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Abstract Biosynthesis and accumulation of jasmonate
(JA) can regulate plant defense responses and organ
development under insect herbivore stress conditions. One
of these responses, the inhibition of root growth, is a
common phenomenon. However, the physiological and
molecular mechanisms of how JA affects root growth are
not completely understood. In this study, the influence of
MelJA treatment on auxin and proton flux rates in the root
apex region of Col-0, coil-1, pin2, and auxI-7 mutant lines
was examined using a non-invasive micro-test technique.
The auxin and H* flux profiles taken from coil-I mutants
suggest that the modulation of auxin and H" flux by JA
requires the function of COIl. The auxin and H* flux in
pin2 and aux] mutants with and without JA treatment
suggest that JA can affect polar auxin transport by regu-
lating PIN-mediated auxin efflux and the AUX-mediated
influx pathways. Furthermore, the expression levels of
PINI, PIN2, PIN3, PIN7, AUXI, and TIRI genes were
reduced under MeJA treatment, and expression levels of
CYP79B2 and CYP79B3 were elevated. Together, these
results suggest that JA signaling may modulate the auxin

Ting Zhang and Suli Yan contributed equally to this work.

< Yingbai Shen
ybshen@bjfu.edu.cn

< Yinglang Wan

ylwan@bjfu.edu.cn

College of Biological Sciences and Technology, Beijing
Forestry University, Beijing 100083, China

National Engineering Laboratory for Tree Breeding, Beijing
Forestry University, Beijing 100083, China

Agricultural and Biological Engineering Department,
University of Florida, Gainesville, FL 32611, USA

@ Springer

signaling pathways by regulating the expression of key
genes.

Keywords Auxin flux - H" flux - Jasmonate - COII -
Arabidopsis thaliana

Introduction

Jasmonate (JA) functions as an important molecular signal
that is induced by insect herbivory. JA plays a well-
established role in mediating both plant defense responses
and developmental processes (Creelman and Mullet 1997),
such as root growth, tuberization, tendril coiling, senes-
cence, and fertility (McConn and Browse 1996; Schommer
and others 2008; Staswick and others 2009). Among these
typical effects of JA, growth inhibition has been well
characterized (Dathe and others 1981).

Plants perceive JA-Ile by coronatine insensitive 1
(COI1) (Xie and others 1998; Yan and others 2009; Sheard
and others 2010). COI1 encodes an F-box protein which is
part of a Skp1/Cullin/F-box complex (SCF°'") (Feys and
others 1994; Xie and others 1998). SCF complexes act as
E; ubiquitin ligases that target jasmonate-ZIM domain
proteins (JAZs) for degradation by the 26S proteasome
(Chini and others 2007; Thines and others 2007) which
leads to the releases of transcription factors that regulate
downstream signal cascades and modulate plant defense
responses and development (Chen and others 2011; Song
and others 2013). The coil mutant is deficient in all JA
responses, including both the root growth inhibition and
defense gene expression (Feys and others 1994).

Among the numerous factors that are known to affect
root growth, PM H'-ATPase-mediated H" secretion is
essential for optimal primary root growth and root hair
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development (Rober-Kleber and others 2003; Haruta and
Sussman 2012). For example, under moderate water stress,
polar auxin transport (PAT) is enhanced, inducing PM H-
ATPase-mediated proton secretion in the root tip, which
regulates root growth during adaption to water stress (Xu
and others 2013). In other work, MeJA treatment has also
been shown to activate PM H"-ATPase activity in roots of
Mung Bean (Wen and others 2006). However, it is not
clear how the activity of PM H"-ATPase is integrated into
root growth under MeJA treatment.

In addition to the role of PM H-ATPase in root elon-
gation, several plant hormones are also involved in regu-
lating root growth, with auxin being the key regulator
(Vanneste and Friml 2009). Auxin participates in almost
every process of root growth and development, including
the pattern formation of roots (Blilou and others 2005), cell
division and cell expansion in the primary root (Stepanova
and others 2008), and elongation and differentiation of
cells leaving the root meristem (Rahman and others 2007).
The polar transport of auxin regulates auxin distribution
and guides root elongation and formation (Grieneisen and
others 2007). Chen indicated that MeJA suppresses root
growth, which was correlated to PAT in the root tip (Chen
and others 2011). Further, Sun and others (2011) confirmed
that exogenous MeJA treatment inhibited PIN2 endocytosis
(at low JA concentration), or reduced PIN2 accumulation
in the plasma membrane (at high JA concentration). In this
study, however, MeJA suppressed endocytosis and abol-
ished plasma membrane accumulation of PIN2 in coil-1
plants, suggesting that PIN2-mediated auxin transport
plays a key role in regulating the root elongation under
MelJA treatment, and COI1 likely modulates PIN2 activity
during this procedure. Although, these studies provide
detailed molecular evidence for the alterations of auxin
transporters in response to MeJA, to date the direct evi-
dence of changes in PAT has not been reported. Another
problem with previous studies is that the method used for
detection of auxin levels was based on a destructive assay
with poor temporal resolution (Ulmasov and others 1997;
Petersson and others 2009; Pan and others 2010; Sun and
others 2011, Qi and others 2012).

With the development of self-referencing (SR) auxin
(TAA) microsensors, Mancuso and others (2005) and
McLamore and others (2010) measured the auxin flux
along maize root tips without any damage to the root tissue.
This real time, non-invasive microsensor technique has
been validated with independent measurements using
HPLC (Mancuso and others 2005; Subraya and others
2013). In this study, a SR non-invasive micro-test tech-
nique (NMT), was used to directly measure transmembrane
auxin flux rate and H" flux rate along Arabidopsis thaliana
roots before and after MeJA treatment. The transcription
expression levels of transport and perception response

genes under exogenous MeJA treatment were also evalu-
ated. We show that MeJA directly reduced PIN-mediated
transmembrane auxin flux, and increased H' secretion
along the roots. The alteration of auxin flux and H' flux
was correlated with the function of COIl. Our results
provide new physiological evidence for the functional
relationship between JA and auxin in regulating root
growth.

Methods
Plant Material and Growth Conditions

In this study, WT A. thaliana lines (Col-0, Columbia
ecotype) and mutant lines pin2 (eirl-4, Columbia back-
ground), auxl-7 (Columbia background), and coil-I
(Columbia background) were used. The seeds were sur-
face-sterilized for 10 min in 0.5 % NaClO water solution,
washed four times in sterile water, and plated on half
Murashige and Skoog (1/2MS) medium. Plants were
stratified at 4 °C for 2 days in darkness, and then trans-
ferred to an incubator set at 22 + 1 °C, with white light
illumination (150 pmol m~2 s™') in a long-day cycle (16/
8 h). The relative humidity was 70 %. Three-day-old
seedlings of Col-0 or coil-1 were transferred to plates with
varying concentrations of MeJA (0, 5, 10, 25, 50, and
100 pM), and then cultured for an additional 3 days. The
homozygous coil-1 seedlings were screened according to
the methods of Feys and others (1994). The root length of
Col-0 and homozygous coil-1 seedlings was measured
using Image-Pro Plus (Media Cybernetics Company).

Inhibitor Treatment

The seedlings were fixed on the bottom of a 35-mm dish
and incubated in the test buffer solution (0.1 mM KClI,
0.1 mM CaCl,, 0.1 mM MgCl,, 0.5 mM NaCl, 0.3 mM
MES, 0.2 mM Na,SO,, and pH 6.0) for 20 min in light.
Then 100 pM vanadate was added to the buffer according
to Undurraga and others (2012). After 30 min incubation
with vanadate, the samples were washed several times with
the buffer. Then the samples were used for IAA flux or H*
flux measurement.

NMT Technique for Measuring Auxin Flux and H*
Flux

Net H' flux was measured using a NMT, as described by
Xu and others (2006). This technique, also known as the
self-referencing microelectrode technique, is used to study
the flux of specific molecules from single cells and/or tis-
sues. The technique uses computer-controlled stepper
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motors to oscillate an ion-selective microelectrode near the
surfaces of cells and tissues (within 1-2 pm of the surface),
providing direct measurement of ion flux based on Fick’s
first law of diffusion.

The H* electrode was fabricated as described by Yan
and others (2015). Pre-pulled and silanized glass micro-
pipettes (2—4 um aperture) were first filled with a back-
filling solution (40 mM KH,PO4 and 15 mM NaCl, pH
7.0). Then, the micropipettes were front-filled with selec-
tive liquid ion exchange (LIX) cocktails to a column length
of approximately 25 pum. LIX was obtained from Sigma
Aldrich (Sun and others 2009). A Ag/AgCl electrode
holder was inserted from the back of the electrode until the
tip of the wire was immersed in the electrolyte solution.
DRIREF-2 (World Precision Instruments) was used as a
reference electrode. The electrodes were calibrated prior to
the experiment in test buffer (0.1 mM KCI, 0.1 mM CaCl,,
0.1 mM MgCl,, 0.5 mM NacCl, 0.3 mM MES, and 0.2 mM
Na,SO,4) with pH 6.0 and pH 7.0. Only electrodes with
Nernstian slopes between 53 and 62 mV/[log-C (£z)] were
used in the current study (z is the valence of the ion and C
is the ion concentration).

In the test, 7-day-old seedling roots were fixed on the
bottom of a 35-mm dish incubated in the test buffer (0.1 mM
KCl, 0.1 mM CaCl,, 0.1 mM MgCl,, 0.5 mM NaCl,
0.3 mM MES, and 0.2 mM Na,SO,), pH 6.0 for 20 min.
Then the H* flux of individual roots was measured using
NMT. The sensor was placed near the roots (1-2 um), and
controlled by the stepper motors oscillated in the direction
tangential to the root surface with an excursion distance of
20 um. H" fluxes were measured along the root tip, con-
centrating on the following zones (distance reported is the
linearized distance from the root cap junction): 0, 100, 200,
300, 400, 600, 700, 800, 900, 1000, 1100, and 1200 pum from
the root cap junction. Each plant was measured once. Then
the roots were treated with 50 uM MeJA for 1 h, and the H*
flux was measured again. The final flux values at each zone
were reported as the mean of six individual plants from each
treatment. The H™ flux was calculated according to Porter-
field and others (2009).

A[H"] + B{(LBC/K,)A[H"]
AX

here, J is the free proton flux (pmol cm ), D is the proton
molecular diffusion coefficient (9.22 x 107> cm? s™1), [HT]
is the measured proton concentration gradient (pmol ml™Y), K,
is the acid dissociation constant for the buffer (MES), and AX is
the excursion distance for the microelectrode oscillation (cm).

Net auxin fluxes were measured using the NMT (NMT-
100, YoungerUSA LLC., Amherst, MA) with ASET 2.0
(Science wares, Falmouth, MA) and iFluxes 1.0 Software
(Younger USA, LLC.). The IAA sensor construction and
surface modification were based on the method of McLamore
and others (2010). Sample preparation and measurement were
the same as described above in the HY measurement. The
polarization voltage was 4700 mV, and YGO003-Y05
(YoungerUSA, LLC.) was used as the reference electrode to
complete the circuit. The IAA electrode was calibrated with 0,
2,4, 6,and 8 uM IAA in PBS buffer. Only electrodes with a
linear calibration slope (R* > 0.99) were used. Fick’s first law
of diffusion (/ = —D x AC/AX) was used to calculate the
auxin flux; where Jis the free auxin flux (fmol cm 2 s™1), Dis
the molecular diffusion coefficient (7 x 107% cm? s_l)
(Sussman and Goldsmith 1981), AC is the auxin concentration
gradient (fmol), and AX is the excursion distance for the
microelectrode oscillation (20 um).

J=D

-2 -1
S

Quantitative RT-PCR

Seven-day-old seedlings were treated with 50 uM MelJA for
3 h, root tissue was harvested and frozen in liquid nitrogen.
Total RNA was extracted using the Total RNA extraction kit
(Takara). After DNase treatment, 500 ng of total RNA was used
for reverse transcription. qRT-PCR was performed using the
Power SYBR Green PCR Master Mix kit (Applied Biosystems)
on a 7300 Real-Time PCR system (Applied Biosystems)
according to the manufacturer’s instructions. Normalization
was performed using control genes ACTIN-2 and ACTIN-7. An
arbitrary value of 1 was assigned to non-treated samples.
The primers used in the qRT-PCR were as follows:

PINI-F GGTCGGAACTCTAACTTTGGTC
PIN2-F CCTCGCCGCACTCTTTCTTTGG
PIN3-F AGCACCTGACAACGATCAAGGCG
PIN7-F TGTTTGGGGATCCAACGGATC
AUXI-F GTTCGTATACGTGAAGGGAGTA
CYP79B2-F CACGATGATGCTCGCGAGACT
CYP79B3-F AGTCACTTCCGAACACTCA
TIRI-F CTTAACCGAGCTGTTCCAC
ACTIN2-F TTGACTACGAGCAGGAGATGG
ACTIN7 -F CCATTCAGGCCGTTCTTTC

PINI-R CAGCTCCAGCAGCAGTTCCAGC
PIN2-R CCGTACATCGCCCTAAGCAATGG
PIN3-R GTTCTCCTCCGAAATCTCCACT
PIN7-R TACCCTCTCCGACTCTTCTTC
AUXI-R CACACACTACATATTATCGACT
CYP79B2-R TCACTTCACCGTCGGGTAGAGA
CYP79B3-R TCGCAGGTTACCATATTCC
TIRI-R AGTAAACATCTGGTCGCACT
ACTIN2-R ACAAACGAGGGCTGGAACAAG
ACTIN7 -R CGTTCTGCGGTAGTGGTGA
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Histochemical GUS Assay

Seven-day-old seedlings were fumigated with 5 uM MeJA or
alcohol (CK) for 24 h. Then, the treated seedlings were incu-
bated overnight at 37 °C in X-Gluc buffer (100 mM sodium
phosphate, pH 7.0, 0.1 mM EDTA, 0.5 mM ferricyanide,
0.5 mM ferrocyanide, 0.1 % Triton X-100, and 1 mM X-Gluc).
Individual representative seedlings were photographed.

Data Analysis

The significance of arithmetic mean values for all data sets
was assessed by two-way ANOVA and multiple compar-
isons. The differences at P < 0.05 were considered statis-
tically significant.

Results
Root Tip Response to Exogenous MeJA Treatment

To investigate how JA inhibits root growth, we first mea-
sured the primary root length of wild-type (Col-0) and
coil-1 Arabidopsis seedlings under MeJA treatment (0, 5,
10, 25, 50, and 100 uM). As expected, the root elongation
of Col-0 was inhibited in a dose-sensitive manner. How-
ever, the root growth of JA-insensitive coil-I mutants was
largely unaffected by MeJA, indicating that the suppressed
effect of MeJA on root elongation requires the function of
COIl (Fig. 1a, b).

MeJA Inhibited the Root Growth by Modulating
Auxin Transport

To determine whether the JA-suppressed root growth was
related to auxin transport, the auxin flux rate was measured
in different functional regions of the root apex using NMT
on the seedlings of Col-0 and the JA perception mutant
coil-1. As shown in Fig. 2a, b, the auxin flux rate in the
roots of Col-0 plants is positive in the meristem
(0-200 pm) and transition zone (200-600 um), suggesting
strong auxin activity in those regions. The peak value of
auxin efflux was observed at 300 pm behind the root tip. In
the elongation zone (600-1000 pm) and mature zone
(>1000 pm), the auxin flux rate was negative, indicating a
net auxin influx. The auxin flux profile of the coil-1 mutant
was similar to that from Col-0 seedlings. When the seed-
ling roots of Col-0 and coil-1 were exposed to exogenous
50 uM MeJA, the auxin efflux rate of WT was significantly
repressed in the transition zone, whereas in the elongation
and mature zones, the auxin flux rate was not significantly
different. Conversely, in the roots of coil-1 seedlings, the
auxin flux rate was not affected by MeJA treatment. To

coil-1

Col-0

' I

MelJA

MeJA

CK

0.4 ) ) ) ) ) )
0 20 40 60 80 100

MeJA concentration (UM)

CK

1.41
—a— Col-0

—e— coil-1
1.2 1

1.04

0.8

Root length (cm)

0.6

Fig. 1 Effect of exogenous MeJA on Arabidopsis thaliana root
length. a Pictures were taken from 6-day-old seedlings of wild-type
(Col-0), and coil-1 grown on vertical plates with and without MeJA
(50 uM). b MeJA induced inhibition of root growth in WT (Col-0)
and coil-1 seedlings. WT and coil-1 seeds were germinated on 1/2
MS medium containing different concentrations of MeJA (0, 5, 10,
25, 50, and 100 pM), and seedling root length was measured at 6 days
after germination (n = 40; mean & SD; statistical analysis was
performed by ANOVA, a P < 0.05).The experiments are represen-
tative of at least three independent experiments

investigate whether the auxin flux was related to the PM
H"-ATPase, the auxin flux along vanadate pretreated Col-0
roots was further monitored. We found that the auxin efflux
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Fig. 2 Effect of exogenous MeJA on the auxin flux rate and H* flux
rate. a Auxin flux profile along the roots apex of Col-0 (black), coil-1
(red) and vanadate pre-treated Col-0 (navy) Arabidopsis lines with
(open) and without (solid) MeJA treatment (50 uM). n = 6; bars
indicate standard errors. ¢ H* flux profile along the root apex of Col-0

increased along these roots, with the most pronounced
regions being the meristem and transition zones.

Uptake of IAA from the extracellular space to the
cytoplasm is known to be correlated with apoplastic pH
(Yang and others 2006; Taiz and Zeiger 2006). Thus, we
measured transmembrane H' flux along the seedling roots.
As shown in Fig. 2c, d, the H" flux along the roots was
converse to IAA. In the meristem and transition zones, the
H™ flux showed a strong negative value (indicating influx).
However, in elongation and mature zones, the flux was
positive (indicative of efflux). Vanadate treatment
enhanced the H" influx in the meristem and transition
zones in Col-0 roots. The H" flux in coil-1 roots was
similar to that of Col-0. Exogenous MeJA significantly
increased H" secretion with the most striking area being
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(black), coil-1 (red) and vanadate-treated Col (navy) Arabidopsis
lines with (open) and without (solid) MeJA treatment (50 pM).
n = 6; bars indicate standard errors. b, d Mean auxin flux rate (b) and
H™ flux rate (d) in transition zones. Statistical analysis was performed
by ANOVA (n = 6; mean £ SD, a P < 0.05) (Color figure online)

the transition zone. As expected, exogenous application of
MeJA did not significantly affect the net H" flux along
coil-1 roots.

MeJA-Regulated Auxin and Proton Flux in A.
thaliana Roots in Auxin Transport Mutants

PAT involves the PIN family of auxin efflux carriers and
also the AUX1/LAX family of auxin influx carriers. Fur-
thermore, we investigated whether these auxin transporters
mediated MeJA-suppressed auxin transport. As shown in
Fig. 3a, b, before MeJA treatment, the auxin flux rate in the
roots of pin2 and auxI-7 seedlings was significantly lower
than that that in Col-0 plants in the transition zone. How-
ever in the meristem zone, elongation zone, and mature
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Fig. 3 Effect of MeJA on auxin and proton flux rates in root apexes
of auxin transport mutants. a Auxin flux profile along the root apex of
Col-0 (black), pin2 (blue), and auxI-7 (olive) Arabidopsis lines with
(open) and without (solid) MeJA treatment (50 uM); n = 6, bars
indicate standard errors. ¢ Proton flux profile along the root apex of

zone, the auxin flux rate in pin2 and auxI-7 showed no
significant difference compared to WT. MeJA treatment
reduced the auxin flux rate in the meristem and transition
zones in roots of both pin2 and auxI-7 seedlings. To our
surprise, the auxin flux profile of pin2 mutants under
MeJA treatment was similar to Col-0 under MeJA
treatment. However, MeJA largely reduced the auxin flux
along the whole root of auxi-7, especially in the tran-
sition zone.

Further, we observed that the H™ flux rate along pin2
and auxI-7 roots was significantly lower than that in Col-0
roots, indicating that PIN or AUXI mutation may affect the
activity of PM HT-ATPase. JA treatment increased the H'
secretion in both the pin2 and auxI-7 roots, with the
transition zone being most affected (Fig. 3c, d).

=
(o))
S
S
?

Mean IAA flux (fmol cm™s™)

Mean IAA flux in transition zone

pin2+MeJA
auxlI-7 a
aux1-7+MeJA

Mean H flux (pmol cm™s™)

Mean H' flux in transition zone

Col-0 (black) pin2 (blue) and auxl-7 (olive) Arabidopsis lines with
(open) and without (solid) MeJA treatment (50 uM). n = 6, bars
indicate standard errors. b, d Mean b auxin flux rate and d proton flux
rate in transition zone of the root. Statistical analysis was performed
by ANOVA (n = 6; mean =+ SD, a P < 0.05) (Color figure online)

MeJA Activated the Auxin Biosynthesis Gene
and Repressed the Auxin Transport Relevant Genes

To determine how MeJA alters the auxin flux rate, the
transcription expression levels of two Arabidopsis cyto-
chrome P450s genes CYP79B2 and CYP79B3 (Zhao and
others 2002), which convert tryptophan (Trp) to indole-3-
acetaldoxime (IAOx) in vitro, were measured. The
expression levels of auxin transporter-related genes PINI,
PIN2, PIN3, PIN7, AUXI, and the auxin perception gene
TIR1 were also quantified by qRT-PCR. The Dr5:GUS was
also monitored before and after MeJA treatment. As shown
in Fig. 4a, b, 50 pM MeJA treatment up-regulated the
expression levels of CYP79B2 and CYP79B3, consistently,
MeJA fumigation promoted IAA accumulation in the root
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Fig. 4 JA regulated the expression of auxin biosynthesis and
transport-related genes at the transcription level. a Quantitative
real-time PCR analysis of transcript levels of the auxin biosynthesis-
related genes in Col-0 plants after MeJA treatment. Seven-day-old
seedlings were treated with 50 pM MeJA for 3 h and root tissues
were collected for RNA extraction and qRT-PCR assay. The
transcript levels of CYP79B2 and CYP79B3 were normalized to the

cap. However, MeJA treatment down-regulated the tran-
scription expression level of auxin transport-related genes
PINI, PIN2, PIN3, PIN7, and AUXI, and the IAA per-
ception gene TIRI.

Discussion
Plants have a limited arsenal of resources for growth and
defense. When defense reactions increase in intensity,

growth and development suffer. Under insect herbivore
predation, plants with inherently slow growth rates survive
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PIN3 PIN7 AUXI TIRI

B Col-0 Col-0+MeJA

ACTIN7 expression. Error bars represent the SD of triplicate
reactions. The experiment was repeated three times with similar
results. b Histochemical staining of GUS activity in the seven-day-old
seedlings upon MeJA treatment. ¢ Quantitative real-time PCR
analysis of transcript levels of the auxin transport-related genes in
Col-0 plants after MeJA treatment

better than those with fast growth rates; slow rates in turn
favor large investments in anti-herbivore defenses (Coley
and others 1985). JA functions as an important molecular
signal induced by insect herbivory (Turner and others
2002; Li and others 2002; Wasternack and Kombrink
2010), regulating plant defense response, and also root
growth and development (Creelman and Mullet 1997).
COll is a critical component of the JA receptor, and COI1
mutants are insensitive to JA, including resistance to JA
inhibited root growth and defects in the expression of JA-
regulated genes (Feys and others 1994). Similar to the
above, in the present study, MeJA also inhibited primary
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root elongation in Col-0 seedlings, but did not affect coil-1
seedlings.

Plant root development is subject to hormonal control
which is coordinated by several phytohormones (Wolters
and Jirgens 2009). Hentrich and others (2013) have
recently shown that the MeJA-triggered inhibition of root
elongation growth depends on the crosstalk between JA-
signaling and auxin biosynthesis. MeJA or coronatine
treatment promotes the production of auxin, the Ara-
bidopsis cytochrome P450s genes CYP79B2, CYP79B3, the
YUC genes, and ASAI, TAAI genes are involved in auxin
biosynthesis (Stepanova and others 2008; Sun and others
2009; Qi and others 2012; Hentrich and others 2013; Yang
and others 2014). Our results also showed that MeJA up-
regulated the CYP79B3, suggesting that MeJA treatment
elevated auxin biosynthesis. However, whether the auxin
flux along the roots was involved in this JA signaling has
yet to be fully uncovered. Therefore, we monitored the
auxin levels along the roots using the NMT. We found that
in the roots of Col-0 plants, MeJA significantly affected
auxin transport in the meristem and transition zones, but
not in the elongation and mature zones, which was similar
to the results of McLamore (McLamore and others 2010),
suggesting that these two zones play important roles in
MeJA-regulated root development. Data from Baluska and
others (2010) also support this argument, which demon-
strated that the transition zone has a unique role in the
determination of cell fate and root growth (Baluska and
others 2010). However, MeJA did not significantly affect
auxin transport along the roots of coil-1 seedlings, sug-
gesting that JA regulates the auxin transport required for
the function of COI1, which was consistent with the growth
phenotype under MeJA treatment.

The subcellular distribution of the auxin transporter-re-
lated PIN family plays a critical role in auxin gradient-
mediated developmental processes (Wisniewska and others
2006). Sun and others (2011) indicated that MeJA affected
PIN2 endocytosis or reduced PIN2 accumulation in the
plasma membrane. Under Alternaria brassicicola stress, a
JA-mediated signal pathway, A. thaliana up-regulated the
auxin biosynthesis and down-regulated the auxin polar
transport in roots. These results imply that the modulation
of auxin transport in roots may be related to root growth. In
these studies, however, the direct observation of auxin
transport was not observed. In the current study, we found
that before MeJA treatment, the auxin flux rates in the
meristem and transition zones of pin2 and auxI-7 were
significantly lower than Col-0 roots, suggesting that PAT in
pin2 and auxl-7 roots was reduced. However, the auxin
flux has been shown to be less pronounced and not sig-
nificantly different in elongation and mature zones, which
may be due to the normal tissue-specific distribution/lo-
calization of PIN2 within the root. After MeJA treatment,

the auxin flux rate in pin2 roots had no significant differ-
ence to Col-0 plants. However, the auxin transport in auxI-
7 seedling roots was significantly lower than that in Col-0
and pin2 plants, suggesting that PIN family transporters
play a central role in modulating MeJA-suppressed auxin
transport.

Further analysis of relevant auxin transporter genes
showed that MeJA treatment down-regulated the expres-
sion of PINI, PIN2, PIN3, PIN7, and AUXI, suggesting
that MeJA treatment not only reduced the auxin transport
in the central microtubule organization from leaves to
roots, but also inhibited the redistribution of the PIN2-
dependent auxin transport stream, and PIN2-, PIN3-, PIN7-
mediated auxin lateral redistribution. MeJA down-regu-
lated PAT, which may have reduced the auxin concentra-
tion in the elongation zone of roots, and this could repress
root elongation. MeJA also down-regulated the transcrip-
tion level of the auxin perception gene TIRI, suggesting
that MeJA reduced the sensitivity of roots to IAA. Taken
together, the results of auxin transport and auxin biosyn-
thesis suggest that elevation of auxin content in the root tip
may be a compensatory response of reduced PAT.

JA treatment caused H™ secretion in the roots of Col-0,
pin2 and auxl-7 seedlings but not in coil-1 roots, sug-
gesting that JA regulates H" transport required for the
function of COI1. Vanadate treatment promoted H™ influx
along the roots, indicating that H" secretion was mediated
by PM H"-ATPase, which was consistent with previous
results (Wen and others 2006). It is worth noting that in
pin2 and aux1-7 seedling roots, the H™ flux was lower than
that in Col-0 roots, this may be due to the reduced activity
of PM H*-ATPase in the pin2 mutant (Xu and others
2012), which means that deficiencies in auxin transport
affect the PM H'-ATPase activity in the roots.

MeJA induced large H' efflux along the roots, which
has important physiological consequences. The auxin
uptake is mainly ensured by two mechanisms, diffusion of
the protonated form of IAA across the plasma membrane
and AUXI/LAX family protein-mediated deprotonated
auxin influx (Rubery and Sheldrake 1974; Goldsmith 1982;
Delbarre and others 1996; Yang and others 2006). AUX1
activity was demonstrated to be pH dependent (Yang and
others 2006; Cho and others 2012; Taiz and Zeiger 2006),
our results suggest that when large quantities of H* efflux
out of the cell, a proton motive force (AE 4+ ApH) was
established. This promoted auxin transmembrane influx
through passive diffusion [protonated form of auxin
(IAAH) or the secondary active transport (H"-IAAD)].
This is one possible reason that MeJA reduced the auxin
flux in meristem and transition zones. In addition, because
JA-triggered inhibition of plant growth was related to
mitosis (Zhang and Turner), whereas, the cell division
could be affected by the cytosolic pH (Morisawa and
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MeJA

{ con }

PM H*-ATPase PIN AUX1

Ht efflux

auxinlinﬂux auxin efflux
]

Root elongation

Fig. 5 Proposed model of how JA affected the root growth. Based on
previous studies of the interaction of JA and auxin (Sun and others
2011; Qi and others 2012; Zhang and Turner 2008), the hypothetical
signal sequences of MeJA-inhibited root growth was as follows: in the
presence of COIl, MeJA reduced PINs- and AUX1-mediated auxin
polar transport. MeJA also activated PM H'-ATPase, leading to large
H' efflux which promoted auxin influx. The reduced auxin polar
transport finally inhibited root elongation

Steinhardt 1982), our results suggested that the large MeJA
induced H* efflux may interfere with normal cell mitosis,
which in turn affects root growth.

In conclusion, we observed the direct changes of auxin
flux along the roots in response to MeJA treatment. The
results provide insight into the physiological mechanisms
underlying JA-induced inhibition of primary root growth of
Arabidopsis plants. As shown in Fig. 5, in the presence of
COI1, MeJA repressed the PIN family-mediated auxin
polar transport, otherwise, MeJA-activated PM H'-ATPase
activity, resulting in significant H* efflux, which affected
auxin influx. The reduced auxin transport affected auxin
content in the elongation zone, which finally inhibited the
root elongation.
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