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Abstract
The growth and development of melon (Cucumis melo L.) are severely affected by soil salinization
in many areas of the world, but the understanding of the molecular mechanisms underlying salt
tolerance in melon remains limited. In this study, a new RAV (related to ABI3/VP1) gene, CmRAV1,
was identiﬁed in melon. Protein structure homology analysis revealed that CmRAV1 contains
an AP2 domain and a B3 domain, and subcellular localization assay revealed that CmRAV1 is
localized in the nucleus. The transcript level of CmRAV1 was closely correlated with NaCl treatment,
and the expression pattern of CmRAV1 differed between two cultivars (salt-tolerant and saltsensitive cultivars) under NaCl treatment. In addition, yeasts transformed with CmRAV1 showed
notably improved growth on medium containing 200 mM NaCl compared with wild-type ones. The
overexpression of CmRAV1 in transgenic Arabidopsis thaliana resulted in enhanced salt tolerance
at the seed germination and seedling growth stages. This study demonstrated that the expression
of CmRAV1 was associated with saline stress and can potentially be utilized to improve plant salt
tolerance.
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Introduction
Plants need to adjust to their environmental conditions and thus
coordinate their growth and development [1]. Salinity is a major
abiotic stress that greatly reduces plant growth and productivity [2],
and the presence of high salinity in the soil can exert serious fatal
effects on plants, such as wilting and even death. This phenomenon
may be caused by the reduced water absorption capacity of roots
due to high Na+ concentration, because Na+ can initiate negative
competition with nutrient uptake and K+ localization [3,4].
Plants have a number of dynamic response mechanisms that
operate at the physiological, biochemical, and molecular levels and
that enable plant survival under salt-stress conditions [2]. Bray
[5] reported that the genotype, species, and phenotypic traits of

plants affect their response to salt stress, and the evaluation of salt
tolerance is complicated by the fact that different cultivars exhibit
inherent differences in their growth rates [6]. Some plants have been
classified as salt-sensitive plants that can germinate in the presence
of high concentrations of NaCl [7, 8], whereas some tolerant species
show increased sensitivity during germination [9]; moreover, some
halophyte species whose growth is stimulated by salt reportedly show
sensitivity to salt during germination [10].
Melon (Cucumis melo L.), an annual plant species, exhibits
potential salt-tolerance characteristics, making melon resource for
salt-tolerant plants or for desalination applications. However, the
sensitivity or tolerance of melon can differ according to the culture
medium, the type of salinity, and the plant growth stage [11, 12].
Thus, the relative tolerance of melon during the seed germination,
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seedling emergence, and late stages of plant development might differ.
It has been reported that melon is more tolerant to salinity during the
germination and emergence stages than during the vegetative growth
stage [13]. A previous study revealed that two melon cultivars, ‘Bing
Xue-Cui’ (‘BXC’) and ‘Yu Lu’ (‘YL’), displayed different physiological characteristics under salt stress [14]. Endophytic inoculation with
Piriformospora indica consistently upregulated the level of antioxidants, which enhanced melon to antagonize salinity stress as shown
by assessing physiological markers [15]. Most previous studies on
melon under salt stress have focused mainly on its physiological
effects, whereas very few studies have focused on the molecular
aspects of the response [16].
In addition, transcription factors (TFs) play essential roles in
plants under salt-stress conditions. Previous studies have identified
various members of multiple families of TFs involved in the responses
of plants to salt stress [17], including bZIP [18], WRKY [19],
AP2/ERF (ethylene-responsive factor) [20], MYB [21], bHLH
[19], and NAC [22]. Previous studies in Arabidopsis thaliana
and rice have confirmed that the overexpression of these TFs
improves tolerance to salt stress. For instance, NAC domaincontaining proteins are TFs whose functions are related to plant
development under salt-stress conditions [2]. The expression of a
variety of TFs, including NAC and AP2/ERF, is upregulated in melon
roots in response to treatment with salt [23]. The AP2/ERF gene
superfamily in melon can be classified into three families, namely
ERF, RAV (related to ABI3/VP1), and AP2 (APETALA2), which
have 119, 4, and 13 members, respectively [24]. The cloning of
three AP2/ERF gene family members, Cme-DREB1, Cme-ERF1,
and Cme-ERF2, from a melon cDNA library showed that their
functions might be associated with an adversity stress response
[25]. In our previous study, by sequencing the melon transcriptome
under salt treatment, we identified nine AP2/ERF genes [23], and
these genes might correspond to the plant response to salt stress
[23].
RAV1, a member of the AP2/EREBP (APETALA2/ethyleneresponsive element-binding proteins) family, was first identified,
cloned, and characterized in Arabidopsis [26]. In the Arabidopsis
genome, only RAV1, RAV2, and four other RAV-like proteins contain
both N-terminal AP2-type DNA-binding domains and a C-terminal
B3 domain [26, 27]. The members of the VP1/ABI3 family possess
a mutual B3 domain, which was initially identified as the third
basic region in the abscisic acid incentive 3 (ABI3) gene [28]. RAV1
has been studied extensively in model plants, such as Arabidopsis,
pepper, and rice [29, 30], and the overexpression of pepper RAV1
in transgenic Arabidopsis resulted in enhanced salt tolerance [30].
RAV1 expression is upregulated in maize by salt stress, and the
overexpression of maize RAV1 in transgenic Arabidopsis resulted
in enhanced salt tolerance [29]. Because soil salinization is a global
problem, the identification and characterization of putative genes
and biochemical pathways underlying this phenomenon will be
important for the production of salt-tolerant transgenic species. The
expression of TFs, such as NACs, WRKYs, and MYBs, in two melon
cultivars was analyzed by quantitative real-time PCR (qRT-PCR),
which revealed that the expression patterns of those genes differ
[31]. However, the functions of RAVs in melon have not yet been
completely characterized.
In the present study, the relationship between CmRAV1 and
salinity tolerance in two melon cultivars, ‘BXC’ and ‘YL’, was characterized. The data indicated that the level of CmRAV1 expression
affected the plant’s ability to tolerate salinity, and thus, this gene
might help improve the salinity tolerance of melon.

CmRAV1 enhances the salt tolerance of plants

Materials and Methods
Plant materials and treatment
Two melon (Cucumis melo L.) cultivars, ‘BXC’ (salt-tolerant)
and ‘YL’ (salt-sensitive), were used in this study. The cultivars
were selected from a previous screen of 36 melon cultivars,
during which the effects of salinity (75, 150, 225 and 300 mM
NaCl) on various morphological and physiological indexes at the
germination, seedling, and mature stages were compared with
those of control melon plants treated with deionized water [32].
Seeds of the two melon cultivars were sown into 72 pot plates
that contained a mixture of peat, perlite, and slag (1.5:1:1, v/v/v),
then the pots were placed in a glass greenhouse that had a 14h light/10-h dark cycle, 35◦ C/15◦ C day/night temperatures, and
80% relative humidity. Phenotypically uniform seedlings at the twoleaf stage were transferred to hydroponic containers that contained
Hoagland culture solution (413 mg/l Ca(NO3 )2 ·H2 O, 303.5 mg/l
KNO3 , 76.5 mg/l NH4 H2 PO4 , 185 mg/l MgSO4 ·7H2 O, 13.9 mg/l
EDTA-2Na, 18.6 mg/l FeSO4 ·7H2 O, 1.43 mg/l H3 BO3 , 1.07 mg/l
MnSO4 ·4H2 O, 0.11 mg/l ZnSO4 ·7H2 O, 0.04 mg/l CuSO4 ·5H2 O,
and 0.01 mg/l (NH4 )2 Mo7 O24 ·4H2 O). At the three-leaf stage,
salinity treatment was initiated by the addition of NaCl to the
seedlings (75 mM NaCl was added daily until a final concentration
of 300 mM was obtained). The roots were collected at various time
points (0, 0.25, 0.5, 1, 3, 6, 12, and 24 h), and all the samples were
frozen in liquid nitrogen and stored at −80◦ C until further analysis.

Cloning and bioinformatics analysis of CmRAV1
On the basis of the retrieved putative CmRAV1 gene sequence
available in melon genome, the following gene specific primers were
designed to amplify the full-length cDNA using Primer 5 software
and synthesized by Sangon Biotech (Shanghai, China): forward
primer CmRAV1-F, 5 -TCCATTTCTCCCTTATAAACTCG-3 and
reverse primer CmRAV1-R, 5 -TTAATACAAGTCAGGTTGCG
CAACT-3 . The temperature programme used for the PCR consisted
of 94◦ C for 3 min followed by 34 cycles of 30 s at 94◦ C, 30 s at 62◦ C
(Tm), and 60 s at 72◦ C, and a final extension of 300 s at 72◦ C. The
PCR products were purified and cloned into a pEASY-Blunt cloning
vector and transformed into E. coli Trans1-T1 phage-resistant cells
(TransGen Biotech, Beijing, China). On the basis of the color reaction
obtained using the X-gal–IPTG system (Sigma-Aldrich, St Louis,
USA) and PCR identification, the positively transformed clones were
selected and sequenced using an ABI 377 sequencer (Perkin-Elmer,
Fremont, USA).
The obtained sequences were blasted against the NCBI nucleotide
and protein database (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
Pairwise alignment was performed using DNAMAN (v6.0.40;
Lynnon Biosoft, San Ramon, USA). The protein structure homology
was examined using the online SWISS-MODEL toolkit (http://
swissmodel.expasy.org) [33–35]. A conserved domain search and
a self-optimized prediction from the multiple alignment results were
performed using CD-Search [36] and ANTHEPROT 2.0 [37], respectively, and the membrane-spanning regions were predicted using the
TMpred program (http://www.cbs.dtu.dk/services/TMHMM/).

Construction of plant expression vectors and
subcellular localization of CmRAV1
The full-length CmRAV1 open reading frame (ORF) was amplified using primers (Sangon Biotech) in conjunction with the
appropriate restriction digestion enzyme sites: CmRAV1-BamHI-F,
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5 -CGGGATCCCGatggaagcaagctctatagacg-3 and CmRAV1-SpeI-R,
5 -GGACTAGTCCcaaaggtttgattactctt-3 . The upstream section of
the YFP (yellow fluorescent protein) coding region (Laboratory
of Urban Agriculture (South), Ministry of Agriculture, Shanghai,
China) was fused to pHB vector [38], and the termination codon of
CmRAV1 was removed. Nicotiana benthamiana plants grown in a
growth chamber (temperature 22◦ C/18◦ C day/night, light 16 h/8 h
day/night) and Agrobacterium strain GV3101 were used in the
experiments [38]. The Agrobacterium strains that harbored the PHBYFP-CmRAV1 construct were injected into tobacco leaf epidermal
cells, and after 48 h, the fluorescence was observed under an LAS-AF
confocal microscope (Leica, Wetzlar, Germany).

Quantitative RT-PCR
Total RNA from the plant leaves, stems, and roots was extracted
separately using an RNAprep Pure Plant Kit (DP432; Tiangen,
Beijing, China) according to the manufacturer’s instructions. The
integrity and quality of the isolated RNA were assessed by agarose gel
electrophoresis, and the RNA concentration and quality were measured using a Nanodrop-2000 spectrophotometer (Thermo Fisher
Scientific, Waltham, USA). The total RNA was treated with DNase I
Kit (Takara, Shiga, Japan) prior to reverse transcription, and cDNA
was then transcribed using a reverse transcription kit (Promega,
Madison, USA). The synthesized cDNA was subsequently quantified
with a spectrophotometer (Eppendorf, Hamburg, Germany) set to
a wavelength of 260 nm. The expression level of the isolated gene
was evaluated by qRT-PCR using a SYBR Green Mix Kit (Thermo
Fisher Scientific). The sequences of the primers used for qRT-PCR
were as follows: Act-F (5 -ACATCTGCTGGAAGGTGCTT-3 ),
Act-R (5 -CCCTGGTATTGCAGACAGGA-3 ), CmRAV1-F1 (5 and
CmRAV1-R1
TGCTGTCACCAACTTCAAACCCTC-3 ),
(5 -GCTCTGTTGGAGCTCCTCATTGTAG-3 ). qRT-PCR was
performed in a 20-μl reaction volume for three independent
experimental replicates. The thermal profile was set to 2 min at
94◦ C followed by 40 cycles of 20 s at 94◦ C, 40 s at 62◦ C, and 30 s
at 72◦ C. The relative expression level was then calculated using the
2−Ct method [39].

yeast G19 cells (TransGen Biotech). The positive transformants were
confirmed and incubated overnight at 30◦ C and 200 rpm until the
OD600 reached 2. The positively transformed yeasts (50 μl) were
cultured in 50 ml of liquid yeast medium that lacked urea (TransGen
Biotech). Triplicate samples of the experimental media that contained
0 and 200 mM NaCl were obtained, and the OD600 of the samples
was measured every 2 h. At the same time points, 10 μl of the yeast
solution was serially diluted, applied to solid plates that contained
0 and 200 mM NaCl, cultured for 4 days at 30◦ C. The results were
compared with those obtained for the controls.

Transformation and screening of transgenic
Arabidopsis thaliana plants
The seeds of Arabidopsis thaliana Columbia ecotype (wild-type
[WT]) were used in these experiments. A. thaliana seeds were surfacesterilized and then transferred into Petri dishes that contained M519
liquid Murashige and Skoog (MS) basal medium with vitamins
(M519; PhytoTechnology, Lenexa, USA) containing 1% sucrose and
2.5 mM 2-(N-morpholino) ethane sulfonic acid-KOH, pH 5.8. The
dishes were maintained in the dark at 4◦ C for 2 days and then
transferred in a tissue culture chamber (temperature 22◦ C/18◦ C
day/night, light 16 h/8 h day/night). The seedlings were transplanted
into pots that contained a mixture of peat, perlite, and vermiculite
(2:1:7, v/v/v), and the pots were subsequently placed in an artificial
climate chamber (temperature 22◦ C/18◦ C day/night, light 16 h/8 h
day/night). The PHB-YFP-CmRAV1 plasmid was introduced into
Agrobacterium strain GV3101, which was then transferred into
A. thaliana using the floral dip method [38]. T1 (first generation)
seedlings were selected in vitro on half-strength MS medium (Sangon
Biotech) with 1% sucrose, 0.7% agar, and 50 μg/ml kanamycin
and then transplanted to the soil pots to grow until maturation
and seed setting. The transgenic lines were selected until the fourth
germination (T4) on the basis of their resistance to both kanamycin
and hygromycin and confirmed by PCR analysis using the primers
of CmRAV1-F1 and CmRAV1-R1 (the sequences refer ‘Quantitative
RT-PCR’). Three independent T4 homozygous lines were used in this
study, and the relative expression of CmRAV1 in the three transgenic
lines was analyzed.

Chlorophyll content measurement
The chlorophyll content in the plant leaves was rapidly determined
using an SPAD_502Plus Chlorophyll Meter (Zhejiang TPYN Technology, Hangzhou, China). Samples from the control (0 mM NaCl)
and treated (300 mM NaCl) plants were analyzed in triplicate using a
completely randomized design. The chlorophyll contents in triplicate
samples from the aerial parts of the plants were successively analyzed
at 0, 0.25, 0.5, 1, 3, 6, 12, and 24 h.

CmRAV1 gene expression in yeast
The ORF of CmRAV1 with BamHI and EcoRI sites was transformed
into a pYeDP60 vector (URA3 and ADE2 markers), which is provided by Prof. Danièle Werck-Reichhart (Institute of Plant Molecular
Biology, Strasbourg, France), after which the vector was cloned
into E. coli DH5α competent cells (TransGen Biotech). The transformed cells were then cultured on Luria-Bertani medium (TransGen
Biotech) that contained ampicillin (50 μg/ml) and then incubated
overnight at 37◦ C. Colony PCR was performed using gene-specific
and vector primers to confirm the success of the transformations.
The plasmids were extracted from E. coli using a QIAGEN plasmid
extraction kit (Takara, Dalian, China) and then transferred into

NaCl treatment of transgenic plants
Seeds of CmRAV1-overexpressing transgenic Arabidopsis lines (T4)
and WT plants were sown on Petri plates with half-strength MS
medium that contained 0, 110, and 150 mM NaCl. The seeds were
stratified at 4◦ C for 1 day, and the agar plates were then placed
vertically in a culture room at 22◦ C with a 16-h light/8-h dark
photoperiod. The germination rates were measured (n = 60∼100).
The seeds that displayed green cotyledons and continued to grow
were considered germinated. After germination, plants of WT and the
three transgenic lines were transplanted to the vertical half-strength
MS medium supplemented with 0, 110, and 150 mM NaCl and
allowed to grow for 14 days, and the status of the roots was observed.
Seedlings of the transgenic Arabidopsis lines (T4) and WT lines
were transplanted to the soil and allowed to grow until the maturation stage. Three-week-old seedlings were used for the treatments.
To induce high-salinity stress, the transgenic and WT (control) plants
in pots were irrigated twice with the same volume of 200 mM
NaCl solution for two consecutive days and then maintained in the
NaCl-containing soil for 7 days. The fresh weight (FW) and dry
weight (DW) of the plants were measured 7 days after the seedlings
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Figure 1. Characterization of CmRAV1 in melon (A) Schematic of the domain organization of CmRAV1. (B) Multiple sequence alignment of CmRAV1 with
RAVs from maize, rice, Sorghum bicolor, pepper, and Arabidopsis. Database searches revealed sequences similar to the sequence of CmRAV1: ZmRAV1 (Zea
mays, GRMZM2G169654), SbRAV (Sorghum bicolor, XP_002458352), AtRAV1 (Arabidopsis, NP_172784.1), AtRAV2 (Arabidopsis, NP_564947.1), OsRAV (Oryza
sativa, NP_001043946.1), and CaRAV1 (Capsicum annuum, AAW83473.1) all contain AP2 and B3 domains. The nuclear localization signal (NLS) and two DNAbinding motifs (AP2 and B3) are indicated by lines. (C) Phylogenetic tree of CmRAV1 and other RAV proteins in melon. The phylogram was constructed with the
neighbor-joining method by calculating the Kimura 2 distance parameter using MEGA software ver. 4.1. The bar scale indicates 0.1 nucleotide substitutions per
site. The protein accession numbers are as follows: CmRAV1 (Cucumis melo), XP_008465773.1 and GenBank accession number: KU662326; CmRAV2 (Cucumis
melo), XP_008446558.1; CmRAV3 (Cucumis melo), XP_008451118.1; and CmRAV4 (Cucumis melo), XP_00843869.1. (D) Phylogenetic tree of CmRAV1 and other
RAV proteins. The phylogram was constructed with the neighbor-joining method by calculating the Kimura 2 distance parameter using MEGA software ver.
4.1. The bar scale indicates 0.05 nucleotide substitutions per site. The protein accession numbers are as follows: Citrus sinensis, KDO70089; Vitis vinifera,
CAN68564; Nicotiana tomentosiformis, XP_009614561; Morus notabilis, XP_010093403; Cicer arietinum, XP_004496199; Musa acuminate, XP_009400502;
Nelumbo nucifera, XP_010262942; Tarenaya hassleriana, XP_010528045; Arabidopsis thaliana, NP_172784; and predicted cucumber RAV, XP_004151060.

were treated with 0, 100, and 200 mM NaCl. The ion contents
of the samples were then measured. The samples were rinsed for
approximately 10 s in 500 ml of double-deionized water and then
dried at 105◦ C for 15 min and at 60◦ C for 72 h. The dry samples
were ground and passed through a 2-mm mesh sieve. A 0.2 g sample
was digested with HNO3 , and the K+ and Na+ concentrations
were determined using a PE AA800 atomic absorption spectrometer
(PerkinElmer, Waltham, USA) at the Instrumental Analysis Centre of
Shanghai Jiao Tong University.

Statistical analysis
All experiments were repeated independently at least three times.
The data were represented as the mean ± standard deviation (SD)
and analyzed using Student’s t-test. The difference was statistically
significant at P < 0.05.

higher similarity with CmRAV2 (Fig. 1C). The protein structure
homology was analyzed using the online SWISS-MODEL toolkit
(http://swissmodel.expasy.org) [33–35], and the results showed that
CmRAV1 is highly homologous to the predicted cucumber RAV
(XP_004151060) (Fig. 1D).

Subcellular localization of CmRAV1 fusion proteins in
Nicotiana benthamiana
Confocal microscopy was used to observe the localization of the
target gene in the positive transgenic and control plants that contained the empty PHB-YFP vector expressed transiently in tobacco
epidermal cells. The plants containing PHB-YFP-CmRAV1 exhibited
yellow fluorescence in the nucleus and no detectable fluorescence in
the other parts of the cells. The fluorescence in the control plants was
evenly distributed among the nucleus, cell membrane, cytoplasm, and
other parts of the cells (Fig. 2). These results revealed that CmRAV1
is localized in the nucleus.

Results
Characterization of CmRAV1 in melon
The coding sequence of the target gene CmRAV1 was obtained by
PCR using the gene-specific primers CmRAV1-F and CmRAV1-R
and the first-strand cDNA from melon roots as the template. As
shown in Fig. 1A,B, the N-terminal region of RAV1 contains an AP2
DNA-binding domain, which is found in a family of TFs represented
by the APETALA2 and ERF proteins, and the C-terminal region
is homologous to the highly conserved B3 domain of VP1/ABI3
TFs. The melon genome contains four RAV-like genes. Phylogenetic analysis of CmRAV-like proteins revealed that CmRAV1 is

The expression of CmRAV1 is associated with the
salt-stress response
To investigate the tissue expression patterns of CmRAV1 in melon,
the total RNA from different tissues, including leaves, flowers, fruits,
stems, and roots, was extracted and subjected to qRT-PCR analysis
using the primers CmRAV1-F and CmRAV1-R. The results showed
that CmRAV1 was expressed in all tested tissues; however, relatively
high expression was observed in the roots and flowers, relatively
low expression was observed in old leaves and fruits, and very low
CmRAV1 expression was observed in new leaves and stems (Fig. 3A).
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Figure 2. Subcellular localization of CmRAV1 fused with YFP and of the PHB-YFP-CmRAV1 fusion protein The proteins were transiently expressed in tobacco
epidermal cells. Images of plant expression vectors, namely PHB-YFP (control, A–C) and PHB-YFP-CmRAV1 (D–F), in tobacco epidermal cells are shown. (A,D)
Yellow ﬂuorescence in a black background. (B,E) Images showing the outline of the cell. (C,F) Merged images. Bar = 20 μm.

The PCR results showed that CmRAV1 mRNA accumulated mainly
in the roots and flowers.
By using quantitative RT-PCR, we also analyzed the expression
pattern of CmRAV1 in the roots of melon cultivars that responded
differently to salt stress. As illustrated in Fig. 3B, CmRAV1 expression was notably induced by NaCl treatment, but the expression of
this gene differed between the ‘BXC’ and ‘YL’ cultivars. Specifically,
the expression of the target gene in the ‘BXC’ cultivar was significantly upregulated after 6 h of salt treatment; however, the expression
in the ‘YL’ cultivar increased from 15 min to 1 h and then gradually
decreased with further increases in the NaCl treatment duration.
According to the results, increases in CmRAV1 gene expression were
observed with increasing salt treatment duration.
The chlorophyll SPAD values of the two varieties always tended
to decrease (Fig. 3C). After 24 h, compared with those of the control
plants, the values of the treated plants significantly differed, and
the ‘BXC’ cultivar always exhibited higher values than did the ‘YL’
cultivar. After 24 h of treatment, the chlorophyll SPAD values of the
‘BXC’ cultivar decreased from 29.25 to 24.4, which corresponded to
a 16.6% decrease, and the values of the ‘YL’ cultivar decreased from
24.94 to 18.12, which corresponded to a 27.3% decrease.

CmRAV1 enhanced salt tolerance in yeast
pYeDP60-CmRAV1 recombinant plasmids were constructed and
subjected to sequencing. The results of a BLAST search against the
NCBI database confirmed the accuracy of the CmRAV1 recom-

binant yeast plasmid. The success of the transformation of the
target pYeDP60-CmRAV1 plasmid into yeast was assessed by gel
electrophoresis. Screening of the growth pattern of the cultured yeasts
on liquid medium that contained 0 mM NaCl revealed no significant difference between the transformants. However, the growth of
the yeast cells transformed with pYeDP60 was greatly inhibited in
medium containing 200 mM NaCl. In contrast, the yeast cells transformed with pYeDP60-CmRAV1 showed notably improved growth
in medium that contained 200 mM NaCl (Fig. 4A). In addition, the
growth of nontransformed CmRAV1 yeast cells was inhibited in solid
medium that contained 200 mM NaCl, and both the number and
size of the colonies of the yeast cells transformed with pYeDP60CmRAV1 were greater than those obtained in the pYeDP60 medium
(Fig. 4B).

CmRAV1-overexpressing Arabidopsis exhibited
increased tolerance to salt stress
To analyze the function of CmRAV1 further in plants, we generated
Arabidopsis plants that overexpress CmRAV1. Three independent
homozygous lines with obvious phenotypes were selected for further
analysis by RT-PCR (Fig. 5A). Compared with that in the other
transgenic lines, the expression in the RAV1-3-3 line was significantly higher. The seed germination and subsequent growth of the
transgenic plants in the presence of various concentrations of NaCl
were compared with those of the WT plants. No differences in
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Figure 3. Expression of CmRAV1 in melon and physiological effects of salt stress on two melon cultivars (‘BXC’ and ‘YL’) (A) Tissue expression of CmRAV1
in melon. CmRAV1 mRNA expression was detected by RT-PCR analysis. CmRAV1 was expressed in all the tested tissues, but its expression was relatively high
in the roots and ﬂowers and relatively low in old leaves, fruits, new leaves, and stems. (B) Expression pattern of CmRAV1 in the roots of melon cultivars with
different salt responses. The data are shown as the mean ± SD. (C) Chlorophyll content in melon leaves after NaCl treatment. The chlorophyll SPAD values of the
two varieties tended to continuously decrease. After 24 h, the values signiﬁcantly differed between the treated plants and the control plants. The SPAD values
of ‘BXC’ were always greater than those of ‘YL’.

germination under normal conditions were observed between the
WT and CmRAV1-overexpressing Arabidopsis plants. However, in
the presence of NaCl, the transgenic seeds clearly exhibited greater
germination than the WT seeds (Fig. 5B). Statistical analysis revealed
that the rates of the three transgenic plants 9 days after sowing
on 1/2-strength MS medium containing 110 mM NaCl were 70%,

98%, and 97%, whereas the rate of the WT plants was only 59%
(Fig. 5C). Additional obvious differences between the WT plants and
transgenic plants were observed when the plants were grown on
1/2-strength MS medium containing 150 mM NaCl. Fourteen days
after germination, significant differences were observed between the
transgenic plants and WT plants grown vertically on MS medium

CmRAV1 enhances the salt tolerance of plant
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Figure 4. CmRAV1 enhanced the salt tolerance of yeast (A) Growth analysis of pYeDP60 and pYeDP60-CmRAV1. (B) Transactivation activity assay of the
CmRAV1 protein in yeast cells: pYeDP60-CK (yeast with empty vector) and pYeDP60-CmRAV1 (yeast with recombinant gene). The growth of pYeDP60-CK and
pYeDP60-CmRAV1 did not differ in the presence of 0 mM NaCl. Compared with that of pYeDP60-CmRAV1, the growth of pYeDP60-CK was greatly inhibited in
the presence of 200 mM NaCl.

containing various concentrations of NaCl. In the presence of different concentrations of NaCl, compared with that of the plants
of all three transgenic lines, the root length of the WT plants was
significantly reduced (Fig. 5E), whereas no significant differences
were observed between the transgenic plants and WT plants in the
presence of 0 mM NaCl (Fig. 5D).
Moreover, 2-week-old Arabidopsis plants grown in pots were
watered with 100 or 200 mM NaCl solutions. After 7 days, compared
with that under normal conditions, the growth of the WT and
the transgenic plants under the treatment conditions was obviously
inhibited. As shown in Fig. 6A, compared with the WT plants, the
transgenic plants showed improved growth in the soil supplemented
with 200 mM NaCl. Increases in the NaCl concentrations reduced
the FW and DW of the plants, and compared with the WT plants,
the transgenic plants showed less reduced FW and DW in response
to salinity (Fig. 6B,C). The physiological traits related to plant saltstress tolerance, such as the K+ /Na+ ratio, were also analyzed.
Consistent with the results concerning the stress-tolerant phenotype,
the K+ /Na+ ratio of the transgenic plants was greater than that of the
WT plants, and the RAV1-3-3 transgenic line displayed a significantly
greater K+ /Na+ ratio, which was consistent with the expression of
the target gene (Fig. 6D).
Collectively, the data suggested that CmRAV1 might participate
in the plant responses to salinity and might confer increased saltstress tolerance to the transgenic plants at the seed germination and
seedling stages.

Discussion
The growth and yield of crops are adversely affected by salt stress.
Various gene families, particularly those comprising TFs that play
important roles in the stress response, have not been studied in depth
in melon. Whole-genome sequencing of TFs revealed a family of
RAV proteins belonging to the AP2/EREBP superfamily, which is
unique to certain plant species such as rice, sorghum, pepper, and
Arabidopsis [40]. A previous transcriptome sequencing assay of
salt-treated melons revealed nine genes belonging to the AP2/ERF
family, which suggests that they might be related to the plant

response to salt stress [23]. In this study, the novel RAV gene from
melon, CmRAV1 (MELO3C003002, GenBank accession number:
KU662326) was identified from an analysis of the melon genome
database (https://melonomics.net/files/Transcriptome/) and cloned,
and the sequencing results were further studied. Sequence analysis
revealed that the CmRAV1 gene encodes a 321-amino-acid protein
containing a nuclear localization signal sequence and two DNAbinding domains, supporting its proposed role as a transcriptional
regulator (Fig. 1A,B). Phylogenetic analysis of the predicted protein
revealed higher homology with a predicted cucumber RAV as well
as Arabidopsis RAV1 [41].
The subcellular localization of CmRAV1 was determined via
an instantaneous expression assay. The fluorescence signal of YFP
clearly demonstrated the localization of the target protein in the
nucleus of tobacco epidermal cells (Fig. 2). This result is consistent
with the results of previous studies that revealed that TFs can exert
only regulatory functions in the cell nucleus [29, 30].
The expression patterns of CmRAV1 were analyzed by RTPCR at different stages of salt stress and in different melon issues.
CmRAV1 was clearly induced in response to NaCl treatment, in
agreement with the findings obtained for AtRAV1 and AtRAV2 in
A. thaliana [30], for GoRAV expression in Galegae orientalis [42],
and for the RAV orthologue BnaRAV-1-HY15 in Brassica napus,
which were also induced by NaCl [43]. However, the dynamic
analysis of the transcriptional response of CmRAV1 to salt stress
clearly differed between the two melon varieties: early, very transient
induction was observed in the salt-sensitive varieties and sustained
induction was detected later in the salt-tolerant varieties (Fig. 3B).
Similarly, our previous transcriptome sequencing revealed different
RAV1 transcript levels in these two melon cultivars under salt stress
[23]. This difference in expression patterns might be due to the salt
tolerance of ‘BXC’ and the salt sensitivity of ‘YL’; thus, ‘YL’ is more
sensitive to salt than is ‘BXC’. RAV1 is closely associated with salt
tolerance. Salt stress can induce or inhibit the expression of many
TFs, and the TFs in different varieties of melons show species-related
differences at the transcriptional level. In addition, in this study, the
transcript levels in the different varieties in the absence of stress
were compared, and only a slight change in the expression amount
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Figure 5. Salt tolerance of the CmRAV1-overexpressing transgenic Arabidopsis plants growing on media (A) Relative expression analysis of CmRAV1 in the
three homozygous CmRAV1-overexpressing lines. (B) Phenotypes of seed germination of WT and CmRAV1-overexpressing transgenic plants on 1/2 MS agar
plates containing 110 and 150 mM NaCl for 10 days. (C) Statistical analysis of seed germination rate of WT and CmRAV1 transgenic lines on 1/2 MS agar
plates containing various concentrations of NaCl for 10 days. The average and SD values were determined from three biological replicates (n = 60–100). (D)
Phenotypes of the CmRAV1-overexpressing lines and WT roots on 1/2 MS agar plates exposed to salt (110 and 150 mM NaCl) at the early seedling stage (14 days
after germination). The plates were placed vertically under the same conditions. Bar = 1 cm. (E) Statistical analysis of root length of WT and CmRAV1 transgenic
lines on 1/2 MS agar plates exposed to various concentrations of NaCl. The average and SD values were determined from three biological replicates.

was observed (data not shown). High salinity can poison cells and
reduce plant photosynthesis [44]. One of the effects of salinity on
photosynthesis is damage to chlorophyll [45]. The obtained data
indicated that the chlorophyll SPAD value of the two varieties tended
to decrease with increasing salt treatment duration; however, at 6 and
24 h, a significantly higher value was obtained in the ‘BXC’ than
in ‘YL’ cultivar (Fig. 3C), which is consistent with the expression
of the gene in the two cultivars. This finding demonstrates that
the salt tolerance of ‘BXC’ is stronger than that of ‘YL’. During
exposure to salt stress, CmRAV1 was rapidly upregulated to induce
physiological and biochemical activities and thereby improve the
adaptation of certain pathways to salt stress. However, salt treatment
decreased the transcription of CmRAV1. These findings indicated
that CmRAV1 is an important potential regulatory factor in the
response of melon to salt stress and protects crops mainly when
its expression is upregulated and demonstrated that CmRAV1 in
different varieties with different tolerances is differentially expressed
during exposure to salt stress. Based on these results, we speculated
that the expression of CmRAV1 is associated with salt tolerance.
To investigate the function of CmRAV1, we introduced and
heterologously expressed CmRAV1 cDNA in yeast cells and analyzed their growth on media that contained 0 or 200 mM NaCl.

Compared with the control cells, yeast cells expressing the CmRAV1
gene showed notably improved growth in NaCl-containing medium
(Fig. 4). Previous research has shown that overexpression of the
RAV gene in A. thaliana plants resulted in increased sensitivity
to salt, indicating that RAV1 has negative functions during plant
development [41]. Moreover, overexpression of the cotton RAV1
gene in Arabidopsis results in sensitivity to salinity and drought [46].
In contrast, the data obtained in the present study showed that,
owing to the overexpression of CmRAV1, the transgenic Arabidopsis
plants were more tolerant to salt stress than were the WT plants,
which is similar to the results obtained for maize ZmRAV1 [29] and
pepper RAV [30]. We also analyzed the phenotypes of CmRAV1overexpressing transgenic Arabidopsis plants under salt stress by
calculating the germination rates and percentages of young seedlings.
The germination rates of the transgenic plants grown on 1/2-strength
MS medium supplemented with NaCl were clearly greater than those
of the WT plants (Fig. 5B,C). When grown on MS medium plates
supplemented with 110 or 150 mM NaCl, the growth of all the
plants was repressed by salt stress, despite, compared with the WT
plants, the transgenic plants showing improved growth due to their
improved root development (Fig. 5D,E). Long-term exposure to a
high NaCl concentration can lead to a higher degree of osmotic

1131

CmRAV1 enhances the salt tolerance of plant

Figure 6. Salt tolerance of the CmRAV1-overexpressing transgenic Arabidopsis plants grown in the soil (A) Phenotypes of WT plants and CmRAV1overexpressing transgenic plants exposed to 200 mM NaCl in the soil for 14 days. (B) Measurement of the FWs of three CmRAV1-overexpressing plants and
WT plants grown in the soil with various concentrations of NaCl for 14 days. (C) Measurement of the DWs of three CmRAV1-overexpressing plants and WT
plants grown in the soil with various concentrations of NaCl for 14 days. The average and SD values were determined from three biological replicates (n = 3).
(D) Effects of NaCl treatment on the ion content of CmRAV1-overexpressing transgenic Arabidopsis plants.

stress than that of salt stress in plants [47]; thus, the WT plants have
difficulty surviving under high salt stress. In the present study, the
WT plants treated with a high NaCl concentration (150 mM) could
not survive in the MS media, but the transgenic plants did survive,
which is consistent with previous reports showing that transgenic
Arabidopsis plants overexpressing GmRAV-03 were insensitive to
salt in terms of seed germination and root growth [48]. However,
during growth in the presence of the substrate, the overexpression of
CmRAV1 can also enhance the tolerance to salt stress at the seedling
stage, which is different from the results obtained for GmRAV03 [48]. As shown in Fig. 6A–C, compared with the WT plants,
the transgenic plants showed improved growth. Furthermore, the
K+ /Na+ ratio is a typical physiological parameter used to evaluate
plant tolerance to salt stress [14]. The maintenance of a high K+ /Na+
ratio in plants via regulation of the expression of specific genes
plays an important role in salt resistance. The significantly greater
K+ /Na+ ratio detected in the transgenic plants compared with the
WT plants is consistent with their stress-tolerant phenotype of the
former (Fig. 6D) and the expression level of CmRAV1 in the transgenic Arabidopsis plants (Fig. 5A). The overexpression of several TFs
has been shown to upregulate various stress-related genes, an effect
contributing toward an improved level of stress tolerance [49]. So,
there may be a correlation between the transcript abundance of certain stress-related genes and the expression of salinity tolerance in the
CmRAV1 overexpressors. The sequence of the CmRAV1 promoter

has been analyzed; there are the cis-acting elements involved in stress
and abscisic acid responsiveness (Supplementary Fig. S1). Recently,
AtWRKY6 was found to be a positive regulator of ABA signaling
by directly regulating RAV1 expression during seed germination
and early seedling development [50]. Zhao also reported that the
MdWRKY31 TF binds to the MdRAV1 promoter to mediate ABA
sensitivity [51]. The results from previous investigations and those
obtained in this study suggested that CmRAV1 might participate in
the plant response to salinity and might increase the tolerance of
the transgenic plants to salt stress at the seed germination and early
seedling stages of growth.
In conclusion, CmRAV1, which is localized in the nucleus,
is a salt-responsive TF in melon. Expression analysis revealed
that CmRAV1 was differentially expressed in salt-tolerant and
salt-sensitive melon cultivars and that the expression level was
associated with salinity stress. Additionally, the results indicate that
the overexpression of this gene represents a promising strategy for
improving plant salt tolerance.

Supplementary Data
Supplementary data is available at Acta Biochimica et Biophysica
Sinica online.
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