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Abstract

Plant growth is significantly altered in response to submergence stress. However, the molecular mechanisms used by 
seedlings in response to this stress, especially for hypocotyl growth, are largely unknown in terrestrial plants such as 
Arabidopsis thaliana. The microtubule cytoskeleton participates in plant cell growth, but it remains unclear whether 
submergence-mediated plant growth involves the microtubule cytoskeleton. We demonstrated that in Arabidopsis 
submergence induced underwater hypocotyl elongation through the activation of ethylene signaling, which modulated 
cortical microtubule reorganization. Submergence enhanced ethylene signaling, which then activated and stabilized 
its downstream transcription factor, phytochrome-interacting factor 3 (PIF3), to promote hypocotyl elongation. In 
particular, the regulation of microtubule organization was important for this physiological process. Microtubule-
destabilizing protein 60 (MDP60), which was previously identified as a downstream effector of PIF3, played a posi-
tive role in submergence-induced hypocotyl elongation. Submergence induced MDP60 expression through ethylene 
signaling. The effects of submergence on hypocotyl elongation and cortical microtubule reorganization were sup-
pressed in mdp60 mutants. These data suggest a potential mechanism by which submergence activates ethylene 
signaling to promote underwater hypocotyl elongation via alteration of the microtubule cytoskeleton in Arabidopsis.

Keywords:  Arabidopsis, cortical microtubule, ethylene, hypocotyl elongation, MDP60, submergence.

Introduction

Submergence stress threatens terrestrial plant growth, develop-
ment, and survival by causing plants to deplete their cellular en-
ergy and carbohydrates, which slows down the rates of aerobic 
respiration, photosynthesis, and other cellular processes. Thus, 
it is important that plants exploit diverse survival strategies in 
response to submergence. Multiple studies have shown that 
plant submergence stimulates a variety of responses that can 

enhance survival, including the promotion of plant growth. In 
the monocotyledon rice (Oryza sativa L.), submergence stress 
enhances underwater internode elongation to facilitate seed-
ling escape through an increase in ethylene biosynthesis and 
ethylene accumulation due to restricted gas diffusion under-
water. Endogenous ethylene stimulates growth by activation 
of its signaling pathway (Métraux and Kende, 1983; Voesenek 
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and Bailey-Serres, 2009; Bailey-Serres and Voesenek, 2010). 
Similarly, ethylene accumulation promotes both hyponasty and 
growth of petioles in the dicot Rumex palustris (Banga et al., 
1996; Voesenek et al., 2003).

In deepwater rice, the group VII ethylene response factor 
(ERF) transcription factor genes SNORKEL1 (SK1) and 
SNORKEL2 (SK2) have been identified as major regulators 
of submergence-induced internode elongation (Hattori et al., 
2009). In the terrestrial plant Arabidopsis, submergence drives 
endogenous ethylene accumulation and induces the hyponastic 
growth response (Pierik et al., 2005), suggesting that submer-
gence can alter Arabidopsis plant growth, and ethylene may 
also be involved in this process. However, the physiological 
functions of ethylene in plant growth are divergent in rice and 
Arabidopsis (Yang et al., 2015; Yin et al., 2017). For example, 
ethylene inhibits hypocotyl and root growth in dark-grown 
Arabidopsis seedlings, while it promotes coleoptile elongation 
and inhibits root growth in dark-grown rice seedlings (Guzmán 
and Ecker, 1990; Ma et al., 2013). Thus, the molecular mechan-
isms used by Arabidopsis seedlings in response to submergence, 
especially the role of ethylene signaling in this process, need to 
be further described.

Ethylene is a gaseous plant hormone that affects myriad 
growth and developmental processes and fitness responses. It is 
detected by membrane-bound receptors. Biological responses 
to ethylene in Arabidopsis are mediated by the plant-specific 
transcription factor ETHYLENE-INSENSITIVE 3/EIN3-
like 1 (EIN3/EIL1), which is rapidly induced by ethylene at 
the protein level (Guo and Ecker 2003; Potuschak et al., 2003; 
Boutrot et  al., 2010; Zhang et  al., 2011). Ethylene signaling 
plays a role in the regulation of hypocotyl elongation through 
the activation of different downstream transcription factors 
in Arabidopsis (Zhong et al., 2012). EIN3 directly targets and 
regulates the transcription factor phytochrome-interacting 
factor 3 (PIF3). Under light conditions, EIN3 and EIL1 are 
required for ethylene-mediated hypocotyl elongation, which is 
achieved mainly through the activation of PIF3, but not other 
members of the PIF family (Zhong et  al., 2012; Das et  al., 
2016; Ma et al., 2018). Regulation of PIF3 activity via ethylene 
signaling is important for thermo-periodic control of hypo-
cotyl elongation in Arabidopsis (Bours et al., 2015). Therefore, 
increasing evidence suggests that PIF3 plays a central role in 
ethylene signaling-regulated hypocotyl elongation. However, 
the mechanisms controlling this process in response to diverse 
abiotic conditions in terrestrial plants remain unclear, espe-
cially under submergence stress.

It is well-established that microtubule-associated pro-
teins (MAPs) regulate the organization, stability, and dy-
namics of cortical microtubules to mediate plant cell growth. 
Recent studies have revealed multiple regulatory pathways 
controlling cortical microtubule regulation during devel-
opmental and environmental cue-mediated plant growth 
in Arabidopsis (Wang et al., 2012; Lian et al., 2017). In par-
ticular, ethylene induces cortical microtubule reorganization 
with the involvement of some MAPs (Polko et al., 2012; Ma 
et  al., 2016, 2018). For example, EIN3 directly targets and 
upregulates the expression of the WDL5 gene, which en-
codes a microtubule-stabilizing protein (WDL5) that plays a 

positive role in ethylene signaling-suppressed hypocotyl cell 
elongation in the dark (Sun et al., 2015). However, whether 
microtubule-based hypocotyl elongation participates in the 
regulation of plant growth in response to abiotic stress re-
mains largely unclear.

 In this study, we demonstrated that submergence in-
duced underwater hypocotyl elongation through the ac-
tivation of ethylene signaling. Furthermore, alteration 
of cortical microtubule reorganization is critical for 
submergence-induced hypocotyl cell elongation and is medi-
ated by MICROTUBULE-DESTABILIZING PROTEIN60 
(MDP60) in Arabidopsis.

Materials and methods

Plant materials and growth conditions
The plant materials used in this study were of the Arabidopsis thaliana 
Columbia (Col) ecotype background. Seeds were sterilized and placed 
in 1/2 Murashige and Skoog (MS) medium (Sigma-Aldrich, St Louis, 
MO, USA) supplemented with 0.8% agar and 1% sucrose. After stratifi-
cation at 4 °C for 2 d, specimens were maintained at 22 °C under a 16 h 
light–8 h dark photoperiod at a photon flux density of 40–60 μmol m−2 
s−1. The following mutants were used in this study: mdp60-1, mdp60-2, 
ProMDP60:GUS, and mdp60-2 expressing 35S:YFP-tubulin (all from Ma 
et  al., 2018), wild-type expressing 35S:YFP-tubulin (from Kirik et  al., 
2012), ein2-5 and ein3eil1 (from Peng et al., 2014), pif3-3 (from Monte 
et al., 2004), ein3eil1 expressing 35S:EIN3-GFP (from Dou et al., 2018), 
ein2-5 expressing 35S:YFP-tubulin and ein3eil1 expressing 35S:YFP-
tubulin (from Ma et  al., 2016), 35S:PIF3-MYC (Jiang et  al., 2017), and 
wdl5-1 (Sun et al., 2015).

Submergence treatment
Submergence treatment was carried out according to Akman et al. (2017) 
with minor modifications. Seeds were sterilized and placed on 1/2 MS 
medium with 0.8% agar and 1% sucrose. Pre-germinated seeds were 
grown in culture vessels (9  cm diameter×2.5 or 8.0  cm height) for 4 
d under a 16 h light–8 h dark photoperiod at a photon flux density of 
40–60 μmol m−2 s−1. The seedlings were then placed into distilled water 
at 22  °C under a 16 h light–8 h dark photoperiod. Hypocotyls of all 
treated plants were underwater for different durations at depths of 3, 5, 30, 
or 50 mm. Because submergence significantly induced hypocotyl elong-
ation with a peak level detected at a depth of 5 mm after 3 d, we used 
these conditions (whole seedlings underwater) for subsequent analyses. 
The depth of the vessel filled with medium was 5 mm. Chemicals were 
administered to seedlings in the submergence water.

For the analysis of expression levels, seedlings were grown on 1/2 MS 
medium for 5 d and then submerged in water at a depth of 5 mm for 0, 
2, or 4 h. To analyse the arrangement of cortical microtubules following 
long-term treatment, wild-type, ein2-5, ein3eil1, and mdp60-2 (35S:YFP-
tubulin background) were grown on 1/2 MS medium for 4 d and then 
submerged for 2 d prior to examining the cortical microtubules. In the 
short-term treatment, the seedlings were grown on 1/2 MS medium 
for 6 d and then submerged for 4 h before examination of the cortical 
microtubules.

Drug treatment
For 1-aminocyclopropane-1-carboxylic acid (ACC) treatment, seedlings 
were grown on 1/2 MS medium for 5 d and then transferred to me-
dium containing 100 μM ACC for 60 min. For aminoethoxyvinylglycine 
(AVG) treatment, seedlings were grown on 1/2 MS medium for 4 d, and 
then submerged in water at a depth of 5 mm in the presence or absence 
of 10 μM AVG for 3 d, and then hypocotyl lengths were measured. For 
β-glucuronidase (GUS) immunohistochemistry, seedlings were grown on 
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1/2 MS medium for 5 d and then submerged in water at a depth of 5 mm 
in the presence or absence of 10 or 20 μM AVG for 4 h.

Dry weight determination
We chose two depths (5 and 50 mm), which showed differences in the dis-
tance of the photosynthesizing tissue from the water surface, to measure 
the dry weight. After 4 d of growth, the seedlings were submerged for 5 d 
at a depth of 5 or 50 mm. The samples were dried at 80 °C for 48 h and 
then weighed to determine the dry weight.

Detection of cell death in leaves
Wild-type seedlings were grown on 1/2 MS medium with 0.8% agar and 
1% sucrose for 4 d and then submerged at a depth of 5 or 50 mm in water 
for 2 weeks. After 2 weeks, the leaves were out of water for the plants 
grown at a depth of 5 mm, but whole seedlings were underwater at a 
depth of 50 mm. Non-submerged seedlings served as controls. Cell death 
in the leaves was measured by staining with trypan blue as described by 
Bowling et al. (1997).

High temperature assays
The conditions for high-temperature growth were as previously de-
scribed (Franklin et  al., 2011). Briefly, sterilized seeds were placed in 
1/2 MS medium and stratified at 4 °C for 2 d. Specimens were main-
tained at 22 °C under a 16 h light–8 h dark photoperiod for 3 d and 
then transferred to 28  °C or maintained at 22  °C at a photon flux 
density of 40–60 μmol m−2 s−1 for another 3 d. More than 30 seedlings 
were measured in each replicate. Three independent experiments were 
performed.

RNA extraction and qRT-PCR
Pre-germinated seeds were grown on 1/2 MS medium for 5 d. The seed-
lings were then submerged in water at a depth of 5 mm for 0, 2, or 4 h 
at 22 °C. Total RNA was extracted from the hypocotyls of the seedlings 
using the RNAprep Pure Plant Kit (Tiangen) followed by reverse tran-
scription using M-MLV reverse transcriptase (TaKaRa). Quantitative real-
time PCR (qPCR) was performed using the SYBR Green PCR Master 
Mix Kit (TaKaRa). The primers used in this study are as follows: MDP60-
RT-Fw (5′-GGACAACTGATGAACCTGAGAA-3′) and MDP60-
RT-Rw (5′-TACTGCTCGAATGTCGGAATG-3′); WDL5-RT-Fw 
(5′-AAATGGTTCTGTTGCTCCTAATGTA-3′) and WDL5-RT-Rw 
(5′-TTTGAGACTTTGGTTTCACCTTCT-3′); At5g15510-RT-Fw 
(5′-TCATTCCAAGAAGGTCGAGCA-3′) and At5g15510-RT-Rw 
(5′-TGCAGGAGCCAGTTTCACTC-3′); UBQ11 (internal control): 
UBQ11-RT-Fw (5′-GCAGATTTTCGTTAAAACC-3′) and UBQ11-
RT-Rw (5′-CCAAAGTTCTGCCGTCC-3′). Three biological replicates 
and two to three technical replicates for each biological replicate were 
used for each treatment. The mean values ±SD were calculated from the 
biological replicates.

Analysis of the MDP60 promoter: GUS activity
Two homozygous lines bred by Ma et al. (2018) were grown on 1/2 MS 
medium for 5 d and then submerged at a water depth of 5 mm in the 
presence of 0, 10, or 20 μM AVG for 4 h. The GUS staining procedure 
was performed as previously described (Wang et al., 2007b).

Protein extraction and immunoblot assays
For each sample, approximately 100 pre-germinated seeds were grown 
on 1/2 MS medium for 5 d.  The seedlings were then submerged in 
water at a depth of 5  mm for 0 or 60  min or transferred onto me-
dium supplemented with 100 μM ACC for 60 min. Total protein was 
isolated from whole seedlings with 100 μl of extraction buffer (10 mM 
NaH2PO4, 10 mM Tris–HCl, pH 8.0, 8 M urea, 100 mM DTT, 10 mM 
phenylmethylsulfonyl fluoride (Tiangen)) supplemented with 80  μM 

MG132. The samples were vortexed vigorously for 30 s and then cen-
trifuged at 12 000 g for 10 min at 4 °C. The protein samples were sep-
arated by 8% SDS-PAGE and transferred to nitrocellulose membranes. 
Immunoblotting was performed with anti-GFP (1:5000 Roche) or anti-
MYC (1:5000 Sigma-Aldrich) primary antibodies. Actin was used as a 
loading control and was detected using anti-actin (mouse plant actin mAb, 
1:5000, ABclonal). The secondary antibody was peroxidase-conjugated 
goat anti-mouse IgG(H+L) (Jackson ImmunoResearch Laboratories, 
Inc.) diluted 1:10 000.

Confocal imaging
Green fluorescent protein (GFP) fluorescence in the hypocotyls from 
5-day-old plants expressing 35S:EIN3-GFP was imaged after submer-
gence or 100 μM ACC treatment for 0 or 60 min using a confocal laser 
scanning microscope (LSM710; Carl Zeiss). Wild-type, ein2-5, ein3eil1, 
and mdp60-2 seedlings (35S:YFP-tubulin background) were submerged 
for 4 h or 2 d. Cortical microtubules in the hypocotyl epidermal cells 
from these were observed using a confocal laser scanning microscope 
(Andor Technology, Belfast, UK). Images were acquired using iQ software 
(Andor Technology). Yellow fluorescent protein (YFP) was excited using 
a 488 nm argon laser, and emission was collected through 525±5.5 nm 
filters.

Statistical analysis
Statistical analysis was performed using IBM SPSS Statistics soft-
ware. Statistical significance was determined using one-way ANOVA 
(Dunnett’s post hoc test; P<0.05). Fisher’s exact test was used for the com-
parison of microtubule orientation patterns under submergence treat-
ment. A P-value <0.001 was considered statistically significant.

Accession numbers
Sequence data of genes described in this article can be found in the 
Arabidopsis Genome Initiative under the following accession num-
bers: MDP60, At3g01015; WDL5, At4g32330; EIN2, At5g03280; EIN3, 
At3g20770; PIF1, At2g20180; PIF3, At1g09530; PIF4, At2g43010; PIF5, 
At3g59060.

Results

Submergence induces underwater hypocotyl 
elongation in Arabidopsis

To investigate whether regulation of hypocotyl elong-
ation participates in the response to submergence stress in 
Arabidopsis seedlings, we determined hypocotyl lengths from 
Arabidopsis Columbia-0 seedlings submerged at different 
water depths for 1–5 d (Fig. 1A). We found that submergence 
significantly induced hypocotyl elongation with a peak level 
detected at a depth of 5 mm for 3 d (Fig. 1B, C). The seed-
lings of other Arabidopsis ecotypes (e.g. Ler, Ws, and En-2) 
exhibited a similar submergence response to that of Col-0 
(Fig. 1D).

To understand if accelerated hypocotyl elongation facili-
tates seedling growth under submergence stress, the shoot dry 
weight of the seedlings was measured. We found that the shoot 
dry weight of wild-type seedlings grown at a depth of 50 mm 
was less than that of wild-type seedlings grown at a depth of 
5 mm (Fig. 1E). With prolonged submergence (2 weeks), the 
seedlings grew relatively better at a depth of 5 mm, and their 
leaves were out of water; seedlings were much smaller, and 
the leaves of these seedlings remained completely submerged 
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when grown at a depth of 50 mm (Fig. 1F). In addition, more 
obvious cell death was found in the leaves of seedlings grown 
at a water depth of 50 mm compared with those grown at a 
depth of 5 mm (Fig. 1G). These data demonstrated that the 
promotion of underwater hypocotyl elongation is a strategy 
by which Arabidopsis seedlings respond to submergence 
stress.

Submergence activates ethylene signaling to promote 
hypocotyl elongation in Arabidopsis

Given the central role of ethylene in seedling response 
to submergence stress, we hypothesized that ethylene 
signaling participates in the regulation of submergence-
induced Arabidopsis hypocotyl elongation. To examine this 

Fig. 1. Submergence induces hypocotyl elongation in Arabidopsis. (A) Diagram of seedlings grown under submergence stress. (B) Hypocotyl lengths 
of seedlings submerged in different depths of water for 3 d. (C) Hypocotyl lengths of seedlings submerged at a water depth of 5 mm for 1–5 d. (D) 
Hypocotyl lengths of seedlings from the Col-0, En-2, Ler, and Ws ecotypes grown under submergence stress for 3 d. The graph shows the hypocotyl 
lengths of seedlings submerged in 5 mm-deep water for 3 d. More than 35 seedlings were measured in each treatment group. Scale bar: 1 mm. Data 
are presented as the mean ±SD. (E) Four-day-old wild-type seedlings were submerged at depths of 0, 5, or 50 mm for 5 d, and then the dry weights 
were measured. For each experiment, 50 seedlings were used per condition. Data are shown as the mean values ±SD of three independent experiments. 
(F) The seedlings were retarded in growth when submerged in 50 mm-deep water for 2 weeks; growth improved when seedlings were submerged at a 
depth of only 5 mm. Scale bar: 1 mm. (G) The leaves of seedlings shown in (F) were stained with trypan blue (0.04%) for 30 min to detect cell death after 
submergence treatment. Non-submerged seedlings served as controls. Similar results were observed for a minimum of 20 leaves from four seedlings of 
each treatment group. Statistical differences were determined using one-way ANOVA (letters, P<0.05; **P<0.01).
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hypothesis, ethylene-insensitive ein2-5 and ein3eil1 mutants 
were evaluated in submergence experiments. The results 
showed that submergence-induced hypocotyl elongation 
was significantly suppressed in the ein2-5 and ein3eil1 mu-
tants when grown at a depth of 5  mm for 3 d (Fig. 2A). 
Furthermore, the hypocotyl lengths of the wild-type seed-
lings were significantly reduced under submergence stress in 
the presence of AVG, an inhibitor of ethylene biosynthesis 
(Fig. 3D, left panel).

The transcription factor EIN3/EIL1 mediates biological 
responses to ethylene and is unstable in the absence of this 
molecule. Confocal microscopy revealed that EIN3–GFP 
fluorescence was barely detectable in 35S:EIN3-GFP trans-
genic ein3eil1 hypocotyl epidermal cells in the absence of 
submergence treatment. In contrast, EIN3–GFP fluores-
cence was observed in cells from the seedlings under sub-
mergence stress or treated with 100 μM ACC (an ethylene 
precursor) (Fig. 2B). Western blotting confirmed that the 
EIN3 protein accumulated in EIN3-GFP transgenic ein3eil1 
seedlings under submergence stress or treated with 100 μM 
ACC (Fig. 2C). Thus, these results demonstrate that ethylene 
signaling is essential for submergence-induced underwater 
hypocotyl elongation through the activation of the tran-
scription factor EIN3.

PIF3 is important for ethylene signaling-mediated 
submergence-induced underwater hypocotyl 
elongation

Given that phytochrome-interacting factors (PIFs) pro-
mote hypocotyl elongation and PIF3 is essential for ethylene 
signaling-promoted light-grown hypocotyl elongation 
(Zhong et al., 2012), we investigated the role of PIF members 

in submergence-induced underwater hypocotyl elongation. 
Although submergence significantly increased wild-type 
hypocotyl length, elongation was dramatically inhibited in 
the PIF3 loss-of-function mutant (pif3-3). Interestingly, other 
members of the PIF family (e.g. PIF1, PIF4, and PIF5) had 
hypocotyls of similar length to that of submerged wild-type 
seedlings (Fig. 3A).

A previous study showed that EIN3 directly binds to the 
PIF3 promoter to activate its transcription (Zhong et al., 2012). 
Because PIF3 protein is unstable in light-grown seedlings, we 
investigated the stability of PIF3 under submergence stress. 
Western blotting showed that PIF3 protein levels increased 
when 5-day-old seedlings expressing PIF3-MYC under the 
35S promoter were submerged for 60 min at a depth of 5 mm. 
These levels were similar to the expression levels observed when 
the 5-day-old seedlings were treated with 100 μM ACC (Fig. 
3B). In addition, the hypocotyl lengths of PIF3 overexpressing 
seedlings were consistently reduced when 4-day-old seedlings 
were submerged in the presence of 10 μM AVG for 3 d (Fig. 
3C, D). These data support the hypothesis that PIF3 is an es-
sential downstream regulator of ethylene signaling-promoted 
hypocotyl elongation.

Submergence regulates cortical microtubule 
organizations via ethylene signaling

Given the central role of ethylene signaling in the response of 
Arabidopsis seedlings to submergence stress and the relation-
ship between ethylene and microtubule organization in plant 
cell elongation, we investigated whether altered cortical micro-
tubule organization is required for ethylene-mediated hypo-
cotyl elongation in response to submergence stress. Confocal 
microscopy showed that most cortical microtubules exhibited 

Fig. 2. Submergence activates ethylene signaling to promote hypocotyl elongation. (A) Wild-type (Columbia ecotype) seedlings or ein2-5 and ein3eil1 
mutants were submerged at a water depth of 5 mm for 3 d. The hypocotyl lengths of ein2-5 and ein3eil1 seedlings did not change in response to 
submergence stress. More than 32 seedlings were measured in each treatment group. Letters denote significant differences (P<0.05, one-way ANOVA). 
Data are presented as the mean ±SD. Scale bar: 1 mm. (B) 35S:EIN3-GFP transgenic ein3eil1 seedlings were submerged at a water depth of 5 mm for 0 
or 60 min, and EIN3-GFP signals were examined in the hypocotyl epidermal cells. ACC treatment was used as a control. Scale bar: 20 μm. (C) Western 
blot results for 35S:EIN3-GFP transgenic ein3eil1 seedlings submerged at a water depth of 5 mm for 0 or 60 min. Wild-type seedlings served as a 
comparison group, and actin was used as a loading control. Three biological replicates produced similar results.
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an oblique and longitudinal orientation relative to the lon-
gitudinal hypocotyl growth axis in epidermal cells from the 
unsubmerged seedlings. However, after short-term submer-
gence treatment (4 h), more cortical microtubules reoriented 
to the transverse orientation in the hypocotyl epidermal cells 
from wild-type seedlings, but not those from the ein2-5 mu-
tant. Fisher’s exact test indicated that the difference in the 
frequencies of the microtubule orientation patterns under sub-
mergence treatment was significant in the wild-type seedlings, 
but not in the ein2-5 mutant (Fig. 4A, B).

Following long-term submergence treatment (2 d), the per-
centage of transversely oriented microtubules significantly 
increased from approximately 15% to over 50% in the epi-
dermal cells from wild-type hypocotyls. In contrast, cortical 
microtubule arrays in ein2-5 and ein3eil1 mutant cells remained 
predominantly oblique and longitudinal despite submergence 
(Fig. 4C, D). These observations demonstrated that cortical 
microtubule reorganization is significantly suppressed in ein2-5 
and ein3eil1 cells in response to submergence, which is con-
sistent with the insensitivity of hypocotyl elongation to sub-
mergence stress that was observed with the ein2-5 and ein3eil1 
mutants. Thus, the transverse organization of cortical micro-
tubules is associated with elongated underwater hypocotyls, 
which suggests a positive role for ethylene signaling in hypo-
cotyl elongation.

The microtubule-destabilizing protein MDP60 functions 
as a positive regulator of submergence-induced 
hypocotyl elongation

Given the role of microtubules in submergence-induced under-
water hypocotyl elongation, identifying the MAPs involved 
in this physiological process will facilitate our understanding 
of the underlying mechanisms of plant–abiotic stress inter-
action. A previous study demonstrated that the microtubule-
associated proteins MDP60 and WDL5 participate in ethylene 
signaling-mediated hypocotyl elongation in Arabidopsis (Sun 
et al., 2015; Ma et al., 2018), suggesting a potential role for these 
MAPs in submergence-induced hypocotyl elongation. Thus, 
we measured the expression levels of MDP60 and WDL5 in 
the hypocotyls from submerged seedlings. qPCR showed that 
the expression of MDP60 was induced following submer-
gence for 2 or 4 h in wild-type seedlings, but not in ein2-5 
mutants. WDL5 expression was only slightly increased (Fig. 
5A). Thus, MDP60 was chosen for further investigation into 
the role of a MAP in submergence-induced hypocotyl elong-
ation. GUS staining showed that MDP60 expression was en-
hanced in hypocotyls after submergence treatment. Moreover, 
this increase was suppressed in the presence of AVG (Fig. 5B). 
These data demonstrated that submergence stress could induce 
MDP60 expression through the ethylene signaling pathway.

Fig. 3. PIF3 is essential for submergence-induced hypocotyl elongation. (A) Wild-type, pif1, pif3, pif4, pif5, and pifq mutant seedlings were submerged at 
a water depth of 5 mm for 3 d. pif1, pif4, and pif5 seedlings had elongated hypocotyls that were similar to wild-type seedlings. The hypocotyl lengths of 
the pif3 and pifq mutants did not change as a result of submersion. More than 40 seedlings were measured in each treatment group. Scale bar: 1 mm. 
(B) Western blot results for 35S:PIF3-MYC transgenic seedlings submerged at a water depth of 5 mm for 0 or 60 min. ACC treatment was used as a 
control. Wild-type seedlings served as a comparison group, and actin was used as a loading control. Three biological replicates produced similar results. 
(C, D) The hypocotyl lengths of PIF3-overexpressing seedlings were significantly decreased following submergence (sub) stress in the presence of 10 μM 
AVG. More than 40 seedlings were measured in each replicate. Data are presented as the mean ±SD. Scale bar: 1 mm. Statistical differences were 
determined using one-way ANOVA (letters, P<0.05; **P<0.01). (This figure is available in color at JXB online.)
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We evaluated the phenotypes of MDP60 loss-of-function 
mutants under submergence stress. The hypocotyl lengths of the 
wild-type seedlings were significantly increased after submer-
gence. However, this elongation was dramatically suppressed 
in the mdp60-1 and mdp60-2 mutants under submergence 
conditions (Fig. 5C). Previous studies showed that WDL5 was 
positively involved in ethylene-mediated inhibition of etiol-
ated hypocotyl elongation (Sun et al., 2015; Ma et al., 2016). 
Interestingly, we found that the wild-type and mutant wdl5-
1 seedlings displayed similar hypocotyl elongation pheno-
types after submergence treatment. Significant differences in 
hypocotyl elongation were observed between untreated and 

submergence-treated wild-type or mutant wdl5-1 seedlings, 
but not mutant mdp60 seedlings (Fig. 5C). Thus, these results 
demonstrated that MDP60 functions as a positive regulator of 
submergence-induced underwater hypocotyl elongation.

Cortical microtubule reorganization is altered in mdp60 
mutants in response to submergence stress

A previous study showed that MDP60 binds to microtubules 
in vitro and in vivo (Ma et al., 2018). Because cortical micro-
tubule organization is related to the growth status of hypocotyl 
cells, we investigated the effects of MDP60 on the regulation 

Fig. 4. The cortical microtubule arrays in hypocotyl epidermal cells from ein2-5 and ein3eil1 mutant seedlings are insensitive to submersion. (A) Cortical 
microtubules in epidermal cells from the middle regions of hypocotyls from wild-type (WT) and ein2-5 mutant seedlings (YFP–tubulin background) were 
observed by confocal microscopy after submersion for 4 h. Scale bar: 10 μm. (B) Frequencies of different microtubule orientation patterns in hypocotyl 
epidermal cells from WT and ein2-5 mutant seedlings. Submergence treatment significantly alters microtubule orientation patterns in hypocotyl epidermal 
cells from WT, but not the ein2-5 mutant (Fisher’s exact test, **P<0.0001, n>200 cells). (C) Cortical microtubules in epidermal cells from the middle 
regions of hypocotyls from wild-type (WT) seedlings or ein2-5 and ein3eil1 mutants (YFP–tubulin background) were observed by confocal microscopy 
after submersion for 2 d. Scale bar: 10 μm. (D) Frequencies of different microtubule orientation patterns in hypocotyl epidermal cells from WT, ein2-5, and 
ein3eil1 seedlings. Submergence treatment significantly alters microtubule orientation patterns in the hypocotyl epidermal cells from WT, but not the ein2-
5 and ein3eil1 mutants (Fisher’s exact test, **P<0.0001, n>200 cells). (This figure is available in color at JXB online.)
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of cortical microtubule organization in response to submer-
gence stress. Following both short-term (4 h) and long-term (2 
d) submersion, transverse cortical microtubules were present in 
the hypocotyl epidermal cells from wild-type seedlings, but not 
from the mdp60-2 mutants (Fig. 6A, B). Indeed, hypocotyl cells 
of the mdp60-2 mutant contained random, oblique, or longi-
tudinal microtubule arrays that remained following long-term 
submergence stress. These results indicated that cortical micro-
tubule reorganization is partially hindered in mdp60 mutant 
cells in response to submergence stress, which is in accordance 
with the observed phenomenon of the lower sensitivity of the 
mdp60 mutant in response to submergence-induced under-
water hypocotyl elongation.

Discussion

Flooding varies in depth and duration in nature, which results 
in diverse physiological changes during plant growth and de-
velopment. In this study, we determined that accelerated under-
water hypocotyl elongation is a strategy by which Arabidopsis 

seedlings respond to submergence stress. This process was me-
diated by ethylene signaling pathway-activated changes in cor-
tical microtubule organization. In addition, the seedlings grew 
relatively better at a depth of 5  mm for 2 weeks, and their 
leaves were out of water. In contrast, the leaves of seedlings 
grown at a water depth of 50 mm were much smaller and had 
more cell death (Fig. 1). Thus, the seedlings fully elongate their 
hypocotyls upward to reduce the distance of the photosynthe-
sizing tissue from the water surface, which may facilitate the 
acclimation of Arabidopsis seedlings to submergence stress.

Ethylene plays opposing roles in the regulation of Arabidopsis 
hypocotyl elongation in the light and dark through the activa-
tion of different transcription factors (e.g. PIF3 and ERF1) via its 
downstream signaling pathway (Ecker, 1995; Smalle et al., 1997; 
Alonso et al., 1999; Zhong et al., 2012). This regulatory mech-
anism is also used by plants in response to different environ-
mental and abiotic conditions. For example, one study showed 
that ethylene inhibits hypocotyl elongation by activating the 
ethylene response factor (ERF1) in response to soil overlay 
(Zhong et  al., 2014). In the present study, we found that 

Fig. 5. MDP60 is a positive regulator of submergence-induced hypocotyl elongation. (A) MDP60 and WDL5 expression levels were measured by qPCR 
using RNA isolated from the hypocotyls of wild-type and ein2-5 mutant seedlings that had been submerged for the indicated hours. UBQ11 was used 
as a reference gene. The data are presented as the mean ±SD (n=3). Significant differences compared with the corresponding untreated seedlings are 
indicated by letters (P<0.05, one-way ANOVA). (B) Histochemical GUS staining of ProMDP60:GUS transgenic seedlings submerged for 0 or 4 h in the 
presence of 0, 10, or 20 μM AVG. (C) Wild-type seedlings and mdp60-1, mdp60-2, and wdl5-1 mutants were submerged at a water depth of 5 mm for 
3 d. Wdl5-1 seedlings showed similar elongated hypocotyls to wild-type seedlings. The hypocotyl lengths of mdp60-1 and mdp60-2 mutants did not 
change as a result of submersion. More than 40 seedlings were measured in each treatment group. Data are presented as the mean ±SD. Scale bars in 
(B, C): 1 mm. Letters depict statistical differences (P<0.05, one-way ANOVA).
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submergence stress activated ethylene signaling. Thus, ethylene 
functions as a positive regulator of submergence-induced 
Arabidopsis hypocotyl elongation through the activation and 

stabilization of the downstream transcription factor PIF3 (Figs 
2, 3). Combined with previous studies that showed a positive 
role for PIF3 in ethylene-promoted hypocotyl elongation in 

Fig. 6. The cortical microtubule arrays are less sensitive to submersion in the hypocotyl epidermal cells from mdp60-2 mutants than from wild-type 
seedlings. (A) Wild-type and mdp60-2 mutant hypocotyls with a YFP–tubulin background were submerged for 4 h. Cortical microtubules from the middle 
regions of the hypocotyl epidermal cells were observed. Scale bar: 10 μm. The frequencies of the different microtubule orientation patterns in the hypocotyl 
epidermal cells from WT and mdp60-2 seedlings are shown by graphs. Submergence treatment significantly alters microtubule orientation patterns in the 
hypocotyl epidermal cells from WT, but not the mdp60-2 mutants (Fisher’s exact test, **P<0.0001, n>170 cells). (B) Cortical microtubules of the epidermal 
cells from the middle regions of the hypocotyls from wild-type (WT) or mdp60-2 mutant seedlings (YFP–tubulin background) were observed by confocal 
microscopy after submersion for 2 d. Scale bar: 10 μm. The frequencies of the different microtubule orientation patterns in the hypocotyl epidermal 
cells from WT or mdp60-2 seedlings are shown by graphs. Submergence treatment significantly alters microtubule orientation patterns in the hypocotyl 
epidermal cells from WT, but not the mdp60-2 mutants (Fisher’s exact test, **P<0.0001, n>200 cells). (This figure is available in color at JXB online.)
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response to light (Zhong et al., 2012), our study suggests that 
PIF3 is likely involved in the regulation of ethylene signaling-
induced hypocotyl elongation in response to multiple environ-
mental cues and abiotic stresses.

Members of the PIF family function redundantly to promote 
hypocotyl elongation, and bind to similar motifs on target gene 
promoters in Arabidopsis (Leivar et al., 2008; Leivar and Quail, 
2011; Zhong et al., 2012; Leivar and Monte, 2014). Increasing 
evidence has shown that different PIF family members are in-
volved in the adaption of plants to diverse abiotic stresses. PIF4, 
but not PIF3, is required for high temperature-induced hypo-
cotyl elongation (Koini et al., 2009; Franklin et al., 2011), and 
so far no MAPs have been reported to be involved in this pro-
cess. Although a G-box motif was identified in the sequence 
of the MDP60 promoter (Ma et  al., 2018), we found that 
MDP60 is not involved in promoting hypocotyl elongation 
under high-temperature stress (see Supplementary Fig. S1 at 
JXB online), suggesting that different PIFs likely target genes 
encoding different MAPs to promote hypocotyl elongation as 
a response to abiotic stress. In addition, we found that the ex-
pression of At5g15510, a homolog of MDP60 (Rajangam et al., 
2008), was also induced by submergence in the hypocotyls of 
wild-type seedlings, but not of ein2-5 mutants (Supplementary 
Fig. S2). Therefore, the properties and physiological function 
of At5g15510 (e.g. its participation in submergence-induced 
hypocotyl elongation) will be investigated in the future.

PIF3 protein is more stable in the dark than in the light 
(Castillon et al., 2007). Interestingly, we found that PIF3 protein 
levels were increased after submergence treatment. However, 
the underwater hypocotyl length of PIF3-overexpressing seed-
lings did not change following submergence stress (Fig. 3). 
This phenomenon is consistent with a previous observation 
that showed that PIF3-overexpressing seedlings exhibit etiol-
ated hypocotyl lengths similar to the wild-type seedlings in the 
dark (Zhong et al., 2012). Moreover, the hypocotyl lengths of 
PIF3-overexpressing seedlings were significantly decreased in 
the presence of AVG, which agrees with the finding that sub-
mergence stabilizes PIF3 protein through ethylene signaling.

Cortical microtubules modulate plant cell growth by 
orienting cellulose fibrils to build the mechanical properties of 
the cell wall (Lloyd, 2011; Hamada, 2014). It is well known that 
the orientation of cortical microtubules is associated with the 
status of hypocotyl cell growth (Le et al., 2005; Crowell et al., 
2011). Genetic, pharmacological, and physiological studies have 
demonstrated that transverse cortical microtubules facilitate 
hypocotyl cell elongation (Le et al., 2005; Wang et al., 2012; Liu 
et al., 2013; Ma et al., 2018), which is consistent with our obser-
vation showing that submergence induced hypocotyl elongation 
and transverse cortical microtubule arrays. The microtubule-
destabilizing protein MDP60 was previously identified as a 
direct downstream effector of PIF3 and involved in ethylene-
mediated light-grown hypocotyl elongation (Ma et  al., 2018). 
In this study, we revealed that the regulation of cortical micro-
tubule organization by ethylene signaling-mediated MDP60 
expression participates in the adaptation of plant cells to sub-
mergence stress (Figs 5, 6). Increasing evidence indicates that 
cortical microtubules participate in plant cell responses to abi-
otic stressors. It is well established that the regulation of cortical 

microtubule depolymerization and reassembly is crucial for the 
plant cell response to long-term salt stress (Shoji et  al., 2006; 
Wang et al., 2007a; Dou et al., 2018). Thus, the mechanisms regu-
lating microtubule involvement in plant cell responses to diverse 
abiotic stresses are likely different. Future studies will provide 
more experimental evidence to address the characteristics of 
microtubules in a plant’s response to other abiotic stressors.

Supplementary data

Supplementary data are available at JXB online.
Fig. S1. MDP60 is not involved in high temperature-induced 

hypocotyl elongation.
Fig. S2. Submergence induces At5g15510 expression.
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