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ABSTRACT. Melon (Cucumis melo L.) is an important vegetable crop 
that ranks second in salt tolerance among the Cucurbitaceae. Previous 
studies on the two muskmelon cultivars ‘Bing XueCui’ (BXC) and 
‘Yu Lu’ (YL) revealed that they had different characteristics under salt 
stress, but the molecular basis underlying their different physiological 
responses is unclear. Here, we combined a physiological study with 
a genome-wide transcriptome analysis to understand the molecular 
basis of genetic variation that responds to salt stress in the melon. 
BXC performed better under salt stress than YL in terms of biomass 
and photosynthetic characteristics, because it exhibited less reduction 
in transpiration rate, net photosynthesis rate, and stomatal conductance 
under 150-mM NaCl stress than YL. A transcriptome comparison of the 
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leaves of the cultivars revealed that 1171 genes responded to salt stress in 
BXC while 1487 genes were identified as salt-stress-responsive in YL. 
A real-time polymerase chain reaction analysis of 12 of the responsive 
genes revealed that there was a strong, positive correlation with RNA 
sequencing data. The genes were involved in several pathways, including 
photosynthesis, the biosynthesis of secondary metabolites, metabolism, 
and plant hormone signal transduction, and their expression levels 
differed between the two cultivars in response to salt stress. This study 
provides a molecular perspective of two melon cultivars in response 
to salt stress, and its results could be used to investigate the complex 
molecular mechanisms underlying salt tolerance in the melon.

Key words: Melon (Cucumis melo L.); RNA sequencing; Salt stress; 
Physiological analysis; Transcriptome comparison

INTRODUCTION

High salinity is a major abiotic stressor that affects agricultural industries. Mild salt 
stress primarily affects plant development, agronomy traits, and agricultural productivity, and 
extremely high salinity causes plant death (Godfray et al., 2010). In addition, climate change 
and declining water quality are of great concern, and have resulted in land degradation due to 
high salt levels in the soil.

Melon (Cucumis melo L.) is an important global vegetable crop. Although salinity 
generally depresses melon vegetative growth and fruit development and quality, some melon 
cultivars can survive in relatively high saline soils. Indeed, the fruit quality of some melon 
cultivars can be improved by irrigation with mildly saline water during fruit set, and the 
salt tolerance capability of melon ranks second in the Cucurbitaceae (Sivritepe et al., 2005); 
therefore, it may be useful in the phytoremediation of saline land. Previous studies have 
investigated the physiological features of melon under salt treatments, and correlations between 
some physiological indices and salinity have been established (del Amor et al., 2000). Recent 
studies have investigated the molecular mechanisms of muskmelon salt tolerance in a saline 
environment (Zhang et al., 2011; Wei et al., 2013), which could be used to exploit salinized soil.

Whether plants in general can survive under saline conditions depends, to a large 
extent, on their ability to exclude salt from their shoots, or to tolerate high concentrations of 
salt in their leaves (tissue tolerance), which involves the ability to maintain ionic homeostasis, 
particularly of K+, Na+, and Cl- (Sun et al., 2009). Maintaining a high K+/Na+ ratio in the 
cytosol of plant cells has been proven to be a key feature of salt-tolerant plants, and is often 
suggested as a potential screening tool for plant breeders (Tester and Davenport, 2003). The 
correlation between ion fluxes (e.g., Na+, K+, or Cl-) in the roots or leaf mesophyll and the 
capacity for saline resistance has been investigated using non-invasive micro-test technology 
(NMT), which is a relatively novel, reliable, and rapid physiological marker for selecting salt-
tolerant plants (Cuin et al., 2008). Under saline conditions, optimizing water-use efficiency 
and protecting photosynthetic machinery are the two fundamental mechanisms for tolerating 
high-salt conditions (Munns and Tester, 2008). Stomata play a key role in gas exchange for 
photosynthesis, and in minimizing transpiration (Sirichandra et al., 2009). The bulk of the 
osmotic content that drives stomatal movements depends upon the intracellular concentrations 
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of inorganic and organic ions (K+, Na+, Cl-, and malate2-) and sugar, and involves several ion 
channels and transporters. Previously, we cloned a K-channel gene, melon inward rectifying 
K+ channel (MIRK), from a mildly salt-tolerant melon cultivar. MIRK is mainly expressed 
in guard cells (Zhang et al., 2011), and may play a role in modulating stomatal aperture and 
contributes to high salt tolerance (Wang et al., 2013). However, the relationship between ion 
fluxes, or specific ion channel(s)/transporter(s) of guard cells, and salt tolerance in the melon 
has not been investigated.

Recently, RNA sequencing (RNA-Seq), using high-throughput sequencing technology, 
has been widely used to investigate responsive genes or key pathways under abiotic or biotic 
stress in several plant species, in order to reveal response mechanisms to specific stimuli. For 
example, salt-stress-regulated genes and their corresponding pathways have been investigated 
in Brassica napus (Yong et al., 2014), Petunia (Villarino et al., 2014), and Limonium bicolor 
(Yuan et al., 2015). Data obtained by RNA-Seq have shed light on the bioengineering of active 
salt secretion capacities in crops. However, to the best of our knowledge, a leaf transcriptome 
analysis of the salt-tolerant capacity of melon species has not been performed. The release of 
the complete melon genome sequence (Garcia-Mas et al., 2012) facilitates the study of gene 
expression patterns without de novo assembly. Hence, high-throughput RNA-Seq provides 
an opportunity to study muskmelon functional genomics, and to learn the specific molecular 
mechanisms underlying salt tolerance in the muskmelon.

A previous study of two muskmelon cultivars (‘Bing XueCui’ and ‘Yu Lu’) revealed 
that they exhibited different physiological characteristics under salt stress (Zhu et al., 2010), 
but the molecular mechanisms underlying the different physiological traits of the two cultivars 
remain unclear. The objective of this study was to integrate our knowledge of these cultivars’ 
physiological characteristics with a genome-wide transcriptome analysis to understand the 
molecular basis of genetic variation between salt-sensitive and salt-tolerant melon genotypes 
under salt stress. A comparison of the leaf transcriptomes showed that a number of variety-
specific responsive genes were related to salt tolerance in the melon. This study provides the 
first global transcriptome profile of melon leaves, and provides insights into the molecular 
mechanisms of two melon cultivars in response to salt stress.

MATERIAL AND METHODS

Plant materials and treatments

Two Chinese muskmelon cultivars, ‘Bing XueCui’ (BXC) and ‘Yu Lu’ (YL), were used. 
After accelerating germination for 1 day at 30°C in a thermostatically controlled incubator, 
seeds were sown into plugs that contained a mixture of peat, perlite, and slag (1:1:1, v/v/v), 
and grown in a glass greenhouse with day/night temperatures of 28°/24°C, a 14-h photoperiod 
(lighting level greater than 7000 lux), and a relative humidity of 60 ± 10%. Seedlings were 
irrigated using half-strength Hoagland’s nutrient solution. Phenotypically uniform plants at the 
three-leaf stage were selected from each cultivar and transferred to garden pots. After a 3-day 
colonization period, half-strength Hoagland’s solution was used to water the control plants, 
while the treatment plants were watered with 75 mM increments of NaCl dissolved in half-
strength Hoagland’s solution, to final concentrations of 150 and 300 mM NaCl. The osmolality 
of each solution was adjusted to the same level using mannitol. The electrical conductivity 
of the pot percolation solution was monitored daily and corrected by irrigation. During the 
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experiment, the electrical conductivity values were adjusted to salinity levels close to the 
targeted concentrations of the irrigation solutions of the control (salt-free, 0.5X Hoagland) and 
salt-treated plants (150 and 300 mM NaCl, 0.5X Hoagland). Three destructive samplings (six 
plants per genotype per treatment) were conducted at 1 h, 24 h, and 7 days after reaching the 
final saline concentration. Early mature leaves at positions three and four from the apex were 
collected and stored at -80°C for analysis.

Measurements of Na+, K+, and Cl- fluxes using NMT

Three phenotypically uniform, individual melon seedlings from each treatment were 
used for ion flux measurements after 9 days. Only the 4th leaves were used for obtaining two 
samples from the abaxial epidermal segments symmetrically along the main leaf axis. Surface 
hairs were abraded with a brush, and the samples were rinsed quickly and thoroughly in an 
assay solution comprising 0.1 mM KCl, 0.1 mM CaCl2, 0.1 mM NaCl, 0.3 mM anhydrous 
morpholine ethyl sulfonic acid, and Tris base, pH 6.15. To minimize ion leakage effects after 
peeling, particularly from the surfaces of long-term-stressed tissues, the rinsed epidermal 
fragments were immediately immersed in 3 mL assay solution for 5-10 min prior to performing 
the NMT flux experiments. Net Na+, K+, and Cl- flux measurements in the guard cells, with 
microelectrodes positioned 1 ± 0.5 µM above the stomatal zone of the epidermal strips, were 
analyzed by the YoungerUSA (Amherst, MA, USA) NMT Research Service Center (Xuyue, 
Beijing) using ASET 2.0 (Science Wares Inc., Falmouth, MA, USA) and the iFluxes 1.0 
(YoungerUSA) software.

Physiological index measurements

The net photosynthesis rate (Pn), transpiration rate (EVAP), and stomatal conductivity 
(gs) were measured in each variety under clear-sky conditions during salt stress using a portable 
photosynthesis machine (CIRAS-2; PP Systems, Amesbury, MA, USA). After harvesting, the 
leaves, stems, and roots were separated and washed quickly with distilled water and the fresh 
weight determined. After drying for 48 h in an oven at 80°C, the dry weight was measured. The 
height of the plants was determined using a ruler. Six plants were collected from each group 
(0, 150, and 300 mM NaCl) from each cultivar, after being treated for 1 week for the above 
indicator measurements.

RNA extraction, library preparation, and sequencing

Leaves of both cultivars were harvested at 1 h, 25 h, and 1 week after the initiation of the 
300-mM NaCl treatment. Total RNA was later isolated using TRIzol reagent (Invitrogen, Waltham, 
MA, USA). RNA concentrations were determined using a NanoDrop™ 1000 Spectrophotometer 
(Thermo Scientific, Waltham, MA, USA), and the quality of each RNA sample was evaluated 
using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).

A cDNA library was constructed using an RNA-Seq assay for paired-end transcriptome 
sequencing. The library construction and sequencing were performed by Shanghai Hanyu 
Bio-Tech (PuDong, Shanghai, China). The library was loaded onto the channels of an 
Illumina HiSeq™ 2000 instrument for 2-Gb in-depth sequencing, which was used to obtain 
detailed information on gene expression. The datasets are available at the National Center 
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for Biotechnology Information (NCBI) Gene Expression Omnibus database (http://www.ncbi.
nlm.nih.gov/geo/) under the accession number GSE73380.

Processing of RNA-Seq data

Clean reads were obtained from the raw data by filtering out adaptor-only and low-
quality reads (reads containing less than 20% bases with a Q-value < 20). The clean reads 
were then mapped to the C. melo L. genome sequences using TopHat2 (https://ccb.jhu.edu/
software/tophat/index.shtml). The mapped reads were assembled into transcripts and their 
abundances calculated using Cufflinks (http://cole-trapnell-lab.github.io/cufflinks/). The gene 
expression levels were measured in fragments per kb of transcript per million mapped reads.

Identification of differentially expressed genes (DEGs)

The differential expression of a gene was calculated by Cuffdiff (Cufflinks) based on 
transcript abundances. Genes with a P value <0.05 and at least a 2-fold change (either up- or 
downregulation) were considered differentially expressed between the salt stress and control 
samples of each cultivar.

Function and pathway-enrichment analyses

Gene Ontology (GO) terms were assigned to the identified genes with E-values less 
than 10-6 by Blast2GO (https://www.blast2go.com/) using the NCBI non-redundant database 
(Aparicio et al., 2006). A functional enrichment of the gene sets was performed using the 
Fisher exact test implemented in Blast2GO.

The enrichment of Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways 
with stress-responsive gene sets was calculated using the cumulative hypergeometric 
distribution. The probability of a KEGG pathway was given by P, as follows:

where N is the total number of muskmelon genes, M is the number of genes annotated to a 
particular KEGG pathway, K is the number of DEGs, and x is the number of DEGs annotated to 
a particular KEGG pathway. We identified significantly (P < 0.05) enriched KEGG pathways 
that contained DEGs.

Verification of DEGs by real-time quantitative reverse transcription-polymerase 
chain reaction (qRT-PCR)

The total-RNA samples were reverse transcribed using a First-Strand cDNA Synthesis 
Kit (Takara, Japan) and amplified using a SYBR® Green Mix Kit (Takara) by real-time qRT-
PCR on an FTC-3000 qPCR system (Funglyn Biotech, Shanghai, China). Twelve genes were 
selected to confirm their expression responses to salt stress by real-time qRT-PCR. Gene-
specific primers were designed by the Primer Premier software based on the obtained partial 
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sequences of the genes listed in Table S1. The amplification program included 30 s for the 
activation of the polymerase at 95°C, followed by 45 cycles at 95°C for 5 s, 57°C for 30 s, 
and 72°C for 30 s. Standard curves were derived from a series of five 30-fold dilutions of the 
cDNA template. The expression levels of the selected cDNAs were determined relative to an 
actin reference gene from four independent biological replicates. The relative quantification 
method (2ΔΔCt) was used to evaluate the quantitative variation between the treatments. The 
expression level of each target gene was normalized and calculated to the level of the actin 
reference gene.

Statistical analysis

The results are reported as means ± SE. Comparisons of the mean values were 
performed using the Fisher least significant difference test in SAS 9.1 (SAS Institute Inc., 
Cary, NC, USA); the level of significance was set at P < 0.05. Pearson’s correlation coefficients 
were calculated using SigmaPlot® 11.

RESULTS

Phenotypes and biomass values of the two melon cultivars

The phenotypes of the BXC and YL plants are shown in Figure 1A. Salinity depressed 
the performances of the two cultivars, which was particularly evident at the highest NaCl 
concentration. Salt-stress damage, such as necrosis and wilting, appeared on YL leaves after 
approximately 1 week of the 300-mM salt treatment. Similar damage, but on relatively fewer 
leaves, was observed on BXC.

Figure 1. Effect of salt stress on the phenotype, height, and biomass of two muskmelon seedlings. A. The growth 
of both salt-treated plants was severely restricted compared to that of the control plants. Leaf damage caused by 
salinity stress appeared on BXC and YL leaves, particularly at 300 mM NaCl. B. Height and leaf, stem, and root dry 
weights of 1-week-old salt-stressed and control plants. Data are reported as means ± SE (N = 6).

http://www.geneticsmr.com/year2016/vol15-3/pdf/8738-su1.pdf
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In general, increasing the NaCl concentration reduced seedling growth and the biomass 
(i.e., dry weight) of each individual tissue (leaf, stem, and root) in both cultivars. After 1 week 
of the 300-mM NaCl treatment, the heights of BXC and YL were 58.6 and 70.5% of the control 
plants, respectively (Figure 1B). The dry weights of BXC leaves and roots were greater than 
those of YL over the study period (P < 0.05), particularly at 300 mM NaCl (Figure 1B).

Na+, K+, and Cl- fluxes in guard cells

The NMT measurements in the stomatal zone (1 ± 0.5 µm above the pore) revealed a 
similar trend in terms of Na+, K+, and Cl- fluxes in both cultivars when exposed to high-salinity 
stress (300 mM). Significant increases in Na+ and K+ effluxes, and the Cl- influx, were found 
in both high-salt-treated cultivars in comparison with plants under non-saline conditions. YL 
stomata retained a higher capacity to exclude Na+ than did BXC stomata.

However, at 150 mM NaCl, no differences in the net fluxes of these three ions were 
observed between salt-treated and control BXC plants. However, Na+ and K+ exclusions were 
detected in YL. There was little change in the net Cl- flux in YL at this lower saline level 
(Figure 2).

Figure 2. Regulation of ionic fluxes in the stomatal zones of two muskmelon cultivars in response to salt stress. The 
continuous net Na+, K+, and Cl- fluxes of two muskmelon cultivars grown at 0 (black), 150 (green), and 300 mM 
NaCl (pink) over 10 min (A, B, D, E, G, and H); each point represents the mean of six individual measurements. 
The mean fluxes of Na+, K+, and Cl- within the recording period are shown in C, F, and I, respectively. Columns 
marked with different letters indicate a significant difference at P < 0.05.
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Photosynthetic characteristics

The saline applications caused reductions in the EVAP, Pn, and gs of both muskmelon 
cultivars. However, based on these three indices, BXC was significantly less affected by the 
150-mM NaCl treatment than YL. YL exhibited similarly reduced levels of these variables at 
the two saline concentrations, indicating that this cultivar was detrimentally affected at the 
150-mM NaCl level (Figure 3).

Figure 3. Effect of salinity on the relative change (% control) in transpiration rate (A), net photosynthesis rate (Pn) 
(B), and stomatal conductance (C) of two muskmelon seedlings. Error bars indicate the standard error of the mean 
(SE) of six measurements. Columns labeled with different letters at the top denote a significant difference at P < 0.05.

Global analysis of gene expression levels in the two melon cultivars

Four cDNA libraries were constructed using total RNA from BXC and YL under both 
control and salt-stress conditions (300 mM NaCl). Each library was processed on the Illumina 
platform. After removing low-quality reads, the total number of clean read pairs ranged from 
4.8 to 14 M. The high-quality reads from each library were then aligned to the C. melo L. 
genome, and 79-83% of the reads were mapped to the reference database, comprising ~19-
24 K mapped genes (Table 1). These genes were used for further analyses. Under normal 
conditions, the expression levels of 522 genes were higher and 364 genes were lower in BXC 
than in YL; after salt stress, the expression levels of 1204 genes were higher and those of 328 
genes were lower in BXC than in YL (Figure S1). Compared with the control, genes in both 
cultivars were divided into two libraries, with blue and red dots indicating significant and non-
significant changes, respectively (Figure 4A). A total of 1171 DEGs were found in response 
to salt stress in BXC, 572 of which were upregulated and 599 downregulated. In YL, 1487 
genes were identified as salt-stress-responsive DEGs, with 538 being upregulated and 949 
downregulated (Figure 4B). Twelve genes with differential expression patterns were selected 
for real-time qRT-PCR analysis to verify the reliability of the DEGs inferred from the RNA-
Seq. The correlation between the RNA-Seq and qRT-PCR data was evaluated using fold-
change measurements. The real-time qRT-PCR results were significantly correlated (r = 0.81) 
with the RNA-Seq data (Figure 4C), demonstrating the reliability of the RNA-Seq results.

A large group of cultivar-specific responsive genes existed under salt stress, with 560 
in BXC and 876 in YL. The number of salt-stress-induced genes was significantly higher 
than that of salt-stress-inhibited genes in BXC, whereas the opposite was the case in YL. A 
complete list of DEGs is provided in Table S2.

http://www.geneticsmr.com/year2016/vol15-3/pdf/8738-su2.xlsx
http://www.geneticsmr.com/year2016/vol15-3/pdf/8738-su12.xlsx
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Table 1. Summary of sequencing data.

Library No. of raw data 
pairs 

No. of high-quality clean 
read pairs 

No. of clean 
mapped reads 

Reads mapped at high 
quality (%) 

No. of mapped genes 

B0 7,545,783 5,967,247 9,932,433 83.22 19,856 
B2 5,866,812 4,800,239 7,842,096 81.68 21,423 
Y0 17,615,882 13,059,581 22,403,164 85.77 20,918 
Y2 17,504,211 14,266,787 22,537,785 78.99 23,563 

 B0 and B2, BXC under control and 300-mM NaCl conditions, respectively; Y0 and Y2, YL under control and 300-
mM NaCl conditions, respectively.

Functional categories of species-specific responsive genes in the two cultivars

To identify the functional categories of species-specific salt-responsive genes in the 
two cultivars, GO was employed to classify sequences annotated by known proteins. Based 
on the GO functional catalog, of the 1436 species-specific differentially regulated genes, 894 
were annotated with known functions (detailed functional categories are shown in Table S3). 
Of the upregulated genes, fewer were from YL than from BXC in almost all of the functional 
categories (Figure 5A). However, the downregulated genes that were related to various 

Figure 4. Differentially expressed genes in two muskmelon cultivars. A. Gene expression levels in two libraries. 
The x-axis represents the fold-change of differentially expressed genes in the library, and the y-axis represents the 
P value (log10). P < 0.05 and log2 ratio ≥ 1 or ≤ -1 were the criteria used to indicate a significant difference in gene 
expression between treated and untreated samples of BXC (left panel) and YL (right panel). Red dots represent 
the expression levels of genes that did not change significantly in the library, and blue dots indicate genes that 
changed significantly. B. Venn diagram of differentially expressed genes under salt stress in BXC and YL. This 
figure illustrates the number of up- and downregulated genes in BXC and YL after salt stress. C. Correlation 
analysis of gene expression levels obtained from RNA sequencing and real-time polymerase chain reaction (PCR) 
data. Twelve genes were selected for PCRs in two libraries (BXC and YL) after salt stress. The expression level 
of each target gene was normalized and calculated based on the level of the actin reference gene. The values were 
normalized again based on the expression levels of each gene under control conditions and the data were plotted as 
log2 ratio (salt stress/control) for each gene.

http://www.geneticsmr.com/year2016/vol15-3/pdf/8738-su3.xlsx
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biological processes were augmented in YL, and accounted for a larger proportion of the total 
than those in BXC (Figure 5B). The distribution of enriched GO terms shows that processes 
such as oxidation-reduction, ion binding, and substrate-specific transporter activity greatly 
differed between BXC and YL (Table S4), suggesting that the two cultivars have different 
response mechanisms at the transcriptional level under salt stress.

Figure 5. Gene ontology (GO) categories of differentially expressed genes of two muskmelon cultivars. A. 
Upregulated sequences in BXC and YL. B. Downregulated sequences in BXC and YL. In order to simplify the 
display, the figure only shows some of the GO categories.

http://www.geneticsmr.com/year2016/vol15-3/pdf/8738-su4.xlsx
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In addition to the species-specific regulated genes, there were a large number of 
overlapping responsive genes between the two cultivars, including 232 upregulated genes 
and 379 downregulated genes (Figure 4B). A complete list of the common regulated genes 
is provided in Table S5. Based on the GO functional catalog, 155 of the 232 upregulated 
genes were assigned GO terms (Figure 5A). In the “Biological Process” category, genes in 
“response to stimulus” accounted for 15.3%. The “catalytic activity” and “binding” groups 
within the “Molecular Function” category accounted for more than 35% of the annotated 
sequences. In addition, some sequences were involved in other important functional processes, 
such as “biological regulation”, “response to signaling”, “transcription factor activity”, and 
“transporter activity”. Detailed information is provided in Table S6.

Similar to the functional distribution of the upregulated genes, 127 of the 306 
downregulated genes were assigned GO terms (Figure 5B). The 127 downregulated sequences 
were mainly aggregated into the categories of important biological processes such as “cellular 
process”, “metabolism”, “stimulus response”, and “biological regulation and binding” (Table S7). 
In addition, most of these categories contained a greater proportion of downregulated probe sets 
than upregulated probe sets (Table S8).

Pathway-enrichment analysis of salt-responsive genes

To understand the biological functions and interactions of the genes, a pathway-based 
analysis was conducted based on the KEGG pathway database. A pathway-enrichment analysis 
of the up- and downregulated genes of BXC and YL showed that salt-stress-responsive genes 
were significantly enriched in 26 KEGG pathways (P < 0.05; Table S9). Based on quantitative 
comparisons of up- and downregulated genes in BXC and YL, we found several pathways 
that highlighted the differences between BXC and YL in response to salt stress, including 
“photosynthesis”, “biosynthesis of secondary metabolites”, “metabolic pathway”, and “plant 
hormone signal transduction” (Figure 6).

Figure 6. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways of two muskmelon cultivars. KEGG 
pathway gene sets enriched with commonly upregulated or downregulated genes under control and high-salt 
conditions. Each column represents a data count involving the significant pathways.

http://www.geneticsmr.com/year2016/vol15-3/pdf/8738-su5.xlsx
http://www.geneticsmr.com/year2016/vol15-3/pdf/8738-su6.xlsx
http://www.geneticsmr.com/year2016/vol15-3/pdf/8738-su7.xlsx
http://www.geneticsmr.com/year2016/vol15-3/pdf/8738-su8.xlsx
http://www.geneticsmr.com/year2016/vol15-3/pdf/8738-su9.xlsx
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The upregulated genes in BXC were significantly enriched in the “starch and sucrose 
metabolism”, “DNA replication”, “phenylpropanoid biosynthesis”, and “ubiquinone and other 
terpenoid-quinone biosynthesis” pathways. The categories “carbon fixation in photosynthetic 
organisms” and “porphyrin and chlorophyll metabolism” contained more downregulated 
genes in BXC than in YL. An enrichment analysis revealed that the upregulated genes in YL 
were significantly enriched in the “flavone and flavonol biosynthesis” pathway.

Comparison of 12 genes in the two cultivars in response to salt stress

Genes that encode transcription factors such as NAC, WRKY, and MYB were 
analyzed by qRT-PCR (Figure 7A). Both NAC1 and NAC2 responded immediately to salt 
stress in both cultivars, generally with an upregulated trend. The highest transcription level 
occurred after 1 week of treatment in both cultivars, and both genes were expressed at higher 
levels in BXC than in YL. WRKY1 and WRKY2 were upregulated in both cultivars after 1 week 
of salt treatment, but exhibited different trends over time. Under short-term salt stress (1 or 
24 h), WRKY1 was immediately downregulated, while WRKY2, in general, was upregulated. 
MYB1 and MYB2 were suppressed immediately after 1 h of salt stress, and were eventually 
upregulated after 1 week. However, the initial downregulation effect on MYB1 expression was 
reversed at different times in the two cultivars, with upregulation occurring earlier in BXC 
than in YL. For MYB2, both cultivars shared the same regulating principle over time, and YL 
was observed to have a higher induction factor after 1 week.

Figure 7. Expression levels of 12 selected genes at three time points (1 h, 24 h, and 1 week) in BXC and YL. The 
y-axis represents the expression level relative to the actin reference gene; the relative expression level of each 
gene in the control treatment (0 h) was set at 1. Error bars represent the standard error of the mean (SE) of three 
independent experiments.
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Genes that encode water or ionic transporters were studied by qRT-PCR (Figure 7B). 
The aquaporin genes AQP1 and AQP2 were affected by salt stress, and exhibited the same 
expression-related trends in the two cultivars. However, differences in the expression levels of 
these two genes were observed under short-term stress (1 and 24 h). Two nitrate transporters, 
nitrate transporter 1.5-like (NIT1.5) and nitrate transporter 1.2-like (NIT1.2), were both induced 
after 1 week of treatment. In both cultivars, NIT1.5 was downregulated in the short term; 
however, NIT1.2 was upregulated during the entire period. Two additional genes, TPK3 and 
MIRK, which encode K channels, were also analyzed; we found that both genes, in both cultivars, 
were downregulated during the entire treatment period. The extent of the downregulation of the 
genes was more readily distinguished between the two cultivars over the short period (1 h) than 
over longer periods. The sequences of the 12 genes are presented in Table S10.

DISCUSSION

BXC was more tolerant to salt stress than YL during the early stage

Several melon cultivars that differ in salt tolerance have been studied (Mangal et al., 
1988). We found that in response to salt stress, more damage occurred to the leaves of YL than 
to those of BXC, and was accompanied by a greater reduction in biomass, which is in line 
with the negative correlation found between relative biomass and damage in barley (Wu et al., 
2015). This suggests that BXC had a better phenotypic performance than YL under salt stress. 
In addition, BXC was significantly less affected by salt stress than YL in terms of EVAP, Pn, 
and gs, indicating that BXC still maintained a relatively greater capability for photosynthesis 
(Tester and Davenport, 2003), particularly at 150 mM NaCl.

Guard cells gate stomatal pores in order to balance gas exchange (mainly CO2) and 
transpiration, by modulating ionic activity in their plasma membranes (Laanemets et al., 2013). 
At low saline levels in BXC, there were no significant differences in ionic fluxes between 
salt-treated plants and control plants. However, greater Na+ and K+ exclusion was detected 
in the guard cell zone in YL salt-treated plants, indicating that the YL plants were subject to 
the detrimental effects of high salinity. The Na+ efflux (but not the K+ efflux) under saline 
conditions was significantly, negatively correlated with the EVAPs and shoot biomasses [r = 
-0.91 and -0.99, respectively (data not shown)], suggesting that the high EVAP in BXC under 
salt stress was caused by the lower Na+ efflux. Therefore, Na+ exclusion may be the key ionic 
indicator for salt stress in melon species, and BXC is more tolerant of high salinity than YL, 
based on the physiological indices.

Transcriptome analyses of the regulation of reactive oxygen species (ROS)-
responsive genes in the two melon cultivars

Under salt stress, ROS accumulates, resulting in damage to membranes and related 
biological macromolecules. Plants have developed several strategies to minimize the oxidative 
damage of ROS using antioxidant enzyme systems (Sandalio et al., 2013). Peroxidases 
(PODs), which are antioxidative enzymes, play key roles in cellular ROS detoxification under 
salt stress (de Azevedo Neto et al., 2006). In our study, genes that encode PODs and a POD 
precursor were induced by salt stress in both cultivars, so they could be considered strong 
indicators of salt stress in melon species.

http://www.geneticsmr.com/year2016/vol15-3/pdf/8738-su10.xlsx
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Another group of salt-stress-responsive genes are glutathione S-transferases (GSTs), 
which promote cell survival under oxidative stress. Plant GSTs play roles in herbicide 
detoxification, and also act as glutathione PODs by protecting cells from oxygen toxicity and 
suppressing apoptosis. GST gene expression that promotes a greater level of salt tolerance has 
been verified in vivo in transgenic Arabidopsis (Qi et al., 2010). In our study, genes that are 
related to GSTs were induced in BXC but not in YL (Table S11). This upregulated expression 
in BXC may help to protect cells from the oxygen toxicity that increases in leaves under salt 
stress, thereby enhancing the growth of BXC seedlings.

However, glutathione reductase (GR) transcription was specifically induced in YL. In 
the ascorbate-glutathione cycle, GR contributes to the defense against ROS by maintaining 
glutathione in its reduced state (Gill and Tuteja, 2010). A genotype-specific induction of the 
ROS-scavenging pathway may lead to a better tolerance of abiotic stressors. Therefore, the 
induction of GR genes in YL could be a specific response linked to salt resistance in this 
cultivar. These results suggest an underlying difference in the protection mechanisms against 
oxidative damage caused by salt stress between the two cultivars.

Transcriptome analyses of salt-responsive genes that encode water and ionic 
transporters in the two melon cultivars

As vital proteins in plant growth and development, abundant levels of aquaporins exist 
in most living organisms, and are involved in many physiological processes including water 
uptake and transportation, micronutrient uptake, reproduction, and photosynthesis (Heinen 
et al., 2009). Under saline conditions, a rapid increase in the intracellular salt concentration 
causes a rapid outflow of water from the cells via aquaporins, thereby leading to an osmotic 
effect (Allakhverdiev et al., 2000). For example, aquaporin-deficient cells of Synechocystis 
are unable to efficiently regulate the cytoplasmic volume under salt stress (Sinetova et al., 
2015), and overexpressing some aquaporin genes enhances the salt tolerance of transgenic 
plants (Sun et al., 2015). In our study, AQP1 and AQP2 were affected by salinity over time in 
both cultivars. As AQP1 expression decreased over the short-term, AQP2 expression increased 
(Figure 7B). This opposite regulation in both cultivars suggests that a common supplementary 
mechanism controlled by AQP2 in melon species exists, which maintains membrane water 
permeability and cellular osmotic balance under salt stress.

Genes that encode nitrate, ammonium, and amino acid transporter proteins were mostly 
downregulated under long-term salinity in both BXC and YL (Table S11), except for two nitrate 
transporters, NIT1.5 (XM_008467720) and NIT1.2 (XM_008454950) (Figure 7B) that might be 
involved in maintaining nitrate transportation (Lin et al., 2008). In general, the exposure of plants 
to high-salt stress reduces the K+ level in the whole plant or in individual tissues (Khan et al., 2000). 
We found that TPK3 and MIRK were downregulated in the leaves after salt stress (Figure 7B). 
Both genes exhibit K+-selective channel activity (Zhang et al., 2011; Carraretto et al., 2013). TPK3-
silenced Arabidopsis plants exhibit reduced growth and altered thylakoid membrane organization, 
resulting in reduced CO2 assimilation and a reduced non-photochemical dissipation of excess 
absorbed light (Carraretto et al., 2013). MIRK, which is located in guard cells (Zhang et al., 2011), 
may be involved in stomatal movement (Wang et al., 2013). The extent of the downregulation of 
both genes was more distinguishable between the two cultivars over the short duration (1 h) than 
over longer periods. The potential utility of these two genes as rapid molecular markers to screen 
for the salinity-tolerant capacities of different melon cultivars needs to be further investigated.

http://www.geneticsmr.com/year2016/vol15-3/pdf/8738-su11.xlsx
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Transcriptome analyses of salt-stress-responsive transcription factors in the two 
melon cultivars

Transcription factors that control the expression levels of stress-responsive genes 
are important in regulating plant responses to a range of abiotic and biotic stressors (Singh 
et al., 2002). We focused on six genes that successively encode NAC, WRKY, and MYB 
transcription factors.

NAC transcription factors play important roles in stress responses and plant 
development (Kawaura et al., 2008). The overexpression of some NAC genes increases the 
salinity tolerance of transgenic plants (Zheng et al., 2009). NAC1 and NAC2 were upregulated 
under salt stress in both cultivars, with both, particularly NAC2, expressed at higher levels in 
the salt-tolerant BXC cultivar than in the salt-sensitive YL cultivar, indicating that NAC2 is 
potentially useful for engineering salt-tolerant melons.

WRKY transcription factors are indispensable for transcriptional reprogramming, and 
are often associated with plant stress responses; auto- or cross-regulation among WRKY genes 
has been extensively recorded (Chen et al., 2012). In general, WRKY genes exhibit immediate-
early regulatory behavior (Hara et al., 2000), which may ensure the success of stress-signaling 
cascades that activate adaptive responses and regulate stress-related genes, eventually resulting 
in stress tolerance (Chen et al., 2012). In our study, immediate differences in the expression 
levels of both WRKY genes, either the downregulation of WRKY1 or the upregulation of 
WRKY2, were also observed after 1 h of salinity stress in both cultivars (Figure 7A), indicating 
that WRKY family members may act as regulatory factors involved in salt-stress responses 
through complex mechanisms. Interestingly, variations in both genes’ expression levels were 
much more noticeable in the salt-tolerant cultivar BXC than in YL. This may be related to a 
rapid recognition of salt stress, which activates adaptive responses and regulates stress-related 
genes in order to tolerate a high-salt environment (Chinnusamy et al., 2004).

Abundant genes that encode MYB transcription factors respond to salinity stress by 
up- or downregulation (Kawaura et al., 2008). In the present study, six MYB proteins were 
upregulated and four downregulated after salt stress. MYB1 and MYB2 were investigated 
over time in the 300-mM salt-stress treatment (Figure 7A). Both genes were suppressed 
immediately after 1 h of salt stress, and were eventually upregulated after 1 week. However, the 
reversal in MYB1 expression occurred at different times in the two cultivars, with upregulation 
appearing earlier in BXC than in YL, which may be advantageous when preparing plants for 
stress (Mattana et al., 2005). For MYB2, both cultivars followed the same trend, by either 
upregulating or downregulating over time, but eventually there was higher induction in YL, 
suggesting an important role for this gene in the stress defenses of the salt-sensitive cultivar.

CONCLUSIONS

In summary, BXC performed better under salt stress than YL in terms of biomass 
and photosynthesis. A transcriptome comparison of the two melon cultivars showed that 1171 
genes responded to salt stress in BXC while 1487 were identified as salt-stress-responsive in 
YL. A significant, positive correlation between the real-time qRT-PCR results and the RNA-
Seq data for 12 genes confirmed the reliability of the latter. We found several pathways that 
differed between the two cultivars in response to salt stress, including “photosynthesis”, 
“biosynthesis of secondary metabolites”, “metabolic pathways”, and “plant hormone signal 
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transduction”. Our study provides molecular information for further research on salt-tolerant 
mechanisms in the melon.
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