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Abstract: Ammopiptanthus mongolicus, a xerophyte plant that belongs to the family Leguminosae,
adapts to extremely arid, hot, and cold environments, making it an excellent woody plant to
study the molecular mechanisms underlying abiotic stress tolerance. Three dehydrin genes,
AmDHN132, AmDHN154, and AmDHN200 were cloned from abiotic stress treated A. mongolicus
seedlings. Cytomembrane-located AmDHN200, nucleus-located AmDHN154, and cytoplasm and
nucleus-located AmDHN132 were characterized by constitutive overexpression of their genes in
Arabidopsis thaliana. Overexpression of AmDHN132, AmDHN154, and AmDHN200 in transgenic
Arabidopsis improved salt, osmotic, and cold tolerances, with AmDHN132 having the largest effect,
whereas the growth of transformed plants is not negatively affected. These results indicate that
AmDHNs contribute to the abiotic stress tolerance of A. mongolicus and that AmDHN genes function
differently in response to abiotic stresses. Furthermore, they have the potential to be used in the
genetic engineering of stress tolerance in higher plants.
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1. Introduction

Dehydrins (DHNs), also known as group 2 late embryogenesis abundant (LEA) proteins [1–6],
accumulate in response to dehydration stresses and play protective roles under stress conditions [7–9].
They function to resist drought, low temperature, high salinity, and abscisic acid stress. Dehydrins
are typically highly hydrophilic and possess a large fraction of polar and charged amino acids [10].
The DHN protein family is characterized by the existence of a K-segment [11], while other conserved
motifs, such as S-, Y-, and Φ-segments, have also been found in this protein family. However, the
number of common amino acid sequences and the specific motifs in these proteins differ [12,13]. All
plant dehydrins contain 1–15 K-segments, whose sequence is EKKGIMDKIKEKLPG. K-segments
are lysine-rich and are located near the C terminus of dehydrins [14,15]. K-segments in dehydrins
play an essential role, mainly stabilizing membranes [16–18]. Another conserved motif near the
N-terminus of dehydrins is the tyrosine-rich Y-segment, which consists of 1–35 tandem repeats of
the consensus sequence, (V/T)D(E/Q)YGNP. Another relatively conserved dehydrin sequence is the
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S-segment consisting of 4–10 serine residues [11]. The number and sequence of the K-, Y-, and
S-segments define diverse subclasses: Kn, SKn, KnS, YnKn, and YnSKn [19].

Accumulating evidence shows a positive correlation between dehydrin proteins and abiotic stress
tolerance. Overexpression of the Opuntia streptacantha OpsDHN1 gene in Arabidopsis thaliana increased
its tolerance to freezing treatment [20]. The dehydrin gene, OesDH, isolated from oleaster, the wild form
of olive, enhanced drought tolerance in Arabidopsis transgenic plants [21]. Moreover, overexpression
of durum wheat DHN-5 in Arabidopsis confers salinity tolerance [22]. Overexpression of RcDhn5 from
Rhododendron catawbiense in Arabidopsis plants improved its freezing tolerance [23].

Although dehydrins participate in stress tolerance in cyanobacteria [24], Physcomitrella patens [25],
and the necrotrophic fungus Alternaria brassicicola [26], the functions of DHN orthologs are poorly
characterized in non-model plants, particularly perennial woody plants. Ammopiptanthus mongolicus,
an evergreen broadleaf shrub plant [27,28], plays important ecological roles in the Inner Mongolia
desert of China, and is an ideal species for research into abiotic tolerance of trees. We previously cloned
and assessed the function of a cold-induced dehydrin-like gene, AmCIP, from A. mongolicus [6,29]. Here,
we cloned AmDHN132, AmDHN154, and AmDHN200 from A. mongolicus via their high homology with
AmCIP. Overexpression of the three dehydrin genes increased the tolerance of transgenic Arabidopsis
to salt, osmotic, and cold stresses.

2. Results

2.1. Sequence Characterization of the Dehydrin Gene Family

On the basis of previous studies [6,29], PCR amplification and sequencing indicated that three
dehydrin cDNAs were successfully cloned and that each had a full-length open reading frame. These
clones were 399, 465, and 603 bp in length, encoding 132, 154, 200 amino acids, respectively (Figure 1,
Table 1) and were named AmDHN132, AmDHN154, and AmDHN200. The cDNAs were uploaded
to GenBank with the login numbers MH512938 for AmDHN132, MH512939 for AmDHN154, and
MH512941 for AmDHN200.

Plants 2020, 9, x FOR PEER REVIEW 2 of 11 

 

Accumulating evidence shows a positive correlation between dehydrin proteins and abiotic 
stress tolerance. Overexpression of the Opuntia streptacantha OpsDHN1 gene in Arabidopsis thaliana 
increased its tolerance to freezing treatment [20]. The dehydrin gene, OesDH, isolated from oleaster, 
the wild form of olive, enhanced drought tolerance in Arabidopsis transgenic plants [21]. Moreover, 
overexpression of durum wheat DHN-5 in Arabidopsis confers salinity tolerance [22]. 
Overexpression of RcDhn5 from Rhododendron catawbiense in Arabidopsis plants improved its freezing 
tolerance [23]. 

Although dehydrins participate in stress tolerance in cyanobacteria [24], Physcomitrella patens 
[25], and the necrotrophic fungus Alternaria brassicicola [26], the functions of DHN orthologs are 
poorly characterized in non-model plants, particularly perennial woody plants. Ammopiptanthus 
mongolicus, an evergreen broadleaf shrub plant [27,28], plays important ecological roles in the Inner 
Mongolia desert of China, and is an ideal species for research into abiotic tolerance of trees. We 
previously cloned and assessed the function of a cold-induced dehydrin-like gene, AmCIP, from A. 
mongolicus [6,29]. Here, we cloned AmDHN132, AmDHN154, and AmDHN200 from A. mongolicus via 
their high homology with AmCIP. Overexpression of the three dehydrin genes increased the tolerance 
of transgenic Arabidopsis to salt, osmotic, and cold stresses. 

2. Results 

2.1. Sequence Characterization of the Dehydrin Gene Family 

On the basis of previous studies [6,29], PCR amplification and sequencing indicated that three 
dehydrin cDNAs were successfully cloned and that each had a full-length open reading frame. These 
clones were 399, 465, and 603 bp in length, encoding 132, 154, 200 amino acids, respectively (Figure 
1, Table 1) and were named AmDHN132, AmDHN154, and AmDHN200. The cDNAs were uploaded 
to GenBank with the login numbers MH512938 for AmDHN132, MH512939 for AmDHN154, and 
MH512941 for AmDHN200. 

The AmDHNs were classified as SK-types because of the following structural characteristics. 
They contain one S-segment and one K-segment and no Y-segment. However, one segment 
containing 20 amino acid residues, TGVLHGLGGHKGES(H/R)GDYKG, repeats one, two, and four 
times in AmDHN132, AmDHN154, and AmDHN200, respectively. 

 

Figure 1. Multiple sequence alignment of AmDHNs. Features include one K-segment (red box) and 
one S-segment (green box). The repeated fragments are displayed in black boxes. 

Table 1. Characteristics of the three dehydrin genes. 

Gene Name 
Gene Size 

(bp) 
Protein Length (aa) Molecular Weight (kD) Gene Accession Number 

AmDHN132 399 132 14.41 MH512938 
AmDHN154 465 154 16.65 MH512939 
AmDHN200 603 200 21.42 MH512941 

2.2. Creation of Transgenic Arabidopsis and the Subcellular Localization of AmDHNs 

AmDHNs overexpression vectors (Figure S4) were constructed and transformed into 
Arabidopsis. Western blotting indicated that the three AmDHN genes were successfully expressed 
in transgenic Arabidopsis (Figure 2). GFP fluorescence showed that AmDHN154 localized in the 

Figure 1. Multiple sequence alignment of AmDHNs. Features include one K-segment (red box) and
one S-segment (green box). The repeated fragments are displayed in black boxes.

Table 1. Characteristics of the three dehydrin genes.

Gene Name Gene Size (bp) Protein Length
(aa)

Molecular Weight
(kD)

Gene Accession
Number

AmDHN132 399 132 14.41 MH512938
AmDHN154 465 154 16.65 MH512939
AmDHN200 603 200 21.42 MH512941

The AmDHNs were classified as SK-types because of the following structural characteristics.
They contain one S-segment and one K-segment and no Y-segment. However, one segment containing
20 amino acid residues, TGVLHGLGGHKGES(H/R)GDYKG, repeats one, two, and four times in
AmDHN132, AmDHN154, and AmDHN200, respectively.
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2.2. Creation of Transgenic Arabidopsis and the Subcellular Localization of AmDHNs

AmDHNs overexpression vectors (Figure S4) were constructed and transformed into Arabidopsis.
Western blotting indicated that the three AmDHN genes were successfully expressed in transgenic
Arabidopsis (Figure 2). GFP fluorescence showed that AmDHN154 localized in the nucleus,
AmDHN200 localized in the cell membrane, and AmDHN132 localized in the cytoplasm and nucleus
(Figure 3).
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2.3. Heterologous Expression of AmDHNs in Arabidopsis Enhances Abiotic Stress Tolerance

RT-PCR showed that AmDHNs were expressed in transgenic plants (Figure 4). To demonstrate
whether AmDHNs are involved in tolerance to abiotic stresses, wild-type and transgenic Arabidopsis
overexpressing AmDHN132, AmDHN154, or AmDHN200 were treated with NaCl, mannitol, or
low temperature.
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Plants 2020, 9, 193 4 of 11

Wild-type and transgenic seeds were germinated on MS medium containing 0 (control), 50, 100,
150, or 200 mM NaCl. Under normal conditions, there was no difference between the transgenic and
wild-type plants, but the seed germination rate of transgenic plants was significantly higher than that
of wild-type plants on NaCl-containing medium (Figure 5a). After 10 days of treatment with 200 mM
NaCl, most of the wild-type Arabidopsis leaves became white and gradually died, but overall the
transgenic Arabidopsis grew better than wild-type Arabidopsis (Figure 5b). The seedling survival rate
of the transgenic Arabidopsis was higher than that of the wild type (Figure 5c). The data also indicated
that AmDHN132 was better than AmDHN154 and AmDHN200 in conferring salt resistance.
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Figure 5. Ectopic expression of AmDHNs in Arabidopsis affects salt tolerance; (a) seed germination
rates of the wild type and AmDHN transgenic plants under different concentrations of NaCl; (b) growth
performance of the wild type and AmDHN transformants grown under normal and salt treatment
conditions; (c) survival rate of salt-treated plants. AmDHN154 transformed lines: 2-10-2, 2-10-39,
2-11-2. AmDHN132 transformed lines: 4-10-19, 4-10-30, 4-8-18. AmDHN200 transformed lines: 7-4-29,
7-5-47, 7-6-59. Each column is the mean of three independent experiments and bars represent the
standard error of the mean. The different letters denote significant differences (p < 0.05) according to
ANOVA results.

To reveal the role of AmDHNs in resistance to osmotic stress, mannitol (0–300 mM) was added to
MS medium and seed germination was detected. AmDHNs improved seed germination under osmotic
stress (Figure 6a). After 10 days of treatment with 200 mM mannitol, the number of lateral roots of
transgenic Arabidopsis was much higher than that of the wild type. When grown on normal medium,
the roots of AmDHN200 transgenic Arabidopsis were well developed and the true leaves were larger
than those of the wild type (Figure 6b). The number of lateral roots of transgenic Arabidopsis was
higher than that of the wild type after osmotic stress (Figure 6c). Overall, AmDHN132 was more
effective than AmDHN154 and AmDHN200 in improving osmotic resistance.
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Figure 6. Overexpression of AmDHNs in Arabidopsis affects tolerance to osmotic stress. (a) Seed
germination rates of wild-type and AmDHN transgenic plants under different concentrations of
mannitol. (b) Phenotypes of the wild-type (wt) and AmDHN154, AmDHN132, and AmDHN200
overexpressing lines with and without osmotic stress. (c) Lateral root numbers of wild-type and
transgenic plants after osmotic treatments. AmDHN154 transformed lines: 2-10-2, 2-10-39, and 2-11-2.
AmDHN132 transformed lines: 4-10-19, 4-10-30, and 4-8-18. AmDHN200 transformed lines: 7-4-29,
7-5-47, and 7-6-59. Each column is the mean of three independent experiments and bars represent the
standard error of the mean. The different letters denote significant differences (p < 0.05) according to
ANOVA results.

Freezing tolerance was also evaluated. After treatment at −5 ◦C followed by recovery, the growth
phenotype, electrolyte leakage, and survival rate showed that overexpression of AmDHN132 and
AmDHN200 significantly improved the freezing resistance of transgenic Arabidopsis (Figure 7).
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and bars represent the standard error of the mean. The different letters denote significant differences
(p < 0.05) according to ANOVA results.

3. Discussion

3.1. AmDHNs Are Conserved in A. mongolicus

Dehydrins are classified as group II LEA family proteins and they play a fundamental role in
resisting abiotic and biotic stresses [30]. The DHNs is a redundant family with 4 to 13 or more genes
in different plant species [31]. The sequence of dehydrin proteins must have at least one copy of
the lysine-rich K-segment [9]. Accordingly, in this study, we amplified three dehydrin genes from
A. mongolicus based on previous findings [29]. AmDHN members are highly homologous and contain
one S-segment and one K-segment. Unlike most dehydrins, the K- and S-segments are only present in
single copies in the AmDHN sequences and the S-segment is located at the C-terminus, making them
KS-type dehydrins [32]. In addition, the AmDHN sequences differ in the number of repeats of a 20
amino acid residue sequence, TGVLHGLGGHKGES(H/R)GDYKG.

3.2. Overexpression of AmDHNs Increases Abiotic Stress Tolerance of Arabidopsis

Research indicates that the role of DHNs is to defend the cell from dehydration damage caused
by environmental stresses and cellular dehydration [33]. Stress tolerance was improved in tobacco
by overexpression of SbDhn1 from Sorghum bicolor [34], in bananas by constitutive overexpression of
MusaDHN-1 [35], and in rice by overexpression of OsDhn1 [36]. Here, we found that constitutive
expression of AmDHN genes from A. mongolicus in Arabidopsis increased salt, osmotic, and cold
tolerance, which is consistent with these previous studies. However, functional differences exist
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among the AmDHNs. Previously, Falavigna et al. [37] found that apple MdDHN proteins have
different functions and overlapping levels of expression, and that their expression is fine-tuned by
the environment during the dormancy process. In this study, Arabidopsis seedlings overexpressing
three AmDHN genes have different abiotic stress tolerances, which may result from their differences in
structure, homology, and location.

DHNs are localized in different cell compartments, such as the cytosol, nucleus, mitochondria,
vacuoles, and close to the plasma membrane, but they are mainly localized in the cytoplasm and
nucleus [38]. In some cases, dehydrin proteins are limited to certain areas of an organ, such as guard
cells, meristem cells, and pollen sacs [38]. Correspondingly, differences in dehydrin localization may
be one of the reasons for its functional differentiation. AmDHN132 and AmDHN200 proteins in the
transgenic Arabidopsis were located in the cell membrane (Figure 2). The plants transformed by
these genes showed high survival rates and lower conductivity values after freezing (Figure 6). The
degree of extravasation of electrolyte reflects the relative integrity of the cell membrane, indicating that
AmDHN132 and AmDHN200 protected cell membranes from freezing injury. Some studies reported
that DHN accumulates or migrates to the plasma membrane during stress [39,40]. The membrane
damage of DHNA and DHNB knockout mutants of P. patens increased under stress [41]. Our findings
support the membrane-protective effect of dehydrin proteins.

Although we have no information on the upstream cis-acting elements of the three AmDHN
genes, they will be important in the functional differentiation of the three genes. Agarwal et al. [42]
found that PpDHNA and PpDHNB were resistant to drought and cold, and they identified upstream
low-temperature response cis-acting elements in the genes. By contrast, PpDHNC showed microbial
resistance, and its upstream cis-acting elements were related to biological stress and not low-temperature.
The difference among the upstream sequences of these three genes therefore led to functional
differentiation. The identification of upstream cis-acting regulatory elements of the AmDHN genes is
therefore important and will help reveal the molecular mechanism of AmDHNs underlying abiotic
stress in A. mongolicus.

3.3. Potential Use of AmDHNs and Further Research

In summary, overexpression of AmDHNs improves the abiotic tolerance in the transgenic
Arbidopsis plants, where the growth of transformed plants is not negatively affected. We, therefore,
believe that AmDHNs could potentially be used in diverse crop and tree species to confer abiotic
stress tolerance. For further research into the biological functions of AmDHNs, visualization of
their changing localization under stress conditions will be highly valuable, because the differences in
dehydrin localization and migration may be one of the reasons for its functional differentiation.

4. Materials and Methods

4.1. Plant Material and Normal and Stress Growth Conditions

A. mongolicus seeds were sown in pots with potting perlite matrix and grown in a culture
chamber (25 ◦C, 60% relative humidity, 16 h light/8 h dark). Two-week-old seedlings were selected
for experiments.

For cold treatment, two-week-old A. mongolicus seedlings were developed at 4 ◦C for 1, 2, 4, 8, and
16 days. For drought treatment, seedlings were transferred to 20 × 20 cm Petri dishes and incubated at
25 ◦C in 60% humidity for 1, 2, 3, and 4 days. For salt treatment, pots were irrigated with 200 mL 1%
NaCl solution and incubated at 25 ◦C, in 70% humidity with 16 h light/8 h dark for 1, 2, 4, 8, and 16
days. For heat treatment, seedlings were developed at 40 ◦C for 1, 2, 4, 8, 12, and 24 h. All harvested
seedlings were stored at −80 ◦C until use.
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4.2. Cloning A. mongolicus Dehydrin Genes

Primers PCAN (5′-CGGGGTACCATGGCAGGTATCATCAACAAGATTG-3′) and PCBP
(5′-CGCGGATCCCTAGTCACTGTCACTGCTGCTGCTG-3′) were designed according to the AmCIP
sequence (Figure S1) [29]. Totally, 126 cDNAs were cloned by PCR from cold, drought, salt, and high
temperature treated A. mongolicus seedlings (Figure S2). After sequencing and eliminating repetitive
sequences, we used CD-HIT online software under default parameters (sequence identity cut-off = 0.9,
word length = 5) to cluster similar proteins into clusters that met a user-defined similarity threshold.
We selected three representative members and named them AmDHN132, AmDHN154, and AmDHN200
(Figure S3).

4.3. Construction and Transformation of Eukaryotic Expression Vectors

Using gene specific primers, PCAN and PCBP, the open reading frames of AmDHNs were amplified
by PCR. To construct the expression vectors, the pEASY®-Blunt Simple Cloning vector containing
the ORF of AmDHNs was used as a template and a Hind III restriction site was added to the 5’end
of the sense primers, a Pst I site was added to the 5’end of the antisense primer. The PCR product
was digested with Hind III/Pst I and was subcloned into pCAMBIA2300-GFP vector, which uses
the cauliflower mosaic virus 35S promoter to drive expression (Figure S4). Recombinant and empty
plasmids were transferred to the Agrobacterium strain LBA4404 and used to transform A. thaliana by the
floral dip method [43].

4.4. Screening of Homozygous Lines

T1 seeds were collected, surface sterilized, and then seeded on sterile media containing 50 µg/mL
kanamycin to select positive seedlings. A. thaliana was grown in a culture chamber after a 2-day
vernalization period. Plants were then transferred to soil for cultivation to obtain T2 seeds. T3 seeds
were acquired in the same way. Finally, T3 generation seeds grown on medium containing kana were
considered to be homozygous strains if they grew normally.

4.5. RT-PCR Analysis

RT-PCR was performed according to the manufacturer’s instructions (Tiangen, Biotech Co. LTD,
Beijing, China). Sample and control reactions were amplified for 30 cycles. Primers used are listed in
Table S1. Actin was used as an internal control in semi-quantitative RT-PCR analysis of dehydrin genes.

4.6. Western Blot Analysis

AmDHN protein levels were detected by Western blotting [44]. Proteins were extracted
from two-week-old leaves, separated by 12% SDS-PAGE, and then transferred to nitrocellulose
membranes (Amersham Biosciences, Piscataway, NJ, USA). Blots were probed using an anti-GFP
tag monoclonal antibody HRP-goat anti-mouse IgG (Augct, Beijing, China). Signals were detected
by chemiluminescence using the chemiluminescent horseradish peroxidase (HRP) substrate system
(Millipore) [7].

4.7. Subcellular Localization of AmDHN

Arabidopsis seeds were vernalized at 4 ◦C for 2 days and then grown on MS solid medium in the
culture room for 4 days. To localize AmDHNs, fluorescence of GFP in the root cells was observed by
laser confocal microscopy (Ti-E/Ti-U/Ti-S, Nikon, Tokyo, Japan). For GFP, the excitation wavelength
was 488 nm.

4.8. Abiotic Stress Tolerance Analysis

Sterilized control and transgenic Arabidopsis seeds were vernalized at 4 ◦C on square MS (pH 5.8)
medium for 2 days and then grown in a culture chamber under long-day conditions at 22 ◦C. For
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freezing tolerance analysis, 10-day-old wild-type and homozygous transgenic Arabidopsis plants
grown under normal culture conditions were transferred to −5 ◦C for 4 h and then survival rate was
calculated after 3 days of recovery at 22 ◦C. For electrolyte leakage analysis, eight pieces of leaf samples
with the same area from each group were washed with deionized water and then immersed in 10
mL of deionized water. After vacuum filtration, the electrical conductivity of the supernatant (S1)
was detected using a DDS-307 detector. The samples were then lethally boiled to detect the ultimate
conductivity (S2, maximum conductivity of tissues). The relative leakage degree was calculated by the
ratio S1/S2. For salt and drought stress tolerance evaluation, wild-type and transgenic Arabidopsis
seeds were cultured on MS medium containing 0 (control), 50, 100, 150, 200 mM NaCl or 100, 200,
300 mM mannitol for 10 days. Germination rates were then measured. Eight-day-old seedlings were
moved to MS medium containing 200 mM NaCl or 200 mM mannitol and cultured for 10 days. The
survival rate was calculated after stress treatment. The experiment was repeated three times.

4.9. Data Analysis

Experiments were conducted in three biological replicates with each replicate consisting of three
plants. All data were analyzed using SPSS (version 19.0; IBM Corp., Armonk, NY, USA) and were
expressed as the mean ± SE. Multigroup comparisons of the means were carried out by one-way
analysis of variance (ANOVA) test with post hoc contrasts by Student–Newman–Keuls test. The
statistical significance for all tests was set at p < 0.05. All charts were plotted using Microsoft Excel.

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/9/2/193/s1,
Figure S1: cDNA sequence of AmCIP, Figure S2: AmDHNs (cDNA) were cloned by PCR from cold, drought, salt,
and heat treated A. mongolicus seedlings, Figure S3a: cDNA sequence of AmDHN132, Figure S3b: cDNA sequence
of AmDHN154, Figure S3c: cDNA sequence of AmDHN200, Table S1: List of primers used, Figure S4: AmDHNs
overexpression vectors.

Author Contributions: Conceptualization, C.L. and Y.C.; methodology, H.C.; software, T.Y.; validation, Y.W. and
T.Y.; formal analysis, H.C., Y.W.; investigation, H.C., Y.W.; resources, H.C.; data curation, H.C.; writing—original
draft preparation, H.C., Y.W.; writing—review and editing, C.L.; S.C.; supervision, C.L.; project administration,
C.L.; funding acquisition, C.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (31270737), and the
Beijing Municipal Natural Science Foundation (6112016).

Acknowledgments: We thank Jeremy Allen, from Liwen Bianji, Edanz Group China (www.liwenbianji.cn/ac), for
editing the English text of a draft of this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Karlson, D.T.; Fujino, T.; Kimura, S.; Baba, K.; Itoh, T.; Ashworth, E.N. Novel plasmodesmata association of
dehydrin-like proteins in cold-acclimated Red-osier dogwood (Cornussericea). Tree physiol. 2003, 23, 759–767.
[CrossRef]

2. Ismail, F.A.; Nitsch, L.M.; Wolters-Arts, M.M.; Mariani, C.; Derksen, J.W. Semi-viviparous embryo
development and dehydrin expression in the mangrove Rhizophora mucronata Lam. Sex. Plant Reprod.
2010, 23, 95–103. [CrossRef]

3. Liu, Y.; Song, Q.; Li, D.; Yang, X.; Li, D. Multifunctional roles of plant dehydrins in response to environmental
stresses. Front. Plant Sci. 2017, 8, 1018. [CrossRef]

4. Qiu, H.; Zhang, L.; Liu, C.; He, L.; Wang, A.; Liu, H.L.; Zhu, J.B. Cloning and characterization of a novel
dehydrin gene, SiDhn2, from Saussurea involucrata Kar et Kir. Plant Mol. Biol. 2014, 84, 707–718. [CrossRef]

5. Remus-Borel, W.; Castonguay, Y.; Cloutier, J.; Michaud, R.; Bertrand, A.; Desgagnes, R.; Laberge, S. Dehydrin
variants associated with superior freezing tolerance in alfalfa (Medicago sativa L.). Theor. Appl. Genet. 2010,
120, 1163–1174. [CrossRef]

6. Shi, J.; Liu, M.; Chen, Y.; Wang, J.; Lu, C. Heterologous expression of the dehydrin-like protein gene AmDHN
from Ammopiptanthus mongolicus enhances viability of Escherichia coli and tobacco under cold stress. Plant
Growth Regul. 2016, 79, 71–80. [CrossRef]

http://www.mdpi.com/2223-7747/9/2/193/s1
www.liwenbianji.cn/ac
http://dx.doi.org/10.1093/treephys/23.11.759
http://dx.doi.org/10.1007/s00497-009-0127-y
http://dx.doi.org/10.3389/fpls.2017.01018
http://dx.doi.org/10.1007/s11103-013-0164-7
http://dx.doi.org/10.1007/s00122-009-1243-7
http://dx.doi.org/10.1007/s10725-015-0112-4


Plants 2020, 9, 193 10 of 11

7. Brini, F.; Hanin, M.; Lumbreras, V.; Amara, I.; Khoudi, H.; Hassairi, A.; Pages, M.; Masmoudi, K.
Overexpression of wheat dehydrin DHN-5 enhances tolerance to salt and osmotic stress in Arabidopsis thaliana.
Plant Cell Rep. 2007, 26, 2017–2026. [CrossRef] [PubMed]

8. Yang, Y.; He, M.; Zhu, Z.; Li, S.; Xu, Y.; Zhang, C.; Singer, S.D.; Wang, Y. Identification of the dehydrin gene
family from grapevine species and analysis of their responsiveness to various forms of abiotic and biotic
stress. BMC Plant Biol. 2012, 12, 140. [CrossRef] [PubMed]

9. Graether, S.P.; Boddington, K.F. Disorder and function: A review of the dehydrin protein family. Front. Plant
Sci. 2014, 5, 576. [CrossRef] [PubMed]

10. Zhang, X.; Lu, S.; Jiang, C.; Wang, Y.; Lv, B.; Shen, J.; Ming, F. RcLEA, a late embryogenesis abundant protein
gene isolated from Rosa chinensis, confers tolerance to Escherichia coli and Arabidopsis thaliana and stabilizes
enzyme activity under diverse stresses. Plant Mol. Biol. 2014, 85, 333–347. [CrossRef] [PubMed]

11. Battaglia, M.; Olvera-Carrillo, Y.; Garciarrubio, A.; Campos, F.; Covarrubias, A.A. The enigmatic LEA proteins
and other hydrophilins. Plant Physiol. 2008, 148, 6–24. [CrossRef] [PubMed]

12. Dure, L.; Crouch, M.; Harada, J.; Ho, T.H.D.; Mundy, J.; Quatrano, R.; Thomas, T.; Sung, Z.R. Common
amino acid sequence domains among the LEA proteins of higher plants. Plant Mol. Biol. 1989, 12, 475–486.
[CrossRef] [PubMed]

13. Szalaine-Agoston, B.; Kovacs, D.; Tompa, P.; Perczel, A. Full backbone assignment and dynamics of the
intrinsically disordered dehydrin ERD14. Biomol. NMR Assign. 2011, 5, 189–193. [CrossRef]

14. Close, T.J. Dehydrins: Emergence of a biochemical role of a family of plant dehydration proteins. Physiol.
Plant. 1996, 97, 795–803. [CrossRef]

15. Amara, I.; Zaidi, I.; Masmoudi, K.; Ludevid, M.D.; Pagès, M.; Goday, A.; Brini, F. Insights into late
embryogenesis abundant (LEA) proteins in plants: From Structure to the Functions. Am. J. Plant Sci. 2014, 5,
3440–3455. [CrossRef]

16. Hughes, S.L.; Schart, V.; Malcolmson, J.; Hogarth, K.A.; Martynowicz, D.M.; Tralman-Baker, E.; Patel, S.N.;
Graether, S.P. The importance of size and disorder in the cryoprotective effects of dehydrins. Plant Physiol.
2013, 163, 1376–1386. [CrossRef]

17. Perdiguero, P.; Collada, C.; Soto, A. Novel dehydrins lacking complete K-segments in Pinaceae. The exception
rather than the rule. Front. Plant Sci. 2014, 5, 682. [CrossRef]

18. Bao, F.; Du, D.; An, Y.; Yang, W.; Wang, J.; Cheng, T.; Zhang, Q. Overexpression of Prunus mume dehydrin
genes in tobacco enhances tolerance to cold and drought. Front. Plant Sci. 2017, 8, 151. [CrossRef]

19. Close, T.J. Dehydrins: A commonalty in the response of plants to dehydration and low temperature. Physiol.
Plant. 1997, 100, 291–296. [CrossRef]

20. Ochoa-Alfaro, A.E.; Rodriguez-Kessler, M.; Perez-Morales, M.B.; Delgado-Sanchez, P.;
Cuevas-Velazquez, C.L.; Gomez-Anduro, G.; Jimenez-Bremont, J.F. Functional characterization of
an acidic SK(3) dehydrin isolated from an Opuntia streptacantha cDNA library. Planta 2012, 235, 565–578.
[CrossRef]

21. Chiappetta, A.; Muto, A.; Bruno, L.; Woloszynska, M.; Van-Lijsebettens, M.; Bitonti, M.B. A dehydrin gene
isolated from feral olive enhances drought tolerance in Arabidopsis transgenic plants. Front. Plant Sci. 2015,
6, 392. [CrossRef] [PubMed]

22. Saibi, W.; Zouari, N.; Masmoudi, K.; Brini, F. Role of the durum wheat dehydrin in the function of proteases
conferring salinity tolerance in Arabidopsis thaliana transgenic lines. Int. J. Biol. Macromol. 2016, 85, 311–316.
[CrossRef] [PubMed]

23. Peng, Y.; Reyes, J.L.; Wei, H.; Yang, Y.; Karlson, D.; Covarrubias, A.A.; Krebs, S.L.; Fessehaie, A.; Arora, R.
RcDhn5, a cold acclimation-responsive dehydrin from Rhododendron catawbiense rescues enzyme activity
from dehydration effects in vitro and enhances freezing tolerance in RcDhn5—Overexpressing Arabidopsis
plants. Physiol. Plant. 2008, 134, 583–597. [CrossRef] [PubMed]

24. Close, T.J.; Lammers, P.J. An osmotic stress protein of cyanobacteria is immunologically related to plant
dehydrins. Plant. Physiol. 1993, 101, 773–779. [CrossRef] [PubMed]

25. Saavedra, L.; Svensson, J.; Carballo, V.; Izmendi, D.; Welin, B.; Vidal, S. A dehydrin gene in Physcomitrella
patens is required for salt and osmotic stress tolerance. Plant J. 2006, 45, 237–249. [CrossRef] [PubMed]

26. Pochon, S.; Simoneau, P.; Pigné, S.; Balidas, S.; Bataillé-Simoneau, N.; Campion, C.; Jaspard, E.; Calmes, B.;
Hamon, B.; Berruyer, R.; et al. Dehydrin-like proteins in the necrotrophic fungus Alternaria brassicicola have a
role in plant pathogenesis and stress response. PLoS ONE 2013, 8, e75143. [CrossRef]

http://dx.doi.org/10.1007/s00299-007-0412-x
http://www.ncbi.nlm.nih.gov/pubmed/17641860
http://dx.doi.org/10.1186/1471-2229-12-140
http://www.ncbi.nlm.nih.gov/pubmed/22882870
http://dx.doi.org/10.3389/fpls.2014.00576
http://www.ncbi.nlm.nih.gov/pubmed/25400646
http://dx.doi.org/10.1007/s11103-014-0192-y
http://www.ncbi.nlm.nih.gov/pubmed/24760474
http://dx.doi.org/10.1104/pp.108.120725
http://www.ncbi.nlm.nih.gov/pubmed/18772351
http://dx.doi.org/10.1007/BF00036962
http://www.ncbi.nlm.nih.gov/pubmed/24271064
http://dx.doi.org/10.1007/s12104-011-9297-2
http://dx.doi.org/10.1111/j.1399-3054.1996.tb00546.x
http://dx.doi.org/10.4236/ajps.2014.522360
http://dx.doi.org/10.1104/pp.113.226803
http://dx.doi.org/10.3389/fpls.2014.00682
http://dx.doi.org/10.3389/fpls.2017.00151
http://dx.doi.org/10.1111/j.1399-3054.1997.tb04785.x
http://dx.doi.org/10.1007/s00425-011-1531-8
http://dx.doi.org/10.3389/fpls.2015.00392
http://www.ncbi.nlm.nih.gov/pubmed/26175736
http://dx.doi.org/10.1016/j.ijbiomac.2015.12.062
http://www.ncbi.nlm.nih.gov/pubmed/26751399
http://dx.doi.org/10.1111/j.1399-3054.2008.01164.x
http://www.ncbi.nlm.nih.gov/pubmed/19000195
http://dx.doi.org/10.1104/pp.101.3.773
http://www.ncbi.nlm.nih.gov/pubmed/8310057
http://dx.doi.org/10.1111/j.1365-313X.2005.02603.x
http://www.ncbi.nlm.nih.gov/pubmed/16367967
http://dx.doi.org/10.1371/journal.pone.0075143


Plants 2020, 9, 193 11 of 11

27. Guo, L.; Yu, Y.; Xia, X.; Yin, W. Identification and functional characterisation of the promoter of the calcium
sensor gene CBL1 from the xerophyte Ammopiptanthus mongolicus. BMC Plant Biol. 2010, 10, 18. [CrossRef]

28. Liu, M.; Shi, J.; Lu, C. Identification of stress-responsive genes in Ammopiptanthus mongolicus using ESTs
generated from cold and drought-stressed seedlings. BMC Plant Biol. 2013, 13, 88. [CrossRef]

29. Liu, M.; Lu, C.; Shen, X.; Yin, W. Characterization and function analysis of a cold-induced AmCIP gene
encoding a dehydrin-like protein in Ammopiptanthus mongolicus. DNA Seq. 2006, 17, 342–349. [CrossRef]

30. Hanin, M.; Brini, F.; Ebel, C.; Toda, Y.; Takeda, S.; Masmoudi, K. Plant dehydrins and stress tolerance:
Versatile proteins for complex mechanisms. Plant Signal Behav. 2011, 6, 1503–1509. [CrossRef]

31. Zhou, Y.; Hu, L.; Xu, S.; Jiang, L.; Liu, S. Identification and transcriptional Sequence analysis of dehydrin gene
family in cucumber (Cucumis sativus). Acta Physiol. Plant. 2018, 40, 144. [CrossRef]

32. Hara, M.; Monnaa, S.; Murataa, T.; Nakanoa, T.; Amano, S.; Nachbarb, M.; Wätzigb, H. The Arabidopsis
KS-type dehydrin recovers lactate dehydrogenase activity inhibited by copper with the contribution of His
residues. Plant Sci. 2016, 245, 135–142. [CrossRef] [PubMed]

33. Hussain, S.; Niu, Q.; Qian, M.; Bai, S.; Teng, Y. Genome-wide identification, characterization, and expression
analysis of the dehydrin gene family in Asian pear (Pyrus pyrifolia). Tree Genet. Gen 2015, 11, 110. [CrossRef]

34. Tanmoy, H.; Gouranga, U.; Sudipta, R. YSK2 type dehydrin (SbDhn1) from Sorghum bicolor showed improved
protection under high temperature and osmotic stress condition. Front. Plant Sci. 2017, 8, 918.

35. Shekhawat, U.K.S.; Srinivas, L.; Ganapathi, T.R. MusaDHN-1, a novel multiple stress-inducible SK3-type
dehydrin gene, contributes affirmatively to drought- and salt-stress tolerance in banana. Planta 2011, 234,
915. [CrossRef]

36. Kumar, M.; Lee, S.C.; Kim, J.Y.; Kim, S.J.; Kim, S.R. Over-expression of dehydrin gene, OsDhn1, improves
drought and salt stress tolerance through scavenging of reactive oxygen species in rice (Oryza sativa L.). J.
Plant Biol. 2014, 57, 383–393. [CrossRef]

37. Falavigna, V.D.; Miotto, Y.E.; Porto, D.D.; Anzanello, R.; Santos, H.P.; Bello, F.F.; Margispinheiro, M.;
Pasquali, G.; Revers, L.F. Functional diversification of the dehydrin gene family in apple and its contribution
to cold acclimation during dormancy. Physiol. Plant. 2015, 155, 315–329. [CrossRef]

38. Rorat, T. Pland dehydrins-tissue location, structure and function. Cell Mol. Biol. Lett. 2006, 11, 536–556.
[CrossRef]

39. Puhakainen, T.; Hess, M.W.; Makela, P.; Svensson, J.; Heino, P.; Palva, E.T. Overexpression of multiple
dehydrin genes enhances tolerance to freezing stress in Arabidopsis. Plant Mol. Biol. 2004, 54, 743–753.
[CrossRef]

40. Guo, X.; Zhang, L.; Zhu, J.; Liu, H.; Wang, A. Cloning and characterization of SiDHN, a novel dehydrin gene
from Saussurea involucrata Kar. et Kir. that enhances cold and drought tolerance in tobacco. Plant Sci. 2016,
256, 160. [CrossRef]

41. Ruibal, C.; Salamo, I.P.; Carballo, V.; Castro, A.; Bentancor, M.; Borsani, O.; Szabados, L.; Vidal, S. Differential
contribution of individual dehydrin genes from Physcomitrella patens to salt and osmotic stress tolerance.
Plant Sci. 2012, 190, 89–102. [CrossRef] [PubMed]

42. Agarwal, T.; Upadhyaya, G.; Halder, T.; Mukherjee, A.; Majumder, A.L.; Ray, S. Different dehydrins perform
separate functions in Physcomitrella patens. Planta 2016, 245, 101–118. [CrossRef] [PubMed]

43. Zhang, X.; Henriques, R.; Lin, S.S.; Niu, Q.W.; Chua, N.H. Agrobacterium-mediated transformation of
Arabidopsis thaliana using the floral dip method. Nat. Protoc. 2006, 1, 641–646. [CrossRef] [PubMed]

44. Wang, X.; Fan, P.; Song, H.; Chen, X.; Li, X.; Li, Y. Comparative proteomic analysis of differentially expressed
proteins in shoots of Salicornia europaea under different salinity. J. Proteome Res. 2009, 8, 3331–3345. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1186/1471-2229-10-18
http://dx.doi.org/10.1186/1471-2229-13-88
http://dx.doi.org/10.1080/10425170600908484
http://dx.doi.org/10.4161/psb.6.10.17088
http://dx.doi.org/10.1007/s11738-018-2715-7
http://dx.doi.org/10.1016/j.plantsci.2016.02.006
http://www.ncbi.nlm.nih.gov/pubmed/26940498
http://dx.doi.org/10.1007/s11295-015-0938-y
http://dx.doi.org/10.1007/s00425-011-1455-3
http://dx.doi.org/10.1007/s12374-014-0487-1
http://dx.doi.org/10.1111/ppl.12338
http://dx.doi.org/10.2478/s11658-006-0044-0
http://dx.doi.org/10.1023/B:PLAN.0000040903.66496.a4
http://dx.doi.org/10.1016/j.plantsci.2016.12.007
http://dx.doi.org/10.1016/j.plantsci.2012.03.009
http://www.ncbi.nlm.nih.gov/pubmed/22608523
http://dx.doi.org/10.1007/s00425-016-2596-1
http://www.ncbi.nlm.nih.gov/pubmed/27638172
http://dx.doi.org/10.1038/nprot.2006.97
http://www.ncbi.nlm.nih.gov/pubmed/17406292
http://dx.doi.org/10.1021/pr801083a
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Sequence Characterization of the Dehydrin Gene Family 
	Creation of Transgenic Arabidopsis and the Subcellular Localization of AmDHNs 
	Heterologous Expression of AmDHNs in Arabidopsis Enhances Abiotic Stress Tolerance 

	Discussion 
	AmDHNs Are Conserved in A. mongolicus 
	Overexpression of AmDHNs Increases Abiotic Stress Tolerance of Arabidopsis 
	Potential Use of AmDHNs and Further Research 

	Materials and Methods 
	Plant Material and Normal and Stress Growth Conditions 
	Cloning A. mongolicus Dehydrin Genes 
	Construction and Transformation of Eukaryotic Expression Vectors 
	Screening of Homozygous Lines 
	RT-PCR Analysis 
	Western Blot Analysis 
	Subcellular Localization of AmDHN 
	Abiotic Stress Tolerance Analysis 
	Data Analysis 

	References

