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Abstract
Cucumber is a commercially important vegetable crop whose growth and productivity are significantly influenced by salin-
ity. Currently, there is little information about salt-related genes and the associated biological pathways involved in salt 
stress response and tolerance in this crop. Accordingly, this study aimed to unravel the complex molecular mechanism 
components underlying salinity in cucumber using long non-coding RNA (lncRNA) identification and weighted gene co-
expression network analysis (WGCNA). Here, two previously published high-throughput RNA-seq datasets obtained from 
control and salt-treated tissues of cucumber roots and leaves were employed. First, the potential lncRNAs were identified 
based on a bioinformatics pipeline. Subsequently, differentially expressed genes (DEGs) and differentially expressed lncR-
NAs (DE-lncRNAs) were utilized as the input for the WGCNA to identify the clusters of highly interconnected lncRNAs 
and mRNAs. According to the results, 17 DE-lncRNAs out of 279 and 7 DE-lncRNAs out of 166 putative lncRNAs were 
detected between salt-treated and control samples in root and leaf tissues, respectively. Using WGCNA, 2226 unique DEGs 
and 23 DE-lncRNAs were categorized into 10 distinctive co-expression modules, of which, four modules, including blue, 
brown, yellow, and turquoise, contained the highest number of salt-related genes. Kyoto Encyclopedia of Genes and Genomes 
pathway enrichment analysis identified four significantly enriched pathways, including, “plant hormone signal transduction”, 
“starch and sucrose metabolism”, “MAPK signaling pathway”, and “phenylpropanoid biosynthesis”, related to salt stress 
response in cucumber. The novel hub genes identified in this study could be exploited for further functional studies aiming 
to introduce salt-tolerant cucumber varieties utilizing molecular engineering approaches.
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1 Introduction

All plants are subjected to a multitude of stresses throughout 
their life cycle. Among various stresses, salinity is the major 
environmental stress worldwide, which has an impressive 
detrimental effect on plants and can result in plant death 
and/or decreases in productivity (Nawaz et al. 2010). Plant 
responses to environmental stresses occur via a series of 
physiological, cellular, and molecular mechanisms. For 
example, by exposing the plant to salinity stress, critical 
processes such as photosynthesis, protein synthesis, energy, 
and lipid metabolism are affected (Kosová et al. 2013). 
Indeed, major plants evolve these mechanisms to exclude 
salt from their cells or to tolerate its presence within the 
cells (Parida and Das 2005; Yousefirad et al. 2020). Until 
now, a large number of studies have been designed to dis-
sect the molecular mechanisms involved in plant response to 
salt stress (Amirbakhtiar et al. 2019; Chandran et al. 2019). 
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In this regard, the most relevant genes associated with the 
biochemical and physiological processes, like signal trans-
duction, ionic homeostasis regulation, and detoxification 
response, have been unraveled (Krishnamurthy et al. 2017; 
Nefissi Ouertani et al. 2021; Yang and Guo 2018). Although 
the results have provided reliable insight into the understand-
ing of salt-responsive mechanisms, there is still more to be 
deciphered. Accordingly, systems biology approaches intro-
duced to reconstruct the transcriptional networks can be used 
as complementary analysis for a more detailed investigation 
of the complex signaling pathways involved in salinity (Liu 
et al. 2019; Shumayla et al. 2017; Suratanee et al. 2018; 
Wang et al. 2013). For instance, weighted gene co-expres-
sion network analysis (WGCNA) is an improved GCNA-
based method that has been successfully utilized in visual-
izing co-expression networks (Tai et al. 2018). Using this 
approach, the complicated gene expression profiling datasets 
could be condensed to confine co-expression modules (Tai 
et al. 2018; Yuan et al. 2018), resulting in the identification 
of intra-modular of highly connected genes. Moreover, the 
relationship between modules and their correlation with spe-
cial phenotypes or traits could be detected (van Dam et al. 
2018). It has been demonstrated that genes in the same mod-
ule presumably contribute to similar biological processes 
(Liang et al. 2014).

In addition, the key lncRNAs recognized by identifying 
lncRNA-mRNA co-expression modules using WGCNA are 
candidate biomarkers in salt response mechanisms (Eom 
et al. 2019; Zhang et al. 2019a). The lncRNAs are a class of 
non-coding functional RNAs with ≥ 200 nucleotides thought 
to regulate various biological processes by modulating gene 
expression at the transcriptional, post-transcriptional, trans-
lational, and post-translational levels (Sun et al. 2020; Zhang 
et al. 2019b). In recent studies, the potential regulatory role 
of lncRNAs in salt stress responses has been illustrated in 
several species, including bread wheat (Shumayla et al. 
2017), cotton (Deng et al. 2018), maize (Huanca-Mamani 
et al. 2018), poplar (Ma et al. 2019), sorghum (Sun et al. 
2020), tea (Wan et al. 2020), and duckweed (Fu et al. 2020). 
Nonetheless, a limited number of salt stress–related lncR-
NAs have been functionally investigated. For example, 
lncRNA npc536 and lncRNA DRIR in Arabidopsis (Amor 
et  al. 2009; Qin et  al. 2017) and lncRNA973 in cotton 
(Zhang et al. 2019a) were characterized as positive regula-
tors involved in salt stress tolerance. Therefore, lncRNAs 
play key roles in controlling molecular mechanisms involved 
in salt stress responses. Among the economically important 
crops, cucumber (Cucumis sativus L.) is a valuable vegeta-
tive species with a significant amount of vitamins and miner-
als (Mukherjee et al. 2013). Cucumber is also considered a 
salt-sensitive crop, as a salinity level higher than 1.3 dS·m−1 
significantly influences growth and productivity (Marium 
et al. 2019). In recent years, many studies have revealed 

salt-related genes and pathways in model plants (Chen et al. 
2017; Rolly et al. 2020; Sun et al. 2020; Xiong et al. 2017), 
but few studies have focused on cucumber (Chen et al. 2020; 
Jiang et al. 2020; Xiong et al. 2017; Zhu et al. 2019a, c; 
b). Therefore, there is a dire need to identify salt-related 
genes, unexpected RNA molecules like lncRNAs, signaling 
pathways, and regulatory networks in this species. Hence, 
we characterized lncRNAs at the transcriptome level in root 
and leaf tissues of cucumber under salt stress. Furthermore, 
WGCNA and functional enrichment analysis were applied 
on the whole transcriptome sequencing data of C. sativus to 
identify the novel lncRNA-mRNA co-expression network 
that elucidated the undiscovered parts of salt-related molecu-
lar mechanisms in this salt-sensitive plant.

2  Materials and methods

2.1  Transcriptome datasets

Two previously published transcriptome datasets from 
control and salt-treated roots (Bioproject accession num-
ber PRJNA511946) (Zhu et al. 2019c) and leaves (Biopro-
ject accession number PRJNA477930) (Zhu et al. 2019c) 
of Cucumis sativus cv. ‘JinYou 1’ were downloaded from 
the National Center for Biotechnology Information (NCBI) 
Sequence Read Archive (SRA). Each dataset included six 
samples representing three biological replicates for both 
the control and salt treatment. After quality control of raw 
reads by FastQC (https:// www. bioin forma tics. babra ham. ac. 
uk/ proje cts/ fastqc/) and Trimmomatic v0.30 (Bolger et al. 
2014) programs, only reads with an average quality of 30 
and minimum read length of 50 bp were kept for down-
stream analyses.

2.2  The lncRNA pipeline

To identify lncRNAs, clean reads were aligned to the refer-
ence genome of cucumber (v3, http:// cucur bitge nomics. org/ 
organ ism/ 20) with STAR v2.7.1 (Dobin and Gingeras 2015). 
Subsequently, StringTie v2.0.6 (Pertea et al. 2015) and 
StringTie’s merge were used to assemble all transcripts and 
combine the assembled transcripts, respectively. Then, the 
unannotated transcripts with the class codes of “u”, “x,” “i,” 
“o”, and “e” were extracted from gffcompare output. Finally, 
the unannotated transcripts were subjected to some filtering 
approaches to identify potential lncRNAs, as follows:

1. The unannotated transcripts with < 200 nucleotides and 
CPM < 1 were excluded.

2. FEELnc (Wucher et al. 2017) with a shuffle mode (-m 
“shuffle”) was used to infer potential lncRNAs.

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://cucurbitgenomics.org/organism/20
http://cucurbitgenomics.org/organism/20
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3. The coding potential of predicted lncRNAs was further 
evaluated using coding potential calculator (CPC2) soft-
ware (Kang et al. 2017).

4. tRNAscan-SE 2.0 (Lowe and Chan 2016) and Barrnap 
0.9 (https:// github. com/ tseem ann/ barrn ap) were applied 
to filter out possible transfer RNAs (tRNAs) and riboso-
mal RNAs (rRNAs).

5. The remaining transcript sequences were then inputted 
into CREMA (Simopoulos et al. 2018) to increase the 
specificity and accuracy of lncRNA prediction.

6. The transcripts with at least one significant (E-value, 
 1e−5) hit against the UniProt, Pfam, and Rfam databases 
were excluded.

2.3  Mining of differentially expressed genes (DEGs)

For differential expression analysis, gene read-count data 
matrices were produced from assembled transcripts with 
python script prepDE.py. Then, the IDEAMEX website 
(Jimenez-Jacinto et al. 2019) was used to call all DEGs and 
differentially expressed lncRNAs (DE-lncRNAs) through 
DESeq2 (Love et al. 2014) software with ‘‘FDR ≤ 0.05, 
logFC ≥ 2 and CPM = 1″ parameters.

2.4  RT‑qPCR‑based confirmation of cucumber 
lncRNAs

To validate the expression levels of predicted lncRNAs, 
nine DE-lncRNAs were evaluated by real-time quantita-
tive PCR (RT-qPCR) analysis. For this purpose, plant 
materials were prepared according to Zhu et al. (2019c). 
First, hot water–sterilized seeds of C. sativus L. were ger-
minated at 28 °C and after 2 days transplanted to trays 
containing equal parts peat, perlite, and sand followed 
by incubation at 28/18  °C (day/night), 60–70% rela-
tive humidity, and a 12-h light/dark regime in a growth 
chamber. At the two-leaf stage, uniform seedlings were 
transferred to plastic pots containing ½ strength Hoagland 
nutrient solution, which was continuously aerated. After 
1 week, two salt stress treatments were applied using 50 
and 100 mM solutions of sodium chloride (NaCl). After 
3 days of salinity treatments, leaf and root samples were 
collected from salt-stressed and control plants in three 
biological replicates and immediately frozen in liquid 
nitrogen. To decrease the variance caused by interindi-
vidual differences in gene expression, each sample was 
gathered from at least 10 plants. Total RNA extraction 
was performed using the DENAzist column RNA isolation 
kit. One microgram of total RNA per sample was reverse-
transcribed into first-strand cDNA using the RevertAid 
First Strand cDNA Synthesis Kit (Thermo Fisher, Co., 
USA) according to the manufacturer’s instruction. The RT-
qPCR reaction was conducted in a final volume of 20 μl 

using SYBR Green PCR Master Mix (BioFACT, Korea) 
and specific forward and reversed primers (Table 1) on 
the ABI system (ABI ViiA 7 Real-time PCR). All reac-
tions were executed in three technical replicates for each 
of the three biological replicates. The RT-qPCR program 
was performed with a single step of initial denaturation at 
95 °C for 10 s, followed by 40 cycles of 95 °C for 5 s and 
60 °C for 20 s. In this analysis, CACS (accession number 
(NCBI): GW881874) and 40SRPS8 (gene ID in cucumber: 
Csa6G382970; Li et al. 2019) housekeeping genes were 
selected for the normalization of data, and the relative 
expression levels of lncRNAs were quantified using the 
 2−ΔΔCt method (Livak and Schmittgen 2001).

Table 1  lncRNAs and primers used for qRT-PCR analysis

lncRNA Name Length (bp) Primers

lMSTRG.14303.2 219 F ATA TGG GCA AGG CAG 
AAA TG

R ACT TTC GGA ACA CGA 
TCC AC

lMSTRG.14505.1 182 F GCT CGT TTC ATT CCA TCC 
AT

R GTG GAG CTT TAT GGG AGA 
CG

lMSTRG.8396.2 203 F CAA CCT GCC AAA GAA 
GGA AG

R TGG TTG TGC TTG AGA TTT 
GC

rMSTRG.12032.1 207 F CTC GAC TCT CCG TCC TCA 
TC

R TCA AAA TGG CAT CTC AAC 
CA

rMSTRG.7061.1 151 F ATA AAT TCG ACC CGT CAT 
CG

R GAT CAA CCA CCT CCA 
CCA AT

rMSTRG.14093.1 187 F GGT TTT GGC CTC AAT CAA 
AA

R GAA TCG TGA AGC GAA 
TGG TT

rMSTRG.335.1 241 F GGG CAA AAC AAA GCA 
TCA TT

R ATG GGA ATG GGG AGA 
AGA AG

rMSTRG.5342.1 172 F GGC GGT TCC TTA TCG ATC 
TT

R GAA GCA GGT TAA AGC 
CCA CA

rMSTRG.9138.5 194 F ATC CAG GAT AGG GGA 
ATT GG

R TCG ACA CTC ATT CTG CCT 
TG

https://github.com/tseemann/barrnap
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2.5  Coding/non‑coding gene co‑expression 
network and functional analysis

To detect similar expression patterns between the lncR-
NAs and mRNAs, we used the WGCNA (Langfelder and 
Horvath 2008) R software package. The methods and 
parameters were adjusted according to a previous studies 
(Ghorbani et al. 2021; Ahmadi Khoei et al. 2021). In this 
regard, the normalized read count values were used as the 
input file for significantly differentially expressed lncRNAs 
and mRNAs. Based on  log2 (FPKM + 1) values, a similar-
ity matrix was generated by calculating Pearson’s correla-
tion between all pairs of genes and then transformed into 
an adjacency matrix. According to the scale-free topology 
criterion (Zhang and Horvath 2005), soft power was set to 9. 
After that, the topological overlap measure (TOM) and cor-
responding dissimilarity (1-TOM) were calculated using the 
adjacency matrix. Then, the modules, which are clusters of 
highly interconnected genes, were identified by hierarchical 
clustering of 1-TOM and the DynamicTree Cut algorithm 
(Langfelder and Horvath 2008). Additionally, correlations 
among gene expression modules and phenotypic traits were 
investigated. Modules that were significantly correlated with 
the trait were identified, and genes in significant modules 
were then exported for further analysis. Finally, to deter-
mine the genes that are highly connected in the modules, 
we selected the 50 top hub genes through the Cyto-Hubba 
plug-in (Chin et al. 2014) and visualized these genes with 
Cytoscape (Shannon et al. 2003) as an unsigned network. 
Accordingly, in this study the biological functions of DEGs 
were investigated via Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG; http:// www. 
genome. jp/ kegg/) pathway enrichment analysis on each 
module (Kanehisa and Goto 2000).

3  Results

3.1  Identification and characterization of lncRNAs

In this study, we obtained the clean reads from two previ-
ously published RNA-seq datasets to understand the molecu-
lar mechanisms of cucumber lncRNA responses to salt stress 
in root and leaf tissues. Each dataset included six librar-
ies representing three biological replicates of control and 
salt-treated samples. All 12 datasets were mapped to the C. 
sativus genome using the STAR program (Dobin and Gin-
geras 2015) to reconstruct the transcriptome. In this case, 
more than 92% of reads was mapped to the cucumber refer-
ence genome. Subsequently, the transcripts were assembled 
and annotated using StringTie and then were subjected to 
a suitable pipeline shown in Fig. 1a to identify confident 
lncRNA transcripts. Using this comprehensive filtering 

pipeline, 830 and 698 transcripts, belonging to class codes 
“u” (intergenic), “o” (generic overlap with known exon), 
“i” (intronic), and “x” (overlap with a known gene on the 
opposite strand) with CMP > 1 were identified in root and 
leaf samples, respectively. Afterward, FEELnc identified 
701 and 621 lncRNAs among the remaining unannotated 
transcripts in roots and leaves, respectively. We further 
assessed these transcripts for their protein-coding potential 
using the CPC program and filtering out tRNA and rRNAs, 
which resulted in 615 and 500 remaining transcripts. After 
that, transcripts were inputted into CREMA (https:// github. 
com/ gbgol ding/ crema; Simopoulos et al. 2018) for lncRNA 
prediction. Utilizing CREMA’s numerical scoring system for 
lncRNAs prediction, 398 and 290 transcripts with a predic-
tion score > 0.5 were considered putative lncRNAs in roots 
and leaves, respectively. In the last filtration step and after 
removing transcripts that were homologous to protein-cod-
ing genes, known protein domains documented in the Pfam 
database, and housekeeping RNAs such as tRNAs, rRNAs, 
snRNAs, and snoRNAs in the Rfam database, 279 and 166 
transcripts were detected as putative lncRNAs in root and 
leaf samples, respectively. Among all identified novel lncR-
NAs, 93 lncRNAs were shared between root and leaf sam-
ples. A file containing all the identified lncRNAs sequences, 
along with their genomic locations, is provided in DataS1.

Gene expression profiling of the salt stress and control C. 
sativus plants allowed us to identify lncRNAs whose expres-
sion levels were significantly changed upon salt stress. Out 
of all identified lncRNAs, 17 and 7 lncRNAs were differ-
entially expressed between salt and control samples in root 
and leaf tissues, respectively. Of these, three DE-lncRNAs 
were commonly expressed in both tissues. To investigate the 
relationship between DE-lncRNAs from different samples, 
we performed a correlation analysis among the normalized 
expression values from all the samples and generated heat 
maps (Fig. 1b). The heat maps indicated that salt treatment 
samples were clustered together compared to the control 
samples. As shown in the plot, lncRNAs exhibited a varied 
expression pattern between the control and salt treatment. 
The majority of lncRNAs identified in root tissue and all 
lncRNAs identified in leaf tissue were overexpressed in 
response to salinity.

3.2  Confirmation of differentially expressed 
lncRNAs

RT-qPCR analysis was employed to verify the expression 
patterns of nine lncRNAs detected by RNA-seq analysis 
(Fig. 2). In this experiment, the RT-qPCR results of all nine 
examined DE-lncRNAs were consistent with the RNA-
seq results, suggesting the reliability of the RNA-seq data. 
Importantly, to evaluate concordance in gene expression 
between RNA-seq and qPCR, we focused our analysis on 

http://www.genome.jp/kegg/
http://www.genome.jp/kegg/
https://github.com/gbgolding/crema
https://github.com/gbgolding/crema
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gene expression correlation between normalized RT-qPCR 
Cq-values and log-transformed RNA-seq expression values 
(R2 = 0.92), indicating that our analysis of the RNA-seq 
data was reliable. In this regard, the expression patterns 
of all nine lncRNAs in qPCR were similar to the results 
of transcriptome analysis and there were no dissimilarities 
between them. For instance, based on RNA-seq and RT-
qPCR data analysis, three lncRNAs, lMSTRG.14303.2, 
lMSTRG.14505.1, and lMSTRG.8396.2, were identified 
as up-regulated lncRNAs in leaves from salt-treated plants. 
Additionally, according to RT-qPCR results, these lncRNAs 
were significantly up-regulated in response to salt stress at 
two levels of salinity stress treatments (50, 100 mM) in both 
leaf and root tissues. Based on the two expression profil-
ing approaches, rMSTRG.12032.1, rMSTRG.7061.1, and 
rMSTRG.14093.1 were significantly down-regulated in roots 
from salt-stressed plants. The RT-qPCR analysis revealed 
down-regulation of these lncRNAs in leaves and roots at both 
salt stress concentrations, except for rMSTRG.7061.1, which 
was up-regulated in leaves. By contrast, rMSTRG.335.1, 
rMSTRG.5342.1, and rMSTRG.9138.5 were characterized 
as overexpressed genes in the salt-treated roots. Further-
more, based on RT-qPCR analysis, an opposite expression 

pattern for rMSTRG.5342.1 was detected between roots and 
leaves, which demonstrated the tissue-specific expression 
pattern of lncRNAs.

3.3  Construction of lncRNA‑mRNA co‑expression 
networks by WGNNA

In this study, WGCNA analysis was used to identify the reg-
ulatory lncRNA-mRNA co-expression network in C. sativus 
under salt stress. Regarding WGCNA results, 2226 unique 
DEGs and 23 DE-lncRNAs were categorized into 10 co-
expression modules with a distinctive color and ranging in 
size from 32 to 689 genes per module (Table 2). Four mod-
ules were characterized with the highest number of genes 
responding to salinity stress: turquoise (251 salt-related 
genes of 689 genes), blue (157 salt-related genes of 425 
genes), brown (121 salt-related genes of 348 genes), and 
yellow (118 salt-related genes of 276 genes). The turquoise 
and brown modules contained the largest number of DE-
lncRNAs (7 DE-lncRNAs), followed by the blue and yellow 
modules containing 4 and 3 DE-lncRNAs, respectively.

To identify the overall expression level of the modules 
and their association with salt stress, module eigengene 

Fig. 1  Identification and characterization of lncRNAs in C. sativus. 
a Flow diagram of the bioinformatics pipeline for the identification 
of lncRNAs. b Heatmap shows the expression profile of DE-lncR-
NAs across all samples. lMSTRG: DE-lncRNAs in leaf samples; 

rMSTRG: DE-lncRNAs in root samples. SaR represents salt stress 
sample and replication number. CoR represents control sample and 
replication number
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(ME) and Pearson correlation coefficients between the 
gene expression values and ME values in each module were 
calculated. As shown in Fig. 3, three modules, including 
MEbrown (with a correlation coefficient of − 0.98), MEblue 
(with a correlation coefficient of − 0.93), and MEturquoise 
(with a correlation coefficient of 0.97), were significantly 

associated with salt stress. The strong positive correlation 
in the turquoise module represented the considerable num-
bers of up-regulated genes that regulate salt stress tolerance 
in cucumber. Hierarchical clustering of all differentially 
expressed genes, which was performed based on the TOM 
dissimilarity measure (1-TOM), is represented as a cluster 
dendrogram along with assigned module colors in Fig. 4. 
The dynamic clustering modules with high similarity were 
combined to create the merged dynamic modules. In this 
analysis, the correlation between the corresponding mod-
ules eigengenes was calculated, and modules with eigengene 
similarity > 0.8 were combined, which reduced the number 
of modules from 10 to 6. This reduction facilitated analysis 
and allowed the modules to be large enough to include the 
significant Gene Ontology (GO) terms.

3.4  Functional enrichment analysis 
of the respective co‑expressed modules

For further investigation, the blue, brown, turquoise, and 
yellow modules that were highly correlated with salt stress 
were selected for functional annotation and biological inter-
pretation. GO and KEGG pathway enrichment analyses 

Fig. 2  The relative expression of selected lncRNAs determined 
by qPCR in root and leaf tissues. Genes: A lMSTRG.14303.2, 
B lMSTRG.8396.2, C lMSTRG.14505.1, D rMSTRG.12032.1r, 
E rMSTRG.7061.1, F MSTRG.335.1, G rMSTRG.14093.1, H 

rMSTRG.5342.1, and I rMSTRG.9138.5. CoR, SaR50, and SaR100 
represent control and salt-treated root samples by 50 and 100  mM 
NaCl, while CoL, SaL50, and SaL100 represent similar leaf samples

Table 2  The number of DEGs and DE-lncRNAs in each module

Module name Number of mRNAs Number of 
DE-lncR-
NAs

Turquoise 689 7
Blue 425 4
Brown 348 7
Yellow 276 3
Green 168 0
Red 87 1
Black 75 0
Pink 64 1
Magenta 62 0
Purple 32 0
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were performed on each module of DEGs. Furthermore, the 
eigengene expression profile in these major modules was 
investigated in control and salt-treated samples. According 
to the results, the genes in the blue and brown modules genes 
appeared to be modulated by salinity through down-regula-
tion (Fig. 5a, b), whereas the genes in the turquoise and yel-
low modules were positively regulated by salt stress (Fig. 5c, 
d). The top 10 terms in the biological process category of 
different modules are shown in Fig. 5. The GO analysis dem-
onstrated that modules were not very different in terms of 
enriched biological process, and genes in the four modules 
were similarly enriched in the biosynthetic process (GO: 
0009058) (as a highly enriched GO term), nucleobase-con-
taining compound metabolic process (GO:0006139), cellular 

process (GO:0009987), metabolic process (GO:0008152), 
transport (GO: 0006810), carbohydrate metabolic process 
(GO: 0005975), and response to stress (GO:0006950). Cel-
lular component organization (GO: 0016043) in the brown 
module, catabolic process (GO: 0009056) in the turquoise 
module, and lipid metabolic process (GO:0006629) in the 
yellow module were recognized as biological processes in 
which these modules were specifically enriched. Further-
more, the KEGG pathway enrichment analysis of DEGs in 
four major co-expressed modules (Fig. 6) revealed “plant 
hormone signal transduction”, “starch and sucrose metabo-
lism”, “MAPK signaling pathway”, and “phenylpropanoid 
biosynthesis” as significantly enriched pathways, which are 
considered major pathways involved in salt stress response.

Fig. 3  The module–trait relationships of different co-expression modules under control and salt stress conditions. Red and green represent posi-
tive and negative correlations, respectively. The numbers represent the Pearson correlation coefficient values and P-values
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3.5  Construction of co‑expression network using 
hub genes

Since hub genes and lncRNAs are the most important ele-
ments of the network in each module, we identified the top 
50 genes in the four main modules and visualized them 
using Cytoscape (Fig. 7). In the blue module, we identified 
2 lncRNAs and 48 protein-coding genes, of which, around 
19 genes were found to be salt-related genes. In this mod-
ule, several well-known transcription factors (TFs), includ-
ing ethylene response factor (ERF: CsaV3_3G021840), 
Myb-like (CsaV3_2G025610), F-box/kelch-repeat protein 
(CsaV3_7G005560), basic-leucine zipper transcription fac-
tor family protein (bZIP: CsaV3_4G033330), and zinc finger 
protein CONSTANS-LIKE2 (COL2: CsaV3_4G009980), 
were found in the list of the protein-coding genes. Addi-
tionally, we found DEGs such as S-receptor-like serine/
threonine-protein kinase (SRK: CsaV3_3G021760), ureide 
permease (UPS: CsaV3_5G033300), peptide methionine 
sulfoxide reductase (MsrA: CsaV3_1G000860), aminotrans-
ferase-like protein (CsaV3_3G033240), and auxin-respon-
sive protein (CsaV3_3G028380), which are involved in 
salt stress response. In the brown module, a single lncRNA 
and 49 protein-coding genes were identified, of which 
11 genes were salt stress–associated genes. Zinc finger 

protein CONSTANS-LIKE6 (COL6: CsaV3_5G026860) 
and protein SHI RELATED SEQUENCE1 (SRS1: 
CsaV3_7G006060) were recognized as TFs in this mod-
ule. Furthermore, remarkable numbers of DEGs includ-
ing desumoylating isopeptidase (CsaV3_3G029920), 
receptor-like kinase (RLK: CsaV3_1G011490), luc7-like 
protein 3 (CsaV3_5G005710), classical arabinogalactan 
protein 25 (CsaV3_6G005680), xyloglucan endotransglu-
cosylase/hydrolase (CsaV3_6G038030), spermidine syn-
thase (SPDS: CsaV3_5G000580), alpha/beta hydrolase-
like (CsaV3_7G032780), and oxidoreductases, acting on 
NADH or NADPH (CsaV3_4G005910), were identified, 
which are known to be involved in salt stress response as 
well as salt stress tolerance. Similar to the brown module, 
we identified one lncRNA and 49 protein-coding genes in 
the yellow module, of which 25 genes were revealed to be 
related to salinity. In this module, heat shock transcription 
factor (HSF: CsaV3_2G025510) and MADS-box protein 
(CsaV3_7G006940) were found as the salt stress–respon-
sive TFs. In addition, the main DEGs were related to the 
regulation of salt stress response or salt stress tolerance, 
including sodium/hydrogen exchanger (CsaV3_6G005700), 
pentatricopeptide repeat (CsaV3_5G029410), treha-
lose 6-phosphate phosphatase (TPP: CsaV3_3G003030), 
glutathione S-transferase (GST: CsaV3_3G011460), 

Fig. 4  Hierarchical cluster tree displaying the co-expression modules. The branches constitute 10 unique modules, and each line represents one 
gene. Original modules and merged modules are depicted as colored bands below the cluster tree
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Beta-expansin (CsaV3_3G007390), peroxidase (PRX: 
CsaV3_6G019020 and CsaV3_6G046710), methyltrans-
ferase (CsaV3_4G027850), cysteine proteinase inhibi-
tor (CsaV3_7G006960), calcium-transporting ATPase 
(CsaV3_6G044140), and mitogen-activated protein 
kinase kinase kinase (CsaV3_3G021810). In the turquoise 
module, out of the 50 protein-coding genes, 15 DEGs 
were associated with salinity. In this module, three TFs, 

bHLH35-like (CsaV3_2G008770), DICHOTOMA-like 
(CsaV3_1G003610), and General transcription factor IIH 
subunit (CsaV3_4G027560), were identified. In addition, 
the major salinity-relevant genes were recognized, including 
far upstream element-binding protein 2 (CsaV3_5G039940), 
glutamate dehydrogenase (GDH: CsaV3_4G013270), 
Sulfate transporter 1.1 (CsaV3_7G006330), serine/
threonine protein phosphatase 2A regulatory subunit 

Fig. 5  The Eigengene expression profile and top 10 enriched biological process GO terms of four major modules related to salt stress. a Blue 
module, b brown module, c turquoise module, and d yellow module. The length of the bar plot represents the numbers of enriched DEGs
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(CsaV3_6G040010), peroxidase (PRX: CsaV3_1G030120), 
and cysteine proteinase inhibitor (CsaV3_5G025580).

4  Discussion

In this study, we identified salinity-related lncRNAs and 
constructed the regulatory lncRNA-mRNA co-expression 
network using WGCNA in cucumber. Among 10 identified 
co-expression modules, four modules containing the highest 
amount of salt-responsive DEGs were selected for further 
analysis. KEGG pathway enrichment analysis of these major 
modules revealed DEGs that significantly contributed to the 
phenylpropanoid pathway, suggesting the determinative role 
of this pathway in the regulatory response of cucumber to 
salt stress. The phenylpropanoid pathway is considered a 
principal gateway for the synthesis of large numbers of sec-
ondary metabolites, including flavonoids, monolignols (the 
main building blocks of lignin), and phenolic compounds. 
Several studies have demonstrated that the phenylpropanoid 
pathway encompasses the main precursors for a large vari-
ety of phenolic compounds that are involved in plant pro-
tective processes against environmental stimuli (Feduraev 

et al. 2020; Valifard et al. 2015). In the phenylpropanoid 
pathway, phenylalanine ammonia-lyase (PAL; E.C.4.3.1.5) 
has been recognized as the first key enzyme in the formation 
of secondary metabolites. Cell wall composition and phe-
nolic metabolism remodeling is affected by PAL genes under 
various environmental conditions (Oliveira et al. 2020). The 
positive correlation between the NaCl concentration and the 
activity of PAL has been detected in several crops, such as 
Triticum aestivum (Cuong et al. 2020), Olea europaea (Rossi 
et al. 2016), Carthamus tinctorius (Dehghan et al. 2014), and 
Jatropha curcas (Gao et al. 2008). In terms of PAL activity 
alteration, this enzyme has been employed as a biochemical 
marker for the synthesis of protective and defensive com-
pounds under stress conditions (Nadernejad et al. 2012). 
Additionally, the role of PAL genes has been revealed in 
lignin synthesis (Bido et al. 2010; Chun et al. 2019). Lignin 
was found to synthesize via the phenylpropanoid pathway 
followed by oxidative radical coupling of lignin monomers 
and provides mechanical support by surrounding the second-
ary cell walls of vascular plants (Oliveira et al. 2020). Kelij 
et al. (2013) reported the PAL-mediated lignin accumulation 
and lignification under salt stress lead to cell wall rigidity 
and, therefore, cell growth limitation. The MAPK signaling 

Fig. 6  KEGG pathway enrichment analysis of DEGs in four major 
modules (blue, brown, turquoise, and yellow). The x-axis represents 
the ratio number of DEGs, and the y-axis displays the KEGG path-

way terms. The size and the color of circles indicate the number of 
enriched DEGs and the levels of significance, respectively
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pathway was recognized as another significantly enriched 
salt-related pathway. This detoxification-signaling pathway 
includes several sequentially phosphorylating and activat-
ing components that are involved in salt-stress signal trans-
duction, antioxidant defense response, and eventually ROS 
homeostasis regulation (Yang and Guo 2018). Additionally, 
starch and sugar metabolism were among the enriched path-
ways, which could indicate the role of relevant DEGs in 
salt stress response through starch–sugar interconversion. 
Indeed, this is a common adaptive response of plant species 
to regulate the sugar levels by cycles of accumulation and 
degradation of source/sink starch under stress conditions 
(Dong et al. 2018; Zhu et al. 2019b). Sugar metabolites are 
considered ROS scavengers, osmoprotectants, and an easy-
access source of carbon and energy to mitigate the negative 
effects of stress (Dong et al. 2018; Zhu et al. 2019b).

Through WGCNA analysis, we identified 50 distinct hub 
genes as the central and highly connected genes in each of 

the four major modules. Among hub genes, we identified 
TFs, key salt-related genes, as well as lncRNAs associated 
with salt stress in cucumber. In the blue module, TFs such 
as F-box/kelch-repeat protein, MYB-like, ERF, and bZIP 
were identified as the paramount regulators in response to 
salinity. F-box proteins have been identified as key elements 
in response to salt in several species, including Oryza sativa 
(Jain et al. 2007), Medicago truncatula (Song et al. 2015), 
T. aestivum (Zhou et al. 2015), and Glycine max (Yu et al. 
2020). These studies have also illustrated that F-box pro-
teins alleviate the negative effects of salt stress by regulating 
phenylpropanoid biosynthesis and ABA-mediated responses 
(Yu et al. 2020; Zhang et al. 2013). MYB family members 
are involved in diverse biological processes during growth 
and development (Zhang et al. 2018). The positive regula-
tory role of genes including OsMYB6 in Oryza sativa (Tang 
et al. 2019), ThMYB13 in Tamarix hispida (Zhang et al. 
2018), and AtMYB20 in Arabidopsis thaliana (Cui et al. 

Fig. 7  Co-expression network analysis of 50 hub genes from the four modules. a Blue module, b brown module, c turquoise module, and d yel-
low module
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2013) have demonstrated the pivotal functions of this TF 
family in improving plant tolerance to salt stress. CRF4-
like was another identified salt-responsive TF in the blue 
module, previously predicted as the target of csa-miRn6-3p 
(Zhu et al. 2019b). CRF4 is a component of the cytokinin 
signaling pathway that can participate in various stress 
responses through regulation of gene expression (Rashotte 
et al. 2006). Even though the role of this gene in modulat-
ing salt stress response has not been functionally investi-
gated yet, the positive regulatory role of other CRFs such as 
tobacco stress-induced gene 1 (Tsi1) and S. lycopersicum 
SlCRF1 have been displayed in response to salinity (Zwack 
and Rashotte 2015). bZIP TFs are also considered the most 
important components in signal transduction pathways under 
various stress conditions like salinity (Zhu et al. 2018). This 
TF family has been reported as an important regulator in 
ABA-mediated stress response (Yoon et al. 2020) and fla-
vonoid biosynthesis (Malacarne et al. 2016). It has been 
demonstrated that TabZIP-overexpressing Arabidopsis 
(Agarwal et al. 2019), OsbZIP71-overexpressing rice (Liu 
et al. 2014), and CabZIP25-silenced pepper (Gai et al. 2020) 
could confer salt tolerance in transgenic species. In addition 
to the salt-associated TFs, two salt-responsive lncRNAs, 
rMSTRG.12032.1 and rMSTRG.7061.1, as well as sev-
eral key salt-related protein-coding genes, including SRK, 
UPS, and MsrA, were identified in the blue module. SRK is 
considered a major subclass of the receptor protein kinase 
(RPK) family, which is involved in phosphorylating serine/
threonine residues (Afzal et al. 2008) and different signal 
transduction pathways (Bi et al. 2018). The positive regula-
tory role of this gene in conferring salt stress tolerance has 
been confirmed in GsSRK-overexpressing plants of Arabi-
dopsis and in OsSRK1-overexpressing plants of O. sativa 
(Lei et al. 2020; Xu et al. 2013). UPS proteins have been 
found to play a major role in enhancing salt stress tolerance 
in Arabidopsis through transportation of the accumulated 
allantoin. Allanation is the process of purine degradation, a 
pathway that is intermediate for recycling the extra nitrogen 
assimilated in purines. This metabolite was suggested to act 
as a ROS protectant whose accumulation was essential for 
the induction of salt stress tolerance (Lescano et al. 2016). 
Furthermore, allanation is involved in the activation of ABA 
metabolism in response to abiotic stresses (Irani and Todd 
2016). Numerous studies have displayed increased MsrA 
expression under high salt stress in diverse crops, includ-
ing O. sativa (Zhang et al. 2009), Solanum lycopersicum 
(Dai and Wang 2012), Hordeum vulgare (Fatehi et al. 2012), 
Nicotiana tabacum (Liu et al. 2014), and Glycine max (Chu 
et al. 2016). The role of this enzyme has been demonstrated 
to prevent oxidative damage arising from the ROSs derived 
from ambient stimuli. Since methionine (Met) has a remark-
able reactivity with ROS molecules, its oxidation leads to 
the conformation of many vital proteins. Hence, MsrA could 

enzymatically reduce two oxidized forms, including methio-
nine-S-sulfoxide (Met-S-SO) and methionine-R-sulfoxide 
(Met-R-SO), back to Met in a post-translational modification 
process (Dai and Wang 2012; Guo et al. 2009).

In the brown module, rMSTRG.14093.1 was recognized 
as the only salt-associated lncRNA, together with two TFs, 
COL6 and SRS1, and other neighboring co-expressed 
mRNAs, such as RLK and SPDS. The SRS transcription 
family members are involved in various physiological and 
biochemical processes via their conserved RING-like zinc-
finger domain (CX2CX7CX4CX2C2X6C) (Elenbaas et al. 
1996). Zhou et al. (2020) analyzed the stress-related cis-
elements of the SRS family and determined their possible 
involvement in the abiotic stress signaling pathway. Moreo-
ver, these researchers demonstrated the potential function 
of GmSRS18 in the negative regulation of salt-related genes 
in GmSRS18-overexpressing Arabidopsis seedlings. RLK 
proteins have been indicated to be involved in abiotic stress 
responses, including salinity through signal transduction 
(Chen et al. 2013). The extracellular and intracellular kinase 
domains of these transmembrane proteins play a major role 
in perceiving and propagating signals, respectively. The role 
of different RLK proteins, including OsSIK1, OsSIT1, and 
OsSTRK1, in O. sativa has been indicated as a positive regu-
lator in salt stress response. Moreover, it was found that OsS-
TRK1 serves as a  H2O2 homeostasis regulator and protects 
plants against cellular damage under salinity (Zhou et al. 
2018). In other crops, the fundamental roles of RLK proteins 
in conferring enhanced salt tolerance are consensual (Sun 
et al. 2018; Wang et al. 2017; Zhao et al. 2013). SPDS pro-
teins were reported to enhance salt tolerance in transgenic 
plants including Arabidopsis (Kasukabe et al. 2004), and 
Pyrus communis (Wen et al. 2008). They were also found to 
positively regulate the key stress-responsive genes and lead 
to build-up protection mechanisms under stress conditions 
(Kasukabe et al. 2004). SPDS is known to be involved in the 
biosynthesis of two polyamines, spermidine and spermine. 
Polyamines have emerged as the hub promoting salt stress 
tolerance through the scavenging of ROS and inducing anti-
oxidant activity (Todorova et al. 2013).

In the yellow module, lMSTRG.14505.1 was detected 
as the only lncRNA, and its relevance was found with two 
salt-responsive TFs, namely HSFs and MADS-box protein, 
and several major salt-associated genes, such as TPP, GST, 
and PRX. The participation of HSFs was found in various 
signaling pathways under abiotic stresses (Hwang et al. 
2014). These TFs can mediate salt stress tolerance through 
transcriptional regulation. For instance, PeHSF in Populus 
euphratica regulates the expression of PeWRKY1 by binding 
to HSE (Shen et al. 2015). In another study, AtHSFA7b has 
emerged as the transactivator of regulator genes, which can 
directly or indirectly induce salinity tolerance through bind-
ing to their E-box-like or HSE motifs (Zhang et al. 2019b). 
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MADS-box genes are known as important components in 
regulatory networks underlying abiotic stress responses. 
The positive regulatory roles of MADS-box genes have 
been recognized in ABA signaling, ROS homeostasis, and 
detoxification processes mediated by the antioxidant enzy-
matic activities, such as by PRX and catalase (Castelán-
Muñoz et al. 2019). Krasensky et al. (2014) demonstrated 
that TPP is involved in the final step of trehalose metabolism 
and its overexpression leads to increased trehalose biosyn-
thesis. This metabolism positively modulates abiotic stress 
tolerance. Other studies have illustrated the accumulation 
of trehalose levels under salinity (Garg et al. 2002). Lee 
et al. (2003) reported that the accumulated trehalose in 
chloroplasts could protect the thylakoid membranes against 
salt stress damage. Additionally, Il et al. (2013) reported 
the enhanced salt stress tolerance as well as photosynthe-
sis rate through the constitutive overexpression of TPP in 
S. lycopersicum. The involvement of the GSTs in abiotic 
stress response has been illustrated in previous studies (Ding 
et al. 2017; Kumar and Trivedi 2018; Nianiou-Obeidat et al. 
2017). Qi et al. (2010) have shown that the overexpression of 
GST in transgenic Arabidopsis plants positively modulated 
high metabolic activity maintenance and negatively regu-
lated lipid peroxidation, thereby inducing peroxide scaveng-
ing capacity and consequently conferring salt stress toler-
ance. The prominent role of PRX in antioxidant responses 
under salt stress has been proved in various studies (Jin et al. 
2019), and the association of different members of this ROS-
scavenging gene family with salt tolerance induction has 
been functionally investigated (Su et al. 2020; Wang et al. 
2017; Zhang et al. 2017).

In the turquoise module, unlike other modules, no 
lncRNA was identified. In this module, bHLH35-like was 
identified as the key salt-responsive TF along with a set of 
key salt-related genes, including GDH and PRX, which was 
also recognized in the yellow module. Basic helix-loop-helix 
(bHLH) TFs have been identified as the second-largest fam-
ily that modulates gene expression upon different environ-
mental stimuli and promotes tolerance to diverse abiotic 
stresses (Chen et al. 2018). Jiang et al. (2019) confirmed the 
role of OsbHLH035 in conferring salt stress tolerance and 
recovery of plants after stress through the ABA-independent 
pathway. GDH is known as a mitochondrial enzyme that 
plays a major role in regulating glutamate homeostasis (Fon-
taine et al. 2013). Tercé-Laforgue et al. (2015) demonstrated 
that the activity of GDH is impacted by a post-transcrip-
tional mechanism under different NaCl concentrations.

According to the achieved results from the study of 
Zhu et al. (2019a), reduction in root hydraulic conductiv-
ity was the primary response of cucumber cv. 'Jinyou 1' 
due to inhibition of the water uptake by salt-treated roots. 
This change triggers the reduction of leaf hydraulic con-
ductivity, decreasing the water content in both leaf and 

root tissues. According to the same study, aquaporin gene 
family members are considered the main positive regu-
lators of water flow through biological cell membranes, 
and prominent moderators retain the cellular water 
homeostasis in cucumber. In this study, this gene fam-
ily was categorized in the turquoise module containing 
co-expressed genes that are positively regulated by salt 
stress. Since co-expressed genes in a module presumably 
coordinate a common process and share a similar func-
tion, the genes in the turquoise module can potentially be 
involved in saline sensing and initial signaling events in 
cucumber roots and modulate the alteration of hydraulic 
conductivity and water content under salinity. A signifi-
cant decrease of growth variables has been reported in the 
cultivar 'Jinyou 1' grown under different salt stress treat-
ments (Ahmad et al. 2017; Zhu et al. 2019a). It has been 
demonstrated that the length of shoots and roots as well as 
plant fresh/dry weights usually decrease due to disruption 
of water uptake, ionic imbalance, deficiency in nutrients, 
and eventually unsettled metabolic activity. Osmolyte 
accumulation, cell division, and enlargement are the most 
common mechanisms in response to these changes (Sahin 
et al. 2018; Shahid et al. 2014; Steffens et al. 2005). Here, 
the brown module comprised Hydroxyproline O-galac-
tosyltransferase (CsaV3_1G008060), Trehalose 6-phos-
phate phosphatase (CsaV3_6G045560), Sugar transporter 
ERD6-like (CsaV3_3G014030), and Inositol oxygenase 
(CsaV3_1G040000) associated with osmolyte production 
and transduction. Furthermore, in this module and the blue 
module, phytohormone-associated genes such as Cytokinin 
dehydrogenase (CsaV3_4G036030), ethylene-responsive 
transcription factor CRF4-like (CsaV3_3G021840), Gib-
berellin 20-oxidase, putative (CsaV3_6G005990), and jas-
monic acid-amido synthetase JAR1 (CsaV3_3G008270) 
were identified. It has been indicated that phytohormones 
regulate osmolyte accumulation under abiotic stress, 
especially salinity (Sharma and Zheng 2019), elucidat-
ing the possible contribution of coding genes and lncR-
NAs (including rMSTRG.12032.1, rMSTRG.7061.1, 
and rMSTRG.14093.1) in brown and blue modules in 
cucumber adaptive responses that affect growth-related 
attributes under salt stress. Assessment of physiological 
parameters in the cultivar 'Jinyou 1' revealed the induction 
of  H2O2 content in plants treated with 75 mM NaCl (Zhu 
et al. 2019a), as well as an increase in superoxide dis-
mutase (SOD) and peroxidase (PRX) in plants subjected to 
60 mM, followed by a decrease in activity under 120 mM 
treatment (Ahmad et al. 2017). In addition, the increased 
amount of malondialdehyde (MDA) content at two levels 
of salt stress (60 and 120 mM NaCl) has been reported 
(Ahmad et al. 2017). Since enzymatic antioxidants play a 
crucial role in protection against cellular damage induced 
by overproduced ROS under salt stress, the identification 
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of ROS scavenging–related genes such as PRX, GST, and 
MADS-box in turquoise and yellow modules suggest regu-
latory roles of lMSTRG.14505.1 and genes with unknown 
function in pathways related to ROS-scavenging detoxifi-
cation processes, affecting the antioxidant enzyme activity 
values against different salt stress treatments in this sensi-
tive cucumber cultivar.

According to the module–trait relationship and the 
eigengene expression profile, it was found that the most 
important salt-related genes identified in two major blue 
and brown modules were negatively regulated by salinity 
stress in the cucumber cultivar 'Jinyou 1', while in other 
salt-tolerant crops, most of these salt-related genes were 
shown to have a positive regulatory role in response to 
salinity ( Abd-Hamid et al. 2020; Ahmad et al. 2017; Guo 
et al. 2018; Medici et al. 2014; Tang et al. 2019; Ye et al. 
2017). In conclusion, the salt stress sensitivity of cultivar 
'Jinyou 1' can be demonstrated by this negative correlation 
(between module eigengenes and salinity) in opposition 
to tolerant crops (with a positive relationship). This result 
is validated by previous studies (Ahmad et al. 2017; Zhu 
et al. 2019a) that revealed the susceptibility of this cultivar 
via physiological and morphological characteristics under 
salinity.

5  Conclusion

The findings of this study unveil the hub genes consist-
ing of TFs (including SRS1, MADS-box protein, and 
DICHOTOMA-like) as well as protein-coding genes 
(including SRK, UPS, MsrA, Alpha/beta hydrolase-like, 
Pentatricopeptide repeat, and Cysteine proteinase inhibi-
tor) associated with salinity response in cucumber. Hub 
genes, such as dymeclin (CsaV3_3G012900), Pectinest-
erase (CsaV3_7G029580), U2 snRNP auxiliary factor 
large subunit (CsaV3_6G003130), MLP-like protein 28 
(CsaV3_3G021430), and Magnesium transporter MRS2-like 
protein (CsaV3_1G014320), were for the first time associ-
ated with crop response to salinity. Additionally, lncRNAs 
were identified as the leading components of regulatory net-
works underlying salt stress response. These markers can be 
further used to analyze salt tolerance (and susceptibility) of 
cucumber cultivars and employed in breeding programs to 
enhance tolerance and alleviate the detrimental (deleterious) 
effects of salinity.
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