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Dehydrins (DHNs) as a member of late-embryogenesis-abundant (LEA) proteins are

involved in plant abiotic stress tolerance. Two dehydrins PpDHNA and PpDHNC

were previously characterized from the moss Physcomitrella patens, which has

been suggested to be an ideal model plant to study stress tolerance due to its

adaptability to extreme environment. In this study, functions of these two genes were

analyzed by heterologous expressions in Arabidopsis. Phenotype analysis revealed that

overexpressing PpDHN dehydrin lines had stronger stress resistance than wild type and

empty-vector control lines. These stress tolerance mainly due to the up-regulation of

stress-related genes expression and mitigation to oxidative damage. The transgenic

plants showed strong scavenging ability of reactive oxygen species(ROS), which was

attributed to the enhancing of the content of antioxidant enzymes like superoxide

dismutase (SOD) and catalase (CAT). Further analysis showed that the contents

of chlorophyll and proline tended to be the appropriate level (close to non-stress

environment) and the malondialdehyde (MDA) were repressed in these transgenic plants

after exposure to stress. All these results suggest the PpDHNA and PpDHNC played a

crucial role in response to drought and salt stress.

Keywords: dehydrins, Physcomitrella patens, salinity stress, drought tolerance, transgenic Arabidopsis plants

INTRODUCTION

Abiotic stressors, such as drought and salinity, can affect the normal growth of plants by affecting
their physiological and metabolic processes, ultimately inhibiting the production of crops. This
mainly affects the plant growth rate and tillering and finally results in the reduction of output
(Munns and Tester, 2008; Rozema and Flowers, 2008; Afrasyab et al., 2010).

Stress damage is frequently reflected in the generation of reactive oxygen species (ROS), which
can cause damage to cellular components if accumulation reaches a certain threshold (Miller et al.,
2010; Krasensky and Jonak, 2012).ROS, such as 1O2, H2O2, O

·−

2 , and OH•, can cause oxidative
damage to proteins, DNA, and lipids (Apel and Hirt, 2004). These superoxides can affect the
stability of the structure of the latter and ultimately cause it to lose its function.

Plant biologists have long been interested in the mechanisms underlying the responses
of plants to environmental changes, and a number of regulatory and/or protective
proteins have been identified in plants exposed to different stressors (Choi et al., 1999;
Skinner et al., 2005; Svensson et al., 2006; Yamaguchi-Shinozaki and Shinozaki, 2006).
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Dehydrin proteins (DHNs) are characteristic of such proteins,
and confer outstanding ability to resist stress during periods of
drought and salinity stress as well as in cold environments (Close
et al., 1989; Porat et al., 2004; Rorat et al., 2006; Tripepi et al.,
2011).

DHNs are highly hydrophilic proteins that belong to the group
II (also called D-11) Late Embryogenesis Abundant (LEA) family
that accumulate in the late stages of embryogenesis, during the
period in which themoisture content of the seed is decreased, and
also in response to various types of stress (Liii, 1993; Close, 1996,
1997; Battaglia, 2008). These proteins, which are characterized
by conserved K, Y, and S segments (Close, 1996), rendering
them highly conserved in evolution, are found in a variety of
plants. As reported previously, the specific repetitive sequences
and K-rich segments are obvious characteristics of the DHN
group of the Arabidopsis LEA protein family (Dure et al., 1989;
Close, 1996). Only the K segment (EKKGIME/DKIKEKLPG) is
found in almost all the DHNs. These conserved motifs, which are
thought to form an amphipathic α-helix structure (Liii, 1993),
protect plant cells by interacting with both membranes and
partially denatured proteins (Close, 1996; Mouillon et al., 2006;
Rahman et al., 2010).

The Y segment (DEYGNP) is usually found in 1–3 copies in
the N-terminal region of these proteins. The S segment in DHNs
is mainly composed of 5–7 serine residues followed by three
acidic amino acids, usually located near the C-terminus. The
main function of these segments is related to nuclear localization
(Jensen et al., 1998). DHNs are classified into five subclasses
according to the type and number of these conserved/identifiable
motifs: YnSK2, Kn, SKn, Y2Kn, and KnS (Mundy and Chua,
1988).

DHN genes are highly expressed under conditions of various
types of stress, such as drought, cold, or high salinity (Yoon
et al., 2009; Agarwal et al., 2016). Under such stressful
conditions, DHNs accumulate in most tissues and cells and
are mainly distributed in the nucleus and cytoplasm of the
plant cell. Previous studies indicated that DHNs interact with
the chloroplast (Mueller and Fernando, 2003; Tunnacliffe and
Wise, 2007), mitochondria (Borovskii et al., 2002; Grelet, 2004),
tonoplast (Heyen et al., 2002), endoplasmic reticulum (ER) (Ukaji
et al., 2001), cytosol (Roberts et al., 1993), and nuclei (Liu
et al., 2013). Some DHNs were found to accumulate in the root
tip, open stomata, and cells surrounding the vascular tissue,
suggesting that these proteins may play roles in these special
tissues under non-stress conditions (Nylander et al., 2001).

The accumulation of DHNs is frequently associated with
responses to stress. Studies regarding the functions of DHN3
and DHN9 in barley showed that the expression levels of these
proteins were positively correlated with the chlorophyll a and
b contents and had a significant effect on osmotic adjustment.
They were also correlated with low levels of malondialdehyde
(MDA), an indicator of plant oxidative stress, as well as reduced
electrolyte leakage (Karami et al., 2013). A DHN gene knockout
P. patens mutant showed poorer stress resistance and recovery
from salt and osmotic pressure compared to the wild-type (WT),
indicating that DHNs are indispensable for the alleviation of
cell dehydration (Saavedra et al., 2006; Ruibal et al., 2012).

Furthermore, there is increasing evidence that DHN transgenic
plants show enhanced stress resistance. For example, Nicotiana
tabacum transgenic plants overexpressing the citrus unshiu
COR19 gene showed effective resistance to cold stress (Hara et al.,
2003). Additionally, transgenic Oryza sativa overexpressing both
Hordeum vulgare HVA1 (Xu et al., 1996) and wheat PMA80 and
PMA1959 genes (Cheng et al., 2002) showed increased tolerance
to both water deficit and salinity. Overexpression of DHN-5
of Triticum durum in Arabidopsis transgenic plants resulted in
enhanced tolerance to osmotic stress (Brini et al., 2010). Thus,
research regarding DHN transgenic plants with regard to the
cultivation of stress-resistant mutants and further studies of the
DHN family have far-reaching implications in plant biology.

DHNs have been found in all higher plants, including
angiosperms and gymnosperms (Close, 1997), and there have
also been reports regarding the existence of proteins similar
to DHNs in lower land plants (Velten and Oliver, 2001).
However, there have been few reports regarding heterologous
expression of DHNs from lower plants in higher plants.
Here, we selected the DHN genes of the moss Physcomitrella
patens, which is highly tolerant to dehydration, salinity, low
temperature, and osmotic stress, making it an ideal material for
research on stress tolerance (Frank et al., 2005; Charron and
Quatrano, 2009). Physcomitrella patens encodes fewer DHN-
like proteins than seed plants (Choi et al., 1999; Svensson
et al., 2002). LEA protein is highly represented in Arabidopsis
thaliana, and 51 LEA genes as well as 10 DHN genes
have been identified in this species (Biesethève et al., 2008;
Hundertmark and Hincha, 2008). Therefore, we generated
A. thaliana mutants by heterologous expression of P. patens
DHN genes and analyzed their stress tolerance. The results
indicated that the transgenic plants could effectively resist
drought and salt stress due to their enhanced antioxidant
capacity.

RESULTS

PpDHNA and PpDHNC Are Parts of DHN
Proteins
The DHN proteins, members of the LEA protein family,
are characterized by their extreme hydrophilicity (Wise
and Tunnacliffe, 2004; Figure S1). Their biased amino acid
composition also results in stability in response to heat in
solution, which is similar to the recently developed concept
of “hydrophilins” (Garayarroyo et al., 2000). The K segment
(Figure 1A) as the key position of LEA proteins to bind the
membrane (Koag et al., 2003, 2009), which plays a significant
role in the cold tolerance effect of DHNs (Eriksson et al., 2011).
The results of amino acid sequence analysis indicated the
presence of five tandemly repeated motifs in PpDHNA and
of three in PpDHNC (Figure 1B) Of course, these repeated
amino acid segments are also found in other DHNs (Houde
et al., 1992; Neven et al., 1993; Welin et al., 1994). Furthermore,
we compared PpDHN with 10 different DHN proteins from
Arabidopsis (Hundertmark and Hincha, 2008) and divided them
into different groups according to their sequence (Figure 1C).
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FIGURE 1 | Analysis of PpDHNA (Phypa 221321) and PpDHNC (Phypa 173172) proteins. (A,B) Alignment of the K segment and repeating motifs found in the

PpDHNA and PpDHNC protein sequence using RADAR (http://www.ebi.ac.uk/Tools/pfa/radar/). Motifs are labeled RP1 to RP5 and numbers refer to the amino acid

position of the first residue. (C) Phylogenetic relationships between PpDHNA and PpDHNC protein and related proteins from Arabidopsis thaliana.

The results indicated that the PpDHN proteins are closely related
to the DHNs of Arabidopsis (Figure S2 and Table S1).

Subcellular Localization of PpDHNA and
PpDHNC
For the majority of LEA proteins, both the LEA-GFP and the
corresponding GFP-LEA protein fusions were routinely found to
give a specific fluorescent pattern typical of a cytosolic location.
As indicators of the subcellular localizations of PpDHNA
and PpDHNC, the fusion proteins 35S::PpDHNA::GFP
mostly accumulated in the cytosol and nuclei, and the
35S::PpDHNC::GFP fusion protein showed more prominent
localization in the chloroplast (Figure 2). Thus, it was suggested
that PpDHNC conferred tolerance to the chloroplast (Artus
et al., 1996). These observations suggest how the DHN proteins
confer stress resistance.

Drought and Osmotic Stress Assay in
PpDHNA and PpdHNC Plants at the
Seedling Stage
There is accumulating evidence that the heterologous expression
of DHNs confers significant stress tolerance (Saibi et al.,
2015b). To examine the stress tolerance effects of PpDHNA

and PpDHNC, we generated transgenic plants by T-DNA
insertion of 35S::PpDHNA::GFP, pLEA::PpDHNA::GFP,
pLEA::PpDHNA, 35S::PpDHNC::GFP, pLEA::PpDHNC::GFP,
and pLEA::PpDHNC into Arabidopsis (Figure S4A).

The ability to adapt to osmotic or salt stress treatments
was monitored in PpDHN transgenic and WT plants (seedlings
growth on 1/2 MS media for 1 week) exposed for 7 days
to concentrations ranging from 100 to 400 mM mannitol or
50 to 150 mM NaCl, respectively (Figure 3 and Figure S4).
The PpDHNA and PpDHNC seedlings did show tolerance to
the above stress treatments. Instead, the inhibition of primary
root growth and substantial bleaching of cotyledons were
seen in both WT and vector (Figure 3A and Figure S4). The
critical concentrations for inhibition of plant growth were
100 mM for mannitol and 50 mM for NaCl, and the effects
were concentration-dependent. After treatment, we confirmed
PpDHNA and PpDHNC expression in transgenic plants and
WT controls. The overexpressing lines showed significant
improvement in the expression of RNA level. Moreover,
the transgenic plants using the LEA promoter showed mild
improvement in stress tolerance after treatment (Figures S3,
S4B,C).

Until a concentration of 400 mM mannitol or 150 mM
NaCl was reached, there were significant differences between
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FIGURE 2 | Subcellular localization of 35S::PpDHN::GFP fusion proteins in transgenic Arabidopsis. Subcellular distribution of the 35S::PpDHN::GFP fusion proteins in

epidermis leaf cells using confocal laser scanning microscope. DAPI (4′,6-diamidino-2- phenylindole) binds strongly to A-T rich regions of DNA in nuclei. The red is

chloroplast fluorescence, the green is GFP and the blue is DAPI fluorescence. Scale bar = 1 µm.

the transgenic plants and WT controls; most transgenic plants
survived, whereas the WT did not (Figure 3E). We further
confirmed the phenotypes under conditions of salinity and
osmotic stresses by determining chlorophyll contents. We
expected that all the transgenic plants would maintain a high
chlorophyll content and chlorophyll a/b ratio under the stress
conditions (Figures 3F,G). Both strains showed quite different
levels of stress response, manifested in the persistent growth
phenotypes of the transgenic plants under conditions of stress.

PpDHNA and PpDHNC Confer Salinity and
Drought Stress Tolerance to Arabidopsis
The overexpression of genes encoding DHN proteins confers
stress tolerance to transgenic plants, including tolerance to
drought (Xu et al., 1996; Sivamani et al., 2000), dehydration
(Cheng et al., 2002), and cold (Artus et al., 1996; Hara et al., 2003;
Houde et al., 2004). Similarly, we characterized the phenotypes
of PpDHNA and PpDHNC lines via whole-plant stress assay in
pots (Figure 4A). The seedlings of these lines were transferred
to well-watered soil in pots, and watering was withheld for

approximately 2 weeks to gradually reduce water content. We
chose 200-mM NaCl treatment as salinity stress. Under normal
conditions, there were no differences in the growth of the
transgenic lines and the WT controls. After induction of salinity
stress, almost all the WT plants showed severe reduction of
growth (Figure 4E). We observed severe dehydration of the
leaves, and the whole plant was wilted (Figure 4E). In contrast,
although some of the leaves of most DHN transgenic plants
showed chlorosis, as a whole, they showed resistance to salinity
stress and were still able to grow. Salinity tolerance in plants
is often related to the accumulation of various molecules,
such as sugars, including sucrose and trehalose; amino acids,
especially proline in plant leaves; and also changes in chlorophyll
level (Ben Rejeb et al., 2014). The chlorophyll content and
the chlorophyll a/b ratio indicated that the DHN transgenic
plants can carry out photosynthesis under conditions of stress
(Figures 4B,C).

Meanwhile, DHN transgenic plants also showed
characteristics of drought tolerance. After drought treatment, the
majority of WT plants exhibited obvious wilting due to severe
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FIGURE 3 | Effects of salinity and osmotic stresses on the PpDHNA and PpDHNC transgenic Arabidopsis seedlings. (A) Phenotypic comparison of wild type and

PpDHN transgenic seedlings treated as indicated for 7 days. (B) Relative root length of plants treated as in (A). Data are measurement from 10 seedlings ±SD, with

three biological replicates for each sample. (C,D) Relative root length of plants treated with different concentrations of mannitol or NaCl. (E) Survival rate of WT and

transgenic after salinity and osmotic stresses as in (A). Survival rate (%) was mean of three biological replicates (n = 30) with ±SD value. (F,G) Chlorophyll contents

and Chlorophyll a/Chlorophyll b of WT and transgenic after salinity and osmotic stresses as in (A). The experiment was carried out in triplicate with more than 30 plant

for each background. Data are mean values ±SD. Data are statistically analyzed with one-way ANOVA (LSD and Tamhane). Asterisks indicate significant different

(*P < 0.05; **P < 0.01).

water deficit. In contrast, most of the PpDHN-overexpressing
plants did not show any obvious wilting, and the leaves remained
green. The water potential (ψ) of the PpDHN-overexpressing

plants tended to be more consistent than that of the WT
controls (Figure 4D) water potential. After re-watering for 3
days, the PpDHN lines were largely restored, and the degree of
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FIGURE 4 | Effect of salinity and drought stresses on the PpDHNA and PpDHNC transgenic Arabidopsis plants. (A) Phenotypic comparison of 3-week-old wild type

and PpDHN transgenic plants treated as indicated for 4 weeks. (B,C) Chlorophyll contents and Chlorophyll a/Chlorophyll b of 4-week plants treated as in (A) with 200

mM NaCl or without watering for 2 weeks. Data are means of measurement from three rosette leaves ±SD, with three replicates for each sample. (D) Measurement of

plant water potential of plants under drought stress as in (A). (E) Survival rate of WT and transgenic after salinity and drought stresses as in (A). The experiment was

carried out in triplicate with more than 30 plant for each background. Data are statistically analyzed with one-way ANOVA (LSD and Tamhane). Asterisks indicate

significant different (*P < 0.05; **P < 0.01).
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restoration was considerably higher than that of the WT controls
(Figure 4E). These results indicated that PpDHN enhances plant
tolerance to salinity and drought stress.

Overexpression of PpDHNA and PpDHNC
Induces Expression of Stress-Responsive
Genes
To further examine the molecular mechanism underlying
the salt and osmotic tolerance conferred by PpDHN, the
expression levels of five stress-responsive marker genes in
PpDHN transgenic lines and WT plants under treatment with
400 mM mannitol and 150 mM NaCl were examined by
qRT-PCR (Figure 5). The five stress-responsive marker genes
examined showed significantly upregulated transcription in WT
and transgenic plants under conditions of stress. Moreover, the
fold changes in upregulation of the five marker genes under
each treatment were much higher in PpDHN transgenic lines,
especially in PpDHN-overexpressing lines, compared to WT
controls.

PpDHNA and PpDHNC Plants Resist
Oxidative Damage by Increasing ROS
Scavenger Accumulation
Abiotic stresses, such as drought and high salinity, can induce
the generation of reactive oxygen species (ROS), leading to
oxidative damage to plants (Miller et al., 2010; Krasensky and
Jonak, 2012). To examine the molecular mechanism of ROS
scavenger production underlying the osmotic and salt tolerance
conferred by PpDHN, we examined the expression of four
ROS scavenger-related genes in PpDHN transgenic lines and
WT controls under conditions of treatment with 400 mM
mannitol and 150mMNaCl (Figure 6). The four ROS scavenger-
related genes examined were significantly upregulated inWT and
transgenic plants under conditions of stress. However, the fold
changes in ROS scavenger-related gene upregulation under each
treatment condition were much higher in the PpDHN transgenic
lines, especially the PpDHN-overexpressing lines, compared to
in the WT controls. We speculate that the ROS scavenger-
related enzyme activity should be higher in PpDHN transgenic
plants.

ROS scavenger analysis of DHN transgenic plants showed
that the PpDHN protein conferred stronger stress tolerance
to plants due to upregulation of SOD and CAT enzyme
activities (Figures 7A,B). These changes result in clearance of
excessive ROS accumulated under conditions of stress. MDA is
considered an important indicator of plant oxidative stress, a
sound membrane structure, and lipid peroxidation in response
to salinity and drought (Xu et al., 2010; Wen et al., 2012).
In the same way, the accumulation of proline reflects, to a
large extent, the plant antioxidant ability (Matysik et al., 2002).
MDA and proline contents reflect the ability of plants to resist
oxidative damage (Figures 7C,D). The results indicated that
PpDHN transgenic plants showed a strong antioxidant capacity.
Thus, PpDHNwas shown to enhance the ability of plants to resist
stress by participating in the antioxidant pathway.

DISCUSSION

Environmental stress is an important cause of crop reduction. A
great deal of research has focused on the genes induced by stress
to elucidate the genetic and molecular bases of stress tolerance in
plants. Various genes were shown to be upregulated in response
to environmental stress (Zhu et al., 1997; Oono et al., 2003). Here,
we focused on the DHNs to explore the mechanism of plant
response to stress. Under conditions of cell dehydration, this type
of protein often accumulates at high levels and is suggested to
play a role in abiotic stress tolerance, although the mechanisms
remain unclear.

A considerable number of studies have indicated that DHNs
protect plants from stress injury by it’s special molecular structure
and disordered state (Bokor et al., 2005; Mouillon et al., 2008;
Cuevas-Velazquez et al., 2014). Sequence analysis indicated
that PpDHN is highly hydrophilic (Figure S1) and possesses a
number of specific domains (Figures 1A–C). These properties
are regarded as a key factors in reducing water loss in the plant
under conditions of stress; this is equivalent to the role of the
hydration buffers in maintaining water balance (Roychoudhury
and Nayek, 2014).

The maintenance of membrane stability and integrity is
of the highest priority for the maintenance of intracellular
osmotic pressure. MDA is an indicator of membrane damage
(Taulavuori et al., 2001), and it was accumulated to much
lower levels in PpDHN plants compared to WT controls under
conditions of drought and salt stress (Figure 7C), suggesting
that PpDHN improved membrane integrity under stress. This
protective effect was attributed to the disordered structure of
DHN (Saibi et al., 2015a), meaning that it can easily bind other
macromolecules, such as proteins, nucleic acids, and negatively
charged lipids (Campbell and Close, 1997; Waterer et al., 2010;
Ferrie et al., 2011). The fusion protein 35S::PpDHNC::GFP
was mainly concentrated in the chloroplast (Figure 2). This
specific chloroplast localization suggests that PpDHNC could
protect the stability of the thylakoid and chloroplast membranes,
and thus maintain electron transfer chain transmission in
the photosystem. This makes it possible to carry out normal
photosynthesis and alleviate the damage to the electron transport
chain induced by stress (Ali et al., 2006; Asada, 2006; Fischer et al.,
2013).

DHN proteins accumulate in vegetative tissues that have been
exposed to multiple types of stress (Bray, 1994; Biesethève et al.,
2008; Hundertmark and Hincha, 2008). The expression level
of DHN protein and plant stress tolerance showed a positive
correlation (Figure S6) (Yoon et al., 2009). Compared with plants
with normal or low levels of DHNs, those expressing elevated
levels of DHN show excellent stress tolerance (Puhakainen et al.,
2004; Saavedra et al., 2006). In different species, heterologous
expression of DHNs confers stress tolerance to plants (Xu et al.,
1996; Cheng et al., 2002; Hara et al., 2003; Brini et al., 2010).
Therefore, there is a great deal of interest in screening to identify
the DHN genes conferring the greatest degrees of stress tolerance
as targets for genetic engineering. The growth of seedlings and
the phenotypic analysis of plants in soil showed that the PpDHN
transgenic plants, especially overexpressing lines, were highly
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FIGURE 5 | Expression analysis of stress-responsive genes in PpDHNA and PpDHNC transgentic lines and WT under salinity and osmotic stresses. (A–E) The

expression of five stress-responsive genes (NCED3, HAI2, COR47, RD29A, and HVA22D) in PpDHNA and PpDHNC transgenic lines and WT was analyzed by

quantitative real-time PCR. Seedlings treated as in Figure 3A with 150 mM sodium chloride or 400 mM Mannitol for 24 h. Data are mean values ±SD, with three

biological replicates for each sample. Data are statistically analyzed with one-way ANOVA (LSD and Tamhane). Asterisks indicate significant different (*P < 0.05;

**P < 0.01).
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FIGURE 6 | Expression analysis of ROS scavenger-related genes in PpDHNA and PpDHNC transgentic lines and WT under salinity and osmotic stresses. (A–D) The

expression of four ROS scavenger-related genes (CAT1, CAT2, CSD1, and FSD1) in PpDHNA and PpDHNC transgenic lines and WT was analyzed by quantitative

real-time PCR. Seedlings treated as in Figure 3A with 150 mM sodium chloride or 400 mM Mannitol for 24 h. Data are mean values ±SD, with three biological

replicates for each sample. Data are statistically analyzed with one-way ANOVA (LSD and Tamhane). Asterisks indicate significant different (*P < 0.05).

resistant to stress (Figures 3A, 4A). PpDHN-overexpressing lines
showed significant root elongation and appropriate chlorophyll
contents and also showed a phenotype similar to those reported
in previous studies (Brini et al., 2007; Miller et al., 2010).

There is accumulating evidence that DHN transgenic plants
show good survival, including outstanding growth and reduced
injury, under various conditions of stress. However, there have
been few reports regarding the mechanism of stress tolerance.
The enhanced stress tolerance is mainly attributed to the
upregulation of stress-responsive genes, such as NCED3, HAI2,
COR47, RD29A, and HVA22D (Xue et al., 2011; Mao et al., 2012,
2014; Chu et al., 2015; Huang et al., 2015; Jia et al., 2015). The
expression of these genes alters the physiological and metabolic
processes of plants, thus conferring resistance to abiotic stress
(Guo et al., 1992; Lin and Thomashow, 1992; Kiyosue et al.,
1993; Msanne et al., 2011). Here, we performed expression
level analysis of the above-mentioned genes and found positive
correlations between the accumulation of PpDHN protein and

the expression levels of these stress-responsive genes in the
mutants, especially in PpDHN-overexpressing lines (Figure 5).
Remarkably, some stress-responsive genes in overexpressed lines
were also upregulated under normal conditions. This was likely
because the PpDHN was derived from P. patens, which can
survive in severe environments (Frank et al., 2005; Saavedra
et al., 2006; Charron and Quatrano, 2009; Wang et al., 2009).
Thus, PpDHN preadapted plants to the advent of stress. Our
data indicated that PpDHNs increased the levels of expression
of stress-related genes resulting in the protection of plants from
abiotic stress.

The damage caused by abiotic stress is mainly reflected in
the excessive accumulation of ROS, thus leading to oxidative
damage (Gill and Tuteja, 2010). ROS are believed to be
signaling molecules regulating plant growth and responses to
biotic or abiotic stresses (Apel and Hirt, 2004; Mittler et al.,
2004). DHNs enhanced plant oxidative damage tolerance by
improving ROS scavenging ability, mainly reflected in the
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FIGURE 7 | Analysis of oxidative scavenging and oxidative damage on the PpDHNA and PpDHNC transgenic Arabidopsis plants. (A,B) SOD and CAT activity of

transgenic plants treated as in Figure 4A. Data are means of analysis from 0.05 g rosette leaves or cauline leaves ± SD, with three replicates for each sample. (C,D)

MDA and Proline contents of transgenic plants treated as in Figure 4A. Data are means of analysis from 0.05 g rosette leaves or cauline leaves ±SD, with three

replicates for each sample. Data are statistically analyzed with one-way ANOVA (LSD and Tamhane).

increases in the contents of ROS scavengers, such as SOD and
CAT (Bowler et al., 1994; Mhamdi et al., 2010). We found
that the expression of ROS scavenger synthesis-related genes,
such as CAT1, CAT2, CSD1, and FSD1 (Xie et al., 2012), were
upregulated in PpDHN-overexpressing plants under conditions
of drought and salt stress (Figures 6A–D). Elevated levels of
SOD and CAT enzyme activities were detected accompanying the
trends in expression of these genes (Figures 7A,B). Additionally,
PpDHN transgenic plants accumulated higher levels of proline
(Figure 7D), which allowed the plants to recover after removal
of the stressor (Ben Rejeb et al., 2014). This was consistent
with previous reports that DHN transgenic plants showed
enhanced stress tolerance via improved ROS scavenging capacity
(Saibi et al., 2015b).

In summary, the results of this study indicated that PpDHNs
function as positive response proteins under conditions of
drought and salt stress. PpDHN transgenic plants showed
stronger tolerance to drought and salt stresses as determined by
root elongation at the seedling or growth stage and by chlorophyll
content while in the soil. Moreover, the results indicated that
the enhanced stress tolerance of PpDHN transgenic plants

was attributable to enhanced ROS scavenging capability and
preservation of the integrity of the membrane structure and
function. This makes sense from an evolutionary viewpoint, as
a great variety of DHN types and functions have developed in
the process of species evolution. The functions of homologous
proteins in the same family can be determined by heterologous
expression of DHNs in different species. Such studies are also
important for the selection of DHN transgenic plants to increase
agricultural production.

MATERIALS AND METHODS

Plasmid Constructions and Plant
Transformation
Vector PZP111 (Hajdukiewicz et al., 1994) was used to
construct PZP111-eGFP. NOS-terminator (between EcoR1
and SacI restriction sites) and the eGFP fragment (start
code ATG artificially mutated to ATC) between KpnI and
SacI restriction sites were obtained from vector PBI121
and then recombined into vector PZP111, respectively. The
resultant vector was named PZP111-eGFP. 35S CaMV promoter
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from PBI121 (with HindIII and XbaI) was recombined
into vector PZP111-eGFP to obtain vector PZP111-35SeGFP
(Figure S7).

Specific primer pair (pLEA-PstI-F and pLEA-SalI-R,Table S2),
was designed upstream of the open reading frame to amplify
the PpDHNA promoter. The length of the cloned upstream
fragment flanked by PstI and SalI restriction sites, as shown by
the underlining. A pair of gene-specific primers (PpDHNA-XbaI-
F and PpDHNA- BamHI-R,Table S2) was designed to amplify the
full length open reading frame of PpDHNA. The CDS without
the stop codon and flanked by XbaI and BamHI enzyme sites,
was amplified from cDNA. The CDS fragment was cloned into
pPZP111-35S- eGFP to obtain 35S::PpDHNA::eGFP.

The native promoter and the CDS of the gene were
cloned into pPZP111-eGFP to obtain pLEA::PpDHNA::GFP.
To obtain pLEA::PpDHNA, the full gene CDS was amplified
using PpDHNA-SalI-F and PpDHNA-BamHI-R (Table S2). The
same strategy was adopted to construct pLEA::PpDHNC,
pLEA::PpDHNC::GFP, and 35S::PpDHNC::GFP (Information of
primers used are listed in Table S2).

Transgenic lines were generated using the Agrobacterium
tumefaciens LBA4404 vacuum infiltration method. This method
is usually done by stigma infiltration. Transgenic plants were
obtained by screening progeny. Seeds of the first-generation
transgenic line T1 from infiltrated plants were germinated on
1/2 MS medium containing 50mg L−1 kanamycin to select
for the positive seedlings. Several lines were obtained for
each transformation and at least two generations of resistance
screening were performed (copy number in Figure S5 and
Table S4, Figure S8 shows PCR analysis of the transgenic plants).

Plant Materials Cultivation and
Physiological Analysis of Stress
Treatments
All of the Arabidopsis seeds and transgenic plants used in this
study were in a Col-0 (Columbia) background. All plants were
grown in a controlled growth chamber at 21–22◦C under cool-
white fluorescent light (80–100 µmol m−2 s−1) in a long day
photoperiod (16 h light/8 h dark).

Arabidopsis seeds were germinated on half-strength
Murashige and Skoog (1/2 MS) medium supplemented
with 0.6% (w/v) sucrose and 0.7% (w/v) agar. After 7 days,
seedlings were transferred to 1/2 MS medium with 100–400 mM
mannitol or 50–150 mM NaCl and treated for another 7 days.
Mannitol and NaCl were added to different 1/2 MS medium.
Seven-day seedlings(normal 1/2 MS medium) were transferred
to above-mentioned 1/2 MS medium.

Arabidopsis were also grown in garden soil (Basic substrate
No. 1, Pindstrup Mosebrug A/S, Denmark) without additional
fertilizer, and were maintained in a greenhouse under standard
growing conditions (Weigel and Glazebrook, 2002). Before
salinity and drought treatment, young plants were watered once
per week. Three-week plants were used for salinity or drought
treatment, by watering with 200 mM NaCl solution or depriving
of water respectively for 4 weeks. After drought treatment, they
are rewaterd for a week.

Measurements of Chlorophyll, MDA and
Proline Contents
Chlorophyll content was measured as previously reported
(Wolken and Schwertz, 1953). Rosette leaves were taken and
weighed at the indicated time, then placed into 5 mL of
90% (v/v) acetone for extraction of chlorophyll a/b. The
chlorophyll content of each sample was assayed by measuring the
absorbance at 645, 663, and 652 nm using a Beckman DU-640
spectrophotometer.

chlorophyl a (Chla)(mg/g) = (12.7× A663− 2.697× A645)

× 7× V/(1000×W)

chlorophyll b (Chlb)(mg/g) = (22.77× A645− 4.687× A663)

× 7× V/(1000×W)

chlorophyll (Chl)(mg/g) = chlorophyll a (Chla)

+ chlorophyll b (Chlb)(mg/g)

(V:The final volume of extraction solution) (W: Leaf fresh weight)
Measurement of MDA: 0.05 g of rosette leaves or cauline leaves
was ground in liquid nitrogen. Each sample was incubated
with 5 ml of 10% (w/v) trichloroacetic acid (TCA) solution,
then with the same volume 0.6% (w/v) of 2-thiobarbituric acid
(TBA) buffer. The MDA content of each sample was assayed
by measuring the absorbance at 450, 532, and 600 nm using
a Beckman DU-640 spectrophotometer. MDA content were
calculated with the following formula:

MDA levels (nmol g−1 FW) = [6.452× (D532− D600)− 0.559

× D450]× 50

Proline content was measured using the colorimetric
determination based on proline’s reaction with ninhydrin
(Bates et al., 1973). 0.05 g of rosette leaves or cauline leaves
were incubated with 2 mL of 3% sulfosalicylic acid solution and
boiled for 30 min. The proline solution was mixed with the same
volume of ninhydrin acid and glacial acid at 100◦C for 30 min.
After mixture had cooled down, the proline content of each
sample was assayed by measuring the absorbance at 520 nm
using a Beckman DU-640 spectrophotometer.

Measurement of Plant Water Potential
Leaf water potential (ψ) was estimated on rosette leaves after
drought or salt treatment. 0.5 g leaves in each plot were used to
determine water potential using a DECAGON WP4C pressure
chamber.

Oxidative Enzyme Assays
The antioxidant enzyme activities of superoxide dismutase
(SOD), and catalase (CAT) were determined by ELISA using
the detection kits following the manufacturer’s instructions
(Jiancheng Bioengineering Institute, Nanjing, China).

Sequence Databases, Alignment, and
Phylogeny
BLASTp was used to search for homologs of PpDHNA and
PpDHNC proteins in the complete sequenced genomes of plants
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from various biological databases (GenBank, protein database,
and genomes database). Sequences from several species were
aligned with ClustalW, and phylogenetic tree was constructed
using the BioNJ software (Gascuel, 1997) with Maximum
likehood method (ML) analysis.

Microscopy
Samples were collected from the 2nd true leaves of 7-day-
old seedlings. Leaf tips were fixed in 3.5% glutaraldehyde for
1 h (dark; room temperature, RT), then incubated in 0.1 M
Na2EDTA (pH 9.0) solution for additional 2 h in dark at
RT (Pyke and Leech, 1991). After that, leaf samples were
transferred into 1 µg/mL DAPI (Sigma) solution, stained in
dark for 20 min and washed with PBS buffer for 5 times before
imaging.

GFP signal was examined using a Zeiss LSM 780 laser
confocal microscope (Carl Zeiss, Germany). The excitation
wavelength used was 488 nm. Emission wavelengths between
503 and 518 nm were used to detect GFP and wavelengths
between 590 and 608 nm were used to detect chlorophyll
auto-fluorescence. The excitation wavelength and emission
wavelengths used for DAPI imaging are 405 nm and
between 446 and 475 nm respectively. The obtained images
were subsequently analyzed using Adobe Photoshop CS5.1
software.

Isolation of RNA, cDNA Synthesis, and
Quantitative Real-Time PCR
Total RNA was isolated using Trizol reagent (Invitrogen,
Gaithersburg, MD, USA) according to manufacturer’s
instructions. PrimeScriptTM RT Master Mix (Perfect Real
Time) was used for RNA purification and reverse transcription
following the manufacturer’s instructions. Real-time quantitative
reverse transcription-PCRs (RT-PCRs) were performed
using a QuantStudioTM 6 Flex Real- Time PCR System
(Applied Biosystems, Warrington, UK) with SYBR Pre-
mix Ex TaqTM (TaKaRa Bio Inc., China) according to
the manufacturer’s instructions. Using specific primers
(Table S3), the expression levels of the genes are presented
as values relative to the corresponding control samples
at the indicated times or under the indicated conditions
after normalization to actin2 (Du et al., 2014) transcript
levels.
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Figure S1 | Kyte and Doolittle hydropathy analysis of PpDHNA and PpDHNC.

Values below the zero lines are negative and hydrophilic, based on the average

over a moving window of 19 amino acids. The numbers on the horizontal axis

refer to the amino acid positions.

Figure S2 | Unrooted dendrogram of all Arabidopsis LEA genes and PpDHNA

and PpDHNC. Sequence alignments were performed unsing the ClustalW

algorithm and an unrooted dendrogram was drawn subsequently. The different

LEA groups are indicated by different colors.

Figure S3 | Salinity and osmotic stresses induced the transcriptional levels of

PpDHNA and PpDHNC in transgenic plants. (A,B) Salinity-induced and

osmotic-induced expression of PpDHNA and PpDHNC in the transgenic plants,

analyzed using quantitative real-time PCR. Seedlings treated as in Figure 3A with

150 mM sodium chloride or 400 mM Mannitol for 24 h. Data are mean values

±SD, with three biological replicates for each sample. Data are statistically

analyzed with one-way ANOVA (LSD and Tamhane). Asterisks indicate significant

different (∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001).

Figure S4 | Effects of salinity and osmotic stresses on the others lines of PpDHNA

and PpDHNC transgenic Arabidopsis seedlings. (A) Phenotypic comparison of

wild type and PpDHN transgenic seedlings treated as indicated for 7 days. (B,C)

Salinity-induced and osmotic-induced expression of PpDHNA and PpDHNC in the

transgenic plants, analyzed using quantitative real-time PCR. Seedlings treated as

in (A) with 150 mM sodium chloride or 400 mM Mannitol for 24 h.

Figure S5 | QRT-PCR analysis for copy number of genes. To plot standard

curves, single copy vector was diluted to different concentrations. So did

transgenic plants. By comparing the slope, each lines has a copy number similar

to that of single copy vectors’.

Figure S6 | PpDHNA and PpDHNC protein expression under stresses. Vector

and PpDHN transgenic seedlings treated as Figure 3 for 7 days. Salinity-induced

and osmotic-induced expression of PpDHNA and PpDHNC proteins in the

transgenic plants, analyzed using western blot. Because other lines suffer severe

stress, they cannot grow normally. The accumulated protein could not be

detected. Therefore, only the expression of 35S::PpDHNA::GFP and

35S::PpDHNC::GFP transgenic lines were shown.

Figure S7 | Gene constructs prepared in different vectors.

Figure S8 | PCR analysis of the transgenic plants.

Table S1 | Characteristics of genes encoding LEA proteins in Arabidopsis thaliana

and PpDHNA and PpDHNC.

Table S2 | The sequences of PCR primers for cloning.

Table S3 | The sequences of PCR primers for real-time PCR.

Table S4 | Copy numbers of different genes in disfferent transgenic plants.
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