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Extracellular ATP (eATP) has been reported to be involved in plant growth as a primary

messenger in the apoplast. Here, roots of Arabidopsis thaliana seedlings growing in

jointed medium bent upon contact with ATP-containing medium to keep away from

eATP, showing a marked avoidance response. Roots responded similarly to ADP

and bz-ATP but did not respond to AMP and GTP. The eATP avoidance response

was reduced in loss-of-function mutants of heterotrimeric G protein α subunit (Gα)

(gpa1-1 and gpa1-2) and enhanced in Gα-over-expression (OE) lines (wGα and cGα).

Ethylenebis(oxyethylenenitrilo) tetraacetic acid (EGTA) and Gd3+ remarkably suppressed

eATP-induced root bending. ATP-stimulated Ca2+ influx was impaired in Gα null mutants

and increased in its OE lines. DR5-GFP and PIN2 were asymmetrically distributed in

ATP-stimulated root tips, this effect was strongly suppressed by EGTA and diminished in

Gα null mutants. In addition, some eATP-induced genes’ expression was also impaired

in Gα null mutants. Based on these results, we propose that heterotrimeric Gα-regulated

Ca2+ influx and PIN2 distribution may be key signaling events in eATP sensing and

avoidance response in Arabidopsis thaliana roots.

Keywords: extracellular ATP, heterotrimeric G protein, auxin, calcium, Arabidopsis thaliana L.

INTRODUCTION

Recent discoveries revealed that adenosine triphosphate (ATP) can be found not only in the
cytoplasm, but also in the extracellular matrix of plant cells (Kim et al., 2006). ATP is prevalent
in the apoplast of various plant species (Kim et al., 2006) and can be released through secretory
vesicles (Kim et al., 2006; Wu et al., 2008) or plasma membrane (PM) injury (Song et al., 2006).
Various stimuli, including touch (Jeter et al., 2004; Weerasinghe et al., 2009; Vanegas et al., 2015),
osmotic stress (Jeter et al., 2004), chitin mixture (Kim et al., 2006), polysaccharide elicitors (Wu
et al., 2008), and hypertonic stress (Kim et al., 2009), have been shown to induce ATP release.
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Extracellular ATP (eATP) is involved in cell viability
maintenance (Chivasa et al., 2005; Sun et al., 2012a), growth rate
regulation (Kim et al., 2006; Wolf et al., 2007; Wu, J. et al., 2007;
Riewe et al., 2008; Clark et al., 2010; Tonon et al., 2010), pollen
germination (Steinebrunner et al., 2003; Reichler et al., 2009),
stomatal movement (Clark et al., 2011; Hao et al., 2012; Wang
et al., 2014), and biotic & abiotic stress resistance (Thomas et al.,
2000; Windsor et al., 2003; Chivasa et al., 2009; Kim et al., 2009;
Sun et al., 2012b; Deng et al., 2015). It is therefore well accepted
that eATP acts as a multi-functional apoplast signaling molecule
in plants.

The elucidation of eATP signal transduction has been an
active area of research over the last decade. Early pharmacological
studies indirectly indicated that receptors similar to the animal
eATP receptor may exist in plant cells (Demidchik et al.,
2003; Chivasa et al., 2005; Song et al., 2006; Sun et al.,
2012a). Recent studies showed that the Arabidopsis thaliana
lectin receptor kinase (LecRK-1.9) is an eATP receptor and
subsequently annotated it the P2K receptor (Choi et al., 2014a;
Balague et al., 2016). Signal transduction components in the
PM, including heterotrimeric G proteins (Weerasinghe et al.,
2009; Tanaka et al., 2010; Hao et al., 2012), Ca2+ channels
(Demidchik et al., 2009; Wang et al., 2014) and NADPH
oxidase (Song et al., 2006; Demidchik et al., 2009; Tonon
et al., 2010; Hao et al., 2012; Wang et al., 2014), have been
shown to be involved in the generation of eATP-induced
second messengers. These second messengers, which include
cytoplasmic Ca2+ (Demidchik et al., 2003; Jeter et al., 2004;
Tanaka et al., 2010; Hao et al., 2012), reactive oxygen species
(Kim et al., 2006; Song et al., 2006; Demidchik et al., 2009;
Tonon et al., 2010; Hao et al., 2012; Sun et al., 2012b; Lim
et al., 2014; Wang et al., 2014), and nitric oxide (Foresi et al.,
2007; Wu and Wu, 2008; Reichler et al., 2009; Tonon et al.,
2010; Clark et al., 2011), play essential roles in eATP-induced
physiological reactions. The expression of functional genes
induced by these second messengers may eventually lead to
eATP-regulated physiological reactions (Chivasa et al., 2011; Lim
et al., 2014).

Furthermore, several plant hormones, such as auxin (Tang
et al., 2003; Liu et al., 2012), ethylene (Jeter et al., 2004; Clark et al.,
2010), and salicylic acid (Chivasa et al., 2009), have been shown to
participate in eATP-regulated physiological functions, suggesting
that eATP may regulate physiological processes by crosstalk with
these hormones.

As an important PM signal transducer, heterotrimeric G
protein is involved in plant growth and development (Urano
and Jones, 2014; Stateczny et al., 2016; Urano et al., 2016),
and the plant hormones auxin, GA, ethylene and ABA have
been suggested to act via heterotrimeric G proteins (Ashikari
et al., 1999; Ullah et al., 2003; Pandey et al., 2006; Jin et al.,
2013; Ge et al., 2015). Interestingly, heterotrimeric G protein
is also involved in eATP release (Weerasinghe et al., 2009),
eATP-induced cytosolic Ca2+ elevation (Tanaka et al., 2010),
and eATP-promoted stomatal movements (Hao et al., 2012). The
involvement and signaling role of heterotrimeric G protein in
the signal transduction of eATP regulated physiological responses
need to be clarified.

Extracellular ATP (eATP) has been shown to inhibit root
growth and promote the generation of adventitious roots. High
concentrations of eATP suppressed the growth of Arabidopsis
roots or even induced root curling (Tang et al., 2003; Liu
et al., 2012). In tilted medium, root skewing was also promoted
by eATP (Yang et al., 2015). Nevertheless, the physiological
significance and signal transduction of the eATP-regulated re-
orientation of root growth remain unclear. Here, a jointed
medium was used to verify the root tip response to eATP and
the role of heterotrimeric Gα in this process.

MATERIALS AND METHODS

Plant Material
Arabidopsis thaliana L. wild type and null mutants of α-, β- or
γ-subunit of heterotrimeric G protein were used as material.
Two ecotypes of wild type, Wassilewskija (WS) and Columbia-
0 (Col-0) were used. Gα null mutants (gpa1-1 and gpa1-2) seeds
were a gift from Professor Alan Jones, North Carolina University
at Chapel Hill, Chapel Hill, NC, USA. Gα overexpression lines
(wGα and cGα) seeds were a gift from Professor Xingwang
Deng, Yale University, New Haven, CT, USA. Gβ null mutants
(agb1-1 and agb1-2), Gγ null mutants (agg1-1 and agg1-2),
and PIN2 null mutant (pin2, salk-122916) seeds were obtained
from Arabidopsis Biological Research Center, the Ohio State
University. P2K receptor DORN1 null mutants (dorn1-1 and
dorn1-3) seeds were a gift from Dr. Julia Davies, Department
of Plant Science, University of Cambridge, Cambridge, UK. All
seeds were identified to confirm the homozygous mutation of
corresponding gene.

Root Growth Measurement
Arabidopsis thaliana seeds were surface-sterilized with 70%
ethanol for 2 min followed by 5% sodium hypochlorite for 5
min. After two washes with sterilized water, seeds were sown on
the surface of solid 1/2 MS medium (containing 0.8% phytagel)
in square culture dishes. The culture dishes were stored at 4◦C
for 2 days and then were vertically cultured at 22◦C and 130
µmol/m2·s illumination with 16/8 light/dark cycle.

To make the jointed medium, a solution of 1/2 MS salt
and 0.8% phytagel was sterilized and poured into 10 × 10 cm
square culture dishes, with each dish containing 50 mL liquid
medium. After the medium solidified, the medium was cut with
a sterilized blade along the midline of the culture dish, and half
of the medium was removed. The interspace was then re-filled
with 25 mL sterilized 1/2 MS medium containing ATP or other
nucleotides (GTP, bz-ATP, ADP, and AMP). Nucleotides were
dissolved with 1/2 MS solution to make a stock solution. The
pH of stock solution was adjusted to 6.0 with Tris. The stock
solution was filtered with a sterilized filter (SLGP033RB, 0.22µm,
Millipore, USA) andmixed with sterilized 1/2MSmediumwhich
was cooled down to 50◦C (to prevent possible degradation of
added nucleotides) and poured into the interspace in the culture
dish. After solidification, the refilled medium was level with the
original medium. The concentration of nucleotides in medium
was designed according to Tang et al. (2003) and Liu et al. (2012).
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Arabidopsis seedlings which were growing in 1/2 MS medium
for 4 days were transplanted onto the untreated part of the
jointed medium, with the root tip toward the refilled medium
and 0.3–0.5 cm from the joint line. The culture dishes were
placed vertically, with the untreated part on top and the refilled
nucleotide- containing medium at the bottom so the root will
grow downward toward the refilled part where it will encounter
different reagents in the medium.

To measure the root growth rate and curvature, photos
of seedlings were captured using an optical scanner and then
analyzed using Image J software. The curvature between the
root growth orientation and the vertical line was measured as
the root curvature. In each experiment, at least 30 seedlings
were measured, and the mean value was calculated from three
replicates. Data were statistically analyzed using Microsoft Excel
software. The significance of differences between control and
treatment groups was determined by Student’s t-test.

Electrophysiology
The Ca2+ influx channel activity was detected according to
Demidchik et al. (2009). The bath solution consisted of 20
mM CaCl2, 0.1 mM KCl and 2 mM Tris, and the pH was
adjusted to 6.0 with MES. The pipette solution consisted of
0.5 mM CaCl2, 5 mM Ca(OH)2, and 10 mM BAPTA (1,2-
bis(2-aminophenoxy)ethane-N,N,N,N- tetra-acetic acid), 2 mM
Mg·ATP, 0.5 mM Tris·ATP and 5 mM Tris, and the pH was
adjusted to 7.0 with MES. The osmotic potentials of the bath and
pipette solutions were adjusted to 300 mOsM with D-sorbitol.

To separate root protoplasts, root tips (approximately 5 mm
long) from 4-day old seedlings were cut into short sections
and digested at 25◦C in bath solution containing 1% cellulase
(Onozuka R-10, Yakult, Japan) and 0.5% pectinase (Onozuka Y-
23, Yakult, Japan). After 1.5 h, the digested solution was filtered
through a 100µmdiameter nylonmesh. After centrifugation and
twowashes with bath solution, the protoplasts were stored at 0◦C.

The patch-clamp procedures were carried out according to
Demidchik et al. (2009) and Wang et al. (2014). Whole cell
step- and ramp-voltage clamping were performed. The current-
voltage relationships were recorded within 2 min. To plot the I-V
relationship curve, data from 6 protoplasts were calculated to get
the mean value.

Confocal Laser Scanning Microscopy
To detect abundance and distribution of auxin and auxin efflux
transporter, published DR5-GFP, PIN1-GFP, PIN2-GFP, PIN3-
GFP, and PIN7-GFP transgenic lines (Friml et al., 2003) were
used as material. DR5 is an auxin response promoter, which was
widely used to drive reporter genes (GUS or GFP). PIN (PIN-
FORMED proteins) are auxin efflux transporters in PM of plant
cells. Each PINx-GFP is PINx promoter-PINx-GFP fusion genes.
Seeds were purchased from Arabidopsis Biological Resource
Center, the Ohio State University. DR5-GFP or PIN2-GFP was
transformed into WS and Gα null mutants (gpa1-1, gpa1-2)
by crossing with the respective lines above. Expression of the
transformed genes was detected by PCR.

Seeds were germinated on solid 1/2 MS medium, and 4-
day-old seedlings were transplanted onto jointed medium. After

a period of time, seedlings were placed onto the stage of a
microscope equipped with a laser confocal scanning system
(LSM 710, Zeiss, Germany). The excitation/emission wavelengths
were 488 and 510 nm, respectively. Captured images were then
processed with Confocal Assistant software and further edited
with Adobe Photoshop 7.0 software.

To measure fluorescence intensity in root tip cells, 0.5 mm
long root tip was delineated as area of interest. To get the ratio of
fluorescence intensity, cells on the left-side and right-side of root
axis were delineated as area of interest. Fluorescence intensity in
root cells wasmeasured with Image J software and then calculated
to get mean value. The significance of differences between control
and treatment groups was determined by Student’s t-test.

Gene Expression Analysis
Wild type and heterotrimeric Gα null mutants (gpa1-1, gpa1-2)
were used as material. Seedlings were germinated and grown
on 1/2 MS medium for 5–6 days and then transplanted onto
0.3 mM ATP-containing jointed medium. To ensure that the
root tip contacted eATP, 0.5 cm of root tip was placed onto
the ATP-containing lower part and the rest of seedling onto the
upper part. The culture dishes were then vertically placed. After
30 or 60 min, seedlings were taken out and 1 cm long root
tips were processed for RNA extraction. Total RNA was isolated
from 0.1 g root tissue using the RNAiso plus reagent (TaKaRa
BIO., Japan), and 2 µg of total RNA was reverse-transcribed
to cDNA using M-MLV reverse transcriptase (Promega, USA).
Hybridization was performed according to the manufacturer’s
instruction (GeneChip R© 3′ IVT PLUS Reagent Kit, Affymetrix).
Synthesize biotin-PE (P-phycoerythrin) labeled cRNA by in vitro
transcription. Incubate the labeled cRNA with hybridization
master mix and then inject into the array. After hybridization
and washing, GeneChip arrays were scanned on an Affymetrix
probe array scanner (Affymetrix Inc., USA). Data were analyzed
using the Partek software (Affymetrix Inc., USA). Raw data
are available at https://www.ncbi.nlm.nih.gov/geo/info/linking.
html., account number GSE102691.

To confirm the expression of specific genes, cDNA was
amplified by real-time PCR reactions using SYBR Premix
Ex TapTM (TaKaRa BIO., Japan) with gene-specific primers.
ACTIN2 was used as a reference gene. Delta delta CT approach
was used to quantify gene expression levels. qRT-PCR reactions
were performed on an ABI 7500 sequence detection system
(Applied Biosystems, USA). All PCR primers are listed in
Table S1.

RESULTS

The Avoidance Response of Arabidopsis
thaliana Primary Roots to eATP
To verify the response of primary roots to eATP, Arabidopsis
thaliana seedlings were transplanted onto jointed medium
containing ATP in the lower part. In the upper part, primary
roots grew straight down due to gravitropism. When root tips
approached the joint line of the two media, their growth rate
markedly decreased and changed orientation such that roots
bent or even grew horizontally. The primary roots’ growth rate
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decrement and bending curvature increased with increasing
eATP concentration (p < 0.05, Student’s t-test). The root
curvature of WS was bigger than of Col-0 (Figure 1A; Figures
S1A,B). Lower concentration (≤ 0.1 mM) of ATP did not
significantly affect root growth rate and orientation, while higher
concentration (≥ 1mM) of ATP almost ceased root growth, roots
were neither elongating nor bending (data not shown).

Time-lapse analysis showed that 1 day after transplantation,
the root tip was starting to bend. Over the following 4 days,
untreated roots grew rapidly and in a downward direction while
roots in 0.5 mM ATP-containing jointed medium grew more
slowly and horizontally (Figure 1B; Figures S1C,D). The primary
roots’ response to ATP was further verified using another U-
shape jointed medium. In this medium, a section of untreated
1/2 MS medium was surrounded by 0.5 mM ATP-containing
medium on left, lower and right side. Roots of transplanted
seedlings bent and grew horizontally to the right side when
they approached the upper-to-lower joint line, while the root
of the right-most seedling grew horizontally to the left when
its tip approached the left-to-right joint line (Figure 1C, left).
In a diagonally-jointed medium, roots grew along the joint line
(Figure 1C, right). These altered growth orientations gave the
appearance that roots were attempting to avoid ATP-containing
surroundings.

To verify the specificity of this process, the responses of
primary roots to various other nucleotides were investigated.
Arabidopsis seedlings transplanted onto jointed medium
containing 0.5 mM ADP, AMP, or GTP, respectively, displayed
primary root bending in response to ADP but not to AMP
or GTP (Figure 1D). Root of seedlings grown in ADP
grew significantly slower and bent with significantly bigger
curvature than untreated seedlings (p < 0.05, Student’s t-test)
(Figures S1E,F).

To verify that ATP was acting as a signaling molecule
rather than an energy carrier, root growth in response to bz-
ATP, a weakly-hydrolysable ATP analog, was investigated. Roots
exposed to 0.5 mM bz-ATP showed significantly lower growth
rate and higher bending curvature (p < 0.05, Student’s t-test)
than control, just similar as the response to ATP (Figure 1D;
Figures S1E,F).

Heterotrimeric G Protein α Subunit Is
Involved in Root’s Avoidance Response to
eATP
To analyze the role of heterotrimeric G protein in ATP-affected
root growth, the responses of two loss-of-function mutants of the
Gα subunit (gpa1-1, gpa1-2) to eATP were investigated. In ATP-
containing jointed medium, roots of the two mutants did not
bend when they approached the joint line. Roots of the two Gα

OE lines (wGα and cGα) bent and grew horizontally when they
approached the joint line (Figure 2A).

To analyze the role of Gα in the root response to eATP,
root growth rate and curvature were measured. The root growth
rates of wild type WS, Gα null mutants and Gα OE lines
were all significantly decreased (p < 0.05, Student’s t-test) in
ATP-containing jointed medium (Figure 2B), indicating that

heterotrimeric Gα is unlikely involved in eATP-suppressed root
elongation.

Root curvature measurements showed that in untreated
medium, root curvature of WS, Gα null mutants and OE lines
was similar. In ATP-containing jointed medium, the degree
of root curvature of WS, wGα and cGα were significantly
higher than of the untreated seedlings (p < 0.05, Student’s
t-test). However, the degree of root curvature of Gα null
mutants (gpa1-1 and gpa1-2) were not significantly different
from of untreated seedlings (p > 0.05, Student’s t-test)
(Figure 2C). The 0.3 mMATP induced root curvature increment
of wGα and cGα was significantly bigger than of WS
(p < 0.05, Student’s t-test), indicating that the Gα OE lines
were more sensitive to ATP than wild type (Figure 2C).
These results indicated that the heterotrimeric Gα subunit
may play an important role in roots’ avoidance response to
eATP.

To analyze the role of the heterotrimeric Gβ andGγ subunit in
the roots’ response to eATP, the root growth of Gβ null mutants
(agb1-1, agb1-2) and Gγ null mutants (agg1-1, agg1-2) in jointed
medium was assessed. Results showed that the null mutants of
Gβ or Gγ responded to 0.3, 0.5 mM ATP similarly to the wild
type (Col-0), and their primary roots bent and grew horizontally
when the root tip approached the joint line (Figure S2A). The
growth rate (Figure S2B) and root curvature (Figure S2C) of Gβ

or Gγ null mutants were not significantly different to wild type
(p > 0.05, Student’s t-test). Therefore, heterotrimeric Gβ and Gγ

are unlikely to participate in roots’ avoidance response to eATP.

Heterotrimeric Gα-Regulated Ca2+ Influx Is
Involved in Roots’ Avoidance Response to
eATP
To determine the role of Ca2+ in roots’ avoidance
response to eATP, the effects of the Ca2+ chelator EGTA
[ethylenebis(oxyethylenenitrilo) tetraacetic acid] and the Ca2+

channel blocker GdCl3 (Gadolinium tri-chloride) on WS root

growth in response to eATP were evaluated. In jointed medium

containing 0.5 mM EGTA or 50 µM GdCl3 (in both the upper
and the lower part), 0.5 mM ATP (in the lower part only) did

not significantly suppress root growth rate or lead root growth
re-orientation (Figure 3A). The root growth rate and curvature
after ATP treatment were not significantly different from control
(p > 0.05, Student’s t-test) (Figures 3B,C).

To further confirm the involvement of Ca2+ influx in eATP
regulated growth response, whole-cell voltage patch clamping
was used to detect Ca2+ influx across the PM of root cells.
In protoplasts of WS root cells, a hyperpolarization-activated
Ca2+ influx current was recorded. The channel opened around
a membrane voltage of−100 mV, and current intensity increased
with increasing membrane hyperpolarization. After 0.1 mMATP
stimulation, max Ca2+ influx current intensity was significantly
stronger than in the control (p< 0.05, Student’s t-test) (Figure 4).

To analyze the role of heterotrimeric Gα in ATP-stimulated
Ca2+ influx, the effect of ATP on Ca2+ influx in root protoplasts
of Gα null mutants and OE lines was investigated. Results
showed that 0.1 mM ATP only slightly affected Ca2+ influx
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FIGURE 1 | Extracellular ATP avoidance response of Arabidopsis roots. (A) Seedlings of Arabidopsis thaliana (WS and Col-0 ecotype) grown in jointed medium. Note

the bending roots. The concentration of ATP in the lower part is marked on top of the photos. (B) Time-lapse images of seedlings grown in jointed medium without

(control) or with 0.5 mM ATP (ATP) in the lower part. The photograph time is marked on top of the photos. (C) Seedlings grown in U-shaped (left) or diagonal (right)

jointed medium containing 0.5 mM ATP. Note the ATP avoidance response of roots. The small white arrows in the figure mark the different bending styles (bent to left

or right) of seedlings at different position. (D) Seedlings grown in jointed medium containing 0.5 mM of a non-hydrolyzable ATP analog (bz-ATP) or some nucleotide

phosphates (ADP, AMP or GTP). In (B–D) WS was used as material. Seedlings in (A,C,D) were photographed 5 days after transplantation. Triangles in (A,B,D) mark

the joint line of the two media. In (C) the joint line of the two media is marked with a dotted line. The scale bar is showed on right side of (A).
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FIGURE 2 | Heterotrimeric Gα is involved in eATP avoidance response. (A) Seedlings of WS, Gα null mutants (gpa1-1, gpa1-2) and OE lines (wGα and cGα) grown in

jointed medium containing 0, 0.3, and 0.5 mM ATP in the lower part, respectively. Note the different response of various genotypes to ATP. Seedlings were

photographed 5 days after transplantation. In each photo series, the triangle marks the joint line of the two media. The scale bar is showed beside. (B,C) note the

effect of ATP on root growth rate (B) and root curvature (C), respectively. In each experiment, root growth rate and curvature of at least 30 seedlings were measured,

and data from 3 replicates were calculated to get the mean ± SD. Student’s t-test p-values: *p < 0.05, **p < 0.01.

in gpa1-1 and gpa1-2, and the Ca2+ influx current intensity
did not significantly increase (p > 0.05, Student’s t-test). In
contrast, 0.1 mM ATP remarkably stimulated Ca2+ influx into
root protoplasts of the two Gα OE lines. The max current
intensity at −200 mV significantly increased (p < 0.05, Student’s
t-test). ATP-stimulated Ca2+ current intensity increment in
Gα OE lines were significantly higher than that in WS (p <

0.05, Student’s t-test). Furthermore, the ramp voltage clamping
results, which showed that ATP remarkably stimulated Ca2+

influx in WS and Gα OE lines but not in Gα null mutants,
confirming the involvement of Gα in ATP-stimulated Ca2+ influx
(Figure 4).

Heterotrimeric Gα Is Involved in eATP
Regulated Asymmetric Auxin Response
Reporter Activity in Root Tip Cells
Auxin plays a key role in the tropism of plant organs. To
verify the possible role of auxin in roots’ eATP avoidance
response, the auxin response reporter (DR5-GFP) activity in

root tip cells was detected. In untreated WS roots, DR5-
GFP fluorescence was mainly located around the quiescent
center in root tips. eATP led to significant increase of the
fluorescence intensity (p < 0.05, Student’s t-test) in quiescent
center and epidermal cells of meristem and transition zone
(Figures 5A,B). Twelve hours after transplantation, asymmetric
distribution of fluorescence appeared in the elongation zone,
fluorescence intensity in the inner side of the root curve was
significantly higher than in the outer side (p < 0.05, Student’s t-
test) (Figures 5A,D), indicating that the auxin response reporter
activity may be higher in cells in the inner side. This asymmetric
distribution persisted at 24 and 36 h after transplantation. At
48 h, the fluorescence intensity in root tip cells became weaker
(Figures 5A,D).

To determine the underlying mechanism responsible for the
asymmetric distribution of auxin response reporter activity, the
abundance and location of the auxin transporters were evaluated
in ATP-treated root cells. Since PIN2 has been reported to be
locatedmainly in epidermal cells of meristem and transition zone
and to play a key role in root tropism (Sun et al., 2008; Lin

Frontiers in Plant Science | www.frontiersin.org 6 September 2017 | Volume 8 | Article 1522

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Zhu et al. Gα Participate Root’s eATP Avoidance

FIGURE 3 | Ca2+ influx is necessary for eATP avoidance responses of Arabidopsis roots. (A) Seedlings of WS grown in jointed medium. EGTA (0.5 mM) or Gd3+

(50 µM) were added into 1/2 MS medium, then 0.3 mM ATP was added into the lower part of the jointed medium. The triangle marks the joint line of the two media.

The scale bar is showed below. (B,C) note the root growth rate (B) and root curvature (C) before and after ATP treatments. Seedlings were photographed 5 days after

transplantation. Primary root growth rate and curvature were measured in at least 30 seedlings, and data from 3 replicates were calculated to get the mean ± SD.

et al., 2012), its abundance and distribution were assessed first.
In the untreated root tip, PIN2-GFP fluorescence was located in
epidermal cells of meristem and transition zone while not in the
quiescent center and surrounding cells. 12 h after 0.5 mM ATP
treatment, the fluorescence intensity of PIN2-GFP decreased
dramatically (Figures 5A,C). Fluorescence intensity in the inner
side of root curve was significantly higher than in the outer side
(p < 0.05, Student’s t-test), suggesting that PIN2 may be more
abundant in the inner-side cells. Such an asymmetric distribution
stably persisted in root tips 24 h and 36 h after treatment and
disappeared 48 h after treatment (Figures 5A,E).

To further investigate the effect of eATP on the content
and distribution of other auxin transporters, the fluorescence
intensity and signal distribution in root tip cells of PIN1-GFP,
PIN3-GFP, or PIN7-GFP transgenic plants was analyzed. PIN1-
GFP fluorescence was mainly located in the developing vessel
cells, PIN3-GFP and PIN7-GFP fluorescence was mainly located
in root cap cells and developing vessel cells. 24 h after 0.5 mM
ATP treatment, the fluorescence intensity of PIN1-GFP, PIN3-
GFP, and PIN7-GFP decreased markedly while their location did
not change (Figure S3).

To confirm the role of PIN2 in roots’ avoidance response to
eATP, response of primary roots of pin2 was investigated. In
untreated medium, root growth orientation of pin2 seedlings
was randomized, showing the impaired gravitropism. In U-
shaped jointed medium which contained 0.5 mM ATP, roots
of Col-0 bent and grew horizontally, root of the rightmost

seedling bent or even grew upward along the joint line; while
root growth orientation of pin2was similar to untreated seedlings
(Figure 6A). Data analysis showed that ATP significantly induced
root growth re-orientation of Col-0 seedlings (p < 0.01, Student’s
t-test); however, root curvature of pin2 seedlings did not
significantly change (p > 0.05, Student’s t-test) (Figure 6B).
These results confirmed that PIN2 may be necessary for roots’
avoidance response to eATP.

To assess the role of Ca2+ in ATP-induced asymmetric
distribution of DR5-GFP and PIN2, the effect of EGTA on
their fluorescence intensity and distribution was investigated.
In EGTA containing jointed medium, fluorescence intensity
and distribution of DR5-GFP or PIN2-GFP did not change
significantly after 0.5 mM ATP treatment (Figure 7A).
The ratio of DR5-GFP or PIN2-GFP fluorescence intensity
in right-side cells relative to in left-side cells was not
significantly affected by ATP (p > 0.05, Student’s t-test)
(Figures 7B,C).

To verify the role of heterotrimeric Gα in ATP-induced
asymmetric distribution of DR5-GFP and PIN2-GFP, Gα null
mutants were transformed with DR5-GFP or PIN2-GFP and
used to detect the fluorescence in root tip cells. In untreated
seedlings, the fluorescence intensity and distribution of DR5-
GFP and PIN2-GFP were similar between wild type and the two
Gα null mutants. After 0.5 mM ATP treatment, fluorescence
intensity of DR5-GFP in root tip cells of Gα null mutants
did not change, and the fluorescence intensity of PIN2-GFP
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FIGURE 4 | Heterotrimeric Gα is involved in eATP-stimulated Ca2+ influx in root cells. Ca2+ influx across the PM of root cell protoplasts was detected by whole-cell

voltage clamping. Results from step-(1st to 3rd column) and ramp-(4th column) voltage clamping recordings in wild type (WS), Gα null mutants (gpa1-1 and gpa1-2)

and OE lines (cGα and wGα). In each line, current traces before (control), and after 0.1 mM ATP treatment are shown in the 1st and 2nd column, respectively. The 3rd

column shows the I–V relationship curve of step-voltage clamping (n = 6). The 4th column notes the current traces before and after 0.1 mM ATP treatment which

were recorded by slow ramp-voltage clamping. The genotype is marked below each line on the left. The time/current intensity scale bar is showed on the lower left of

the first line.

decreased. However, neither DR5-GFP nor PIN2-GFP was found
to be asymmetrically distributed in root tip cells of the two
Gα null mutants (Figure 8A). In gpa1-1 and gpa1-2, ATP did

not significantly affect the ratio of DR5-GFP or PIN2-GFP
fluorescence intensity in right-side cells relative to in left-side
cells at the root tip (p > 0.05, Student’s t-test) (Figures 8B,C).
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FIGURE 5 | ATP-induced asymmetric distribution of DR5-GFP and PIN2-GFP in root tip cells. DR5-GFP or PIN2-GFP transgenic WS was used as material. Seedlings

were grown in 1/2 MS medium for 4 days and transplanted onto 0.5 mM ATP-containing jointed medium. After 12, 24, 36, and 48 h, the fluorescence of DR5-GFP or

(Continued)
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FIGURE 5 | Continued

PIN2-GFP in root tip cells was detected using confocal laser scanning microscopy (CLSM). (A) Fluorescence in representative root tips. In each series, the upper and

lower line note the images of fluorescence and merged fluorescence/transmission, respectively. The scale bar is showed below. (B,C) note time-lapse analysis result

of relative fluorescence intensity (the ratio of total fluorescence intensity after/before ATP treatment) of DR5-GFP (B) or PIN2-GFP (C) in root tip cells, respectively.

(D,E) Note time-lapse analysis results of the ratio of fluorescence intensity (fluorescence intensity in right-side cells relative to that in left-side cells) of DR5-GFP (D) and

PIN2-GFP (E), respectively. In each experiment, fluorescence intensity in up to 10 roots was measured. Data from 3 replicates were calculated to get the mean ± SD.

Student’s t-test p-values: *p < 0.05.

FIGURE 6 | PIN2 null mutant did not respond to eATP. (A) Seedlings of Col-0 and PIN2 null mutant (pin2) grown in U-shape jointed medium containing 0 (control) or

0.5 mM ATP (ATP) in the lower part and two sides, respectively. Seedlings were photographed 5 days after transplantation. The dotted line marks the joint line of the

two media. The scale bar is showed below. (B) Effect of ATP on root curvature. Root curvature of at least 30 seedlings was measured, and data from 3 replicates were

calculated to get the mean ± SD. Student’s t-test p-values: **p < 0.01.

To further confirm the role of Gα in roots’ eATP avoidance
response, seedlings ofWS andGα null mutants were transplanted

onto diagonally-jointed mediumwhich containing ATP on right-
lower side. When root tip approached the jointed line, roots

of WS bent to left, however, roots of gpa1-1 and gpa1-2 grew
straightly downward (Figure S4A). In root tip of WS seedlings,

after such an asymmetric ATP stimulation, fluorescence intensity

of DR5-GFP or PIN2-GFP in left-side cells was higher than in
right-side cells (Figure S4B). And the ratio of DR5-GFP or PIN2-
GFP fluorescence intensity in left-side cells relative to right-side
cells was significantly higher than that in untreated seedlings

(p < 0.05, Student’s t-test). However, the fluorescence intensity
ratio did not significantly change in root tip cells of gpa1-1 and
gpa1-2 (p > 0.05, Student’s t-test) (Figures S4C,D).

Heterotrimeric Gα Is Involved in
eATP-Regulated Functional Gene
Expression in Root Cells
To further clarify the role of heterotrimeric Gα in eATP
avoidance response, the gene expression pattern in root tip
cells was detected by DNA microarray and real-time qPCR
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FIGURE 7 | Ca2+ is involved in eATP-induced asymmetric distribution of DR5-GFP and PIN2-GFP. DR5-GFP or PIN2-GFP transgenic WS seedlings grown in 1/2 MS

medium for 4 days were transplanted onto jointed medium containing 0.5 mM EGTA (in both the upper and the lower part) and 0.5 mM ATP (in the lower part only).

After 24 h, fluorescence was detected by using CLSM. (A) Fluorescence in representative root tip cells. The scale bar is showed below. (B,C) note the fluorescence

intensity ratio (fluorescence intensity in right-side cells relative to that in left-side cells) of DR5-GFP (B) and PIN2-GFP (C), respectively. In each experiment,

fluorescence intensity in up to 10 roots was measured. Data from 3 replicates were calculated to get the mean ± SD. Student’s t-test p-values: *p < 0.05.

analysis. Results of DNA microarray showed that, 60 min after
0.5 mM ATP treatment, 650 genes were up-regulated and 765
genes were down-regulated in WS, 622 genes were up-regulated
and 702 genes were down-regulated in gpa1-2 (Figure S5).
Expression of genes, which were significantly up-regulated in
WS while not up-regulated in Gα null mutants, was detected
by using realtime q-PCR. The transcriptional response to ATP
of several genes differed significantly between wild type and Gα

null mutants. The expression of 11 functional genes, including
WAG1 and WAG2, CRK40, cyclin p3;1, ERF1, ERF114, and

CRK5, was significantly enhanced by 0.3 mM ATP in WS plants
(p < 0.05, Student’s t-test) while in gpa1-1 and gpa1-2, their
expression either did not significantly increase (e.g., WAG1,
WAG2, CRK40, ATH7, GH4, OCT3, cyclin p3;1, and CRK5;
p > 0.05, Student’s t-test) or was less effectively promoted
(e.g., galactose oxidase gene, ERF1, and ERF114; Figure 9) (The
full name and function of these genes encoding proteins are
explained in Table S2 in detail). These results indicated that
heterotrimeric Gα may be involved in ATP-regulated expression
of functional genes.
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FIGURE 8 | Heterotrimeric Gα is involved in eATP-induced asymmetric distribution of DR5-GFP and PIN2-GFP. DR5-GFP or PIN2-GFP transgenic WS, gpa1-1 and

gpa1-2 seedlings were grown in 1/2 MS medium for 4 days and then transplanted onto 0.5 mM ATP-containing jointed medium. After 24 h, fluorescence was

detected by using CLSM. (A) Fluorescence in representative root tip cells. The scale bar is showed below. (B,C) note fluorescence intensity ratio (fluorescence

intensity in right-side cells relative to that in left-side cells) of DR5-GFP (B) and PIN2-GFP (C), respectively. In each experiment, fluorescence intensity in up to 10 roots

was measured. Data from 3 replicates were calculated to get the mean ± SD. Student’s t-test p-values: *p < 0.05.

DORN1 Is Unlikely Involved in eATP
Avoidance Response of Arabidopsis Roots
To analyze the role of the P2K receptor (DORN1) in the roots’
response to eATP, the root growth of DORN1 null mutants
(dorn1-1, dorn1-3) in jointed medium was assessed. The two
mutants responded to 0.3, 0.5 mM ATP similarly to the wild

type (Col-0), primary roots bent when they approached the

joint line (Figure S6A). The growth rate and root curvature of

Col-0 and DORN1 null mutants were all significantly affected

by ATP (p < 0.05, Student’s t-test) (Figures S6B,C). The ATP

induced decrement of root growth rate and increment of root

curvature were not significantly different between Col-0 and the
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FIGURE 9 | Heterotrimeric Gα is involved in eATP-regulated functional gene expression. Seedlings grown in 1/2 MS medium for 4 days were transplanted onto a

0.5mM ATP-containing jointed medium. After 30 and 60 min, roots were cut to extract total RNA, and the expression levels of several functional genes were

measured by real-time qPCR. The relative level (fold of change) of gene expression in WS and Gα null mutants (gpa1-1 and gpa1-2) is showed. Gene names and the

corresponding gene loci are noted in each figure. Data from 3 replicates were calculated to get mean ± SD. Student’s t-test p-values: *p < 0.05, **p < 0.01.

two mutants (p > 0.05, Student’s t-test), indicating that DORN1
is unlikely to participate in roots’ avoidance response to eATP.

DISCUSSION

Extracellular ATP (eATP) regulates root growth and leads to
a reduced root growth rate and a bending growth phenotype
in Arabidopsis roots (Tang et al., 2003; Liu et al., 2012). Root
skewing on surface of tilted solid medium was also promoted
by added ATP (Yang et al., 2015). Nevertheless, the nature
and physiological significance of eATP-regulated root growth is
still unclear. Here, in a transitional circumstance, primary roots
grow gradually from ATP-free to ATP-containing conditions,
making the clear detection of ATP sensing and response
processes possible. A similar method had previously been used
to investigate the root response to NaCl (Sun et al., 2008).

When the root tip approached the joint line of the two
media, the reduction in growth rate and re-orientation of roots

indicated that the root tip sensitively sensed eATP and attempted
to avoid ATP-containing conditions. It appeared as though
roots recognize high concentrations of ATP as harmful “danger
signals.” It has previously been reported that ATP may act as
a “damage-associated molecular pattern” (DAMP) to plant cells
(Choi et al., 2014b). Here, by using jointed medium, roots’
avoidance response to high concentration of ATP was clearly
showed. Based on results in this work, we speculate that growth
re-orientation may be a response style that helps roots recognize
and escape from danger.

Tang et al. (2003) reported that Arabidopsis root growth in
ATP media showed wavy or skewing phenotypes, which looked
different from the bending phenotype here. In this work, jointed

medium gave an asymmetric stimulation, that may be the reason

for the difference of roots’ phenotype. Tang et al. (2003) and

Liu et al. (2012) used 1.5 and 1.2% agarose in plant growth

media, respectively. We have compared seedlings grown in 0.8
and 1.0% phytagel containing medium. The roots’ response to
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eATP was similar, so we believe the content of phytagel did not
affect phenotype. eATP induced root bending or curling had been
regarded as disrupted gravitropic response (Tang et al., 2003; Liu
et al., 2012). However, in this work, roots’ gravitropic response
was unlikely disrupted, e.g., in diagonal jointed medium, roots’
gravitropism clearly existed. The reported ATP-induced root
circling (Tang et al., 2003) and ATP-promoted root skewing
(Yang et al., 2015) might be the response to uniform ATP
conditions, i.e., the roots perceived ATP and tried to escape,
but the continuous escaping eventually resulted in root curling
or strengthened waving. This result elucidated the physiological
relevance of eATP-induced root bending and expanded our
knowledge of eATP’s physiological function as a danger
signal.

Auxin plays essential roles in plant cell proliferation and
elongation and participates in the growth and development of
plant organs. In roots, intracellular auxin levels were subtly
regulated by a complicated transport system containing both
auxin efflux and influx transporters. In the root tip, several PIN-
FORMED proteins are located in different parts and control
auxin transport between the tip and the base (Band et al., 2014).
Auxin levels are normally low in root cells, increased auxin
level inhibit root cell elongation (Barbez et al., 2017). Auxin
accumulation in root cells stimulated by eATP has been reported
and is thought to be the reason for ATP-inhibited root elongation
(Tang et al., 2003; Liu et al., 2012; Yang et al., 2015). Auxin
levels in root tip cells elevated markedly when the root tip comes
into contact with ATP, especially in the quiescent center, the
dividing and elongating area (Figure 5). Such an eATP-induced
auxin accumulation may possibly result in suppressed root cell
elongation.

Plant growth has remarkable plasticity in order to rapidly
respond to the continuously changing environment. Plant
organ growth responds tropically or negative-tropically to
environmental stimuli to capture beneficial elements or avoid
harmful elements in their surroundings. Auxin is involved
in tropism or negative tropism of plant organs to various
stimuli, e.g., the gravitropism of roots and or the negative
gravitropism of shoots. Asymmetric distribution of auxin in
plant organs is a typical response to unidirectional stimuli
(Takahashi et al., 2009; Galvan-Ampudia and Testerink, 2011;
Zadnikova et al., 2015). Here, the asymmetric distribution
appeared in root tip cells after they sensed eATP, and auxin
concentrations were higher in the inner side of the bending
area than in the outer side. Since root cells are very sensitive
to auxin, the high concentration of auxin may led to inhibition
of cell elongation, and the unbalanced elongation rate of root
tip cells eventually led to root bending. eATP has been reported
to be involved in auxin accumulation in root and hypocotyl
cells resulting in suppressed organ elongation and ceased
gravitropism (Liu et al., 2012). Liu et al. (2012) reported that
high concentration (0.8 mM) ATP diminished gravity-induced
asymmetric distribution of DR5-GFP. In contrast, ATP induced
asymmetric distribution of DR5-GFP in this work. It looks that,
unlike uniformed stimulation, unidirectional ATP stimulation
may lead to asymmetric distribution of auxin and root growth
re-orientation.

Auxin transporters in the PM are involved in asymmetric
distribution of auxin (Laskowski et al., 2008; Band et al., 2014;
Sato et al., 2015), and asymmetric distribution of PIN proteins
thus plays an essential role in root tropic and avoidance growth
(Rahman et al., 2010; Lin et al., 2012; Zhang et al., 2013). In
the root tip, PIN2 is located mainly in the transition zone and
plays key roles in auxin transport from the root tip to the base
(Band et al., 2014). The asymmetric distribution of auxin in root
tip cells may result from asymmetrically distributed PIN2 (Sun
et al., 2008; Lin et al., 2012; Liu et al., 2012). Here, the asymmetric
distribution of PIN2 in root tip cells was identical to the observed
asymmetric distribution of auxin response reporter activity, both
of which were higher in the inner side cell than in the outer side
cell at the root curve. Together with the result that PIN2 null
mutant did not respond to ATP stimulation, we suggest that the
asymmetric distribution of PIN2may possibly lead to unbalanced
auxin transport which then result in the asymmetric distribution
of auxin.

It was previously discovered that eATP stimulate transient
increase or oscillation of cytosolic Ca2+ concentrations
(Demidchik et al., 2009; Tanaka et al., 2010) mediated by Ca2+

influx through PM Ca2+ channels (Demidchik et al., 2003,
2009; Jeter et al., 2004; Hao et al., 2012; Wang et al., 2014).
Nevertheless, the physiological relevance of eATP induced Ca2+

influx is not clear. Here, we provide more evidence to verify
that Ca2+ influx via hyperpolarization-activated Ca2+ channel
may participate in eATP avoidance response as an important
secondary messenger. Ca2+ signaling is involved in auxin
dynamics in plant cells (Rigo et al., 2013; Li et al., 2016). In this
work, the EGTA-suppression on eATP-induced auxin and PIN2
asymmetric distribution in root tip cells further indicated that
Ca2+ influx may be required for ATP-regulated auxin transport
and accumulation.

eATP-regulated gene expression was preliminarily
investigated using DNA microarray analysis or proteomic
methods (Chivasa et al., 2011; Choi et al., 2014a; Lim et al., 2014).
Here, eATP up- and down-regulated expression of hundreds of
genes. Most of these genes were up- or down-regulated both in
wild type and Gα null mutants. The eATP-induced expression
pattern of most genes in this work were identical to the reported
results (Chivasa et al., 2011; Choi et al., 2014a; Lim et al., 2014).
However, when we analyze gene expression differences between
wild type and Gα null mutants, only several functional genes
were revealed to be differently expressed in WS and Gα null
mutants. These genes encoded proteins that have been reported
to be involved in auxin transport and root growth (see detailed
information in Table S2). It appears likely that these genes
are involved in regulating auxin levels in root cells or other
downstream cellular events which will lead either directly or
indirectly to roots’ avoidance response to ATP. Expression and
possible function of these Gα-regulated genes were not focused
on in the reported works (Chivasa et al., 2011; Choi et al., 2014a;
Lim et al., 2014). The detection of these genes provided new clues
to verify the mechanism of roots’ response to eATP.

Heterotrimeric G protein plays multiple roles in plant growth
and development. Loss-of-function mutants of heterotrimeric G
protein displayed altered shoot meristem growth (Bommert et al.,
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2013), zygote division (Yu et al., 2016), seedling development
(Chen et al., 2006; Booker et al., 2010; Jaffe et al., 2012), root
architecture (Mudgil et al., 2016) and resistance to pathogens
(Llorente et al., 2005; Trusov et al., 2006; Liu et al., 2013). In
eATP-induced responses, heterotrimeric G protein participated
in stomatal movement (Hao et al., 2012) and obstacle avoidance
of roots (Weerasinghe et al., 2009). Here, heterotrimeric Gα was
further shown to be involved in the root response to eATP and
the subsequent bending growth.

Ion channels in the PM play important roles in the
heterotrimeric G protein- triggered signaling cascade (Wang
et al., 2001; Wu, Y. et al., 2007; Fan et al., 2008; Zhang et al.,
2011). Here, Ca2+ channel in PM of root cells was revealed
to be regulated by heterotrimeric G protein, together with the
observation that eATP-induced root bending was blocked by
EGTA and Gd3+, supporting the role of Ca2+ influx in this
process. We thus suggest that heterotrimeric G protein-regulated
Ca2+ influx may be a fundamental signaling event in the roots’
response to eATP.

As mentioned above, asymmetric auxin distribution is a
marked response in the bending growth of roots. Heterotrimeric
G protein has been reported to be involved in auxin transport by
regulating the expression and distribution of auxin transporters
in root cells (Pandey et al., 2008; Mudgil et al., 2009; Booker
et al., 2010). Here, we provided additional data to show that
heterotrimeric Gα may possibly be involved in the eATP-
regulated activity and distribution of PIN2 which ultimately led
to the asymmetric accumulation of auxin.

Combining these results, we speculate that heterotrimeric Gα

participates in the eATP-mediated avoidance growth of roots by
stimulating Ca2+ channels, and the subsequent Ca2+ influx alters
the activity and distribution of PIN2, leading to the asymmetric
distribution of auxin, and the expression of functional genes
related to cell proliferation and elongation, leading to asymmetric
elongation and eventually root bending growth. It has been
reported that heterotrimeric G protein is involved in eATP
sensing and response (Weerasinghe et al., 2009; Hao et al., 2012).

Nevertheless, the heterotrimeric G protein regulated cellular
events were not clearly discovered. The results here further
elucidating the role of heterotrimeric G protein in roots’ response
to eATP.

Although heterotrimeric G protein is located in the PM
of plant cells, it is not able to bind any ligand and
get directly activated. In the PM of plant cells, many
receptor-like kinases had been reported to be involved in
growth, development and stress responses. Recent evidence
showed that some receptor-like kinases play essential roles in
coupling various stimuli with the activation of heterotrimeric
G proteins (Bommert et al., 2013; Aranda-Sicilia et al., 2015;
Yu et al., 2016). The first reported eATP receptor in plant
cell, a lectin receptor kinase, DORN1, has been shown to
participate in several eATP-induced responses (Choi et al.,
2014a). However, result in this work indicated that DORN1 is
unlikely involved in roots’ avoidance response to eATP. The
reason need to be further revealed. The possibility that some
receptor-like kinases, which can interact with heterotrimeric
G protein, may function as eATP sensors needs to be further
verified.

AUTHOR CONTRIBUTIONS

RZ performed gene transformation, auxin; PIN detection and
provided assistance to ZS; XD performed cross hybridization
and qPCR experiments and provided assistance to ZS and TL;
WH performed root growth parameter measurement; WG and
WZ performed patch clamp experiments; SX provided technical
assistance to WH; TL designed the experiments and analyzed
the data; ZS conceived the research plans, supervised and
complemented the writing.

FUNDING

This work was supported by National Natural Science
Foundation of China (Grant No. 31370319) and the
Natural Science Foundation of Hebei Province (Grant No.
C2014205079).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fpls.2017.
01522/full#supplementary-material

REFERENCES

Aranda-Sicilia, M. N., Trusov, Y., Maruta, N., Chakravorty, D., Zhang, Y.,

and Botella, J. R. (2015). Heterotrimeric G proteins interact with defense-

related receptor-like kinases in Arabidopsis. J. Plant Physiol. 188, 44–48.

doi: 10.1016/j.jplph.2015.09.005

Ashikari, M., Wu, J., Yano, M., Sasaki, T., and Yoshimura, A. (1999). Rice

gibberellin-insensitive dwarf mutant gene Dwarf 1 encodes the alpha-subunit

of GTP-binding protein. Proc. Natl. Acad. Sci. U.S.A. 96, 10284–10289.

doi: 10.1073/pnas.96.18.10284

Balague, C., Gouget, A., Bouchez, O., Souriac, C., Haget, N., Boutet-Mercey, S.,

et al. (2016). The Arabidopsis thaliana lectin receptor kinase LecRK-I.9 is

required for full resistance to Pseudomonas syringae and affects jasmonate

signalling.Mol. Plant Pathol. 18, 937–948. doi: 10.1111/mpp.12457

Band, L. R., Wells, D. M., Fozard, J. A., Ghetiu, T., French, A. P.,

Pound, M. P., et al. (2014). Systems analysis of auxin transport in

the Arabidopsis root apex. Plant Cell 26, 862–875. doi: 10.1105/tpc.113.

119495

Barbez, E., Dunser, K., Gaidora, A., Lendl, T., and Busch, W. (2017). Auxin steers

root cell expansion via apoplastic pH regulation in Arabidopsis thaliana. Proc.

Natl. Acad. Sci. U.S.A. 114, E4884–E4893. doi: 10.1073/pnas.1613499114

Bommert, P., Je, B. I., Goldshmidt, A., and Jackson, D. (2013). The maize Gα

gene COMPACT PLANT2 functions in CLAVATA signalling to control shoot

meristem size. Nature 502, 555–558. doi: 10.1038/nature12583

Booker, K. S., Schwarz, J., Garrett, M. B., and Jones, A. M. (2010). Glucose

attenuation of auxin-mediated bimodality in lateral root formation is partly

coupled by the heterotrimeric G protein complex. PLoS ONE 5:e12833.

doi: 10.1371/journal.pone.0012833

Frontiers in Plant Science | www.frontiersin.org 15 September 2017 | Volume 8 | Article 1522

http://journal.frontiersin.org/article/10.3389/fpls.2017.01522/full#supplementary-material
https://doi.org/10.1016/j.jplph.2015.09.005
https://doi.org/10.1073/pnas.96.18.10284
https://doi.org/10.1111/mpp.12457
https://doi.org/10.1105/tpc.113.119495
https://doi.org/10.1073/pnas.1613499114
https://doi.org/10.1038/nature12583
https://doi.org/10.1371/journal.pone.0012833
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Zhu et al. Gα Participate Root’s eATP Avoidance

Chen, J. G., Gao, Y., and Jones, A. M. (2006). Differential roles of Arabidopsis

heterotrimeric G-protein subunits in modulating cell division in roots. Plant

Physiol. 141, 887–897. doi: 10.1104/pp.106.079202

Chivasa, S., Murphy, A. M., Hamilton, J. M., Lindsey, K., Carr, J. P., and Slabas, A.

R. (2009). Extracellular ATP is a regulator of pathogen defence in plants. Plant

J. 60, 436–448. doi: 10.1111/j.1365-313X.2009.03968.x

Chivasa, S., Ndimba, B. K., Simon, W. J., Lindsey, K., and Slabas, A. R. (2005).

Extracellular ATP functions as an endogenous external metabolite regulating

plant cell viability. Plant Cell 17, 3019–3034. doi: 10.1105/tpc.105.036806

Chivasa, S., Tome, D. F., Hamilton, J. M., and Slabas, A. R. (2011). Proteomic

analysis of extracellular ATP-regulated proteins identifies ATP synthase β-

subunit as a novel plant cell death regulator. Mol. Cell. Proteomics 10:M110

003905. doi: 10.1074/mcp.M110.003905

Choi, J., Tanaka, K., Cao, Y., Qi, Y., Qiu, J., Liang, Y., et al. (2014a).

Identification of a plant receptor for extracellular ATP. Science 343, 290–294.

doi: 10.1126/science.343.6168.290

Choi, J., Tanaka, K., Liang, Y., Cao, Y., Lee, S. Y., and Stacey, G. (2014b).

Extracellular ATP, a danger signal, is recognized by DORN1 in Arabidopsis.

Biochem. J. 463, 429–437. doi: 10.1042/BJ20140666

Clark, G., Fraley, D., Steinebrunner, I., Cervantes, A., Onyirimba, J., Liu, A., et al.

(2011). Extracellular nucleotides and apyrases regulate stomatal aperture in

Arabidopsis. Plant Physiol. 156, 1740–1753. doi: 10.1104/pp.111.174466

Clark, G., Torres, J., Finlayson, S., Guan, X., Handley, C., Lee, J., et al. (2010).

Apyrase (nucleoside triphosphate-diphosphohydrolase) and extracellular

nucleotides regulate cotton fiber elongation in cultured ovules. Plant Physiol.

152, 1073–1083. doi: 10.1104/pp.109.147637

Demidchik, V., Nichols, C., Oliynyk, M., Dark, A., Glover, B. J., and Davies, J.

M. (2003). Is ATP a signaling agent in plants? Plant Physiol. 133, 456–461.

doi: 10.1104/pp.103.024091

Demidchik, V., Shang, Z., Shin, R., Thompson, E., Rubio, L., Laohavisit,

A., et al. (2009). Plant extracellular ATP signalling by plasma

membrane NADPH oxidase and Ca2+ channels. Plant J. 58, 903–913.

doi: 10.1111/j.1365-313X.2009.03830.x

Deng, S., Sun, J., Zhao, R., Ding, M., Zhang, Y., Sun, Y., et al. (2015). Populus

euphratica APYRASE2 enhances cold tolerance by modulating vesicular

trafficking and extracellular ATP in Arabidopsis plants. Plant Physiol. 169,

530–548. doi: 10.1104/pp.15.00581

Fan, L. M., Zhang, W., Chen, J. G., Taylor, J. P., Jones, A. M., and Assmann, S. M.

(2008). Abscisic acid regulation of guard-cell K+ and anion channels in Gβ- and

RGS-deficient Arabidopsis lines. Proc. Natl. Acad. Sci. U.S.A. 105, 8476–8481.

doi: 10.1073/pnas.0800980105

Foresi, N. P., Laxalt, A. M., Tonon, C. V., Casalongue, C. A., and Lamattina,

L. (2007). Extracellular ATP induces nitric oxide production in tomato cell

suspensions. Plant Physiol. 145, 589–592. doi: 10.1104/pp.107.106518

Friml, J., Vieten, A., Sauer, M., Weijers, D., Schwarz, H., Hamann, T., et al. (2003).

Efflux-dependent auxin gradients establish the apical-basal axis of Arabidopsis.

Nature 426, 147–153. doi: 10.1038/nature02085

Galvan-Ampudia, C. S., and Testerink, C. (2011). Salt stress signals shape the plant

root. Curr. Opin. Plant Biol. 14, 296–302. doi: 10.1016/j.pbi.2011.03.019

Ge, X. M., Cai, H. L., Lei, X., Zhou, X., Yue, M., and He, J. M.

(2015). Heterotrimeric G protein mediates ethylene-induced stomatal closure

via hydrogen peroxide synthesis in Arabidopsis. Plant J. 82, 138–150.

doi: 10.1111/tpj.12799

Hao, L. H., Wang, W. X., Chen, C., Wang, Y. F., Liu, T., Li, X., et al. (2012).

Extracellular ATP promotes stomatal opening of Arabidopsis thaliana through

heterotrimeric G protein α subunit and reactive oxygen species. Mol. Plant 5,

852–864. doi: 10.1093/mp/ssr095

Jaffe, F. W., Freschet, G. E., Valdes, B. M., Runions, J., Terry, M. J., and Williams,

L. E. (2012). G protein-coupled receptor-type G proteins are required for

light-dependent seedling growth and fertility in Arabidopsis. Plant Cell 24,

3649–3668. doi: 10.1105/tpc.112.098681

Jeter, C. R., Tang, W., Henaff, E., Butterfield, T., and Roux, S. J. (2004).

Evidence of a novel cell signaling role for extracellular adenosine

triphosphates and diphosphates in Arabidopsis. Plant Cell 16, 2652–2664.

doi: 10.1105/tpc.104.023945

Jin, X., Wang, R. S., Zhu, M., Jeon, B. W., Albert, R., Chen, S., et al. (2013).

Abscisic acid-responsive guard cell metabolomes of Arabidopsis wild-type

and gpa1 G-protein mutants. Plant Cell 25, 4789–4811. doi: 10.1105/tpc.113.

119800

Kim, S. H., Yang, S. H., Kim, T. J., Han, J. S., and Suh, J. W. (2009). Hypertonic

stress increased extracellular ATP levels and the expression of stress-responsive

genes in Arabidopsis thaliana seedlings. Biosci. Biotechnol. Biochem. 73,

1252–1256. doi: 10.1271/bbb.80660

Kim, S. Y., Sivaguru, M., and Stacey, G. (2006). Extracellular ATP in plants.

Visualization, localization, and analysis of physiological significance in growth

and signaling. Plant Physiol. 142, 984–992. doi: 10.1104/pp.106.085670

Laskowski, M., Grieneisen, V. A., Hofhuis, H., Hove, C. A., Hogeweg, P., Maree,

A. F., et al. (2008). Root system architecture from coupling cell shape to auxin

transport. PLoS Biol. 6:e307. doi: 10.1371/journal.pbio.0060307

Li, P., Zhao, C., Zhang, Y., Wang, X., Wang, X., Wang, J., et al. (2016).

Calcium alleviates cadmium-induced inhibition on root growth bymaintaining

auxin homeostasis in Arabidopsis seedlings. Protoplasma 253, 185–200.

doi: 10.1007/s00709-015-0810-9

Lim, M. H., Wu, J., Yao, J., Gallardo, I. F., Dugger, J. W., Webb, L. J., et al.

(2014). Apyrase suppression raises extracellular ATP levels and induces gene

expression and cell wall changes characteristic of stress responses. Plant Physiol.

164, 2054–2067. doi: 10.1104/pp.113.233429

Lin, D., Nagawa, S., Chen, J., Cao, L., Chen, X., Xu, T., et al. (2012). A

ROP GTPase-dependent auxin signaling pathway regulates the subcellular

distribution of PIN2 in Arabidopsis roots. Curr. Biol. 22, 1319–1325.

doi: 10.1016/j.cub.2012.05.019

Liu, J., Ding, P., Sun, T., Nitta, Y., Dong, O., Huang, X., et al. (2013).

Heterotrimeric G proteins serve as a converging point in plant defense signaling

activated by multiple receptor-like kinases. Plant Physiol. 161, 2146–2158.

doi: 10.1104/pp.112.212431

Liu, X., Wu, J., Clark, G., Lundy, S., Lim, M., Arnold, D., et al. (2012). Role for

apyrases in polar auxin transport in Arabidopsis. Plant Physiol. 160, 1985–1995.

doi: 10.1104/pp.112.202887

Llorente, F., Alonso-Blanco, C., Sanchez-Rodriguez, C., Jorda, L., and

Molina, A. (2005). ERECTA receptor-like kinase and heterotrimeric

G protein from Arabidopsis are required for resistance to the

necrotrophic fungus Plectosphaerella cucumerina. Plant J. 43, 165–180.

doi: 10.1111/j.1365-313X.2005.02440.x

Mudgil, Y., Karve, A., Teixeira, P. J., Jiang, K., Tunc-Ozdemir, M., and Jones, A. M.

(2016). Photosynthate regulation of the root system architecture mediated by

the heterotrimeric G protein complex in Arabidopsis. Front. Plant Sci. 7:1255.

doi: 10.3389/fpls.2016.01255

Mudgil, Y., Uhrig, J. F., Zhou, J., Temple, B., Jiang, K., and Jones, A. M.

(2009). Arabidopsis N-MYC DOWNREGULATED-LIKE1, a positive regulator

of auxin transport in a G protein-mediated pathway. Plant Cell 21, 3591–3609.

doi: 10.1105/tpc.109.065557

Pandey, S., Chen, J. G., Jones, A. M., and Assmann, S. M. (2006). G-

protein complex mutants are hypersensitive to abscisic acid regulation of

germination and postgermination development. Plant Physiol 141, 243–256.

doi: 10.1104/pp.106.079038

Pandey, S., Monshausen, G. B., Ding, L., and Assmann, S. M. (2008). Regulation of

root-wave response by extra large and conventional G proteins in Arabidopsis

thaliana. Plant J. 55, 311–322. doi: 10.1111/j.1365-313X.2008.03506.x

Rahman, A., Takahashi, M., Shibasaki, K., Wu, S., Inaba, T., Tsurumi, S., et al.

(2010). Gravitropism of Arabidopsis thaliana roots requires the polarization

of PIN2 toward the root tip in meristematic cortical cells. Plant Cell 22,

1762–1776. doi: 10.1105/tpc.110.075317

Reichler, S. A., Torres, J., Rivera, A. L., Cintolesi, V. A., Clark, G., and Roux,

S. J. (2009). Intersection of two signalling pathways: extracellular nucleotides

regulate pollen germination and pollen tube growth via nitric oxide. J. Exp. Bot.

60, 2129–2138. doi: 10.1093/jxb/erp091

Riewe, D., Grosman, L., Fernie, A. R., Zauber, H., Wucke, C., and Geigenberger,

P. (2008). A cell wall-bound adenosine nucleosidase is involved in the salvage

of extracellular ATP in Solanum tuberosum. Plant Cell Physiol. 49, 1572–1579.

doi: 10.1093/pcp/pcn127

Rigo, G., Ayaydin, F., Tietz, O., Zsigmond, L., Kovacs, H., Pay, A., et al. (2013).

Inactivation of plasma membrane-localized CDPK-RELATED KINASE5

decelerates PIN2 exocytosis and root gravitropic response in Arabidopsis. Plant

Cell 25, 1592–1608. doi: 10.1105/tpc.113.110452

Frontiers in Plant Science | www.frontiersin.org 16 September 2017 | Volume 8 | Article 1522

https://doi.org/10.1104/pp.106.079202
https://doi.org/10.1111/j.1365-313X.2009.03968.x
https://doi.org/10.1105/tpc.105.036806
https://doi.org/10.1074/mcp.M110.003905
https://doi.org/10.1126/science.343.6168.290
https://doi.org/10.1042/BJ20140666
https://doi.org/10.1104/pp.111.174466
https://doi.org/10.1104/pp.109.147637
https://doi.org/10.1104/pp.103.024091
https://doi.org/10.1111/j.1365-313X.2009.03830.x
https://doi.org/10.1104/pp.15.00581
https://doi.org/10.1073/pnas.0800980105
https://doi.org/10.1104/pp.107.106518
https://doi.org/10.1038/nature02085
https://doi.org/10.1016/j.pbi.2011.03.019
https://doi.org/10.1111/tpj.12799
https://doi.org/10.1093/mp/ssr095
https://doi.org/10.1105/tpc.112.098681
https://doi.org/10.1105/tpc.104.023945
https://doi.org/10.1105/tpc.113.119800
https://doi.org/10.1271/bbb.80660
https://doi.org/10.1104/pp.106.085670
https://doi.org/10.1371/journal.pbio.0060307
https://doi.org/10.1007/s00709-015-0810-9
https://doi.org/10.1104/pp.113.233429
https://doi.org/10.1016/j.cub.2012.05.019
https://doi.org/10.1104/pp.112.212431
https://doi.org/10.1104/pp.112.202887
https://doi.org/10.1111/j.1365-313X.2005.02440.x
https://doi.org/10.3389/fpls.2016.01255
https://doi.org/10.1105/tpc.109.065557
https://doi.org/10.1104/pp.106.079038
https://doi.org/10.1111/j.1365-313X.2008.03506.x
https://doi.org/10.1105/tpc.110.075317
https://doi.org/10.1093/jxb/erp091
https://doi.org/10.1093/pcp/pcn127
https://doi.org/10.1105/tpc.113.110452
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Zhu et al. Gα Participate Root’s eATP Avoidance

Sato, E. M., Hijazi, H., Bennett, M. J., Vissenberg, K., and Swarup, R. (2015).

New insights into root gravitropic signalling. J. Exp. Bot. 66, 2155–2165.

doi: 10.1093/jxb/eru515

Song, C. J., Steinebrunner, I., Wang, X., Stout, S. C., and Roux, S.

J. (2006). Extracellular ATP induces the accumulation of superoxide

via NADPH oxidases in Arabidopsis. Plant Physiol. 140, 1222–1232.

doi: 10.1104/pp.105.073072

Stateczny, D., Oppenheimer, J., and Bommert, P. (2016). G protein signaling in

plants: minus times minus equals plus. Curr. Opin. Plant Biol. 34, 127–135.

doi: 10.1016/j.pbi.2016.11.001

Steinebrunner, I., Wu, J., Sun, Y., Corbett, A., and Roux, S. J. (2003). Disruption

of apyrases inhibits pollen germination in Arabidopsis. Plant Physiol. 131,

1638–1647. doi: 10.1104/pp.102.014308

Sun, F., Zhang, W., Hu, H., Li, B., Wang, Y., Zhao, Y., et al. (2008). Salt modulates

gravity signaling pathway to regulate growth direction of primary roots in

Arabidopsis. Plant Physiol. 146, 178–188. doi: 10.1104/pp.107.109413

Sun, J., Zhang, C. L., Deng, S. R., Lu, C. F., Shen, X., Zhou, X. Y., et al.

(2012a). An ATP signalling pathway in plant cells: extracellular ATP triggers

programmed cell death in Populus euphratica. Plant Cell Environ. 35, 893–916.

doi: 10.1111/j.1365-3040.2011.02461.x

Sun, J., Zhang, X., Deng, S., Zhang, C., Wang, M., Ding, M., et al. (2012b).

Extracellular ATP signaling is mediated by H2O2 and cytosolic Ca2+

in the salt response of Populus euphratica cells. PLoS ONE 7:e53136.

doi: 10.1371/journal.pone.0053136

Takahashi, H., Miyazawa, Y., and Fujii, N. (2009). Hormonal interactions during

root tropic growth: hydrotropism versus gravitropism. Plant Mol. Biol. 69,

489–502. doi: 10.1007/s11103-008-9438-x

Tanaka, K., Swanson, S. J., Gilroy, S., and Stacey, G. (2010). Extracellular

nucleotides elicit cytosolic free calcium oscillations in Arabidopsis. Plant

Physiol. 154, 705–719. doi: 10.1104/pp.110.162503

Tang, W., Brady, S. R., Sun, Y., Muday, G. K., and Roux, S. J. (2003). Extracellular

ATP inhibits root gravitropism at concentrations that inhibit polar auxin

transport. Plant Physiol. 131, 147–154. doi: 10.1104/pp.013672

Thomas, C., Rajagopal, A.,Windsor, B., Dudler, R., Lloyd, A., and Roux, S. J. (2000).

A role for ectophosphatase in xenobiotic resistance. Plant Cell 12, 519–533.

doi: 10.1105/tpc.12.4.519

Tonon, C., Cecilia Terrile, M., Jose Iglesias, M., Lamattina, L., and Casalongue,

C. (2010). Extracellular ATP, nitric oxide and superoxide act coordinately to

regulate hypocotyl growth in etiolated Arabidopsis seedlings. J. Plant Physiol.

167, 540–546. doi: 10.1016/j.jplph.2009.11.002

Trusov, Y., Rookes, J. E., Chakravorty, D., Armour, D., Schenk, P. M., and Botella,

J. R. (2006). Heterotrimeric G proteins facilitate Arabidopsis resistance to

necrotrophic pathogens and are involved in jasmonate signaling. Plant Physiol.

140, 210–220. doi: 10.1104/pp.105.069625

Ullah, H., Chen, J. G., Temple, B., Boyes, D. C., Alonso, J. M., Davis, K. R., et al.

(2003). The β-subunit of the Arabidopsis G protein negatively regulates auxin-

induced cell division and affects multiple developmental processes. Plant Cell

15, 393–409. doi: 10.1105/tpc.006148

Urano, D., and Jones, A. M. (2014). Heterotrimeric G protein-

coupled signaling in plants. Annu. Rev. Plant Biol. 65, 365–384.

doi: 10.1146/annurev-arplant-050213-040133

Urano, D., Miura, K., Wu, Q., Iwasaki, Y., Jackson, D., and Jones, A. M. (2016).

Plant morphology of heterotrimeric G protein mutants. Plant Cell Physiol. 57,

437–445. doi: 10.1093/pcp/pcw002

Vanegas, D. C., Clark, G., Cannon, A. E., Roux, S., Chaturvedi, P., and

McLamore, E. S. (2015). A self-referencing biosensor for real-time monitoring

of physiological ATP transport in plant systems. Biosens. Bioelectron. 74, 37–44.

doi: 10.1016/j.bios.2015.05.027

Wang, F., Jia, J., Wang, Y., Wang, W., Chen, Y., Liu, T., et al. (2014).

Hyperpolization-activated Ca2+ channels in guard cell plasma membrane are

involved in extracellular ATP-promoted stomatal opening in Vicia faba. J. Plant

Physiol. 171, 1241–1247. doi: 10.1016/j.jplph.2014.05.007

Wang, X. Q., Ullah, H., Jones, A. M., and Assmann, S. M. (2001). G protein

regulation of ion channels and abscisic acid signaling inArabidopsis guard cells.

Science 292, 2070–2072. doi: 10.1126/science.1059046

Weerasinghe, R. R., Swanson, S. J., Okada, S. F., Garrett, M. B., Kim, S. Y.,

Stacey, G., et al. (2009). Touch induces ATP release in Arabidopsis roots

that is modulated by the heterotrimeric G-protein complex. FEBS Lett. 583,

2521–2526. doi: 10.1016/j.febslet.2009.07.007

Windsor, B., Roux, S. J., and Lloyd, A. (2003). Multiherbicide tolerance conferred

by AtPgp1 and apyrase overexpression in Arabidopsis thaliana.Nat. Biotechnol.

21, 428–433. doi: 10.1038/nbt809

Wolf, C., Hennig, M., Romanovicz, D., and Steinebrunner, I. (2007).

Developmental defects and seedling lethality in apyrase AtAPY1 and

AtAPY2 double knockout mutants. Plant Mol. Biol. 64, 657–672.

doi: 10.1007/s11103-007-9184-5

Wu, J., Steinebrunner, I., Sun, Y., Butterfield, T., Torres, J., Arnold, D.,

et al. (2007). Apyrases (nucleoside triphosphate-diphosphohydrolases) play

a key role in growth control in Arabidopsis. Plant Physiol. 144, 961–975.

doi: 10.1104/pp.107.097568

Wu, S. J., Liu, Y. S., and Wu, J. Y. (2008). The signaling role of extracellular ATP

and its dependence on Ca2+ flux in elicitation of Salvia miltiorrhiza hairy root

cultures. Plant Cell Physiol. 49, 617–624. doi: 10.1093/pcp/pcn033

Wu, S. J., and Wu, J. Y. (2008). Extracellular ATP-induced NO production and its

dependence on membrane Ca2+ flux in Salvia miltiorrhiza hairy roots. J. Exp.

Bot. 59, 4007–4016. doi: 10.1093/jxb/ern242

Wu, Y., Xu, X., Li, S., Liu, T., Ma, L., and Shang, Z. (2007). Heterotrimeric

G-protein participation in Arabidopsis pollen germination through

modulation of a plasmamembrane hyperpolarization-activated Ca2+-

permeable channel. New Phytol. 176, 550–559. doi: 10.1111/j.1469-8137.2007.

02214.x

Yang, X., Wang, B., Farris, B., Clark, G., and Roux, S. J. (2015). Modulation of root

skewing in Arabidopsis by apyrases and extracellular ATP. Plant Cell Physiol.

56, 2197–2206. doi: 10.1093/pcp/pcv134

Yu, T. Y., Shi, D. Q., Jia, P. F., Tang, J., Li, H. J., Liu, J., et al. (2016). The

Arabidopsis receptor kinase ZAR1 is required for zygote asymmetric division

and its daughter cell fate. PLoS Genet. 12:e1005933. doi: 10.1371/journal.pgen.

1005933

Zadnikova, P., Smet, D., Zhu, Q., van der Straeten, D., and Benkova, E.

(2015). Strategies of seedlings to overcome their sessile nature: auxin

in mobility control. Front. Plant Sci. 6:218. doi: 10.3389/fpls.2015.

00218

Zhang, K. X., Xu, H. H., Yuan, T. T., Zhang, L., and Lu, Y. T. (2013). Blue-

light-induced PIN3 polarization for root negative phototropic response in

Arabidopsis. Plant J. 76, 308–321. doi: 10.1111/tpj.12298

Zhang, W., Jeon, B. W., and Assmann, S. M. (2011). Heterotrimeric G-protein

regulation of ROS signalling and calcium currents in Arabidopsis guard cells.

J. Exp. Bot. 62, 2371–2379. doi: 10.1093/jxb/erq424

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2017 Zhu, Dong, Hao, Gao, Zhang, Xia, Liu and Shang. This is an

open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) or licensor are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Plant Science | www.frontiersin.org 17 September 2017 | Volume 8 | Article 1522

https://doi.org/10.1093/jxb/eru515
https://doi.org/10.1104/pp.105.073072
https://doi.org/10.1016/j.pbi.2016.11.001
https://doi.org/10.1104/pp.102.014308
https://doi.org/10.1104/pp.107.109413
https://doi.org/10.1111/j.1365-3040.2011.02461.x
https://doi.org/10.1371/journal.pone.0053136
https://doi.org/10.1007/s11103-008-9438-x
https://doi.org/10.1104/pp.110.162503
https://doi.org/10.1104/pp.013672
https://doi.org/10.1105/tpc.12.4.519
https://doi.org/10.1016/j.jplph.2009.11.002
https://doi.org/10.1104/pp.105.069625
https://doi.org/10.1105/tpc.006148
https://doi.org/10.1146/annurev-arplant-050213-040133
https://doi.org/10.1093/pcp/pcw002
https://doi.org/10.1016/j.bios.2015.05.027
https://doi.org/10.1016/j.jplph.2014.05.007
https://doi.org/10.1126/science.1059046
https://doi.org/10.1016/j.febslet.2009.07.007
https://doi.org/10.1038/nbt809
https://doi.org/10.1007/s11103-007-9184-5
https://doi.org/10.1104/pp.107.097568
https://doi.org/10.1093/pcp/pcn033
https://doi.org/10.1093/jxb/ern242
https://doi.org/10.1111/j.1469-8137.2007.02214.x
https://doi.org/10.1093/pcp/pcv134
https://doi.org/10.1371/journal.pgen.1005933
https://doi.org/10.3389/fpls.2015.00218
https://doi.org/10.1111/tpj.12298
https://doi.org/10.1093/jxb/erq424
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

	Heterotrimeric G Protein-Regulated Ca2+ Influx and PIN2 Asymmetric Distribution Are Involved in Arabidopsis thaliana Roots' Avoidance Response to Extracellular ATP
	Introduction
	Materials and Methods
	Plant Material
	Root Growth Measurement
	Electrophysiology
	Confocal Laser Scanning Microscopy
	Gene Expression Analysis

	Results
	The Avoidance Response of Arabidopsis thaliana Primary Roots to eATP
	Heterotrimeric G Protein α Subunit Is Involved in Root's Avoidance Response to eATP
	Heterotrimeric Gα-Regulated Ca2+ Influx Is Involved in Roots' Avoidance Response to eATP
	Heterotrimeric Gα Is Involved in eATP Regulated Asymmetric Auxin Response Reporter Activity in Root Tip Cells
	Heterotrimeric Gα Is Involved in eATP-Regulated Functional Gene Expression in Root Cells
	DORN1 Is Unlikely Involved in eATP Avoidance Response of Arabidopsis Roots

	Discussion
	Author Contributions
	Funding
	Supplementary Material
	References


