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Abstract
The family of basic leucine zipper (bZIP) transcription factors plays diverse crucial roles in numerous biological processes. 
Despite the identification of bZIP genes in several plants, to our knowledge, bZIP members in watermelon and melon are 
yet to be comprehensively investigated. The genomes of watermelon and melon encode 59 ClabZIP and 75 CmbZIP putative 
genes, respectively. Both bZIP protein family members were phylogenetically grouped into seven subfamilies. The majority 
of bZIP genes in the same subfamily shared similar gene structures and conserved motifs. Chromosome distribution and 
genetic analysis revealed that 21 duplication events between ClabZIP genes and 106 duplication events between CmbZIP 
genes have occurred. Further, the three-dimensional structure and functional annotation of bZIP proteins was predicted. For 
evaluating the expression patterns of ClabZIP and CmbZIP genes, RNA-seq data available in public databases were analyzed. 
The expression profiles of selected ClabZIP and CmbZIP genes in root and leaf tissues of drought-stressed watermelon and 
melon were also examined using qRT-PCR. ClabZIP-57, CmbZIP-52, and CmbZIP-31 genes exhibited the highest expression 
levels after stress exposure in leaf and root tissues. Gene identification studies like the present study offer new perspectives 
in the analysis of bZIP protein family members and their functions in plants.
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Introduction

Melon (Cucumis melo) and watermelon (Citrullus lanatus) 
belong to Cucurbits or the Cucurbitaceae family. They are 
economically highly valuable as fresh produce worldwide; 
approximately 111 and 29 million tons of watermelons and 
melons have been produced, respectively, and their culti-
vated area is measured at a total of approximately 4.7 million 
hectares (ha) throughout the world (Food and Agriculture 
Organization 2014). According to FAO reports, Turkey is 
the second-largest producer of watermelons (3.9 million 
tons) and melons (1.7 million tons) after China.

Transcription factors (TFs) play regulatory roles for their 
downstream target genes, which they may induce or repress. 
They comprise of two structures, namely sequence-specific 
DNA-binding and activation domains. Based on their 3D 
structures and DNA-binding sequence properties, TFs 
can be classified into 40–60 families in plants (Wingender 
et al. 2001; Yilmaz et al. 2009). The basic leucine zipper 
(bZIP) TF family is one of the most diverse TFs families in 
plants (Wang et al. 2015). They are described as contain-
ing a highly conserved bZIP domain, which is 60–80 amino 
acids in length, and which comprises a basic region and a 
leucine zipper dimerization motif (Wang et al. 2011). The 
basic region is responsible for nuclear localization and DNA 
binding, whereas the leucine zipper controls the homo- and/
or hetero-dimerization of bZIP proteins (Jakoby et al. 2002; 
Nijhawan et al. 2008).

Like other TFs, bZIP TFs play significant roles in devel-
opmental and differentiation processes in plants. The roles 
of the family members encompass organ and tissue differ-
entiation (Shen et al. 2007; Silveira et al. 2007), cell elon-
gation (Fukazawa et al. 2000), nitrogen/carbon and energy 
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metabolism (Baena-Gonzalez et al. 2007; Weltmeier et al. 
2006), unfolded protein response (Iwata and Koizumi 2005; 
Liu et al. 2007), seed storage protein gene regulation (Lara 
et al. 2003) and somatic embryogenesis (Guan et al. 2009). 
In addition, bZIP TFs regulate signaling processes and play 
a role in the response to biotic/abiotic stresses. Reports have 
indicated that expression analyses of bZIP TFs have been 
examined in various plant species under different stress 
conditions, such as abscisic acid (ABA) signaling, hypoxia, 
drought, high salinity, cold stress, hormone and sugar signal-
ing, light responses, osmotic stresses, and pathogen defense 
(Hsieh et al. 2010; Kobayashi et al. 2008; Lee et al. 2006; 
Lu et al. 2009; Rodriguez-Uribe and O’Connell 2006; Wang 
et al. 2015; Yang et al. 2009; Yoshida et al. 2010; Yun et al. 
2010). The importance of bZIPs in biological processes and 
the regulation of stress mechanism in plants have led many 
researchers to focus on the bZIP gene family. Thus, the pres-
ence of many members of the bZIP TF family has been pre-
dicted in different plant species. bZIPs have been reportedly 
identified in Arabidopsis (Jakoby et al. 2002), rice (Nijha-
wan et al. 2008), soybean (Liao et al. 2008), carrot (Guan 
et al. 2009), sorghum (Wang et al. 2011), maize (Wei et al. 
2012), cucumber (Baloglu et al. 2014), castor bean (Jin et al. 
2014b), grapevine (Liu et al. 2014), Brachypodium (Liu and 
Chu 2015), tomato (Li et al. 2015a), barley (Pourabed et al. 
2015), six legumes, (Glycine max, Medicago truncatula, 
Phaseolus vulgaris, Cicer arietinum, Cajanus cajan, and 
Lotus japonicus) (Wang et al. 2015), apple (Li et al. 2016), 
Chinese cabbage (Bai et al. 2016), cassava (Hu et al. 2016).

Recently, genome sequencing projects for members of 
the Cucurbitaceae family have been completed for cucum-
ber (Huang et al. 2009), melon (Garcia-Mas et al. 2012) 
and watermelon (Guo et al. 2013). In addition to genome 
sequences, this family is an important model for sex deter-
mination and plant vascular biology studies (Lucas 2006). 
Although the complete genome sequences of these mem-
bers elevate our understanding of important gene families, 
there is still not enough information about the identification 
and characterization of some TF families in Cucurbits. To 
our knowledge, our previous study was the first to perform 
genome-wide identification and expression analysis of bZIPs 
in cucumber (Baloglu et al. 2014). Due to the current una-
vailability of the descriptions of bZIPs in watermelon and 
melon, the present study aimed to examine all bZIP gene 
family members in all known genomes of Cucurbitaceae 
family members. With the availability of genome sequences 
of watermelon and melon, bZIP TF family genes were sys-
tematically investigated, compared, and analyzed in this 
study. Herein, all members of bZIP genes were determined 
in watermelon and melon genomes, and these genes were 
then analyzed for motif identification, phylogenetic classi-
fication, duplication, and determination of orthologs in dif-
ferent plant species. Furthermore, their expression analysis 

in different tissues and conditions were examined using both 
RNA-seq data available in public databases and qRT-PCR.

Materials and methods

Identification of bZIP genes in melon 
and watermelon genomes

Based on previous reports by the author (Baloglu 2014; 
Baloglu et al. 2014; Celik Altunoglu et al. 2017; Celik 
Altunoglu et al. 2016; Kavas et al. 2015, 2016; Yer et al. 
2015), a variety of approaches were applied to elucidate 
bZIP genes from genomes of melon and watermelon. First, 
bZIP amino acid sequences from several organisms (Arabi-
dopsis thaliana, Cucumis sativus, Gossypium hirsitum, 
Oryza sativa, G. max, Sorghum bicolor, Triticum aestivum, 
Triticum durum, Pisum sativum, Zea mays, Hordeum vul-
gare, Brassica napus, M. truncatula, Nicotiana tabacum, 
Vitis vinifera) were retrieved from TF database 3.0 (http://
plntf​db.bio.uni-potsd​am.de/v3.0/) (Jin et al. 2014a). Utiliz-
ing these sequences, a BLASTP search at Melonomics data-
base (https​://melon​omics​.net/tools​/blast​/run/) and Cucurbit 
Genomics database (http://cucur​bitge​nomic​s.org/blast​) were 
performed against melon and watermelon genomes with an 
e-value cut-off of e−50, respectively. Second, the keyword 
“bZIP” was also sought in the databases. In addition, HMM 
profiles of bZIP proteins in the Pfam database (http://pfam.
sange​r.ac.uk/) were checked. Finally, the expressed sequence 
tag sequences of bZIP genes of cucumber, melon, and water-
melon were used for TBLASTN search in the NCBI data-
base to ensure the inclusion of all possible bZIP proteins.

Chromosomal location, gene structure 
and distribution of bZIP genes in genomes

The specific gene positions of bZIP genes on watermelon 
chromosomes were determined using the Cucurbit Genom-
ics database (http://cucur​bitge​nomic​s.org/blast​). Genes were 
individually mapped onto 11 watermelon chromosomes on 
the basis of their ascending order of physical position (bp) 
and presented using MapChart (Voorrips 2002). Gene struc-
ture analysis was performed using Gene Structure Display 
Server v2.0 (http://gsds.cbi.pku.edu.cn/) (Hu et al. 2015). 
Intra- and crossgenome relationships of bZIP genes were 
discovered using Plant Genome Duplication Database (Tang 
et al. 2008).

Identification of the conserved motifs 
and construction of phylogenetic tree

The specific motifs found in bZIP protein sequences were 
determined using MEME (http://meme.nbcr.net/meme3​/

http://plntfdb.bio.uni-potsdam.de/v3.0/
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meme.html) (Bailey et al. 2009). MEME motifs were also 
checked in the InterPro database with InterProScan, which 
provides the functional analysis of proteins by predicting 
their domains and important sites. The amino acid sequences 
were transferred to MEGA7, and multiple sequence align-
ments were conducted with CLUSTALW with gap open and 
gap extension penalties of 10 and 0.1, respectively (Kumar 
et al. 2016). The alignment file was then utilized for con-
structing the phylogenetic tree in accordance with the ML 
method, with bootstrap analysis for 1000 iterations. Finally, 
the tree was displayed using Interactive tree of life (iTOL; 
http://itol.embl.de/index​.shtml​) (Letunic and Bork 2011).

Gene ontology (GO) annotation

For functional annotation identification of bZIP proteins, 
bZIP protein sequences were imported into the Blast2GO 
server (http://www.blast​2go.com) (Conesa and Götz 2008). 
First, BLASTP analysis and then mapping of GO terms on 
the basis of BLAST results were performed. Finally, the 
annotation of GO terms of each query were determined. The 
program classifies results into three categories: biological 
processes, cellular components, and molecular functions.

Comparison of bZIPs between melon–watermelon 
and other species

For understanding the orthologous relationships between 
bZIP genes among melon–watermelon and other species, 
amino acid sequences of melon–watermelon bZIPs were 
blasted against peptide sequences of Arabidopsis, cucumber, 
maize, rice, grape, and poplar in Phytozome with an e-value 
cutoff of e−50 and identity/positive cut-off of 60%.

Calculation of synonymous and non‑synonymous 
substitution rates

The amino acid sequences of duplicated bZIP proteins 
and orthologous pairs between melon–watermelon and 
poplar, rice, Arabidopsis, and maize were arranged with 
CLUSTALW using multiple sequence alignment tool. The 
CODEML program (http://www.bork.embl.de/pal2n​al/) 
was utilized for calculating synonymous (Ks) and non-syn-
onymous (Ka) change ratios through the alignment of the 
amino acid sequences and their respective original cDNA 
sequences of bZIP genes (Suyama et al. 2006). Time (MYA) 
of the duplication and divergence of each bZIP gene was 
calculated using the formula T = Ks/2λ (λ = 6.5 × 10−9), and 
using mutation ratios corresponding with every synonymous 
area and every year (Lynch and Conery 2000; Yang et al. 
2008).

3D protein homology modeling of bZIPs

For the identification of the best template match between 
sequence and known 3D structure, all bZIP proteins were 
blasted in PDB using default parameters (Berman et al. 
2000). For predicting the 3D structure of bZIP proteins, 
the obtained data was fed into Phyre2 database (Protein 
Homology/AnalogY Recognition Engine; http://www.sbg.
bio.ic.ac.uk/phyre​2) (Kelley and Sternberg 2009); homology 
modeling analysis was conducted in “intensive” mode in 
Phyre2. Samples with more than 70% of amino acid residues 
modeled were considered significant with and confidence 
cut-off of 90%.

Expression analysis of bZIPs using transcriptome 
data

For evaluating bZIP gene expression profiles in different tis-
sues and conditions for melon and watermelon, SRA (https​
://www.ncbi.nlm.nih.gov/sra), an open, public database, 
was utilized for the retrieval of Illimuna HiSeq reads for 
RNA-seq analysis. The accession numbers of raw sequenc-
ing data for watermelon are listed as follows: SRR1724899, 
SRR1724900, SRR1724901, SRR1724902, SRR1724903, 
SRR1724943, WM-UR-1/SRR1001435, WM-UR-2/
SRR1001436, WM-IM-1/SRR1001437, WM-IM-2/
SRR1001438, WM-PM-1/SRR1001439, WM-PM-2/
SRR1001440, WM-MA-1/SRR1001441, WM-MA-2/
SRR1001442, SRR494474, SRR518988, SRR518988, 
SRR494479, SRR518992, SRR518993; and for melon as fol-
lows: SRR411102, SRR411100, SRR411106, SRR411104, 
SRR1033647, SRR1033646, SRR2082958, SRR2082965, 
SRR2082865, SRR2082935, SRR2082943, SRR2082953, 
SRR2082831, SRR2082832, SRR2082790, SRR2082791, 
SRR2082796, SRR2082813.

All reads were downloaded in “.sra” format (raw data), 
and were converted to “fastq” format using the NCBI SRA 
Toolkit fastq-dump command. After the removal of low-
quality reads (Q score < 20) and trimming adapters using 
CLC Genomics Workbench 7.5, the quality of the fastq files 
was checked using FastQC analysis in terms of per-base 
sequence qualities, per-sequence quality scores, per-base 
nucleotide content, and sequence duplication levels (Celik 
Altunoglu et al. 2017). A pipeline for RNA-seq analysis was 
constructed using CLC Genomics Workbench 7.5. Briefly, 
unique mapped reads were normalized, standardized, and 
the exon model reads per kilobase per million mapped reads 
(RPKM) were calculated to obtain gene expression values. 
For identifying differentially expressed bZIP genes, FDR 
value ≤ 0.001, fold change (RPKM-tr/RPKM-cont) ≥ 2, and 
the absolute ratio of log2 (RPKM-tr/RPKM-cont) ≥ 1 were 
used as threshold values (Kavas et al. 2016). Finally, the 
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heat maps of hierarchical clustering were visualized using 
PermutMatrix (Caraux and Pinloche 2005).

Plant growth conditions and drought stress 
treatment

Melon and watermelon seeds were obtained from Mon-
santo Gıda ve Tarım Tic. Ltd. Şti (Antalya). After remov-
ing the shells and washing the seeds in distilled water, the 
seeds were transferred into plastic pots for growth. They 
were irrigated using Hoagland solution for 14 days at 
400 µmol m−2 s−1 light intensity at 24 °C ± 2 °C and 16 h 
light/8 h dark photoperiod. For mimicking drought stress 
conditions, 10% polyethylene glycol 6000 (PEG-6000) 
was prepared and added to the Hoagland solution. Simi-
lar to other drought stress-related studies conducted by the 
authors (Baloglu et al. 2014; Celik Altunoglu et al. 2017; 
Celik Altunoglu et al. 2016), samples were collected from 
stressed plants and control plants at 0, 3rd, 12th, and 24th 
hours following the application of the stress condition. For 
measuring tissue-specific bZIP gene expression analysis, 
root and leaf samples of the grown plants were used and 
sampled three times for replication.

RNA isolation and quantitative real‑time PCR 
analysis

Total RNA was extracted using TRIzol reagent (Life Tech-
nologies Corporation, Grand Island, NY, USA). All RNA 
samples were treated with DNase I (Fermentas, Thermo 
Fisher Scientific, Waltham, MA, USA) for the removal of 
DNA contaminants. The quality and integrity of the isolated 
RNA was checked using agarose gel electrophoresis and the 
Multi Scan Go device (Thermo Fisher Scientific, USA). For 
gene expression analysis, bZIP gene-specific primers were 
designed and checked using the NCBI Primer BLAST tool 
(https​://www.ncbi.nlm.nih.gov/tools​/prime​r-blast​/). Primers 
used in this study are listed in Supplementary Table S6. The 
bZIP genes were selected based on their expression levels 
obtained from other reports. Therefore, highly expressed 
and differently expressed bZIP genes under drought stress 
conditions were used for qRT-PCR. A cucumber 18S rRNA 
gene (GenBank ID: X51542.1), amplified with primers 
5′-GTG​ACG​GGT​GAC​GGA​GAA​TT-3′ and 5′-GAC​ACT​
AAT​GCG​CCC​GGT​AT-3′ was utilized as a control (Baloglu 
et al. 2014). Three biological replicates and three techni-
cal replicates were taken from each sample. SYBR Green 
master mix and a Light Cycler 480 Real-Time PCR System 
(Roche Applied Science, Germany) were used for specific 
gene expression analysis. Using the 18S rRNA gene as an 
internal control, relative gene expression analysis was per-
formed. The ΔCT and ΔΔCT were calculated as indicated 
in the authors’ previous studies (Baloglu et al. 2014; Celik 

Altunoglu et al. 2016, 2017; Kavas et al. 2015; Yer et al. 
2015). In addition, the standard errors of mean among 
replicates were calculated. Analysis of Variance was used 
for obtaining the statistical significance of the difference 
between stress-treated samples and control samples. If the 
P-value was < 0.01, we considered the bZIP genes as dif-
ferentially expressed genes.

Results and discussion

Identification and phylogenetic classification 
of the bZIPs in the watermelon and melon genomes

Various strategies such as BLAST, PFAM domains, hidden 
Markov model (HMM) and key word searches were used for 
the extensive identification of bZIP genes in target genomes. 
In addition, last version of CLC Genomics Workbench v11 
was used for crosscheck for putative bZIP genes. So, all 
known bioinformatics techniques were applied to the deter-
mination of bZIP genes. As a result of these comprehensive 
analysis, a total of 59 and 75 bZIP proteins were character-
ized from watermelon and melon, respectively. Confirmation 
of the conserved bZIP domain was performed among all 
identified bZIPs. Watermelon and melon bZIP genes were 
abbreviated as CmbZIP and ClabZIP, respectively, based 
on their Latin names. The full length of ClabZIP proteins 
varied from 85 (ClabZIP-44) to 767 (ClabZIP-49) amino 
acid residues, with molecular masses ranging from 10 to 
82.8 kDa. The full length of CmbZIP proteins varied from 
57 (CmbZIP-68) to 721 (CmbZIP-26) amino acid residues, 
with molecular masses ranging from 6.5 to 78.6 kDa. Physi-
cal position, isoelectric points, instability indexes, and phy-
logeny groups of ClabZIP and CmbZIP protein sequences 
are shown in Supplementary Table S1. Several reports have 
shown that bZIP gene numbers are different among plant 
species based on their genome size and chromosome num-
bers. The predicted bZIP gene numbers for watermelon and 
melon were consistent with that in previous research on 
cucumbers conducted by the authors, in which 64 CsbZIP 
genes were identified (Baloglu et al. 2014). Consultation 
with other genome-wide studies of bZIPs revealed that bZIP 
genes were found in higher numbers in monocots when com-
pared with dicots. For example, 170 in maize (Wei et al. 
2012), 141 in barley (Pourabed et al. 2015), 131 in soybean 
(Liao et al. 2008), 96 in Brachypodium (Liu and Chu 2015), 
92 in sorghum (Wang et al. 2011) and 89 in rice (Nijhawan 
et al. 2008). However, the numbers were ranged between 55 
and 75 bZIP genes in dicots (Jakoby et al. 2002; Liu et al. 
2014). It can thus be suggested that large genome size, high 
chromosome number, duplication events, and polyploidy in 
monocots may cause these elevated numbers.

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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For investigating the genomic distribution of the ClabZIP 
genes, they were first arranged on the 11 chromosomes of 
watermelon and then named from ClabZIP-01 to ClabZIP-59 
according to their order of appearance on the chromosomes 
(Fig. 1). The ClabZIP gene density on the chromosomes was 
also examined. Chromosome 8 contained the highest number 
of ClabZIP genes (19%), while the lowest number of genes 
was found on chromosome 3 (5%) (Supplementary Fig. S1). 
Some similarities between the characteristic gene distribu-
tions of ClabZIP genes and CsbZIP genes in cucumbers 
were observed. For example, ClabZIP genes were primarily 
distributed on chromosomes 2 as well as on chromosomes 
8, 10, and 11, where they appear to congregate at the upper 
and lower ends of the arms, respectively (Fig. 1). In the 
cucumber genome, CsbZIP genes were located on different 
chromosomes (chromosomes 2, 3 and 7), but the same gene 
arrangement patterns on chromosome arms were observed 
(Baloglu et al. 2014). In a watermelon genome study, chro-
mosome-to-chromosome relationships within the Cucurbi-
taceae family members, including watermelon, cucumber, 
and melon were examined. A total of 3543 orthologous 
relationships were noted, which cover approximately 60% 
of the watermelon genome. A complicated syntenic pattern 
on these chromosomes was suggested. As a result, chromo-
somal evolution and rearrangement were examined among 
these three members of the Cucurbitaceae family (Guo et al. 
2013). Because of high orthologous ratios between water-
melon, melon, and cucumber, bZIP gene positions showed 
a similar pattern on each chromosome. In contrast to Cla-
bZIP genes, the physical position of CmbZIPs could not be 
detected on melon chromosomes because the locations of 
these genes were still in the scaffolding level.

Phylogenic analysis was carried out to understand the 
evolutionary relationships of bZIP genes among these three 

important Cucurbit members. Unrooted Maximum Likeli-
hood (ML) trees were separately created using 59 ClabZIP 
and 75 CmbZIP proteins, together with 64 CsbZIP proteins. 
The findings of the phylogenetic analysis of ClabZIP pro-
teins indicated that seven discrete groups (Clusters I–VII) 
were obtained (Fig. 2a). The largest group, Cluster VII, 
and the second-largest group, Cluster IV, contain 23 and 
15 ClabZIP proteins, respectively. CmbZIP proteins were 
phylogenetically divided into seven clusters (Clusters I–VII), 
similar to that in watermelon. Cluster VII was divided into 
four sub-clusters, comprising 49 CmbZIP proteins (Fig. 2b). 
Lastly, a combined phylogenetic tree was constructed using 
protein sequences of ClabZIPs from watermelon, CmbZIPs 
from melon, and CsbZIPs from cucumber for investigating 
the evolutionary relationships within the bZIP genes in the 
Cucurbitaceae family (Supplementary Fig. S2). The results 
revealed that a total of 198 Cucurbit bZIPs were assigned 
to ten clusters in the phylogenetic tree (Clusters I–X). No 
distinct discrimination among bZIPs of Cucurbitaceae 
family members was observed in these clusters—ClabZIPs, 
CmbZIPs, and CsbZIPs were distributed in all ten clusters. A 
total of 6, 7, and 10 groups of bZIP TFs have now been clas-
sified in cucumber (Baloglu et al. 2014), watermelon/melon 
(in this study), sorghum (Wang et al. 2011) and Arabidopsis 
(Jakoby et al. 2002), respectively. Furthermore, ten different 
clades of bZIP proteins were also observed in different plant 
species including rice (Nijhawan et al. 2008), six legumes 
(G. max, M. truncatula, P. vulgaris, C. arietinum, C. cajan, 
and L. japonicus) (Wang et al. 2015), apple (Li et al. 2016) 
and cassava (Hu et al. 2016). These results are consistent 
with data obtained in this study, in which all bZIP proteins 
from members of the Cucurbitaceae family were divided 
into the same ten groups, as indicated in these studies. Over-
all, it seems that plant bZIP proteins may be phylogenetically 

Fig. 1   Distribution of 59 ClabZIP genes onto nine watermelon chromosomes. Tandem-duplicated genes on a particular chromosome are indi-
cated in the box. Chromosomal distances are provided in Mbp
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classified into ten groups based on their gene structure and 
motif compositions. It can, therefore, be suggested that the 
interspecies clustering shows a parallel evolution of bZIP 
TFs among different plant species.

In this study, gene structure profiles and motifs of Cla-
bZIP genes were also examined for verifying the reliabil-
ity of the phylogeny analysis. The exon–intron profiles of 
watermelon bZIP genes were determined for the compari-
son of their gene structures. A total of 17 ClabZIP genes 
with no intron were detected, accounting for 28.80% of all 
ClabZIP genes. Most were found in Clusters IV and V. The 
highest number of introns was observed in Clusters I and 
VIIa, and their coding regions (cds) were noted to vary from 
1 to 12 (Fig. 3). In addition, a correlation was discovered 
between phylogenetic tree and the exon–intron organization 
of ClabZIP genes. All ClabZIP proteins in same clusters 
were classified into same exon–intron groups. In Fig. 3, the 
phylogenetic tree of ClabZIP proteins was redrawn to indi-
cate this relationship. Similar studies indicated that differ-
ent numbers of introns were identified in castor bean (11 
introns) (Jin et al. 2014b), Arabidopsis (Jakoby et al. 2002) 
and rice (Nijhawan et al. 2008) (12 introns each), sorghum 
(14 introns) (Wang et al. 2011) and cucumber (12 introns) 
(Baloglu et al. 2014). The gene structures of all 585 bZIPs 
were also examined in six legumes, and similar structural 
patterns were observed among them (Wang et al. 2015). 
These results together with those of the present study further 
support the notion that the overall pattern of exon/intron pro-
files could be considered as an index for group classification 
and phylogenetic relationships in plant bZIP gene families.

Additional structural features, such as motifs and the 
bZIP domains of ClabZIP and CmbZIP proteins were 
also identified in the present study. Multiple EM for motif 

elicitation (MEME) analysis determined 20 motifs; all Cla-
bZIP and CmbZIP proteins contain bZIP domains (Pfam 
number: PF00170), which are Motif 1–5 for watermelon 
bZIP proteins (Table 1A), and Motif 3-4-5-7 for melon bZIP 
proteins (Table 1B). In addition to bZIP domains, differ-
ent domains, such as seed dormancy control (Pfam number: 
PF14144, DOG1) and CAMP-response element binding 
domains (Motif 2 for melon and Motif 6 for watermelon) 
were detected in ClabZIP and CmbZIP protein sequences. 
Some uncharacterized conserved motifs were also found 
(Supplementary Fig. S3). Watermelon and melon bZIP pro-
teins within the same phylogenetic cluster had similar motif 
compositions suggesting that, like gene structure profiles, 
motif compositions also supported group classification and 
resulted in conserved evolution. These results match those 
observed in earlier studies. In one such study, a total of 50 
conserved motifs and domains were identified in bZIP pro-
teins from six legume species (Wang et al. 2015). A total 
of 50 conserved motifs and domains were identified in six 
legumes of bZIP proteins in that study. It was also proposed 
that most of the motifs appeared specific to each group for 
each legume species. They also suggested that the group-
specific motifs are also useful for determination of specific 
functions and groups of bZIP members.

Duplication and evolutionary analysis of the bZIPs

Tandem or segmental gene duplication events lead to the 
formation of numerous copies of genes, which may result 
in the evolution of gene families. Divergence and duplica-
tion events for ClabZIP and CmbZIP genes were analyzed. 
Non-synonymous (Ka) versus synonymous (Ks) substitution 
ratios (Ka/Ks) were first evaluated for duplicated ClabZIP 

Fig. 2   Phylogenetic comparison of a ClabZIP and b CmbZIP genes. Alignment of sequences was achieved using CLUSTALW. The phylogenetic 
tree was constructed with bootstrap analysis for 1000 repetitions using MEGA7 software
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and CmbZIP genes to search for the association of Posi-
tive Darwinian Selection. A total of 18 pairs of segmentally 
and three pairs of tandemly duplicated genes were identi-
fied among ClabZIP genes (Fig. 4a). Average Ka/Ks ratios 

were 0.12 for segmentally duplicated and 0.16 for tandemly 
duplicated genes. Predicted divergence times of segmentally 
and tandemly duplicated ClabZIP genes ranged between 7 
and 413 million years ago (MYA), with an average of 85 

Fig. 3   The exon–intron structure of ClaZIP genes based on the evolutionary relationship
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MYA; and between 3 and 12 MYA, with an average of 6 
MYA, respectively (Supplementary Table S2). In addition, 
results indicated the presence of orthologous bZIP gene 
pairs between watermelon and monocot plants; maize (114 
pairs of genes), rice (86 pairs of genes). Also orthologous 
bZIP gene pairs between watermelon and eudicot plants; 

arabidopsis (120 pairs of genes), poplar (81 pairs of genes), 
and grape (38 pairs of genes). 55 pairs of orthologous bZIP 
gene pairs were determined with cucumber which is also 
a member of cucurbiticae family. The earliest divergence 
time was noted between watermelon and maize bZIP genes, 
with an average of 150–170 MYA, which was followed by 

Table 1   Amino acid composition of the (A) watermelon and (B) melon bZIP motifs

Motif no. Sites E-value Amino acid sequence composition of motif Width (aa)

(A)
 Motif 1 57 2.8e−835 ERKQRRMISNRESARRSRMRKQKHLDELW 29
 Motif 2 7 6.8e−152 VDGILVHYDELFRLKGNAAKADVFHLLSGMWKTPAERCFLWLGGFRSSEL 50
 Motif 3 54 1.1e−136 DTSGLTVENKELKLRLQAMEQ 21
 Motif 4 17 1.3e−071 RKVQTLQTEATSLSAQLTLLQ 21
 Motif 5 6 3.9e−055 LVNQLEPLTEQQLVGITNLQQSSQQAEDALSQGMEALQQSL 41
 Motif 6 4 2.6e−043 FIRQADNLRQQTLQQMHRILTTRQSARALLAIHDYFSRLRALSSLWLARP 50
 Motif 7 7 2.7e−040 QAHLRDALNEALKKEVERLKIATGEV 26
 Motif 8 8 4.8e−034 ESIEAKKAMDPDKLAELWTID 21
 Motif 9 5 7.5e−034 LGEMGKPLGSMNLDELLHNIWTAEANQSM 29
 Motif 10 2 8.7e−028 CSMDSFFDEILKDTHACTHAHTCNPPGPDYSHTHTCFHVHTKIV 44
 Motif 11 6 9.2e−028 LQRQGSLTLPRTLSQKKVDEVWKDI 25
 Motif 12 4 2.2e−027 KYDDAAVDNRILKADIETLRAKVKMAEETVKRVTG 35
 Motif 13 5 1.1e−019 RQPTFGEMTLEDFLIKAGVVR 21
 Motif 14 12 2.2e−019 HHRRSHSDTSF 11
 Motif 15 7 1.0e−032 SRLKLTQLEQELQRARQQGIF 21
 Motif 16 8 2.6e−014 RHRHSNSMDG 10
 Motif 17 2 5.7e−013 FSMDQLKISQMNCSQGRAQHFQSNFLGDNSRRIGIPPCPNSPQIPPISPY 50
 Motif 18 5 9.7e−013 GNVANYMGQMAMAMGKLGTLE 21
 Motif 19 4 1.0e−012 YVAMYPPGGIYAHPSIPPGSYPFSPFTMP 29
 Motif 20 5 2.2e−012 RQPSIYSLTFDEFQN 15

(B)
 Motif 1 14 1.3e−384 YDEIFHLKGVAAKSDVFHLITGMWMTPAERCFLWIGGFRPS 41
 Motif 2 14 4.5e−401 TLEGFIRQADNLRQQTLQQMHRILTTRQSARALLAIHDYFSRLRALSSLW 50
 Motif 3 20 1.3e−280 DERKQRRMISNRESARRSRMRKQKHLDELWSVVVRLRTENHSLMEKLNQL 50
 Motif 4 20 3.6e−266 RRQKRMIKNRESAARSRARKQAYTNELENKVSRLEEENERL 41
 Motif 5 14 2.1e−298 ELLKLLVNQLEPLTEQQLVGITNLQQSSQQAEDALSQGMEALQQSLAETL 50
 Motif 6 14 8.0e−292 MAGNGAMAFDVEYARWLEEQNKQINELRAAVNSHASDTELRMIVDGILAH 50
 Motif 7 20 1.2e−256 RKQRRMISNRESARRSRMRKQKHLDELWSQVLWLRNENHQL 41
 Motif 8 10 5.9e−175 QRDTTGLSTENSELKLRLQAMEQQAHLRDALNEALKKEVERLKIATGEVM 50
 Motif 9 4 7.4e−115 IEIPSSCSMDSFFDELLKDTHTCTHTHTCNPPGPDYSHTHTCFHVHTKIV 50
 Motif 10 4 2.1e−081 VDIRGRIEGEIGSFPYQKAVNPNLSNPSMPGAYVMNPCNMQCEDQVYCLH 50
 Motif 11 13 1.4e−076 LKRLLRNRVSAQQARERKKAYLNDLEIRV 29
 Motif 12 19 9.8e−061 LEAENSVLRAQMVELRHRLDSLNEIIRFM 29
 Motif 13 6 5.1e−060 PYAAIYSHGGVYAHPAVSMGPHSHAPGVP 29
 Motif 14 3 8.9e−061 IHVFPDWAAMQAYYGPRVAVPPYYNSAVASGHAPHPYMWGP 41
 Motif 15 14 4.6e−058 VANYMGQMAMAMGKL 15
 Motif 16 4 7.2e−056 LLNGQSFSACDFENLQCLANQNTGAKEPPDCGLGNTIANVNCAELNPKKG 50
 Motif 17 7 6.8e−053 SLQRQASFSLARALSGKTVDHVWKEIQEGQ 30
 Motif 18 8 1.1e−044 RQPTLGEMTLEDFLVKAGVVAE 22
 Motif 19 6 2.1e−041 GSIGKDFGSMNMDELLKNIWSAEEMQTM 28
 Motif 20 3 1.1e−037 KEDIGAESDEEEISRVPQICGNSGSTVGISAPGKAPASDSVRSRGRSAAE 50
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rice (155–165 MYA), Arabidopsis (130–150 MYA), grape 
(35–40 MYA), poplar (25–30 MYA), and cucumber (1–3 
MYA) (Fig. 4b) (Supplementary Table S3).

According to the duplication analysis of CmbZIP genes, 
106 pairs of bZIP genes displayed duplication events, with 
an average divergence time of 120–130 MYA (Fig. 4a) 
(Supplementary Table S4). In addition, a total of 107, 106, 

105, 63, 41, 27 and 385 pairs of orthologous bZIP genes 
were identified between melon and cucumber, watermelon 
(cucurbiticae members); poplar, grape, Arabidopsis (eud-
icot plants); maize and rice (monocot plants), respec-
tively. The latest divergence time was observed between 
melon and Arabidopsis or maize with an average of 1–3 
MYA. Divergence times between melon and watermelon, 
cucumber, poplar, grape, rice were 5–10 MYA, 5–15 MYA, 
25–35 MYA, 45–55 MYA, and 30–35 MYA respectively 
(Fig. 4c) (Supplementary Table S5). According to the diver-
gence times and gene pairs, especially the divergence time 
between C. sativus and Z. mays, it looks like ClabZIP and 
CmbZIP genes are conserved between monocots and dicots. 
bZIP family appeared before the divergence of monocots 
and dicots (Nijhawan et al. 2008). This data shows that the 
structure and function of most bZIP genes remained con-
served during angiosperm evolution (Li et al. 2015b). In the 
light of this information, our findings are consistent with our 
knowledge of the evolution of bZIP genes so far and will act 
as a valuable information in the understanding of monocot/
eudicot evolution of bZIP genes.

In previous studies for the genome-wide determination 
of bZIP genes in other plants, four pairs of tandemly and 
12 pairs of segmentally duplicated genes were observed in 
cucumber bZIP genes (Baloglu et al. 2014). Moreover, in 
Arabidopsis, sorghum, and rice, an average of three pairs 
of tandemly duplicated genes were monitored, which was 
consistent with results for watermelon obtained in this 
study. Segmental duplication of bZIP genes in Arabidop-
sis, sorghum, and rice were 39, 49, and 52 pairs of genes, 
respectively (Jakoby et al. 2002; Nijhawan et al. 2008; Wang 
et al. 2011). These results indicate that segmental duplica-
tion events may dominantly lead to that gene family expan-
sion of bZIP genes. Based on divergence time analysis of 
bZIP genes, cucumber and poplar bZIP genes were the lat-
est diverged genes, with a predicted time of 10–15 MYA 
(Baloglu et al. 2014). Similar results were obtained in the 
present study, which indicate that watermelon bZIP genes 
diverged last with poplar bZIP genes, after cucumber bZIP 
genes. Moreover, bZIP genes in the cucumber genome were 
separated from rice bZIP genes, with a predicted time of 
26–38 MYA (Baloglu et al. 2014), whereas bZIP genes in 
the watermelon genome showed divergence from maize and 
rice, with a predicted time of 150–170 MYA and 155–165 
MYA, respectively. However, the latest divergence time rate 
was calculated between bZIP genes from melon and those 
from Arabidopsis and maize. These findings indicate that 
that cucumber and watermelon bZIP genes are phyloge-
netically closer to poplar bZIP genes than to melon bZIP 
genes. Moreover, shared orthologous gene numbers were 
similar between melon–cucumber (107 pairs of genes) and 
melon–watermelon (106 pairs of genes), and these num-
bers were higher than that of orthologous genes from other 

Fig. 4   a Estimation of duplication and divergence times of ClabZIP 
and CmbZIP genes. b Estimation of divergence times of ClabZIP 
genes with orthologous bZIP gene pairs between melon and rice, 
Arabidopsis, maize, poplar, cucumber, and grape. c Estimation of 
divergence times of CmbZIP genes with orthologous bZIP gene pairs 
between watermelon and rice, Arabidopsis, maize, poplar, cucumber, 
and grape
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plants. This can be explained by the membership of these 
plants in the same family.

Functional annotation and homology modeling 
of bZIPs proteins

The gene ontology (GO) annotation of bZIP proteins was 
performed using Blast2GO analysis for predicting their func-
tional properties. Both ClabZIP and CmbZIP proteins were 
shown to play roles in developmental, metabolic, and cellular 
processes. In addition, the regulation of biological process 
and responses to stimuli were also observed roles of bZIP 
proteins. These findings are consistent with the known regu-
latory roles of bZIP proteins in various biological processes, 

including nitrogen/carbon and energy metabolism, pathogen 
defense, organ and tissue differentiation, flower growth, and 
seed maturation as well as light and stresssignaling (Ciceri 
et al. 1999; Jakoby et al. 2002; Silveira et al. 2007; Walsh 
et al. 1998). Also, these results can be verified with these 
studies which indicated the involvement of bZIP proteins in 
normal and stressed growth conditions. Based on molecu-
lar function prediction, ClabZIP and CmbZIP proteins had 
primarily binding or TF activities, which reflects their regu-
latory role. Lastly, both bZIP proteins generally existed in 
cell parts, organelles, and membranes in melon and water-
melon (Fig. 5). Cucumber bZIP proteins were also found in 
cell parts and organelles, which were similar locations to 
melon or watermelon bZIP proteins (Baloglu et al. 2014). 

Fig. 5   Gene ontology analysis of ClabZIP and CmbZIP genes using Blast2GO program with three categories named as follows: biological pro-
cess, molecular function, and cellular component



237Plant Growth Regulation (2019) 87:227–243	

1 3

Moreover, according to the subcellular localization of some 
bZIP proteins in tomato, five proteins were nuclear-localized 
transcriptional activators (Li et al. 2015a). Detailed location 
analysis of melon or watermelon bZIP proteins indicated 
that these cell parts mainly comprised the membrane or 
nucleus, which is concordant with their roles as TFs. Results 
of these previous studies were also consistent with the find-
ings of this study (Huang et al. 2010; Takahashi et al. 2012; 
Yang et al. 2013).

BLASTP search was applied for estimating the pre-
dicted three-dimensional (3D) structure of bZIP proteins 
from melon and watermelon in Protein Data Bank (PDB), 
a repository of information regarding the 3D structures of 
large biological molecules, including proteins and nucleic 
acids. Protein Homology/AnalogY Recognition Engine 
(Phyre2) database was utilized for homology modeling 
via HMM–HMM search using the detection rates of pro-
teins (Söding 2005). According to these estimations, Cla-
bZIP-04-05-08-25-29-30-40-41-44-47-54-59 and Cmb
ZIP-02-06-11-16-18-19-31-38-43-49-50-51-55-63-67-68 
were selected for homology ratio evaluation (PDB ID num-
bers for each bZIP proteins were indicated in parenthesis). 
Modeled residues ranged between 17 and 44% for water-
melon and between 27 and 42% for melon bZIP proteins, 
with a confidence interval of > 95% (Fig. 6). Selected pro-
teins for homology modeling from melon and watermelon 
displayed only an alpha helical structure, which was consist-
ent with the structures of cucumber bZIP proteins (Baloglu 
et al. 2014). The bZIP domain is located on a contiguous 
alpha helical structure that includes a basic region of 16 
amino acid residues that are responsible for interaction 
with DNA, and a heptad repeat of leucine residues or bulky 
hydrophobic amino acids. These two subunits adhere via 
interactions between the hydrophobic sides of their helices 
to bind DNA. These interactions lead to the construction of 
the coil–coil structure, which gives this group of proteins 
the “zipper” name (Jakoby et al. 2002). The determination 
of reliable 3D structures of melon and watermelon bZIP 
proteins may be valuable for clarification of their mode of 
action.

Genome‑wide expression analysis and drought 
stress responses of melon and watermelon bZIP 
genes

To explore the expression profiles of bZIP genes in water-
melon and melon in different tissues, an RNA-seq approach 
was utilized with Sequence Read Archive (SRA) data sets. 
Heat maps were constructed to indicate expression patterns 
of bZIP genes in phloem and vascular tissues as well as 
the various days of fruit development after pollination in 
watermelon (Supplementary Fig. S4). According to the 
heat map, ClabZIP-11 was expressed in vascular tissues, 

whereas ClabZIP-15 and ClabZIP-57 were only expressed 
in phloem tissues. However, ClabZIP-50 and ClabZIP-55 
expression was present in both the vascular and phloem tis-
sues. Expression patterns were similar to ClabZIP-11 and 
ClabZIP-57 genes, which were upregulated after the 18th 
day following pollination. In addition, ClabZIP-11 and Cla-
bZIP-57 genes exhibited a similar upregulated high expres-
sion pattern on the 34th day of fruit development. Review 
of the data sets, including fruit development stages and after 
pollination, revealed that expression levels of ClabZIP-11 
and ClabZIP-57 genes were upregulated from 18th to 50th 
day. Therefore, for validating the expression patterns of 
watermelon bZIP genes under drought stress conditions, 
ClabZIP-11, ClabZIP-15, ClabZIP-50, ClabZIP-55 and 
ClabZIP-57 genes were selected on the basis of their upreg-
ulated expression levels in the heat map. The quantitative 
real time PCR (qRT-PCR) data from stressed leaf and roots 
of watermelon indicated that all genes except ClabZIP-55 
displayed an upregulated expression pattern in the 1st hour 
of stress exposure in leaf and root tissues (Fig. 7). However, 
the expression levels of these genes (except ClabZIP-11 
and ClabZIP-55) were downregulated in the 12th hour of 
stress exposure in comparison with the control. ClabZIP-57 
gene exhibited the highest expression level in the 6th hour 
of stress exposure compared with other hours in leaf and 
root tissues. In addition, the highest expression level was 
observed for ClabZIP-57 gene in the 6th hour of stress expo-
sure among other studied watermelon bZIP genes. Moreo-
ver, all genes except ClabZIP-50 demonstrated maximum 
expression levels in the 6th hour in leaf tissues. Generally, a 
trend of increasing expression levels was observed in the 1st, 
3rd, and 6th hours of stress exposure in all studied genes in 
leaf tissues. Except for ClabZIP-15 and ClabZIP-50, other 
bZIP genes again displayed an increased expression pattern 
in the 1st, 3rd, and 6th hours of stress exposure in root tis-
sues. ClabZIP-15 and ClabZIP-50 genes were upregulated 
in the 1st hour of stress exposure.

In addition, using the SRA database, a heat map was 
constructed in which expression profiles of bZIP genes 
in different varieties of melon, fruit stages, and salt stress 
conditions were also evaluated (Supplementary Fig. S5). 
According to the transcriptome profile of melon bZIP gene 
expression under salt stress, all genes studied using qRT-
PCR (except for CmbZIP-31) showed an increased expres-
sion profile under salt stress conditions. Increased response 
of CmbZIP-52 and CmbZIP-63 genes after the 1st hour 
of drought stress measured using qRT-PCR analysis was 
consistent with the transcriptome profile of these genes 
under salt stress conditions. These genes may be consid-
ered a class of abiotic stress responsive genes. According 
to the gene expression profile during different fruit devel-
opment stages, CmbZIP-31 expression was augmented in 
some white fruit stage samples (20 days after anthesis) and 
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Fig. 6   Predicted structures of 
ClabZIP and CmbZIP proteins. 
The structures of 28 bZIP 
proteins with > 90% confidence 
level are shown
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Fig. 7   Expression profiles of ClabZIP and CmbZIP genes under drought stress conditions in leaf and root tissues
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yellow fruit stage samples (10 and 20 days after anthesis). 
The expression of CmbZIP-52, CmbZIP-53, and CmbZIP-72 
were upregulated only in yellow fruit 20 days after anthesis, 
while expression levels of CmbZIP-63 were elevated only 
in white fruit 20 days after anthesis. These results indicate 
that that CmbZIP-31, CmbZIP-52, CmbZIP-53, CmbZIP-63, 
and CmbZIP-72 genes may also play a role in fruit devel-
opment. In addition, CmbZIP-31-52-53-72 genes presented 
different expression patterns in Piel de sapo pinonet, Piel 
de sapo-t111, and Cantalupo vedrantais varieties of melon. 
CmbZIP-63 was only expressed in Piel de sapo-t111 and 
Conomon SC varieties of melon. These differences in gene 
expression may be explained by differences between varie-
ties of melon.

According to the qRT-PCR analysis of CmbZIP-31, 
CmbZIP-52, CmbZIP-53, CmbZIP-63, and CmbZIP-72 
genes in melon, a statistically significant upregulation was 
observed in the 1st hour of drought stress treatment in root 
tissues for all genes (Fig. 7). In addition, all genes except 
CmbZIP-53 displayed a statistically sign3ificant upregulated 
pattern in the 1st hour of stress exposure. This rapid increase 
can be attributable to the mode of response of TFs. A good 
example of this event was the increased expression pattern 
of CmbZIP-52 and CmbZIP-63 genes in the 1st hour of stress 
exposure. CmbZIP-53 gene expression also increased in the 
1st, 3rd, and 6th hours both in leaf and root tissues. The 
expression profiles of CmbZIP-52 and CmbZIP-63 genes 
were similar and displayed an increased expression profile in 
the 1st, 3rd, and 6th hours in root and leaf tissues compared 
with the control. The leaf response with highest expres-
sion was observed in the 1st hour of stress exposure by 
CmbZIP-52 and CmbZIP-63 genes. In addition, CmbZIP-31 
and CmbZIP-72 genes reflected the best root response in the 
3rd hour of stress exposure. The most active expression peri-
ods of determined genes in qRT-PCR analysis in melon were 
the 1st, 3rd, and 6th hours after stress treatment. This may 
demonstrate the necessity of rapid TF response. All studied 
melon bZIP gene expressions decreased after the 12th hour 
of stress exposure in both leaf and root tissues compared 
with the control, and this decreasing trend was also observed 
in the studied watermelon bZIP genes.

Regarding orthologous genes between melon or water-
melon bZIP genes and those of other plants, one of the bZIP 
genes from maize (bZIP-62, GRMZM2G00017), which is 
orthologous to ClabZIP-11, showed a significantly decreased 
expression profile during an infection of Colletotrichum 
graminicola in maize. On the contrary, maize bZIP-62 was 
upregulated in a drought-resistant line of maize (Bt-1) under 
Fusarium moniliforme infection (Wei et al. 2012). In this 
study, the ClabZIP-11 gene was upregulated in different 
vascular tissues under drought stress conditions, as well 
as during fruit development. These results suggest a sig-
nificant role of these genes during biotic and abiotic stress 

conditions. A ClabZIP-50 ortholog in grape—VvbZIP-25 
(GSVIVT01033531001)—plays a role in seed development, 
and is upregulated under heat stress exposure (45 °C) based 
on microarray and real-time data. It may be inferred that 
ClabZIP-50 plays role in normal tissue development and 
responses to drought and heat stress conditions. Moreover, 
grape bZIP genes, such as VvbZIP-23 and VvbZIP-42 (which 
are orthologous to the CmbZIP-53 gene) were involved in 
leaf-stem development and berry maturity, respectively 
(Liu et al. 2014). These grape genes were also upregulated 
under drought stress conditions. These results were con-
sistent with the findings of this study, in which upregula-
tion of the CmbZIP-53 gene was observed under drought 
or salt stress conditions and in different fruit development 
stages. Cucumber bZIP transcripts including CsbZIP-06, 
CsbZIP-08, CsbZIP-12, CsbZIP-15, CsbZIP-29, CsbZIP-30, 
CsbZIP-44, CsbZIP-53, CsbZIP-55, and CsbZIP-59 accumu-
lated in root tissues, whereas their suppression was detected 
using qRT-PCR under drought stress conditions in cucumber 
leaf tissues for all studied bZIP genes (Baloglu et al. 2014). 
However, the ClabZIP-11 gene (which is orthologous to 
cucumber CsbZIP59) was upregulated in both leaf and root 
tissues in the 1st, 3rds and 6th hours of stress application 
in watermelon. Moreover, melon CmbZIP-63 (orthologous 
to cucumber CsbZIP06) and CmbZIP-72 (orthologous to 
cucumber CsbZIP-59) gene transcripts accumulated in the 
1st hour of water deficiency in both root and leaf tissues of 
melon. The accumulation of these gene transcripts in root 
tissues under drought stress conditions were consistent with 
orthologous cucumber bZIP genes. Cucumber, melon, and 
watermelon are all members of the Cucurbitaceae fam-
ily, which may explain these results. However, the lack of 
expression data in the 1st hour for cucumber bZIP genes 
rendered it impossible to compare the expression patterns 
between bZIP genes in watermelon and melon. In this study, 
the response of ClabZIP and CmbZIP genes under drought 
stress conditions were especially observed in the 1st hour 
of stress.

Conclusion

The bZIP TF family plays various important roles in plant 
developmental and physiological processes in and biotic/
abiotic stress responses. We identified 59 ClabZIP and 
75 CmbZIP TF-encoding genes in watermelon and melon 
genomes, respectively. The combined phylogenetic tree 
was constructed using bZIP protein sequences from water-
melon, melon, and cucumber for investigating the evolu-
tionary relationships within the bZIP genes in the Cucurbi-
taceae family. A total of 198 Cucurbit bZIP proteins were 
assigned to 10 clusters in the phylogenetic tree. The high-
est shared orthologous bZIP gene numbers were obtained 
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between melon–cucumber (107 pairs of genes) and water-
melon–Arabidopsis (120 pairs of genes). Divergence time 
calculations indicate that cucumber and watermelon bZIP 
genes were closely related to poplar bZIP genes. We also 
examined the expression patterns of ClabZIP and CmbZIP 
genes in root and leaf tissues of watermelon and melon 
under drought stress conditions using qRT-PCR and RNA-
seq data available in public databases. We found some Cla-
bZIP and CmbZIP genes which may be considered early 
response genes for drought conditions in watermelon and 
melon. Gene identification studies like the present study 
open new perspectives in the analysis of bZIP protein fam-
ily members and their functions in plants.
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