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Abstract LEA (late embryogenesis abundant) proteins
are firstly discovered in seeds and then identified in vege-
tative tissues of different plant species. They are mainly
regulated under abiotic stress conditions. Although genome
wide studies of different gene family members have been
performed in cucumber, there is no such a study for LEA
genes. We have identified 79 LEA genes in the cucumber
genome. Based on phylogenetic analysis, CsLEA genes
could be classified into seven groups in which structural
motifs are relatively conserved. Tandem duplications play
an important role in cucumber genome for LEA gene
expansion. Orthologous and chromosomal relationships of
CsLEA genes were observed based on comparative map-
ping analysis with other species. The in silico micro-RNA
(miRNA) target analyses indicated that 37 CsLEA genes
were targeted by different miRNAs, especially mir854 and
mir414 are the most abundant identified ones. Public
available RNA-seq data were analyzed for expression
analysis of CsLEA genes in different tissues of cucumber.
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According to genome-wide expression analysis, nine
CsLEA genes showed higher expression profiles in all tis-
sues. The expression profiles of ten CsLEA genes in the
root and leaf tissues of drought-stressed cucumber were
examined using gRT-PCR. Among them, CsLEA-54
induced after stress application in leaf and root tissues and
might provide adaptation to drought stress for cucumber.
CsLEA-09, CsLEA-32 and CsLEA-57 genes responded to
drought after 3 h later and might be considered as early
response genes to water limitation. This research could
help us to improve understanding of contribution of
CsLEAs to drought tolerance in cucumber.
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Introduction

Cucumber (Cucumis sativus L.) is an important crop and
belongs to Cucurbitacae family which yields about
192 million tons of fruits, vegetables and seeds annually
worldwide (http://faostat.fao.org). Besides, these family
members are used as a model system for sex determination
and plant vascular biology studies (Xoconostle Cazares
et al. 1999; Tanurdzic and Banks 2004; Lough and Lucas
2006).

LEA (late embryogenesis abundant) proteins were firstly
discovered from seeds (Dure and Galau 1981). Further
studies revealed that LEA proteins were abundant in other
plant tissues (Oztur et al. 2002; Dalal et al. 2009; George
et al. 2009; Olvera-Carrillo et al. 2010). In addition, many
LEA homologues have been identified in different organ-
isms such as Caenorhabditis elegans, Artemia franciscana,
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Dictyostelium discoideum etc. (Gal et al. 2004; Eichinger
et al. 2005; Kikawada et al. 2006; Boswell et al. 2009;
Denekamp et al. 2010). LEA protein gene family members
are very hydrophilic proteins with unstructured constitution
which have repeating amino acid motifs and tendency to
alpha helix structure (Rorat 2006; Tunnacliffe et al. 2010).
Identified LEA proteins were classified into at least seven
different groups according to sequence homologies and
presence of distinctive motifs. These groups were LEAI,
LEA2, LEA3, LEA4, LEAS, dehydrin and SMP (Seed
Maturation Protein). However, no distinct universal clas-
sification criterion for LEA proteins has been established
yet (Dure et al. 1989; Hunault and Jaspard 2010).

LEA proteins have significant roles in normal plant
growth as well as in abiotic stress conditions to protect
plants from the effects of inconvenient conditions. Their
production can be stimulated by different abiotic stresses
such as water deficiency, salinity, and cold. They also play
important functions, including protection of cellular
structures from the effects of water loss and desiccation
(Serrano and Montesinos 2003), protection of proteins
from stress-induced damage (Serrano and Montesinos
2003; Grelet et al. 2005; Shao et al. 2005) sequestration of
ions (Grelet et al. 2005), and folding of denatured proteins
(Bray 1993). LEA proteins can also act as chaperone pro-
teins to resist cellular damage (Wise 2003; Umezawa et al.
2006). Studies revealed that LEA proteins have been
related to abiotic stress tolerance especially drought, cold
and salt stress conditions. For instance, a ¢cDNA clone
FsDhnl (codes for type-II LEA proteins) upregulated by
ABA from Fagus sylvatica L. seeds involved in drought
responses in artificially dried seeds (Jimenez et al. 2008).
Besides, a wheat LEA gene (TaLEA3) was cloned into
Leymus chinensis, which is an perennial grass, by
Agrobacterium mediated transformation and transgenic L.
chinensis plants showed enhanced growth ability under
water deficiency conditions (Wang et al. 2009). Transgenic
sweet potato plants overexpressing sweet potato LEA 14
(IbLEA14) gene displayed enhanced tolerance to salt and
drought stress conditions (Park et al. 2011). Moreover, over
expression of AtLEA3-3 gene in Arabidopsis thaliana
caused an increase tolerance to salt and osmatic stress
(Zhao et al. 2011). Furthermore, Arabidopsis plants which
are lack of LEA4 protein family members were more
susceptible to water limitation than wild types (Olvera-
Carrillo et al. 2010). Additionally, group 1 LEA proteins of
Artemia franciscana embryos were cloned and expressed in
Drosophila melanogaster cells. Analysis displayed the role
of the LEA proteins on increment of viability resistance of
Drosophila melanogaster cells during water deficiency and
protection of mitochondrial function (Marunde et al. 2013).

Up to date, a limited number of studies have been
conducted for determination of LEA gene family members
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in Arabidopsis, rice, soybean, tomato, potato, poplar etc.
using whole genomic data. LEA gene characteristics,
locations on chromosomes and gene duplications, phylo-
genetic analysis and determination of conserved motifs in
LEA proteins, genome wide tissue specific expression
profiles and response of this protein family under abiotic
stress conditions were generally evaluated in these studies
(Wang et al. 2007; Hundertmark and Hincha 2008; Li et al.
2011; Lan et al. 2013; Cao and Li 2015; Charfeddine et al.
2015).

Whole genome sequence of cucumber plant was pub-
lished in 2009 (Huang et al. 2009). Whole genomic data
enables to identify genes through genome wide using
bioinformatics tools in cucumber and different plant spe-
cies (Yu et al. 2007; Liu et al. 2011; Cai et al. 2014; Wen
et al. 2014; Lv et al. 2015). However, gene identification
and characterization studies are limited using cucumber
genome up to now (Ling et al. 2011; Li et al. 2012; Baloglu
et al. 2014; Baloglu 2014; Baloglu et al. 2015). The
objective of this study is to identify LEA gene members and
their conserved motifs and genomic disposition in
cucumber genome as our study group interested in genome
wide analysis in the Cucurbitacae family. In addition,
expression profiles of these gene family members in
cucumber were analyzed according to publicity open data
and experimental analysis. This analysis is the first com-
prehensive study of the LEA gene family in cucumber and
provides new opportunities for cloning and functional
analyses, which may be used in further studies for
improving stress tolerance in plants. This study also will
enable further characterization of this important gene
family in cucumber to explore their functions and
evolution.

Materials and methods
Analysis and characterization of LEA genes

Three approaches were employed to determine LEA genes
in cucumber genome. Firstly, LEA protein sequences
which belong to 14 different plant species (Arabidopsis
thaliana, Gossypium hirsitum, Oryza sativa, Glycine max,
Sorghum bicolor, Triticum aestivum, Triticum durum,
Pisum sativum, Zea mays, Hordeum vulgare, Brassica
napus, Medicago truncatula, Nicotiana tabacum, Vitis
vinifera) were derived from LEAP database which provides
data about the LEA proteins for the analysis of their struc-
ture—function relationships (http://forge.info.univangers.fr/
~ gh/Leadb/index.php?action=0&mode=0) (Hunault and
Jaspard 2010). These sequences were utilized for deter-
mination of homolog peptides with cucumber genome in
PHYTOZOME v10.2 database by BLASTP search
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(Goodstein et al. 2012). This database is a plant compar-
ative genomics portal and provides sequenced and anno-
tated green plant genomes. Besides, the database searched
for ‘LEA’ key word. Hidden Markov Model (HMM) forms
of LEA proteins in Pfam database (http://pfam.sanger.ac.
uk/) which includes a large collection of protein families
and provides investigation of functional regions called as
domains of proteins were also compared with Cucumis
sativus sequences in PHYTOZOME database. In addition,
to determine all members of LEA proteins in cucumber,
searches were implemented by TBLASTN program at
NCBI database against the EST sequences of cucumber
genome. Collocated sequences with expected values <1.0
were included where redundant ones removed by ‘De-
crease redundancy tool’ which enables to reduce the
redundancy in a set of aligned or unaligned sequences
(http://web.expasy.org/decrease_redundancy). Further-
more, conserved domains of every LEA protein was
checked by using SMART (Simple Modular Architecture
Research Tool) which allows the identification and anno-
tation of genetically mobile domains and analysis of their
architectures (http://smart.emblheidelberg.de/) (Letunic
et al. 2012) and Pfam (http://pfam.sanger.ac.uk/) databases.
Isoelectric points (pl), instability index and molecular
weights were estimated by applying to ProtParam Tool
which provides the computation of various physical and
chemical parameters for a given protein (http://web.
expasy.org/protparam).

Determination of chromosomal locations, estimation
of gene structure and calculation of genomic
distribution of LEA genes

Chromosomal locations of the LEA genes in cucumber
were determined at PHYTOZOME database selecting
Cucumis sativus via BLASTP scanning. Then, cucumber
LEA protein sequences from PHYTOZOME database were
used to search against Cucurbit Genomics Database which
provides genomic search in genomes of Cucurbitacae
family members (http://www.icugi.org/cgi-bin/ICuGl/
index.cgi).

Tandem and segmental duplications were determined
via a method based on Plant Genome Duplication Data-
base-PGDD which enables to study homologous genes
(that have maintained relative chromosomal positions) in
sequenced genomes (http://chibba.pgml.uga.edu/duplica
tion/index/blast) (Tang et al. 2008). In summary, BLASTP
search was served against all predicted LEA proteins of
Cucumis sativus and first five matches with <le—05 was
regarded as potential anchors. Collinear blocks were
determined by MCScan, and alignments with <le—10

were selected as important matches (Tang et al. 2008; Du
et al. 2013). Tandem duplications were also defined as
adjacent genes of same sub-family located within ten pre-
dicted genes apart or within 30 kbp of each other (Shiu and
Bleecker 2003; Du et al. 2013). In addition, exon—intron
organizations of LEA genes was conducted through ‘gene
structure display server’ (http://gsds.cbi.pku.edu.cn/) (Guo
et al. 2007a, b), which is based on comparing full com-
plementary DNAs (cDNA) or estimated coding sequences’
relevant genomic sequences.

Sequence alignment, phylogenetic classification
and identification of conserved motifs of CsLEAs

Amino acid sequences were loaded to MEGA6 (Tamura
et al. 2013) program which allows researchers to conduct
sequence alignment, to infer phylogenetic trees and to
estimate divergence times and multiple sequence align-
ments was made by using ClustalW program with a gap
open and gap extension penalties of 10 and 0.1, respec-
tively (Thompson et al. 1997). Aligned sequence file was
utilized to form (Saitou and Nei 1987) phylogenetic tree
through neighbor joining method with bootstrap analysis
for 1000 iterations. Jones—Taylor—Thornton (JTT) substi-
tution model were used for phylogeny reconstruction and
rates among sites were gamma distributed (G). Protein
sequence domains were detected by using DNA domain
search tool (MEME) (http://meme.nbcr.net/meme3/meme.
html) which provides to discover novel motifs in collec-
tions of unaligned nucleotide or protein sequences (Bailey
and Elkan 1994) and were used to identify motifs in can-
didate sequences. The parameters for the analysis were:
number of repetitions-any; maximum number of motifs-20
and optimum width of motif >2 and <300. Detected
MEME domains with <le—30 were scanned at Interpro
database through InterProScan which makes functional
analysis of proteins by classifying them into families and
predicting domains and important sites (Quevillon et al.
2005).

Gene ontology (GO) analysis

Functional analysis of LEA sequences were conducted by
utilizing Blast2GO (http://www.blast2go.com) program
which is a bioinformatics platform for high-quality func-
tional annotation and analysis of genomic datasets. (Conesa
and Gotz 2008). Amino acid sequences of LEA proteins
were loaded to Blast2GO program. Three categories of GO
classification (determination of biological functions, cel-
lular content and molecular functions) were achieved with
this program.
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Comparative physical mapping of cuacumber LEA
proteins and other species

BlastP program was used to discover orthologous rela-
tionships between cucumber chromosomes and other spe-
cies. Arabidopsis, poplar and maize peptide sequences
(www.phytozome.net), which were equal to cucumber
LEA proteins amino acid sequences, were scanned. The
ones whose e-value is <le—5 and at least %80 identical
ones were accepted as meaningful. Orthologous relation-
ships between LEA genes in cucumber and Arabidopsis,
poplar and maize chromosomes were monitored with
MapChart program which is software for the graphical
presentation of linkage maps and QTL (Voorrips 2002).

Estimating rates of synonymous
and non-synonymous substitution

The amino-acid sequences belonging to duplicated protein-
encoding LEA protein members and orthologous gene-
pairs between cucumber and poplar, rice, Arabidopsis and
maize were aligned by using a tool called CLUSTALW,
which is an multiple sequence alignment tool. CODEML
(http://www.bork.embl.de/pal2nal/) program, which con-
verts a multiple sequence alignment of proteins and the
corresponding DNA (or mRNA) sequences into a codon
alignment (Suyama et al. 2006) was used to calculate
synonymous (Ks) and non-synonymous (Ka) change ratio
through a method in which LEA genes’ amino acid
sequences and their original complementary DNA
sequence alignment were made. Time (million years ago,
Mya) of duplication and divergence of each LEA genes
were calculated with the formula (T = Ks/2A
(L =6.5 x 107°) and by using mutation ratio corre-
sponding to every synonymous area and every year (Lynch
and Conery 2000; Yang et al. 2008).

Determination of miRNAs CsLEA target genes

Determination of miRNA controlled gene targets is
important for releasing of miRNA functions. Formerly
known plant pre-miRNA sequences gathered from miR-
Base v20.0 (http://www.mirbase.org) and plant miRNA
database (http://bioinformatics.cau.edu.cn/PMRD) were
used for determination of miRNAs targeting LEA genes.
psRNA Target Server (http://plantgrn.noble.org/psRNA
Target/) was used with this aim; all known plant miRNAs
and cucumber LEA gene transcripts were aligned and all
the assumed plant cucumber miRNAs were detected. The
parameters which had been used by Zhang (2005) were
utilized and all the known plant miRNAs and their poten-
tial target or targets were assessed. miRNA targets, deter-
mined with computer method, were utilized to determine
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the assumed homologue with BLASTX scanning and
analyzed.

Homology modeling of LEA proteins

All the cucumber LEA genes were scanned at Protein Data
Bank (PDB) which provides information about the 3D
structures of biological molecules, including proteins and
nucleic acids (Berman et al. 2000) by using BLASTP to
determine homologous sequence and known the best
sample, having three-dimensional structure. For gathered
information Phyre2 (Protein Homology/Analog/YRecog-
nition Engine; http://www.sbg.bio.ic.ac.uk/phyre2) pro-
gram which is a web-based service for protein structure
prediction was used and protein structure was estimated
with homology modeling (Kelley and Sternberg 2009).

Expression profiles of cuacumber LEA genes
by utilizing of transcriptome data

For RNA-Seq analyses, all the Illimuna HiSeq readings
were obtained from an open data bank archive (SRA,
Sequence Read Archive) which stores raw sequencing data
and alignment information from high-throughput
sequencing platforms with following accession numbers;
SRR351476 (cucumber ovary tissue, unexpanded),
SRR351489 (cucumber expanded ovary tissue, fertilized),
SRR351495 (cucumber expanded ovary tissue, unfertil-
ized), SRR351499 (cucumber root tissue), SRR351905
(cucumber 1 stem tissue), SRR351906 (cucumber leaf tis-
sue), SRR351908 (cucumber male flower tissue),
SRR351910 (cucumber tendril tissue) SRR351911 (cu-
cumber tendril tissue basal), SRR351912 (cucumber
female flower tissue). All readings were obtained as raw
sequence data “.sra” and transformed to “fastq” format.
After having eliminated low quality (Q) score <20), the
rest of clean readings have been subjected to FastQC
analysis in order to check sequence quality for per-base
sequence qualities, per-sequence quality scores, per-base
nucleotide content and sequence duplication levels. CLC
Genomic Workbench version 7.5 was used for normaliza-
tion of raw count data, after that hierarchical clustering
heat map were generated by log2 RPKM values using
PermutMatrix software (Caraux and Pinloche 2005) in this
system.

Plant materials, growth conditions and treatments

Cucumber seeds were provided from Monsanto Gida ve
Tarim Tic. Ltd. Sti (Antalya). The pods of seeds were
removed and seeds were washed three times with distillate
water. After that, they were placed to pots and grown in
400 pmol m~2 s~ light intensity and 24 4 2 °C and
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16-hour light and 8-hour dark photoperiod in a plant
growing cabinet, a culture medium which was consisting of
Hoagland solution (Hoagland and Arnon 1950), for
14 days.

Polyethylene glycol 6000 (PEG-6000) (10 %) has been
introduced to Hoagland solution for drought stress. Stress
treatment was started at 14th day of normal growing per-
iod. The plants having stress treatment and control plants
were grown within the same growing conditions in plant
growing cabinet. The plants were exposed to drought stress
at different time courses including 0, 3, 12 and 24th hours.
Root and leaf tissues from control and stressed ones were
harvested for tissue specific expression analysis. Time
point zero (0 h) was used as a control. Tissue samples,
gathered by conducting biological sampling three by three,
were used in tissue specific gene expression measurements
by being frosted with liquid nitrogen.

RNA isolation and quantitative real-time PCR
analysis

Trizol solution (Life Technologies Corporation, Grand
Island, NY, USA) was utilized for total RNA isolation.
Isolations were made as in Unver and Budak (2009). In
short, 100 mg plant samples were taken to pieces in 2 ml
sterile tubes in 1 ml Trizol reactive by using liquid nitrogen
and homogenized. Homogenized samples were kept waiting
in room temperature for 5 min and with this way full
decomposition of nucleoprotein complex. For 1 ml Trizol
reactive, 0.2 ml chloroform was added. The caps of tubes
were closed properly and mixed by shaking strongly by
hands for 15 s and it was kept waiting in room temperature
for 2-3 min and centrifuged at 4 °C, 15.000 rpm for
20 min. The liquid phase on the top was transferred to a new
tube and precipitation of RNA was provided by being mixed
with isopropyl alcohol. Isopropyl alcohol was used as half
of Trizol reactive used in the course of homogenization. The
samples were kept waiting in room temperature for 10 min
and then centrifuged at 15.000 rpm, 4 °C for 10 min. RNA
precipitation was washed with 75 % ethanol for once and
1 ml ethanol was added for each used 1 ml Trizol reactive.
The samples were mixed with vortex and centrifuged at
10.000 rpm 4 °C for 5 min. After all processes, RNA pre-
cipitation was put to dry for 5-10 min and RNA was dis-
solved in 30 ml sterile water and kept at —80 °C until it was
used after being kept waiting at 55-60 °C for 10 min. Iso-
lated RNAs were exposed to 1 U DNase I (Thermo,
Lithuania) for 1 ug RNA to remove genomic DNA com-
pletely. Quality and durability of the isolated RNA was
checked by using agarose-gel electrophoresis and Multi
Scan Go device (Thermo Fisher Scientific, USA).

For real time PCR (qQRT-PCR) analysis, 10 LEA genes
were selected for each plant and specific primers were

designed for these LEA genes by using Primer 5 software
program (http://www.primer-e.com/index.htm). Primer list
used in the qRT-PCR is presented in Table S6. Rotor-Gene
gPCR detection system (Qiagen, Hilden, Germany) and
Qiagen SYBR Green master mix (Qiagen, Hilden, Ger-
many) were used for qPCR analysis. PCR reaction tube
was containing 0.1 pl reverse and forward primers
(100 pmol), 2 pl of cDNA, 10 pl SYBR Green master mix
and nuclease-free water was added up to 20 pl. The 18S
rRNA gene was determined as the internal control. To be
used 18S rRNA gene primer sequence was as below
(GenBank ID: X51542.1): 5-GTGACGGGTGACGGA-
GAATT-3 and 5-GACACTAATGCGCCCGGTAT-3
(Baloglu et al. 2014). The qRT-PCR was implemented as
follows: 40 cycles of 95 °C for 10 s and 60 °C for 40 s.
The melting curves were conformed to 95 °C for 5 s and
55 °C for 1 min and then cooled to 40 °C for 30 s. Before
real time PCR analysis, the possibility of this control genes
being reference gene was tried under drought stress con-
ditions and it was observed that there was no change in
expression analysis of this gene after relevant stress factors
(Ling et al. 2011). Optimization of primers was made by
determining the appropriate RT-PCR conditions for Tm
values of primers. Sampling was made three times for
every step and triple quantitative PCR was applied for any
duplication.

ACT ve AACT values, ACT = CTgmpie — CTreterence
and AACT = ACTtreatcd sample — ACTcomrol (0 hy Was cal-
culated and the difference between expression levels were
determined as 272" (Livak and Schmittgen 2001). Stu-
dent t test was utilized in the statistical analysis of the
difference between the samples, having stress treatment
and control samples. If p values <0.01, it was observed that
the expression difference in LEA gene is meaningful.

Results and discussion

Identification of the CsLEA family member genes
in cucumber genome

To identify LEA genes in cucumber genome, LEA protein
sequences which belong to 14 different plant species
including Arabidopsis, cotton, rice, soybean, sorghum,
common wheat, durum wheat, pea, maize, barley, rape,
barrel medic, tobacco and grape were derived from LEAP
database (Hunault and Jaspard 2010). Multiple searches
employed using these sequences and as a result, 79 LEA
family members were determined in cucumber genome
(Table S1). Identified LEA proteins named from CsLEA-
01 to CsLEA-79 according to their appropriate location on
cucumber chromosomes of 1-7. CsLEA-79 gene
(Cucsa.328650) location couldn’t find on any chromosome.
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Fig. 1 Distributions of CsLEA genes on cucumber chromosomes.
Physical locations of CsLEA genes are showed on cucumber
chromosomes (numbered 1-7) using MapChart programme and

Amino acid contents and molecular weights of CsSLEA
proteins varied from 65 to 600 amino acid in length and
6848.5 to 65404.2 Da, respectively. According to physio-
chemical analysis, only 21 of CsLEA proteins were con-
sidered to be acidic (pI < 7) whereas 58 of them were of a
basic (pI > 7) character. These findings are consistent with
the studies which found that most of LEA protein members
in purple false brome and tomato were of a basic nature
(Filiz et al. 2013; Cao and Li 2015). Detailed information
about parameters of CsLEA protein sequences were given
in Table S1.

Genome wide studies are very limited for LEA gene
family members in plants. In Arabidopsis, a total of 51 LEA
gene family members were defined (Hundertmark and
Hincha 2008). Moreover, Wang et al. (2007) found 34 LEA
genes in rice genome. In addition, different studies
revealed that numbers of identified LEA protein family
members in Chinese plum (Du et al. 2013), soybean (Li
et al. 2011), tomato (Cao and Li 2015), potato (Charfed-
dine et al. 2015), purple false brome (Filiz et al. 2013) and
poplar (Lan et al. 2013) were 30, 36, 27, 29, 36 and 53
respectively. Our findings showed that cucumber has the
highest number of LEA genes compared to LEA genes
found in other plants. This may be arisen from detail
bioinformatics analysis of many different plants and using
many different identification tools.

Chromosomal location and structure of CsLEA
Genes

CsLEA genes were spread to all cucumber chromosomes

and the exact positions of CsLEA genes on seven cucumber
chromosomes were given in Table S1. Sixteen CsLEA
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chromosomal distances are given as Mbp. Only CsLEA-79 gene
can’t locate on any chromosome and scaffold number was given.
Tandem duplicated genes are indicated in the boxes

genes located on Chromosome 6 which includes the
highest number of CsLEA gene and this chromosome fol-
lowed by Chromosome 3 and Chromosome 7 with the
number of 15 and 14 CsLEA genes, respectively. Some
transcription factor genes (TF) like basic leucine zipper TF
family (bZip) and growth regulating factor TF family
members were mostly located on chromosome 3 in
cucumber (Baloglu et al. 2014; Baloglu 2014) as LEA gene
family members. Besides, only 5 CsLEA genes found in
chromosome 2 which includes the lowest number of
CsLEA gene.

Gene duplication events which are an explanation of
ortholog genes are commonly observed in organisms
(Mehan et al. 2004). Tandem and segmental duplications of
LEA genes were searched in cucumber genome. Fifty-six
LEA genes showed tandem duplication which accounting
for the total of 70 % of all CsLEA genes. In addition,
tandem duplication rates were the highest in the 3rd
chromosome (Fig. 1). Tandem duplications also repeated
on chromosome 4 (CsLEA-29, CsLEA-30, CsLEA-33,
CsLEA-34, CsLEA-35 and CsLEA-36), chromosome 6
(CsLEA-55, CsLEA-56, CsLEA-58, CsLEA-59, CsLEA-60
and CsLEA-61) and chromosome 7 (CsLEA-65, CsLEA-67,
CsLEA-69, CsLEA-70, CsLEA-72 and CsLEA-74).
Observed tandem duplication rates in Arabidopsis, rice,
tomato, potato, Chinese plum and poplar were 33, 17, 29,
7, 40, and 30 %, respectively (Wang et al. 2007; Hun-
dertmark and Hincha 2008; Du et al. 2013; Lan et al. 2013;
Cao and Li 2015; Charfeddine et al. 2015). Tandem
duplication has a key role in gene duplications. Tandem
duplication rates were higher in cucumber LEA genes than
in Arabidopsis, rice, tomato, potato and Chinese plum. LEA
gene duplication events may be more common in cucumber
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when compared with LEA genes in other studied plants.
These findings may explain the fact that among the other
plant species, the highest number of LEA gene members
was observed in cucumber genome. These data can be
suggested that tandem duplication events may be the main
reason for the mechanisms which are responsible for
CsLEA gene number expansion. On the other hand, seg-
mental duplication was not found in cucumber while this
event was ranging between 14 and 51 % in Arabidopsis,
rice, Chinese plum, tomato and potato (Wang et al. 2007;
Hundertmark and Hincha 2008; Du et al. 2013; Cao and Li
2015; Charfeddine et al. 2015). This can be attributed to the
no function of segmental duplication events on LEA gene
family expansion in cucumber genome.

Also exon—intron structure was analyzed in CsLEA gene
family members. We found that 44 CsLEA genes had no
introns, which represented 55 % of these gene family
members in cucumber. The great majority of intronless
CsLEA genes were classified in Cluster IV and Cluster VII
(Fig. S1). Intron containing genes had mostly one or two
intron regions and this situation was similar in tomato (Cao
and Li 2015), potato (Charfeddine et al. 2015) and Chinese
plum (Du et al. 2013) which can be attributed to evolu-
tionary preservation According to our results, exon—intron
organizations of each CsLEA gene clusters were well pre-
served especially in Cluster VII. This may show the
functional preservation of CsLEA proteins in different
clusters. In addition, a few intron contents of CsLEA genes
are consistent with the opinion that the stress response
genes especially have lower intron number (Lan et al.
2013).

Phylogenetic classification and identification
of conserved motifs of CsLEAs

A phylogenetic tree was constructed to evaluate relation-
ships between CsLEA genes using Neighbour-Joining
method with 1000 bootstrap replicates by MEGA v.6
software (Molecular Evolutionary Genetics Analysis)
(Tamura et al. 2013). According to phylogenetic tree,
CsLEA genes can be categorized into seven main clusters
(Fig. 2). Using Pfam family term, LEA2 group member
proteins were dominant between CsSLEA proteins and
found especially in 2nd, 4th and 7th clusters of the phy-
logenetic tree. LEA3 group proteins featured in the 1st
cluster with the four members (CsLEA-29, CsLEA 30,
CsLEA-73, and CsLEA-75) while LEA6 group proteins
were represented by two members in the 3rd cluster
(CsLEA-63, CsLEA-64). All LEAS (CsLEA-35, CsLEA-
36) and Seed maturation protein (SMP) group member
(CsLEA-7, CsLEA-70, CsLEA-72) proteins accumulated
in the 5th cluster but dehydrin group proteins were
observed in different clusters depending on their different

protein motif contents (CsLEA-10, CsLEA-11, CsLEA-31,
CsLEA-54). Predominant LEA protein groups in tomato,
maize, Chinese plum, poplar and Arabidopsis were dehy-
drin, LEA3, dehydrin and LEA2, LEA4 and LEA4 groups,
respectively based on Pfam domain analysis (Hundertmark
and Hincha 2008; Du et al. 2013; Lan et al. 2013; Cao and
Li 2015, Li and Cao 2016). However, LEA2 group proteins
in cucumber were predominant and included in all clusters
of cucumber LEA proteins. These differences may be
arisen from their response mechanisms to different stress
conditions.

Moreover, motif composition of CsLEA proteins was
surveyed to test the reliability of the phylogenetic tree.
Sixty-eight of CsLEA proteins contained motifs and 15
different motifs were observed using MEME software
(Fig. S2). Conserved amino acid sequences of identified
motifs were shown in Table 1. According to the data,
LEAS, LEAG6 and dehydrin group proteins in CsLEA pro-
teins had no conserved motifs. Conversely, two distinct
sequence motifs (K and Y segments) were observed in
dehydrin proteins of potato (Charfeddine et al. 2015). In
addition, K segment which is a lysine rich motif was
reported in Chinese plum dehydrins (Du et al. 2013). Motif
1,2, 3, 4 and 8 were predominantly present in LEA2 group
proteins and also motif 5, 10 and 15 were observed in some
LEA2 group proteins which were in different clusters
according to phylogenetic tree. This may be an explanation
for location of cucumber LEA2 group genes in different
clusters. All LEA4 group proteins (CsLEA-15, CsLEA-26,
CsLEA-53 and CsLEA-76) included only motif 6. Besides,
motif 6 was present in LEA1 group proteins (CSLEA-28
and CsLEA-38), too. LEA4 and LEA1 group proteins were
similar because of the presence of the same motif. Some
members of LEA3 group proteins have no motifs but only
CsLEA-29 contained motif 8 in this group. Motif 13 was
shared by all members of SMP group proteins (CsLEA-7,
CsLEA-70, CsLEA-72). Motif analysis of LEA proteins
indicated the fact that CsLEA proteins in the same LEA
group shared same motifs. It can be concluded that the
presence of special motifs in LEA proteins may determine
LEA group formation. Motif conservation in clusters may
be suggested that LEA proteins have different functions
which are cluster specific. Besides, LEA genes sharing
same motifs in the same cluster may be raised by gene
expansion. Variability between different clades according
to motif analysis may be attributed to evolution of clades
from different ancestors.

Determination of LEA gene orthologs
between cucumber and other species

Physically mapped CsLEA genes on cucumber chromo-
somes were matched with LEA genes on chromosomes of
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Fig. 2 Phylogenetic classification of CsLEA proteins. The protein
sequences are loaded to MEGA 6 program and aligned by
CLUSTALW and phylogenetic tree is constructed by neighbor-

poplar, Arabidopsis and maize (Fig. S3). An average of
32 % orthologous relationships of 79 CsLEA genes were
observed with these species. Orthologous relationships of
CsLEA genes with poplar, Arabidopsis, maize and rice
have a range of 81, 33, 10 and 4 %, respectively. Maxi-
mum orthologous relationship of CsLEA genes were con-
sidered with poplar. These results were consistent with the
study of Baloglu et al. (2014) who found that cucumber
bZIP transcription factors showed maximum orthology
with poplar genome. In addition, these observations may
show the role of chromosomal rearrangements on organi-
zation of cucumber, poplar, Arabidopsis, maize and rice
genomes. Moreover, evolution of LEA genes can be
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Cluster VI

joining method with bootstrap analysis for 1000 iterations. The
proteins are classified into seven distinct clusters and each cluster is
distributed by different color. (Color figure online)

revealed by genetic comparison maps between cucumber
and other related organisms. Besides, this can be helpful
for isolation of orthologous LEA genes from cucumber by
using this genetic map information of other related plants
for genetic expansion.

Gene ontology analysis

Cellular localization, biological process and molecular
function of CsLEA genes were determined by the GO slim
analysis using Blast2GO software. Analysis revealed that
response to stimulus, stress or abiotic stress were the most
abundant functions as biological processes which were
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Table 1 Amino acid composition of 15 cucumber LEA motifs

Motif no. Sites E-value Amino acid sequence composition of motif Width (aa)
Motif 1 35 3.1le—141 RNPNKRIGIYYDSME 15

Motif 2 46 2.0e—185 LILWLVFRPHKPQFDVQDAQV 21

Motif 3 36 3.8e—145 VYYNQQILCTQWLPPFYQGHKNTTVWSP 28

Motif 4 16 1.9e—117 FDGQQAVPVAPDKAMEFNQEQNAGVFWIDVKFMGRWRWKVGTWRI 45

Motif 5 21 6.1e—053 HHRRRCCRCCCCCFCLLWL 19

Motif 6 6 1.4e—044  MSYHAGEAKGQTQEKASNMMDKASDAAQSAKEWAQEMGQQMMAKAQGAKD 50

Motif 7 6 2.5e—041 QEGSDFTGVATDLLTCNCTMRIIFHNPATFFGIHVSSTPI 40

Motif 8 42 1.3e—035 WHYWMHVNCDVVVD 14

Motif 9 7 7.3e—029 VRNPNMAPFNYSNSTMSIYYRGMVIGEAPTPAGRVQARGTQRMNVTLEI 49

Motif 10 8 2.1e—020 NDNQLHYNLALNMTI 15

Motif 11 6 3.0e—019 SPRRPVYYVQSPSRD 15

Motif 12 5 1.6e—015 PPHSHSHPSYGRHSRESSASRFSGSFK 27

Motif 13 3 8.0e—017 AAAIQAAEVRATGENNIIPGGIAATAQSAATMNARVTQDEDKTKLGDIL 49

Motif 14 4 1.3e—012 KPWPECDVIEEEGLYDD 17

Motif 15 3 3.1e—014 MADKQPHLNGAFYGPAVPPP 20

consistent with the roles of LEA proteins in a cell. In
addition, prediction of CsLEA proteins’ function indicated
that they had mainly binding capacity and this can be
attributed to their roles such as enzyme protector activity
(Goyal et al. 2005; Reyes et al. 2008) in water deficiency
conditions or membrane stabilization activity to protect
membranes in freezing temperatures or drought conditions
(Kosova et al. 2007; Tolleter et al. 2010). CsLEA proteins
commonly localized in the cell or on the plasma membrane
according to cellular roles for membrane maintenance
(Wolkers et al. 2001; Liu et al. 2010) (Fig. 3; Table S3).
Besides, they can accumulate in the subcellular parts of the
cell such as cytoplasm, organelles and nucleus in cucumber
cells. LEA protein localization was showed especially in
cytoplasmic or nuclear regions in tomato (Cao and Li
2015) whereas; localization of this protein family was
distributed in diverse subcellular regions including mito-
chondria and chloroplast in purple false brome (Filiz et al.
2013). In addition, previous analysis revealed that LEA2
group proteins localized in cytoplasm, nucleus or other cell
regions like mitochondria (Battaliga et al. 2008). These
studies are consistent with our findings and this can be
suggested that LEA proteins locate in different subcellular
regions.

Gene duplications and divergence rates
of the CsLEA proteins

Gene duplication events may provide evolution of new
functions for proteins (Kondrashov et al. 2002). In the
present study, non-synonymous (Ka) versus synonymous

(Ks) substitution rates (Ka/Ks) were calculated for 56
tandem duplicated CsLEA genes to evaluate evolutionary
radiation of this gene family. Also these substitution rates
estimated for orthologous genes of CsLEA from Ara-
bidopsis (26- pairs), poplar (64-pairs), maize (8-pairs) and
rice (3-pairs) (Fig. 4). Ka/Ks ratios were between 0.008
and 0.436 and the average was 0.14 for tandem duplication.
The Ka/Ks ratios of CsLEA genes were <1 and this can be
attributed to the strong purifying pressure occurred for
these family members in cucumber. These duplication
events can be suggested that recent time of divergence
ranged between approximately 4 and 398 million years ago
(MYA). Moreover, mean average of Ka/Ks ratios between
cucumber and poplar, Arabidopsis, maize and rice were
0.08, 0.06, 0.03 and 0.01, respectively when surveyed
orthologous gene pairs. Considering divergence times
between CsLEA genes and these of other plant species, the
earliest diverged genes from CsLEA genes were with maize
genes with the average of 245 MYA. This rate was fol-
lowed by rice, Arabidopsis and poplar with the average
divergence rates of 204, 176 and 78 MYA, respectively
(Table S2, Table S5). From these results, cucumber and
poplar may be exposed to a largely purifying selection. In
addition, cucumber and poplar LEA genes may be closer
evolutionary than other studied plants. Segmental and
tandem duplication events enable gene family expansions
(Cao et al. 2012; Chen and Cao 2014). Exploration of
genome wide studies about LEA genes revealed that a total
of 22 genes in tomato (Cao and Li, 2015), eight genes in
potato (Charfeddine et al. 2015), eight genes in purple false
brome (Filiz et al. 2013), 17 genes in Chinese plum (Du
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et al. 2013) and 42 genes in Arabidopsis (Hundertmark and
Hincha 2008) showed tandem and segmental duplication
events. This can be attributed to the LEA gene family
expansion between different plant species.
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Determination of miRNAs CsLEA target genes

miRNAs are one of the methods used to inhibit target gene
expression in abiotic and biotic stress conditions in plants
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through cleavage of the target transcripts (Bartel 2004;
Jones-Rhoades et al. 2006; Ambros and Chen 2007).

psRNA Target database was employed to determine
targeting CsLEA transcripts using default parameters
according to the scoring schema of miRU (Zhang 2005) to
score the complementarity between small RNA and their
target transcript. The maximum expectation which is the
threshold of the score was setted as 3.0. Also the accessi-
bility of mRNA target site to small RNA has been identi-
fied as one of the important factors. They are involved in
target recognition and the database enables to calculate
target accessibility, which is represented by the energy
required to open secondary structures around target site of
target mRNA. The less energy means the more possibility
that small RNA is able to contact target mRNA. The UPE
parameter represents the energy that is required to open
secondary structures around target site.

In the present study, 50 different miRNAs were deter-
mined for target genes by using psRNATarget: A Plant
Small RNA Target Analysis Server. A total of 37 CsLEA
genes (CsLEAO0I-03-04-06-09-12-14-15-16-18-21-22-23-
25-26-27-32-33-34-37-44-49-50-51-52-53-54-55-57-58-
62-65-67-71-72-77-79) targeted by miRNA’s were sum-
marized in Table S4. Among cucumber LEA genes,
CsLEA-06 and CsLEA-37 genes were the most targeted
genes by miRNAs. Besides, mir854 and mir414 are most
abundant miRNAs. According to Go analysis in Ara-
bidopsis, targets of mir414 were especially transcriptional
regulators including bZIP, WRKY, MYB, B3, heat shock
proteins and TCP which are important in plant growth,
development and defense mechanisms (Eulgem et al. 2000;
Gurley 2000; Jakoby et al. 2002; Suo et al. 2003; Guo et al.
2007a, 2007b; Romanel et al. 2009; Guleria and Yadav
2011). Furthermore, studies revealed that up-regulation of
mir854 in drought stressed rice but mechanism of this role
is unclear (Zhou et al. 2010). mir854 has target regions in
the 3’-untranslated region of oligouridylate-binding pro-
teinlb (UBP1b) which is coding a nuclear RNA-binding
protein contributed to the regulation of pre-mRNA matu-
ration (Lambermon et al. 2000). mir854 family which is a
regulator element of transcriptional mechanisms is inclu-
ded by both animals and plants (Arteaga-Va zquez et al.
2006). Identification of CsLEA genes targeted by these
miRNAs may facilitate the understanding of their roles in
cucumber. On the other hand, this study is the first study
determining LEA proteins targeted by miRNAs. Discovery
of miRNA structure may allow determination of miRNAs
which are specific to each tissue.

Homology modeling of cucumber LEA proteins

BLASTP search was implemented for homology modeling
in Plant Data Bank (PDB). Hidden Markov Model (HMM)

search was selected using detection rate for determination
of homology model in Phyre2 database which is available
on the web to predict and analyze protein structure, func-
tion and mutations (Soding 2005). A total of 6 CsLEA
proteins [CsLEA-9 (PDB ID: lyyc), CsLEA-14 (PDB ID:
1x08), CsLEA-18 (PDB ID: lyyc), CsLEA-24 (PDB ID:
1x08), CsLEA-52 (PDB ID: lyyc), CsLEA-76 (PDB ID:
1xg8)] showed high homology and 75-90 % of residues
modelled at >90 % confidence interval under intensive
mode (Fig. 5). According to secondary structures of 6
CsLEA protein models, B sheets were predominant except
CsLEA76. CSLEA76 protein had only o helix structures. A
previous study reported that LEA2 group proteins had a
structure including especially one o-helix and two
antiparallel B-sheets. This is consistent with our results
with the predominant B sheets and one or two ao-helixes in
predicted CsLEA protein structures. This structure may
have a role in fluid loss to reduce the effects of stress or
injuries on plant tissues (Singh et al. 2005; Li and Cao
2016). These predicted protein structures may facilitate
understanding of molecular functions of LEA proteins.

Tissue specific expression profiles and expression
analysis of LEA genes under drought stress

A RNA seq approach was implemented using Sequence
Read Archive (SRA) data to explore tissue specific gene
expression profiles of LEA genes in cucumber. Hierarchi-
cally ranked heat map, which includes expression patterns
of CsLEA genes in ovary (unexpanded, fertilized and
unfertilized), leaf, root, tendril, tendril base parts, stem,
male flower and female flower tissues, was shown in
Fig. S4. According to this map, CsLEA-09, CsLEA-27,
CsLEA-40, CsLEA-54, CsLEA-61, CsLEA-71, CsLEA-73,
CsLEA-77 and CsLEA-79 genes exhibited very high
expression profiles in all studied tissues. Expression of
approximately all LEA genes were observed in root tissues,
in contrast, most of the CsLEA genes had no expression in
leaf tissues. In addition, CsLEA-17 and CsLEA-56 gene
expressions were not seen in any tissues. CsLEA-IS,
CsLEA-20, CsLEA-30, CsLEA-35, CsLEA-36, CsLEA-46,
CsLEA-47, CsLEA-48 and CsLEA-52 genes indicated an
expression profile in one or two tissues.

Additionally, gqRT-PCR was implemented to explore
drought responsive LEA gene family members in cucum-
ber. For this purpose, expression profiles of ten CsLEA
genes (CsLEA-09, CsLEA-32, CsLEA-37, CsLEA-49,
CsLEA-54, CsLEA-57, CsLEA-71, CsLEA-73, CsLEA-76
and CsLEA-77) were evaluated using leaf and root tissues
of cucumber under drought stress conditions. Transcrip-
tome data leaded to selection of these genes. According to
this data, LEA genes which have high expression levels in
all tissues were selected. Moreover, LEA genes were
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Fig. 5 Predicated three
dimensional configurations of
CsLEA proteins. The
configuration of 6 CsSLEA
proteins [CsLEA-9 (PDB ID:
lyyc), CsLEA-14 (PDB ID:
1x08), CsLEA-18 (PDB ID:
lyyc), CsLEA-24 (PDB ID:
1x08), CsLEA-52 (PDB ID:
lyyc), CsLEA-76 (PDB ID:
1xq8)] which are modelled at
>90 % confidence interval are
distributed

CsLEA-09 CsLEA-14

CsLEA-18 CsLEA-24

CsLEA-52 CsLEA-76

determined between genes which are highly expressed in ~ CsLEA-54 gene increased in all studied hours (3rd h, 12th h
only leaf or in root tissues and their expression levels were ~ and 24th h) after drought stress application in leaf tissues.
studied (Fig. 6). Among these genes, expression level of  This gene may be highly expressed under drought stress
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and further studies required to evaluate its role under water Although CsLEA-37, CsLEA-49, CsLEA-71, CsLEA-76

limitation conditions. In addition, CsLEA-09, CsLEA-32  and CsLEA-77 genes showed an increase pattern at 3rd h,
and CsLEA-57 genes responded to drought by increase in  their gene expression levels were maximum at 12th h. These
expression level at the 3rd h similar to expression pattern of ~ genes may be response genes to drought stress after the 3rd
CsLEA-54. These genes may be early response genes to  h. CsLEA-09, CsLEA-73, CsLEA-76, CsLEA-77 genes were

water limitation among cucumber LEA genes.

first response genes to drought in root tissues. Besides, gene

@ Springer



238

Plant Growth Regul (2016) 80:225-241

expression levels of CsLEA-32, CsLEA-37, CsLEA-49,
CsLEA-54, CsLEA-57 and CsLEA-71 genes increased at
24th h in root tissue. These genes may be considered as a
secondary response genes to water deficiency.

Expression levels of all selected genes raised at 3rd h or
24th h in root or leaf tissue. These genes can be thought to
have a role in drought response together with other tran-
scription factors and stress genes. Between these genes,
CsLEA-09, CsLEA-32, CsLEA-54, CsLEA-57 genes
showed a similar pattern in leaf and root tissues and
upregulated in leaf than in root tissues. When compared
expression levels of these genes in leaf and root tissues,
CsLEA-37, CsLEA-49, CsLEA-76 and CsLEA-77 genes
were late response genes.

Transcriptome data and real time PCR results were
convenient together. However, CsLEA-32, CsLEA-37 and
CsLEA-57 genes showed expression only in root tissue in
transcriptome data while their expression were observed
both in root and leaf tissues in real time PCR results.
Application of drought stress condition and the cultivar of
the cucumber plant may be the reason of these differences.

According to orthologous gene analysis from Ara-
bidopsis named as #4, #14 and #10, LEA genes had
orthologous relations with CsLEA54 gene whose expres-
sion level upregulated in leaf tissues under drought con-
ditions. Also #4 (AT1G20440.1) and #10 (AT1G76180.1)
Arabidopsis LEA genes were induced under different stress
conditions especially, under cold stress. Besides, CsLEA73
gene expression augmented by water limitation in cucum-
ber and Arabidopsis LEA #41 gene expression, which is the
orthologous of CsLEA73 gene, was upregulated by drought
stress, too. In addition, expression level of SAG gene (se-
nescence-associated gene) 21 (#38) from Arabidopsis,
which is another gene ortholog of CsLEA73 gene, raised
under cold, salt and drought stress conditions (Hundert-
mark and Hincha 2008; Weaver et al. 1998). These findings
are relevant with our results and suggest that these proteins
may have essential roles under drought stress conditions in
these plants. Furthermore, five members of LEA genes
among studied eight ones in tomato were upregulated when
LEA gene expression patterns explored under salt, water
deficiency or cold conditions (Cao and Li 2015). In addi-
tion, gene expression levels of some LEA proteins in potato
(StDHN2a, TAS14 and StLEA27) were expressed only in
water deficiency and/or salt conditions while StDHNI1
(YSK2) and StDHN25 (SK3) genes were expressed in all
tissues which may explain the roles of these proteins in the
normal plant development stages (Charfeddine et al. 2015).
Our findings are consistent with previous studies revealing
functional roles of LEA gene family under abiotic stress
conditions. This protein family may provide a protection
for embryonal structures under drought stress conditions
(Hanin et al. 2011; Du et al. 2013; Lan et al. 2013)
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This study reports a detailed genome wide identification
of LEA genes in cucumber genome. Physiological charac-
teristics of CsLEA proteins and their systematic positions
were evaluated in this study. Our findings suggest that LEA
genes may be potential response genes under the water
limitation conditions. Further detailed studies should be
done for understanding of this important gene family
function in cucumber.
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