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Regulation of cortical microtubule reorganization is essential for plant cell survival under high salinity conditions. In response to
salt stress, microtubules undergo rapid depolymerization followed by reassembly to form a new microtubule network that
promotes cell survival; however, the upstream regulatory mechanisms for this recovery response are largely unknown. In this
study, we demonstrate that ethylene signaling facilitates salt stress-induced reassembly of cortical microtubules in Arabidopsis
(Arabidopsis thaliana). Microtubule depolymerization was not affected under salt stress following the suppression of ethylene
signaling with Ag+ or in ethylene-insensitive mutants, whereas microtubule reassembly was significantly inhibited. ETHYLENE-
INSENSITIVE3, a key transcription factor in the ethylene signaling pathway, was shown to play a central role in microtubule
reassembly under salt stress. In addition, we performed functional characterization of the microtubule-stabilizing protein
WAVE-DAMPENED2-LIKE5 (WDL5), which was found to promote ethylene-associated microtubule reassembly and plant
salt stress tolerance. These findings indicate that ethylene signaling regulates microtubule reassembly by up-regulating WDL5
expression in response to salt stress, thereby implicating ethylene signaling in salt-stress tolerance in plants.

Abiotic stressors, including high soil salinity, signifi-
cantly reduce crop growth and yield. High salinity con-
ditions induce rapid hyperosmotic stress and slow ionic
stress, thereby reducing plant growth and causing pre-
mature senescence and potential plant death. Multiple
studies addressing plant cell responses to salt stress focus
on the regulation of ion channels, such as by manipulat-
ing the expression and activity of the plasma membrane
Na+/H+ antiporter SOS1 to remove sodium from the
cytosol (Yang et al., 2009; Quintero et al., 2011). Other
investigators have found that altered gene expression
patterns facilitate plant cell growth under salt stress (Xu
et al., 2015; Bahieldin et al., 2016; Zhang et al., 2016). For
example, the expression levels of glycosyltransferases
UGT79B2 and UGT79B3 are strongly induced by high

salinity, which leads to the accumulation of anthocyanins
and plant yield that reflects salt-stress tolerance (Li et al.,
2017b). A broad investigation into the mechanisms of
plant cell responses to salt stress is required to evaluate
how plants grow and survive in high salinity conditions.

The phytohormone ethylene plays a crucial role in
the regulation of diverse stress responses, including salt
stress (Peng et al., 2014; Pan et al., 2016). Ethylene
functions via five membrane-associated receptors to
activate the downstream signaling pathway mediated
by ETHYLENE INSENSITIVE2 (EIN2), EIN3, and EIN3-
like 1 (EIL1) (Merchante et al., 2013; Ju and Chang, 2015;
Li et al., 2015; Yang et al., 2015). EIN2 is an essential
positive regulator of ethylene signaling, and the null
mutant ein2-5 is ethylene insensitive (Alonso et al., 1999).
Specifically, EIN2 facilitates the functions of the tran-
scription factors EIN3 and EIL1, which in turn activate or
repress the expression of ethylene-response target genes
by binding to their promoters and thereby modulate
ethylene-related responses in plants (Solano et al., 1998;
Boutrot et al., 2010; Zhang et al., 2011).

The results of multiple studies have demonstrated
that exogenously applied ethylene and its biosynthetic
precursor 1-aminocyclopropane-1-carboxylic acid
(ACC) can significantly increase salt-stress tolerance in
Arabidopsis (Arabidopsis thaliana) seedlings (Cao et al.,
2007; Peng et al., 2014). High salinity results in EIN3
accumulation, and ein3eil1 seedlings are hypersensitive
to salt stress, thus suggesting that EIN3 and EIL1 are
positive regulators of the salt-stress response in plants
(Lei et al., 2011; Peng et al., 2014). However, other
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investigators have demonstrated that EIN3 and EIL1
have diverse roles in stress responses. For example, cold
stress induces EIN3 accumulation, and ein3eil1 seed-
lings have constitutively enhanced freezing tolerance,
demonstrating that EIN3 and EIL1 also are negative
regulators of the freezing-stress response in plants
(Shi et al., 2012). Thus, transcriptional regulation is
essential for ethylene-mediated tolerance to various
stressors in plants. Although ethylene has been impli-
cated in the salt-stress response in plants, the underly-
ing mechanisms, in particular the cell biological basis,
remain largely unknown.

The microtubule cytoskeleton primarily functions to
control plant growth and cell morphogenesis (Lloyd,
2011; Bashline et al., 2014). A growing body of evidence
has demonstrated that cortical microtubules participate
in the adaptation of plants to salt stress (Shoji et al.,
2006; Wang et al., 2007; Wang et al., 2011). Decreased
levels of a-tubulin and b-tubulin in pfd3 and pfd5
seedlings (i.e. null mutants of prefoldin subunits 3 and
5) confer hypersensitivity to high salinity (Rodríguez-
Milla and Salinas, 2009). Cortical microtubule reorga-
nization, including rapiddepolymerizationand reassembly
of new microtubule networks, is considered vital for
survival under salt stress (Wang et al., 2007; Zhang
et al., 2012). Alteration of biphasic dynamics of the
cortical microtubules significantly decreases the sur-
vival rate of seedlings under salt stress (Wang et al.,
2007; Li et al., 2017a). Several microtubule-associated
proteins (MAPs) have been implicated in these pro-
cesses. The microtubule-stabilizing protein SPIRAL1
(SPR1) is degraded by the 26S proteasome, which fa-
vors salinity-induced rapid depolymerization of mi-
crotubules and plant salt-stress tolerance (Wang et al.,
2011). However, upstream signaling factors that medi-
ate microtubule reorganization in response to salt stress
have not been confirmed.

The results of several studies have demonstrated
that ethylene regulates the stability and organization
of cortical microtubules in cells from roots and etio-
lated hypocotyls (Le et al., 2004; Verbelen et al., 2008;
Sun et al., 2015; Ma et al., 2016). For example, the
Arabidopsis microtubule-stabilizing protein WAVE-
DAMPENED2-LIKE5 (WDL5) participates in ethyl-
ene signaling to inhibit etiolated hypocotyl elongation
(Sun et al., 2015). These findings suggest that the reg-
ulation of microtubules is crucial for ethylene-
mediated responses. In this study, we demonstrate
that ethylene signaling promotes microtubule reas-
sembly via the microtubule-stabilizing protein WDL5
in the plant cell response to salt stress.

RESULTS

Ethylene Signaling Is Involved in Microtubule
Reassembly in Response to Salt Stress

Given the central role of ethylene signaling in plant
salt tolerance and the regulatory role of ethylene and

microtubules in plant cell elongation, we hypothe-
sized that ethylene signaling participates in the regu-
lation of cortical microtubule reorganization in
response to salt stress in Arabidopsis. To examine this
system, we blocked ethylene signaling with the eth-
ylene receptor antagonist Ag+ in the presence of NaCl
(Shi et al., 2012). We determined the effect of Ag+ in the
ethylene overproduction mutant eto1-1 and in the
constitutive ethylene response CTR1 (i.e. constitutive
triple response 1) mutant ctr1-1. Seedlings with com-
pletely bleached cotyledons were scored as dead. Our
findings and those of other researchers have indicated
that bleaching is associated with cell death
(Supplemental Fig. S1; Jiang et al., 2012; Zhou et al.,
2017).

The survival rates of wild-type and eto1-1 seedlings
were dramatically decreased in medium containing
NaCl with Ag+ compared to those in medium con-
taining NaCl alone. However, ctr1-1 seedlings were
resistant to NaCl treatment, even in the presence of Ag+

(Supplemental Figs. S2 and S3). Hence, in the presence
of NaCl, Ag+ suppresses ethylene signaling in seedlings
without posing significantly toxic ionic effects. We then
investigated characteristics of microtubule reorganiza-
tion in response to salt stress combined with Ag+-in-
duced blockage of ethylene signaling. To quantify the
effect of NaCl treatment on cortical microtubules, mi-
crotubule density was measured in cotyledon pave-
ment cells as described previously (Higaki et al., 2010).
A paired Student’s t test was used to identify significant
differences. Results of confocal microscopy showed that
cortical microtubules in wild-type (YFP-tubulin) cells are
depolymerized after 4 h in medium containing NaCl
with or without Ag+ (9.95% 6 2.37% and 9.94% 6 2%).
Increasing the duration of NaCl treatment to 12 or 24 h
resulted in depletion ofmost of the corticalmicrotubules,
regardless of Ag+ presence (Fig. 1, A, B, and D). This
finding suggested that salt-induced microtubule depo-
lymerization is not dependent on the status of ethylene
signaling.

In wild-type (YFP-tubulin) cells, reassembly of corti-
cal microtubules was observed after 30 h of NaCl ex-
posure (9.14% 6 1.07%). Increasing the duration of
NaCl treatment to 36 or 48 h yielded the reappearance
of most of the cortical microtubules (36 h, 11.78% 6
1.01%; 48 h, 13.98% 6 1.6%). Although all treated
seedlings remained viable 48 h after NaCl treatment,
cortical microtubule reassembly was suppressed sig-
nificantly when NaCl-containing medium was sup-
plemented with Ag+ for 30, 36, or 48 h (30 h, 1.27% 6
0.93%; 36 h, 1.1% 6 0.57%; 48 h, 1.19% 6 0.67%; Fig. 1,
B and D). Therefore, blockage of ethylene signaling
results in abnormal microtubule reassembly in re-
sponse to salt stress.

To further validate our findings, the mutant ein2-5
was evaluated in lines that also expressed YFP-tubulin
(Ma et al., 2016). The effects of NaCl on cortical micro-
tubule depolymerization were similar in ein2-5 cells
and in wild-type cells. In contrast, microtubule reas-
sembly was dramatically inhibited in ein2-5 cells but
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not in wild-type cells (Fig. 1, C and D). We confirmed
this phenomenon by examining cortical microtubules
in the same cells of wild-type or ein2-5 seedlings in the
presence of NaCl for 0, 12, or 36 h (Supplemental Fig.
S4, A and B). An additional method was used for
quantification of the total microtubule length per unit
surface area (Fujita et al., 2013). The results of this
analysis were consistent with those of the density
studies (Supplemental Fig. S5). Moreover, abnormal
reassembly of cortical microtubules was determined in
hypocotyl epidermal cells of ein2-5 seedlings under
NaCl treatment (Supplemental Fig. S6, A and B). These
findings are consistent with those involving Ag+

treatment and demonstrate that ethylene signaling is
critical for microtubule reassembly in response to salt
stress.

EIN3 Is Critical for Ethylene Signaling-Mediated
Microtubule Reassembly

The results of multiple studies have shown that
the functionally redundant transcription factors
EIN3 and EIL1 are critical for ethylene-mediated
responses to salt stress (Asensi-Fabado et al., 2012;
Li et al., 2016). The mutant ein3eil1 is hypersensitive
to NaCl treatment (Peng et al., 2014). To investigate
the role of EIN3/EIL1 in ethylene signaling-
mediated microtubule reassembly under salt stress,
we crossed ein3eil1 with wild-type expressing YFP-
tubulin to create ein3eil1 lines expressing YFP-tubu-
lin. Of the 12 ein3eil1 expressing YFP-tubulin lines

obtained, lines 1 and 2 were selected for further
analyses. Because these lines exhibited characteris-
tics that were akin to cortical microtubule reorga-
nization in response to salt stress, representative
data from line 1 are presented in this study. Results
of confocal microscopy indicated no obvious dif-
ferences in cortical microtubule depolymerization
under conditions of NaCl for 4, 12, or 24 h in wild-
type or ein3eil1 cells (paired Student’s t test; Fig. 2, A
and B). However, cortical microtubule reassembly
was observed in wild-type cells, but not in ein3eil1
cells, after NaCl exposure for 30 to 48 h (Fig. 2, A and
B). Therefore, EIN3 and EIL1 are crucial for ethylene
regulation of microtubule reassembly in response to
salt stress.

Researchers demonstrated previously that salt
stress activates and stabilizes EIN3 without affecting
EIN3 expression (Peng et al., 2014). To investigate
the relationship between EIN3 and microtubule re-
organization in response to salt stress, ein3eil1
seedlings expressing 35S: EIN3-GFP (i.e. EIN3-green
fluorescence protein) were used (Shi et al., 2012).
Under confocal microscopy, EIN3-GFP fluorescence
was barely detectable in ein3eil1 expressing EIN3-
GFP hypocotyl epidermal cells in the absence or
presence of NaCl for 4 h. In contrast, an obvious
EIN3-GFP signal was observed in cells treated with
NaCl for 30 h or with ACC for 6 h (Fig. 2C). Fur-
thermore, immunoblot analysis indicated that only
small amounts of EIN3-GFP were detected in ein3eil1
expressing EIN3-GFP seedlings without NaCl or in the
presence of NaCl for 4 h. In contrast, EIN3-GFP

Figure 1. Blockage of ethylene signal-
ing results in abnormal cortical micro-
tubule reassembly in response to salt
stress. A, Cortical microtubules in cot-
yledon pavement cells from wild-type
(YFP-tubulin) seedlings treated with
125 mM NaCl for the indicated times. B,
Cortical microtubules in the cotyledon
pavement cells from wild-type (YFP-tu-
bulin) seedlings treated with 125 mM

NaCl with 20 mM Ag+ for the indicated
times. C, Cortical microtubules in the
cotyledon pavement cells from mutant
ein2-5 (YFP-tubulin) seedlings treated
with 125 mM NaCl for the indicated
times. Scale bar = 20 mm. D, Density of
cortical microtubules in A through C,
quantified using ImageJ software. Data
represent the mean 6 SD of 3 indepen-
dent experiments with a minimum of
10 cells from 3 seedlings assessed in
each experiment. Student’s t test,
**P , 0.01.
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accumulated significantly in seedlings treated with
NaCl for 30 h (Fig. 2D), which is consistent with the
salt-induced microtubule reassembly stage.

To further examine the role of EIN3 in ethylene
signaling-enhanced microtubule reassembly, ACC
was applied to investigate whether the effects of
ethylene enhancement were suppressed in ein3eil1
mutant cells. The majority of cortical microtubules dis-
appeared in wild-type and ein3eil1 cells in the presence of
NaCl for 12 h or 24 h. We then transferred the seedlings,
which had been treated with NaCl for 12 h, to medium
containing NaCl with ACC for a further 12 h growth.

Whereas the densities of cortical microtubules were
similar in wild-type and ein3eil1 cells that had been
treated with NaCl for 12 h, growth in NaCl with
ACC for a further 12 h resulted in the reappearance
of more cortical microtubules in wild-type cells but
not in ein3eil1 cells (Fig. 2, E and F). Therefore, mi-
crotubule reassembly is insensitive to the effect of
ACC in ein3eil1 cells under salt stress. These re-
sults demonstrated that transcriptional regulation
by EIN3/EIL1 is crucial for ethylene signaling-
mediated reassembly of microtubules in response
to salt stress.

Figure 2. EIN3 is essential for microtubule reassembly in response to salt stress. A, Cortical microtubules in the cotyledon pavement
cells from wild-type (YFP-tubulin) and ein3eil1 (YFP-tubulin) seedlings treated with 125 mM NaCl for the indicated times. Scale bar =
20 mm. B, Density of cortical microtubules in A quantified using ImageJ software. Data represent the mean 6 SD of 3 independent
experimentswith aminimumof 10 cells from3 seedlings assessed in each experiment. Student’s t test, **P, 0.01. C, ein3eil1 seedlings
expressing 35S:EIN3-GFPwere treated with NaCl for 0, 4, or 30 h, and EIN3-GFP fluorescence was examined in hypocotyl epidermal
cells. ACC treatmentwas used as a control. Scale bar = 20mm.D, Immunoblot analysis of EIN3-GFPaccumulation in ein3eil1 seedlings
expressing 35S:EIN3-GFP treated with NaCl for 0, 4, or 30 h. Wild-type seedlings served as a comparison. Actin was used as a loading
control. E, Cortical microtubules in the cotyledon pavement cells of wild-type (YFP-tubulin) and ein3eil1 (YFP-tubulin) seedlings treated
with 125 mM NaCl for 12 h and then transferred onto medium containing 125 mM NaCl with 0 or 10 mM ACC and grown for a further
12 h. Scale bar = 20 mm. F, Density of cortical microtubules in E quantified using ImageJ software. Data represent the mean 6 SD of
3 independent experiments with a minimum of 10 cells from 3 seedlings assessed in each experiment. Student’s t test, **P , 0.01.
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Salt Stress Induces the Microtubule-Stabilizing Protein
WDL5 through Ethylene Signaling

Ethylene is crucial for cortical microtubule reorgani-
zation in response to salinity, and transcriptional reg-
ulation is important for ethylene signaling-mediated
salt tolerance in plants. Hence, we proposed that MAPs
likely participate in this physiologic process. Previous
studies showed that the microtubule-associated protein
WDL5, which is targeted and up-regulated by EIN3, is
involved in ethylene signaling-inhibited hypocotyl cell
elongation in darkness (Sun et al., 2015; Ma et al., 2016).
We assessed levels of theWDL5 transcript to determine
whetherWDL5 expression was regulated by salt stress.
A construct was generated in which the GUS reporter
gene was placed under control of the approximately
2.1-kbWDL5promoter. This construct (ProWDL5:GUS)was
introduced into wild-type plants using A. tumefaciens-
mediated transformation. The results of GUS staining
indicated no obviousWDL5 expression in the cotyledons
of seedlings incubated with or without NaCl for 4 h.
However, WDL5 expression was substantially increased
following seedling incubation with NaCl for 30 h
(Fig. 3A), which is consistent with the salt-induced mi-
crotubule reassembly stage. To investigate the regulatory
relationship between salt-up-regulatedWDL5 expression
and ethylene signaling, Ag+ was applied to block the
ethylene signaling pathway. The results of GUS staining
revealed that WDL5 expression was similar following
seedling incubation with or without NaCl for 4 h. How-
ever, up-regulation ofWDL5 expression was significantly
inhibited following seedling incubation with NaCl for
30 h (Fig. 3B)whenmediumwas supplementedwithAg+.
RNA was isolated from cotyledons of wild-type and

ein3eil1 seedlings, and mRNA expression was evaluated
with reverse transcription quantitative PCR (RT-qPCR).
Following seedling incubation with or without NaCl for
4 h, theWDL5 transcript was not obviously altered inwild-
typeand ein3eil1 cotyledons.However, theWDL5 transcript
was abundant in wild-type seedlings, but not in ein3eil1
seedlings, following incubationwithNaCl for 30h (Fig. 3C).
Hence, prolonged salt stress inducesWDL5 expression via
ethylene signaling in the microtubule reassembly stage.

WDL5 Functions as a Positive Regulator in Microtubule
Reassembly in Response to Salt Stress

Given that WDL5 expression is related to ethylene
signaling and is up-regulated by NaCl treatment, we
proposed that WDL5 may be involved in microtubule
reassembly during salt stress. To analyze the role of
WDL5 regarding microtubules in response to salt
stress, a WDL5-null T-DNA insertion mutant was pre-
pared (wdl5-1) in a line with YFP-tubulin expression
(Sun et al., 2015). Results of confocal observation
showed that cortical microtubules were depolymerized
in the presence of NaCl for 4 h in wild-type cells
(10.95%6 0.78%) and in wdl5-1 cells (10.14%6 0.82%).
Increasing the duration of NaCl treatment to 12 or 24 h
resulted in the disappearance of most of the cortical
microtubules in wild-type cells (12 h, 2.04% 6 0.54%;
24 h, 2.04% 6 0.52%) and in wdl5-1 cells (12 h, 1.86% 6
0.81%; 24 h, 1.97% 6 0.52%). There was no significant
difference between wild-type and mutant cells, as de-
termined by paired Student’s t test. Thus, knockout of
WDL5 did not substantially affect microtubule depo-
lymerization under salt stress. However, cortical mi-
crotubules were found to recover in wild-type cells that
were maintained in NaCl for 30 h. Increasing the du-
ration of NaCl treatment to 36 or 48 h resulted in the
reappearance of most of the cortical microtubules in
wild-type cells (36 h, 12.62% 6 2.7%; 48 h, 13.8% 6
1.6%) but not in wdl5-1 cells (36 h, 2.51%6 0.99%; 48 h,
1.9% 6 0.71%; Fig. 4, A, B, and D). These findings in-
dicate that WDL5 is a chief component of microtubule
reassembly in response to salt stress.

We also examined overexpression of WDL5 in seed-
lings expressing YFP-tubulin. Of the 10 WDL5-
expressing YFP-tubulin lines obtained, lines 1 and
2were selected for further analysis. Results of RT-qPCR
showed that WDL5 transcription levels were consider-
ably increased in seedlings of these lines (Supplemental
Fig. S7). Because these lines exhibited similar charac-
teristics of cortical microtubule reorganization in re-
sponse to salt stress, we included only representative
results from line 1 in this report. Results of confocal
microscopy and quantification demonstrated that cor-
tical microtubules depolymerize less and recover faster
in WDL5-overexpressing cells than in wild-type cells
(Fig. 4, A, C, and D). This is concordant with the role of
WDL5 as a microtubule stabilizer in salt-induced mi-
crotubule reassembly.

The survival rates of wdl5-1 mutant and WDL5-
overexpressing seedlings were further explored by
transferring 5-d-old seedlings to medium containing 0,
125, or 200 mM NaCl for 3 d. In the presence of 125 mM

NaCl, approximately 50% of wdl5-1 seedlings died,
whereas almost 100% of wild-type and WDL5-over-
expressing seedlings survived. When the concentration
ofNaClwas increased to 200mM, approximately 10% of
wdl5-1 and 50% of wild-type seedlings survived, which
contrasted to the survival of approximately 80% of
WDL5-overexpressing seedlings. This wdl5-1 mutant
phenotype could be complemented by ProWDL5:WDL5

Figure 3. Salt stress activates WDL5 expression via ethylene signaling.
A, Histochemical GUS staining of seedlings expressing ProWDL5:GUS
treated with NaCl for 0, 4, or 30 h. B, Histochemical GUS staining of
seedlings expressing ProWDL5:GUS treated with NaCl with Ag+ for 0, 4,
or 30 h. C, WDL5 expression was determined by RT-qPCR using RNA
isolated from cotyledons of wild-type or ein3eil11 seedlings that had
been treatedwith NaCl for 0, 4, or 30 h. Error bars represent6 SD (n = 3).
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(Fig. 4, E and F). Therefore, WDL5 functions as a posi-
tive regulator in salt stress-induced microtubule reas-
sembly and plant salt tolerance.

WDL5 Knockout Weakens Ethylene-Enhanced Salt
Tolerance in Plants

Because salt stress up-regulates WDL5 expression
via the ethylene signaling pathway, we hypothe-
sized that the knockout of WDL5 would partially
counteract the effects of ethylene-enhanced micro-
tubule reassembly and salt tolerance. The majority
of cortical microtubules disappeared in wild-type
and wdl5-1 cells following incubation with NaCl
for 12 or 24 h. We then transferred seedlings that had
been treated with NaCl for 12 h to medium con-
taining NaCl with ACC and allowed the seedlings to
grow for a further 12 h. The densities of cortical
microtubules were similar in wild-type and wdl5-
1 cells following incubation with NaCl for 12 h. In
contrast, a further incubation with NaCl and ACC
for 12 h yielded the reappearance of more cortical

microtubules in wild-type cells but not in wdl5-1 cells
(Fig. 5, A and B). This demonstrates that microtubule
reassembly is less sensitive to the effect of ACC in
wdl5-1 cells under salt stress.

We then evaluated the sensitivity of wdl5-1 to ACC
under salt stress by analyzing the survival rate of
seedlings. After ACC pretreatment, the survival rate of
wild-type seedlings exposed to NaCl was significantly
higher than that of seedlings that were not pretreated.
This effect was suppressed in wdl5-1mutant seedlings
(Fig. 5, C and D). In addition, we overexpressedWDL5
in ein3eil1. Of the 11 ein3eil1-expressing WDL5 lines
obtained, all exhibited the phenotype of enhanced salt
tolerance; lines 1 (OE#1/ein3eil1) and 2 (OE#2/
ein3eil1) were selected for further analysis. Results of
RT-qPCR showed thatWDL5 transcription levels were
considerably increased in seedlings of lines 1 and
2 (Fig. 5E). The survival rates of ein3eil1 were sub-
stantially increased when WDL5 was overexpressed
(Fig. 5, F and G), demonstrating that WDL5 functions
as a positive downstream effector in ethylene
signaling-mediated salt tolerance.

Figure 4. WDL5 is a positive regulator of microtubule reassembly in response to salt stress. A, Cortical microtubules in the
cotyledon pavement cells from wild-type (YFP-tubulin) seedlings treated with 125 mM NaCl for the indicated times. B, Cortical
microtubules in the cotyledon pavement cells from mutant wdl5-1 (YFP-tubulin) seedlings treated with 125 mM NaCl for the
indicated times. C, Cortical microtubules in cotyledon pavement cells from WDL5-overexpressing (YFP-tubulin, OE) seedlings
treated with 125 mM NaCl for the indicated times. Scale bar = 20 mm. D, Density of cortical microtubules in A to C quantified
using ImageJ software. Data are the mean 6 SD of 3 independent experiments with a minimum of 10 cells from 3 seedlings
assessed in each experiment. Student’s t test, **P , 0.01. E, Wild-type (Col-0 ecotype), wdl5-1, wdl5-1 expressing ProWDL5:
WDL5 (Com), and WDL5-overexpressing (OE) seedlings were grown for 5 d and then transferred to plates containing 200 mM

NaCl and grown for a further 3 d. F, The survival rates of wild-type (Col-0 ecotype), wdl5-1, wdl5-1 expressing ProWDL5: WDL5
(Com), andWDL5-overexpressing (OE) seedlings. Data represent the mean6 SD of 3 independent experiments with a minimum
of 80 seedlings assessed in each experiment. Student’s t test, **P , 0.01.
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DISCUSSION

Knowledge of the upstream signals involved in regulation
of cortical microtubule reorganization is essential for eluci-
dating themechanisms of plant cell response to salt stress. In
this study,wedemonstrate that ethylene positively regulates
corticalmicrotubule reassembly in response to salt stress. The
MAP WDL5 participates in ethylene-mediated microtubule
reassembly and is a positive regulator of salt tolerance.

Reassembly of Cortical Microtubules Is Crucial for
Ethylene-Mediated Salt Tolerance

Investigators have demonstrated previously that
ethylene signaling is involved in plant salt tolerance.

However, the underlying mechanisms, including the
participation of downstream effectors, were not well
understood. Results of multiple studies have shown
that regulation of cortical microtubules is essential for
the plant cell response to salt stress. Our findings sup-
port the hypothesis that regulation of microtubule
reassembly contributes to salt tolerance and ismediated
by ethylene signaling. Cortical microtubule reassembly
was significantly suppressed following the inhibition of
ethylene signaling and in ein2 and ein3/eil1 loss-of-
function mutants. These findings are consistent with
ethylene being a positive regulator of salt tolerance.
Additionally, WDL5, which encodes a microtubule-
stabilizing protein, was up-regulated by NaCl treatment
via the ethylene signaling pathway and participated in

Figure 5. Knockout of WDL5 partially suppresses ethylene-promoted microtubule reassembly in response to salt stress. A, Cortical mi-
crotubules in cotyledonpavement cells fromwild-type (YFP-tubulin) andmutantwdl5-1 (YFP-tubulin) seedlings treatedwith125mMNaCl for
12hand then transferredontomediumcontaining125mMNaClwith0or10mMACCfora further12hgrowth. Scalebar=20mm.B,Density
of cortical microtubules quantified using ImageJ software. Data represent mean 6 SD of 3 independent experiments with a minimum of
10 cells from3 seedlings assessed in each experiment. C,Wild-type (Col-0 ecotype), ACC-pretreatedwild-type,wdl5-1, and ACC-pretreated
wdl5-1 seedlingswere grown for 5 d and then transferred to plates containing 200mMNaCl and grown for a further 3 d. D, The graph shows
the survival rate of seedlings. Data shown are themean6 SD of 3 independent experimentswith aminimumof 80 seedlings assessed in each
experiment. E, RT-qPCR analysis of WDL5 transcripts in wild-type, ein3eil1, and 2 ein3eil1 lines expressing pSuper:WDL5-Myc (OE#1/
ein3eil1 andOE#2/ein3eil1). F,Wild-type, ein3eil1, OE#1/ein3eil1, andOE#2/ein3eil1 seedlingswere grown for 5 d and then transferred to
plates containing200mMNaCl andgrown fora further 3d.G, Thegraph shows the survival rate of seedlings.Data represent themean6 SD of
3 independent experiments with a minimum of 80 seedlings assessed in each experiment. Student’s t test, **P, 0.01.

Plant Physiol. Vol. 176, 2018 2077

Ethylene Signaling Mediates Microtubule Reassembly

 www.plantphysiol.orgon March 6, 2018 - Published by Downloaded from 
Copyright © 2018 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org


microtubule reassembly. Knockout of WDL5 partially
suppressed ethylene-induced microtubule reassembly,
whereas WDL5 up-regulation partially rescued salt sen-
sitivity in ein3eil1 seedlings. Thus, ethylene signaling
plays a crucial role in microtubule reassembly and en-
hances salt tolerance.

Similar to other reports, we found that activation of
ethylene signaling greatly alters organization and sta-
bility of cortical microtubules in hypocotyl cells
(Sun et al., 2015; Ma et al., 2016, 2018). Other phyto-
hormones, such as auxin and brassinosteroid (BR), also
affect cortical microtubule organization and stability
(Wang et al., 2012; Vineyard et al., 2013). Investigators
have demonstrated previously that ethylene interacts
with auxin, especially in the regulation of root growth
(R�uzicka et al., 2007; Swarup et al., 2007; Strader et al.,
2010). In addition, seedlings of the BR-deficient mutant
det2-1 and the BR-insensitive mutant bin2-1 have in-
creased sensitivity to salt stress (Zeng et al., 2010). Thus,
further investigation is needed to elucidate the roles of
ethylene/auxin and of BR signaling in the regulation of
microtubule reorganization and plant acclimation to
salt stress.

Precise regulation of cortical microtubules is neces-
sary in the plant response to salt stress. However, the
effect of reorganization of cortical microtubules on
plant salt tolerance remains to be elucidated. It is well
established that calcium participates in stress signaling
in plants (Xiong et al., 2002; Singh et al., 2014; Ohama
et al., 2017). Some evidence indicates that microtubule
reorganization is associated with increased [Ca2+]cyt
levels under salt stress, which benefits plant survival
(Thion et al., 1998; Wang et al., 2007). In addition, eth-
ylene has been shown to activate Ca2+-permeable
channels of the plasma membrane in tobacco (Nicotiana
tabacum) suspension cells (Zhao et al., 2007). Future
studies should address whether ethylene signaling
enhances microtubule reassembly to facilitate adapta-
tion of plant cells to high salinity via alteration of the
[Ca2+]cyt level.

In a previous study, ethylene-mediated salt tolerance
was found to occur via an EIN3-dependent manner and
an EIN3-independent manner, which was regulated by
EIN2 (Peng et al., 2014). We found that microtubule
depolymerization in ein2-5 and ein3eil1 was similar to
that of wild-type cells, whereas reassembly was ab-
normal in these mutant backgrounds. Thus, we pro-
posed that regulation of microtubule reorganization
might be critical for two pathways involved in salt
tolerance. Studies are ongoing to investigate the mo-
lecular mechanisms of EIN2-mediated reassembly of
cortical microtubules in response to salt stress.

Multiple Layers of Regulation Are Involved in
Microtubule Reorganization in Response to Salt Stress

Posttranslational modification of tubulin is in-
volved in the plant response to salt stress. For exam-
ple, PROPYZAMIDE-HYPERSENSITIVE1 (PHS1), a

mitogen-activated protein kinase phosphatase, has been
shown to phosphorylate a-tubulin and generate a
polymerization-incompetent form, thereby depolymeriz-
ing microtubule arrays under salt stress (Ban et al., 2013;
Fujita et al., 2013). Several MAPs also participate in mi-
crotubule reorganization in response to salt stress. Specif-
ically, certain MAPs alter the organization, dynamics, and
stability of cortical microtubules, thereby promoting plant
cell adaptation to high salinity. Multiple coordinated
pathways modulate the activity and expression levels of
these regulators, giving rise to dynamic states of cortical
microtubules. Posttranslational regulation is one way in
which MAPs can facilitate microtubule reorganization in
response to salt stress. Specifically, the microtubule-
stabilizing protein SPIRAL1 (SPR1) is cleared by the 26S
proteasome degradation pathway to facilitate rapid de-
polymerization of microtubules in response to excessive
salt (Wang et al., 2009, 2011). In high-salinity conditions,
phosphatidic acid (PA, a product of phospholipase D) di-
rectly binds and promotes the microtubule-stabilizing ac-
tivity of MAP65-1, which in turn participates in cortical
microtubule reassembly (Zhang et al., 2012). Thus, protein
degradation and PA-mediated posttranslational regula-
tion appear to contribute to microtubule-mediated salt
stress responses. A second mechanism that controls the
activity ofMAPs to favor plant survival under salt stress is
alteration of cellular localization of MAPs. Recently, sev-
eral investigations determined that the MAP RIC1 plays a
negative role in microtubule reassembly under salt stress
(Li et al., 2017a). Activation of ROP2 by salt stress
resulted in relocalization and dissociation of RIC1

Figure 6. Ethylene signaling participates in microtubule reassembly
under salt stress: a working model. Cortical microtubules initially de-
polymerize and then recover themselves under salt stress. PHS1-me-
diated phosphorylation of a-tubulin promotes microtubule
depolymerization under salt stress. SPR1 is degraded by the protea-
some-mediated protein degradation pathway, which facilitates salt-in-
duced rapid depolymerization of cortical microtubules. Ethylene
signaling plays a positive role in microtubule reassembly under salt
stress. WDL5, as a downstream effector of ethylene signaling, promotes
microtubule reassembly and salt tolerance in plants. In addition, PA
binding to MAP65-1 and relocalization of RIC1 favor microtubule
reassembly under salt stress. Scale bars = 20 mm.
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frommicrotubules, which favoredmicrotubule reassembly
and survival of seedlings (Li et al., 2017a). In this study, we
demonstrated that transcriptional regulation by upstream
signaling factors helps to control the activity of MAPs that
function in microtubule reorganization in response to salt
stress. Alteration of WDL5 expression through ethylene
signaling resulted in abnormalmicrotubule reassembly and
salt tolerance, indicating that transcriptional regulation of
WDL5 is involved in ethylene-mediated microtubule reas-
sembly under salt stress. Future studies are planned to
identify other MAPs that participate in microtubule depo-
lymerization through transcriptional regulation in response
to salt stress.
Combinedwith previous studies involving PHS1, SPR1,

MAP65-1, and RIC1, the results of this study provide a
clear depiction of the regulation of cortical microtubule
reorganization in response to salt stress (Fig. 6). Under salt
stress, PHS1-mediated phosphorylation of a-tubulin pro-
motes microtubule depolymerization. The proteasome-
mediated protein degradation pathway plays a positive
role in rapid depolymerization ofmicrotubules under high
salinity via degradation of SPR1. Interaction of MAP65-
1 with PA and relocalization of RIC1 facilitate microtu-
bule reassembly, which enhances salt tolerance. We
showed that ethylene signaling plays a positive role in
regulation of microtubule reassembly and that WDL5, a
downstream effector of ethylene signaling, is involved in
ethylene-mediated microtubule reassembly under salt
stress. We expect that future studies will identify other
microtubule regulators that are involved in salt tolerance
and are regulated by the proteasome-mediated protein
degradation pathway and the ethylene signaling pathway.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

All plant materials used in this study were of the Arabidopsis (Arabidopsis
thaliana) Col-0 ecotype background. Seeds were sterilized and placed on 0.53
Murashige and Skoog (MS) medium (Sigma-Aldrich) with 0.8% agar and 1%
Suc (w/v). After stratification at 4°C for 2 d, specimensweremaintained at 22°C
under a 16-h-light/8-h-dark photoperiod until phenotypic analysis.

The following mutants were applied in this study: wdl5-1; WDL5
(overexpression mutant); wdl5-1 expressing ProWDL5:WDL5; wdl5-1 expressing
YFP-tubulin (all from Sun et al., 2015); wild-type expressing 35S:YFP-tubulin
(from Kirik et al., 2012); ein2-5; ein3eil1; ctr1-1 (all from Peng et al., 2014); eto1-1;
ein3eil1 expressing 35S:EIN3-GFP (both from Shi et al., 2012); and ein2-5
expressing YFP-tubulin (from Ma et al., 2016).

Preparation of WDL5 Overexpression Mutant
in Arabidopsis

To generate ein3eil1 or 35S:YFP-tubulin seedlings overexpressing WDL5,
specific primers (59-TCTAGAATGGACCCTGAGAGTATCATGG-39 and
59-GGTACC ATGCTCAACAGCAACCGCTTCA-39) were used to amplify the
WDL5 coding sequence. The resulting amplicons were fused into a pCAM-
BIA1300 vector with a pSuper promoter. Constructs thenwere transformed into
ein3eil1 or 35S:YFP-tubulin plants by means of Agrobacterium tumefaciens strain
GV3101. Homozygous lines were used for subsequent analyses.

Analysis of Phenotype under Salt Stress

Seedlings were grown for 5 d under normal conditions andwere transferred
onto medium supplemented with 0, 125, or 200 mM NaCl. The survival rates of

the seedlings were scored after 3 d. Complete bleaching of leaves was taken as
evidence of salt stress in seedlings.

Pretreatment with ACC under Salt Stress

Seedlings were grown on 0.53MS medium with or without 10 mM ACC for
5 d and were transferred onto medium supplemented with 0 or 200 mM NaCl.
The survival rates of the seedlings were scored after 3 d.

AgNO3 Treatment under Salt Stress

Seedlings were grown on 0.53 MS medium with or without 20 mM AgNO3
for 5 d and were transferred onto medium containing 125 mM or 200 mM NaCl
with or without 20 mM AgNO3. The survival rates of the seedlings were deter-
mined after 3 d.

GUS Assay of WDL5 Promoter Activity

The promoter of WDL5 was amplified by PCR from Arabidopsis ge-
nomic DNA with primers 59-GTCGACTCTGTAGTCAACGAAATAA-39 and
59-GGATCCACCGTATTGTAGAGTATACCT-39. The resulting fragment,
which spanned from base pair 68 to 2,205 upstream of the translation start site
of WDL5, was cloned into the pCAMBIA1391 vector to generate ProWDL5:GUS.
Plasmids were introduced into Arabidopsis by A. tumefaciens-mediated trans-
formation. Homozygous lines were grown on 0.53 MS medium with or
without 20 mM AgNO3 for 5 d and were transferred onto medium containing
125mMNaClwith orwithout 20mMAgNO3 for the indicated time periods. GUS
assays were performed as described by Jefferson et al. (1987).

Detection of Cell Death in Leaves

Wild-type seedlings were grown on 0.53MSmedium for 5 d and then were
transferred onto medium supplemented with 200 mM NaCl for 3 d. Seedlings
that were not treated with NaCl were included as controls. Cotyledons were
stained with trypan blue as described by Bowling et al. (1997).

PCR Analysis

RT-qPCR was performed to assess WDL5 transcript levels. Five-day-old
seedlings were transferred onto medium supplemented with 125 mM NaCl
and were grown for the indicated time periods. Total RNA was isolated from
cotyledons with an RNA purification kit (BioTeke), and each time cotyledons
were taken and used from at least 20 seedlings. RT-qPCR was carried out with
an ABI 7500 PCR system (Applied Biosystems) according to the manufacturer’s
instructions. Primers for the detection of WDL5 expression were as follows:
59-AAATGGTTCTGTTGCTCCTAATGTA-39 and 59-TTTGAGACTTTGGT
TTCACCTTCT-39. Actin 2/8was used as an internal control (primers: 59-GGTA
ACATTGTGCTCAGTGGTGG-39 and 59-AACGACCTTAATCTTCATGCTGC-39).
Preparation of seedlingmaterials, RNA extraction, and RT-qPCRwere repeated
three times as different biological replicates, and two or three technical repli-
cates (each biological replicate) were included for each treatment. The average
and SD were calculated from the biological replicates.

Immunoblot Assay

ein3eil1 plants expressing 35S:EIN3-GFP were grown on 0.53 MS medium
for 5 d and then were transferred onto medium supplemented with 125 mM

NaCl for the indicated times. The EIN3-GFP fusion proteins were visualized on
immunoblots using an anti-GFP antibody (Roche).

Confocal Imaging

Wild-type, ein2-5, ein3eil1, wdl5-1, and WDL5-overexpressing plants
with a 35S:YFP-tubulin background that had been grown on 0.53 MS me-
dium for 5 d were transferred onto medium supplemented with 125 mM

NaCl and were grown for the indicated time periods. Cortical microtubules
in cotyledon pavement cells and hypocotyl epidermal cells were observed using
a confocal laser scanning microscope (LSM 510; Carl Zeiss). YFP was excited at
488 nm, and emissions were collected through a series of filters ranging from
505 to 530 nm.
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Quantification of Cortical Microtubules in the Cell

We obtained maximum-intensity projections from serial confocal sections of
cortical microtubules from seedlings in a YFP-tubulin background. Algorithms
for skeletonization and band-pass filtering (0–1.5 pixels) were run on the pro-
jection images by means of ImageJ to perform noise reduction. The resulting
images were made binary by thresholding and then were skeletonized with the
kbi_bilevelThin ImageJ plug-in (Higaki et al., 2010). To ascertain microtubule
density, we determined the density of the YFP-tubulin signal from the skele-
tonized images and cell regions that had beenmanually segmented. The density
(%) was defined as 100*NMT/NCell, where NMT and NCell represent the pixel
numbers constituting the skeletonized cortical microtubules and the cell region,
respectively (Fujita et al., 2013). These procedures were carried out using
ImageJ software. At least 10 cells from 3 seedlings were measured, and the
experiment was repeated three times. Significant differences were ascertained
by the paired Student’s t test.

We also quantified microtubules in terms of the total length per unit surface
area. We applied the method described previously for this purpose, with some
modifications (Fujita et al., 2013). For each image, a fixed region (50 mm3 50mm)
in the cell was selected. The “segmented lines” function in ImageJ then was used
to draw outlines of microtubules in this region, and the lengths of the cortical
microtubules were measured. Results were expressed as the total length of
microtubules per unit surface area. At least 15 cells from 6 seedlings were mea-
sured, and the experiment was repeated three times. Significant differences were
ascertained by the paired Student’s t test.

Accession Numbers

Sequence data can be found in the Arabidopsis Genome Initiative under
accession numbers At3g20770 (EIN3) and At4g32330 (WDL5).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Cell death induced by salt in cotyledons of Ara-
bidopsis seedlings.

Supplemental Figure S2. Suppression of ethylene signaling increases salt
sensitivity of seedlings.

Supplemental Figure S3. Full-size images of seedlings.

Supplemental Figure S4. Cortical microtubule reassembly is significantly
suppressed in ein2-5 mutant cells under salt stress.

Supplemental Figure S5. Density of cortical microtubules.

Supplemental Figure S6. Cortical microtubule reassembly is greatly sup-
pressed in hypocotyl epidermal cells of ein2-5 seedlings under salt stress.

Supplemental Figure S7. WDL5 expression is increased in seedlings
expressing YFP-tubulin.
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