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Abstract
The root system is an imperative component of a plant, involved in water and nutrient acqui-

sition from the soil. Any subtle change in the root system may lead to drastic changes in

plant productivity. Both auxin and cytokinin are implicated in regulating various root devel-

opmental aspects. One of the major signaling cascades facilitating various hormonal and

developmental allocations is the Mitogen Activated Protein Kinase (MAPK) cascade. Innu-

merable efforts have been made to unravel the complex nexus involved in rice root develop-

ment. In spite of a plethora of studies, a comprehensive study aiming to decipher the

plausible cross-talk of MAPK signaling module with auxin and cytokinin signaling compo-

nents in rice is missing. In the present study, extensive phenomics analysis of different

stages of rice roots; transcript profiling by qRT-PCR of entire gene family of MAPK, MAPKK

and PIN genes; as well as protein level and activity of potential MAPKs was investigated

using western and immuno kinase assays both on auxin and cytokinin treatment. The

above study led to the identification of various novel rice root specific phenotypic traits by

using GiA roots software framework. High expression profile of OsMPK3/6, OsMKK4/5 and

OsPIN 1b/9 and their marked transcript level modulation in response to both auxin and cyto-

kinin was observed. Finally, the protein levels and activity assay further substantiated our

present findings. Thus, OsMPK3/6-OsMKK4/5 module is elucidated as the putative, key

player in auxin-cytokinin interaction augmenting their role by differentially regulating the ex-

pression patterns of OsPIN 1b/9 in root development in rice.

Introduction
The daunting issue of nutritional and food security has resulted in a quest among researchers
to improve the rice landraces, with a particular focus on rice roots. The rice root system has
emerged as a target for breeders to improve the ability of the plant to exploit the mineral and
water resources. The root system is an indispensable component for plant growth and survival
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necessitating essential functions during plant development, including anchorage and acquisi-
tion of water and nutrients from the soil. The structure of root system is governed by endoge-
nous genetic programs as well as by external environmental cues, including a number of biotic
and abiotic stresses [1]. Any subtle change in the root system architecture will lead to drastic ef-
fects on crop yields. The development of root system and determination of its architectural pa-
rameters is an important agronomic trait [2]. Breeding for root architecture involves
identifying the genetic determinants of root development which in turn represent a bottleneck
for deciphering the converging point of various signaling parameters [3].

Hormone signaling plays diverse and critical roles during root development. Indole-3-acetic
acid (IAA) is the predominant form of auxin in plants, while cytokinins are adenine deriva-
tives. Cytokinins have been implicated in regulating many aspects of development including
regulation of root growth, root architecture and vascular development whereas auxin promotes
root development and induces vascular differentiation. Both auxin and cytokinins regulate
root gravitropism [4,5]. Auxin is actively transported between cells to create local maxima nec-
essary for mediating numerous developmental processes. The directional transport is mostly
controlled by the sub-cellular polarity of PIN proteins. PIN proteins are auxin efflux carriers
which mediate auxin acropetal flow to root tip through the central vasculature and basipetal
flow through the epidermis. Eight PIN genes have been identified from Arabidopsis genome
while their number constitute to twelve in rice. [6–8]. Cytokinin is also reported to modify the
expression of multiple PIN genes to regulate polar auxin transport, auxin levels within specific
cells and therefore meristem size [5]. Cytokinin–auxin antagonistic interactions in controlling
root development is well established [9,10]. The cytokinin transcription network is regulated
by a negative feedback loop to control its response to root development via auxin signal trans-
duction pathway [11]. Considering the breadth of functions auxin and cytokinin orchestrate,
multiple signaling pathways may regulate root developmental processes. One of the major sig-
naling cascade facilitating various hormonal, environmental stress and developmental alloca-
tion is the Mitogen Activated Protein Kinase (MAPK) cascade, a three-tier phospho-relay
signaling module that is evolutionarily conserved across eukaryotes. Eukaryotic MAPK cascade
transduces environmental and developmental cues into intracellular responses and plays a cen-
tral role as the controller of gene expression [12–14]. In a simulated model, this canonical net-
work is stimulated by activation of Mitogen Activated Protein Kinase Kinase Kinase (MAP3K/
MAPKKK/MEKK/MKKK), which phosphorylates and activates the downstream Mitogen Ac-
tivated Protein Kinase Kinase (MAPKK/MEKs/MKK) which in turn activate Mitogen Activat-
ed Protein Kinase (MAPK/MPK) upon phosphorylation [15,16]. The activated MAPK causes
the activation of various transcription factors and cytosolic proteins that can trigger a myriad
of transcriptomic, cellular and physiological responses [17]. Genome sequencing of rice identi-
fied 15 MAPK, 8 MAPKK and around 75 MAPKKK in rice [18,19].

The involvement of various MAPK in regulation of root development has been demonstrat-
ed, predominantly only in the model research eudicot plant, Arabidopsis. The differential spatial
and temporal expression as well as localization of MPK6 is involved in cell division plane control
and root development [20] in Arabidopsis. In a recent report, MPK6 was also implicated to
cause repression in primary root growth and development as was evident by increment in pri-
mary root growth by enhanced cell production and cell elongation in mutant lines [21]. A coher-
ent role of MAPK cascade component and auxin signaling has also been reported. MAPK
kinase-7 (MKK7) has been involved in the control of root system architecture through negative
regulation of polar auxin transport while, MKK6 and MPK13 were involved in lateral root devel-
opment [22–24]. MPK12 acts as a negative regulator of auxin signaling and also a substrate of in-
dole-3-butyric acid-response 5 (IBR5), which encodes a dual-specificity MAPK phosphatase. It
has been demonstrated that IBR5 phosphatase inactivates MPK12 by dephosphorylating, which
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in turn leads to the suppression of MPK12 and up-regulation of auxin-responsive genes involved
in root development [25].

Although, there have been a repertoire of studies speculating the role of MAPK cascade in
root development, our current understanding of MAPK signaling module regulating root de-
velopment is in naivety. To date, there is no report of a comprehensive analysis of the involve-
ment of complete MAPK cascade components in rice root development. Hence, it is
imperative to unravel the intricacies of MAPK cascade and its plausible cross-talk with auxin
and cytokinin signaling components, with a particular focus on crop plant and a model mono-
cot plant, rice. The current study aims to decipher the missing links in our present understand-
ing of MAPK and rice root development. A high throughput phenomics analysis of various
early stages of rice roots under auxin and cytokinin treatment was undertaken. To get a deeper
insight at the molecular level and to identify the potential MAPK signaling component in-
volved during root development, transcript profiling by qRT-PCR of the entire gene family of
MAPK and MAPKK in rice was performed. Auxin and cytokinin play a pivotal role during
root development. Expression of PIN genes are implicated in differential auxin translocation
and is also regulated by cytokinin thus, transcript profiling of PIN genes were carried out on
the roots grown in the presence of these phytohormones. Further, the protein level and activity
of potential MAPKs was investigated using western and immuno kinase assays, respectively.
The above study led to the identification of novel rice root specific phenotypic traits in response
to auxin and cytokinin at different developmental stages using GiA roots software framework.
High expression profile of OsMPK3/6, OsMKK4/5 and OsPIN 1b/9 and their marked tran-
script level modulation in response to both auxin and cytokinin was observed. Finally, the pro-
tein levels and activity assay further substantiated our present findings. Thus, OsMPK3/6,
OsMKK4/5 were elucidated as the putative, key players in auxin-cytokinin interaction aug-
menting their role by differentially regulating the expression patterns of OsPIN 1b/9 in root de-
velopment in rice.

Materials and Methods

Plant material and hormone treatments
Oryza sativa L. indica cultivar group var Pusa Basmati 1 was used in the present study. Plants
were grown on ½MS (Murashige and Skoog) media in sterile glass bottles in growth chamber
at 28°C with 16/8 day light condition up to 4 weeks. Exogenous hormone treatments of auxin
and cytokinin were given by germinating and growing plants in 1 μM and 5 μM of Indole-
3-Acetic Acid (IAA) and 6-Benzylaminopurine (BAP) in ½MS media, respectively. Roots of 7,
14, 21 and 28 days old rice seedlings were used for the experiments.

GiA Roots Analysis
The roots of 7, 14, 21 and 28 days old rice seedlings were imaged by rotating for 360° with 20
snap shots at an interval of 18° each. These images were further imported into GiA Roots Soft-
ware Framework [26] and analyzed for various phenotypic parameters like average root width
(diameter), network bushiness, number of connected components, network depth, ellipse axes
ratio, network length distribution, major ellipse axis, maximum number of roots, network
width, median number of roots, minor ellipse axis, network area, network convex area, network
perimeter, network solidity, specific root length, network surface area, network length, network
volume and network width to depth ratio.
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qRT-PCR Analyses
The total RNA was extracted from hormone treated as well as untreated roots by Trizol reagent
(Sigma Aldrich, USA) according to manufactures protocol. RNA was treated with 10 units of
RNase free DNase 1 (Fermentas). 2 μg of total RNA was subjected to first strand cDNA synthe-
sis using RevertAid HMinus First Strand cDNA synthesis kit (Fermentas) as per manufactur-
er’s protocol using oligo dT primers. The qRT-PCR was carried out in 384 well plate ABI
Prism 7000 sequence detection system (Applied Biosystems, City, CA), as has been described
previously [27,28]. The relative gene expression was determined based on the 2−ΔΔCT method
[29]. Primer pairs used for qRT-PCR analysis of different genes are mentioned in S1, S2 and
S3 Tables.

Protein extraction and immunoblot analyses
Frozen root tissues were ground in liquid nitrogen and homogenized in 1 ml of ice-cold extrac-
tion buffer (100 mMHEPES-KOH pH 7.5, 5 mM EDTA, 5 mMEGTA, 10 mM DTT, 10 mM
Na3VO4, 10 mMNaF, 50 mM β-glycerol phosphate, 1 mM PMSF, 10% glycerol and 7.5%
PVPP). Extracts were centrifuged and the clear supernatant was recovered. For western 20 μg
of extracted crude protein was fractionated on a 10% polyacrylamide gel containing 0.1% SDS.
Proteins were transferred to a polyvinylidene difluoride (PVDF) membrane in a BIO-RAD
semi-dry blot tank using transfer system according to manufacturer’s protocol for 1h. For
immuno-detection of proteins, the membrane was blocked with 5% (w/v) skimmed milk in
Tris-buffered saline (TBS) buffer for 2h, and subsequently incubated with primary antibody di-
luted in TBS-T buffer (TBS 0.1%, Tween 20) containing 3% (w/v) skimmed milk for 1.5 h at
room temperature or at 4°C overnight. After washing in TBS-T the membrane was incubated
with secondary antibody diluted in TBS-T containing 3% (w/v) skimmed milk at room temper-
ature for 1.5 h. Following several washing steps, proteins were detected by incubating the mem-
brane in freshly prepared chemiluminescent HRP substrate (Immobilon Western, Millipore
Corporation,U.S.A.). Chemiluminescence was detected using HyperProcessor (Amersham
Biosciences). Sources and dilutions of antibodies are listed in S4 Table.

In Gel Kinase Assay
The in-gel kinase activity was carried out as described previously [30]. 20 μg of total protein
was fractionated on a 10% polyacrylamide gel containing 0.1% SDS and 0.5 mg ml-1 bovine
brain myelin basic protein (MBP) (Sigma Aldrich). After electrophoresis, the SDS from the gel
was removed with buffer (25 mM Tris–HCl pH 7.5, 0.5 mMDTT, 5 mMNa3VO4, 0.1 mM
NaF, 0.5 mg ml BSA, 0.1% Triton X 100) followed by renaturation in buffer (25 mM Tris–HCl
pH 7.5, 0.5 mMDTT, 5 mMNa3VO4, 0.1 mM NaF) at 4°C overnight. MBP phosphorylation
was performed by incubating the gel in 20 ml of reaction buffer (25 mM Tris HCl pH 7.5,
2 mM EGTA, 12 mMMgCl2, 1 mMDTT, 0.1 mM Na3VO4, 1 μMATP and 50 μCi of
γ32P-ATP (3000 Ci mmol-1) for 60 min at room temperature. The gel was washed three times
with 5% TCA and 1% Sodium pyrophosphate and auto radiographed in phosphor imager
(Typhoon, GE health care).

Results

High throughput assays using GiA roots software revealed various novel
rice root phenotypic parameters
Estimation of Root system architecture (RSA) traits may give deeper insights into rice pheno-
type, which in turn may pave way in deciphering various complex nexus of root developmental
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aspects. Hence, in the present study, a large number of rice root system images were analyzed
using GiA roots software. The annotated data resulted in generation of processed images of 7,
14, 21 and 28 days old rice roots of untreated, IAA and BAP treated seedlings (Fig 1). GiA
roots software was also used for the elucidation of 19 root specific phenotypic traits out of
which a few of the conclusive data have been plotted into histograms in Fig 2. A time course in-
crease of average root width, network depth, maximum number of roots, specific root length
and network area was observed in all rice seedlings. Marked increase in root width (Fig 2A)
was observed in BAP treatment with a substantial increase at higher concentration. Higher

Fig 1. Novel phenotypic variability on auxin and cytokinin treatment revealed by GiA Roots Software framework. Annotated images by GiA roots
software of 7 days, 14 days, 21 days and 28 days old rice seedling treated with 1, 5μM IAA and BAP in comparison with the normally grown seedlings.

doi:10.1371/journal.pone.0123620.g001
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concentration of IAA also resulted in increment of root width while lower concentration of the
same was comparable to that of untreated seedlings. Network Depth (Fig 2B) was most pro-
nounced in untreated rice seedlings while with a gradual concentration increase of the two
treatments it deteriorated. Maximum extent of root branching (Fig 2C) was observed in IAA
treatment, while in case of BAP treatment there was steep decline in root branching. The spe-
cific root length (Fig 2D) on IAA treatment was almost comparable to untreated samples while
BAP treatment led to a significant decrease in specific root length. In comparison of untreated
seedlings a slight increase in network area (Fig 2E) was observed in case of IAA treated seed-
lings while BAP treated seedlings were compact with decreased area coverage. The other 14
novel root phenotypic traits namely network bushiness, ellipse axis ratio, network length distri-
bution, major ellipse axis, network width, median number of roots, minor ellipse axis, network
convex area, network perimeter, network solidity, specific root length, network length, network
volume and network width to depth ratio are represented graphically and documented in S1
Fig. Thus, from the above extensive phenotypic analysis it may be concluded that IAA treat-
ment results in increment in maximum and median number of roots, network bushiness, spe-
cific root length, network convex area and network perimeter while BAP treatment results in
increase in network width, network width to depth ratio, average root width and network
solidity.

Different members of MAPK, MAPKK and PIN gene family in rice are
regulated during root development
After a comprehensive view of root architectural traits, study was carried to get a better insight
at the molecular cues governing root development. qRT-PCR of 7, 14, 21 and 28 days old rice
roots was undertaken to determine the absolute transcript levels of the complete family of
MAPK, MAPKK and PIN genes (Fig 3). Among the 16 components of MAPK family (Fig 3A),
OsMPK3 and OsMPK6 showed high transcript accumulation. OsMPK3 showed a high expres-
sion profile at 7 days, got reduced on 14 and 21 days stage and increased by eight fold in 28
days root samples. OsMPK6 showed a temporal decrease in transcript accumulation with high-
est expression at 7 days stage and lowest at 28 days. The other members of MAPK gene family
did not show any major drastic accumulation or alteration in their transcript level at the stud-
ied time point of root growth except for OsMPK20-4 that showed high expression only on 14
days stage. In case of 8 MAPKK gene members, depicted by absolute transcript accumulation
graph in Fig 3B, OsMKK4 and OsMKK5 showed significant alteration of transcripts. OsMKK4
showed high transcript accumulation at 7 and 28 days root stage while in case of OsMKK5 high
transcript abundance was observed at 7 and 14 days stage which declined in 21 and 28 days.
Further, expression patterns of 11 OsPIN (Fig 3C) was also assayed which identified OsPIN1b,
OsPIN2 and OsPIN9 as potential candidates for study due to their high and varied transcript
profile.

Fig 2. Phenotypic parameters showmarked variability on auxin and cytokinin treatment.Graphical
representation of root phenotypic parameters of untreated as well as 1, 5μM IAA and BAP treated 7, 14, 21
and 28 days rice seedlings. Average Root width (A), Network Depth (B), Maximum number of Roots (C),
Specific Root Length (D) and Network Area (E) was analyzed using GiA roots software and plotted into bar
graphs. Data shown is the average of three triplicates with error bars indicating standard deviation. The
asterisks indicate a significant differences between Control vs. IAA treated and Control vs. BAP treated (***,
P < 0.001), (*, P < 0.05) and (**, P < 0.01).

doi:10.1371/journal.pone.0123620.g002
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Auxin and Cytokinin lead to a closely inter-related regulation of the
potential MAPK and PIN family components
With a basic knowledge of the role of auxin and cytokinin as being the major players mediating
root development and knowing about the expression patterns of the various components of
MAPK signaling cascade and PIN genes, it was imperative to explore the differential expression
of these components on auxin and cytokinin treatment. qRT-PCR analysis of 7, 14, 21 and 28
days old rice roots was undertaken to assess the transcript levels of the complete family of
MAPK, MAPKK and PIN genes this time after 1 μM of IAA and 1 μM of BAP treatment. The
response of the genes to auxin and cytokinin was assayed in reference to the normalized abso-
lute transcript levels. Of all the MAPK genes (S2 Fig), OsMPK3 and OsMPK6 showed substan-
tial response to auxin and cytokinin treatment as is evident by high and varied accumulation of
transcripts of the two genes. The initial response at 7 days stage of the two genes was complete-
ly contrasting (Fig 4A and 4B). OsMPK3 was down regulated by IAA treatment and up- regu-
lated by BAP treatment, a vice versa scenario was observed in case of OsMPK6. An interesting
expression pattern was observed at 14 and 21 days where OsMPK6 showed up-regulation in
both treatments while, OsMPK3 followed the same trend in 21 days old samples. At 14 days
stage OsMPK3 was up- regulated by 6 fold and down-regulated by almost 7.5 fold on IAA and
BAP treatments, respectively. OsMPK6 was down regulated by almost 7.5 fold and up- regulat-
ed by 6 fold on IAA and BAP treatments, respectively at 21 days stage. Paradoxically, there was

Fig 3. Differential transcript accumulation of all the components of MAPKs, MAPKKs and PINs. Absolute transcript levels of MAPKs (A), MAPKKs (B)
and PIN (C) gene family members analyzed by qRT-PCR. Data shown is the average of three triplicates normalized to actin, with error bars indicating
standard deviation.

doi:10.1371/journal.pone.0123620.g003
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a marked down regulation of both the genes at the fourth week stage. Higher down-regulation
was observed on BAP treatment in both the cases. A comprehensive assay of transcript profile
of all the members ofMAPKK (S3 Fig), identified OsMKK4 and OsMKK5 as potential candi-
dates responding to auxin and cytokinin treatment. As is elucidated in Fig 4C and 4D both the
genes showed a concerted expression trend. At 7 days stage both IAA and BAP treatments lead

Fig 4. Expression of MAPK, MAPKK and PIN gene family members show intricate regulation on auxin and cytokinin treatment. Transcripts level
profile of OsMPK3 (A), OsMPK6 (B), OsMKK4 (C), OsMKK5 (D), OsPIN1b (E) OsPIN9 (F) and OsPIN2 (G) in response to auxin and cytokinin by qRT-PCR.
Seedlings of 7, 14, 21 and 28 days were subjected to 1μM auxin and 1μM cytokinin treatments in½MSmedia. Expression level of untreated samples was
taken as the baseline and all values shown are respective to baseline. Error bars indicate standard deviation of three independent experiments.

doi:10.1371/journal.pone.0123620.g004
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to the down regulation of the two genes, while at 14 days stage both the genes were chronically
up regulated after the two treatments. 21 days resulted in down- regulation of both the genes
on IAA treatment and a sudden up-regulation on BAP treatment while a contrasting trend was
observed at 28 days stage, with IAA treatment resulting in up regulation and BAP treatment in
down- regulation of both the genes. Complete transcript profile of members of PIN gene family
(S4 Fig) was also undertaken. Notably, OsPIN5c showed negligible modulation on auxin and
cytokinin treatment and hence, its results are not included in the present study. OsPIN1b,
OsPIN2 and OsPIN9 were the putative candidates, which responded to IAA and BAP treat-
ments by significant transcript accumulation as is clearly documented in Fig 4E–4G. OsPIN1b
and OsPIN9 emerged as important members of PIN gene family showing a marked accumula-
tion of transcripts on hormonal treatment. Both OsPIN1b and OsPIN9 were up regulated with
BAP treatment at 7 days stage while IAA led to up-regulation at 14, 21 days stage. Down-regu-
lation of the two genes was observed at 28 days stage and incidentally on both the hormonal
treatments. OsPIN2 showed an almost four fold up regulation on IAA treatment at 7 days stage
while, both IAA and BAP treatment at the other temporal points led to a marked down
regulation.

Protein levels of OsMPK3 and OsMPK6 corroborated with the transcript
profile
It is evident from previous studies [19] that OsMPK3 and OsMPK6 show high homology with
their Arabidopsis counterpart. Additionally, cross-reaction of Arabidopsis AtMPK3 and
AtMPK6 antibodies with their respective orthologs in rice, OsMPK3 and OsMPK6 has been
demonstrated earlier [18]. Hence, in the present study, western analysis with AtMPK3 and
AtMPK6 specific antibodies were undertaken to assess the protein levels of OsMPK3 and
OsMPK6. OsMPK3 protein level profile (Fig 5A) elucidated high protein level at 7 and 28 days
stage in untreated tissues. On IAA treatment considerable protein levels were observed at 14
and 21 days stage while, BAP treatment lead to high protein levels at 7 and 21 days stage. As de-
picted in Fig 5B, in case of untreated root samples, OsMPK6 showed highest protein level at 7
days stage which declined till the fourth week. On IAA treatment high protein levels were ob-
served at 7 days that decreased at 14 and 21 days stage and waning to a minimum at the 28
days stage. On BAP treatment high protein level of OsMPK6 was observed at 14 and 21 days
stage while protein was accumulated to a lesser extent at 7 and 28 days stage.

IAA and BAP induce juxtaposed activation of OsMPK3 and OsMPK6
MAPKs are known to phosphorylate their downstream targets when activated through phos-
phorylation by the upstream MAPKK [16]. Therefore, protein activity of the potential MAPK
members i.e. OsMPK3 and OsMPK6 was studied. An immuno-kinase assay was carried out
with an anti phospho-threonine-glutamic acid- anti phospho-tyrosine antibody, pTEpY [31]
that specifically recognizes the activated MAPK components (Fig 6). The immuno-kinase
assay led to an interesting finding where OsMPK3 was activated temporally in a contrasting
fashion on auxin and cytokinin treatment. Marked increase in OsMPK3 activity was observed
at 2 week stage on IAA treatment while on BAP treatment negligible activation was observed.
A similar trend was also observed at 7 and 28 days stage but to a lesser extent. While, a con-
trasting trend was observed on BAP treatment at 21 days stage where BAP treatment led to
marked activation and IAA treatment diminished the activity. OsMPK6 showed high activa-
tion at 14 and 21 days stage on IAA treatment while in all the other samples almost a basal acti-
vation was reported. Similar results have been observed with an in-gel MBP phosphorylation
assay (S5 Fig)
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Discussions
In the present study a large-scale assay of rice root phenotype as well as the effect of auxin and
cytokinin at different temporal stages of root development was undertaken. This was a first
high throughput experimental setup of its kind which tried to delineate almost 19 novel pheno-
typic characters, in particular, of the rice roots. There have been some reports [32–34] explor-
ing quite a few root related aspects particularly in Arabidopsis but to date, a similar study in
rice is missing. The approach adopted in the present study, was to delineate the signaling cas-
cade (in particular MAPK network) governing the different temporal growth stages of rice root
and then correlating it with cardinal phytohormones like auxin and cytokinin, rather than ex-
ploring the events of the bifurcated zones. Although, exploitation of signaling events governing
the development of different root zones will elucidate a number of intricate mechanisms. The
current approach will provide a more holistic and conclusive involvement of the MAPK signal-
ing cascade. The phenomics data added a few parameters to the concept of the present study as
well as established various unexplored traits about RSA post auxin and cytokinin treatment. A
comprehensive exploration of the annotated root phenomics data could pave way for elucida-
tion of new dimensions of root physiological processes.

Molecular elucidation of major signaling cascades and their respective components may
help in comprehending various factors affecting different aspects of rice root development.
Growing understanding of the subject indicates that auxin acts as a central node, and various
other phytohormones in particular cytokinin communicate with it to regulate root develop-
ment [4,5,32,35]. In addition, signaling pathways that involve other plant hormones also influ-
ence the role of these two phyto-hormones in roots [36]. This multilevel interaction involves
various phytohormone biosynthesis genes, auxin transporter genes, and a conspicuous

Fig 5. Protein levels of OsMPK3 and OsMPK6 co-relate with the respective transcript profile.Western
blots showing the protein levels of OsMPK3 (A) and OsMPK6 (B) in 7, 14, 21 and 28 days old rice roots upon
IAA (1μM) and BAP (1μM) treatments. Anti-AtMPK3 and Anti-AtMPK6 antibodies were used to assess the
respective protein levels of OsMPK3 and OsMPK6.

doi:10.1371/journal.pone.0123620.g005
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signaling network like MAPK cascade, as well as a few other secondary messengers [2]. Al-
though, innumerable reports have provided evidence of the involvement of MAPK cascade in
various developmental aspects [12] yet a complete confirmation of the established role of
MAPK network in root development is lacking. A few reports have speculated the role of
MAPK signaling network in roots particularly in Arabidopsis [20,21,23,37,38] other reports
have also linked MAPK signaling cascade with auxin signaling [24,25,39–41]. In spite of all
these studies, there has never been a concerted effort to characterize all the components of
MAPK network and co-relating them with phytohormonal regulation in rice. OsMPK3 and
OsMPK6 emerged as putative targets of the present study with high expression profile. Both
MPK3 and MPK6 are widely explored members of MAPK network, involved in varied number
of developmental processes like ovule, anther and stomatal patterning as well as development
[12,42–45]. Earlier studies have established the role of AtMPK6 in root development,

Fig 6. OsMPK3 and OsMPK6 show activation on auxin and cytokinin treatment in a contrasting
manner. An immuno-kinase assay with pTEpY antibody, which specifically identifies the activated MAPK
components, was performed. MAPK activity signals were observed at ~42, and ~44 kDa corresponding to the
size of OsMPK3 and OsMPK6, respectively.

doi:10.1371/journal.pone.0123620.g006
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documenting its role in repression of primary and lateral root development [21] and its differ-
ential localization in cell division plane control and root development [20]. The involvement of
MPK3 in root development is currently unexplored and the present study is the first report of
its kind. Furthermore, OsMKK4/5 are well established upstream counterparts of OsMPK3/6
and activate the latter by phosphorylation [46,47]. The role of this particular module is well
studied in stomatal patterning and development [43]. Here we report the plausible involvement
of this particular module in root development. It is evident that auxin mounts its effect by dif-
ferential polar transportation facilitated by efflux carriers namely PIN proteins. Cytokinin also
regulates the expression pattern of PIN to administer an intricate control on auxin signaling
[48]. Hence, gene expression studies of PIN family identified OsPIN1b, and OsPIN9 as poten-
tial members among PIN genes. The absolute expression quantification of these PIN genes
were in accordance with a recent tissue specific characterization study [6]. Our present work
was different from this previous study, as it deciphered the temporal expression profile of these
OsPIN genes at different temporal stages of root development. Results of this study led to a
conclusive elucidation of PIN genes being differently regulated at various stages of rice root
development.

Both OsMPK3 and OsMPK6 were responsive to auxin and cytokinin treatment. Auxin re-
sulted in up-regulation of OsMPK3 transcripts in later stages (14 and 21 days) while OsMPK6
was up regulated at early (7 and 14 days) root development stage. It is likely that the two
MAPK components are playing a synergistic role in auxin treatment. OsMPK6 being respon-
sive to auxin treatment in early development stage and OsMPK3 taking over the function dur-
ing later stages. Cytokinin caused up regulation of OsMPK6 at later stages (14 and 21days).
Interestingly, OsMPK3 transcript showed a mixed trend being up regulated at 7 and 21 days
and down regulated at 14 and 28 days stage. OsMKK4/5 showed a similar expression trend on
the phytohormonal treatment, which reinstates the redundant nature of the two genes. The re-
dundant nature of MKK4/5 is elucidated in stomatal development and patterning [43,45], the
current observation may be regarded as an extrapolation of the previous report. The transcript
profile of OsMKK4/5 coincided with the root development stage dependent activity of
OsMPK3, the downstream counterpart of the signaling module. Hence, the two genes may act
in a concerted manner to activate the downstream signaling components, which may further
lead to activation of various root development related genes.

The co-regulation of OsPIN1b/OsPIN9 and OsMPK3 are indicative of the two genes being
regulated by the phytohormones in a concerted manner. Hence, OsPIN1b/OsPIN9 may be in-
tricately regulated by OsMPK3 on phytohormonal elicitation further, mounting their role in
root growth and development. Further, phosphorylation of PIN proteins leads to conforma-
tional variation, which causes functional diversity. This in turn results in perturbed polar auxin
transport and altered root development. OsMPK3 and OsMPK6, at a few instances, act in a re-
dundant manner and share many of the substrates [49], these PINs could very well be the target
of both OsMPK3 and OsMPK6. The sequence analysis of OsPIN1b and OsPIN9 also revealed
the presence of a MAPK target site. It would be interesting to explore the phosphorylation sta-
tus of these PIN proteins with MAPK cascade components, in particular OsMPK3, which
would further elucidate the complex network of the MAPK signaling module and its phytohor-
monal regulation during rice root developmental stages.

Interestingly, the protein levels of the two potential MAPKs, namely OsMPK3 and
OsMPK6 were in corroboration with their transcript profile. In subtle accordance with the
transcript level, OsMPK6 was responsive to auxin treatment in early development stage and
OsMPK3 proceeded over the function during later stages. Hence, both OsMPK3 and OsMPK6
may play crucial role at different temporal rice root development stage. Furthermore, the activ-
ity assay of the two MAPKs in question led to a very interesting finding. While, OsMPK6 was
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shown to be drastically activated on IAA and BAP treatment, OsMPK3 showed a unique and
peculiar trend. It was observed to be antagonistically regulated by auxin and cytokinin. The
above findings have been diagrammatically depicted into a testable model in Fig 7. These find-
ings lead to an indicative conclusion of the involvement of OsMPK3 and OsMPK6 in rice root
development which may act in concert or individually with the phytohormones at the specified
time point and further lead to the modulation of transcript accumulation of OsPIN 1b/9 genes
leading to various root developmental phenomena. The present study is a modest attempt to
decipher the role of MAPK and hormonal interplay. We believe that the present study will be
followed by a number of research undertakings which will further open a whole new realm of
studies in the specific field of research.

Conclusions
It is evident that auxin and cytokinin have antagonistic effects in root developmental processes
[4,5,32,50] but no study has reported the involvement of MAPK signaling network in this intri-
cate regulation. This study provides evidence that MAPK signaling network works in concert
with auxin and cytokinin during various stages of rice root development. Further, the above
study pinpoints at a nodal role of OsMPK3 and OsMPK6, which may act in concert or individ-
ually with the phytohormones at the specified time. These two pivotal components are in turn
activated by upstream cascade component, OsMKK4/5. Furthermore, this module augments
its role by affecting the polar transportation of PIN proteins via affecting the transcript accu-
mulation of PIN genes namely OsPIN1b and OsPIN9.

Supporting Information
S1 Fig. Novel root phenotypic parameters in response to auxin and cytokinin treatment.
Graphical representation of root phenotypic parameters of untreated as well as 1, 5μM IAA

Fig 7. MAPK cascade and auxin-cytokinin interplay in root development. The testable model shows the involvement of the OsMKK4/5 and OsMPK3/6
module regulating OsPIN1b/9 and governing the root development phenomena in concert with auxin and cytokinin in rice.

doi:10.1371/journal.pone.0123620.g007
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and BAP treated 1–4 week rice seedlings. All the root phenotypic parameters were analyzed
using GiA roots software framework. Data shown is the average of three triplicates with error
bars indicating standard deviation.
(PDF)

S2 Fig. Expression pattern of MAPK cascade components in response to auxin and cytoki-
nin treatment by qRT-PCR. On top of the left hand panel is relative expression pattern of a
Group B MAPK i.e. OsMPK4, the next two graphs represents Group CMAPKs i.e.
OsMPK7 and OsMPK14, while all the others represent members of Group DMAPKs. Seed-
lings of 1–4 weeks were subjected to 1μM auxin and 1μM cytokinin treatments in ½MS
media. Expression level of untreated samples was taken as the baseline and all values shown
are respective to baseline. Error bars indicate standard deviation of three independent experi-
ments.
(PDF)

S3 Fig. Relative expression patterns of MAPKK family members in response to auxin and
cytokinin treatment by qRT-PCR. Seedlings of 1–4 weeks were subjected to 1μM auxin and
1μM cytokinin treatments in ½MS media. Expression level of untreated samples was taken as
the baseline and all values shown are respective to baseline. Error bars indicate standard devia-
tion of three independent experiments.
(PDF)

S4 Fig. Transcript profiling of OsPIN family genes in response to auxin and cytokinin
treatment by qRT-PCR. Seedlings of 1–4 weeks were subjected to 1μM auxin and 1μM cytoki-
nin treatments in ½MS media. Expression level of untreated samples was taken as the baseline
and all values shown are respective to baseline. Error bars indicate standard deviation of three
independent experiments.
(PDF)

S5 Fig. In-gel kinase assay using myelin basic protein (MBP) as substrate show MAPK ac-
tivity signals at ~ 42, and ~44 kDa corresponding to the size of OsMPK3 and OsMPK6, re-
spectively.
(PDF)

S1 Table. List ofMAPK genes and primer pairs for qRT-PCR.
(PDF)

S2 Table. List ofMAPKK genes and primer pairs for qRT-PCR.
(PDF)

S3 Table. List of PIN genes and primer pairs for qRT-PCR.
(PDF)

S4 Table. List of antibodies used for immunoblot analyses.
(PDF)

Acknowledgments
The authors extend their gratitude to the Department of Biotechnology (DBT) and National
Institute of Plant Genome Research (NIPGR) for financial support and providing fellowship to
TKM. Council of Scientific and Industrial Research (CSIR), Government of India is duly ac-
knowledged for providing fellowship to PS.

MAPK-Phytohormone Interplay during Rice Root Development

PLOS ONE | DOI:10.1371/journal.pone.0123620 April 9, 2015 15 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123620.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123620.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123620.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123620.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123620.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123620.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123620.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123620.s009


Author Contributions
Conceived and designed the experiments: AKS PS. Performed the experiments: PS TKM. Ana-
lyzed the data: PS TKM AKS. Contributed reagents/materials/analysis tools: AKS. Wrote the
paper: PS AKS.

References
1. Rebouillat J, Dievart A, Verdeil JL, Escoute J, Giese G, Breitler JC, et al. Molecular Genetics of Rice

Root Development. Rice 2009; 2: 15–34.

2. Malamy JE (2005) Intrinsic and environmental response pathways that regulate root system architec-
ture. Plant, Cell & Environment 2005; 28: 67–77.

3. Coudert Y, Perin C, Courtois B, Khong NG, Gantet P Genetic control of root development in rice, the
model cereal. Trends Plant Sci. 2010; 15: 219–226. doi: 10.1016/j.tplants.2010.01.008 PMID:
20153971

4. Muller B, Sheen J Cytokinin and auxin interaction in root stem-cell specification during early embryo-
genesis. Nature 2008; 453: 1094–1097. doi: 10.1038/nature06943 PMID: 18463635

5. Bishopp A, Benkova E, Helariutta Y Sending mixed messages: auxin-cytokinin crosstalk in roots. Curr
Opin Plant Biol. 2011; 14: 10–16. doi: 10.1016/j.pbi.2010.08.014 PMID: 20926335

6. Wang JR, Hu H, Wang GH, Li J, Chen JY, Wu P. Expression of PIN genes in rice (Oryza sativa L.): tis-
sue specificity and regulation by hormones. Mol Plant 2009; 2: 823–831. doi: 10.1093/mp/ssp023
PMID: 19825657

7. Rashotte AM, Brady SR, Reed RC, Ante SJ, Muday GK Basipetal auxin transport is required for gravi-
tropism in roots of Arabidopsis. Plant Physiol. 2000; 122: 481–490. PMID: 10677441

8. Friml J Auxin transport—shaping the plant. Curr Opin Plant Biol. 2003; 6: 7–12. PMID: 12495745

9. Bielach A, Duclercq J, Marhavy P, Benkova E Genetic approach towards the identification of auxin-cy-
tokinin crosstalk components involved in root development. Philos Trans R Soc Lond B Biol Sci. 2012;
367: 1469–1478. doi: 10.1098/rstb.2011.0233 PMID: 22527389

10. Dello Ioio R, Linhares FS, Scacchi E, Casamitjana-Martinez E, Heidstra R, Costantino P, et al. Cytoki-
nins determine Arabidopsis root-meristem size by controlling cell differentiation. Curr Biol. 2007; 17:
678–682. PMID: 17363254

11. Saini S, Sharma I, Kaur N, Pati PK Auxin: a master regulator in plant root development. Plant Cell Rep.
2013; 32: 741–757. doi: 10.1007/s00299-013-1430-5 PMID: 23553556

12. Colcombet J, Hirt H Arabidopsis MAPKs: a complex signalling network involved in multiple biological
processes. Biochem J. 2008; 413: 217–226. doi: 10.1042/BJ20080625 PMID: 18570633

13. Taj G, Agarwal P, Grant M, Kumar A MAPKmachinery in plants: recognition and response to different
stresses through multiple signal transduction pathways. Plant Signal Behav. 2010; 5: 1370–1378.
PMID: 20980831

14. Doczi R, Okresz L, Romero AE, Paccanaro A, Bogre L Exploring the evolutionary path of plant MAPK
networks. Trends Plant Sci. 2012; 17: 518–525. doi: 10.1016/j.tplants.2012.05.009 PMID: 22682803

15. Rodriguez MC, Petersen M, Mundy J Mitogen-activated protein kinase signaling in plants. Annu Rev
Plant Biol. 2010; 61: 621–649. doi: 10.1146/annurev-arplant-042809-112252 PMID: 20441529

16. Sinha AK, Jaggi M, Raghuram B, Tuteja N Mitogen-activated protein kinase signaling in plants under
abiotic stress. Plant Signal Behav. 2011; 6: 196–203. PMID: 21512321

17. Samajova O, Plihal O, Al-Yousif M, Hirt H, Samaj J Improvement of stress tolerance in plants by genetic
manipulation of mitogen-activated protein kinases. Biotechnol Adv. 2013; 31: 118–128. doi: 10.1016/j.
biotechadv.2011.12.002 PMID: 22198202

18. Rao KP, Vani G, Kumar K, Wankhede DP, Misra M, Gupta M, et al. Arsenic stress activates MAP ki-
nase in rice roots and leaves. Arch Biochem Biophys. 2011; 506: 73–82. doi: 10.1016/j.abb.2010.11.
006 PMID: 21081102

19. Hamel LP, Nicole MC, Sritubtim S, Morency MJ, Ellis M, Ehlting J, et al. Ancient signals: comparative
genomics of plant MAPK and MAPKK gene families. Trends Plant Sci. 2006; 11: 192–198. PMID:
16537113

20. Muller J, Beck M, Mettbach U, Komis G, Hause G, Menzel D, et al. Arabidopsis MPK6 is involved in cell
division plane control during early root development, and localizes to the pre-prophase band, phragmo-
plast, trans-Golgi network and plasmamembrane. Plant J. 2010; 61: 234–248. doi: 10.1111/j.1365-
313X.2009.04046.x PMID: 19832943

MAPK-Phytohormone Interplay during Rice Root Development

PLOS ONE | DOI:10.1371/journal.pone.0123620 April 9, 2015 16 / 18

http://dx.doi.org/10.1016/j.tplants.2010.01.008
http://www.ncbi.nlm.nih.gov/pubmed/20153971
http://dx.doi.org/10.1038/nature06943
http://www.ncbi.nlm.nih.gov/pubmed/18463635
http://dx.doi.org/10.1016/j.pbi.2010.08.014
http://www.ncbi.nlm.nih.gov/pubmed/20926335
http://dx.doi.org/10.1093/mp/ssp023
http://www.ncbi.nlm.nih.gov/pubmed/19825657
http://www.ncbi.nlm.nih.gov/pubmed/10677441
http://www.ncbi.nlm.nih.gov/pubmed/12495745
http://dx.doi.org/10.1098/rstb.2011.0233
http://www.ncbi.nlm.nih.gov/pubmed/22527389
http://www.ncbi.nlm.nih.gov/pubmed/17363254
http://dx.doi.org/10.1007/s00299-013-1430-5
http://www.ncbi.nlm.nih.gov/pubmed/23553556
http://dx.doi.org/10.1042/BJ20080625
http://www.ncbi.nlm.nih.gov/pubmed/18570633
http://www.ncbi.nlm.nih.gov/pubmed/20980831
http://dx.doi.org/10.1016/j.tplants.2012.05.009
http://www.ncbi.nlm.nih.gov/pubmed/22682803
http://dx.doi.org/10.1146/annurev-arplant-042809-112252
http://www.ncbi.nlm.nih.gov/pubmed/20441529
http://www.ncbi.nlm.nih.gov/pubmed/21512321
http://dx.doi.org/10.1016/j.biotechadv.2011.12.002
http://dx.doi.org/10.1016/j.biotechadv.2011.12.002
http://www.ncbi.nlm.nih.gov/pubmed/22198202
http://dx.doi.org/10.1016/j.abb.2010.11.006
http://dx.doi.org/10.1016/j.abb.2010.11.006
http://www.ncbi.nlm.nih.gov/pubmed/21081102
http://www.ncbi.nlm.nih.gov/pubmed/16537113
http://dx.doi.org/10.1111/j.1365-313X.2009.04046.x
http://dx.doi.org/10.1111/j.1365-313X.2009.04046.x
http://www.ncbi.nlm.nih.gov/pubmed/19832943


21. Lopez-Bucio JS, Dubrovsky JG, Raya-Gonzalez J, Ugartechea-Chirino Y, Lopez-Bucio J, de Luna-Val-
dez LA et al. Arabidopsis thaliana mitogen-activated protein kinase 6 is involved in seed formation and
modulation of primary and lateral root development. J Exp Bot. 2014; 65: 169–183. doi: 10.1093/jxb/
ert368 PMID: 24218326

22. Zhang X, Xiong Y, Defraia C, Schmelz E, Mou Z The Arabidopsis MAP kinase kinase 7: A crosstalk
point between auxin signaling and defense responses? Plant Signal Behav. 2008; 3: 272–274. PMID:
19704652

23. Zeng Q, Sritubtim S, Ellis BE AtMKK6 and AtMPK13 are required for lateral root formation in Arabidop-
sis. Plant Signal Behav. 2011; 6: 1436–1439. doi: 10.4161/psb.6.10.17089 PMID: 21904115

24. Dai Y, Wang H, Li B, Huang J, Liu X, Zhou Y et al. Increased expression of MAP KINASE KINASE7
causes deficiency in polar auxin transport and leads to plant architectural abnormality in Arabidopsis.
Plant Cell 2006; 18: 308–320. PMID: 16377756

25. Lee JS, Wang S, Sritubtim S, Chen JG, Ellis BE Arabidopsis mitogen-activated protein kinase MPK12
interacts with the MAPK phosphatase IBR5 and regulates auxin signaling. Plant J. 2009; 57: 975–985.
doi: 10.1111/j.1365-313X.2008.03741.x PMID: 19000167

26. Galkovskyi T, Mileyko Y, Bucksch A, Moore B, Symonova O, Topp CN, et al. GiA Roots: software for
the high throughput analysis of plant root system architecture. BMC Plant Biol. 2012; 12: 116. doi: 10.
1186/1471-2229-12-116 PMID: 22834569

27. Jaggi M, Kumar S, Sinha AK Overexpression of an apoplastic peroxidase gene CrPrx in transgenic
hairy root lines of Catharanthus roseus. Appl Microbiol Biotechnol. 2011; 90: 1005–1016. doi: 10.1007/
s00253-011-3131-8 PMID: 21318361

28. Raghuram B, Sheikh AH, Sinha AK Regulation of MAP kinase signaling cascade by microRNAs in
Oryza sativa. Plant Signal Behav. 2014; 9.

29. Livak KJ, Schmittgen TD Analysis of relative gene expression data using real-time quantitative PCR
and the 2(-Delta Delta C(T)) Method. Methods 2001; 25: 402–408. PMID: 11846609

30. Raina SK, Wankhede DP, Jaggi M, Singh P, Jalmi SK, Raghuram B, et al. CrMPK3, a mitogen activat-
ed protein kinase from Catharanthus roseus and its possible role in stress induced biosynthesis of
monoterpenoid indole alkaloids. BMC Plant Biol. 2012; 12: 134. doi: 10.1186/1471-2229-12-134 PMID:
22871174

31. Sethi V, Raghuram B, Sinha AK, Chattopadhyay S A mitogen-activated protein kinase cascade mod-
ule, MKK3-MPK6 and MYC2, is involved in blue light-mediated seedling development in Arabidopsis.
Plant Cell 2014; 26: 3343–3357. doi: 10.1105/tpc.114.128702 PMID: 25139007

32. Aloni R, Aloni E, Langhans M, Ullrich CI Role of cytokinin and auxin in shaping root architecture: regu-
lating vascular differentiation, lateral root initiation, root apical dominance and root gravitropism. Ann
Bot. 2006; 97: 883–893. PMID: 16473866

33. Aloni R Role of hormones in controlling vascular differentiation and the mechanism of lateral root initia-
tion. Planta 2013; 238: 819–830. doi: 10.1007/s00425-013-1927-8 PMID: 23835810

34. Fridman Y, Elkouby L, Holland N, Vragovic K, Elbaum R, Savaldi-Goldstein S, et al. Root growth is
modulated by differential hormonal sensitivity in neighboring cells. Genes Dev. 2014; 28: 912–920. doi:
10.1101/gad.239335.114 PMID: 24736847

35. Su YH, Liu YB, Zhang XS Auxin-cytokinin interaction regulates meristem development. Mol Plant 2011;
4: 616–625. doi: 10.1093/mp/ssr007 PMID: 21357646

36. Durbak A, Yao H, McSteen P Hormone signaling in plant development. Curr Opin Plant Biol. 2012; 15:
92–96. doi: 10.1016/j.pbi.2011.12.004 PMID: 22244082

37. Han S, Wang CW, WangWL, Jiang J Mitogen-activated protein kinase 6 controls root growth in Arabi-
dopsis by modulating Ca2+-based Na+ flux in root cell under salt stress. J Plant Physiol. 2014; 171:
26–34. doi: 10.1016/j.jplph.2013.09.023 PMID: 24484955

38. Samaj J, Ovecka M, Hlavacka A, Lecourieux F, Meskiene I, Lichtscheidl I, et al. Involvement of MAP ki-
nase SIMK and actin cytoskeleton in the regulation of root hair tip growth. Cell Biol Int. 2003; 27: 257–
259. PMID: 12681328

39. Hirt H Connecting oxidative stress, auxin, and cell cycle regulation through a plant mitogen-activated
protein kinase pathway. Proc Natl Acad Sci U S A 2000; 97: 2405–2407. PMID: 10716978

40. Mockaitis K, Howell SH Auxin induces mitogenic activated protein kinase (MAPK) activation in roots of
Arabidopsis seedlings. Plant J. 2000; 24: 785–796. PMID: 11135112

41. Smekalova V, Luptovciak I, Komis G, Samajova O, Ovecka M, Doskocilova A, et al. Involvement of
YODA and mitogen activated protein kinase 6 in Arabidopsis post-embryogenic root development
through auxin up-regulation and cell division plane orientation. New Phytol. 2014

MAPK-Phytohormone Interplay during Rice Root Development

PLOS ONE | DOI:10.1371/journal.pone.0123620 April 9, 2015 17 / 18

http://dx.doi.org/10.1093/jxb/ert368
http://dx.doi.org/10.1093/jxb/ert368
http://www.ncbi.nlm.nih.gov/pubmed/24218326
http://www.ncbi.nlm.nih.gov/pubmed/19704652
http://dx.doi.org/10.4161/psb.6.10.17089
http://www.ncbi.nlm.nih.gov/pubmed/21904115
http://www.ncbi.nlm.nih.gov/pubmed/16377756
http://dx.doi.org/10.1111/j.1365-313X.2008.03741.x
http://www.ncbi.nlm.nih.gov/pubmed/19000167
http://dx.doi.org/10.1186/1471-2229-12-116
http://dx.doi.org/10.1186/1471-2229-12-116
http://www.ncbi.nlm.nih.gov/pubmed/22834569
http://dx.doi.org/10.1007/s00253-011-3131-8
http://dx.doi.org/10.1007/s00253-011-3131-8
http://www.ncbi.nlm.nih.gov/pubmed/21318361
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://dx.doi.org/10.1186/1471-2229-12-134
http://www.ncbi.nlm.nih.gov/pubmed/22871174
http://dx.doi.org/10.1105/tpc.114.128702
http://www.ncbi.nlm.nih.gov/pubmed/25139007
http://www.ncbi.nlm.nih.gov/pubmed/16473866
http://dx.doi.org/10.1007/s00425-013-1927-8
http://www.ncbi.nlm.nih.gov/pubmed/23835810
http://dx.doi.org/10.1101/gad.239335.114
http://www.ncbi.nlm.nih.gov/pubmed/24736847
http://dx.doi.org/10.1093/mp/ssr007
http://www.ncbi.nlm.nih.gov/pubmed/21357646
http://dx.doi.org/10.1016/j.pbi.2011.12.004
http://www.ncbi.nlm.nih.gov/pubmed/22244082
http://dx.doi.org/10.1016/j.jplph.2013.09.023
http://www.ncbi.nlm.nih.gov/pubmed/24484955
http://www.ncbi.nlm.nih.gov/pubmed/12681328
http://www.ncbi.nlm.nih.gov/pubmed/10716978
http://www.ncbi.nlm.nih.gov/pubmed/11135112


42. Hord CL, Sun YJ, Pillitteri LJ, Torii KU, Wang H, Zhang S, et al. Regulation of Arabidopsis early anther
development by the mitogen-activated protein kinases, MPK3 and MPK6, and the ERECTA and related
receptor-like kinases. Mol Plant 2008; 1: 645–658. doi: 10.1093/mp/ssn029 PMID: 19825569

43. Lau OS, Bergmann DC Stomatal development: a plant's perspective on cell polarity, cell fate transitions
and intercellular communication. Development 2012; 139: 3683–3692. PMID: 22991435

44. Wang H, Liu Y, Bruffett K, Lee J, Hause G, Zhang S Haplo-insufficiency of MPK3 in MPK6mutant back-
ground uncovers a novel function of these two MAPKs in Arabidopsis ovule development. Plant Cell
2008; 20: 602–613. doi: 10.1105/tpc.108.058032 PMID: 18364464

45. Wang H, Ngwenyama N, Liu Y, Walker JC, Zhang S Stomatal development and patterning are regulat-
ed by environmentally responsive mitogen-activated protein kinases in Arabidopsis. Plant Cell 2007;
19: 63–73. PMID: 17259259

46. Wankhede DP, Misra M, Singh P, Sinha AK Rice mitogen activated protein kinase kinase and mitogen
activated protein kinase interaction network revealed by in-silico docking and yeast two-hybrid ap-
proaches. PLoS One 2013; 8: e65011. doi: 10.1371/journal.pone.0065011 PMID: 23738013

47. Singh R, Jwa NS The rice MAPKK-MAPK interactome: the biological significance of MAPK compo-
nents in hormone signal transduction. Plant Cell Rep. 2013; 32: 923–931. doi: 10.1007/s00299-013-
1437-y PMID: 23571660

48. Paponov IA, TealeWD, Trebar M, Blilou I, Palme K The PIN auxin efflux facilitators: evolutionary and
functional perspectives. Trends Plant Sci. 2005; 10: 170–177. PMID: 15817418

49. Popescu SC, Popescu GV, Bachan S, Zhang Z, Gerstein M, Snyder M, et al. MAPK target networks in
Arabidopsis thaliana revealed using functional protein microarrays. Genes Dev. 2009; 23: 80–92. doi:
10.1101/gad.1740009 PMID: 19095804

50. Jones B, Gunneras SA, Petersson SV, Tarkowski P, Graham N, May S et al. Cytokinin regulation of
auxin synthesis in Arabidopsis involves a homeostatic feedback loop regulated via auxin and cytokinin
signal transduction. Plant Cell 2010; 22: 2956–2969. doi: 10.1105/tpc.110.074856 PMID: 20823193

MAPK-Phytohormone Interplay during Rice Root Development

PLOS ONE | DOI:10.1371/journal.pone.0123620 April 9, 2015 18 / 18

http://dx.doi.org/10.1093/mp/ssn029
http://www.ncbi.nlm.nih.gov/pubmed/19825569
http://www.ncbi.nlm.nih.gov/pubmed/22991435
http://dx.doi.org/10.1105/tpc.108.058032
http://www.ncbi.nlm.nih.gov/pubmed/18364464
http://www.ncbi.nlm.nih.gov/pubmed/17259259
http://dx.doi.org/10.1371/journal.pone.0065011
http://www.ncbi.nlm.nih.gov/pubmed/23738013
http://dx.doi.org/10.1007/s00299-013-1437-y
http://dx.doi.org/10.1007/s00299-013-1437-y
http://www.ncbi.nlm.nih.gov/pubmed/23571660
http://www.ncbi.nlm.nih.gov/pubmed/15817418
http://dx.doi.org/10.1101/gad.1740009
http://www.ncbi.nlm.nih.gov/pubmed/19095804
http://dx.doi.org/10.1105/tpc.110.074856
http://www.ncbi.nlm.nih.gov/pubmed/20823193


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


