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ABSTRACT

Since plants are sessile organisms, developmen-
tal plasticity in response to environmental stresses
is essential for their survival. Upon exposure to
drought, lateral root development is suppressed to
induce drought tolerance. However, the molecular
mechanism by which the development of lateral roots
is inhibited by drought is largely unknown. In this
study, the auxin signaling repressor IAA15 was iden-
tified as a novel substrate of mitogen-activated pro-
tein kinases (MPKs) and was shown to suppress
lateral root development in response to drought
through stabilization by phosphorylation. Both MPK3
and MPK6 directly phosphorylated IAA15 at the Ser-2
and Thr-28 residues. Transgenic plants overexpress-
ing a phospho-mimicking mutant of IAA15 (IAA15DD

OX) showed reduced lateral root development due to
a higher accumulation of IAA15. In addition, MPK-
mediated phosphorylation strongly increased the
stability of IAA15 through the inhibition of polyubiq-
uitination. Furthermore, IAA15DD OX plants showed
the transcriptional downregulation of two key tran-
scription factors LBD16 and LBD29, responsible for
lateral root development. Overall, this study provides
the molecular mechanism that explains the signifi-
cance of the MPK-Aux/IAA module in suppressing
lateral root development in response to drought.

INTRODUCTION

As global warming accelerates, plants are at an increased
risk of exposure to many environmental stresses. Drought

constitutes a major factor that seriously affects plant
growth and development. Roots are the primary plant or-
gans used to detect alterations in the soil status (1) and help
recognize drought signals. Alterations in the root system ar-
chitecture (RSA) in response to drought are considered sig-
nificant for drought tolerance (2). Such changes in the RSA
include the inhibition of lateral root development and the
expansion of long primary roots deep into the soil to reach
available water (3–5). However, the molecular mechanism
underlying the inhibition of lateral root development due
to drought is still largely unknown. It is essential to eluci-
date this mechanism to determine how plants sense drought
tolerance and alter lateral root development, which could
be used to develop plants with better performance during
climate change.

Auxin regulates almost all facets of plant growth and
development, including stem elongation, the branching of
roots and shoots, embryonic polarity, vascular develop-
ment, and tropic responses (6–9). Auxin signaling is con-
trolled by the following three core components: TRANS-
PORT INHIBITOR RESPONSE 1/AUXIN SIGNAL-
ING F-BOX PROTEIN (TIR1/AFB) auxin coreceptors,
Auxin/INDOLE-3-ACETIC ACID (Aux/IAA) transcrip-
tional repressors, and the AUXIN RESPONSE FACTOR
(ARF) transcription factors (10,11). The Aux/IAA pro-
teins repress the transcription of auxin-responsive genes by
negatively regulating the transcriptional activity of ARFs
(12,13). Upon an auxin stimulus, it promotes interactions
between TIR1/AFBs and Aux/IAA proteins, resulting in
the degradation of Aux/IAAs via SCFTIR1/AFB-E3 ubiqui-
tin ligase-mediated ubiquitination and the release of ARF
from transcriptional repression (12,14–16).

The involvement of auxin in lateral root development
has been well studied using various auxin-deficient mutants
in Arabidopsis. For example, analyses of loss-of-function
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mutants have elucidated that ARF7 and ARF19 positively
regulate the transcription of LBD16 and LBD29, which
are key transcription factors in lateral root development
(17–20). Gain-of-function mutants of Aux/IAA, includ-
ing IAA3/SHY2, IAA14/SLR, IAA15, IAA19/MSG2 and
IAA28, showed severely reduced lateral roots (21–25), sug-
gesting that these Aux/IAAs inhibit the transcriptional ac-
tivity of specific ARFs required for lateral root develop-
ment. These studies indicate that several Aux/IAA-ARF
modules regulate auxin signaling and control lateral root
development.

MPK cascades are evolutionarily conserved in eukary-
otes and are involved in various physiological responses
(26–29). MPK cascades are also activated in response to
stresses and promote stress tolerance in plants (30–33).
Moreover, activated MPK cascades lead to the inhibition
of auxin signaling, which contributes to stress tolerance.
For instance, the activation of MPK cascades by oxidative
stress represses the transcription of the auxin-response gene
GH3 (34). Additionally, the MKK7-MPK6 cascade plays a
vital role in plant development by regulating polar auxin
transport (35). Furthermore, MPK12 was identified as a
negative regulator of auxin signaling (36). These observa-
tions suggest that MPK cascades play a potential role in the
inhibition of auxin signaling under environmental stresses.
Hence, studies on the substrates of MPK that inhibit auxin
signaling are required to determine the molecular mecha-
nism linking sensing environmental stresses and suppress-
ing plant development.

Recently, we reported a gain-of-function mutant of
IAA15, a repressor of auxin signaling, showing defective
lateral root development in Arabidopsis (25). Previously,
IAA15 was found to be a substrate of MPK using protein
microarray technology (37). However, the biological role of
IAA15 phosphorylation has not been investigated. In this
study, we investigated the physiological function of IAA15
phosphorylation mediated by MPKs. We found that IAA15
can be phosphorylated by both MPK3 and MPK6 in vitro
and in vivo. Interestingly, IAA15DD OX plants showed re-
duced lateral roots. MPK phosphorylation induces the sta-
bilization of the IAA15 protein by inhibiting polyubiquiti-
nation. Furthermore, we observed that the reduced lateral
root development in IAA15DD OX plants is caused by the
downregulation of LBD genes, leading to enhanced toler-
ance to drought. Our study reveals a significant mechanism
of inhibiting auxin signaling by an MPK-IAA15 module,
which causes alteration in lateral root development and en-
hances tolerance to drought.

MATERIALS AND METHODS

Plant materials and growth conditions

The Arabidopsis thaliana Columbia (Col-0) ecotype and
Nicotiana benthamiana (tobacco) plants were used in
this study. All mutants and transgenic plants used in
this study are on the Col-0 background. The synthetic
auxin-responsive promoter (DR5)-GUS (DR5::GUS) and
NtMEK2DD transgenic plants and mpk3-1 (SALK 151594)
and mpk6-3 (SALK 127507) mutants were previously de-
scribed (14,38,39). T-DNA insertion mutant alleles of

iaa15-1 (SAIL 448 B12) and iaa15-2 (SALK 150265) were
obtained from the ABRC (https://abrc.osu.edu).

For surface sterilization, seeds were soaked in 70% EtOH
for 1 min, followed by 1/10-diluted commercial bleach
(0.4% NaOCl) for 10 min and four washes with sterile dis-
tilled water. Surface-sterilized seeds were sown on solid agar
plates that consisted of Murashige-Skoog (MS) salts (40),
vitamins, and 2.0% sucrose. After stratification for 3 days,
the plates were incubated in a growth chamber under a 16
h light/8 h dark photoperiod with a light intensity of ∼120
�mol m−2 s−1 at 22◦C. Ten- to twelve-day-old plants were
transplanted into soil and then grown under the same con-
ditions. For the mannitol or NAA treatments, four-day-old
plants vertically grown on the surface of MS medium were
transferred and vertically grown on MS medium with or
without mannitol or auxin. The root growth of the plants
was measured by counting the primary root length and lat-
eral root number at 7 d after the transfer.

Histochemical GUS assays

A GUS assay was performed as previously described (25).
To investigate GUS expression in the roots in response
to mannitol, DR5::GUS plants were treated with or with-
out NAA in the presence of mannitol and incubated in
2 mM 5-bromo-4-chloro-3-indolyl-�-D-glucuronic acid (X-
gluc) in 50 mM phosphate buffer, pH 7.0, containing 0.5
mM K3Fe(CN)6 and 0.5 mM K4Fe(CN)6 for 6 h at 37◦C.
The tissue was rinsed with 50 mM phosphate buffer, fixed,
and cleared overnight in ethanol (100%): acetic acid (9:1,
v/v) at room temperature. The samples were imaged under
a Nikon SMZ1000 stereoscopic microscope equipped with
an OLYMPUS C-5050 ZOOM digital camera.

Expression of recombinant proteins

Full-length IAA15 and MPKs were amplified by PCR
from a cDNA library of Arabidopsis plants using gene-
specific primers (Supplementary Table S1). The ampli-
cons were cloned into T-blunt vectors (Solgent, Korea),
and their fidelity was verified by sequencing. Another 28
Aux/IAA isoform genes were also amplified by PCR from
the cDNA library and cloned into T-blunt vectors (Sol-
gent), and their fidelity was verified by sequencing. To
subclone GST-IAA cDNAs, the inserts were excised with
BamHI and EcoRI and ligated into pGEX-4T-1 vectors
(Amersham Biosciences, USA). Double amino acid sub-
stitutions (S2A/T28A) in the full-length GST-IAA15 se-
quence were produced by site-directed mutagenesis using
the primers listed in Supplementary Table S1. The mutation
was confirmed by sequencing. The GST fusion constructs
were transformed into BL21 (DE3) Escherichia coli, and
the GST fusion proteins were expressed and purified using
glutathione Sepharose-4B beads (Sigma–Aldrich, USA). To
purify the GST- or His-MPKs, the inserts were excised with
BamHI and SalI and ligated into pGEX-4T-1 or pQE30
(Qiagen, Germany) vectors. The His-fusion constructs were
transformed into E. coli (M15), and His fusion proteins
were expressed and purified using Ni-NTA agarose beads
(Qiagen).

https://abrc.osu.edu
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In vitro pull-down assays

In total, 2 �g of purified GST and GST-IAA15 were in-
cubated with 10 �l of glutathione-Sepharose 4B beads in
pull-down buffer (50 mM Tris–HCl, pH 7.5, 200 mM NaCl,
1% Triton X-100, 0.1 mM EDTA, 0.5 mM DTT, and a
protease inhibitor cocktail) for 4 h at 4◦C. One microgram
of His-MPK3, His-MPK4, or His-MPK6 were added and
incubated overnight at 4◦C. After washing five times with
pull-down buffer, the precipitated beads were collected by
brief centrifugation and then eluted by boiling in SDS–
PAGE loading buffer. The eluted proteins were separated
by SDS-PAGE, transferred onto a PVDF membrane (Bio-
Rad, USA), and detected with anti-His antibodies (Abcam,
UK).

Yeast two-hybrid analysis

Full-length IAA15WT was amplified using gene-specific
primers (Supplementary Table S1) and cloned into
pGAD424 (AD, Clontech) containing the Leu2 selection
marker. MPK3, MPK6, TIR1, ARF7 and ARF19 were
amplified using gene-specific primers (Supplementary Ta-
ble S1) and cloned into pAS2-1 (BD, Clontech) containing
the Trp1 selection marker. The AD and BD plasmids were
cotransformed into the yeast strain pJ69-4A (41) and then
plated on SD/-Leu/-Trp (-L/W) medium (to select the
introduced plasmids). The positive bait−prey interactions
of the transformants were tested by monitoring the ac-
tivation of HIS3 or LacZ reporter genes in growth and
β-galactosidase assays, respectively.

Firefly luciferase (LUC) complementation imaging (LCI) as-
say

The LCI assay was performed as previously described (42);
briefly, full-length MPKs and IAA15 were ligated into the
pCAMBIA1300-NLuc and pCAMBIA1300-CLuc vectors
to produce 35S::MPKs-NLuc and 35S::CLuc-IAA15, re-
spectively. The resulting constructs were transformed into
Agrobacterium strain GV3101 (pMP90). Agrobacterium
cells harboring different constructs were infiltrated into N.
benthamiana leaves. Three days after the infiltration, the in-
filtrated leaves were sprayed with luciferin (100 �M, 0.01%
Triton X-100) and incubated for 4 h in the dark. LUC ac-
tivity was detected by a low-light EMCCD apparatus (An-
doriXon; Andor, UK).

In vitro and in-gel phosphorylation assays

The in vitro phosphorylation assay was performed as previ-
ously described (32). GST-MPK3 or GST-MPK6 was used
to phosphorylate GST (1 �g; negative control), myelin ba-
sic protein MBP (0.5 �g; positive control), GST-IAA15WT

(2 �g), and GST-IAA15AA (2 �g) in kinase buffer (25 mM
Tris–HCl, pH 7.5, 1 mM DTT, 20 mM MgCl2, 2 mM
MnCl2 and 1 �Ci [� -32P] ATP) at 30◦C for 30 min. The
reactions were stopped by the addition of 4× SDS sample
buffer, followed by boiling for 5 min. The reaction products
were visualized by autoradiography and Coomassie Bril-
liant Blue (CBB) staining after separation in a 10% SDS–
PAGE gel.

The in-gel phosphorylation assays were performed as pre-
viously described with minor modifications (32). Briefly, the
total proteins were extracted from two- to three-week-old
plants of Col-0, mpk3-1 and mpk6-3 treated with mannitol
for the indicated times. Thirty micrograms of total protein
were incubated at 60◦C for 10 min and then separated by
10% SDS–PAGE on a separating gel containing 0.1 mg/ml
MBP (positive control), 0.5 mg/ml purified GST-IAA15WT

or GST-IAA15AA as a substrate. After electrophoresis, the
gel was washed three times with washing buffer (25 mM
Tris–HCl, pH 7.5, 0.5 mM DTT, 0.1 mM Na3VO4, 5 mM
NaF, 0.5 mg/ml bovine serum albumin and 0.1% Triton X-
100) to remove the SDS. The proteins were renatured by in-
cubating the gel overnight at 4◦C in renaturing buffer (25
mM Tris–HCl, pH 7.5, 1 mM DTT, 0.1 mM Na3VO4, and
5 mM NaF), with three buffer changes. The gel was equili-
brated in reaction buffer (25 mM Tris–HCl, pH 7.5, 2 mM
EGTA, 12 mM MgCl2, 1 mM DTT and 0.1 mM Na3VO4) at
30◦C for 30 min. The kinase reaction was carried out by in-
cubating the gel at 30◦C for 1.5 h in 20 ml of reaction buffer
consisting of 0.5 �M ATP and 50 �Ci [� -32P] ATP. The re-
action was stopped by transferring the gel to a stop solution
(5% trichloroacetic acid and 1% disodium pyrophosphate).
The gels were washed with the stop solution for 5 h at room
temperature, with four changes of the solution; then the gels
were dried on 3M paper. MPK3 and MPK6 kinase activity
was detected with autoradiography.

Mass spectrometric analysis of phosphopeptides using TiO2
microcolumns

GST-IAA15 was treated with GST-MPK6 as described
above for the in vitro phosphorylation assay. The protein
bands were excised after separation on SDS-PAGE gels and
in-gel digestion with modified trypsin (Promega, USA) (43).
The digested peptides were subsequently dissolved in load-
ing buffer (80% acetonitrile and 5% trifluoroacetic acid) and
passed through a TiO2 microcolumn. The eluted phospho-
peptides with NH4OH (pH 10.5) were added to a Poros
Oligo R3 column (Applied Biosystems, USA) and then
eluted from the column using 2,5-dihydroxybenzoic acid
(DHB; Fluka, USA) solution (20 mg/ml DHB, 50% ace-
tonitrile, 0.1% trifluoroacetic acid, and 1% orthophospho-
ric acid). A MALDI-MS analysis was performed using a
Voyager-DE STR mass spectrometer (PerSeptive Biosys-
tems, Inc., USA). The mass spectra were obtained with
the instrument in the reflectron/delayed extraction mode.
Monoisotopic peptide masses were analyzed using MoverZ
software (www.proteometric.com).

In vivo phosphorylation assay

IAA15 protein phosphorylation in vivo was detected by a
mobility shift assay using a Phos-tag reagent (NARD In-
stitute, Japan). The total proteins were extracted from 2-
week-old IAA15WT OX plants treated with mannitol and
separated on a 10% SDS–PAGE gel containing 100 �M
phos-tag and 200 �M ZnCl2. After electrophoresis, the gel
was incubated in transfer buffer containing 10 mM EDTA
three times, washed with transfer buffer (50 mM Tris, 40
mM glycine) for 10 min, and then transferred onto a PVDF

http://www.proteometric.com
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membrane (Bio-Rad). The IAA15 proteins were detected
with anti-Flag antibodies (1:5000; Sigma–Aldrich).

Construction of transgenic plants

To generate the 35S::3XFLAG-IAA15WT, 35S::3XFLAG-
IAA15AA and 35S::3XFLAG-IAA15DD constructs, amino
acid substitutions (S2A/T28A or S2D/T28D) in full-length
IAA15 were produced by site-directed mutagenesis using
the primers listed in Supplementary Table S1. IAA15WT

and its mutants were subcloned into the BamHI and SpeI
sites of pBlueScript II KS (+) (Stratagene, USA) containing
3XFLAG. The 3XFLAG-IAA15WT, 3XFLAG-IAA15AA and
3XFLAG-IAA15DD constructs were cloned into pCAM-
BIA 1300 binary vectors (Abcam) containing the 35S pro-
moter. All constructs were confirmed by sequencing and
transformed into Col-0 or DR5::GUS plants using Agrobac-
terium strain GV3101 (pMP90) by the floral-dip method
(44). The transformants were selected on MS media con-
taining the proper antibiotics. T3 homozygous progeny of
the transgenic plants expressing high levels of IAA15 were
used in all experiments.

To generate IAA15pro::3XFLAG-IAA15WT-GUS,
IAA15WT cDNA was cloned into the BamHI and SpeI
sites of pBlueScript II KS (+) containing 3XFLAG-GUS.
A 2.4 kb upstream region of the ATG start codon in the
IAA15 genome was cloned into the HindIII and SalI sites
of pBlueScript II KS (+) containing 3XFLAG-IAA15WT-
GUS. IAA15pro::3XFLAG-IAA15WT-GUS was cloned into
the HindIII and SacI sites of the pPZP211 binary vector
(45). The construct was confirmed by sequencing and
transformed into Col-0 plants. The transformants were
selected on MS media containing the proper antibiotics. T3
homozygous progeny of transgenic plants expressing high
levels of IAA15 were used in all experiments.

To generate double transgenic plants coexpressing
FLAG-NtMEK2DD/hemagglutinin (HA)-IAA15WT,
IAA15WT was cloned into a pMLBart vector containing
the HA epitope under the control of the 35S promoter. The
construct was then transformed into Flag-NtMEK2DD OX
plants controlled by a dexamethasone (DEX)-inducible
promoter. The double transformants were selected on MS
medium containing the proper antibiotics. T3 homozygous
progeny of transgenic plants expressing high levels of
IAA15 were used in all experiments.

Protein extraction and immunoblot analysis

The total plant proteins were extracted from 2-week-old
plants treated with mock, MG132, or mannitol in protein
extraction buffer (50 mM Tris–HCl, pH 7.5, 5 mM EDTA,
5 mM EGTA, 1 mM Na3VO4, 25 mM NaF, 50 mM glyc-
erophosphate, 2 mM DTT, 2 mM PMSF, 5% glycerol, 1%
Triton X-100, and protease inhibitor cocktail), and sepa-
rated by SDS–PAGE. The IAA15 proteins were detected
with anti-FLAG antibodies (1:5000; Sigma–Aldrich).

To detect ubiquitinated IAA15, the total proteins
were extracted from 2-week-old plants of IAA15WT and
IAA15DD OX treated with or without NAA plus MG132

for 24 h and then immunoprecipitated using anti-Flag an-
tibodies coupled to agarose beads (Sigma–Aldrich) for 4 h
at 4◦C. The immunoprecipitated proteins were detected by
immunoblotting with anti-ubiquitin antibodies (Santa Cruz
Biotechnology, USA).

For the in vivo turnover assay of IAA15 proteins, the
total proteins were extracted from 2-week-old plants of
IAA15WT and IAA15DD OX, which were pretreated with
10 �M MG132 or 200 mM mannitol for 20 h, treated with
or without 10 �M NAA in the presence of 1 mM cyclo-
heximide (CHX) for 4 h and separated by SDS–PAGE. The
IAA15 proteins were detected by immunoblotting with anti-
Flag (1:5,000; Sigma–Aldrich).

To estimate the activities of MPK3 and MPK6, the to-
tal proteins were extracted from 2-week-old NtMEK2DD

OX/IAA15WT OX plants treated with 10 �M MG132 and
50 �M DEX and separated by SDS–PAGE. The activities of
MPK3 and MPK6 were detected by immunoblotting with
anti-p44/42 antibodies (1:10,000; Cell Signaling Technol-
ogy, USA).

Cell-free protein degradation assay

The cell-free protein degradation assay of IAA15 was per-
formed as previously described (46,47) with minor modi-
fications. The total proteins were extracted from 2-week-
old plants of Col-0, mpk3, and mpk6 in degradation
buffer (50 mM Tris–HCl, pH 8.0, 500 mM sucrose, 1 mM
MgCl2, 10 mM EDTA, pH8.0 and 5 mM DTT). Equal
amounts of proteins from Col-0, mpk3, and mpk6 plants
were incubated with recombinant GST-IAA15 protein at
25◦C for different durations. The IAA15 protein was de-
tected by immunoblotting with anti-GST antibodies (Abm,
USA).

DNA, RNA extraction, and qPCR analysis

Genomic DNA was isolated using an Exogene GeneAll
plant SV mini kit (GeneAll Biotechnology, South Korea)
according to the manufacturers’ instructions. The total
RNA was extracted from 2-week-old plants grown on MS
medium using an RNA purification kit (Macherey-Nagel,
Germany). Five micrograms of total RNA were reverse
transcribed using SuperScript II RNase-Reverse Transcrip-
tase (Invitrogen, USA). qPCR analyses were performed
on a CFX384 Real-Time System (Bio-Rad, USA) using
iQ SYBR® Green Supermix (Bio-Rad) with gene-specific
primers (Supplementary Table S2).

Chromatin immunoprecipitation (ChIP) assay

For the ChIP assay, 500 mg plants of Col-0, IAA15WT

OX, IAA15AA OX, and IAA15DD OX were harvested
in PBS and fixed with formaldehyde. The ChIP assays
were performed using anti-Flag antibodies (1:3000; Sigma–
Aldrich) as previously described (48,49). The qPCR anal-
yses were performed on a CFX384 Real-Time System us-
ing iQ SYBR® Green Supermix with gene-specific primers
(Supplementary Table S2).
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RESULTS

Drought inhibits lateral root development via the suppression
of auxin signaling by MPK cascades

It has been reported that lateral root development is in-
hibited due to water deficit, which increases the tolerance
of plants to drought (5,50). To investigate whether drought
confers a negative effect on auxin-mediated lateral root de-
velopment, we treated Col-0 plants with mannitol, which
was used to create an artificial drought effect on growth
media. As a result, the primary root length and the lat-
eral root density (primordia and emerged) were reduced
in response to mannitol (Figure 1A and B; Supplemen-
tary Figure S1), confirming that drought inhibits lateral
root development. Then, to examine whether auxin signal-
ing in the roots is suppressed by mannitol, we measured
the expression of representative auxin-responsive genes en-
coding key transcription factors in lateral root develop-
ment, LBD16 and LBD29. The transcription of LBD16
and LBD29 genes was obviously decreased by the man-
nitol treatment (Figure 1C). In addition, we analyzed the
auxin response by measuring GUS activity in DR5::GUS
plants. As expected, high GUS activity was detected in the
lateral root primordia and emerged lateral roots under nor-
mal conditions (Figure 1D). However, the GUS activity in
the lateral roots was obviously decreased upon the treat-
ment with mannitol (Figure 1D). These results indicate that
drought may suppress lateral root development by inhibit-
ing auxin signaling. However, to date, the signaling path-
way involved in the inhibitory effect of drought on auxin
signaling has not been investigated. Since auxin signaling
is inhibited by the activation of a stress-responsive MPK
cascade (34–36), we investigated whether it was also in-
volved in the inhibitory effect of drought. For that pur-
pose, we treated DR5::GUS seedlings with an MKK in-
hibitor, U0126. We found that the highly suppressed GUS
activity by mannitol was restored upon cotreatment with
U0126 (Figure 1D), suggesting that an MPK cascade is in-
volved in the inhibition of auxin signaling in response to
drought.

IAA15 is a potential substrate of drought-responsive MPKs

Since seven Aux/IAA proteins (IAA1, IAA5, IAA8,
IAA11, IAA13, IAA15 and IAA31) have been identified
as potential substrates of MPKs based on a protein mi-
croarray analysis (37), to further validate whether stress-
responsive MPKs directly phosphorylate Aux/IAA pro-
teins, we performed in vitro phosphorylation assays using
recombinant glutathione S-transferase (GST)-fused Ara-
bidopsis IAA proteins and GST-fused MPK3. We found
that in total, eleven (IAA4, IAA7, IAA8, IAA12, IAA14,
IAA15, IAA18, IAA19, IAA28, IAA29 and IAA34) of the
29 tested recombinant Aux/IAA proteins were phosphory-
lated by MPK3 (Supplementary Figure S2). In particular,
IAA4, IAA7, IAA8, IAA12, IAA14, IAA15, IAA18 and
IAA34 were strongly phosphorylated (Supplementary Fig-
ure S2), suggesting that many Aux/IAAs are potential sub-
strates of MPKs.

Among these strongly phosphorylated IAAs, IAA14 and
IAA15 were previously reported to be negatively involved

in lateral root development through gain-of-function mu-
tants (23,25). In addition, it has been reported that the
transcripts of IAA14 and IAA15 were highly detected in
developing lateral roots (23,25). However, their protein
levels have not been studied. In this study, to evaluate
whether the IAA15 protein is detected in the lateral roots,
we constructed transgenic plants expressing the 3XFLAG-
IAA15WT-GUS under the control of the IAA15 promoter
(IAA15pro::3XFLAG-IAA15WT-GUS). As shown in Supple-
mentary Figure S3, IAA15WT-GUS activity was not de-
tected in the lateral roots of the transgenic plants (mock) but
was highly detected following the treatment with the protea-
some inhibitor MG132, indicating that IAA15 is unstable
under normal conditions. Interestingly, IAA15WT-GUS ac-
tivity was also highly detected after the treatment with man-
nitol, suggesting that IAA15 can be stabilized in response to
drought in the lateral roots.

MPK3 and MPK6 phosphorylate IAA15 in vitro and in vivo

To explore whether IAA15 is a substrate of MPKs, we first
examined the interaction of IAA15 with MPK3, MPK4,
and MPK6 using in vitro pull-down and yeast two-hybrid
assays. The pull-down assay results showed that GST-
IAA15 pulled down all tested MPKs, but GST alone did
not pull down any MPKs (Figure 2A; Supplementary Fig-
ure S4A). However, the yeast two-hybrid-based analysis in-
dicated that IAA15 interacts with MPK3 and MPK6 but
not with MPK4 (Figure 2B; Supplementary Figure S4B).
To confirm the interaction between IAA15 and MPKs in
planta, we performed a luciferase (LUC) complementation
imaging (LCI) assay in Nicotiana benthamiana leaves. LUC
activity was detected in leaves coexpressing IAA15 and
MPK3 or MPK6 at levels approximately 4- to 5-fold higher
than those in the control leaves coinfiltrated with IAA15
and an empty vector (EV) (Figure 2C), while LUC activity
in the leaves coexpressing IAA15 and MPK4 was similarly
detected in the leaves coexpressing EV and MPK4 (Supple-
mentary Figure S4C). These results indicate that IAA15 in-
teracts with MPK3 and MPK6 in planta.

Since IAA15 was phosphorylated by MPK3 (Supple-
mentary Figure S2), we also examined whether IAA15 was
phosphorylated by MPK6 via an in vitro phosphorylation
assay using [� -32P]-labeled ATP with purified recombinant
GST-IAA15WT and GST-MPKs. After separating the pro-
teins by SDS–PAGE, we detected the phosphorylated pro-
teins on the gel by autoradiography and visualized the
total proteins with CBB staining. As shown, MPK3 and
MPK6 phosphorylated myelin basic protein (MBP) and
GST-IAA15WT (Figure 3A), but MPK4 did not phosphory-
late GST-IAA15WT (Supplementary Figure S4D). No phos-
phorylation band corresponding to GST was observed.

As MPKs usually phosphorylate the Ser (S) and Thr
(T) residues in S/T-P motifs, the following two potential
MPK phosphorylation sites were predicted in IAA15: Ser-
2 and Thr-28. To identify the MPK phosphorylation sites
on IAA15, we performed mass spectrometry after selec-
tively enriching phosphopeptides by TiO2 chromatogra-
phy. Initially, a kinase reaction was performed with GST-
IAA15WT in the absence and presence of GST-MPK6. Fol-
lowing separation by SDS–PAGE, we excised the requisite
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Figure 1. Drought inhibits lateral root development by inhibiting auxin signaling. (A) Root morphologies of Col-0 plants grown vertically on MS plates
containing with or without 75 mM mannitol. Four-day-old plants grown on MS medium were transferred to the plates shown. The plants were pho-
tographed at 7 d after the transfer. The scale bar represents 1 cm. (B) Primary root (PR) length and density of lateral root primordia (LRP), emerged
lateral roots (LRE), and total lateral roots (LRP + LRE) of Col-0 plants grown vertically on MS plates as shown in Supplementary Figure S1. The bars
indicate the mean ± S.D. (n = 20). Different letters represent significant differences (P < 0.001). (C) Transcriptional inhibition of LBD genes by treatment
with mannitol. Transcript levels of LBD16 and LBD29 were measured by qPCR using gene-specific primers. The bars indicate the mean ± S.D. (n = 3).
Different letters represent significant differences determined with Student’s t-test (P < 0.01). (D) Mannitol inhibits auxin signaling through MPK cascade.
DR5::GUS plants were treated with 200 mM mannitol alone or in combination with 10 �M U0126 for 6 h. GUS activities were detected in the lateral root
primordia and emerged lateral root. The scale bars represent 50 �m.

bands corresponding to GST-IAA15WT, digested them with
trypsin, and subjected the resulting peptides to mass spec-
trometry. After TiO2 chromatography, the following two
phosphopeptides were identified containing two predicted
phosphorylation sites of MPK6: GSMS2PEEYVR (Ser-
2) and VWPDSGDLGGTELTLALPGT28PTNASEGPK
(Thr-28) (Figure 3B; Supplementary Table S3). Therefore,
the Ser-2 and Thr-28 residues of IAA15 were identified
as two MPK6 phosphorylation sites. To confirm these
phosphorylation sites on IAA15, we performed in vitro
phosphorylation assays after mutating the two residues to
Ala (A) (IAA15S2A/T28A, designated IAA15AA). As a re-
sult, IAA15AA was no longer phosphorylated by MPK3 or
MPK6 (Figure 3A), indicating that the two residues are the
phosphorylation sites of IAA15 for these two MPKs.

To test whether native MPK3 and MPK6 phosphorylate
IAA15, we performed an in-gel kinase assay using gels em-
bedded with purified GST-IAA15WT, GST-IAA15AA, and
MBP (positive control) and fractionated cell-free extracts
prepared from 3-week-old Col-0, mpk3 and mpk6 plants
treated with mannitol for a short duration because MPKs
are known to be rapidly and transiently activated (51–53).
Radiolabeled phospho-IAA15 bands at the expected loca-
tion of MPK3 (∼44 kDa) and MPK6 (∼46 kDa) were de-
tected in the GST-IAA15WT-embedded gel containing re-
solved extracts of Col-0, mpk3, and mpk6 plants (Figure

3C). A similar pattern of phosphorylation was observed in
the gel embedded with MBP, but no bands were observed
in the gel embedded with GST-IAA15AA (Figure 3C). These
results indicate that plant MPK3 and MPK6 function in the
phosphorylation of IAA15.

Furthermore, we examined the phosphorylation of
IAA15 in planta by performing a phos-tag mobility shift as-
say. A transgenic plant overexpressing 3XFLAG-IAA15WT

(IAA15WT OX) was constructed and treated with manni-
tol to activate endogenous MPKs for a relatively long time
compared to in-gel kinase assay because more time may
be necessary for the stabilization of IAA15 proteins af-
ter the phosphorylation of MPKs in response to stresses.
The IAA15 protein was detected by immunoblotting with
anti-Flag antibodies in the gels embedded with or with-
out the phos-tag. As a result, we found that the protein
level of IAA15 started to increase 0.5 h after the treat-
ment with mannitol (middle panel, Figure 3D). By increas-
ing the IAA15 protein level, three different shifted bands
(P-IAA15) were detected in the gel embedded with phos-
tag (upper panel, Figure 3D), indicating that IAA15 can
be phosphorylated by mannitol-responsive MPKs as di-
verse phosphorylated forms. These results demonstrate that
IAA15 is phosphorylated in response to mannitol in planta,
which may contribute to the stabilization of IAA15. There-
fore, we suspected that the phosphorylation of IAA15 by
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Figure 2. IAA15 interacts with MPK3 and MPK6. (A) In vitro pull-down
assay showing the interaction between IAA15 and MPKs. The interactions
between GST-fused IAA15 and His-fused MPK3 and MPK6 were tested.
GST-fused proteins were precipitated using Glutathione-Sepharose 4B
resin. His-fused MPKs were analyzed by immunoblotting using anti-His
antibodies (upper panel). The SDS-PAGE gel was stained by Coomassie
Brilliant Blue (CBB) staining (lower panel). Arrowheads and stars indicate
GST and GST-IAA15, respectively. (B) Yeast two-hybrid analysis show-
ing the interaction of IAA15 with MPK3 or MPK6. The indicated AD
and BD plasmids were co-transformed into yeast strain pJ69-4A. Serially
diluted transformants were grown on selective SD medium lacking Leu
and Trp (-L/W) (control) and on SD medium lacking Leu, Trp, and His
(-L/W/H) supplemented with 20 mM 3-amino-1,2,4-triazole (3-AT) to
demonstrate activation of the HIS3 reporter gene. (C) Luciferase (LUC)
complementation imaging (LCI) assay showing the interaction of IAA15
with MPK3 or MPK6. The upper panel shows the bright field images
(bright) and luminescence (dark) of N. benthamiana leaves co-infiltrated
with strains containing the indicated combinations of NLuc- and CLuc-
fusion constructs. The SGT1a-NLuc/CLuc-RAR1 combination was used
as a positive control. EV refers to empty vectors of NLuc and CLuc. Leaves
were photographed at 3 days after infiltration. The lower panel shows the
quantification of LUC activity as shown in the upper panel. The lumi-
nescence intensities were measured relative to leaves infiltrated with the
IAA15-NLuc/CLuc (EV) combination. The bars indicate the mean ± S.D.
(n = 3). Different letters represent significant differences (P < 0.01).

drought-responsive MPKs may be involved in the inhibi-
tion of lateral root development.

IAA15 is involved in the suppression of lateral root develop-
ment under drought

To further confirm the physiological function of IAA15 un-
der drought-like conditions, we observed the lateral root
phenotypes using two loss-of-function mutants, iaa15-1
and iaa15-2 (Supplemental Figure S5A–C). Although these
iaa15 mutants did not produce any visible lateral root phe-
notype compared to the Col-0 plants under normal condi-
tions (Figure 4A and B; Supplementary Figure S5D), in the
presence of mannitol, they obviously showed an increase in
the lateral root destiny compared to that of the Col-0 plants
(Figure 4A and B; Supplementary Figure S5D), suggesting
that IAA15 is a bona fide factor involved in the inhibition
of lateral root development in response to drought.

To examine the effects of phosphorylation on the physi-
ological function of IAA15, we further constructed trans-
genic plants overexpressing the nonphosphorylatable mu-
tant 3XFLAG-IAA15AA (IAA15AA OX) and the phospho-
mimicking mutant 3XFLAG-IAA15DD (IAA15DD OX). To
select three independent lines of each transgenic plant, we
examined the IAA15 transcript and protein expression lev-
els using qPCR and immunoblotting, respectively. All trans-
genic plants displayed similar overexpression levels of the
IAA15 transcripts (Supplementary Figure S6A). Consistent
with Supplementary Figure S3, IAA15 proteins were not
detected in the IAA15WT OX and IAA15AA OX plants un-
der normal conditions but were highly detected after the
treatment with the proteasome inhibitor MG132 (Supple-
mentary Figure S6B). In contrast, higher levels of IAA15
proteins were detected in the IAA15DD OX plants in the
absence and presence of MG132 (Supplementary Figure
S6B), indicating that native IAA15WT is unstable but that
IAA15DD is stable under normal growth conditions.

Subsequently, we examined the root phenotypes of the
IAA15WT OX, IAA15AA OX and IAA15DD OX plants.
As shown in Supplementary Figure S6C, the primary root
lengths were similar in all transgenic plants under normal
growth conditions. In contrast, a visual inspection pointed
to shorter and reduced density of the lateral roots in the
IAA15DD OX plants, suggesting that the stabilization of
IAA15 proteins in the IAA15DD OX plants inhibits lateral
root development. Because three independent lines of each
transgenic plant showed similar expression patterns and lat-
eral root development (Supplementary Figure S6), we used
IAA15WT OX #7, IAA15AA OX #5, and IAA15DD OX #1
as representative lines of each transgenic plant in the fol-
lowing experiments and hereafter refer to them as IAA15WT

OX, IAA15AA OX and IAA15DD OX, respectively.
To further investigate whether mannitol inhibits lateral

root development through the phosphorylation-mediated
stabilization of IAA15, we measured the lateral root den-
sity in IAA15 transgenic plants after treatment with man-
nitol. As expected, the lateral root density in the IAA15DD

OX plants was reduced compared to that in the other plants
in the absence of mannitol (Figure 4C–E; Supplementary
Figure S7). The further reduction of lateral root develop-
ment in IAA15DD OX plants was not observed in the pres-
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Figure 3. IAA15 is phosphorylated by MPK3 and MPK6. (A) In vitro phosphorylation of IAA15WT and IAA15S2A/T28A (IAA15AA) by recombinant
MPK3 and MPK6. Recombinant proteins were separated by 10% SDS-PAGE after incubation in protein kinase buffer containing [� -32P] ATP. Phos-
phorylated IAA15 was detected by autoradiography after gel electrophoresis (upper panel). Recombinant proteins were detected by CBB staining (lower
panel). MBP and GST were used as positive and negative control substrates, respectively. (B) Identification of phosphorylation sites of IAA15 by MPK6
using mass spectrometry. Shown are the peptide mass fingerprints of unphosphorylated and MPK6-phosphorylated GST-IAA15 with TiO2 purification
after trypsin digestion. Two phospho-peptide peaks (arrowheads) were detected from phosphorylated GST-IAA15. (C) In-gel kinase assay of MPK3 and
MPK6 after mannitol treatment. Total proteins were extracted from 2-week-old plants of Col-0, mpk3-1, and mpk6-3 treated with 200 mM mannitol for
the indicated times to activate MPK activity. Shown are autoradiographs of SDS-polyacrylamide gels containing MBP, GST-IAA15WT or GST-IAA15AA

as a substrate, depicting signals from an in-gel kinase assay on separated total proteins from extracts of treated plants. The expected positions of MPK3
and MPK6 on the gels are indicated. (D) Phos-tag mobility shift assay showing in planta phosphorylation of IAA15 in response to mannitol. IAA15WT

OX plants were treated with 200 mM mannitol for the indicated times. Protein extracts from IAA15WT OX plants treated with 200 mM mannitol were
separated in an SDS gel embedded with phos-tag reagent (upper panel) or without phos-tag reagent (middle panel). IAA15 protein was then detected by
immunoblotting (IB) with anti-Flag antibodies. The Rubisco band stained with CBB is shown to verify similar amounts of protein loading (lower panel).

ence of mannitol (Figure 4E). In addition, we noticed that
IAA15WT OX plants were more responsive to mannitol than
IAA15AA OX plants (Figure 4C and E; Supplementary Fig-
ure S7), indicating that the phosphorylation of IAA15 is re-
quired for the suppression of the lateral root development.
These results suggest that IAA15 negatively affects lateral
root development in response to drought stress.

Drought-induced accumulation of IAA15 is mediated through
MPK phosphorylation

Most Aux/IAA proteins are polyubiquitinated by the
SCFTIR1/AFB-E3 ubiquitin ligase complex and rapidly de-
graded by 26S proteasome-mediated proteolysis under nor-
mal conditions. We showed that IAA15DD proteins be-
came stable even under normal conditions (Figure 5A;
Supplementary S6B). Furthermore, the IAA15WT protein
was phosphorylated and stabilized by the treatment with

mannitol, but IAA15AA protein was not (Figures 3D and
5A). Therefore, we hypothesized that phosphorylation by
MPKs might stabilize the IAA15 protein. To evaluate this
hypothesis, we constructed double transgenic plants over-
expressing hemagglutinin (HA)-tagged IAA15WT driven
by the 35S promoter and NtMEK2DD, a constitutively
active tobacco MEK2 known to activate MPK3 and
MPK6 of Arabidopsis, driven by a dexamethasone (DEX)-
inducible promoter (HA-IAA15WT/Flag-NtMEK2DD OX)
(38,54). Two independent transgenic lines were treated with
MG132 to inhibit the degradation of IAA15WT protein
or DEX to activate the MPK cascade by the induction
of NtMEK2DD. As expected, the IAA15WT protein was
not detected in the absence of MG132 (mock) but was
highly detected after the treatment with MG132 or DEX
(Figure 5B; Supplementary Figure S8). Furthermore, high
activation of MPK3 and MPK6 was detected by DEX-
induced NtMEK2DD in the transgenic plants (Supple-
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Figure 4. IAA15 is involved in the suppression of lateral root development in response to drought. (A) Root growth phenotypes of Col-0, iaa15-1, and
iaa15-2 plants. Four-day-old plants were vertically grown on MS plates containing with or without 75 mM mannitol. The plants were photographed after
7 d. The scale bar represents 1 cm. (B) Lateral roots density of plants shown in A. The bars indicate the mean ± S.D. (n = 20). Different letters represent
statistically significant differences between genotypes (P < 0.001). (C) Root growth phenotypes of Col-0, IAA15WT OX #7, IAA15AA OX #5 and IAA15DD

OX #1 plants. Four-day-old plants were vertically grown on MS plates containing with or without 75 mM mannitol. The plants were photographed after
7 d. The scale bar represents 1 cm. (D, E) Primary root length (D) and lateral roots density (E) of plants shown in Supplemenatary Figure S7. The bars
indicate the mean ± S.D. (n = 20). Different letters represent statistically significant differences between genotypes (P < 0.01).

mentary Figure S8), which corroborates our finding that
MPK phosphorylation increases the stability of the IAA15
protein.

Since the activity of MPKs and the stability of IAA15
were increased by the treatment with mannitol (Figures
3C, D and 5A), we hypothesized that the stabilization of
IAA15 in response to mannitol is mediated by the activities
of MPK. To confirm this possibility, we applied an MKK
inhibitor, U0126, during the mannitol-mediated stabiliza-
tion of IAA15. As a result, the mannitol-mediated stabiliza-
tion of IAA15 was significantly reduced by the cotreatment
with U0126 (Figure 5C), indicating that active MPKs are
essential for stabilizing IAA15 in response to drought. To
further confirm that both MPK3 and MPK6 are involved
in the stabilization of IAA15 in response to mannitol, we
performed cell-free protein degradation assays using a re-

combinant GST-IAA15 protein and total cell extracts from
Col-0, mpk3, and mpk6 plants treated with mannitol. As
previously described, we added ATP to enhance the protein
degradation rate in this assay (46,47). Although the GST-
IAA15 fusion proteins were gradually degraded by the in-
cubation with the total cell extracts from all plants (Fig-
ure 5D), reduced levels of fusion proteins were detected in
the mpk3 and mpk6 single mutants than in Col-0 (Figure
5D), indicating that the mannitol-mediated stabilization of
IAA15 is achieved by the redundant functions of MPK3
and MPK6.

Since IAA15 was stabilized by the phosphorylation of
MPK3 and MPK6, we postulated that MPK3 and MPK6
are also negatively involved in lateral root development in
response to mannitol. Because MPK6 was reported to act
as a negative regulator of lateral root development (35,55),
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Figure 5. IAA15 was stabilized by mannitol through the phosphorylation of MPK cascades. (A) Protein levels of IAA15 in transgenic plants in mock,
MG132, and mannitol treatments. IAA15 proteins were detected by immunoblotting with anti-Flag antibodies. The Rubisco band stained by CBB is
shown to verify similar amounts of loaded protein (lower panel). (B) Stabilization of IAA15 by the expression of constitutively active tobacco MEK2
(NtMEK2DD). Immunoblotting analyses were performed in double transgenic plants overexpressing HA-fused IAA15WT and Flag-fused NtMEK2DD.
The plants were treated with mock, MG132, and DEX treatments. IAA15 and NtMEK2DD proteins were detected by immunoblotting with anti-HA and
anti-Flag antibodies, respectively. The Rubisco band stained by CBB is shown to verify similar amounts of loaded protein (lower panel). (C) Mannitol-
induced stabilization of IAA15 was inhibited by the MEK inhibitor U0126. IAA15WT OX plants pretreated with or without U0126 were subjected to
MG132 and mannitol treatments. IAA15 was detected by immunoblotting with anti-Flag antibodies. The Rubisco band stained by CBB is shown to verify
similar amounts of loaded protein (lower panel). (D) MPK3 and MPK6 inhibit IAA15 degradation in a cell-free degradation assay. Equal amounts of
total proteins extracted from 2-week-old Col, mpk3-1, and mpk6-3 plants were incubated with recombinant GST-IAA15 protein in the presence of ATP.
IAA15 was detected with anti-GST antibody. The Rubisco band stained by CBB is shown to verify similar amounts of used total protein (lower panel).
(E) Root growth phenotypes of Col-0, mpk3-1, and mpk6-3 plants. Four-day-old plants were vertically grown on MS plates containing with or without 75
mM mannitol. The plants were photographed after 7 d. The scale bar represents 1 cm. (F) Lateral root density of plants shown in E. The bars indicate the
mean ± S.D. (n = 20). Different letters represent statistically significant differences between genotypes (P < 0.05).

we analyzed lateral root development in mpk3 and mpk6
plants in the absence and presence of mannitol. As a result,
the mpk6 plants showed increased lateral root density com-
pared with the Col-0 plants under normal conditions (Fig-
ure 5E and F; Supplementary Figure S9A). Moreover, the
mpk3 plants exhibited a slight increase in lateral roots. In
the presence of mannitol, both the mpk3 and mpk6 plants
showed increased lateral roots than the Col-0 plants (Figure
5E and F; Supplementary Figure S9), implying that both
MPK3 and MPK6 are involved in the suppression of lateral
roots in response to drought. These results demonstrate that
the stabilization of IAA15 mediated by MPK phosphoryla-

tion plays a key role in the inhibition of lateral root devel-
opment in response to drought.

Phosphorylation of IAA15 attenuates its polyubiquitination

The rapid auxin-induced degradation of Aux/IAA pro-
teins is triggered by their polyubiquitination via the
SCFTIR1/AFB-E3 ubiquitin ligase complex pathway. To un-
derstand how the phosphorylation by MPKs increases
IAA15 stability, we postulated two possible mechanisms.
First, the phosphorylation of IAA15 may affect its inter-
action with TIR1. To test the first possibility, we analyzed
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the interaction between IAA15WT or its mutants and TIR1
using yeast two-hybrid assays. In the yeast growth and β-
galactosidase assays, we did not observe differences in the
interactions between IAA15WT or its mutants and TIR1 in
the absence and presence of auxin (Supplementary Figure
S10), demonstrating that phosphorylation does not affect
the interaction between IAA15 and TIR1.

Second, phosphorylation may affect the polyubiquiti-
nation of IAA15 by the SCFTIR1/AFBs-E3 ubiquitin lig-
ase complex. To examine the second possibility, we eval-
uated the polyubiquitination efficiency in IAA15WT and
IAA15DD OX plants. To prevent the degradation of polyu-
biquitinated IAA15, we pretreated IAA15WT and IAA15DD

OX plants with MG132 for 20 h and then treated them with
or without NAA for 4 h. The accumulated IAA15 proteins
were immunoprecipitated with anti-Flag antibodies from
the total protein extracts. Immunoblotting was performed
with anti-ubiquitin (anti-Ub) antibodies to measure polyu-
biquitinated IAA15. In response to MG132, the inputs of
the IAA15 proteins were similar between the IAA15WT

and IAA15DD OX plants (middle panel, Figure 6A). In
the IAA15WT OX plants, higher molecular weight bands,
possibly polyubiquitinated IAA15, were visible in the ab-
sence of NAA, and the bands were significantly increased
in the presence of NAA (upper panel, Figure 6A). In con-
trast, the levels of polyubiquitinated IAA15 in the IAA15DD

OX plants were lower (in both the absence and presence of
NAA) than those in the IAA15WT OX plants (upper panel,
Figure 6A), indicating that phosphorylation suppresses the
polyubiquitination of IAA15.

Subsequently, we performed a protein turnover assay in
IAA15WT and IAA15DD OX plants to evaluate the stabil-
ity of phosphorylated and unphosphorylated IAA15. To in-
hibit the degradation of IAA15 proteins by the proteasome,
these plants were pretreated with MG132 for 24 h and then
treated with cycloheximide (CHX) or CHX plus NAA for
4 h. CHX was used to prevent the de novo synthesis of pro-
teins in the plants. As a result, the IAA15WT proteins rapidly
disappeared within 2 h regardless of the NAA treatment
and were almost undetectable after 4 h (Figure 6B). In con-
trast, IAA15DD was highly detected regardless of the NAA
treatment (Figure 6C). Furthermore, we obtained similar
results after the treatment with mannitol (Figure 6D and E).
These results strongly suggest that IAA15 phosphorylated
by MPK is stabilized by the inhibition of SCFTIR1/AFB-E3
ubiquitin ligase complex-mediated polyubiquitination.

Stabilized IAA15 inhibits lateral root development through
the transcriptional downregulation of LBD genes

Since Aux/IAAs are repressors of auxin signaling, we as-
sumed that stabilized IAA15 represses auxin signaling in the
roots. To evaluate this assumption, we measured GUS ac-
tivity in double transgenic plants overexpressing IAA15WT,
IAA15AA or IAA15DD on a DR5::GUS background. GUS
activity was significantly reduced in the emerged lateral
roots of the IAA15DD OX plants compared to those of the
IAA15WT and IAA15AA OX plants (Supplementary Fig-
ure S11). In addition, the IAA15DD OX plants showed a
longer primary root length and reduced lateral root den-
sity in response to NAA compared to the other plants (Fig-

ure 7A-C; Supplementary Figure S12), indicating that the
IAA15DD OX plant is less sensitive to NAA. These re-
sults demonstrate that the stabilization of the IAA15 pro-
tein by phosphorylation represses the auxin response in the
roots.

Since reduced lateral root development in a gain-of-
function mutant of IAA15 is caused by the suppressed tran-
scription of LBD genes (25), we hypothesized that the re-
duced lateral root phenotype of the IAA15DD OX plants
might be caused by the downregulation of LBD genes.
Therefore, we examined the transcript levels of LBD16 and
LBD29 in IAA15DD OX plants. Consistent with our ob-
servations, we observed that the transcript levels of LBD16
and LBD29 were decreased in the IAA15DD OX plants re-
gardless of the NAA treatment (Figure 7D), underscoring
that the reduced lateral roots in the IAA15DD OX plants
are caused by the transcriptional downregulation of LBD
genes.

To examine the binding of IAA15 to the promoters of
the LBD16 and LBD29 genes, we performed a chromatin
immunoprecipitation (ChIP) assay. There are one (LBD16
P1) and two (LBD29 P1 and LBD29 P2) auxin-responsive
elements (AuxREs) in the promoters of the LBD16 and
LBD29 genes, respectively. The enrichment of LBD pro-
moters was significantly increased in the IAA15DD OX
plants (Figure 7E). Unexpectedly, this enrichment was also
slightly increased in the IAA15WT and IAA15AA OX plants,
probably due to overexpression. Since IAA15 is believed
to inhibit the expression of LBD16 and LBD29 through
the formation of a complex with ARF7 and ARF19 (25),
we investigated whether phosphorylation affects the inter-
action between IAA15WT or its mutant and ARFs. As ex-
pected, phosphorylation did not change the interactions be-
tween IAA15 and ARFs in the yeast two-hybrid assays be-
cause Aux/IAAs interact with ARFs via domains III and
IV of their C-terminal (Supplementary Figure S13). These
results demonstrate that the stabilization of IAA15 by phos-
phorylation downregulates the transcription of LBD genes
through interactions with ARF7 and ARF19.

DISCUSSION

Plant developmental plasticity is critical for plant survival
under various environmental stresses. To induce tolerance
in response to drought, plants change their root system ar-
chitectures (RSAs), including reduced lateral roots. There-
fore, understanding the molecular mechanism by which
drought affects lateral root development could help de-
velop drought-tolerant plants. This study demonstrates that
MPK-mediated phosphorylation in response to drought in-
duces the stabilization of IAA15, which inhibits lateral root
development.

IAA15 is phosphorylated by MPK3 and MPK6

MPK cascades are involved in various physiological re-
sponses as conserved processes in all eukaryotes. How-
ever, only a limited number of MPK substrates have
been identified in Arabidopsis. This study showed that
IAA15 is phosphorylated by drought-responsive MPK3
and MPK6 through direct interaction (Figures 2 and 3).
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Figure 6. The IAA15DD mutant is more stable than IAA15WT. (A) Auxin-induced polyubiquitination of IAA15WT and IAA15DD proteins. Polyubiqui-
tinated IAA15 proteins were detected by immunoblotting (IB) with an anti-ubiquitin (anti-Ub) antibodies after immunoprecipitation (IP) with anti-Flag
antibody from IAA15WT OX and IAA15DD OX plants treated with or without NAA in the presence of MG132 (upper panel). IAA15 proteins were
detected by immunoblotting (IB) with anti-Flag antibody (lower panel, 10% input). (B–E) Protein stabilities of IAA15WT and IAA15DDin planta. Two-
week-old plants of IAA15WT OX and IAA15DD OX pretreated with 10 �M MG132 (B, C) and 200 mM mannitol (D, E) for 20 h were applied with 1 mM
cycloheximide (CHX) and 10 �M NAA for the indicated times. Total proteins extracted from the transgenic plants were subjected to immunoblotting with
anti-Flag antibodies. The Rubisco band stained by CBB is shown to verify similar amounts of loaded protein (lower panel).

The in vitro and in vivo phosphorylation of IAA15 was
verified using different kinase assays and phos-tag assays
(Figure 3). Based on our results, we suspect that the phos-
phorylation of Aux/IAAs could be a major posttrans-
lational modification (PTM) that regulates their activi-
ties. Previously, several Aux/IAAs were predicted to be
substrates of MPKs (37). In addition, other Aux/IAAs
were reported to be phosphorylated by different kinases,
such as phytochrome A (phyA), transmembrane kinase
1 (TMK1), and MPK14. SHY2/IAA3, AXR3/IAA17,
IAA1, IAA9 and Ps-IAA4 were phosphorylated by recom-
binant oat PhyA (56). Noncanonical IAA32 and IAA34 are
phosphorylated by the C-terminus of TMK1, which pro-
motes apical-hook development (57). Similar to our find-
ings, MPK14 has been shown to phosphorylate noncanon-
ical IAA33 (58). In addition, PhyB and CRY1 are expected
to phosphorylate the Aux/IAA proteins because PhyB
and CRY1 were found to interact with IAA7, IAA12 and
IAA17 (59).

Furthermore, in this study, we showed that several other
Aux/IAA proteins are substrates of MPKs using an in vitro
phosphorylation assay (Supplementary Figure S2). Further
studies investigating the phosphorylation of Aux/IAAs by
MPKs could be helpful in elucidating the involvement of
MPK-Aux/IAA modules in plant growth and development
under environmental stresses.

Phosphorylation of IAA15 improves protein stability by in-
hibiting polyubiquitination

Since most Aux/IAA proteins are polyubiquitinated by the
SCFTIR1/AFB-E3 ubiquitin ligase complex and degraded by
26S proteasome-mediated proteolysis (15,16), the physio-
logical functions of Aux/IAAs are believed to be mainly
regulated by their protein stability in response to environ-
mental cues. Three different mechanisms help Aux/IAAs
achieve stability under environmental stresses. First, de-
creasing the auxin concentration can contribute to the sta-
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Figure 7. Auxin-insensitive phenotypes and decreased expression of LBD genes in IAA15DD OX plants. (A) Effects of auxin on the root growth of Col-0,
IAA15WT OX, IAA15AA OX, and IAA15DD OX plants. Shown are 2-week-old plants vertically grown on MS plates containing 25 nM NAA. The scale bar
represents 1 cm. (B, C) Primary root length (B) and lateral root density (C) of plants shown in Supplementary Figure S12. The bars indicate the mean ± S.D.
(n = 20). Different letters represent statistically significant differences between genotypes (P < 0.001). (D) Expression of LBD genes was down-regulated in
IAA15DD OX plants. Transcript levels of LBD16 and LBD29 were measured by qPCR using specific primers. The bars indicate the mean ± S.D. (n = 3).
Different letters represent statistically significant differences between genotypes (P < 0.01). (E) In vivo binding of IAA15 to the promoters of LDB16 and
LBD29. ChIP assays were performed using anti-Flag antibodies with chromatin prepared from transgenic plants. ChIP-DNA was applied to qPCR using
primers specifically targeting LBD16 promoter (P1) and LBD29 promoter (P1 and P2) regions that contain auxin-responsive elements. The bars indicate
the mean ± S.D. (n = 3). Different letters represent statistically significant differences between genotypes (P < 0.05).

bilization of Aux/IAAs. High temperatures inhibit the ex-
pression of the auxin biosynthesis-related genes YUC2 and
YUC6, leading to a decrease in the local auxin levels (60,61).
Therefore, the decreased auxin concentration due to envi-
ronmental stress results in the stabilization of Aux/IAAs
through the inhibition of auxin-mediated polyubiquitina-
tion. Second, Aux/IAAs can be stabilized by the tran-
scriptional repression of the auxin receptors TIR1/AFBs,
which are essentially required for the polyubiquitination of
Aux/IAAs. It has been reported that flagellin-derived pep-
tides and drought facilitate the stabilization of Aux/IAA
through the accumulation of miRNA393, which suppresses
the transcription of TIR1/AFBs (62,63). Third, Aux/IAAs

can be stabilized by protein−protein interactions with other
proteins. Recently, several studies have reported that some
Aux/IAAs are stabilized by both red-light and blue-light re-
ceptors through direct interactions (59,64). In addition to
these three mechanisms, we uncovered that the phosphory-
lation of drought-responsive MPKs induces the stability of
IAA15 (Figures 3 and 5). Phosphorylation affects the activ-
ity, stability, localization, and interaction of proteins (65).
Similar to IAA15, the stability of noncanonical IAA33 is
increased by the phosphorylation of MPK14 (58). More-
over, the stabilities of ERF6 and LIP5, which are involved
in pathogen and salt resistance, respectively, are increased
by the phosphorylation of MPK3 and MPK6 (66–68).
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It has been reported that protein stability is regulated by
combinations of PTMs (69). For example, the stability of
ICE1, a positive regulator of cold signaling, is tightly reg-
ulated by combinations of ubiquitination, SUMOylation,
and phosphorylation (70–73). NPR1 and ABI5, which are
key regulators of plant immunity and ABA signaling, re-
spectively, also represent other examples in which stability is
regulated by multiple PTMs (74–76). Similarly, we revealed
that the phosphorylation of drought-responsive MPKs in-
hibits the polyubiquitination of IAA15 (Figure 6A). The
analysis of the amino acid sequence of the IAA15 protein
revealed that two phosphorylation sites are distantly located
(Ser-2 and Thr-28) from the SCFTIR1/AFB docking motif
(Domain II) but relatively close to the putative ubiquitina-
tion site (Supplementary Figure S14), indicating that cova-
lent PTM by phosphate groups at two phosphorylation sites
of IAA15 might interfere with the attachment of the ubiq-
uitin moiety to the putative ubiquitination sites by charge
or steric hindrance.

This explanation can be extended and applied to other
IAAs. We performed a multiple alignment analysis to es-
timate whether the phosphorylation sites are conserved in
other Aux/IAA families. The N-terminal amino acids (in-
cluding domains I and II) of 9 canonical Aux/IAAs were
aligned (Supplementary Figure S14). Most potential MPK
phosphorylation sites, Ser and Thr residues in S/T-P mo-
tifs, were observed in the N-terminus of Aux/IAAs: IAA4
(Ser-57), IAA7 (Ser-26), IAA8 (Ser-16, Ser-53, Ser-74, Thr-
77, and Ser-135), IAA12 (Ser-63), IAA14 (Ser-21), IAA15
(Ser-2 and Thr-28), IAA18 (Ser-11 and Ser-80), IAA19 (Ser-
64), IAA28 (Ser-168), IAA29 (Ser-10) and IAA34 (Ser-
44). Since IAA34 is a noncanonical isoform, and IAA28
has a predicted phosphorylation site distant from the N-
terminus, we excluded them from the alignment analysis. As
shown in Supplementary Figure S14, although the positions
of the phosphorylation sites were not conserved among
phosphorylated Aux/IAAs, most sites were located near
their potential ubiquitination sites, suggesting that the com-
mon mechanism may regulate the stabilities of these IAAs.
In the future, to understand the molecular mechanism by
which phosphorylation prevents the polyubiquitination of
IAA15, a structural analysis of phosphorylated and un-
phosphorylated IAA15 is needed.

MPK-IAA15 module suppresses lateral root development

In response to external stimuli, MPK cascades transduce
signals for appropriate cellular responses. Two controver-
sial studies revealed the physiological roles of MPKs in
lateral root development. MPKs are known to be posi-
tively involved in lateral root development via noncanoni-
cal auxin signaling pathways under normal conditions (77–
79). Consistently, MPK14 has been reported to promote lat-
eral root development by regulating ERF13 (80). In con-
trast, it has also been reported that MPK6 is negatively in-
volved in lateral root development in Arabidopsis (35,55).
In this study, we also showed that MPK3 and MPK6 are
negatively involved in lateral root development by using two
single MPK mutants under drought conditions (Figure 5E
and F). Moreover, we found that the phosphorylation of
IAA15 plays a negative role in lateral root development un-

der drought conditions at downstream of MPKs (Figures 3–
5). These results demonstrate that the MPK-IAA15 module
negatively regulates lateral root development through the
inhibition of auxin signaling under drought conditions.

Most gain-of-function mutants of Aux/IAA, including
IAA3/SHY2, IAA14/SLR1-1, IAA19/MSG2 and IAA28,
show pleiotropic auxin deficiency-related phenotypes (21–
24). Similarly, the gain-of-function mutant of IAA15,
IAA15P78S OX, also showed pleiotropic phenotypes, includ-
ing a decreased number of lateral roots (25). However, the
IAA15DD OX plants showed a reduced lateral root num-
ber (Figure 4C and E). These phenomena raise the ques-
tion of why the IAA15DD OX plants did not show the
pleiotropic phenotypes. To understand the difference be-
tween the IAA15DD OX and IAA15P78S OX plant phe-
notypes, we characterized the molecular differences be-
tween IAA15DD or IAA15P78S proteins and IAA15WT pro-
tein. First, we examined the in planta polyubiquitination
of these proteins. IAA15DD was less polyubiquitinated
than IAA15WT but more polyubiquitinated than IAA15P78S

(Supplementary Table S4). Second, the stabilities of these
proteins were determined. Expectedly, in proportion to
their polyubiquitination level, IAA15WT was very unsta-
ble, IAA15DD was stable, and IAA15P78S was highly sta-
ble (Supplementary Table S4). Third, the lateral root de-
velopment of these transgenic plants was investigated. As
a result, we found that IAA15DD OX showed decreased
later roots and IAA15P78S OX showed much more de-
creased lateral roots compared to IAA15WT OX in propor-
tion to their protein stabilities (Supplementary Table S4).
Based on these results, we may conclude that IAA15P78S is
more stable than IAA15DD. Subsequently, we need to ex-
plain why IAA15P78S is more stable than IAA15DD. First,
we can suspect that different molecular mechanisms un-
derly their protein stabilization. It seems that the gain-of-
function mutation almost completely inhibits the interac-
tions between Aux/IAA and TIR1 because the mutation
is located in the degron motif, resulting in a high accumu-
lation of corresponding Aux/IAA protein. This high ac-
cumulation of Aux/IAA in gain-of-function mutants may
cause pleiotropic auxin deficiency-related phenotypes. In
contrast, the phospho-mimicking mutation only inhibits
the polyubiquitination of IAA15 by the SCFTIR1/AFBs-
E3 ubiquitin ligase complex (Figure 6A; Supplementary
Figure S10) because the mutation is located moderately
away from the degron motif. Compared to IAA15WT,
IAA15DD was more stable but degraded by the increase
in auxin (Figure 6B-E), suggesting that the phospho-
mimicking mutant is a moderately stabilized form. There-
fore, we may explain why IAA15DD OX plants only exhibit
a specific phenotype in lateral roots instead of pleiotropic
phenotypes.

Subsequently, we found that stabilized IAA15 represses
lateral root development in response to drought (Figure 4),
while drought stress inhibits both primary and lateral root
development (Figure 1). These results suggest that other sig-
naling components, including other IAAs, are involved in
the suppression of primary root development in response
to drought. Therefore, the identification of other signal-
ing components that play roles in the suppression of pri-
mary root development could be performed to elucidate
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Figure 8. Proposed model for the suppression of lateral root development in response to drought by the phosphorylation of IAA15. Under normal condi-
tions, auxin promotes 26S proteasome-mediated degradation of polyubiquitinated IAA15 by the SCFTIR1/AFBs-E3 ubiquitin ligase complex. Free ARF7
and ARF19 activate the transcription of the LBD16 and LBD29 genes, which induce normal lateral root development. Under drought conditions, activated
MPK3 and MPK6 phosphorylate IAA15. Phosphorylated IAA15 is stabilized through inhibition of polyubiquitination by the SCFTIR1/AFB-E3 ubiquitin
ligase complex. Stabilized IAA15 suppresses the transcription of LBD genes by inhibiting ARF7 and ARF19 transcriptional activities, which suppresses
lateral root development.

how drought stress suppresses both primary and lateral root
development.

Can the MPK-IAA15 module contribute to drought tolerance
by inhibiting lateral root development?

Growth-defense tradeoffs occur in plants due to limited
resources. This tradeoff requires the prioritization of ei-
ther growth or defense depending on environmental con-
ditions (81). In general, stress tolerance is associated with
the inhibition of plant growth and development. Drought
is known to inhibit auxin responses by modulating auxin
biosynthesis, transport, and signaling (82). Therefore, it was
speculated that inhibiting auxin-mediated growth by stabi-
lized Aux/IAA contributes to acquiring tolerance to envi-
ronmental stresses. Previously, several studies of Aux/IAA
genes demonstrated that stress tolerance requires the repres-
sion of auxin signaling by Aux/IAA proteins. For example,
the recessive triple mutants iaa5-1/iaa6-1/iaa19-1 are hy-
persensitive to desiccation stress (83). In contrast, overex-
pression of drought-induced Aux/IAA improved drought
tolerance in rice (84). The upregulation of IAA5, IAA6 and
IAA19 repressor genes by CBF1 and DREB2A/B enhanced
drought tolerance (83,85). These phenomena were simi-
larly found in crosstalk between SA and auxin signaling
for pathogen resistance (86). The gain-of-function mutant
axr2/iaa7 shows increased resistance to pathogens due to
the repression of auxin-mediated plant growth. Further-
more, SA-mediated inhibition of auxin signaling partially
contributes to pathogen resistance in plants by stabilizing
IAA7 proteins (86). Similarly, IAA15DD OX plants exhib-
ited significantly enhanced drought tolerance (Supplemen-
tary Figure S15). This result suggests the possibility that
IAA15DD OX plants might show enhanced drought tol-

erance due to a reduced lateral root phenotype. To ad-
dress this possibility, we aim to further investigate the vari-
ous physiological responses to drought stress, including the
measurement of respiration and the expression of drought-
responsive genes.

In conclusion, our observations reveal the prominent role
of the MPK-IAA15 module in lateral root development
in response to drought (Figure 8). Under normal condi-
tions, IAA15 is polyubiquitinated by the auxin-mediated
SCFTIR1/AFB-E3 ubiquitin ligase and subsequently under-
goes rapid degradation via 26S proteasome assembly, re-
sulting in normal lateral root development. However, under
drought conditions, MPKs stabilize IAA15 through phos-
phorylation, consequently inhibiting the transcriptional ex-
pression of LBD genes, causing reduced lateral root de-
velopment. This study is critical for understanding how
Aux/IAAs regulate growth and defense tradeoffs in plants.
Further studies are needed to elucidate the biological func-
tions of other stabilized Aux/IAAs under various environ-
mental stresses.

DATA AVAILABILITY

Sequence data from this article can be found in the
Arabidopsis Genome Initiative or GenBank/EMBL
databases under the following accession numbers: IAA15,
At1g80390; MPK3, At3g45640; MPK4, At4g01370;
MPK6, At2g43790; LBD16, At2g42430; LBD29,
At3g58190; ARF7, At5g20730; ARF19, At1g19220;
TIR1, AT3G62980 and Tubulin, At5g62690.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkac798#supplementary-data


Nucleic Acids Research, 2022, Vol. 50, No. 18 10559

ACKNOWLEDGEMENTS

We thank Dr Young Hun Song for helpful discussion and
comments on the manuscript.
Author contributions: S.H.K. and W.S.C. designed, planned,
and organized the experiments. S.H.K., S.B. and N.T.N.
generated all Arabidopsis transgenic lines and all plant ma-
terials used in this study. S.H.K., S.B., N.T.N. and M.L.A.P.
performed the experiments. S.H.K., U.S.K., J.C.H. and
W.S.C. wrote the manuscript with feedback from all au-
thors.

FUNDING

Cooperative Research Program for Agriculture Science
and Technology Development [PJ01590901] funded by
the Rural Development Administration, Republic of Ko-
rea; Basic Science Research Program through the Na-
tional Research Foundation of Korea (NRF) funded by
the Ministry of Education [2021R1I1A1A01040693 and
2020R1A6A1A03044344]. Funding for open access charge:
Cooperative Research Program for Agriculture Science and
Technology Development [PJ01590901] funded by the Ru-
ral Development Administration, Republic of Korea.
Conflict of interest statement. None declared.

REFERENCES
1. Ghosh,D. and Xu,J. (2014) Abiotic stress responses in plant roots: a

proteomics perspective. Front. Plant Sci., 5, 6.
2. Bao,Y., Aggarwal,P., Robbins,N.E., Sturrock,C.J., Thompson,M.C.,

Tan,H.Q., Tham,C., Duan,L., Rodriguez,P.L., Vernoux,T. et al.
(2014) Plant roots use a patterning mechanism to position lateral root
branches toward available water. Proc. Natl. Acad. Sci. U.S.A., 111,
9319–9324.

3. Fukai,S. and Cooper,M. (1995) Development of drought-resistant
cultivars using physio-morphological traits in rice. Field Crops Res.,
40, 67–86.

4. Gowda,V.R.P., Henry,A., Yamauchi,A., Shashidhar,H.E. and
Serraj,R. (2011) Root biology and genetic improvement for drought
avoidance in rice. Field Crops Res., 122, 1–13.

5. Zhan,A., Schneider,H. and Lynch,J.P. (2015) Reduced lateral root
branching density improves drought tolerance in maize. Plant
Physiol., 168, 1603–1615.
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