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ABSTRACT
Histone H2B monoubiquitination (H2Bub1) is recognized as a
regulatory mechanism that controls a range of cellular
processes. We previously showed that H2Bub1 was involved
in responses to biotic stress in Arabidopsis. However, the
molecular regulatory mechanisms of H2Bub1 in controlling
responses to abiotic stress remain limited. Here, we report
that HISTONE MONOUBIQUITINATION1 (HUB1) and
HUB2 played important regulatory roles in response to salt
stress. Phenotypic analysis revealed that H2Bub1 mutants
confer decreased tolerance to salt stress. Further analysis
showed that H2Bub1 regulated the depolymerization of
microtubules (MTs), the expression of PROTEIN TYROSINE
PHOSPHATASE1
(PTP1)
and
MAP
KINASE
PHOSPHATASE (MKP) genes – DsPTP1, MKP1, IBR5,
PHS1, and was required for the activation of mitogenactivated protein kinase3 (MAP kinase3, MPK3) and MPK6
in response to salt stress. Moreover, both tyrosine
phosphorylation and the activation of MPK3 and MPK6
affected MT stability in salt stress response. Thus, the results
indicate that H2Bub1 regulates salt stress-induced MT
depolymerization, and the PTP–MPK3/6 signalling module is
responsible for integrating signalling pathways that regulate
MT stability, which is critical for plant salt stress tolerance.
Key-words: H2Bub1; MAPK; tyrosine phosphorylation.

INTRODUCTION
Histone H2B monoubiquitination (H2Bub1) is a key
histone modiﬁcation that has signiﬁcant effects on gene
transcription, mainly associated with transcriptional
activation and transcription elongation (Pavri et al. 2006;
Weake & Workman 2008). In Arabidopsis, histone H2B
is monoubiquitinated by two RING E3 ligases
(HISTONE MONOUBIQUITINATION1 [HUB1] and
HUB2) and three E2 conjugases (UBIQUITIN CARRIER
PROTEIN [UBC1], UBC2 and UBC3) (Cao et al. 2008).
hub1 and hub2 mutants show the loss of H2Bub1 (Liu et al.
2007; Cao et al. 2008; Bourbousse et al. 2012; Himanen et al.
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2012; Zou et al. 2014). Multiple developmental processes and
responses to biotic stress have been suggested to be closely
related to H2Bub1 in plants, such as seed dormancy and leaf
and root growth (Fleury et al. 2007; Liu et al. 2007), control of
ﬂowering time and plant development (Cao et al. 2008; Gu
et al. 2009; Schmitz et al. 2009; Xu et al. 2009; Cao et al. 2015),
photomorphogenesis and the circadian clock (Bourbousse
et al. 2012; Himanen et al. 2012), and defence or immune
responses and cuticle composition (Dhawan et al. 2009;
Menard et al. 2014; Zou et al. 2014). Moreover, we previously
demonstrated that H2Bub1 was involved in modulating
microtubule (MT) disassembly during biotic stress (Hu et al.
2014). However, knowledge concerning molecular regulatory
mechanisms of H2Bub1 in the responses to abiotic stress in
plants remains limited.
Plant MTs, in addition to their role in cellular architecture,
play important roles in numerous cellular processes
(Wasteneys 2004). The polymerization–depolymerization
dynamics of MTs are essential for their functionality in cellular
processes. Microtubule dynamics are modulated not only
by various developmental cues, but also in response to
environmental signals and stress conditions (Wang et al. 2007;
Hamant et al. 2008; Fujita et al. 2013). Microtubules have
emerged as important components for signalling processing of
stress signals. Due to their non-linear dynamic assembly and
disassembly, MTs can act as ampliﬁers of signals and also
decode temporal patterns such as stress signatures (Nick
2013). The assembly and disassembly dynamics of MTs are
assisted by the coordinated action of MT-associated proteins
(MAPs) and regulatory proteins that modulate either the
afﬁnity of MAPs to MT surface (Cassimeris & Spittle 2001)
or the dynamic organization of large MT populations
(Sedbrook 2004; Sedbrook & Kaloriti 2008). The function of
some of these MAPs is regulated by reversible phosphorylation
(Sasabe & Machida 2006; Smertenko et al. 2006).
Protein phosphorylation predominantly occurs on serine
(Ser) and threonine (Thr) residues, whereas phosphorylation
on tyrosine (Tyr) residues is clearly less abundant.
Nevertheless, Tyr phosphorylation has been recognized as a
key regulatory event in the signalling pathways that underlie
a broad spectrum of fundamental physiological processes in
animal cells. Until recently, very few studies have tried to
elucidate the involvement of Tyr phosphorylation in plant cells,
because of the lack of a typical protein Tyr kinase (PTK) gene
in plants and also that few protein Tyr phosphatase (PTP)
© 2017 John Wiley & Sons Ltd
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genes have been identiﬁed in the Arabidopsis genome. Tyr
phosphorylation has an important role in plant signalling
(Ghelis et al. 2008; Nemoto et al. 2015). Moreover, it has been
reported that the cytoskeleton is affected, directly or indirectly,
by reversible Tyr protein phosphorylation (Luan 2002, 2003;
Tonks 2006; Blume et al. 2008; Yemets et al. 2008; Sheremet
et al. 2012; Fujita et al. 2013). However, molecular mechanisms
of Tyr phosphorylation and signalling pathways mediated by
this modiﬁcation in plants are not well understood.
Based on phosphoamino acid speciﬁcity, the PTP
superfamily can be further divided into two large groups:
Tyr-speciﬁc phosphatases (PTPs) and dual-speciﬁcity (Ser/Thr
and Tyr) phosphatases (DSPs) (Bartels et al. 2009, 2010).
PTP1 is the only member of the PTPs in Arabidopsis (Xu
et al. 1998). Dual-speciﬁcity phosphatases are the most
abundant enzymes within the PTP superfamily. In particular,
members of a subgroup of the DSP class are known to be
dedicated MAPK phosphatases (MKPs) (Camps et al. 2000).
Only ﬁve MKPs exist in Arabidopsis – DsPTP1, PHS1,
MKP1, MKP2 and IBR5 (Bartels et al. 2010). Moreover, both
PTP1 and these ﬁve MKPs have been shown experimentally
to interact with and dephosphorylate MAPKs in Arabidopsis
(Ulm et al. 2002; Gupta & Luan 2003). Dephosphorylation of
Ser/Thr or Tyr or both causes inactivation of a MAPK (Camps
et al. 2000; Bartels et al. 2010), whereas the activation of MAPK
requires phosphorylation of both Ser/Thr and Tyr residues
within the MAPK activation loop (Anderson et al. 1990). So,
Tyr phosphorylation is essential for the activation of MAPKs
in plant cells (Tena et al. 2001; Zhang & Klessig 2001). MAPK
signalling was originally regarded as a means to regulate MT
organization and dynamic instability (Beck et al. 2010, 2011;
Kosetsu et al. 2010; Müller et al. 2010; Komis et al. 2011).
In this study, we used wild-type plants and H2Bub1 mutants
of the Arabidopsis ecotype Columbia to elucidate which of
each mechanism regulated responses to salt stress. Our data
showed that HUB1 and HUB2 played important roles in
regulating salt stress-induced MT depolymerization and
H2Bub1 modulated the expression of PTP genes and affected
the activation of MPK3 and MPK6 in salt stress responses. The
results demonstrate that H2Bub1 regulates salt stress-induced
MT depolymerization, and the PTP–MPK3/6 signalling
module is responsible for integrating signalling pathways
that regulate MT stability, which is critical for plant salt
stress tolerance.

MATERIALS AND METHODS
Plant materials
Wild-type (Col-0) Arabidopsis seeds, as well as hub1-4, hub2-2,
hub1-4 hub2-2, HUB1/hub1-4, ptp1, mkp1, 35S:PTP1, 35S:
MKP1, 35S:PTP1/hub1-4, 35S:MKP1/hub1-4 and MKK5DD
mutants (background Col-0), were used in the experiment.
The hub1-4 (SALK_122512), hub2-2 (SALK_071289), hub1-4
hub2-2 mutants and HUB1/hub1-4 complementation line were
kind gifts from Prof. Ligeng Ma (Capital Normal University,
Beijing, China). The T-DNA insertion mutants of ptp1
(SALK_118658) and mkp1 (SALK_003028) were obtained
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from ABRC (Ohio State University, Columbus, OH, USA).
The 35S:PTP1, 35S:MKP1, 35S:PTP1/hub1-4 and 35S:MKP1/
hub1-4 lines were produced by transforming wild type and
hub1-4 mutant plants with the vector pSuper1300-Myc
expressing the PTP1 and MKP1 cDNA driven by the strong
35S promoter of Cauliﬂower mosaic virus. The MKK5DD
mutant was generated by transforming wild type with a vector
expressing MKK5DD, an active mutant of MKK5 driven by a
steroid-inducible promoter (Ren et al. 2002; Liu et al. 2008).
The 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% Suc (w/v)
and 0.8% agar (w/v) in Petri dishes. The seedlings were grown
vertically at 21 ± 2 °C under 16 h light/8 h dark photoperiod and
70% relative humidity in a growth cabinet.

Salt sensitivity assay
For phenotypic analysis on plate, seeds of wild type, H2Bub1
mutants, 35S:PTP1/hub1-4 and 35S:MKP1/hub1-4 were
germinated on 1/2 MS medium for 6 d and then transplanted
to plates without or supplemented with 150 mM sodium
chloride (NaCl). For inhibitors experiment, 6-day-old seedlings
of wild type and hub1-4 mutant were transplanted to plates
supplemented with 150 mM NaCl or 150 mM NaCl plus
inhibitors [20 μM genistein (GN) (a speciﬁc inhibitor of PTK)
or 10 μM phenylarsine oxide (PAO) (a speciﬁc inhibitor of
PTP)]. MKK5DD seedlings, 6-day-old, were transplanted to
plates containing 150 mM NaCl or 150 mM NaCl plus
0.01 μM dexamethasone (DEX) (a strong synthetic steroid,
was applied to induce the MKK5DD expression) (Ren et al.
2002; Liu et al. 2008). To calculate the percentage of seedlings
surviving, at least 60 seedlings of each genotype were scored
after treatment for 5 d. Each experiment was repeated at least
three times.
For root length determinations under salt stress, 3-day-old
seedlings of wild type and H2Bub1 mutants were transferred
to 1/2 MS medium containing 100 mM NaCl. Data for root
length were collected after 5 d of treatment. 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. Three independent
experiments were performed; at least 36 seedlings of each
genotype were measured in each experiment.
For phenotypic analysis in soil, seedlings of wild type and
H2Bub1 mutants were grown in soil for 14 d under normal
conditions. Then, the plants were ﬂood irrigated with 400 mM
NaCl solutions every 4 d. For controls, seedlings were ﬂood
irrigated with the same amount of water. After salt treatment
for 2 weeks, the phenotypic responses to salt stress were
recorded. Three independent experiments were performed,
with more than four replicate pots in each experiment.

Ion leakage assays
Seedlings of wild type and mutants, 7-day-old, 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
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plates, washed with deionized water and placed in tubes
containing 5 mL of deionized water. Fourteen-day-old wild
type and mutant seedlings grown in soil were ﬂood irrigated
with 400 mM NaCl. After 7 and 14 d, the leaves of plants were
cut off, washed with deionized water and placed in tubes
containing 7 mL of deionized water. The tubes were shaken
overnight, and the conductivity of the solution was measured
using a conductivity meter. Tubes containing the seedlings
or leaves were then autoclaved, and after the tubes cooled to
room temperature, conductivities of solutions were again
measured. The percentage of electrolyte leakage was
calculated as a ratio of the conductivity before and after
autoclaving. The experiment was repeated three times.

Detection of cell death in leaves
Cell death in leaves was measured by staining with trypan blue
according to the method as described by Bowling et al. (1997).
All experiments were repeated at least three times.

Visualization of cortical microtubules
The cortical MTs in leaf pavement and hypocotyl cells of
Arabidopsis seedlings expressing green ﬂuorescent protein
(GFP)-tubulin (35S:GFP-TUA6, GFP fused to the Arabidopsis
α-tubulin 6 isoform) were observed using a confocal laser
scanning microscope (CLSM) Zeiss LSM 510 (Carl Zeiss
MicroImaging GmbH, Oberkochen, Germany) (Shi et al.
2009). The 7-day-old seedlings under normal growth conditions
were treated at room temperature with 150 mM NaCl alone,
150 mM NaCl plus GN (20 μM) (Figs 9 & 10), 150 mM NaCl
plus PAO (40 μM) (Figs 9 & 10) or 150 mM NaCl plus DEX
(15 μM) (Fig. 8), and the cotyledon pavement cells of the
seedlings were observed. The 4-day-old seedlings, grown in
complete darkness, were treated at room temperature with
150 mM NaCl, and the hypocotyl cells of the seedlings were
observed. The organization and disassembly of the cortical
MTs were observed at several time points after treatment.
The images of GFP ﬂuorescence 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 periclinal wall of the epidermal cell. 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
experiments, and the presented images are representative of
> 30 similar images collected for each phenomenon being
illustrated.
The seeds of Arabidopsis expressing GFP-tubulin were
generously provided by Ming Yuan (China Agricultural
University, Beijing, China). They were crossed with mutants
as described previously (Hu et al. 2014).

Quantitative real-time PCR
Arabidopsis total RNA was treated with DNaseI according to
the manufacturer’s speciﬁcations (Invitrogen, Carlsbad, CA,
USA). For real-time PCR analysis, ﬁrst-strand complementary

DNA (cDNA) was synthesized from 1 μg of total RNA using
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 the internal control (ACTIN2). The
gene-speciﬁc primer pairs are listed in Supporting Information
Table S1. cDNA aliquots of 2 μL were ampliﬁed in a 25 μL
reaction volume containing SYBR premix Ex Taq, PCR
forward primer, PCR reverse primer and ROX reference dye
according to the manufacturer’s instructions (TaKaRa). PCR
was conducted at 95 °C for 30 s, followed by 40 cycles of
95 °C for 5 s (denaturation) and annealing at 60 °C for 34 s.
Data analysis, including determination of the threshold cycle
that represents the starting point of the exponential phase of
PCR, and graphic presentations were produced using
Sequence Detection Software version 1.07 (Applied
Biosystems). Quantiﬁcation of the transcript levels of cDNA
fragments was normalized to the expression of the ACTIN2
gene in Arabidopsis at several points under the salt treatment.
Three independent experiments were performed, each with
three replicates.

Yeast two-hybrid assays
Yeast two-hybrid analysis was performed using the protocol
described by Xie et al. (1999). MPK1, MPK2, MPK3, MPK4
and MPK6 coding sequences were recombined into pGBKT7
vectors (Clontech, Mountain View, CA, USA) as the bait
construct, and PTP1 and MKP1 coding sequences were
recombined into pGADT7 vectors (Clontech) as the prey
construct. The primers of PCR fragments for PTP1, MKP1,
MPK1, MPK2, MPK3, MPK4 and MPK6 are listed in
Supporting Information Table S1. Empty vectors pGBKT7
and pGADT7 were used as negative controls. Bait and prey
constructs were cotransformed into yeast strain AH109. Yeast
strains containing the bait and prey plasmids were cultured in
SD-Trp-Leu medium. Positive clones were identiﬁed by the
ability to grow on SD-Trp-Leu-His-Ade and containing 6 mM
3-amino-1,2,4-triazole and 20 μg/mL X-α-gal. This experiment
was performed with three independent biological replicates.

Bimolecular fluorescence complementation (BiFC)
assays
MKP1 and PTP1 coding sequences were recombined into the
pSPYNE173 vector to produce YN-PTP1 and YN-MKP1;
MPK1, MPK2, MPK3, MPK4 and MPK6 coding sequences
were recombined into pSPYCE(M) to produce YC-MPK1,
YC-MPK2, YC-MPK3, YC-MPK4 and YC-MPK6 (Waadt
et al. 2008). The primers for PCR fragments are listed in
Supporting Information Table S1. The empty vectors were
used as negative controls. Agrobacterium tumefaciens strain
GV3101 containing different constructs was transiently
transfected into 5-week-old Nicotiana benthamiana (Voinnet
et al. 2003; Waadt et al. 2008). Leaves were collected 2–3 d after
inﬁltration. The ﬂuorescence was detected using a Zeiss LSM
© 2017 John Wiley & Sons Ltd, Plant, Cell and Environment, 40, 1512–1530
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510. The relative ﬂuorescence intensity was quantiﬁed by the
ImageJ software (NIH, Bethesda, MD, USA). Three replicates
were performed for this experiment.

Immunoblotting and mitogen-activated protein
kinase analyses
Seedlings aged 7 d were treated with 150 mM NaCl or 150 mM
NaCl plus inhibitors (20 μM GN or 10 μM PAO) at several time
points and ground in liquid nitrogen. Protein extraction buffer
[100 mM HEPES, pH 7.5, 5 mM EDTA, 5 mM EGTA, 2 mM
dithiothreitol, 10 mM Na3VO4, 10 mM NaF, 50 mM
β-glycerolphosphate, 1 mM phenylmethylsulfonyl ﬂuoride, 1
tablet/10 mL extraction buffer of proteinase inhibitor cocktail
(Roche Applied Science, Indianapolis, IN, USA) and
phosphatase inhibitor cocktail (Roche Applied Science), 10%
glycerol and 1% (w/v) polyvinylpolypyrrolidone] was added
to resuspend the sample (Tsuda et al. 2009). Following
centrifugation at 12 000 g for 30 min at 4 °C, supernatants were
transferred into clean tubes. The protein concentration was
determined using the Bio-Rad protein assay kit (Bio-Rad,
Hercules, CA, USA), using bovine serum albumin (BSA) as
the standard.
For western blotting analysis, 30 μg of total protein per lane
was separated on 8% sodium dodecyl sulphate–
polyacrylamide gel electrophoresis (SDS-PAGE). Then the
proteins were transferred onto polyvinylidene diﬂuoride
(PVDF) membranes. After blocking for 2 h in TBST buffer
with 5% BSA at room temperature, the membranes were
incubated with anti-phospho-p44/42 MAPK (1:1000, Cell
signalling Technology, Danvers, MA, USA), anti-AtMPK3
(1:2000, Sigma, St Louis, MO, USA) and anti-AtMPK6
(1:2000, Sigma) as the primary antibody, and peroxidaseconjugated goat anti-rabbit IgG (1:2000, Cell signalling
Technology) as the secondary antibody. Then, the membranes
were visualized using ECL chemiluminescence substrate
(ThermoFisher, Waltham, MA, USA). The kinase activity
was quantiﬁed using ImageJ software (NIH). Each experiment
was performed with at least three independent biological
replicates.

RESULTS
H2Bub1 mutants have decreased tolerance to salt
stress
To identify function of H2Bub1 in response to salt stress, wild
type (Col-0) and H2Bub1 loss-of-function mutations of
Arabidopsis seedlings grown on 1/2 MS medium were
transferred to 1/2 MS without or supplemented with NaCl for
phenotypic analysis. Without NaCl, the length of roots and
branch roots and leaves were not signiﬁcantly different in the
wild type and H2Bub1 mutants. When seedlings were
transferred to medium containing 150 mM NaCl, the leaves
were discoloured and bleached signiﬁcantly in the mutants in
comparison with the wild type after 3 d NaCl treatment (Fig. 1a;
Fig. S1a), and the percentages of seedling survival of mutants
were signiﬁcantly lower than the wild type during salt stress
© 2017 John Wiley & Sons Ltd, Plant, Cell and Environment, 40, 1512–1530

(Fig. 1b). When seedlings were transferred to medium
containing 100 mM NaCl, the root growth was suppressed,
and the root length of the mutants was shorter signiﬁcantly
than that of the wild type after 5 d NaCl treatment (Fig. 1c,d).
To further determine the role of H2Bub1 in response to salt
stress, salt-sensitive phenotype in soil-grown plants was
analysed. Fourteen-day-old seedlings were ﬂood irrigated with
400 mM NaCl solutions for 2 weeks. H2Bub1 mutants
seedlings showed a smaller in size, and most of their leaves
became chlorotic, whereas wild-type plants were still green
(Fig. S2a).
Trypan blue staining was used to determine whether the
H2Bub1 mutation affected the cell death-related phenotypes.
Signiﬁcant numbers of hub1-4, hub2-2 and hub1-4 hub2-2
mutant cells were stained after salt treatment as compared with
that of the wild type (Fig. 1e). To determine whether salt
caused differential damage to plasma membrane, electrolyte
leakage was measured in the wild type and mutants after
treatment with medium containing 150 mM NaCl or ﬂood
irrigated with 400 mM NaCl solutions in soil. The results
indicate that the plasma membrane in the cells of the mutants
was more severely damaged than in the wild type (Fig. 1f;
Fig. S2b).
In order to provide additional support that the phenotypes in
H2Bub1 mutants were due to the disruption of H2Bub1, the
hub1-4 complemented line HUB1/hub1-4 was also used to
analyse the above phenotypes. The phenotypes of the
HUB1/hub1-4 complementation line were similar to that of
the wild type (Fig. 1; Fig. S1a; Fig. S2).
These results suggest that the salt sensitivity of the mutants is
altered; H2Bub1 loss-of-function mutants of Arabidopsis
seedlings are hypersensitive to salt. Furthermore, the
phenotype of hub1-4 hub2-2 mutant was very similar to that
of each single mutant in response to salt stress (Fig. 1; Fig. S1a),
implying that both HUB1 and HUB2 are required. It was
consistent with the results of previous studies that HUB1 and
HUB2 can function as homodimers or heterodimers (Fleury
et al. 2007; Liu et al. 2007; Cao et al. 2008).
To further identify whether HUB1 and HUB2 were involved
in salt stress responses, HUB1 and HUB2 gene expression was
analysed in the wild type after NaCl treatment. The relative
expression levels of HUB1 and HUB2 were monitored by
real-time PCR. Interestingly, both HUB1 and HUB2 were
induced by treatment with NaCl of different times or different
concentrations (Fig. 2). The transcript levels of HUB1 and
HUB2 were also up-regulated by mannitol, but the effect was
less than that of NaCl. The results demonstrate that HUB1
and HUB2 are induced by salt stress and that the mutants are
speciﬁcally sensitive to NaCl.

H2Bub1 is involved in modulating microtubule
depolymerization in response to salt stress
In previous studies, we showed that H2Bub1 was involved in
modulating the MT depolymerization during biotic stress, and
MTs played an important role in the signalling pathway
(Shi et al. 2009; Yao et al. 2011; Hu et al. 2014). Furthermore,

1516 S. Zhou et al.

Figure 1. H2Bub1 mutants have decreased tolerance to salt stress. (a) Salt sensitivity of wild type, hub1-4, hub2-2, hub1-4 hub2-2 mutants and
HUB1/hub1-4 complementation line seedlings. Seedlings (6-day-old) of wild type and mutants were transferred from 1/2 MS medium to 1/2 MS
medium without or with 150 mM NaCl. Photographs were taken 3 d after transfer. (b) Seedling survival for wild type, hub1-4, hub2-2, hub1-4 hub2-2
mutants and HUB1/hub1-4 complementation line seedlings treated with NaCl. Seedlings (6-day-old) of wild type and mutants were transferred from 1/
2 MS medium to 1/2 MS medium without or with 150 mM NaCl. Survival (green cotyledons and rosette leaves) was measured 5 d after transfer. Error
bars indicate standard deviation (SD); n = 60. (c) Root growth of wild type, hub1-4, hub2-2, hub1-4 hub2-2 mutants and HUB1/hub1-4
complementation line seedlings treated with 100 mM NaCl. Seedlings (3-day-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 5 d after transfer. (d) Quantification of the relative root length in (c). 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 SD; n = 36. (e) Cell death induced by salt in cotyledons of Arabidopsis wild type, hub1-4, hub2-2, hub1-4 hub2-2 mutants and
HUB1/hub1-4 complementation line. Cotyledons of 7-day-old plants were treated with 150 mM NaCl and stained with trypan blue. The leaves treated
with ddH2O were used as control. (f) Ion leakage in wild type, hub1-4, hub2-2, hub1-4 hub2-2 mutants and HUB1/hub1-4 complementation line
seedlings treated with NaCl. Experimental details are provided in methods. Error bars indicate SD; n = 50. The t-test compared the seedling survival
(b), relative root length (d) and ion leakage (f) of the hub1-4, hub2-2, hub1-4 hub2-2 mutants and HUB1/hub1-4 complementation line with that of the
**,
*,
wild type under the same conditions. P < 0.01 and P < 0.05.

salt stress tolerance requires MT dynamic instability (Wang
et al. 2007; Zhang et al. 2012; Fujita et al. 2013) – a rapid
disassembly of MTs, followed by reorganization, is conducive
to survival under salt stress (Shoji et al. 2006; Wang et al.
2011). Therefore, we hypothesized that H2Bub1 is involved

in modulating MT dynamic instability induced by salt stress.
We used wild type, hub1-4, hub2-2, hub1-4 hub2-2 mutants
and HUB1/hub1-4 complementation line to determine the
relationship between H2Bub1 and the MT disassembly in salt
stress responses. The MTs were observed by the ﬂuorescence
© 2017 John Wiley & Sons Ltd, Plant, Cell and Environment, 40, 1512–1530
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Figure 2. HUB1 and HUB2 were induced by treatment with NaCl of different times or different concentrations. (a, b) Relative expression levels of
HUB1 (a) and HUB2 (b) after treatment with 150 mM NaCl for different times in the wild type (7-day-old). Total RNA was extracted after different
times of treatment for real-time PCR analysis. (c, d) Relative expression levels of HUB1 (c) and HUB2 (d) after treatment with different
concentrations of NaCl and mannitol in the wild type (7-day-old). Total RNA was extracted after 12 h of treatment for real-time PCR analysis. Error
**,
*,
bars indicate SD; n = 9. The t-test compared the relative expression level of all treatments with that of the control. P < 0.01 and P < 0.05.

of GFP-tubulin using confocal microscopy. The MTs were
visualized directly in both cotyledon pavement and hypocotyl
cells. Before salt treatment, there were no obvious differences
in MT organization and density in both cotyledon pavement
and hypocotyl cells of wild type compared with H2Bub1
mutants. However, after NaCl treatment, depolymerization of
the cortical MTs was induced, and the extent of
depolymerization differed between the wild type and the
mutants. A dramatic depolymerization of the cortical MTs
was observed in wild-type cotyledon pavement cells, and this
trend increased with treatment time; whereas, a weaker
depolymerization of cortical MTs was observed in the
pavement cells of the hub1-4, hub2-2 and hub1-4 hub2-2
mutants (Fig. 3). Similar results were obtained for hypocotyl
cells (Fig. 4). The depolymerization of cortical MTs in the
HUB1/hub1-4 complementation line was rescued, with the
alterations of MTs in the HUB1/hub1-4 line similar to that of
the wild type. These data indicate that H2Bub1 modulates
MT depolymerization in response to salt stress.

H2Bub1 regulates expression of PTP1 and MKPs,
and PTP1 and MKP1 play important roles in salt
stress-induced microtubule depolymerization
Previous studies have indicated that H2Bub1 is a positive
regulator of expression of PTP genes in responses to biotic
stress (Hu et al. 2014) and MAPK phosphatase
© 2017 John Wiley & Sons Ltd, Plant, Cell and Environment, 40, 1512–1530

PROPYZAMIDE-HYPERSENSITIVE1 (PHS1) mediates
salt stress-induced MT destabilization (Fujita et al. 2013).
Therefore, we determined whether H2Bub1 was involved in
regulating expression of PTPs and MKPs in response to salt
stress.
The expression of PTPs and MKPs – including AtPTP1,
AtDsPTP1, AtMKP1, AtIBR5 and AtPHS1 – in response to
salt stress in wild type and mutant Arabidopsis seedlings was
conﬁrmed by real-time PCR. The relative levels of expression
of these ﬁve genes signiﬁcantly differed between the wild type
and mutant plants (Fig. 5). The transcript levels of the ﬁve
genes were induced strongly in the wild type; whereas,
transcript levels of AtPTP1, AtDsPTP1, AtMKP1 and
AtIBR5 increased slightly and that of AtPHS1 was not
increased in the hub1-4, hub2-2 and hub1-4 hub2-2 mutants
(Fig. 5).
To determine whether altered gene expression of PTPs and
MKPs was responsible for salt-sensitive phenotypes of
H2Bub1 mutants, 35S:PTP1/hub1-4 and 35S:MKP1/hub1-4
lines were generated by transforming hub1-4 mutant with a
vector expressing the PTP1 and MKP1 cDNA driven by the
strong 35S promoter of Cauliﬂower mosaic virus. The results
showed that both 35S:PTP1 and 35S:MKP1 largely restored
the salt-sensitive phenotype of hub1-4 mutant and enhanced
tolerance to salt stress (Fig. S3).
In addition, to conﬁrm whether PTP1 and MKP1 affected
MT depolymerization during salt stress, the depolymerization
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Figure 3. H2Bub1 modulates cortical MT depolymerization in cotyledon pavement cells during salt stress. (a) Sequential images of the cortical MT
alterations induced by NaCl (150 mM) in the cotyledon pavement cells of wild type, hub1-4, hub2-2, hub1-4 hub2-2 mutants and HUB1/hub1-4
complementation line Arabidopsis expressing GFP-tubulin. Bar, 20 μm. (b) Quantification of cortical MTs in the cotyledon pavement cells of wild
type, hub1-4, hub2-2, hub1-4 hub2-2 mutants and HUB1/hub1-4 complementation line plants using Image tool software (n > 18 cells from three
samples). The number of cortical MTs was determined by counting the MTs across a fixed line (~50 μm) perpendicular to the orientation of most of the
cortical MTs of the cell. Error bars indicate SD. The t-test compared the number of cortical MTs in the cotyledon pavement cells of the hub1-4, hub2-2,
hub1-4 hub2-2 mutants and HUB1/hub1-4 complementation line with the number of cortical MTs in the wild type under the same conditions.
**,
*,
P < 0.01 and P < 0.05.

of MTs was observed in wild type, ptp1, mkp1 mutants, 35S:
PTP1/hub1-4 lines and 35S:MKP1/hub1-4 lines seedlings after
NaCl treatment. The results showed that constitutive overexpression of PTP1 and MKP1 in hub1-4 can complement
the MT depolymerization phenotype of hub1-4 (Fig. 6).
Moreover, compared with the wild type, a weaker
depolymerization of cortical MTs was induced in ptp1 and
mkp1 mutants during salt stress (Fig. S4), suggesting that
PTP1 and MKP1 play an important role to regulate MT
depolymerization in response to salt stress.
Together, these data suggest that H2Bub1 regulates the
expression of PTP1 and MKPs genes in response to salt stress,

and H2Bub1 is a positive regulator of expression of PTP1 and
MKPs, and PTP1 and MKP1 play important roles in salt
stress-induced MT depolymerization.

H2Bub1 is required for the activation of MPK3 and
MPK6 during salt stress
Biochemical and genetic analyses have conﬁrmed that Tyr
phosphorylation is involved in regulation of MAPK activities
in plant cells (Tena et al. 2001; Zhang & Klessig 2001; Luan
2002; Ulm et al. 2002), and MPK3 and MPK6 have emerged
© 2017 John Wiley & Sons Ltd, Plant, Cell and Environment, 40, 1512–1530
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Figure 4. H2Bub1 modulates cortical MT depolymerization in hypocotyl cells during salt stress. (a) Visualization of the cortical MT alterations
induced by NaCl (150 mM) in the hypocotyl cells of wild type, hub1-4, hub2-2, hub1-4 hub2-2 mutants and HUB1/hub1-4 complementation line
Arabidopsis expressing GFP-tubulin. Bar, 20 μm. (b) Quantification of cortical MTs in the hypocotyl cells of wild type, hub1-4, hub2-2, hub1-4 hub2-2
mutants and HUB1/hub1-4 complementation line plants using Image tool software (n > 18 cells from three samples). The number of cortical MTs was
determined by counting the MTs across a fixed line (~50 μm) perpendicular to the orientation of most of the cortical MTs of the cell. Error bars
indicate SD. The t-test compared the number of cortical MTs in the hypocotyl cells of the hub1-4, hub2-2, hub1-4 hub2-2 mutants and HUB1/hub1-4
**,
*,
complementation line with the number of cortical MTs in the wild type under the same conditions. P < 0.01 and P < 0.05.
© 2017 John Wiley & Sons Ltd, Plant, Cell and Environment, 40, 1512–1530
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Figure 5. H2Bub1 regulates the expression of PTP1 and MKP genes during salt stress. (a-e) Relative expression levels of AtPTP1 (a), AtDsPTP1
(b), AtMKP1 (c), At PHS1 (d) and AtIBR5 (e) induced by NaCl in the wild type, hub1-4, hub2-2 and hub1-4 hub2-2 mutants. Seedlings (7-day-old) of
wild type, hub1-4, hub2-2 and hub1-4 hub2-2 mutants were treated with ddH2O or 150 mM NaCl and then total RNA was extracted after 12 h
treatment for real-time PCR analysis. Seedlings treated with ddH2O were used as control. Error bars indicate SD; n = 9. The t-test compared the
**,
*,
relative expression level of NaCl treatment with that of the control in each genotype. P < 0.01 and P < 0.05.

as central players in MAPK-mediated biotic and abiotic stress
signalling (Teige et al. 2004; Bartels et al. 2009, 2010; Yu et al.
2010; Pitzschke 2015). Therefore, we postulated that salt
sensitivity of the mutants was associated with activities of the
MAPKs MPK3 and MPK6.
To investigate whether H2Bub1 inﬂuenced the activation
of MPK3 and MPK6 in response to salt stress, we validated
the transcript levels, protein levels and activation of MPK3
and MPK6 in wild type and mutant seedlings. Seedlings of
7-day-old wild type and the hub1-4 mutant were,
respectively, treated with 150 mM NaCl, and samples were
taken at various times. The transcript level of MPK3 was
increased, and transcripts of MPK6 remained unchanged

with salt stress, and the changes were similar in the wild type
and mutant plants (Fig. 7a). Moreover, the protein levels of
MPK3 and MPK6 were unchanged by salt stress in both wild
type and the hub1-4 mutant (Fig. 7b). However, the MPK3
(P-MPK3) and MPK6 (P-MPK6) activity was increased
greatly in the wild type within 30 min, whereas their activity
was increased slightly in the hub1-4 mutant (Fig. 7b,c;
Fig. S5).
To further conﬁrm whether salt sensitivity was correlated
with activation of MPK3 and MPK6 in response to salt stress,
6-day-old wild type and MKK5DD (a constitutively active
MKK5 kinase mutant, which leads to rapid activation of
MPK3 and MPK6) (see Materials and Methods) seedlings
© 2017 John Wiley & Sons Ltd, Plant, Cell and Environment, 40, 1512–1530
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Figure 6. 35S:PTP1 and 35S:MKP1 complement MT depolymerization phenotype of hub1-4 mutant. (a, b) Sequential images of the cortical MT
alterations induced by NaCl (150 mM) in the cotyledon pavement cells of wild type, hub1-4 mutant, 35S:PTP1/hub1-4 lines (a) and 35S:MKP1/hub1-4
lines (b) seedlings. Bar, 20 μm. (c, d) Quantification of cortical MTs in the cotyledon pavement cells of wild type, hub1-4 mutant, 35S:PTP1/hub1-4
lines (c) and 35S:MKP1/hub1-4 lines (d) seedlings using Image tool software (n > 18 cells from three samples). The number of cortical MTs was
determined by counting the MTs across a fixed line (~50 μm) perpendicular to the orientation of most of the cortical MTs of the cell. Error bars
indicate SD. The t-test compared the number of cortical MTs in the cotyledon pavement cells of the hub1-4 mutant, 35S:PTP1/hub1-4 lines and 35S:
**,
*,
MKP1/hub1-4 lines with the number of cortical MTs in the wild type under the same conditions. P < 0.01 and P < 0.05.

on 1/2 MS medium were supplied with 100 or 150 mM NaCl,
with or without 0.01 μM DEX, to determine their
phenotypes in response to salt stress. The MKK5DD
seedlings had increased salt tolerance, especially when
seedlings were grown on medium containing DEX [this led
to long-lasting activation of MPK3 and MPK6 (Liu & Zhang
2004; Hoehenwarter et al. 2013)], and the percentage of
surviving seedlings of MKK5DD also had been signiﬁcantly
increased under the same condition (Fig. 7d,e; Fig. S1b).
Activation of MPK3 and MPK6 was measured in the wild
type and MKK5DD after DEX treatment. The result showed
that activation of MPK3 and MPK6 was increased greatly
in MKK5DD, whereas activation was not increased in the
wild type (Fig. 7f).
© 2017 John Wiley & Sons Ltd, Plant, Cell and Environment, 40, 1512–1530

The results suggest that salt sensitivity of the mutants is
associated with MPK3 and MPK6 activities, H2Bub1 is
required for the activation of MPK3 and MPK6, and the
MPK3 and MPK6-mediated signalling pathway plays an
important role in modulating salt stress responses in
Arabidopsis.

Activation of MPK3 and MPK6 affects microtubule
depolymerization during salt stress
To conﬁrm whether the activation of MPK3 and MPK6
affected MT depolymerization during salt stress, 7-day-old wild
type and MKK5DD seedlings were treated with 150 mM NaCl,
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Figure 7. H2Bub1 affects the activation of MPK3 and MPK6 in the response to salt stress, and MPK3 and MPK6 activities are important in
mediating salt stress tolerance. (a) The transcript levels of MPK3 and MPK6 were monitored by real-time PCR. Seedlings (7-day-old) of wild type and
hub1-4 mutant were treated with 150 mM NaCl, and then total RNA was extracted after various times for real-time PCR analysis. Error bars indicate
SD; n = 9. (b) Kinase activity of MPK3 and MPK6 was detected by immunoblotting using anti-phospho-p44/42 MAP kinase antibodies (p-MPK6 and
p-MPK3). Seedlings (7-day-old) of wild type and hub1-4 mutant were treated with 150 mM NaCl, and then total protein was extracted after various
times for immunoblot analysis. The immunoblot was reprobed with anti-MPK3 and anti-MPK6 antibodies to analyse MPK3 and MPK6 protein levels.
β-Actin was used as the loading control. (c) Quantification of the kinase activity of MPK3 and MPK6 using ImageJ software in (b). Results are
DD
presented as an average value of three independent biological replicates. Error bars indicate SD; n = 3. (d) Phenotype of wild type and MKK5
DD
seedlings in response to NaCl and DEX. Seedlings (6-day-old) of wild type and MKK5 seedlings were transferred from 1/2 MS medium to 1/2 MS
medium with 150 mM NaCl or 150 mM NaCl plus DEX. Photographs were taken 5 d after transfer. (e) Percentage of surviving seedlings of wild type
DD
and MKK5 during salt stress. Survival was measured 5 d after transfer. Error bars indicate SD; n = 60. (f) Activation of MPK3 and MPK6 was
DD
DD
measured in the wild type and MKK5 . Seedlings (7-day-old) of wild type and MKK5 mutant were treated with 15 μM DEX, and then total
protein was extracted after various times for immunoblot analysis. The t-test compared the transcript level (a) and kinase activity (c) of different
**,
*,
treatment times with that of untreated in each genotype. P < 0.01 and P < 0.05.

with or without DEX, to observe the stability and organization
of MTs. There was little depolymerization of the cortical MTs
in both wild type and MKK5DD in the absence of salt stress
(Control and DEX), while the depolymerization of the cortical
MTs was induced in wild type and MKK5DD after NaCl
treatment (Fig. 8). However, compared to treatment with NaCl
alone, more massive depolymerization of cortical MTs was
induced in MKK5DD when seedlings were treated with NaCl
plus DEX (Fig. 8a,c), whereas little depolymerization of the
cortical MT was induced in the wild type (Fig. 8a,b). These data
indicate that activation of MPK3 and MPK6 affects MT
depolymerization during salt stress.

Tyr phosphorylation plays a critical role in
regulating microtubule depolymerization in salt
stress response
Previous studies indicated that PTK and PTP inhibitors
disorganized the cortical MT arrays (Blume et al. 2008; Yemets
et al. 2008; Sheremet et al. 2012). Furthermore, protein Tyr

phosphorylation plays a critical role in regulating MT
disassembly during biotic stress (Hu et al. 2014).
To determine whether Tyr phosphorylation affected MT
depolymerization in response to salt stress, we monitored the
effects of PTK and PTP inhibitors on the MT stability. The
depolymerization of cortical MTs was induced and increased
signiﬁcantly with treatment time; however, in comparison with
treatment with NaCl alone (Fig. 3), the trend of
depolymerization decreased when leaves were co-treated with
NaCl plus GN (a speciﬁc inhibitor of PTK) especially in wild
type and the complemented line HUB1/hub1-4 (Fig. 9a,c). In
contrast to results for the PTK inhibitor, the depolymerization
of the cortical MTs markedly increased when leaves were
co-treated by NaCl plus PAO (a speciﬁc inhibitor of PTP)
especially in H2Bub1 mutants (Fig. 9b,d). To investigate the
effect more intuitive, the evidence after treatment with NaCl
plus inhibitors for 60 min was presented (Fig. 10). The results
indicated that GN caused a signiﬁcant inhibition, while PAO
led to signiﬁcant stimulation of depolymerization of the cortical
MTs in salt stress response. This observation suggests that Tyr
© 2017 John Wiley & Sons Ltd, Plant, Cell and Environment, 40, 1512–1530
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Figure 8. Activation of MPK3 and MPK6 affects MT depolymerization during salt stress. (a) Sequential images of the cortical MT alterations
DD

induced by NaCl, with or without DEX, in the cotyledon pavement cells of wild type and MKK5 seedlings. Bar, 20 μm. (b, c) Quantification of
DD
cortical MTs in the leaf pavement cells of wild type (b) and MKK5 (c) seedlings using Image tool software (n > 18 cells from three samples). The
number of cortical MTs was determined by counting the MTs across a fixed line (~50 μm) perpendicular to the orientation of most of the cortical MTs
**,
*,
of the cell. Error bars indicate SD. P < 0.01 and P < 0.05, t-test.

phosphorylation is essential for the depolymerization and
organization of MTs in response to salt stress.
To conﬁrm the effect of Tyr phosphorylation in salt stress
response, the phenotypes of the wild type and hub1-4 mutant
on medium containing 150 mM NaCl plus inhibitors of PTK
or PTP were analysed. The seedlings grown on medium
containing GN had decreased salt tolerance, in comparison
with on medium containing NaCl alone, whereas the seedlings
grown on medium containing PAO had increased salt tolerance
(Fig. S6).

Tyr phosphatases are required for the activation of
MPK3 and MPK6
Previous studies have shown that PTP1 could dephosphorylate
activated MPK6 in vitro (Gupta & Luan 2003), MKP1 could
© 2017 John Wiley & Sons Ltd, Plant, Cell and Environment, 40, 1512–1530

be rapidly phosphorylated by MPK6 (Park et al. 2011) and
MKP1 is an important regulator of MPK3 and MPK6 (Bartels
et al. 2009; González Besteiro et al. 2011; González Besteiro &
Ulm 2013).
Subsequently, we used a yeast two-hybrid assay to
investigate whether PTP1 and MKP1 physically interacted with
MPK3 and MPK6 signalling. The results showed that PTP1 and
MKP1 interacted with MPK3 and MPK6 in yeast (Fig. 11a). To
determine whether PTP1 and MKP1 interacted with MPK3
and MPK6 in plants, a BiFC assay was performed in N.
benthamiana leaves. The results indicated that PTP1 and
MKP1 might interact with MPK3 and MPK6 in plants
(Fig. 11b,c). The yeast two-hybrid assay and BiFC assay also
showed that a weaker interaction could be detected between
PTP1, MKP1 and MPK4, and no sign of interaction could be
detected between PTP1, MKP1 and MPK1, MPK2, or any of
the empty vector controls (Fig. 11a,b).
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Figure 9. Tyr phosphorylation regulates MT depolymerization during salt stress. (a, b) Sequential images of the cortical MT alterations induced by
NaCl plus GN (a) and NaCl plus PAO (b) in the leaf pavement cells of wild type, hub1-4, hub2-2, hub1-4 hub2-2 mutants and HUB1/hub1-4
complementation line Arabidopsis expressing GFP-tubulin. Bar, 20 μm. (c, d) Quantification of cortical MTs treated by NaCl plus GN (c) and NaCl
plus PAO (d) in the leaf pavement cells of wild type, hub1-4, hub2-2, hub1-4 hub2-2 mutants and HUB1/hub1-4 complementation line using Image tool
software (n > 18 cells from three samples). The number of cortical MTs was determined by counting the MTs across a fixed line (~50 μm)
perpendicular to the orientation of most of the cortical MTs of the cell. Error bars indicate SD. The t-test compared the number of cortical MTs in the
leaf pavement cells of the hub1-4, hub2-2, hub1-4 hub2-2 mutants and HUB1/hub1-4 complementation line with the number of cortical MTs in the wild
**,
*,
type under the same conditions. P < 0.01 and P < 0.05, t-test.

To determine whether PTP1 and MKP1 affected the
activation of MPK3 and MPK6, kinase activity assays were
performed by immunoblotting using anti-phospho-p44/42
antibody. The wild-type plants were transformed with a
vector expressing the PTP1 and MKP1 cDNA driven by
the strong 35S promoter of Cauliﬂower mosaic virus (35S:
PTP1 and 35S:MKP1). The AtPTP1 and AtMKP1 transcript
levels in seedlings of wild type, ptp1, mkp1 mutants, 35S:
PTP1 lines and 35S:MKP1 lines were examined using realtime PCR (Fig. S7). The results showed that the MPK3 and
MPK6 activity was signiﬁcantly elevated in ptp1 and mkp1

mutants compared with wild type (Fig. 11d). Furthermore,
activation of MPK3 and MPK6 was increased signiﬁcantly
by NaCl treatment in wild type, ptp1 and mkp1 mutants,
whereas the two 35S:PTP1 lines and two 35S:MKP1 lines
exhibited slight or no elevation of MPK3 and MPK6 activity
(Fig. 11d). In addition, the PTK and PTP inhibitors assay
showed that both GN and PAO inﬂuence activation of
MPK3 and MPK6 during salt stress. Activation of MPK3
and MPK6 was decreased by GN treatment, whereas
activation of MPK3 and MPK6 was increased by PAO
treatment during salt stress (Fig. S8). The results indicated
© 2017 John Wiley & Sons Ltd, Plant, Cell and Environment, 40, 1512–1530
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Figure 10. Effect of PTK or PTP inhibitors on MT depolymerization during salt stress. (a) Visualization of the cortical MT alterations induced by
NaCl plus GN or PAO for 60 min in the leaf pavement cells of wild type, hub1-4, hub2-2, hub1-4 hub2-2 mutants and HUB1/hub1-4 complementation
line Arabidopsis expressing GFP-tubulin. Bar, 20 μm. (b) Quantification of cortical MTs treated by NaCl plus GN or PAO for 60 min in the leaf
pavement cells of wild type, hub1-4, hub2-2, hub1-4 hub2-2 mutants and HUB1/hub1-4 complementation line using Image tool software (n > 18 cells
from three samples). The number of cortical MTs was determined by counting the MTs across a fixed line (~50 μm) perpendicular to the orientation of
most of the cortical MTs of the cell. Error bars indicate SD. The t-test compared the number of cortical MTs in the leaf pavement cells of the hub1-4,
hub2-2, hub1-4 hub2-2 mutants and HUB1/hub1-4 complementation line with the number of cortical MTs in the wild type under the same conditions.
**,
*,
P < 0.01 and P < 0.05.

that Tyr phosphatases were negative regulators of MPK3 and
MPK6, and the loss of PTP1 and MKP1 was associated with
increased levels of active MPK3 and MPK6. Taken
© 2017 John Wiley & Sons Ltd, Plant, Cell and Environment, 40, 1512–1530

together, these data suggest that PTPs and MKPs play
important roles in turning off the activity of MAPKs in salt
stress response.
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Figure 11. Interactions of PTP1, MKP1 with MPK3 and MPK6. (a) Interaction of PTP1, MKP1 with MPK3 and MPK6 in yeast. The experiments
were performed three times with similar results. (b) Interaction of PTP1 and MKP1 with MPK3 and MPK6 in N. benthamiana leaves detected by
BiFC. Bar, 20 μm. The experiments were performed three times with similar results. Combinations with the empty vector controls and MPK1, MPK2
were shown as negative controls indicating specificity of the detected interactions in (a) and (b). (c) Quantification of the relative fluorescence intensity
in BiFC assay using ImageJ software. Error bars indicate SD; n = 6. The t-test compared the relative fluorescence intensity of MPK4, MPK6 with that
**,
*,
of MPK3 when combined with the same vector. P < 0.01 and P < 0.05. (d) Kinase activity of MPK3 and MPK6 was detected by immunoblotting
using anti-phospho-p44/42 MAP kinase antibodies (p-MPK6 and p-MPK3). Seven-day-old seedlings were harvested after 30 min of NaCl treatment.
β-Actin was used as the loading control.
© 2017 John Wiley & Sons Ltd, Plant, Cell and Environment, 40, 1512–1530
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DISCUSSION
H2Bub1 plays critical roles in regulating growth and
development (Fleury et al. 2007; Liu et al. 2007; Cao et al.
2008; Gu et al. 2009; Schmitz et al. 2009; Xu et al. 2009;
Bourbousse et al. 2012; Himanen et al. 2012; Cao et al. 2015),
as well as in modulating defence or immune responses and in
cuticle composition in plants (Devoto et al. 2003; Dhawan
et al. 2009; Hu et al. 2014; Menard et al. 2014; Zou et al.
2014). In the present study, we demonstrated that H2Bub1
played an important role in response to salt stress.
H2Bub1 is a key histone modiﬁcation that has signiﬁcant
role in various biological processes, mainly by controlling
expression of speciﬁc genes and is typically associated with
transcriptional activation (Feng & Shen 2014). Recently,
microarray analysis reveals that H2Bub1 likely participates in
the control of protein translation processes, the regulation of
protein phosphorylation and in cellular stress responses (Wu
et al. 2015). In order to obtain a clearer understanding of the
function of H2Bub1 in regulating salt stress responses, we
investigate the roles of H2Bub1 in responses to salt stress.
The cytoskeleton is a common downstream target of
multiple signalling pathways, leading to its extensive
reorganization. Microtubules are essential components of the
cytoskeleton and fulﬁll multiple cellular functions in
developmental processes (Lipka & Müller 2014). The sensory
function of MTs depends on dynamic instability (Nick 2013).
Numerous studies focused on early responses of plants to
abiotic stresses have demonstrated rapid and global
reorganization of MTs in stress response. Earlier reports
showed that salt stress tolerance requires MT disassembly
(Shoji et al. 2006; Wang et al. 2007; Zhang et al. 2012; Fujita
et al. 2013). The salt stress response includes a rapid
depolymerization of MTs followed by formation of a new
MTs network that is believed to be better suited for surviving
high salinity (Wang et al. 2011). The data obtained in the
present study showed that the loss-of-function alleles of
HUB1 and HUB2 led to a weaker depolymerization of the
cortical MTs, whereas a dramatic depolymerization of the
cortical MTs was induced in the wild type. These results suggest
that H2Bub1 modulates MT depolymerization in response to
salt stress.
Protein Tyr phosphorylation plays an important role in
signalling processes and physiological responses in plant cells
(Luan 2002; Ghelis et al. 2008; Tonks 2013). For example, Tyr
phosphorylation might regulate abscisic acid transduction
pathways leading to stomatal closure in plants (Ghelis et al.
2008). The expression of AtPTP1 was found to be greatly
increased under salinity stress (Xu et al. 1998), and MKP1
functions as a negative regulator of salt stress response (Ulm
et al. 2002; Zaidi et al. 2016). Moreover, the cytoskeleton is
affected, directly or indirectly, by reversible Tyr
phosphorylation (Luan 2002, 2003; Tonks 2006). Tyr
phosphorylation appears to be important for the stability and
organization of MTs in different types of plant cells (Yemets
et al. 2008; Sheremet et al. 2012). It was demonstrated that both
α- and β-subunits of plant tubulin undergo phosphorylation on
Tyr residues (Blume et al. 2008; Nemoto et al. 2015). Tubulin
© 2017 John Wiley & Sons Ltd, Plant, Cell and Environment, 40, 1512–1530

phosphorylation offers an efﬁcient strategy for reversibly and
rapidly regulating MT stability in response to abiotic signals
(Fujita et al. 2013). However, their involvement in signal
transduction in salt stress response is less well documented.
The data obtained in the present study showed that the
transcript levels of AtPTP1, AtDsPTP1, AtMKP1, AtIBR5
and AtPHS1 were induced strongly in the wild type, whereas
transcript levels were only slightly or not increased in the
hub1-4, hub2-2 and hub1-4 hub2-2 mutants. And 35S:PTP1
and 35S:MKP1 largely restored the salt-sensitive and MT
depolymerization phenotypes of hub1-4 mutant under salt
stress. Moreover, the present of inhibitors of PTK and PTP
affected MT depolymerization in salt stress response. The
results suggest that H2Bub1 is a positive regulator of the
expression of PTP1 and MKPs genes, and Tyr phosphorylation
is necessary for salt stress-induced MT instability. Therefore, it
is possible that H2Bub1 plays an important role in modulating
the PTP1/MKPs-dependent signalling pathway to mediate MT
disassembly in the salt stress response.
The major targets for PTPs/MKPs in plants are MAPKs that
participate in numerous signalling processes (Luan 2002). Tyr
phosphatases play an important role in the regulation of
MAPK cascades (Ichimura et al. 2002). MAPK phosphatases
can fully inactivate MAPKs by dephosphorylating them at both
Ser/Thr and Tyr residues (Chen et al. 2001). Previous studies
have implicated MAPK cascades, in particular those
dependent on MPK3/MPK6, as important regulators in
responses to biotic and abiotic stress in plants (Colcombet &
Hirt 2008; González Besteiro et al. 2011). Moreover, MKP1
and PTP1 act as repressors of inappropriate MPK3/MPK6dependent stress signalling (Bartels et al. 2009), and MPK3
and MPK6 participate together in the salt stress response
(Liu et al. 2015). In the present study, we observed that PTP1
and MKP1 interacted with MPK3 and MPK6 in vitro and
in vivo. We also observed that H2Bub1 affected the activation
of MPK3 and MPK6 in response to salt stress. MKK5DD
seedlings increased salt tolerance, especially when seedlings
were grown on medium containing DEX, which led to longlasting activation of MPK3 and MPK6. These data suggest that
H2Bub1 participates in the regulation of protein
phosphorylation in response to salt stress, salt sensitivity of
loss-of-function H2Bub1 mutants is associated with MPK3
and MPK6 activities. Therefore, H2Bub1 is required to
mediate salt stress responses through the interaction of
PTP1/MKPs with MPK3 and MPK6 signalling module in
Arabidopsis.
Plant stress tolerance depends on many factors, among
which signalling by MAPK modules plays a crucial role
(Šamajová et al. 2013b). Increasing evidence has shown that
MAPK activation may lead to direct subcellular
rearrangements, such as cytoskeletal remodelling by
phosphorylated substrates associated with the cytoskeleton
(Limmongkon et al. 2004; Šamajová et al. 2013a). It was
demonstrated that MPK3 and MPK6 were associated with
the stability and organization of MT (Müller et al. 2010; Komis
et al. 2011). In the present study, a dramatic depolymerization
of the cortical MTs was induced when the leaves were treated
with NaCl plus DEX in MKK5DD seedlings. Dexamethasone
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treatments greatly increased the activation of MPK3 and
MPK6 in MKK5DD. Moreover, MKK5DD seedlings showed
increased salt tolerance, and the percentage of surviving
MKK5DD seedlings was signiﬁcantly increased during salt
stress. These data suggest that the activation of MPK3 and
MPK6 affects the MT stability, which is critical for plant salt
stress tolerance.
In conclusion, our results demonstrate that H2Bub1
regulates salt stress-induced MT depolymerization, and the
PTP–MPK3/6 signalling module is responsible for integrating
signalling pathways that regulate MT stability, which is critical
for plant salt stress tolerance. The results reveal H2Bub1 as
an important modiﬁcation with regulatory roles in the response
to salt stress.
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Figure S1. Salt-sensitive phenotypes of wild type, H2Bub1
mutants and MKK5DD. (a) Phenotypes of wild type and
H2Bub1 mutants seedlings in response to NaCl. Seedlings
(6-day-old) of wild type and mutants were transferred from
1/2 MS medium to 1/2 MS medium without or with 150 mM
NaCl. Photographs were taken 3 d after transfer. (b)
Phenotypes of wild type and MKK5DD seedlings in response
to NaCl and DEX. Seedlings (6-day-old) of wild type and
MKK5DD seedlings were transferred from 1/2 MS medium to
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1/2 MS medium with 150 mM NaCl or 150 mM NaCl plus
DEX. Photographs were taken 5 d after transfer.
Figure S2. Salt sensitivity of wild type, hub1-4, hub2-2, hub1-4
hub2-2 mutants and HUB1/hub1-4 complementation line
seedlings in soil. (a) Phenotypes of wild type, hub1-4, hub2-2,
hub1-4 hub2-2 mutants and HUB1/hub1-4 complementation
line after salt treatment in soil. Plants (14-day-old) of wild type
and mutants grown in soil were ﬂood irrigated with water or
400 mM NaCl solutions every 4 d. Photographs were taken
14 d after NaCl treatment. (b) Ion leakage in wild type,
hub1-4, hub2-2, hub1-4 hub2-2 mutants and HUB1/hub1-4
complementation line plants irrigated with NaCl in soil.
Experimental details are provided in methods. Error bars
indicate SD; n = 30. The t-test compared the ion leakage of
the hub1-4, hub2-2, hub1-4 hub2-2 mutants and HUB1/hub14 complementation line with that of the wild type under the
same conditions. **, P < 0.01 and *, P < 0.05.
Figure S3. 35S:PTP1 and 35S:MKP1 largely restored the saltsensitive phenotype of hub1-4 mutant. (a, b) Salt sensitivity of
wild type, hub1-4 mutant, 35S:PTP1/hub1-4 lines and 35S:
MKP1/hub1-4 lines seedlings. Seedlings (6-day-old) of wild
type, hub1-4 mutant, 35S:PTP1/hub1-4 lines and 35S:MKP1/
hub1-4 lines seedlings were transferred from 1/2 MS medium
to 1/2 MS medium without or with 150 mM NaCl. Photographs
were taken 3 d after transfer. (c, d) Percentage of surviving
seedlings of wild type, hub1-4, 35S:PTP1/hub1-4 lines and
35S:MKP1/hub1-4 lines during salt stress. Survival was
measured 5 d after transfer. Error bars indicate SD; n = 60.
(e) Relative expression levels of AtPTP1 in wild type, hub1-4
mutant and 35S:PTP1/hub1-4 lines seedlings. (f) Relative
expression levels of AtMKP1 in wild type, hub1-4 mutant and
35S:MKP1/hub1-4 lines seedlings. Error bars indicate SD;
n = 9. The t-test compared the seedlings survival (c, d) and
relative expression level (e, f) of the hub1-4 mutant, 35S:
PTP1/hub1-4 lines and 35S:MKP1/hub1-4 lines with that of
the wild type. **, P < 0.01 and *, P < 0.05.
Figure S4. PTP1 and MKP1 were involved in regulating the
depolymerization of cortical MTs under salt stress. (a)
Sequential images of the cortical MT alterations induced by
NaCl (150 mM) in the cotyledon pavement cells of wild type,
ptp1 and mkp1 mutants seedlings. Bar, 20 μm. (b)
Quantiﬁcation of cortical MTs in the cotyledon pavement cells
of wild type, ptp1 and mkp1 mutants seedlings using Image tool
software (n > 18 cells from three samples). The number of
cortical MTs was determined by counting the MTs across a
ﬁxed line (~50 μm) perpendicular to the orientation of most
of the cortical MTs of the cell. Error bars indicate SD. The t-test
compared the number of cortical MTs in the cotyledon
pavement cells of ptp1 and mkp1 mutants with the number of
cortical MTs in the wild type under the same conditions.
**,
P < 0.01 and *, P < 0.05.
Figure S5. Kinase activity of MPK3 and MPK6 was detected
in wild type, hub1-4, mpk3 and mpk6 mutants during salt

stress. (a) Wild-type seedlings were harvested at various times
after treatment of NaCl. β-Actin was used as the loading
control. The kinase activity of MPK3 and MPK6 was
quantiﬁed using ImageJ software. Results are presented as
an average value of three independent biological replicates.
Error bars indicate SD; n = 3. (b) Wild type and hub1-4
mutant seedlings were harvested at various times after
treatment of NaCl. β-Actin was used as the loading control.
The kinase activity of MPK3 and MPK6 was quantiﬁed
using ImageJ software. Results are presented as an average
value of six independent biological replicates. Error bars
indicate SD; n = 6. (c) Wild type, mpk3 and mpk6 mutants
seedlings were harvested after 30 min of NaCl treatment.
The mpk3 and mpk6 mutants were shown as positive
controls indicating that these bands to the anti-phosphop44/42 MAP kinase antibodies really represented MPK3
and MPK6. The t-test compared the kinase activity of
different treatment times with that of untreated in each
genotype. **, P < 0.01 and *, P < 0.05.
Figure S6. Phenotypic analysis of the wild type and hub1-4
mutant in response to NaCl and NaCl plus inhibitors. (a) Salt
sensitivity of wild type and hub1-4 mutant on medium with
NaCl plus GN or PAO. Seedlings (6-day-old) of wild type
and hub1-4 were transferred from 1/2 MS medium to 1/2 MS
medium with 150 mM NaCl or 150 mM NaCl plus inhibitors.
Photographs were taken 3 d after transfer. (b) Seedling
survival for wild type and hub1-4 mutant treated with NaCl
or NaCl plus inhibitors. Survival was measured 5 d after
transfer. Error bars indicate SD; n = 60. **, P < 0.01 and
*,
P < 0.05, t-test.
Figure S7. Relative expression levels of AtPTP1 and AtMKP1
in wild type, ptp1, mkp1 mutants, 35S:PTP1 lines and 35S:
MKP1 lines seedlings. (a) Relative expression levels of
AtPTP1 in wild type, ptp1 mutant and 35S:PTP1 lines
seedlings. (b) Relative expression levels of AtMKP1 in wild
type, mkp1 mutant and 35S:MKP1 lines seedlings. Error bars
indicate SD; n = 9. The t-test compared the relative expression
level of the ptp1, mkp1 mutants, 35S:PTP1 lines and 35S:
MKP1 lines with that of the wild type. **, P < 0.01 and
*,
P < 0.05.
Figure S8. (a) Kinase activity of MPK3 and MPK6 was
detected in the wild type and hub1-4 mutant seedlings treated
with NaCl plus inhibitors. Seedlings were harvested after
30 min of NaCl or NaCl plus inhibitor treatment. Seedlings
treated with ddH2O for 30 min were used as control. β-Actin
was used as the loading control. (b) Quantiﬁcation of the
kinase activity of MPK3 and MPK6 using ImageJ software in
(a). Results are presented as an average value of three
independent biological replicates. The t-test compared the
kinase activity of different treatment with that of control in
each genotype. Error bars indicate SD; n = 3. **, P < 0.01 and
*,
P < 0.05.
Table S1. Primers used in this work.
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