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A B S T R A C T

Microtubules (MTs) are highly dynamical structures that play crucial roles in plant development and in response
to environmental signals and stress conditions. MT-associated proteins (MAPs) play important roles in regulating
the organization of MT arrays. MAP65 is a family of plant MT-bundling proteins. Here, we determined the role of
MAP65-1 in the response to salt stress. MAP65-1 is involved not only in regulating the depolymerization, but also
in the following reorganization of cortical MTs in salt stress responses. In addition, the depolymerization of the
cortical MTs affected the survival of seedlings during salt stress, and map65-1 mutants had enhanced salt hy-
persensitivity levels. MAP65-1 interacted with mitogen-activated protein kinase (MPK) 3 and 6; however, only
the mpk6 mutant exhibited hypersensitivity to salt stress, and MPK6 was involved in regulating the salt stress-
induced depolymerization of cortical MTs. Thus, MAP65-1 plays a critical role in the response to salt stress and is
required for regulating the rapid depolymerization and reorganization of cortical MTs. MAP65-1 interacts with
MPK6, not MPK3, affecting the MT’s dynamic instability which is critical for plant salt-stress tolerance.

1. Introduction

In plant cells, microtubule (MT) arrays provide a molecular frame-
work for various cellular processes [1]. MTs are highly dynamic poly-
mers that can be arranged in several distinct structures or arrays during
the cell cycle. During most of interphase, cortical MT array formation
occurs [2]. MTs polymerize and depolymerize in a process termed dy-
namic instability. The dynamics of MTs are crucial to many of their
functions. The sensory function of MTs depends on dynamic instability
[3]. MT arrays are modulated not only by various developmental cues
but also in response to environmental signals and stress conditions
[4–6]. MTs have emerged as important components of the processing of
stress signals [3].

Salt stress has serious consequences for plant growth and crop
production. A close relationship exists between MTs and responses to
salt stress. Salt treatments affect cortical MT organization [7]. Ad-
ditionally, the stabilization of MTs with paclitaxel attenuates the sur-
vival rates of Arabidopsis thaliana seedlings under salt stress, while the
disruption of MTs with oryzalin or propyzamide increases the survival
rate [4]. Thus, salt stress tolerance requires MT disassembly [6,8]. The
salt stress response includes a rapid depolymerization of MTs followed
by the formation of a new MT network that is better suited for surviving
in high salinity [9]. Thus, MTs may mediate plant responses to salt

stress, and the depolymerization and reorganization of MTs are im-
portant for the ability of plants to withstand salt stress.

MT organization and function depend on the presence of MT-asso-
ciated proteins (MAPs), which help produce, degrade and rearrange
MTs to perform specific cellular functions [10,11]. The assembly and
disassembly dynamics of MTs are assisted by the coordinated actions of
MAPs and regulatory proteins that modulate either the affinity of MAPs
to the MT surface [12] or the dynamic organization of large MT po-
pulations [13,14]. The functions of some MAPs are regulated by re-
versible phosphorylation [15–17]. The phosphorylation of a MAP by
the mitogen-activated protein kinase (MAPK) pathway is conserved
among various species [18]. MAPK signaling was originally regarded as
a means to regulate MT organization and dynamic instability. MTs are
cytoskeletal targets of activated MAPK [19]. Thus, the stability of MTs
is regulated, in part, by the reversible phosphorylation of MAP [13,20].

Many MT arrays are composed of bundles. MT bundles are linear
arrays of MTs held together by molecular crosslinkers that form bridges
between the side walls of adjacent MTs. Although the MTs are cross-
linked, they stay dynamic inside bundles [21]. MT bundles are dynamic
structures in which new MTs are continuously being incorporated into
the bundle [21]. MAP65 is a well-studied protein family that partici-
pates in the polymerization and bundling of MTs [22–26]. The MAP65
proteins are major MT cross-linkers in plant cells. There are nine
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MAP65 family members in Arabidopsis [27]. In vitro, these MAP65
members share the common ability to bundle MTs, but they differ by
their physical interactions with the MT lattice or by the cross-links they
form between adjacent MTs [28]. The dynamics of MTs is affected by
lateral MAP65 that occurs between MTs during bundle formation [28].

MAP65-1 binds and bundles MTs by forming 20–25 nm stabilizing
cross-bridges between them [22,25,29]. MAP65-1 is currently the most
studied member, and it belongs to a conserved group of plant MAP65 s
that exhibit a cell cycle-dependent pattern of MT binding. MAP65-1
associates with cortical MTs and plays an important role in the function
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of the plant cortical MT arrays [22,26,29]. Interactions of MAP65-1
with MTs are controlled by phosphorylation, and the phosphorylation
of MAP65-1 decreases the ability of MAP65-1 to bundle MTs, leading to
the destabilization of MT organization [15,16,30].

At least three Arabidopsis MAPKs, MPK4, MPK6 and MPK18, have
been implicated in MT organization and dynamics [19,31–34]. MAP65-
1, MAP65-2 and MAP65-3 were identified as targets of MPK4 [32,35];
moreover, MAP65-1 interacted with MPK6 and MAP65-1 was identified
as a MPK6-phosphorylatable protein or substrate [16,36,37].

Although the results suggest that MT organization is regulated by
interacting with MAP65-1 in response to salt stress, there is no direct
evidence of MAP65-1’s function in the regulation of MT dynamics in the
plant’s tolerance to salt stress, and little is known about the upstream
signaling pathways that regulate MAP65-1 in salt stress responses.
Here, we demonstrate that MAP65-1 may play a critical role in the
response to salt stress and is required for regulating the rapid depoly-
merization and reorganization of cortical MTs. Additionally, we provide
evidence that MAP65-1 interacts with MPK6, not MPK3, affecting the
MT’s dynamic instability, which is critical for plant salt-stress tolerance.

2. Material and methods

2.1. Plant materials

Arabidopsis seeds were sterilized with 0.2% sodium hypochlorite for
20 min, rinsed with water, and germinated on 1/2 Murashige and
Skoog (MS) medium supplemented with 1% sucrose (w/v) and 0.8%
agar (w/v) in Petri dishes, and the seedlings were grown vertically at
21 ± 2 °C under 16 h of light (100 μmol m−2 s−1): 8 h of darkness and

70% relative humidity in a growth cabinet before treatment.
Wild type (WT; Col-0) Arabidopsis seeds, as well as map65-1-1,

map65-1-2, 35S:MAP65-1, mpk3, mpk6, 35S:MPK3 and 35S:MPK6 lines
(background Col-0) were used in the experiment. The map65-1-1
(SALK_006083) and map65-1-2 (SALK_118225) have been described
previously [8], and the 35S:MAP65-1 line was kind gifts from Prof.
Wenhua Zhang (Nanjing Agricultural University, Nanjing, China). The
mpk3 (SALK_100651) and mpk6 (SALK_062471) mutants have been
reported previously [38], and 35S:MPK3 and 35S:MPK6 lines were
generously provided by Prof. Dongtao Ren (China Agricultural Uni-
versity, Beijing, China).

2.2. Salt sensitivity assay

For root length determinations under salt stress, 3-d-old seedlings of
wild type, map65-1-1, map65-1-2 and 35S:MAP65-1 line were trans-
ferred to 1/2 MS medium containing 150 mM NaCl. Data for root length
was collected after 4 d of treatment [39]. The root length of untreated
seedlings of each genotype was set at 100%, and mean values ± SD
were shown as percentages of the root length of the respective controls.
To calculate the percentage of seedlings surviving, seeds of the map65-
1-1, map65-1-2, 35S:MAP65-1 line, mpk3, mpk6, 35S:MPK3 and
35S:MPK6 lines were germinated on 1/2 MS medium for 6 d and then
transplanted to plates with or without a supplement of 150 mM NaCl
[39]. After 5 d of salt treatment, seedling survival was measured in at
least 60 seedlings of each genotype, with three replicates.

Fig. 1. Salt sensitivities of wild type (WT; Col-0), map65-1-1, map65-1-2 and 35S:MAP65-1 seedlings. (A) Root growth of WT, map65-1-1, map65-1-2 and 35S:MAP65-1 seedlings treated
with 150 mM NaCl. Seedlings (3-d-old) of wild type and mutants were transferred from 1/2 MS medium to 1/2 MS medium without or with 100 mM NaCl. Photographs were taken 4 d
after transfer. Bars, 1 cm. (B) The growth phenotypes of the WT, map65-1-1,map65-1-2mutants and the overexpressing 35S:MAP65-1 seedlings under NaCl treatments. Six-d-old seedlings
of WT and mutants were transferred from 1/2 MS medium to 1/2 MS medium with or without a 150 mM NaCl supplement. Photographs were taken 5 d after transfer. Bars, 1 cm. (C)
Quantification of the relative root length in (A). The root length of untreated seedlings of each genotype was set at 100%, and mean values are shown as percentages of the root length of
the respective controls. Error bars indicate standard deviations (SDs); n = 36. (D) Seedling survival rates for WT, map65-1-1, map65-1-2 and 35S:MAP65-1 seedlings in (B). Survival, as
indicated by green cotyledons and rosette leaves. Error bars indicate SDs; n = 60. (E) Cell death induced by salt in cotyledons of WT, map65-1-1, map65-1-2 and 35S:MAP65-1 seedlings.
Cotyledons of 7-d-old seedlings were treated with 150 mM NaCl and stained with trypan blue. Bars, 1 mm. (F) and (G) The accumulation of ROS induced by salt in cotyledons of WT,
map65-1-1, map65-1-2 and 35S:MAP65-1 seedlings. Cotyledons of 7-d-old seedlings were treated with 150 mM NaCl and stained with DAB (F) and NBT (G). Bars, 1 mm. Leaves treated
with ddH2O were used as controls. Asterisks indicate that the mean value is significantly different from that of the WT. **, P < 0.01 and *, P < 0.05 (t-test). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Salt stress induced cortical microtubules de-
polymerization in cotyledon pavement cells. (A)
Images of the cortical MT alterations in the coty-
ledon pavement cells of WT Arabidopsis expressing
GFP-tubulin. The cotyledons of 7-d-old WT seedlings
were treated with 150 mM NaCl, and then the coty-
ledons were transferred to ddH2O. Cortical MTs were
observed at 20, 40 and 60 min after NaCl treatment
and then transferred to ddH2O. Bars, 20 μm. (B)
Quantification of the density of MTs in (A). Error
bars indicate SDs. Asterisks indicate that the mean
value is significantly different from that of untreat.
**, P < 0.01 and *, P < 0.05 (t-test).
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2.3. Ion leakage assays

Seven-D-old seedlings of WT, mpk3 and mpk6 mutants, and
35S:MPK3 and 35S:MPK6 lines were transferred from 1/2 MS medium
to 1/2 MS medium containing 150 mM NaCl. After 0, 2, 4, 8 and 12 h,
seedlings were removed from plates, washed with deionized water and
placed in tubes containing 5 mL of deionized water. The tubes were
shaken overnight, and the conductivity of the solutions was measured
using a conductivity meter. Tubes containing the seedlings were then
autoclaved (121 °C, 20 min) and after the tubes cooled to room tem-
perature, the conductivities of the solutions were again measured. The
percentage of electrolyte leakage was calculated as the ratio of the
conductivity before and after autoclaving.

2.4. Detection of cell death and accumulation of reactive oxygen species
(ROS) in leaves

Cell death in leaves was measured by staining them with trypan
blue according to the method of Bowling et al. [40]. The accumulation
of ROS was measured by 3,3′-diaminobenzidine (DAB) and nitrote-
trazolium blue chloride (NBT) staining was performed as previously
described [41,42]. The experiments were repeated at least three times.

2.5. T-DNA insertions analysis

Arabidopsis genomic DNA was extracted by CTAB method. T-DNA
insertion diagnostic PCR amplifications were performed according to

standard protocols in Bio-Rad (Bio-Rad, Hercules, CA, USA) using Taq
DNA polymerase (TaKaRa). Primers (see Supplementary Table S1) were
designed using the SALK T-DNA verification primer design program
(signal.salk.edu/tdnaprimers.2.html).

2.6. RT-PCR and quantitative real-time PCR

Arabidopsis total RNA was extracted with TRIzol reagent and treated
with DNaseI according to the manufacturer’s specifications (Invitrogen,
Carlsbad, CA, USA). For the RT-PCR analysis, complementary DNA
(cDNA) was reverse-transcribed from total RNA (2 μg) with SuperScript
II reverse transcriptase (Invitrogen). The primer pairs used to amplify
fractions were described in Supplementary Table S1. The ACTIN2 was
used as an internal control. For the real-time PCR analysis, first-strand
cDNA was synthesized from 1 μg of total RNA using a PrimeScript
Reverse Transcription Reagents kit (TaKaRa, Dalian, China).
Quantitative PCR was performed on an ABI 7500 Sequence Detector
(Applied Biosystems, Foster City, CA, USA) using the SYBR Premix Ex
Taq Kit (TaKaRa) with gene-specific primers and an internal control
(ACTIN2). The gene-specific primer pairs are listed in Supplementary
Table S1. Three independent experiments were performed, each with
three replicates.

2.7. Western blotting analysis

Western blotting was performed as described previously [39]. Pro-
teins were extracted with extracting buffer containing 100 mM HEPES,

Fig. 3. MAP65-1 modulates cortical microtubules depolymerization in cotyledon pavement cells during salt stress. (A) Images of the cortical MT alterations induced by 150 mM NaCl in
the cotyledon pavement cells of WT, map65-1-1, map65-1-2 and 35S:MAP65-1 lines expressing GFP-tubulin at 0–60 min after the treatment. Bars, 20 μm. (B) Quantification of the density
of MTs in (A). Error bars indicate SDs. (C) Images of the cortical MT alterations induced by medium containing 150 mM NaCl in the cotyledon pavement cells of WT, map65-1-1, map65-1-
2 and 35S:MAP65-1 line seedlings expressing GFP-tubulin at 12–48 h after the treatment. Bars, 20 μm. (D) Quantification of the density of MTs in (C). Error bars indicate SDs. Asterisks
indicate that the mean value is significantly different from that of the WT under the same conditions. **, P < 0.01 and *, P < 0.05 (t-test).
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pH 7.6, 100 mM NaCl, 5 mM EDTA, 10 mM NaF, 0.1% (v/v) Triton-
X100, 10% (v/v) glycerol. 20 μg of total protein per lane was separated
by 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to polyvinylidene difluoride (PVDF) membranes. The pro-
tein blots were probed with anti-AtMPK3 (1:2000, Sigma, St Louis, MO,
USA) and anti-AtMPK6 (1:2000, Sigma) as the primary antibody, and
horseradish peroxidase–conjugated anti-rabbit (1:2000, Cell Signalling
Technology) as the secondary antibody. Signal detection was performed
using ECL chemiluminescence substrate (ThermoFisher, Waltham, MA,
USA). Each experiment was performed with at least three independent
biological replicates.

2.8. Visualization of cortical MTs

The cortical MTs in the leaf pavement cells of Arabidopsis seedlings
expressing green fluorescent protein (GFP)–tubulin were observed
using a Zeiss LSM 510 confocal laser scanning microscope (Carl Zeiss
Microlmaging GmbH, Oberkochen, Germany) [43]. Seven-D-old seed-
lings of WT, map65-1-1, map65-1-2, 35S:MAP65-1, mpk3 and mpk6were
treated at room temperature with 150 mM NaCl or transplanted to
medium containing 150 mM NaCl for treatment. The organization and
disassembly of the cortical MTs were observed at several time points
after treatment. The GFP fluorescent images were projections of optical

sections taken at 1.5-μm intervals from the outer epidermal wall to
immediately above the cortical cytoplasm adjacent to the inner peri-
clinal wall of the epidermal cells. Images were captured using Zeiss LSM
510 software, converted to TIFF for export and processed in Adobe
Photoshop 5.0.

The reported observations were based on three separate experi-
ments, and the presented images are representative of> 30 similar
images collected for each phenomenon being illustrated.

The seeds of Arabidopsis expressing GFP-tubulin were crossed with
mutants as described previously [44].

The density of MTs was calculated as the percentage of occupancy of
the GFP signal in pavement cells according to the method of Higaki
et al. [45,46].

2.9. Luciferase complementation imaging (LCI) assays

MPK3- and MPK6-coding sequences were amplified and cloned in-
dependently into the nLuc vector to produce nLuc-MPK3 and nLuc-
MPK6, respectively. The MAP65-1-coding sequence was amplified and
cloned into the cLuc vector to produce MAP65-1-cLuc. The primers for
PCR fragments are listed in Supplementary Table S1. nLuc-
SGT1 + RAR1-cLuc was used as a positive control. The empty vectors
were used as negative controls. Agrobacterium tumefaciens strain

Fig. 4. Effects of MT-targeting drugs (taxol and oryzalin) on seedling phenotypes and the conformation of the cortical MTs of WT Arabidopsis during salt stress. (A) Phenotypes of WT
seedlings in response to NaCl plus MT-targeting drugs oryzalin and taxol, independently. Six-d-old WT seedlings were transferred from 1/2 MS medium to 1/2 MS medium supplemented
with 150 mM NaCl, 200 mM NaCl, 150 mM NaCl + 4 μM taxol or 200 mM NaCl + 0.1 μM oryzalin. Images were taken 3 d after transfer. Bars, 1 cm. (B) Seedling survival rates. Survival
was measured 5 d after transfer. Error bars indicate SDs; n = 60. **, P < 0.01 and *, P < 0.05 (t-test). (C) The cortical MTs of 7-d-old WT seedling’ cotyledon pavement cells were
observed at 40 min after 150 mM NaCl and MT-targeting drug treatments. Bars, 20 μm. (D) Quantification of the density of MTs in (C). Error bars indicate SDs. Asterisks indicate that the
mean value is significantly different from that of NaCl treatment alone. **, P <0.01 and *, P < 0.05 (t-test).
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GV3101 containing each construct was independently transiently
transfected into 5-week-old Nicotiana benthamiana. Leaves were col-
lected 2–3 d after infiltration. The LCI assay was performed as pre-
viously described [47].

3. Results

3.1. MAP65-1 plays a critical role in the response to salt stress

Cortical MTs play important roles in the response to various external
stimuli, including salt stress [2]. To identify the functions of MT-asso-
ciated proteins MAP65-1 in the salt stress response, WT (Col-0), two T-
DNA insertion mutant lines, map65-1-1 and map65-1-2, and a

constitutively expressed 35S:MAP65-1 line were used (Fig. S1). The
35S:MAP65-1 lines were produced by transforming WT plants with the
vector pSuper1300-Myc expressing the MAP65-1 cDNA driven by the
strong 35S promoter of Cauliflower mosaic virus. WT, mutants and
35S:MAP65-1 lines of Arabidopsis seedlings grew on 1/2 MS medium
and then were transferred to the same medium containing 150 mM
NaCl for phenotypic analysis. No obvious differences were observed
between the WT and mutants on 1/2 MS medium (Fig. 1A and B).
However, after 4 d of the NaCl treatment, the root growth of seedlings
was suppressed and the root length of the map65-1-1 and map65-1-2
mutants was shorter significantly than that of the wild type and
35S:MAP65-1 lines (Fig. 1A and C). After 5 d of the NaCl treatment, the
leaves were chlorotic and significantly bleached in the map65-1

Fig. 5. Interactions of MAP65-1 with MPK3 and MPK6. (A) Interaction of MAP65-1 with MPK3 as revealed by the LCI assay in N. benthamiana leaves. nLuc-SGT1 + RAR1-cLuc was used
as a positive control. nLuc + MAP65-1-cLuc and nLuc-MPK3 + cLuc were used as negative controls. (B) Interaction of MAP65-1 with MPK6 as revealed by the LCI assay in N. ben-
thamiana leaves. nLuc-SGT1 + RAR1-cLuc were used as a positive control. nLuc + MAP65-1-cLuc and nLuc-MPK6 + cLuc were used as negative controls. (C) Quantification of the
relative luminescence in (A). (D) Quantification of the relative luminescence in (B). Error bars indicate SDs, n = 3. **, P < 0.01 and *, P < 0.05 (t-test).

Fig. 6. Salt sensitivity of seedlings of wild type, mpk3, mpk6, 35S:MPK3 and 35S:MPK6 lines during salt stress. (A) The growth phenotypes of the WT, mpk3, mpk6, 35S:MPK3 and
35S:MPK6 lines seedlings under NaCl treatments. Six-d-old seedlings of the WT and mutants were transferred from 1/2 MS medium to 1/2 MS medium with or without a 150 mM NaCl
supplement. Images were taken 5 d after transfer. Bars, 1 cm. (B) Seedling survival rates for WT, mpk3, mpk6, 35S:MPK3 and 35S:MPK6 lines seedlings treated with NaCl. Six-d-old
seedlings of WT and mutants were transferred from 1/2 MS medium to 1/2 MS medium with or without a 150 mM NaCl supplement. Survival, as assessed by green cotyledons and rosette
leaves, was measured 5 d after transfer. Error bars indicate SDs; n = 60. Asterisks indicate that the mean value is significantly different from that of the WT. **, P < 0.01 and *, P < 0.05
(t-test). (C) Ion leakage in WT, mpk3, mpk6, 35S:MPK3 and 35S:MPK6 lines seedlings treated with NaCl. Experimental details are provided in the methods. Error bars indicate SDs; n = 50.
Asterisks indicate that the mean value is significantly different from that of the WT under the same conditions. **, P < 0.01 and *, P < 0.05 (t-test). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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mutants in comparison with the WT, while the leaves of 35S:MAP65-1
lines had less bleaching than WT (Fig. 1B). Moreover, we measured the
survival of salt-stressed seedlings using leaf bleaching as an indicator of
seedling death. The seedling survival rate of the WT was significantly
greater than those of the map65-1 mutants and lower than that of
35S:MAP65-1 under salt stress (Fig. 1D). A phenotypic analysis showed
that the map65-1 mutants had decreased salt tolerances. Significant cell
numbers in the map65-1-1 and map65-1-2 mutants were stained with
trypan blue, which indicates cell death, after the salt treatment com-
pared with in the WT and 35:MAP65-1 lines (Fig. 1E). Furthermore, the
accumulation of ROS in the map65-1-1 and map65-1-2 mutants was
dramatically increased compared to the WT and 35:MAP65-1 lines
(Fig. 1F and G). Thus, the map65-1 mutants enhanced salt hypersensi-
tivity. These data indicate that MAP65-1 plays a critical role in the
response to salt stress.

3.2. Salt stress induces the depolymerization of the cortical MTs, and
MAP65-1 is required for regulating the depolymerization of cortical MTs in
response to salt stress

To determine the effects of NaCl on MT organization and dynamic
instability, the MTs were observed by the fluorescence of GFP–tubulin
using confocal microscopy. The MTs were visualized directly in the
cotyledon pavement cells of 7-d-old seedlings of WT at various times

after the 150 mM NaCl treatment. Before the salt treatment, the cortical
MTs remained in an intact normal conformation in the cotyledon pa-
vement cells (Fig. 2A). After NaCl treatment, the depolymerization of
the cortical MTs was induced and this trend increased with the treat-
ment time (after 20–40 min). A more dramatic depolymerization of the
cortical MTs was observed after 60 min of NaCl treatment. Never-
theless, when cotyledon pavement cells were transferred again to
ddH2O, the MTs gradually recovered (after 20–40 min in ddH2O), and
their conformation was fully reestablished in cells 60 min after being
removed from NaCl (Fig. 2A), indicating that salt stress induces the
cortical MTs depolymerization. The quantification and statistical ana-
lysis showed that the stability of cortical MTs was significantly altered
(Fig. 2B).

To further determine whether MAP65-1 is required for regulating
the depolymerization of cortical MTs in response to salt stress, 7-d-old
seedlings of WT, map65-1-1, map65-1-2 and constitutively expressed
35S:MAP65-1 line were transferred to medium containing 150 mM
NaCl, and the cortical MTs of cotyledon pavement cells were observed
at various times after salt treatment. Before the treatment, there were
no obvious differences in MT organization and density in cotyledon
pavement cells of WT compared with map65-1-1, map65-1-2 mutants,
as well as the 35S:MAP65-1 line. After NaCl treatment, however, de-
polymerization of the cortical MTs was induced and the extent of de-
polymerization differed between the WT and mutants. A dramatic de-
polymerization of the cortical MTs was observed in WT and
35S:MAP65-1 cotyledon pavement cells, and this trend increased during
short NaCl treatment time of 60 min; whereas a weaker depolymer-
ization of cortical MTs was observed in the pavement cells of the
map65-1-1 and map65-1-2 mutants (Fig. 3A and B). The depolymer-
ization of cortical MTs in the 35S:MAP65-1 overexpression line was
similar to that in the WT.

When salt stress treatment time was longer than 60 min, the cortical
MT arrays gradually recovered (between 12 and 48 h) automatically in
most of the cells of WT and 35S:MAP65-1 line. However, no re-
organization of the cortical MTs was observed in the pavement cells of
the map65-1-1 and map65-1-2 mutants under the same conditions
(Fig. 3C and D).

3.3. Rapid depolymerization and reorganization of the cortical MTs is
essential for the salt tolerance of Arabidopsis

To further determine whether the depolymerization and poly-
merization of the cortical MTs play critical roles in the response to salt
stress, we investigated the effects of an MT-destabilizing drug (oryzalin)
and MT-stabilizing drug (taxol) on seedlings phenotypes and the con-
formation of the cortical MTs of WT during salt stress. Six-d-old WT
seedlings grown on 1/2 MS medium were transferred to 1/2 MS with or
without 150 mM NaCl, 200 mM NaCl, oryzalin, taxol, NaCl plus or-
yzalin, or NaCl plus taxol supplements, individually, for phenotypic
analysis. Without salt, seedlings grew vigorously on 1/2 MS medium.
When seedlings were transferred to medium containing 0.4 μM taxol or
0.1 μM oryzalin, the root growths of seedlings were slightly inhibited,
but the seedling survival rate was not affected (Fig. 4A and B). The
seedling survival rate declined as the NaCl concentration increased.
When seedlings were transferred to medium containing either 150 mM
NaCl or 200 mM NaCl, the seedling survival rates decreased to 54% and
29%, respectively (Fig. 4B). However, the survival rates of salt stressed
seedlings increased from 29% to 51% when 0.1 μM oryzalin was added
to the medium. In contrast, the survival rates of salt-stressed seedlings
decreased from 54% to 36% when 0.4 μM taxol was added to the
medium (Fig. 4B). Moreover, we observed the cortical MTs of salt-
stressed seedlings in the presence and absence of MT-targeting drugs.
After the NaCl plus oryzalin treatment, the salt stress-induced depoly-
merization of the cortical MTs significantly increased. In contrast, the
salt stress-induced depolymerization of the cortical MTs significantly
decreased after the NaCl plus taxol treatment, compared with the NaCl

Fig. 7. The cortical microtubule (MT) depolymerization in cotyledon pavement cells of
wild type, mpk3 and mpk6 mutants seedlings during salt stress. (A) Images of the cortical
MT alterations induced by 150 mM NaCl in the cotyledon pavement cells of WT, mpk3
and mpk6 mutants seedlings expressing GFP-tubulin at various times after the treatment.
Bars, 20 μm. (B) Quantification of the density of MTs in (A). Error bars indicate SDs.
Asterisks indicate that the mean value is significantly different from that of the WT under
the same conditions. **, P < 0.01 and *, P < 0.05 (t-test).
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treatment (Fig. 4C and D). Thus, the salt tolerance of seedlings and the
salt stress-induced depolymerization of the cortical MTs were influ-
enced by MT-targeting drugs.

3.4. MAP65-1 interacts with MPK3 and MPK6

MAPK was originally regarded as a means to regulate MT organi-
zation and dynamics, and MAP65-1 is a substrate of MAPK [19]. Thus,
we determined whether MAP65-1 physically interacts with MPK3 and
MPK6 in plants. A LCI assay was performed in N. benthamiana, and
MAP65-1 interacted with MPK3 and MPK6 in N. benthamiana leaves
(Fig. 5). Thus, MAP65-1 can interact with MPK3 and MPK6 in plants.

3.5. The involvement of MPK6 in regulating the salt stress-induced
depolymerization of cortical MTs

To determine whether MPK3 and MPK6 play roles during the salt-
stress response, WT, mpk3, mpk6, 35S:MPK3 and 35S:MPK6 lines were
used (Fig. S2). Six-d-old WT, mpk3, mpk6, 35S:MPK3 and 35S:MPK6
lines were transferred to 1/2 MS medium or 1/2 MS medium containing
150 mM NaCl for phenotypic and physiological analyses. After 5 d of
the NaCl treatment, the leaves were chlorotic and significantly bleached
in the mpk6 mutant in comparison with the WT, and the survival rate of
salt-stressed seedlings in mpk6 was lower than that of the WT, but there
was no obvious difference between the mpk3 mutant and WT (Fig. 6A
and B). Moreover, compared with the WT, the plasma membrane was
more severely damaged by salt in mpk6 cells, whereas it appeared
slightly damaged in mpk3 cells (Fig. 6C). However, the survival rate and
the ion leakage of plasma membrane of 35S:MPK3 and 35S:MPK6 lines
were similar to those of WT. The mpk6 mutant exhibited a hy-
persensitivity to salt stress, while the salt hypersensitivity of the mpk3
mutant was not significantly altered. Thus, MPK6 emerged as a key
player in the salt stress response.

To directly test the roles of MPK3 and MPK6 in salt stress-induced
depolymerization of cortical MTs, 7-d-old seedlings of WT, mpk3 and
mpk6 mutants were transferred to a medium containing 150 mM NaCl,
and the cortical MTs were observed in cotyledon pavement cells after
the treatment. Before salt treatment, there were no obvious differences
in the MT organization and density in cotyledon pavement cells of WT
compared with those of the mpk3 and mpk6 mutants. A dramatic de-
polymerization of the cortical MTs was observed in the mpk3 mutant
compared with the WT. In contrast, a weaker depolymerization of
cortical MTs was observed in the mpk6 mutants (Fig. 7A and B). Thus, it
appears that MPK6 is involved in regulating the depolymerization of the
cortical MTs in response to salt stress. These data indicate that MPK6,
but not MPK3, is involved in regulating the salt stress-induced depo-
lymerization of cortical MTs.

4. Discussion

The elucidation of the underlying mechanism for MT depolymer-
ization and reorganization in response to salinity conditions is im-
portant for understanding how plants withstand salt stress. Several
studies have indicated that salt stress affects MT organization, and the
cortical MTs play a role in plant response to salt stress. During the re-
sponse to salt stress, plant cells undergo MT depolymerization and re-
organization, and the reorganization of the cortical MTs is an important
process in the regulation of plant cell growth under salt stress [4,6,7,9].
Moreover, genetic evidence showed that MTs play an essential role in
plant tolerance to salt stress [48]. In the present study, we observed that
the depolymerization of the cortical MTs with oryzalin resulted in a
notable increase in the survival rate of salt-stressed seedlings, whereas
the stabilization of cortical MTs with taxol reduced the survival rate.
These results suggest that the depolymerization of the cortical MTs
affects the survival of seedlings during salt stress, whereas the stability
of MTs reduces the ability of the Arabidopsis seedlings to withstand salt

stress. Therefore, the depolymerization and reorganization of MTs are
crucial processes necessary for plants to withstand salt stress, but the
underlying mechanism is completely unknown [9,49].

New evidence has revealed that the overexpression of MAP65-1
improved the salt tolerance of Arabidopsis cells, and a knockout of
MAP65-1 promoted hypersensitivity to salt stress [8]. Although salt
may affect the association of MAP65-1 with MTs, leading to MT dis-
organization [8], it remained unclear whether MAP65 was also in-
volved in regulating the reorganization of cortical MTs in response to
salt stress. The data obtained in the present study showed that map65-1
mutants were salt hypersensitive and underwent enhanced salt stress-
induced cell death. Thus, MAP65-1 may play a critical role in the re-
sponse to salt stress. Moreover, we observed that the depolymerization
and reorganization of cortical MTs were affected by MAP65-1, and the
depolymerization of cortical MTs was induced by salt stress, followed
by the reorganization of cortical MTs in WT and 35S:MAP65-1. How-
ever, the salt stress-induced depolymerization of cortical MTs was not
followed by the reorganization of cortical MTs and persisted in the
map65-1-1 and map65-1-2mutants’ cotyledon pavement cells after NaCl
treatment for 48 h. Thus, the map65-1 mutants have impaired salt tol-
erances, and the dynamic instability of the cortical MTs was important
for salt tolerance. Our study highlights that MAP65-1 is not only re-
quired for regulating depolymerization, but also for the later re-
organization of cortical MTs in the response to salt stress. These data
suggest that the rapid depolymerization and reorganization of cortical
MTs modulated by MAP65-1 is important for the survival of plants
challenged by salt stress.

Previous studies have implicated MAPK cascades, in particular those
dependent on MPK3/MPK6, as important regulators in responses to
biotic and abiotic stresses in plants [50,51]. MPK3 and MPK6 are ac-
tivated by salt stress, and their activation seems to be required for salt
tolerance [52–56]. MPK3 and MPK6 participate together in the salt
stress response [57]. Recent reports indicate that the activation of
MPK3 and MPK6 affects MT depolymerization during salt stress [39].
However, the molecular mechanisms and signalling pathways that are
involved in regulation of MT depolymerization are not well understood.
In the present study, we found an interaction between MAP65-1 and
MPK3/MPK6 using the LCI assay, but MPK3 and MPK6 responded
differently to salt stress. The mpk6 mutant exhibited hypersensitivity to
salt stress, while the salt hypersensitivity of the mpk3 mutant was not
significantly altered. Moreover, we observed that a dramatic depoly-
merization of the cortical MTs was induced in the mpk3 mutant. In
contrast, a weaker depolymerization of cortical MTs was induced in the
mpk6 mutants. Therefore, MPK6, but not MPK3, is involved in the salt
stress-induced depolymerization of cortical MTs. Recently, a similar
mechanism has been elucidated that an ROP2-RIC1 pathway is involved
in plant salt tolerance by fine tuning the MT reorganization under salt
stress [49].

In conclusion, the present study provides evidence that MAP65-1
plays a critical role in the response to salt stress and is required for
regulating the rapid depolymerization and reorganization of cortical
MTs. Additionally, MPK6 emerged as a key player, through its inter-
action with MAP65-1 that modulates the MT’s dynamic instability,
which is critical for plant salt-stress tolerance.
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