step in the touch-
response pathway of Arabidopsis.

To gain some insight into how TREPH1 may function, we
sought to determine whether the TREPH1 protein may associate
with cellular membranes. We separated cellular extracts into
membrane and soluble fractions, followed by immunoblot anal-
ysis using both anti-npTREPH1 and anti-pTREPHI antibodies
(Fig. 6F). Both antibodies detected protein in the soluble frac-
tion and not in the membrane fraction, consistent with TREPH1
likely being a cytosolic protein.

To verify that the mechanical stimulus, rather than any other
effects in our touch treatment, was the causal inducer, we also
analyzed TREPH1 phosphorylation in response to gloved finger
touch, air blowing (mimicking wind force), and water sprinkling
(resembling rainfall force). A 40- or 150-s gloved-finger touch of
wild-type plants led to a 2.9 + 0.3- and 2.3 + 0.2-fold increase in
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mechanotransduction. (A-D) Box-and-whisker plots
(Left) and representative individuals (Right) for
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TREPH1/treph1-1 (A), automated human hair-touched
TREPH1/treph1-1 (B), cotton-swab-touched TREPH 16?4/
treph1-1 (C), and automated human hair-touched
TREPH1%%%*A/treph1-1 (D) plants. Details of trans-
genes and the results of each replication are shown
in SI Appendix, Figs. S17 and S18, respectively. (E)
Changes in mRNA abundance of CML38, ERF11, JAZ7,
TCH2K1, and CML39 induced by 40-s cotton-swab
touch treatment in TREPH1/treph1-1 and TREPH16%%4/
treph1-1 transgenic plants. (F) Biochemical analysis of
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* " \ .
$-§ 150 T 120 = 5 2 g -+ 30 ns. the left of the immunoblots indicate the target
T $ 100 | | 60 i 25 i 10 i 20 ; protein bands. Antibody specificity is shown in S/
%g 50 — = - 21 _ 10 _ Appendix, Fig. S10 A and H. (G) Changes in phos-
0 0 15 0 0 15 0 o 15 0 ‘707‘ 15 0 707 " s phorylation levels at $625 of TREPH1 in Arabidopsis
Time after touch treatment (min) plants touched with a cotton swab or a finger,
treated with air blowing, or treated with water
PTREPH1 npTREPH1 PIP2:1 R S L NS. *x * x sprinkling. The plants were grown for 3 wk in soil.
" . _§ 3.0 - be DS be C b Each bar represents the results of three biological
:]gg *‘, =1§g :12(5) 2355 o abe ab be replicates. Means + SE are shown. Statistical analysis
— -100 |} i -100 -100 %%E 1'0 a was performed by Student’s t-test and Tukey's range
- ég g -~ gg - gg °‘§ a test. Significance at P < 0.05, P < 0.01, P < 0.001, and
- > A 0.0 ‘ ‘ ‘ ‘ P > 0.05 for pairwise t-test are shown as *, **, ***,
S 8 - 48 reatment(s) | 0 | 40 150| 40 | 150/ 40 [150) 40 | 150 and n.s., respectively. The homogeneity of variance
- 35 - 35 - 35 Cotton | Finger blAiFj V‘./aﬁf in each panel with multiple (more than two) values
-5 B ~ 25 > .‘ 25 owing | sprin<ing was analyzed using Tukey’'s range test. Different
. - PTREPH1 letters represent significant differences at the 5%
c ™ cC M cMm P 9 °

pTREPHL], respectively (Fig. 6G and SI Appendix, Figs. S1I0F and
S11E). Similarly, TREPH1 phosphorylation increased by 3.1 +
0.3-fold in response to 150-s air blowing and by 2.3 + 0.3- and
2.0 + 0.2-fold, respectively, in response to 40- and 150-s water-
sprinkling treatments (Fig. 6G and SI Appendix, Figs. S10F and
S11FE). Thus, TREPH1 S625 phosphorylation is responsive to di-
verse mechanostimuli, suggesting a potential role in diverse en-
vironmental force loadings, including rain and wind.

Discussion

The machinery responsible for mechanosensitivity, including
bona fide mechanosensitive channels and multimeric mechano-
signalosomes, is believed to have evolved multiple times during
flowering plant evolution (22). Numerous force sensors may
coordinate multiple levels of mechanical signaling originating
from intracellular molecular activities and extracellular me-
chanical signals during versatile plant mechanoresponses (51).
One group of sensors includes the mechanosensitive divalent
and monovalent ion channels (5), such as MSL, MCA, Piezo,
and TPK, and the other group comprises membrane-bound
receptor-like wall-associated kinases (WAKs) and other
receptor-like kinases (RLKSs) (37-39). These kinases span the
plasma membrane, with one terminal domain linked to the
extracellular cell wall and the other terminal domain harboring
a cytoplasmic kinase. RLKs are thought to function as kinase
activity-associated mechanosensitive sensors that regulate
downstream calcium transients or directly transduce a me-
chanical phosphor-relay to nuclear events (37). The mechanical
signal-induced [Caz‘L]Cyt signature has a time scale ranging from
5 s to several minutes (42, 52). Calcium-dependent protein ki-
nases (CDPKs) and calcium-binding proteins (CBPs) are
thought to respond to force signals at the time of the initial
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touch treatment (40), and these CDPKs might trigger protein
phosphorylation within seconds. It therefore is plausible that
protein phosphorylation, one of the most abundant post-
translational modifications (53), may act to transduce mecha-
nosignals in an ion channel-dependent and/or -independent
fashion. Our discovery of 24 rapidly mechanoresponsive phos-
phosites of protein groups (SI Appendix, Table S1) supports
this view.

Like membrane-bound mechano-signalosomes found in ani-
mals (6, 35), kinases may be part of the force-sensing signal-
osomes in plants and may span the plasma membrane and be
tethered to the ECM or cell wall and to the cytoskeleton, en-
abling perception of the deformation and plasma membrane
tension imposed by mechanical forces such as touch. For
example, a 500-kDa WAKI protein complex contains a WAK1
kinase subunit, a glycine-rich extracellular protein subunit,
an AtGRP-3, and a cytoplasmic type 2C protein phosphatase,
KAPP, which can associate with a Rho-related protein (54-56).
Interestingly, we also found that kinases/phosphatases MKK1/
2, CPK1, CPK5/6, and four PP2C family proteins, as well as the
cytoskeletal protein XIK and kinesin-like (KAC1) and tubulin
(TUA1/2/4/6) proteins, were among the rapidly and highly
phosphorylated proteins identified after a 40-s force-loading
treatment (SI Appendix, Fig. S9A and Table S1). These rapid
changes upon mechanostimulation suggest the possibility that
these phosphoproteins associated with the two protein inter-
actomic modules (SI Appendix, Fig. S9) identified by the
STRING program may play roles in early force signaling in
plant cells.

The 4C quantitative PTM proteomics generally produces a series
of candidate proteins with an arbitrarily defined confidence level
(for example, 95% of positive rate, as used to select the touch-regulated
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phosphosites shown in SI Appendix, Table S1). As a result, an
acceptable small percentage of false-positive results (<5%) is
usually present among the selected phosphoproteins (FDR after
the Benjamini-Hochberg correction, hereafter FDRg 1, <5%).
Biochemical, genetic, and physiological characterizations of can-
didate proteins complement -omics approaches to provide confir-
mation of the 4C quantitative PTM proteomics. In this proteomic
study, the application of Benjamini-Hochberg hypothesis test
correction has allowed us to select 24 touch-regulated phosphosites
with a 5% FDRg_p. cutoff to focus on a small set of mutants to
screen for defective touch responses. We screened eight homozy-
gous T-DNA insertional mutant lines of putative touch-regulated
phosphoprotein-encoding genes, including trephl-1, mkkl, and
mkk2. These putative touch-regulated phosphoproteins were se-
lected based on their relatedness to two bioinformatics-predicted
interactomic modules (SI Appendix, Fig. S94) their previously
documented functions and/or expression behaviors, and their high
phosphorylation levels confirmed by both PTM proteomics
quantitation and immunoblot analysis. During this preliminary
genetic screen for thigmomorphogenesis defects, we found that
homozygous mkkl and mkk2 mutants displayed a putative de-
fective bolting-delay phenotype, suggesting that MKK1/2 may
also play roles in this aspect of the Arabidopsis touch response
(SI Appendix, Fig. S14).

In this study, we focused on characterizing a protein, TREPH1,
to initiate functional studies on touch-regulated phosphoproteins.
We demonstrated that TREPHI is required for both a salient de-
velopmental response to touch in plants, i.e., bolting time (Fig. 4),
and for touch-regulated gene expression (Fig. 5). Furthermore,
both of these TREPHI1 functions require the presence of S625, the
amino acid that becomes phosphorylated upon touch, because
TREPHLI protein isoforms with an alanine substitution at position
625 are unable to rescue the frephl-1 mutant touch-dependent
phenotypes (Fig. 6). These data demonstrate a critical role for
TREPHI and implicate TREPH1 phosphorylation in Arabidopsis
mechanoresponses.

A dynamic change at the gene-expression level is associated
with the morphological changes that occur during the plant
touch response (2, 4, 57). Many genes are transiently altered in
expression, with transcript levels changing within 5 min upon
touch treatment, peaking between 10-30 min, and returning to
basal levels within 1-2 h (Fig. 5) (58, 59). In the present study, we
found that the touch-triggered phosphorylation events occurred
within 40 s and coincided with luminescence reporting of cyto-
plasmic calcium ion levels. TREPHI1 is not required for touch-
induced changes in calcium signaling; luminescence reporting of
intracellular calcium levels shows clear responses to 10- to 60-s
touch treatments in trephl-1 plants comparable to those in wild-
type plants (Fig. 54). These results are consistent with TREPH1
acting downstream of or in parallel with calcium signaling (SI
Appendix, Fig. S19).

Modeling suggests that TREPH1 may have a sickle-shaped
structure of five tandemly arranged three-helix coiled-coil do-
mains and lacks a transmembrane domain (SI Appendix, Fig.
S9B). Thus, TREPH1 is unlikely to be an integral membrane
protein; a cytosolic localization is more likely, as demonstrated
by TREPH]1 being enriched in the soluble cellular fractions and
absent from the membrane protein fractions (Fig. 6F). In-
triguingly, the putative TREPHI structure resembles the cyto-
plasmic domain of the bacterial cell division protein EzrA, which
regulates the formation of the cytokinetic Z-ring formed by the
tubulin homolog FtsZ protein (60), suggesting the possibility of
potential interactions between TREPHI1 and tubulin and/or
FtsZ-like proteins in plant cells and thus a possible cytoskeleton-
related role (SI Appendix, Fig. S94).

It has been documented that the phosphor-relay-mediated cell-
signaling components, MAP kinases and calcium-dependent
protein kinases, are involved in various abiotic and biotic
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stress-signaling pathways (61). Our quantitative phosphopro-
teomic study indeed revealed touch-induced phosphopeptide
changes in MKK1 and/or MKK2 phosphoproteins. These two
kinases have overlapping functions in some signaling responses
(62-64). However, different kinase activities of these two
MKKSs were also detected under various stress conditions (62,
65). For example, 10 min of 4 °C chilling treatment of plants
triggered the activity of MKKI1 in phosphorylating MPK4 (66),
whereas 10 min of 0 °C freezing treatment induced the kinase
activity of MKK2 but not MKK1 (65). Thus, it is possible that
MKKI1 and MKK2 may transduce force signals through over-
lapping and/or kinase-specific pathways, as shown in SI Appen-
dix, Fig. S14.

To integrate our research results presented here with the
current state of knowledge, we developed a force-signaling
model for the Arabidopsis touch response, as shown in SI Ap-
pendix, Fig. S19. TREPH]1, as a soluble, likely cytosolic protein,
may associate with mechano-signalosomes or force-activated ion
channels to transduce the touch signals downstream. The MAPK
kinase cascade undergoes crosstalk with calcium-dependent
protein kinases during abiotic and biotic stress signaling (61).
These two touch-signaling pathways may cooperatively regulate
the expression of the same group of genes that are regulated
during plant growth and bolting (67, 68). ERF11 and JAZ7
transcription factors may function downstream of these signal
transduction pathways. ERF11 functions in gibberellin (GA)
biosynthesis, GA-regulated flowering, and ethylene bio-
synthesis (69). The phosphorylated isoform of ERF110 pro-
motes bolting in Arabidopsis, while the overexpression of
S62-nonphosphorylated ERF110 suppresses bolting (70). On the
other hand, JAZ7 regulates the jasmonic acid response and
flowering in Arabidopsis (71). Taking these findings together, we
hypothesize that rapid touch-responsive kinases and phospha-
tases quickly modify both the expression level and PTM code of
these regulators to modulate the touch response. TREPH1 has
been identified as a key player in the Arabidopsis touch response,
being required for both the developmental response of bolting
time delay (Fig. 4) and the expression of key touch-inducible
genes (Fig. 5).

In conclusion, proteome-wide protein phosphorylation is a
rapid and broad response to touch stimulation in Arabidopsis
and may play a critical role in the mechanoresponse pathways
of plants.

Materials and Methods

The details of plant materials, growth conditions, force treatment, the
high-throughput SILIA-based quantitative phosphoproteomics approach,
antibody preparation, immunoblot assay, subcellular fractionation, tran-
scriptomics, RT-gPCR, luciferase and Ca** imaging, and other bioinformatic
and statistical analyses are provided in S/ Appendix, Supplementary
Materials and Methods. These methods are also briefly described in
figure legends.
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