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Abstract 
 

Dehydrins (DHNs) play important roles as hydrophilic proteins in plant response to abiotic stress conditions such as salinity, 

cold, heavy metals, and drought. To determine the genes involved in drought stress in Pinus massoniana, we cloned a DHN 

gene using degenerate primers and a RACE strategy, and evaluated the gene function using transgenic Arabidopsis thaliana 

plants overexpressing the DHN gene of P. massoniana under drought stress. The designated full-length Pmdhn (1,232 bp) was 

found to include a 199 bp 5′- and a 316 bp 3'-terminal untranslated region (UTR), and a 717 bp open reading frame (ORF). 

Pmdhn was characterized as a mature 238 amino acid protein, containing a Ser-rich domain and three conserved replications 

of the characterized Lys-rich domain. The qRT-PCR analysis revealed that the Pmdhn expression levels in roots and stems 

were higher than in leaves, and the gene was involved in a broad spectrum of physiological processes under drought stress. No 

differences in the phenotypes and root lengths between the wild-type and transgenic A. thaliana were observed under normal 

conditions. Nevertheless, the transgenic A. thaliana lines had longer roots than in the wild-type lines under drought stress. RT-

PCR and GFP analysis revealed that Pmdhn can be transcribed stably. Furthermore, the Pmdhn-overexpressing plants showed 

lower levels of malondialdehyde (MDA), higher water and proline contents under drought stress. These findings indicate that 

Pmdhn likely plays a role in the process of drought stress. © 2018 Friends Science Publishers 
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Introduction 

 

Plants are often threatened by drought stress, resulting in 

physiological and biochemical alterations, slow growth, and 

even death (Mahajan and Tuteja, 2005). To address this 

important issue, many studies have been conducted to 

ameliorate the hereditary drought-related characteristics of 

plants and to develop genetic engineering techniques for 

producing drought-resistant plants. Among the drought-

resistant gene candidates, the major proteins of the Late 

Embryogenesis Abundant (LEA) are of particular interest. 

Recently, LEA proteins have been isolated and identified in 

a number of plants, such as Stipa purpurea (Yang et al., 

2014), Malus domestica (Liang et al., 2012), Saussurea 

involucrate (Qiu et al., 2014), Ammopiptanthus mongolicus 

(Sun et al., 2013), Prunus mume (Du et al., 2013), and 

Quercus robur (Sunderlíková et al., 2009). Based on 

sequence similarities, LEA proteins have been divided into 

seven categories (Dure et al., 1989; Hundertmark and 

Hincha, 2008; Hunault and Jaspard, 2010). 

Dehydrins (DHNs), known as Group 2 LEA proteins, 

attract the most attention in higher plants at present (Hara, 

2010). DHNs are characteristically rich in glycine, but lack 

of cysteine and tryptophan. The Y, K, S segments are 

located near the N-terminus, the C-terminus and midway 

between the Y and the K fragments, respectively (Close, 

1996; Shih et al., 2008). Based on the permutations of the 

conserved motifs, DHNs are classed into five sub-classes 

(YnSKn, SKn, Kn, YnKn and KnS), (Campbell and Close, 

1997; Rorat et al., 2006). To date, the expression levels and 

functions of DHNs have been extensively studied. 

Shekhawat et al. (2011) found that MusaDHN-1, a SK3-type 

dehydrin gene, enhanced drought-stress tolerance of the 

transgenic banana plants. Moreover, DHNs from Capsicum 

annuum and Lycopersicon chilense were constitutively 

expressed and up-regulated by drought stress (Szabala et al., 

2014). In addition, the overexpression of the tas14 gene also 

contributed to drought resistance in transgenic tomato plants 

(Muñoz-Mayor et al., 2012). Perdiguero et al. (2012; 2013; 

2015) found that dehydrins have been induced by drought 

stress in Pinus pinaster, and conducted the analysis on 

Ulmus transcriptome under the constant threat of Dutch elm 

disease. Lorenz et al. (2006) found that many genes in P. 

taeda were essential in drought tolerance, such as dehydrins. 

Pinus massoniana (21º41′~33º56′ N; 102º10′~123º14′ 

E) is widely distributed in 17 provinces of southern China. It 

has excellent characteristics, including a high growth 

capability, fast growth, high yield, wide range of uses, and a 
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high level of comprehensive uses (Ding et al., 2006). 

Previous studies mainly focused on the investigations of the 

physiological and biochemical variations in P. massoniana 

under drought stress (Chen and Ding, 2004; Shi et al., 2004; 

Xu and Ding, 2006; Chen et al., 2011; He et al., 2011; 

Han and Ding, 2012; Wang and Ding, 2013). Presently, 

there have been only a limited number of studies on the 

molecular events such as on the lignin formation (Zhang 

et al., 2014) and plant defenses against insects and 

pathogens (Wang et al., 2008). 

The scarcity of water resources resulting from global 

climate changes necessitate the development of drought-

tolerant plants to adapt to adverse environmental conditions. 

However, conventional breeding methods are limited by 

time and geography. This study aims to demonstrate the 

feasibility of cloning drought-tolerance genes from P. 

massoniana using genetic engineering technology, and to 

characterize the functions of the Pmdhn gene in transgenic 

A. thaliana. This study also describes the cloning of Pmdhn 

and detailed assays for improving drought tolerance in 

transgenic A. thaliana plants. 
 

Materials and Methods 
 

Plant Material 
 

P. massoniana (No. 83 family), an elite genotype with a 

significantly higher tolerance to drought (Shi et al., 2004; 

Yuan et al., 2008), was used as the research material in this 

study. One year old seedlings collected from Guangxi 

Province China were cultivated in a greenhouse using a 

mixture of yellow soil derived from quaternary red clay and 

clean river sand (volume ratio 9:2) under normal conditions 

(relative water content of soil: 70%±5% for control) and 

drought stress conditions (relative water content of soil: 

45%±5%) for1, 3, 5, 10, 15, 20 and 25 days (Han et al., 

2012; Wang and Ding, 2013) separately. P. massoniana 

used in this study had similar height with an average height 

of 17.2 cm. Plants were washed thoroughly, frozen 

immediately, and then stored at -80°C. Leaves, stems and 

roots of P. massoniana were collected for quantitative 

reverse transcriptase-polymerase chain reaction (qRT-PCR) 

analyses. Wild-type (Columbia ecotype) and Pmdhn-

overexpressing A. thaliana seeds were washed multiple 

times with sterile water and then disinfected with alcohol for 

growth in Murashige and Skoog medium (Solarbio, USA). 

Plastic petri dishesused for plant culture were kept at 25°C 

in a growth chamber. 
 

Identification of the Pmdhn Gene 
 

Total RNA was extracted from P. massoniana seedlings 

using Trizol Reagent (Invitrogen, USA) and PureLink® 

Plant RNA Reagent (Invitrogen, USA). First, based on the 

conserved sequences of DHNs registered in NCBI, a 

forward primer (5′-GCGG(T/C)ATGTT(T/C)GG(A/T/C/G) 

TTAT-3′) and reverse primer (5′-T(T/C)TTGTCCTT(A/T/C 

/G)GA(A/T/C/G)CCTTT-3′) were designed. Secondly, the 

Pmdhn gene fragment was obtained using PCR performed 

in a 25.0 µL reaction volume containing ~1.0 µL template, 

1.0 µL forward primer, 1.0 µL reverse primer, 12.5 µL 

2×Taq PCR MasterMix (Tiangen, China) and 9.5 µL double 

distillation H2O. The amplification procedure is standard, 

including a denaturation at 94°C for 5 min, followed by 35 

cycles with 1 min at 94°C, 30 s at 54.0°C and 1 min at 

72°C, and finally a 10 min extension at 72°C. Thirdly, the 

5′ end of the cDNA was amplified using the 5′-RACE 

system for rapid amplification of cDNA ends (Invitrogen, 

USA). Three gene-specific primers, GSP1 (5′-

GAGGAGCAGCTGGATA-3′), GSP2 (5′-

CTGAGCAGGAGTTTGCACAA-3′) and GSP3 (5′-

TTGCTTTCCCTCCTCTTCCT-3′), were designed and the 

amplification procedures are detailed in the manufacturer’s 

instructions. The 3′ end of the cDNA was amplified using 

the 3′-Full RACE Core Set with PrimeScriptTMRTase 

(Takara, China). The 3′-RACE products were obtained by 

outer and inner PCR. Gene specific outer (5′-CGAACACG 

GGCATGGTCACGAGGGG-3′) and inner (5′-AGCTGAG 

CAACAGAAACACACGGGT-3′) primers were 

constructed. Finally, the full length cDNA of Pmdhn was 

confirmed through PCR amplification using specific 

primers (forward: 5′-ATGGCGGAAGAAGCAGCAGAGC 

-3′; reverse: 5′-TTAATGATGGTGCTTCTTCTCT-3′). 
 

qRT-PCR Analysis 
 

The gene-specific primers (F: 5′-CGGTATGTTCGGCTTA 

TTC-3′ and R: 5′-GACCCGTGTGTTTCTGTTG-3′) were 

used in qRT-PCR. The control PCR primers amplified 18S 

(F: 5′-TTAGGCCATGGAGGTTTGAG-3′ and R: 5′-

GAGTTGATGACACGCGCTTA-3′) (Fan et al., 2014). All 

of the qRT-PCR reactions were carried out using an ABI 

7500 (ABI, USA) with SuperReal PreMix Plus (SYBR 

Rreen) (Tiangen, China). Quantifications of the relative 

changes in transcriptional levels were performed using the 

2–ΔΔCT method (Pfaffl, 2001). 
 

Construction of Plant Expression Vector 
 

The cloning vector pMD18-T containing the in-frame 

coding cDNA of Pmdhn and the plant binary expression 

vector pBI121 were first digested with the restriction 

enzyme XbaI and BamHI, respectively and then directly 

connected to the vector usingT4DNA ligase. The product 

was named pBI121-Pmdhn. 
 

A. thaliana Transformation 
 

The pBI121-Pmdhn was transformed into A. thaliana 

plants using Agrobacterium LBA4404. Pmdhn-

overexpressing A. thaliana plants were confirmed by PCR 

using the primers5′-GGGTCTAGAATGGCGGAAGAAG-

3′ and 5′-CTTGGATCCATGATGGTGCTTC-3′. The T2 

generation plants were selected and used for further studies. 
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Investigation on the Pmdhn transcript in A. thaliana 

with RT-PCR 

 

The WT and transgenic A. thaliana were cultured in flasks 

in MS medium containing 0% or 3.5% PEG-6000 at 20 

days. Total RNA was extracted. The Actin2 gene of A. 

thaliana was used as a housekeeping gene (Zhang et al., 

2013), and RT-PCR was carried out using the gene-specific 

primers (F: 5′-CGGTATGTTCGGCTTATTC-3′ and R: 5′-

GACCCGTGTGTTTCTGTTG-3′). The 10.0 µL reaction 

contained ~0.8 µL template, 0.2 µL forward primer, 0.2 

µL reverse primer, 5.0 µL 2×Taq PCR MasterMix 

(Tiangen, China), and 3.8 µL ddH2O. Standard 

amplification procedures were used with a denaturation 

at 94°C for 5 min, followed by 29 cycles of 1 min at 

94°C, 40 s at 57.0°C and 1 min at 72°C, and a final 10 

min extension at 72°C. 

 

Southern Blot Analysis 

 

Genomic DNA of both wild-type and transgenic A. thaliana 

plants were respectively extracted by the CTAB method 

(Porebski et al., 1997). Aliquots of genomic DNA (10 μg) 

was digested with EcoR I. The digested samples were 

electrophoresed on a 0.7% (w/v) agarose gel and blotted on 

Hybond N+ nylon membranes (Amersham, Sweden). Full-

length cDNA of Pmdhn amplified by PCR using the 

specific primers (F: 5′-ATGGCGGAAGAAGCAGCAGAG 

CACC-3′ and R: 5′-ATGATGGTGCTTCTTCTCTTCCT-

3′) were used as the probe DNA in the analysis. The 

procedure was performed according to the instructions for 

the PCR DIG Probe Synthesis Kit (Roche, USA). The copy 

numbers in D1and D3 lines were determined. 

 

GFP Fluorescence Detection on Roots of Transgenic A. 

thaliana by Fluorescence Microscope 

 

The activity of green fluorescence protein on root in D3 line 

was detected by inverted fluorescence microscopy CFM-

500 (Changfang, China). The photographs were taken with 

A3300 digital camera (Canon, China). 

 

Growth Assays 

 

T2 seeds were selected for the drought stress analysis. The 

wild-type A. thaliana was labeled as WT and the 

overexpressing Pmdhn plant was labeled as OP. Six lines of 

Pmdhn-overexpressing A. thaliana—D1, D3, D5, D7, D8, 

D10—were used in effect analysis on phenotypes, root 

developments under well-watered (in MS medium 

containing 0% PEG-6000 at 15 days) and drought stress (in 

MS medium containing 3.5% PEG-6000 at 15 days) 

conditions, and the D3 line was used in fluorescent 

observation and physiological analysis. Water loss of leaves 

detached from transgenic and wild-type A. thaliana plants 

were measured by weighing the leaves harvested from 5-

week-old plants at 1 h intervals for 4 h. Proline and MDA 

contents were determined using an established method 

described by Li (2006). 

 

Data Analysis 

 

All experiments in our study were repeated 3 times. 

Analysis of variance (ANOVA) was performed by SPSS 

(v16.0). Duncan’s multiple range tests were applied to 

compare means at 0.05 level of significance. ORIGIN (v8.0) 

was used for cartography. 

 

Results 

 

Isolation of Pmdhn Full-Length cDNA 

 

Several fragments sequenced by RT-PCR used as query in a 

BLAST analysis were generated (Fig. 1Sa). The results 

showed that the 420 bp fragment was highly similar to DHN 

(AFN44791). Subsequently, the 5′-upstream and 3′-

downstream regions of the transcript were amplified (Fig. 

1Sb and 1Sc), respectively. Then, the full-length cDNA was 

obtained using a nucleotide sequence alignment and the 

assembly of the middle fragment with the 5′- and 3′-RACE 

PCR products. The obtained Pmdhn full-length cDNA 

(1,232 bp) includes a 199 bp 5′-and a 316 bp 3′-terminal 

untranslated region, and a 717 bp open reading frame, 

which encodes a protein of 238 amino acids (Fig. 1Sd and 

2S). The GenBank accession number is KF910087. The 

molecular mass and isoelectric point of Pmdhn were 25.85 

kDa and 7.35 by ProtParam prediction 

(http://web.expasy.org/protparam/), respectively. 

The Pmdhn is a high hydrophilic protein 

(hydrophilicity index 3.489) (http://web.expasy.org/ 

protscale/), as described for other LEA2 protein family 

members. Furthermore, Pmdhn contains a S- motif located at 

residues 84-91 and three K-motifs (residues 134‒149, 170‒

185, and 206‒221) (Fig. 1). The sequence structure 

indicated that Pmdhn belongs to the SK3-type DHNs. 

The cloned Pmdhn, containing the structural 

characteristics of DHNs, provided useful information for 

the further understanding and use of P. massoniana 

under drought stress. 

Compared to other plant DHNs, such as P. mugo, P. 

resinosa and P. sylvestris proteins, Pmdhn showed a high 

sequence identity (92 to 98%), but a low sequence identity 

of 31 to 71% with Picea abies, Corylus mandshurica, 

Jatropha curcas, Vitis riparia, A. thaliana, and Populus 

trichocarpa (Table 1), which shared mainly the S- and K-

motifs (Fig. 1). We selected 21 additional plants and 

constructed a phylogenetic tree. The close relationship 

between Pmdhn and pinus DHNs, such as P. sylvestris, 

P. mugo, P. hwangshanensis and P. pinaster was found 

(Fig. 2). These findings indicated that the DHN proteins 

in Pinus species remained largely unchanged during 

evolution. 

http://web.expasy.org/protscale/
http://web.expasy.org/protscale/
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The Pmdhn Expression during P. Massoniana Drought 

Treatment 
 

To understand how Pmdhn is transcribed under drought 

stress, RNA from P. massoniana roots, stems and leaves 

was extracted and analyzed the pattern of Pmdhn 

expression. A single 191-bp band was generated by RT-

PCR that it can be used for analysis of expression levels. 

Pmdhn expression was found in roots, stems and leaves, and 

the expression levels in roots and stems were higher than in 

leaves (Fig. 3). 

qRT-PCR was used to study the expression pattern 

of Pmdhn under drought stress conditions using the 

expression level of Pmdhn under well-watered 

conditions as reference. The results of the qRT-PCR 

analysis demonstrated the inducibility of the Pmdhn 

transcript in drought treatments. Based on the analysis of 

Pmdhn expression levels using control 18S, an initial 

up-regulation, followed by a down-regulation at day 15, 

was observed in roots and stems. The expression levels 

of Pmdhn at day 15 were significantly higher than in 

other drought stress stages (P < 0.05). The Pmdhn 

expression levels in leaves kept rising under drought 

stress, but the rising rates appeared not so sharp from 5 

to 25 day (Fig. 3). These results revealed that Pmdhn 

was induced by drought stress not only in leaves and 

stem but also in roots. 

 

Overexpression of Pmdhn Improves Drought Resistance 

in A. thaliana 

 

To investigate whether Pmdhn was involved in drought-

resistance responses, plant expression vector and generated 

transgenic A. thaliana overexpressing Pmdhn driven by the 

CaMV35S promoter was constructed. The diagram of the 

expression vector pBI121-Pmdhn is shown in Fig. 4a. In the 

experiment, a total of six transgenic lines (D1, D3, D5, D7, 

D8 and D10) in the T1 generation using akanamycin 

segregation analysis were obtained. The Pmdhn in 

transgenic A. thaliana was determined using RT-PCR, 

Table 1: Analysis of the Pmdhn protein sequence with BLAST 

 
Name Max score Total score Query cover E value Ident Accession 

Pinusresinosa 384 433 94% 3e-132 96% FJ415453 
Pinussylvestris 281 328 94% 6e-92 92% FJ201497 

Pinusmugo 397 447 94% 2e-137 98% HQ108523 

Piceaabies 168 217 77% 4e-48 71% EF522169 
Corylusmandshurica 43.5 43.5 32% 0.045 48% JF433379 

Jatrophacurcas 45.8 128 64% 3e-11 45% GU325779 

Arabidopsis thaliana 54.7 101 93% 2e-05 31% X90959 
Populustrichocarpa 31.6 62.0 62% 6e-06 37% XM_002307732 

 

 
 

Fig. 1: Alignment of the Pmdhn (KF910087) protein sequence with sequences from Pinus resinosa (FJ415453); Pinus 

sylvestris (FJ201497); Pinus mugo (HQ108523); Picea abies (EF522169); Corylus mandshurica (JF433379); Jatropha 

curcas (GU325779); Arabidopsis thaliana (X90959); and Populus trichocarpa (XM_002307732) 
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and the results showed that Pmdhn existed in all 

transgenic lines, but not in WT plants (Fig. 4b). 

Considering the limited number of seeds and genetic 

stability, we continued to produce the T2 generation for 

further studies under drought stress conditions. 

There was no difference in the phenotypes and root 

lengths between the WT and OP plants in petri dishes with 

the MS medium under normal conditions containing 0% 

PEG-6000 (Fig. 5a and b). The average root length of the 

WT plants was 4.05 cm and of the six OP lines 4.21, 4.15, 

4.14, 4.53, 4.11 and 3.82 cm, respectively. No statistical 

significant difference was found between the control and the 

treatment groups (Fig. 5b). Under drought stress in MS 

medium containing 3.5% PEG-6000, the difference in 

phenotypes between the WT and the OP plants was 

minimal, while the root lengths of the OP seedlings were 

longer than of the WT lines (Fig. 5a and b). The average 

root length of the WT plants was 2.93 cm, and 3.64, 3.98, 

3.10, 3.86, 3.96 and 3.63 cm, for the six OP lines, 

respectively corresponding to an average increase of 

1.24, 1.36, 1.06, 1.32, 1.35 and 1.24 times, respectively.   

 
 

Fig. 1S: Agarose gel electrophoresis results. a. Fragment 

products. M: DL2000, 1-3: PCR products; b.5′-RACE 

product.M:DL2000, 1: 5′-RACE product; c. 3′-RACE 

product. M: DL2000, 1: 3′-RACE product;d. Pmdhn 

cDNA Product. M: DL2000, 1: Pmdhn cDNA product 
 

 
 

Fig. 2: Phylogenetic relationship of Pmdhn with other 

closely related dehydrin proteins. The accession numbers 

of the protein sequences used for building the phylogenic 

tree are provided (see chart) 

 
 

Fig. 3: The transcriptional levels of Pmdhn using the 18S 

control in P. massoniana under drought stress compared to 

normal condition. Data are mean ±SD of triplicate 

experiments. The different normal letters indicate 

significant difference after drought stress at 0.05 levels 

determined by one-way analysis of variance (ANOVA) 
 

 
 

Fig. 4: Plant expression vector construction of Pmdhn and 

PCR analysis of putative Pmdhn transgenic A. thaliana. a. 

Diagram of expression vector of pBI121- Pmdhn; b.PCR 

amplifications from DNA of the T1 generation of selected 

transgenic A. thaliana. M: DL2000; 1-6: Transgenic A. 

thaliana 7: pBI121-Pmdhn 8-9: wild-type 10:ddH2O 

LB PolyA GFP Pmdhn 35S TNos NPTII PNos RB

a

b

2000 bp

1000 bp

750 bp

500 bp

250 bp

100 bp

M 1 2 3 4 5 6 7 8 9 10
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Fig. 2S: The nucleotide and deduced amino acid sequences of Pmdhn. The S fragment is indicated by the shadow; K 

fragments are underlined; and the stop codon is marked with an asterisk 
 

 
 

Fig. 5: Analysis of root lengths of wild-type (WT) and transgenic A. thaliana under normal (0% PEG-6000) and drought 

stress (3.5% PEG-6000) conditions. a. Root developments of wild-type (WT) and transgenic A. thaliana (D1, D3, D5, D7, 

D8, D10) with 0% PEG-6000 or 3.5% PEG-6000 (treated) for 15 days. b. Analysis of root lengths of wild-type (WT) and 

transgenic A. thaliana 
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These results suggested that the root length increased 

in the transgenic A. thaliana under drought stress. The 

difference in root length between the transgenic (D1, D3, 

D7, D8, D10) and the wild group was statistically 

significant (P<0.05) (Fig. 5b). The result demonstrated that 

under drought stress, the roots of the transgenic A. 

thaliana could develop better than of the WT A. 

thaliana, suggesting that the Pmdhn gene may 

participate in the drought process. 
To evaluate whether Pmdhn is expressed in the T2 of 

transgenic A. thaliana, the transcriptional levels of Pmdhn 
were assessed under normal and drought conditions. The 
results of RT-PCR analysis showed that Pmdhn can be 
transcribed (Fig. 6). Compared to the normal treatment, the 
transcriptional levels of six Pmdhn lines were enhanced 
under drought condition. The Southern blot was undertaken 
to determine the number of copies of the Pmdhn gene 
present in the transgenic A. thaliana genome. The results 
showed that two copies of Pmdhn were present in transgenic 
A. thaliana of D1 and D3 lines, but not in the wild-type A. 
thaliana (Fig. 7). Meanwhile, GFP analysis of the roots in 
D3 line showed that green fluorescence was excited by blue 
light in the dark (Fig. 8), which also indicated that Pmdhn 
can be transcribed in transgenic A. thaliana. 

In the present study, the seedlings of the D3 line from 
the same growth period to further elucidate the water stress-
resistance of transgenic A. thaliana. The rate of water loss in 
leaves of the WT (16.43%, 25.74%, 31.94% and 35.40% at 
1, 2, 3, 4 h respectively) and of the transgenic plants (11.04, 
18.87, 24.49 and 27.73% at 1, 2, 3, 4 h respectively) 
increased as a function of treatment time (Fig. 9a). The rate 
of water loss of the WT plants were higher than of the 
transgenic plants, indicating that water loss occurred faster 
in the WT plants than in the transgenic plants (P<0.05). In 
addition, an increase in proline content was observed in the 
OP and WT plants under drought stress, and the proline 
content of the transgenic plants increased by 7.79% and 
15.79% respectively (Fig. 9b). The MDA content in the WT 
plants was higher and increased more rapidly than in the OP 
plants under drought stress, and the MDA content of the 
WT plants increased by 4.08 and 11.52% respectively (Fig. 
9c). The contents of proline and MDA were statistically 
different (P<0.05) (Fig. 9b and c). 

 

Discussion 

 
Dehydrins (DHNs) are associated with the maintenance 
of plant protein structure under abiotic stress (Farrant et 
al., 2004; Liang et al., 2012). Previous studies have 
shown that K fragments can result in the formation of a 
double-α-helix, which is the foundation of the hydrophilic 
structure (Ismail et al., 1999). The S-segment leads to 
nuclear targeting through phosphorylation (Jensen et al., 
1998). DHNs can prevent the excessive loss of 
intracellular water, the decrease of the membrane lipid 
bilayer spacing and maintaining the biological membrane 
structure (Danyluk et al., 1998; Allagulova et al., 2003). 

Thus, DHNs can play an important role, similar to the 
chaperone-like activity, in preventing further degeneration 
of some denatured proteins (Close, 1996; Tompa and 
Kovacs, 2000). 

In our study, a dehydrin cDNA has been isolated by 

RT-PCR using degenerate primers. It was found that 

multiple bands were amplified in the process of Pmdhn 

fragment cloning and all the bands were sequenced and 

found that only one of them is DHN sequence. Gene-

specific primers with its high specificity and sensitivity are 

easily designed. As mixed bases are matched with 

degenerate positions, degenerate primers are more difficult 

to design (Langeveld et al., 1991; Colinet and Kummert, 

1993; Zheng et al., 2008). Although, the target band was 

amplified by the primers with 1024-fold degeneracy 

(Rybicki and Hughes, 1990), there may be still great 

possibility of false positives due to the lower PCR 

specificity (Rybicki, 2001; Zheng et al., 2008). At the same 

time, the genome size of P. massoniana was about 27,400 

Mbp (Fan et al., 2013), which will also increase the 

probability of amplifying unrelated sequences. Due to many 

impacting factors, the generation of non-specific 

amplifications in process of gene cloning appeared in 

previous studies (Lin et al., 2008; Liu et al., 2015). 

In this study, the S segment of Pmdhn related to the 

nuclear localization signal and participates in transporting 

the dehydrated protein into the cell nucleus (Close, 1996), 

contained eight Ser residues and formed a phosphorylated 

Ser cluster. In addition, Pmdhn contains three K-fragments, 

 
 

Fig. 6: RT-PCR of Pmdhn gene in transgenic and wild-

type A. thaliana under normal and drought conditions 

 

 
 

Fig. 7: Southern blot assay of T2 transgenic A. thaliana. M: 

marker; P: positive control; WT: wild-type A. thaliana; D1: 

3 randomly selected transgenic A. thaliana in D1 line; D3: 

3 randomly selected transgenic A. thaliana in D3 line 
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and each K fragment sequence had three or four different 

amino acids and contained an extra amino acid (T or L) as 

compared to the theoretical K fragment (EKKGIMDKIK 

EKLPG). Surprisingly, the extra amino acid was always 

found in other Pinaceae plants, which could be the result of 

different species evolution, or some single nucleotide 

replacement or structure modification. 

Plant drought resistance is a complicated quantitative 

trait, and environmental stress adaptation in plants is 

achieved by changing physiology and biochemistry through 

up-regulated or down-regulated gene expression (Talamè et 

al., 2007). CsDHN1 and CsDHN2 isolated from Camellia 

sinensis were observed to be initially up-regulated, followed 

by down-regulation at 48 h (Paul and Kumar, 2013). 

AmDHN could be induced by PEG-6000 and drought 

treatments, and the expression of AmDHN could be 

improved under water deficit conditions. At the same time, 

the drought resistances of transgenic plants overexpressing 

AmDHN were improved (Sun et al., 2013). In addition, the 

drought-related DHNs PaDhn1 and PaDhn6 were strongly 

up-regulated in stem bark and current-year needles in 

response to drought (Eldhuset et al., 2013). 

Under drought stress conditions, the Pmdhn 

expression levels in roots and stems increased continuously 

for the first 15 days and then tapered down slowly. This 

phenomenon indicated that Pmdhn was induced by water 

deficit in the initial period. Afterwards, Pmdhn can no 

longer adapt for drought stress degree ascending and days 

prolonging, and then showed a downward trend. The Pmdhn 

expression levels in leaves kept rising under drought stress, 

but the rates of rising was small. 

No apparent changes in phenotype in normal or 

drought conditions were found. The roots in the OP plants 

had same length as those of the WT plants under normal 

conditions. However, roots in transgenic plant were longer 

than of the WT plants under drought stress, indicating that 

Pmdhn improved the drought resistance in transgene 

plants. The Southern bolt experiment showed that two 

copies of Pmdhn were present in transgenic A. thaliana 

of D1 and D3 lines, and the GFP analysis of the roots in 

D3 line also indicated that Pmdhn can be transcribed in 

transgenic A. thaliana. 

The water balance is favorable to the plant growth and 

the plant adaptation to drought stress. The accumulation of 

proline as the main compatible solute can maintain 

physiological activity (Mahajan and Tujeta, 2005; Ober et 

al., 2005) and balance the redox status of the cell during 

stress (Lehmann et al., 2010). Plants can increase proline 

concentrations during drought for protecting cells from 

oxidative damage (Alia et al., 2001). In our results, the 

Pmdhn over-expression lowered the water-loss rate and 

increased the proline content, indicating that Pmdhn 

enhanced the drought resistance by limiting the symplastic 

water transport to prevent fast wilting and by quickly 

accumulating proline in transgenic A. thaliana to keep the 

stability of the biological macromolecular structure 

(Popisilova et al., 2011). This phenomenon has also been 

reported in other species (Lehmann et al., 2010). MDA is 

the final decomposed product of lipo-peroxidation and the 

MDA content can reflect the level of damage (Xiang et al., 

2008). In this study, it was found that the MDA contents in 

the OP and WT plants both increased during the drought 

 
 

Fig. 8: GFP analysis on roots of wild-type and transgenic A. thaliana by fluorescence microscopea.c. The photographs were 

taken in the bright light b.d. In the dark field for green fluorescence excited by blue light 
 

 
 

Fig. 9: Effects of Pmdhn overexpression under drought stress. a. Water loss in wild-type (WT) and transgenic A. thaliana 

(OP); b. Proline content of WT and OP under drought stress; c. MDA content of WT and OP under drought stress 
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treatment, but the MDA contents were low in the transgenic 

plants and high in the WT plants, suggesting that the 

transgenic A. thaliana could markedly alleviate the lipid 

peroxidation caused by the water deficit and protect the 

stability of the membranes (Xiang et al., 2008). These 

findings suggested that Pmdhn may be involved in the 

drought stress and the overexpression of Pmdhn might 

enhance drought resistance in transgenic A. thaliana. 

 

Conclusion 

 

In summary, this study demonstrated the feasibility of 

cloning a new DHN gene, Pmdhn, from P. massoniana that 

was induced by drought stress. This was also confirmed that 

transgenic A. thaliana overexpressing Pmdhn can improve 

plant drought resistance. Further studies which overexpress 

Pmdhn are needed to further characterize and functionally 

analyze the Pmdhn gene in P. massoniana. 
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