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Expression of an arctic chickweed dehydrin, CarDHN, enhances
tolerance to abiotic stress in tobacco plants
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Abstract Dehydrin proteins are known to serve a wide

variety of intracellular protective functions and enhance the

capability of plants to deal with abiotic stresses. The gene

for a SK5 type dehydrin from the arctic chickweed plant

Cerastium arcticum (CarDHN) was introduced into

tobacco plants. Stress responses of the transgenic plants

were evaluated. Compared to the untransformed wild type

plants, the CarDHN-expressing plants exhibited improved

tolerance to salt and osmotic stress during seed germination

and seedling growth, and survived in -10 �C freezing

treatment. These CarDHN plants also accumulated lower

levels of free proline under salt stress and exhibited lower

transcription levels of HSP70 and HSP26 under drought or

salt stress, suggesting a possible pleiotropic effect of

CarDHN on stress response at cellular or molecular level.

However, no significant phenotypic differences were

observed between the wild type and the CarDHN-ex-

pressing plants under drought stress. Our study demon-

strated the specific role of the arctic chickweed dehydrin in

tolerance to salt, osmotic and freezing stress.

Keywords Cerastium arcticum (arctic chickweed) �
CarDHN � Dehydrin � Drought stress � Freezing � Heat
shock proteins � Proline � Salt and osmotic stress � Tobacco

Introduction

Plants face various environmental stresses throughout their

life cycle. Water deficit stress is one of the most damaging

challenges for plants, which can be caused by lack of soil

water content (drought), climatically induced low water

availability (frost and heat) or lowering of external water

potential (saline and osmotic stress) (Hasegawa et al. 2000;

Zhu 2002; Han et al. 2015). Dehydration often results in

alteration in cellular membranes, shrinkage of the cyto-

plasm, distortion of the inter-organelle space within a cell,

disruption of cellular organization, and impairment of

transpiration and transportation for water and nutrients

(Hoekstra et al. 2001; Zhu 2002; Wang et al. 2003), leading

to stunted growth and development or eventual death of

plants.

Plants have evolved various defense mechanisms to deal

with abiotic stresses. Crucial to the response to water

deficit stress are a group of hydrophilic proteins aptly

named as dehydrins belonging to the group 2 of the late

embryogenesis abundant (LEA) proteins (Dure and Chlan

1981; Close 1997). Under certain stresses such as dehy-

dration and low temperature or at certain developmental

stages, plants start to activate the dehydrin gene expression

and accumulate dehydrin proteins in cells (Close et al.

1989; Zhang et al. 1996; Cellier et al. 1998; Richard et al.

2000; Caruso et al. 2002). Numerous dehydrins are found

in almost all the plants examined (Hanin et al. 2011;

Graether and Boddington 2014). They are categorized by

their distinctive and conserved structural features such as

lysine (K)-rich domains known as K-segments, a serine-

rich domain (S-segment) and/or tyrosine-containing con-

sensus domains (Y-segments), as well as general lack of

cysteine and tryptophan, high percentage of polar amino

acids, and high thermostability (Rorat 2006; Battaglia et al.
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2008; Hanin et al. 2011; Graether and Boddington 2014).

Based on the differences in these features, dehydrins can be

broadly categorized into at least five subgroups. Each of

the subgroups is thought to reside in certain cellular loca-

tions and serve some unique molecular or physiological

roles such as nuclear targeting, phosphorylation sites, non-

specific binding of DNA and RNA, and chaperone activity

(Alsheikh et al. 2003; Hara et al. 2005, 2009; Mouillon

et al. 2006; Hanin et al. 2011; Graether and Boddington

2014), although some of these predictions need further

experimental validations. Each dehydrin subgroup can

further have numerous distinct members based on their

sequence differences. Individual plant species possesses

multiple genes encoding one or several, but not all, types of

dehydrins (Graether and Boddington 2014).

Because of the perceived roles of dehydrins, plants that

express foreign dehydrin genes have been tested for

enhanced tolerance to various abiotic stresses. For example,

in transgenic Arabidopsis, the dehydrin RcDHN5 from the

arctic plant Rhododenron catawbiense was shown to

improve frost tolerance (Peng et al. 2008), while the wheat

DHN5 enhanced salt and osmotic tolerance (Brini et al.

2007). Other studies found that expression of transgenic

dehydrins led to diverse physiological responses such as

improved metal ion sequestration (Krüger et al. 2002; Xu

et al. 2008), increase in cold and salt tolerance and decrease

in lipid peroxidation (Hara et al. 2003; RoyChoudhury et al.

2007; Xing et al. 2011; Liu et al. 2014), tolerance to lethal

levels of mannitol (Park et al. 2006), antibacterial activities

(Campos et al. 2006; Zhai et al. 2011), and reduction of

reactive oxygen species (Liu et al. 2015).

The wide range of physiological roles of dehydrins is

determined by their diverse and bioactive structural motifs

of the protein sequences. For example, the presence of

monopartite nuclear localization signals (RRKK) in the

S-segment was shown to influence nuclear localization of

the dehydrins (Plana et al. 1991; Goday et al. 1994; Jensen

et al. 1998; Szabala et al. 2014), suggesting an intriguing

possibility of their involvement in transcription or chro-

mosome maintenance. Also, some dehydrins can be phos-

phorylated in their S-segments containing the consensus

site EDD (Plana et al. 1991; Goday et al. 1994; Jensen et al.

1998; Alsheikh et al. 2003), which may further affect their

subcellular localizations and activities. Likewise, the tis-

sue/organ localization of dehydrins can be highly varied

depending on both the life cycle stages and environmental

conditions. In Arabidopsis under non-stress conditions, the

dehydrin RAB18 was localized only in guard cells and dry

embryos (seeds), and LTI29 and COR47 aggregated only

in root tips, whereas LTI30 was absent (Nylander et al.

2001). Under low temperature or the hormone ABA

treatments, however, the distribution of these dehydrins

became non-specific to any tissue or cell types (Nylander

et al. 2001). On the other hand, silencing a native dehydrin

gene that was expressed mainly in fruits and flowers

resulted in normal phenotype but decreased tolerance to

abiotic stresses in pepper plants (Chen et al. 2015).

Therefore, the expression of dehydrin genes is highly

regulated developmentally and is influenced by environ-

mental conditions.

Obviously, dehydrins have the potential for a wide range

of applications to protect plants under various abiotic

stresses. However, many of the distinct dehydrins from

various organisms are still unknown and remain to be

studied. Meanwhile, plant stress tolerance will become

increasingly more important for agricultural productivity

and sustainability in light of climate change. In this

regards, exploration of dehydrins from plants grown in

climatically extreme habitats may generate new knowledge

and valuable genetic resources for stress biology research.

Understanding the intricate properties of the distinct

dehydrins and their responses to specific stressors will help

design and employ more targeted metabolic engineering of

crops. The dehydrin from the arctic plant Cerastium arc-

ticum (chickweed), named as CarDHN here, has been

shown to improve abiotic stress tolerance in the yeast

Saccharomyces cerevisiae (Kim et al. 2013). Because of

CarDHN’s unique origin and distinct molecular structure,

we wanted to investigate how CarDHN would affect crop

plants under abiotic stresses. Here we report our effort of

generation and analysis of the transgenic tobacco plants

expressing CarDHN. Our study demonstrates the potential

of this unique dehydrin in enhancing salt and osmosis

tolerance and freezing survival, particularly during seed

germination and seedling growth, as well as its possible

pleiotropic effects on gene expression during salt and

drought stress.

Materials and methods

Plants and growth conditions

Surface-sterilized seeds of tobacco (Nicotiana tabacum L.,

cv. Havana petit) were planted on MS medium (Murashige

and Skoog 1962) supplemented with 3 % sucrose and

2.7 g l-1 phytagel and grown in a growth chamber at 24 �C
under 16 h of cool white light of 150 lmol photons m-2 s-1.

Unless indicated otherwise, soil-grown plants were watered

daily and fertilized every three weeks.

Construction of transformation vector expressing

Cerastium arcticum dehydrin

We named CarDHN for the Cerastium arcticum dehydrin

(GenBank accession HQ123366; Kim et al. 2013),
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following the suggested gene nomenclature (Østergaard

and King 2008) and to distinguish from a dehydrin named

CaDHN from the pepper plant Capsicum annuum (Chen

et al. 2015). The coding sequence of CarDHN, along with a

50-untranslated sequence 50-GTAACCAATTATTTCAG
CA-30 from the tomato rbcS and a FLAG tag sequence

50-GATTACAAGGATGATGATGATAAG-30 at the 30

end, was synthesized and cloned in plasmid PUC57 by

GenScript (USA). The 863-bp SmaI/SacI-cut fragment

(CarDHN) was then ligated into the SmaI/SacI digested

binary pBI101-derived plasmid (Clontech, USA; Zhang

et al. 2004). The resultant plasmid pCarDHN (Fig. 1) was

introduced to Agrobacterium tumefaciens strain EHA105

for plant transformation.

Plant genetic transformation

Agrobacterium-mediated transformation of tobacco was

carried out as described in Zhang et al. (2004) and Tsai

et al. (2010) using kanamycin (100 mg/L) as selection

reagent. Rooted plants cultivated on kanamycin-containing

MS medium were transferred to soil pots and grown to

maturity in the growth chamber. The T1 seeds were ger-

minated on MS medium containing kanamycin to score

segregation. T2 seeds obtained from those kanamycin

resistant seedlings were germinated on kanamycin-con-

taining medium to identify the homozygous lines that were

used for this study. As a reference, transgenic tobacco

plants were simultaneously generated using the same

backbone of transformation vector as pCarDHN, except

that CarDHN coding sequence was replaced with the GUS

gene coding for b-glucuronidase. The GUS transgenic

plants were similar to the wild type in their responses to

stresses.

DNA and RNA analysis

Genomic DNA was extracted from leaves of the wild type

and the transformed plants using Plant DNeasy mini kit

(Qiagen, USA). Polymerase chain reaction (PCR) was

performed to verify the presence of CarDHN using Bio-

MixTM Red (Bioline, USA) at 95 �C for 2 min followed by

30 cycles at 95 �C-20 s, 52 �C-30 s and 72 �C-15 s.

To detect the transcription of the transgene CarDHN as

well as the endogenous dehydrins and heat shock proteins

(HSPs), total RNA was extracted from young leaves of the

transgenic and the wild type plants in similar physiological

conditions, using Qiagen RNeasy mini kit and converted

into first-stranded cDNA using Maxima first strand cDNA

synthesis kit (Thermos Scientific, USA) and random pri-

mers and oligo dT18. Either regular PCR or quantitative

real-time PCR (qPCR) using SYBR Green (Life Tech-

nologies, USA) was then carried out. Tobacco elongation

factor 1a, ribosomal protein L25 and ubiquitin-conjugating

enzyme E2 mRNAs were used as references for qPCR

(Schmidt and Delaney 2010).

The sequences of all the primers used in this study are

listed in ‘‘Supplementary Table S1’’.

Western blot analysis

To extract leaf proteins (Zhang et al. 2001), same amount

(fresh weight or leaf area) of young leaves from the

transgenic and the wild type plants were ground in liquid

N2, followed by extraction with 100 mM Tris–HCl, pH 7.5,

100 mM NaCl, 10 mM EDTA, 10 mM dithiothreitol,

0.1 % (v/v) Triton X-100 and cOmplete Ultra protease

inhibitor cocktail tablets (Roche, USA). After centrifuga-

tion at 12,0009g at 4 �C for 10 min, the supernatants were

taken for measurement of protein concentration using

Coomassie Plus Protein Assay Reagent (Pierce, USA).

Western blot analysis was done as described previously

(Zhang et al. 2011, 2014), using the monoclonal FLAG tag

antibody (Cell Signaling, USA) according to manufac-

turer’s protocol.

Treatments for drought, salt and osmosis stresses

Ten-day old seedlings were transferred to 600 soil pots and
grown in the growth chamber for 31 days and watered

Fig. 1 Structure of the vector pCarDHN used for tobacco transfor-

mation. The dehydrin CarDHN from the arctic plant chickweed

Cerastium arcticum was fused with a Flag tag and driven by a double

cauliflower mosaic virus (CaMV) 35S promoter and ended with

nopaline synthase terminator (NOS-T). Neomycin phosphotransferase

(NPT II) was used for kanamycin resistance for tissue culture

selection. Relevant restriction enzymes are shown. Location and

orientation of PCR primers for CarDHN are indicated by arrows. The

figure size is not to scale

Plant Growth Regul

123



daily. For drought treatment, plants were withheld water

for 14 days when signs of stress became obvious. After

sampling, the plants were rehydrated for 5 days. For each

of those treatments, the top fully expanded leaves were

collected, used immediately or flash frozen in liquid N2 and

stored at -80 �C.
Three sets of salt/osmosis stress tests were performed.

For seed germination, surface-sterilized seeds of the

transgenic and wild type plants were plated on MS medium

supplemented with 0, 100, 150, 200 and 300 mM NaCl or

0, 100, 200, 300 mM mannitol. Seed germination was

assessed daily for 20 days. For root growth assays, 8-day

old seedlings were planted on MS medium supplemented

with 0, 100, 150, 200, and 300 mM NaCl or 100 mM

mannitol. Two days later, the plates were placed upright to

allow for vertical root growth. Seedling growth was

assayed after indicated period. Also, 21-day old plants

grown in 400 soil pots were irrigated daily with 20 ml

deionized water or 200 mM NaCl per pot for 7 days, fol-

lowed by 40 ml deionized water or 200 mM NaCl daily for

7 days. Then leaf samples were collected, used immedi-

ately or flash frozen in liquid N2 and stored at -80 �C.

Cold and freezing tests

Seven-day-old seedlings of the wild type and the CarDHN-

expressing plants grown on MS medium were incubated at

4 �C under 16 h daily light of 50 lmol photons m-2 s-1 for

8 weeks. Also, adopting a procedure reported by Li et al.

(2004), trays of soil-grown plants in the growth chamber

(24 �C, 16 h daily light of 150 lmol photons m-2 s-1)

were moved to 4 �C in dark for 2 days, followed by a

sequential incubation at -10 �C for 2 h and 4 �C for 1 day,

before returned to the growth chamber. The phenotypes of

these plants were photographed.

Measurements of electrolyte leakage, relative water

content, proline content and dry mass

Electrolyte leakage assay was carried out according to

Singh et al. (2014). Leaf discs (8 mm in diameter) were

collected from the topmost, fully expanded leaves from the

transgenic and wild type plants grown in the same condi-

tions and with the same treatments. Conductivity was

measured using Con 5 Meter (Oakton, USA). To assay

relative water content (RWC), first the fresh weight (FW)

of whole leaves was recorded. Then the leaves were

rehydrated in deionized water at 4 �C overnight, after

which leaves were weighed again to obtain turgor weight

(TW). Leaves were then dried in an oven at 80 �C for 24 h,

after which the dry weight (DW) was recorded.

RWC = (FW–DW)/(TW–DW) 9 100. Free proline con-

tent was measured according to Singh et al. (2014) and

Karan and Subudhi (2014) using the standard acidic nin-

hydrin colorimetric assay (Bates et al. 1973). Biomass was

measured by drying above ground samples in an oven at

80 �C for 48 h.

Statistical analysis

At least three replicates for each of the measurements were

performed. Statistical analysis was performed using SAS

and Minitab software (Student’s t test). Statistical signifi-

cance at P\ 0.05 was determined using the proc univariate

and two-sample t test commands.

Results

Cerastium arcticum dehydrin (CarDHN) differs

from the tobacco endogenous dehydrins

Different species may have different types of dehydrins. In

attempt to introduce a novel transgene, a comparative study

of the arctic chickweed dehydrin (CarDHN) and the

endogenous dehydrins from the host plant tobacco was

carried out. The 293-amino acid CarDHN possesses an

S-segment (Fig. 2a), a typical feature for most dehydrins. It

also contains five conserved K-segments. Therefore,

CarDHN is a SK5 dehydrin. In addition, CarDHN has four

imperfect repeats varying in size of 25–37 amino acids

(Fig. 2a). Based on the reported gene expression (Kasuga

et al. 2004) and genomic sequence databases, four tobacco

genes encoding two distinct dehydrins, NtDHN1 and

NtDHN2, were identified. They differ in size (171 aa for

NtDHN1 and 218 aa for NtDHN2) and in sequence

(Fig. 2b). Although both have an S-segment, NtDHN1 has

two Y-segments and two K-segments, thus a Y2SK2

dehydrin, belonging to the subgroup YnSKn dehydrins that

have been shown to bind to lipid vesicles (Koag et al.

2003). In contrast, NtDHN2 has three K-segments and no

Y-segment; therefore it is a SK3 dehydrin (Fig. 2b). Unlike

CarDHN, neither NtDHN proteins possess direct repeats.

Therefore, the arctic chickweed dehydrin CarDHN and the

two tobacco dehydrins are structurally distinct from each

other. They are likely to play different physiological roles

in response to various stresses. To our knowledge, a SK5

dehydrin such as CarDHN had never been studied in a

transgenic plant. Thus, the CarDHN from an arctic plant

that is adapted to a unique environment might impart

transgenic plants with new traits for stress tolerance.

Generation of transgenic plants expressing CarDHN

The CarDHN coding sequence was fused with the 50-UTR
of the tomato rbcS gene to facilitate efficient translation,

Plant Growth Regul

123



and attached with a FLAG tag to facilitate downstream

detection of the protein. The CarDHN gene was driven by

the double CaMV 35S promoter (Zhang et al. 2004) and

ended with the NOS terminator (Fig. 1). Transgenic plants

expressing this gene cassette were generated by Agrobac-

terium-mediated transformation. The kanamycin-resistant

plants were initially screened by PCR for the plants con-

taining the CarDHN gene, an example of which is shown in

Fig. 3. All the transgenic plants grew normally and were

fertile. Under normal soil conditions, no obvious pheno-

typic changes were observed as compared to the untrans-

formed wild type plants.

Based on kanamycin resistance, homozygous lines from

T2 generation of those PCR positive plants were identified.

We have further tested some of the CarDHN plants as

shown in Fig. 4. Quantitative real-time RT-PCR analyses

confirmed the presence of various levels of CarDHN

mRNA in the transgenic plants, but not in the wild type

plants (Fig. 4a). On the other hand, the expression of the

tobacco endogenous dehydrin genes NtDHN1 and

NtDHN2 was observed in both the wild type and transgenic

plants (Fig. 4b, c). This demonstrates that the transgenic

plants transcribed both CarDHN and the endogenous

dehydrin genes, whereas the wild type plants expressed

only the endogenous dehydrin genes. Likewise, Western

blot analyses detected the presence of Flag-fused CarDHN

protein in the transgenic plants but not in the wild type

plants (Fig. 4d). All these results confirmed the CarDHN

expression in these transgenic plants. Then, we performed

stress tests on several selected lines of transgenic plants.

Salt and osmotic tolerance during seed germination

and survival of freezing treatment

Compared to the wild type plants and the GUS-expressing

transgenic plants, the CarDHN-expressing plants showed a

remarkable tolerance to NaCl or mannitol during seed

MSNLHPTGGETETTNTDRGLFGFGKKTETPVATPTEPPHKPTLTEKLHRSGSSSSSSSDEEVIENGAKIR

KPRRK[GIAGKIKDKLPGGHKDEYETATPIAAGEYYHQEPNKH]ASDR[GVAEKIKEKLPGGHKDEYGTA

PTGDHCHQEQNKH]ASEM[GAAEKIKDKLPGGQKDEYGTAPTGDHYHRDQNKH]TAAGNTHYPEGNKGFV

GNVKDKLPGNQTDVNHHQQQQQHPAVHVSQQAVQEPHHEKK[GLLDNIKDKMPGGHKDDADKAHKGY]-

DYKDDDDK 

NtDHN1   MSHYDNQFSAGQALQTDEYGNPIRQTDEYGNPVHHTGGTMGDYGTTGTGGAYGTHAGGGAGHT 
NtDHN2   MADQYEKKVEEGSANVEATDRGLFDFLGKKEEEKPTHAQEEHAISSEFVEKVKVSEEVAE--- 

NtDHN1   TGILGGEHRPGHEHGTLGGMLHRSGSSSSSSSSSEDD-----GQGGRRKKKGMKEKIKEKLPG 
NtDHN2   ----YKEEEKKEEHNKEEKKLHRSSSSSSSSSDEEEEIGEDGQKIKKKKKKGLKDKIKDKISG 

NtDHN1   GHKDDQTHSTATTTTTGYGMEGHHEKKGIMDKIKEKLPGHHGPGHH 
NtDHN2   GHKEEE-KAGEDTAVPVEKYEETEEKKGFLDKIKEKLPGGGQKKTEEVAPPPPPAAEHEAEGK 

NtDHN2   EKKGFLDKIKEKLPGYHSKTEEEKEKEKEKEVAASH 

S-seg 

K-seg 1 K-seg 2 

K-seg 3 K-seg 4 

K-seg 5 flag tag 

S-seg K-seg 1 

K-seg 2 

K-seg 3

B 

CarDHN 
A 

Y-seg 1   Y-seg 2 

Fig. 2 Major sequence features

of dehydrins from Cerastium

arcticum (CarDHN; a) and
tobacco (NtDHN1 and

NtDHN2; b). Tyrosine
(Y) segments, serine

(S) segments and lysine

(K) segments are variously

underlined. Brackets indicate

imperfect repeats found only in

CarDHN. The Flag tag was

fused to the C-terminus of

CarDHN to facilitate Western

blot analysis

Fig. 3 PCR analysis of genomic DNA extracted from leaves of wild

type (Wt) and several representative transgenic plants. The transgene

CarDHN was detected in the transformed plants but not in the wild

type plant
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germination (Fig. 5a–c, supplementary Fig. S1 and

Fig. S2). Seed germination and seedling growth for the

wild type plants were severely impaired by the presence of

NaCl at C200 mM, whereas the transgenic plants were

able to germinate and grow (Fig. 6a–c; Fig. S1). Conse-

quently, transgenic seedlings had significantly higher root

length and shoot biomass than the wild type plants in the

presence of NaCl (Fig. 6d, e) or mannitol (Fig. S3).

Fig. 4 Dehydrin gene expression of plants grown in normal condi-

tions. a–c, quantitative RT-PCR analysis of the transcription of the

transgene CarDHN (a) and two tobacco endogenous dehydrin genes

NtDHN1 (b) and NtDHN2 (c) in the leaves of wild type (Wt) and

several representative lines of transgenic plants. d Western blot

detection for the presence of CarDHN protein (ca. 31 kDa) in the

transgenic plants. The 110 kDa protein that cross reacted with the

anti-Flag antibody was used as internal standard to indicate protein

loading

Fig. 5 Stress responses of seed

germination and seedling

growth of wild type (Wt) and

CarDHN transgenic plants. a–c,
seeds were germinated and

grown in MS medium (a) or MS

medium supplemented with

200 mM NaCl (b) and 300 mM

mannitol (c) for 25 days (a, b)
or 18 days (c). d 33-day-old

plants were moved to 4 �C for

2 days, followed by 2 h at

-10 �C, 1 day at 4 �C and then

moved backed to the growth

chamber (24 �C, 16-h light/8-h

dark) for 5 days. Additional

photos of plants are shown in

‘‘Supplementary Fig. S4’’
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When grown at 4 �C, the CarDHN transgenic and thewild

type plants showed no phenotypic difference, both growing

slowly and maintaining green leaves (data not shown).

However, after acclimation at 4 �C, most of the CarDHN

transgenic plants survived-10 �C treatments and recovered

to normal growth, whereas all the wild type plants disinte-

grated and died (Fig. 5d; Fig. S4). Interestingly, without the

4 �C pretreatment, all plants died after the-10 �C exposure,

which is similar to the study of the phospholipase-expressing

transgenic Arabidopsis (Li et al. 2004).

Responses of adult plants to drought and salt stress

In contrast to the distinct stress responses displayed by the

transgenic plants during seed germination and seedling

growth, the older plants ([6 weeks) did not seem to exhibit

different phenotypic responses to drought or salt stress as

compared to the wild type plants. No statistically signifi-

cant difference between the wild type and transgenic plants

under drought was detected in a variety of measurements

such as leaf electrolyte leakage (Supplementary Fig. S5),

Fig. 6 Changes in growth and leaf free proline content in response to

salt. a–e, 8-day-old seedlings (n = 6–10) were grown on medium

with various NaCl concentrations for additional 15 days. f content of
leaf free proline in 31-day-old, soil-grown plants (n = 10) that were

irrigated daily with 0 mM NaCl (water) or 200 mM NaCl for

additional 2 weeks. Wild type (Wt) plants and CarDHN-expressing

plant lines #9 and #12 are shown. Significantly different values

(P\ 0.05) are indicated with different letters
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leaf relative water content, above ground biomass or plant

height (Fig. S6).

However, while the free proline levels in leaves were

similar for the wild type and the CarDHN-expressing plants

under normal water condition (Fig. 6f) or under drought

stress (Fig. S6), salt stress induced by daily irrigation with

200 mM NaCl resulted in significantly lower levels of free

proline in the transgenic plants than the wild type plants

(Fig. 6f). It should be pointed out that salt stress elevated

the proline levels by over 30 folds for both the wild type

and the transgenic plants, as compared to the plants grown

with sufficient water. But upon salt irrigation, the wild type

plants accumulated much more proline than the CarDHN-

expressing plants (Fig. 6f). Yet no significant difference

was observed for biomass or plant height between these

wild type and transgenic plants under salt stress (data not

shown). This suggests that CarDHN appeared to affect

proline metabolism of the transgenic plants in response to

salt stress but not to drought stress.

Likewise, under drought stress, both the wild type and

the CarDHN plants showed a drastically elevated (over

1000-fold) expression levels of the chloroplast heat shock

protein HSP26 but somewhat down regulated HSP90,

whereas HSP70 remained largely steady (Fig. 7). Inter-

estingly, when compared the wild type plants to the

transgenic plants, the HSP90 mRNA level was similar

(Fig. 7a) regardless of water conditions. But for HSP70

transcription, the wild type had a significantly (P\ 0.05)

higher level than the transgenic plants both under water-

sufficient condition and post-drought rehydration even

though they all had a similar HSP70 level during the

drought (Fig. 7b). On the other hand, the wild type plants

had a significantly higher level of HSP26 transcription than

the transgenic plants under drought (Fig. 7c). Upon rehy-

dration, the HSP26 transcription for all these plants

decreased to the basal level that was still higher than

before-drought treatment. Overall, the HSP26 transcription

level in the wild type plants was much higher than that in

the CarDHN plants regardless of the water conditions

(Fig. 7c). Similar HSP26 results were observed for plants

irrigated with 200 mM NaCl for 14 days (Supplementary

Fig. S7). These results suggest that despite the seemingly

lack of significant phenotypic difference between the wild

type and the transgenic plants under salt or drought stress,

Fig. 7 Changes in expression of heat shock protein (HSP) genes in

response to drought. Plants were soil-grown with normal watering for

31 days (Control), then withheld water for 2 weeks (Drought),

followed by daily watering for 5 days (Rehydrated). Significant

difference (P\ 0.05) within treatment between wild type (Wt) plants

and CarDHN-expressing plant lines #9 and #12 is indicated with

different letters. Note The scale on y-axis reflects the relative levels of

transcription as compared to the same reference gene in each plant.

qPCR analysis of HSP gene expression in response to salt is shown in

‘‘Supplementary Fig. S7’’
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CarDHN expression had a pleiotropic effect on stress-re-

lated molecular responses as reflected by proline accumu-

lation and HSP transcription.

Discussion

The arctic chickweed plant (Cerastium arcticum) dehydrin

CarDHN is structurally different from the two known

tobacco dehydrins (Fig. 2). Expression of CarDHN in

tobacco reveals interesting stress responses. While

CarDHN confers the seeds and the seedlings of the trans-

genic plants remarkable tolerance to salt and osmotic stress

(Figs. 5, 6; Fig. S1), its phenotypic effect on older plants

was not obvious. This may suggest that CarDHN has a

specific role in enhancing osmotic stress tolerance in seed

germination and early development of plants, but does not

seem to offer significant advantage to adult plants experi-

encing drought stress, even though changes in HSP gene

expression and proline metabolism did occur as discussed

below. Tobacco plants are naturally drought tolerant. In our

growth chamber experiments with controlled lighting and

temperature, the soil-grown plants can survive without

water for up to 4 weeks and are rapidly recovered once

rehydrated. Perhaps tobacco has already evolved an

effective defense mechanism for drought stress, probably

involving its endogenous dehydrins.

The CarDHN has been shown to enhance salt tolerance

in yeast and to improve freezing tolerance in yeast and

E. coli (Kim et al. 2013). We also observed that the

CarDHN-expressing tobacco seedlings survived in -10 �C
freezing treatment and recovered to continue the growth,

whereas the wild type suffered the lethal damage (Fig. 5d;

Fig. S4). These results illustrate the potential of CarDHN

as a bio-antifreeze agent that would be important for an

arctic plant. However, we were unable to detect difference

in stress-induced leaf electrolyte leakage or water retention

between the transgenic plants and the wild type plants. It

may be speculated that CarDHN in our transgenic plants

acts on ion homeostasis or chaperone activity as in the

yeast, but does not directly affect membrane structure.

Nonetheless, the biochemical processes of how CarDHN

protein mediates the physiological responses specifically to

osmotic condition or drought stresses in plants remain to be

further investigated.

It is interesting to note a significantly lower level of free

proline in the leaves of transgenic plants than the wild type

plants, when irrigated with NaCl solution (Fig. 6f).

Although elevated levels of proline are commonly reported

for plants under stress (Gilmour et al. 2000; Figueras et al.

2004; Liu et al. 2015; Saibi et al. 2015; Fig. 6f of this

study), lower proline levels have also been observed in salt

tolerant transgenic plants (e.g., Kalifa et al. 2004; Jha et al.

2012). In our study, higher proline levels were detected for

both the wild type and the transgenic plants under stress as

compared to normal conditions (Fig. 6f). The surprising

finding is that under salt stress, the CarDHN-expressing

plants had a lower proline level than the wild type plants

(Fig. 6f). It is well known that proline metabolism is a

complex process influenced by multiple factors, stress

condition being one of the signals to up regulate proline

biosynthesis and accumulation (Zhang and Becker 2015).

In our case, one could speculate that the CarDHN-ex-

pressing plants may perceive the salt irrigation not as

stressful as did the wild type plants, therefore without

provoking the same degree of proline elevation as the wild

type. Considering the salt tolerance by CarDHN seedlings,

this again implicates CarDHN’s role in tolerance to salt/

osmosis stress.

Heat shock proteins are well known to be associated

with plants’ response to various abiotic stresses in addition

to heat stress (Wang et al. 2004; Timperio et al. 2008). It is

a generally accepted notion that changes in HSP gene

expression can be considered as one of the indicators for

stresses. Using cDNA arrays, Rizhsky et al. (2002) con-

ducted comparative transcriptomic analysis of tobacco

under drought and salt stress and heat shock. They

observed a decreased transcription level for HSP90 and

increased levels for both HSP70 and the chloroplast small

HSPs including HSP26 under drought stress, as compared

to the control condition. Under salt stress, however, the

HSP90 transcription level was increased while the HSP70

mRNA level was decreased, with HSP26 unknown (Rizh-

sky et al. 2002). The changes in transcription of HSP70 and

HSP26 may be viewed as a sign of the stress status these

plants are experiencing. Our observations (Fig. 7; Fig. S7)

are in general agreement with Rizhsky et al. (2002). What

is interesting in our study is that consistently lower tran-

scriptional levels of HSP70 and HSP26 were observed for

the CarDHN-expressing plants than the wild type plants

under various conditions (Fig. 7b, c; Fig. S7). Perhaps

analogous to the proline levels under salt stress as dis-

cussed above, a less elevated transcription of these HSPs

may indicate a stress-tolerant status for these transgenic

plants. One may speculate that even though significantly

different phenotype was not observed, expression of

CarDHN may still confer some degrees of drought and salt

tolerance in those adult plants.

As aforementioned, dehydrins are involved in plants’

responses to diverse environmental conditions. Yet each

type or subgroup of dehydrins can be inherently stressor-

specific (Rorat 2006; Hanin et al. 2011). Overexpression of

transgenic dehydrins should not be expected to affect tol-

erance to every type of abiotic stress, if at all, that a plant

may experience. For instance, dehydrins from the resur-

rection plant Craterostigma plantagineum did not alter
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drought tolerance in transgenic tobacco (Iturriaga et al.

1992). Co-expression of several dehydrins enhanced frost

tolerance but not drought tolerance in Arabidopsis (Puha-

kainen et al. 2004). Likewise, a maize dehydrin improved

salt and osmotic tolerance in Arabidopsis, but did not

improve desiccation tolerance, instead increased stomatal

transpiration in the transgenic plants (Figueras et al. 2004).

On the other hand, transgenic Arabidopsis plant expressing

a Medicago truncatula Y2K4-type dehydrin showed

drought tolerance due to reduced stomatal density on

leaves (Xie et al. 2012). Furthermore, the scope and depth

of our understanding of dehydrins’ biochemical and

physiological responses in planta will always be relied on

the advances in technological approaches and applications.

It may be worth pointing out that while the expression of

the endogenous NtDHN2 gene in the CarDHN plants was

largely similar to the wild type (Fig. 4c), there appeared to

be obvious variation for NtDHN1 transcription (Fig. 4b).

This may suggest interplay between the endogenous and

foreign dehydrins. Thus, our study supports the notion that

the CarDHN expression has an expanded effect on the gene

expression such as NtDHN and HSP in the host plants,

which could affect plants’ overall responses to abiotic

stress.

Dehydrins are a diverse group of proteins that share

some of the key features in sequence and structure. Yet

different plants with distinct life history have evolved

different types of dehydrins to adapt to specific environ-

mental cues. Each dehydrin possesses distinctive domains

and subtle sequence differences and may thus respond to

specific cellular functions. Consequently, dehydrins as a

group have shown, or are predicted to have, an enormous

scope of activities, resulting in a wide range of physio-

logical responses to various abiotic stresses and develop-

mental processes as outlined in Fig. 8. Thus, the rich

genetic resource of natural plant dehydrins is worthy being

further explored to advance our understanding of their

molecular mechanisms and physiological functions, and to

help improve crop plants with more tolerance for specific

environmental stresses and better able to deal with the

ongoing climate change.

In conclusion, transgenic tobacco plants expressing the

dehydrin CarDHN from the arctic chickweed (Cerastium

arcticum) exhibited greater tolerance to salt and osmosis

stress during seed germination and seedling growth and

were more tolerant to freezing at -10 �C. However, these
plants did not appear to be any more tolerant to drought

than the wild type plants. There was no significant dif-

ference in leaf electrolyte leakage under osmosis or

drought stress. But lower cellular proline levels and lower

HSP transcription levels detected in the CarDHN-ex-

pressing plants than in the wild type plants under stress

indicate a sign of less stressful status for these transgenic

plants. Our study suggests that CarDHN may not interact

with membranes directly in its host plants, but play a

specific role in salt/osmosis and freezing responses, a

process particularly critical during seed germination and

early growth of young plants. CarDHN may also have a

pleiotropic effect on the molecular response to salt and

drought stress.
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Isolation and characterization of a dehydrin gene from white

spruce induced upon wounding, drought and cold stresses. Plant

Mol Biol 43:1–10

Rizhsky L, Liang H, Mittler R (2002) The combined effect of drought

stress and heat shock on gene expression in tobacco. Plant

Physiol 130:1143–1151

Rorat T (2006) Plant dehydrins—tissue location, structure and

function. Cell Mol Biol Lett 11:536–556

RoyChoudhury A, Roy C, Sengupta DN (2007) Transgenic tobacco

plants overexpressing the heterologous lea gene Rab16A from

rice during high salt and water deficit display enhanced tolerance

to salinity stress. Plant Cell Rep 26:1839–1859

Saibi W, Feki K, Mahmoud RB, Brini F (2015) Durum wheat

dehydrin (DHN-5) confers salinity tolerance to transgenic

Arabidopsis plants through the regulation of proline metabolism

and ROS scavenging system. Planta 242:1187–1194

Schmidt GW, Delaney SK (2010) Stable internal reference genes for

normalization of real-time RT-PCR in tobacco (Nicotiana

tabacum) during development and abiotic stress. Mol Genet

Genomics 283:233–241

Singh N, Mishra A, Jha B (2014) Over-expression of the peroxisomal

ascorbate peroxidase (SbpAPX) gene cloned from halophyte

Salicornia brachiate confers salt and drought stress tolerance in

transgenic tobacco. Mar Biotechnol 16:321–332

Szabala BM, Fudali S, Rorat T (2014) Accumulation of acidic SK3

dehydrins in phloem cells of cold- and drought-stressed plants of

the Solanaceae. Planta 239:847–863

Timperio AM, Egidi MG, Zolla L (2008) Proteomics applied on plant

abiotic stresses: role of heat shock proteins (HSP). J Proteomics

71:391–411

Tsai F-Y, Zhang X-H, Ulanov A, Widholm JM (2010) The

application of the yeast N-acetyltransferase MPR1 gene and

the proline analogue L-azetidine-2-carboxylic acid as a

selectable marker system for plant transformation. J Exp Bot

61:2561–2573

Wang WX, Vinocur B, Altman A (2003) Plant responses to drought,

salinity and extreme temperatures: towards genetic engineering

for stress tolerance. Planta 218:1–14

Wang W, Vinocur B, Shoseyov O, Altman A (2004) Role of plant

heat-shock proteins and molecular chaperones in the abiotic

stress response. Trends Plant Sci 9:244–252

Xie C, Zhang R, Qu Y, Miao Z, Zhang Y, Shen X, Wang T, Dong J

(2012) Overexpression of MtCAS31 enhances drought tolerance

in transgenic Arabidopsis by reducing stomatal density. New

Phytol 195:124–135

Xing X, Liu Y, Kong X, Liu Y, Li D (2011) Overexpression of a

maize dehydrin gene, ZmDHN2b, in tobacco enhances tolerance

to low temperature. Plant Growth Regul 65:109–118

Xu J, Zhang YX, Wei W, Han L, Guan ZQ, Wang Z, Chai TC (2008)

BjDHNs confer heavy-metal tolerance in plants. Mol Biotechnol

38:91–98

Zhai C, Lan J, Wang H, Li L, Cheng X, Liu G (2011) Rice dehydrin

K-segments have in vitro antibacterial activity. Biochemistry

(Moscow) 76:645–650

Zhang L, Becker DF (2015) Connecting proline metabolism and

signaling pathways in plant senescence. Front Plant Sci. Article

552. doi: 10.3389/fpls.2015.00552

Zhang X-H, Moloney MM, Chinnappa CC (1996) Analysis of an

ABA- and osmotic stress-inducible dehydrin from Stellaria

longipes. J Plant Physiol 149:617–622

Zhang X-H, Widholm JM, Portis AR Jr (2001) Photosynthetic

properties of two different soybean suspension cultures. J Plant

Physiol 158:357–365

Zhang X-H, Takagi H, Widholm JM (2004) Expression of a novel

yeast gene that detoxifies the proline analog azetidine-2-

carboxylate confers resistance during tobacco seed germination,

callus and shoot formation. Plant Cell Rep 22:615–622

Zhang X-H, Webb J, Huang Y-H, Lin L, Tang R-S, Liu A (2011)

Hybrid Rubisco of tomato large subunits and tobacco small

subunits is functional in tobacco plants. Plant Sci 180:480–488

Zhang X-H, Keating P, Wang X-W, Huang Y-H, Martin J, Hartmann

JX, Liu A (2014) Production of functional native human

interleukin-2 in tobacco chloroplasts. Mol Biotechnol

56:369–379

Zhu JK (2002) Salt and drought stress signal transduction in plants.

Ann Rev Plant Biol 53:247–273

Plant Growth Regul

123

http://dx.doi.org/10.3389/fpls.2015.00552

	Expression of an arctic chickweed dehydrin, CarDHN, enhances tolerance to abiotic stress in tobacco plants
	Abstract
	Introduction
	Materials and methods
	Plants and growth conditions
	Construction of transformation vector expressing Cerastium arcticum dehydrin
	Plant genetic transformation
	DNA and RNA analysis
	Western blot analysis
	Treatments for drought, salt and osmosis stresses
	Cold and freezing tests
	Measurements of electrolyte leakage, relative water content, proline content and dry mass
	Statistical analysis

	Results
	Cerastium arcticum dehydrin (CarDHN) differs from the tobacco endogenous dehydrins
	Generation of transgenic plants expressing CarDHN
	Salt and osmotic tolerance during seed germination and survival of freezing treatment
	Responses of adult plants to drought and salt stress

	Discussion
	Acknowledgments
	References




