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ABSTRACT
The plant-environment interactions are finely tuned by plant endogenous signals and environ-
mental cues. Mechanical forces serve as important exogenous stimuli regulating plant growth and 
development and shaping plant structures. Studies have shown that mechanosensitive ion chan-
nels play essential roles in the responses to mechanical signals in plants. The biological functions 
of animal Piezos, a group of mechanosensitive ion channels, have been extensively studied and 
revealed to be required for normal physiological processes. However, little is known about the 
functions of the homologous genes of animal Piezo genes in plants. We have recently pinpointed 
that AtPiezo plays an important role in the root cap in response to mechanical forces in 
Arabidopsis thaliana. Here, we further show that AtPiezo responds to mechanical stimuli at the 
transcriptional level. The results provide additional evidence for the involvement of Piezo in 
mechanical responses in plants.
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Under natural conditions, plants encounter continuous 
challenges from external and internal mechanical forces.1 

The external mechanical forces are effected by wind, rain, 
touch, neighboring plants, soil contextures and so on.2,3 

The internal mechanical force is mainly exerted by the 
plant’s own weight, cell division, and swelling pressure in 
the cell.4 Mechanical force is a ubiquitous factor regulating 
plant development, which also precisely controls the size 
and direction of plant growth in order to produce the 
organs and tissues in a regular and stable manner.5 How 
cells sense mechanical force is a long-standing question. In 
some theories, the deformation of the cell membrane 
caused by the forces inside and outside the cell is perceived 
by the mechanosensitive ion channels that are anchored in 
the membrane.3,6,7 Upon the activation by mechanical 
forces, the mechanosensitive ion channels mediate ion 
flow, thereby affecting the transmission of action potentials, 
cellular ion balance, and cytosolic Ca2+ signals.6 A number 
of mechanosensitive ion channels have been identified in 
plants. MSL8, MSL10, and OSCA1 channels were shown to 
participate in pollen hydration, root cell swelling, osmosen-
sing and other biological processes.8-10

We recently showed the homolog of animal Piezo proteins 
is also functional in plants. The analyses of Arabidopsis thali-
ana AtPiezo indicated it may play an important role in root cap 
sensing the mechanical force from the environment. Similarly, 
a recent preprint report showed AtPiezo is required for root 

cap mechanotransduction in Arabidopsis.11 Mutation in 
AtPiezo causes impaired rooting ability and disrupted Ca2+ 

response upon mechanical stimuli.11 In addition, Piezo was 
revealed by another preprint study to function as 
a mechanosensitive ion channel in moss.12

In our previous study, we found that the roots of 
Arabidopsis plants appeared helical when the agar concentra-
tion of the medium was relatively low when we directly germi-
nated the seeds within the agar medium and cultivated them 
vertically.13 Compared to Col-0 wildtype (WT) plants, atpiezo 
mutants showed increased numbers of helical roots and lateral 
roots. Recent studies have shown that the growth force and 
external mechanical forces together contribute to the pheno-
type of helical roots.14

In this study, we found that the expression patterns of 
AtPiezo will change upon the stimulation of distinct 
mechanical stimuli. When the transgenic plants harboring 
promoter-AtPiezo::GUS grew horizontally on the agar 
medium, the GUS staining was obviously stronger than 
that in the transgenic plants that vertically grew on the 
surface of agar medium (Figure 1a). The quantitative ana-
lyses on GUS staining also confirmed the up-regulation of 
AtPiezo in the horizontally grown plants (Figure 1b). 
Moreover, the results of qRT-PCR were in line with the 
GUS staining (Figure 1c). When the roots of the trans-
genic grew vertically within the agar medium, GUS stain-
ing was significantly stronger in the helical roots than that 
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in the non-helical roots (Figure 1d). The higher expression 
of AtPiezo gene in the helical roots growing within the 
agar medium was verified by the quantitative analyses on 
GUS staining and qRT-PCR (Figure 1e,f). Taken together, 
these results indicated that the expression of AtPiezo is 
regulated by mechanical signals.

There are three splice variants of AtPiezo gene in 
Arabidopsis. We cloned the largest splice variant which is 
a CDS fragment with 7455 bp into a plant expression vector. 
However, it is still technically difficult to stably transform this 
plasmid construct into Agrobacterium strain at the current 
point.13,15 We also cloned AtPiezo into pcDNA3.1 vector that 

was designed for high level stable and transient expression in 
mammalian hosts, fused with a Venus tag. Of note, when the 
Hela cells were transfected with AtPiezo, the expression of 
AtPiezo caused cell death (Figure 2). By contrast, the expres-
sion of Venus alone resulted in no alteration in Hela cells 
(Figure 2). These results suggested overly or heterologously 
expressed AtPiezo may lead to dysfunctions in mechanical 
responses which cause the disintegration of the cell 
ultimately.

In conclusion, our results indicated that AtPiezo gene 
responds to mechanical stimulation at the transcriptional 
level.

Figure 1. AtPiezo responds to mechanical stimulation. (a) Histochemical GUS staining is shown in four-day-old seedling of pAtPiezo::GUS lines. The plants that vertically 
grew on the 1% (w/v) agar medium are shown at left (Vertical). The plants that horizontally grew for 24 h followed by vertical growth for three days on the medium are 
shown at right (Horizontal). Scale bars = 2 mm. The corresponding root tips are shown in the bottom panels. Scale bars = 0.1 mm. (b) Graph showing the mean GUS 
intensity of different root tips. Measurements of GUS gray value within a 0.1 mm × 0.1 mm rectangular area in the root tips. Data are presented as mean ± SD (n = 15) 
and asterisks indicate a significant difference (Unpaired t-test, P value < .05). (c) Expression of AtPiezo in four-days-old WT roots. Roots were collected under different 
conditions and AtPiezo mRNA levels were measured by qRT-PCR. UBQ10 was used as a normalizer. Data are means ± SD, and asterisks indicate a significant difference 
(Unpaired t-test, P value < .05). (d) Histochemical GUS staining is shown in four-day-old seedlings of pAtPiezo::GUS lines. The plants that vertically grew in the 0.8% (w/v) 
agar medium with non-helical roots are shown at left (Non-Helical). The plants with helical roots are shown at right (Helical). Scale bars = 2 mm. The corresponding root 
tips are shown in the bottom panels, Scale bars = 0.1 mm. (e) Graph showing the mean GUS intensity of different root tips. Measurements of GUS gray value within 
a 0.1 mm × 0.1 mm rectangular area in the root tips. Data are presented as mean ± SD (n = 15) and asterisks indicate a significant difference (Unpaired t-test, P value < 
.05). (f) Expression of AtPiezo in four-day-old WT roots. Roots were collected under different conditions and AtPiezo mRNA levels were measured by qRT-PCR. UBQ10 was 
used as a normalizer. Data are means ± SD, and asterisks indicate a significant difference (Unpaired t-test, P value < .05).
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Figure2. Heterologously expressed AtPiezo in Hela cells. The pcDNA3.1–AtPiezo constructs were transfected into Hela cells with Exfect Transfection Reagent. Cells were 
grown for 24 hours before analysis. All images were obtained using an excitation wavelength of 488 nm and detection wavelength of 505–535 nm by a confocal laser 
scanning microscope (Leica TCS SP8). All experiments were repeated at least three times and similar results were obtained each time.
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