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Superoxide dismutase (SOD) proteins are widely present in the plant kingdom and play important roles in different biological
processes. However, little is known about the SOD genes in cucumber. In this study, night SOD genes were identified from
cucumber (Cucumis sativus) using bioinformatics-based methods, including 5 Cu/ZnSODs, 3 FeSODs, and 1 MnSOD. Gene
structure and motif analysis indicated that most of the SOD genes have relatively conserved exon/intron arrangement and motif
composition. Phylogenetic analyses with SODs from cucumber and several other species revealed that these SOD proteins can
be traced back to two ancestral SODs before the divergence of monocot and dicot plants. Many cis-elements related to stress
responses and plant hormones were found in the promoter sequence of each CsSOD gene. Gene expression analysis revealed
that most of the CsSOD genes are expressed in almost all the tested tissues. qRT-PCR analysis of 8 selected CsSOD genes
showed that these genes could respond to heat, cold, osmotic, and salt stresses. Our results provide a basis for further functional
research on SOD gene family in cucumber and facilitate their potential applications in the genetic improvement of cucumber.

1. Introduction

Under natural conditions, plants are frequently exposed to
various stresses such as drought, salt, extreme temperature,
and heavy metals, which may seriously affect their growth
and development [1]. These stresses are surely accompa-
nied by the generation of reactive oxygen species (ROS),
including superoxide anion radicals (O2

−), hydrogen perox-
ide (H2O2), hydroxyl radical (OH−), peroxyl radical
(HOO−), and singlet oxygen (1O2), causing peroxidation
and degradation of macromolecules and damage to cell
membranes and ultimately leading to the death of cells
[2–4]. In plant cells, ROS production is strictly controlled
by enzymatic and nonenzymatic antioxidant defense sys-
tems including superoxide dismutase (SOD), catalase

(CAT), ascorbate peroxidase (APX), monodehydroascor-
bate reductase (MDHAR), dehydroascorbate reductase
(DHAR), thioredoxin, and glutathione. Among the antiox-
idant enzymes, superoxide dismutase (SOD, EC 1.15.1.1)
can serve as an efficient scavenger of ROS by catalyzing
the decomposition of superoxide anion radicals (O2

−) to
hydrogen peroxide (H2O2), which is further converted to
nontoxic water and oxygen.

According to the binding metal cofactor(s) that interact
with the active site, SODs can be classified into four types,
including iron (FeSOD), manganese (MnSOD), copper/zinc
(Cu/ZnSOD), and nickel (NiSOD) [4–6]. Different SOD
isoforms have similar functions, but have different metal
cofactors and amino acid sequences, crystal structures, and
subcellular localizations, and exhibit different sensitivities to
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H2O2 in vitro [5, 7]. For example, KCN and H2O2 can inac-
tivate Cu/ZnSODs and FeSODs irreversibly, but MnSOD is
not sensitive to either of the chemicals [8]. Cu/ZnSODs,
which are mainly located in chloroplasts, cytoplasm, and/or
the extracellular space, are present in some bacteria and all
eukaryotic species [9, 10], whereas MnSODs are mainly
found in plant mitochondria [11]. At least one copy of
MnSODs present in plant genomes plays a role in the scav-
enging of ROS in mitochondria [12]. FeSODs are distributed
in prokaryotes, protozoans, and chloroplasts and cytoplasm
of plants [13], while NiSODs were shown to be present in
Streptomyces species, were predicted to exist in some cyano-
bacteria [14, 15], and have not been discovered in plants yet.

Many studies have shown that SOD gene transcripts are
induced in various plant species under different forms of
stress such as heat, cold, drought, and salt as well as osmotic
and oxidative stresses and hormone signaling [5, 6, 9, 10, 16].
Additionally, different types of SOD genes exhibit different
expression patterns under diverse stresses. In tomato,
SlSOD1 was the only gene that displayed markedly upregu-
lated expression among the nine SlSOD genes, while the
expression of four SlSOD genes (SlSOD2, SlSOD5, SlSOD6,
and SlSOD8) was downregulated under salt treatment [6].
However, the four SlSOD genes (SlSOD2, SlSOD5, SlSOD6,
and SlSOD8) showed increased expression levels under
drought treatment [6]. Moreover, the same type of SOD
genes do not share the same expression patterns under
stresses. In banana, the transcript of MaMSD1A was
increased under heat, drought, and salt stresses, and the
expression of MaMSD1B was induced by heat and drought
stresses, while the transcription of MaMSD1C was only
induced by heat stress and MaMSD1D was not responsive
to any stress [10]. Furthermore, some studies have revealed
that the expression of some SOD genes can be regulated by
alternative splicing [5, 10, 17, 18] and miRNAs [19, 20]. Cer-
tain genes were identified as positive regulators of abiotic
stresses and can be one of the most important factors for
plant’s defense against various stresses. For example, trans-
genic plants overexpressing SOD genes displayed increased
tolerance to a wide range of abiotic stresses including
drought and salinity [21–26], oxidative stress [27], and
stresses caused by the application of insecticides [28, 29].

Cucumber (Cucumis sativus L.), which belongs to the
Cucurbitaceae family, is an economically and nutritionally
important vegetable crop consumed worldwide [30]. SOD
genes exist as a superfamily; however, no genome-wide infor-
mation is available for SOD gene family in cucumber. In this
study, we performed genome-wide identification of SOD
gene family in cucumber and comprehensively analyzed their
phylogenetic relationships, genome distribution, gene struc-
ture arrangement, conserved motifs, expression profiles in
different tissues, and their expression patterns in response
to various abiotic stresses, aiming to lay the foundation for
functional characterization of them under various stresses.

2. Materials and Methods

2.1. Identification and Annotation of SOD Genes in
Cucumber. A cucumber Cu/ZnSOD (GenBank number:

XP_011648784.1) was used as a query sequence for tBLASTn
against the cucumber genome from Cucumber Genome
Initiative (CuGI, http://cucumber.genomics.org.cn/), which
was released by the Institute of Vegetables and Flowers, Chi-
nese Academy of Agricultural Sciences (IVF-CAAS). A name
search for superoxide dismutase also helped to identify SOD
genes in the NCBI database. The candidate SOD members
were aligned to each other to guarantee that no member
was analyzed for multiple times. To further confirm the
accuracy of these SOD sequences, the cDNA sequences were
translated into amino acid sequences, which were submitted
to NCBI for domain prediction to eliminate the sequences
without any SOD superfamily conserved domains.
Subsequently, the conserved domains of these amino acid
sequences were searched using the Simple Modular Architec-
ture Research Tool (SMART) (http://smart.embl-heidelberg.
de/) and Pfam (http://www.sanger.ac.uk/software/pfam/)
online tools. The molecular weight and isoelectric point
(pI) of each SOD protein were analyzed using the online
ProtParam program (http://web.expasy.org/protparam/).

2.2. Subcellular Localization and Conserved Motif Prediction.
Subcellular localization and signal peptide of SOD proteins
were predicted using ProtComp 9.0 (http://linux1.softberry.
com/berry.phtml/) and SignalP 4.1 (http://www.cbs.dtu.dk/
services/SignalP/), respectively. Conserved motifs of SOD
proteins were detected using the MEME program (http://
meme-suite.org/tools/meme).

2.3. Multiple Sequence Alignments and Phylogenetic Analyses.
Multiple sequence alignments of the deduced amino acid
sequences of SOD proteins were performed using the Clus-
talW software with default parameters and then redrawn
with the software Geneious Pro 4.8.3 (http://www.geneious.
com/). Neighbor-joining (NJ) phylogenetic tree was con-
structed with the aligned SOD protein sequences using
MEGA 5.1 software with the following parameters: poisson
correction, pairwise deletion, and bootstrap (1000 replicates).

2.4. Intron/Exon Structure and Genome Distribution. The
genomic sequences of SOD genes and their coding sequences
were downloaded from CuGI (http://cucumber.genomics.org.
cn/). The intron distribution pattern and splicing phase of
each CsSOD gene were analyzed using Gene Structure Display
Server (GSDS, http://gsds.cbi.pku.edu.cn/). To obtain the
chromosomal locations of the CsSOD genes, mapping of the
distribution of CsSOD genes throughout cucumber genome
was performed with the MapInspect tool as previously
described [31].

2.5. Promoter Region Analysis. The 1.0 kb DNA sequences
upstream of the start codons of each CsSOD gene were
retrieved from CuGI. Subsequently, the cis-elements in
the promoters of each CsSOD gene were predicted using
the PlantCARE tool (http://bioinformatics.psb.ugent.be/
webtools/plantcare/html/).

2.6. Plant Materials and Treatments. Cucumber (Cucumis
sativus L. cv. Chinese long 9930) was used in this research.
The cucumber plants were planted in the field of Jiangxi
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Agricultural University (Nanchang, China). To examine the
transcript levels of CsSODmembers in different tissues, root,
stem, leaf, flower, and fruit were collected from cucumber
and immediately frozen in liquid nitrogen for storage
at −80°C until use.

To analyze CsSOD members under various abiotic
stresses, 2-week-old cucumber seedlings were adequately
watered and grown in a greenhouse under the conditions of
16 h light/8 h dark at 24/18°C before the induction of differ-
ent stresses. For heat treatment, cucumber seedlings were
transferred to 50°C growth chambers under normal light
conditions. For drought treatment, cucumber seedlings were
grown in liquid Murashige and Skoog (MS) medium contain-
ing 300mM PEG-6000. Cold and salt experiments for cucum-
ber seedlings were conducted as previously described [31].
Leaves were collected at 0, 3, 6, 12, and 24h after treatments
and immediately frozen in liquid nitrogen for storage
at −80°C until use.

2.7. RNA Extraction, RT-PCR, and Quantitative Real-Time
PCR (qRT-PCR). Total RNA was extracted with Trizol
reagent (Tiangen Biotech Co., Ltd. Beijing, China) according
to the manufacturer’s instructions. Synthesis of first-strand
cDNA and RT-PCR was performed using the methods
described previously [31]. qRT-PCR was conducted as previ-
ously described [32]. Three replicates were performed for the
analysis of each gene. The cucumber Actin gene was used as
an internal control. The primers used in gene expression
analysis are listed in Table S1 available online at https://doi.
org/10.1155/2017/7243973.

3. Results

3.1. Genome-Wide Characterization of CsSODs in Cucumber.
A total of nine cucumber SOD genes were identified from
CuGIandNCBIdatabase.Thecandidate geneswere translated
into amino acid sequences and analyzed for the presence of a
SOD domain by searching SMART and Pfam database. The
results showed that the cucumber genome contained five Cu/
ZnSODs (CsCSD1–5), three FeSODs (CsFSD1–3), and one
MnSOD (CsMSD), respectively (Table 1). All the three
putative CsFSDs contained the C-terminal iron/manganese
SOD domain (PF02777), and CsFSD2 and CsFSD3 had the

N-terminal iron/manganese SOD alpha-hairpin domain
(PF00081) (Table S2). All CsCSDs contained the copper-zinc
domain (PF00080), which is a typical characteristic of
Cu/ZnSOD. CsCSD3 contained an additional heavy-metal-
associated domain (PF00403). Both of the N-terminal iron/
manganese SOD alpha-hairpin domain (PF00081) and
C-terminal iron/manganese SOD domain (PF02777) were
present in CsMSD. In addition, CsFSD2 contained a
glyoxalase domain (PF00903), which belongs to dioxygenase
superfamily (Table S2). The three domains (PF00080,
PF00081, and PF02777) were predicted to possess molecular
function of oxidation-reduction process (GO:0055114) and
superoxide metabolic process (GO:0006801) according to
Gene Ontology [33], indicating that the putative CsSOD
members belong to the SOD family.

These CsSODs were chosen for further analyses, and their
characteristics are listed in Table 1. The gDNA lengths of
CsSODs from the start to stop codons varied between 2056
and 4108 bp. Physicochemical analysis revealed that the
lengths of putative CsSOD proteins varied between 152 and
377 amino acids. Besides, the putative CsSODs had a
calculated molecular mass ranging from 15.3 to 42.5 kDa
and a theoretical pI from 4.97 to 8.77 (Table 1). According
to previous studies, all Cu/ZnSODs are acidic in character,
while Fe-MnSODs are basic or acidic in character [6, 34–36].
In the present study, most of the CsSODs were acidic in
character, except for three CsSODs (CsFSD1, CsMSD, and
CsCSD4), which were basic in character.

Subcellular localizations of SOD proteins were predicted
using ProtComp 9.0. The results showed that most of the
CsCSDs (CsCSD1, CsCSD2, CsCSD3, and CsCSD4) were
localized in the cytoplasm, while CsCSD5 was localized in
the chloroplast (Table 1). In addition, two members (CsFSD1
and CsFSD2) and one member (CsFSD3) of FeSODs were
located in the chloroplast and extracellular space, respectively.
It seemed that SOD proteins with close phylogenetic relation-
ships tended to have the same patterns of subcellular localiza-
tion. The only member in group III, CsMSD, which is an
MnSOD, was predicted to be localized in the mitochondrion.
The prediction of the signal peptide by SignalP 4.1 indicated
that only CsFSD3 had a signal peptide sequence with 16 amino
acid residues that belongs to a secretory protein, confirming
that CsFSD3 is an extracellular protein (Figure S1).

Table 1: A complete list of 9 CsSODs identified in this study.

Isoforms Gene ID
Chromosamal

location
CuGI (5′–3′) gDNA size

(bp)
Intron
number

Length (aa)
Theoretical Mw

(kDa)
pI ProtComp

CsCSD1 Csa001740 1 17723177–17725232 2056 6 152 15.3 5.44 Cytoplasm

CsCSD2 Csa006777 2 1729871–1727288 2584 6 152 15.4 4.97 Cytoplasm

CsCSD3 Csa018002 3 2262114–2259007 3108 5 328 34.8 5.16 Cytoplasm

CsCSD4 Csa017461 4 6531097–6533698 2602 7 220 23.3 8.77 Cytoplasm

CsCSD5 Csa015219 6 8963271–8966782 3512 7 216 21.9 5.87 Chloroplast

CsMSD Csa004428 1 2960859–2958014 2846 6 243 27.0 8.54 Mitochondrion

CsFSD1 Csa001483 1 17559641–17556948 2694 6 203 23.4 8.29 Chloroplast

CsFSD2 Csa016620 4 9018790–9014683 4108 8 338 38.6 5.75 Chloroplast

CsFSD3 Csa022092 Scaffold000274 12020–15398 3379 3 377 42.5 5.16 Extracellular
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3.2. Conserved Motifs and Clustering Analysis of CsSODs. To
investigate the evolutionary relationship of CsSODs in cucum-
ber, an unrooted phylogenetic tree was created by aligning the
9 CsSOD protein sequences. CsSODs could be clustered into
four groups (I, II, III, and IV), which was highly consistent
with the types of their metal cofactors (Figure 1(a)).

We also conducted prediction of conserved motifs for
CsSODs by MEME server. As shown in Figure 1(b), 7
motifs (motif 1 to motif 7) were identified. As expected,
the SOD members in the same group of phylogenetic tree
demonstrated very similar patterns of conserved motif dis-
tribution. Among them, the copper-zinc SOD domain
(motifs 1, 2, and 7) was widely present in CSDs (group
I: CsCSD1, CsCSD2, CsCSD4, and CsCSD5), except for
CsCSD3 (group II), which included motifs 1 and 7. Three
CsFSDs (CsFSD1, CsFSD2, and CsFSD3) composed group
IV, which shared the iron/manganese SOD domain
(motifs 3, 5, and 6) with CsMSD (group III). Motif 4
was related to iron/manganese SOD alpha-hairpin domain,
which was located in group III (CsMSD) and group IV
(CsFSD2 and CsFSD3, except for CsFSD1).

3.3. Multiple Sequence Alignment of CsSOD Proteins. To fur-
ther explore the evolutionary relationships among cucumber
SOD proteins, pairwise identities were calculated (Table S3).
The results revealed that the similarity between CsSOD
proteins was notably variable, and CsCSD proteins shared
27–72% identity at amino acid levels, while the identity of
CsMSD and CsFSD proteins was 32–43%, which was also
in accordance with the types of their metal cofactors.

Multiple sequence alignment of the 9 CsSOD amino acid
sequences was performed using the ClustalW software. The
results showed that nearly all of the CsCSDs (except for
CsCSD3) contained the Cu/ZnSOD signatures (GFH[VLI]-
H[EA][FL]GDTT and GNAG[GAE]R[VLI]ACG) and the
metal-binding sites for Cu2+ and Zn2+ (Figure 2). CsMSD
along with CsFSDs had the conserved metal-binding domain
“DVWEHAYY” with a conserved His residue found in
almost all CsSODs. Three residues (His, Gln, and Asp) were

present in CsMSD but absent in CsFSDs [10, 22], suggesting
that these residues are specific for Mn2+. In addition, the sig-
nature ([AE][QL][VI]WNH[TD]F[YFL]W[EH][CS]) was
responsible for the recognition of iron ion by FeSOD, which
was also reported in previous studies [10, 37]. CsCSD3 was
predicted to be located in extracellular space, suggesting that
it participates in the secretory pathway. A blastp search in
the NCBI database showed that CsCSD3 was 74.0% and
70.1% identical to copper chaperone for superoxide dismut-
ase (CCS) proteins from rice (CuZn-SOD-CCh) [38] and
banana (MaCCS) [39], respectively, implying that it belongs
to the CCS subfamily. A conserved metal-binding motif
(MxCxxC) and another conserved metal-binding motif
(CxC) were near the N-terminus and in the C-terminus,
respectively (Figure 2).

3.4. Chromosomal Location and Gene Structure of CsSODs.
The chromosomal distributions of cucumber SOD genes are
shown in Figure 3. Accordingly, the 9 CsSODs were distrib-
uted on 5 chromosomes in Cucumis sativus, except for
CsFSD3, which was found on an unassembled sequence
scaffold000274 (Figure 3). The largest number of SOD genes
was determined on Chr1 with 3 genes, while Chr4 possessed
two SOD genes and all the others contained only one.

To further examine the structural features of CsSODs,
a comparison of the ORF sequences with the correspond-
ing gDNA sequences was performed by GSDS server. As
shown in Figure 4, all CsSOD genes contained introns in
their genomic sequences in cucumber, and the intron num-
bers in the CsSOD genes ranged from 3 to 7. Four CsSOD
members (CsCSD4, CsCSD5, CsMSD, and CsFSD2) con-
tained the largest number of introns (7 introns), while the
smallest number was found in CsFSD3 (3 introns). It is worth
noting that two pairs of CsSOD genes (CsCSD1 and CsCSD2,
CsFSD1 and CsFSD2) exhibited similar intron/exon organi-
zation patterns, respectively.

3.5. Phylogenetic Analysis of SOD Proteins in Plants. To
further investigate the phylogenetic relationships of SOD
proteins between cucumber and other plant species, an
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Figure 1: Unrooted neighbor-joining phylogenetic tree and conserved motif analysis of CsSOD proteins. (a) Phylogenetic tree was generated
based on the protein sequences of CsSOD proteins. (b) Conserved motif analysis of CsSOD proteins. Different color boxes represent different
types of motifs.
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unrooted neighbor-joining phylogenetic tree was generated
using the amino acid sequences of the SOD proteins from
Arabidopsis thaliana, Brachypodium distachyon, Solanum
lycopersicum, Oryza sativa, Sorghum bicolor, Gossypium
raimondii, and Setaria italica. The phylogenetic tree revealed
that these SOD proteins could be classified into two major
groups: Cu/ZnSODs and Fe-MnSODs. Cu/ZnSODs included
three subgroups (a–c), while Fe-MnSODs were divided into
two subgroups (d and e) (Figure 5), implying that FeSODs
and MnSODs originated from a common ancestor [11].

Like in other plants, CsSODs were present in all the five
subgroups. Three CsCSDs (CsCSD1, CsCSD2, and CsCSD4)
along with SbSOD1, SlSOD1, and other cytoplasmic
Cu/ZnSODs were clustered into subgroup a, while CsCSD5
together with SbSOD4, SlSOD3, and other chloroplastic
Cu/ZnSODs was clustered in another cluster (subgroup b).
The remaining CsCSDs (CsCSD3), along with SlSOD4,
SbSOD3, GrCSD4, and other CSDs, were clustered in sub-
group c, which was like a junction between Cu/ZnSODs
and Mn-FeSODs clusters. Notably, all of the three CsFSDs
were clustered in subgroup d with other plant FeSODs
(Figure 5). Among them, CsFSD1 and CsFSD2 were clus-
tered with other plant chloroplastic FeSODs, while CsFSD3,
which was found on an unassembled sequence and predicted
to be located in extracellular space (Table 1; Figure 3), was
separated from other plant FeSODs. In addition, CsCSDs

and CsFSDs (except for CsFSD3) were clustered into
Cu/ZnSODs and FeSODs of dicot-specific branches,
respectively, revealing the presence of two ancestral SODs
before the divergence of monocot and dicot plants. More-
over, CsMSD together with other plant mitochondrial
MSDs were clustered in subgroup e (Figure 5).

3.6. Analysis of cis-Acting Regulatory Elements in the
Promoter of CsSODs. To understand the gene function
and regulation patterns of CsSODs, sequences of 1000 bp
upstream regions from the translation start site of each
CsSOD were identified from CuGI and were subsequently
determined using PlantCARE. The results showed that 59
types of cis-acting regulatory elements were found in the
promoter region of CsSODs and all CsSOD promoters con-
tained typical TATA and CAAT boxes, which are essential
elements of the promoters (Table S5). In addition, several
cis-elements related to developmental processes such as
circadian control (circadian), flavonoid biosynthetic gene
regulation (MBSII), meristem expression (CAT-box) and
zein metabolism regulation (O2-site), and tissue-specific
expression, including shoot-specific element (as-2-box),
meristem specific activation element (CCGTCC-box), and
endosperm-specific elements (GCN4 and Skn-1 motif),
were present in CsSOD promoters. Among them, the
light-responsive elements included 23 different types and were
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Figure 2: Multiple sequence alignment of deduced amino acid sequences of CsSOD proteins. Cu/ZnSOD signatures
(GFH[VLI]H[EA][FL]GDTT and GNAG[GAE]R[VLI]ACG) are boxed in blue. The metal-binding sites for Cu2+ and Zn2+ are highlighted
with yellow and red, respectively. The conserved metal-binding domain (DVWEHAYY) for Fe-MnSOD is in black box. The signature
([AE][QL][VI]WNH[TD]F[YFL]W[EH][CS]) responsible for the recognition of iron ion by FeSODs is boxed in pink. The conserved
metal-binding motifs (MxCxxC and CxC) of CsCSD3 are highlighted in green. Six metal-binding sites in MnSOD are marked with cyan,
and three residues (His, Gln, and Asp) that are present only in MnSOD and absent in FeSODs are marked with cyan in red box.
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the largest group of elements. Each CsSOD promoter con-
tained 3–7 types of light-responsive elements, implying that
CsSODs might be differentially regulated by light. The type
numbers of the remaining cis-acting regulatory elements,
including stress-related and hormone-related elements, were
shown in Table 2. The cis-acting regulatory elements involved
in abiotic stress, such as heat stress-responsive element (HSE),

drought-responsive element (MBS), wound-responsive ele-
ment (WUN motif), defense and stress-responsive element
(TC-rich repeats), anaerobic induction element (ARE), and
elicitor-responsive elements (EIRE and Box-W1), were also
detected in a series of members. Moreover, 8 types of
hormone-responsive cis-elements were identified, and all of
the CsSOD promoter sequences contained at least one type
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Figure 3: Chromosomal locations of 9 CsSOD genes on chromosomes of cucumber. The chromosome numbers are indicated at the top of
chromosomes, and the size of chromosome is represented with a vertical scale.
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of cis-elements involved in plant hormone response, including
abscisic acid- (ABA-) responsive element (ABRE), methyl
jasmonate- (MeJA-) responsive element (CGTCA-motif),
ethylene-responsive element (ERE), gibberellin-responsive
elements (GARE-motif, P-box, and TATC-box), salicylic
acid-responsive elements (TCA-element), and auxin-
responsive elements (TGA-element). Numerous cis-elements
related to light, stress, or hormone responses were present in
the promoter of CsSODs, suggesting that CsSODs are related
to the responses to various stresses and hormones.

3.7. Expression Profiles of CsSODs in Different Tissues. To
investigate the functions of CsSODs, their expression profiles
in different tissues (root, stem, leaf, flower, and fruit) were
determined by RT-PCR. The results showed that most of the
CsSODs were expressed in almost all 5 tissues, except for

CsMSD, which was not expressed in fruit, and CsFSD3, whose
transcript was not detected in all the tested tissues (Figure 6).
In addition, CsCSD1 was consistently highly expressed in all
5 tissues, whereas CsCSD4 displayed an extremely low expres-
sion level. CsCSD1 was more highly expressed in leaf and
flower than in other tested tissues. The expression of CsCSD2
in root and leaf was significantly higher than that in other
tested tissues, while that of CsCSD5 in root was significantly
lower than that in other tested tissues. Unlike other CsCSDs,
CsCSD3 displayed a distinctly tissue-specific expression
pattern and had the highest expression level in flower. CsFSD1
and CsFSD2, both of which were FeSODs (Table 1), showed
similar expression patterns (Figure 6). CsFSD1 and CsFSD2
showed varied expression levels across tissues and were abun-
dantly expressed in leaf and flower, but moderately expressed
in other tissues (Figure 6). The expression of CsMSD was

Table 2: Kinds and numbers of known stress-related and hormone-related cis-elements in the promoter regions of CsSOD genes.

Stress-related cis-element Hormone-related cis-element

CsCSD1 TC-rich repeats (1), ARE (2) ABRE (3), TCA-element (1), TGA-element (1)

CsCSD2 MBS (3), WUN-motif (1), TC-rich repeats (1), ARE (1) GARE-motif (2), TCA-element (1)

CsCSD3 HSE (3), TC-rich repeats (3), ARE (1)
ABRE (1), CGTCA-motif (1), GARE-motif (2), TATC-box (1),

TCA-element (1)

CsCSD4 HSE (3), MBS (3), ARE (1) ABRE (1), CGTCA-motif (1), ERE (3), TCA-element (1)

CsCSD5 MBS (3), TC-rich repeats (1), ARE (1) TATC-box (1), TGA-element (1)

CsMSD HSE (1), MBS (1), TC-rich repeats (2), ARE (1), Box-W1 (1) ABRE (1), ERE (1), GARE-motif (1), TGA-element (1)

CsFSD1 HSE (2), MBS (2), TC-rich repeats (1) GARE-motif (1)

CsFSD2 HSE (1) ABRE (3), P-box (2), TCA-element (2)

CsFSD3 HSE (2), MBS (1), EIRE (1) ABRE (1), CGTCA-motif (1)

The numbers in parentheses indicate the number of the cis-element in the promoter of CsSOD.

R S L F Fr

CsFSD1

CsCSD1

CsMSD

CsCSD2

CsCSD5

CsFSD2

CsCSD4

CsCSD3

CsActin

CsFSD3

Figure 6: RT-PCR analysis of cucumber SOD genes in different tissues. RNA was isolated from different tissues, including root (R), stem (S),
leaf (L), flower (F), and fruit (Fr).
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relatively lower in leaf, extremely low in flower and stem, and
even not detected in root and fruit.

3.8. Expression of CsSODs in Response to Various Abiotic
Stresses. To investigate the roles of CsSOD genes in response
to various abiotic stresses, we analyzed the expression
patterns of CsSOD genes under heat, cold, drought, and
NaCl treatments by qRT-PCR. As shown in Figure 7, the
expression of CsSOD genes was noticeably different under
different abiotic stress treatments, and their expression
patterns were complex. Exceptionally, no expression of
CsFSD3 was detected in response to these stresses. In
addition, the expression of CsFSD3 was not detected in
root, stem, leaf, flower, and fruit (Figure 6). These results
implied that CsFSD3 is a pseudogene.

All of the remaining 8CsSOD genes were strongly induced
by heat treatment and exhibited more than 3- to 24-fold
increase in expression.Among them, 1 gene (CsFSD1), 2 genes
(CsCSD4, CsCSD5), 1 gene (CsCSD1), and 4 genes (CsCSD2,
CsCSD3,CsMSD, andCsFSD2) reached the highest expression
levels at 3 h, 6 h, 12 h, and 24 h, respectively. Interestingly,
the expression of a pair of CSDs, CsCSD3 and CsCSD4,
whose transcripts were induced gradually until 6 h, subse-
quently decreased at 12 h and finally reached a higher level
at 24 h (Figure 7(a)). In addition, the expression of CsFSD1
was increased sharply, reached the highest level at 3 h, then
dropped dramatically at 6 h, and subsequently increased
gradually as the treatment continued (Figure 7(a)). Under
cold treatment, the expression levels of most CsSOD genes
decreased at 3 h (CsCSD3 remained constant, and CsFSD1
was upregulated slightly) and then increased markedly at
6 h (Figure 7(b)). After 6 h, all of the CsCSD genes were
downregulated sharply at 12 h and continued to decline at
24 h (except for CsCSD2, whose expression was increased
at 24 h). After 6 h, the expression of CsFSD1 and CsFSD2
was induced gradually, and the induction peaked at 12 h
and 24 h, respectively. During PEG treatment, nearly all

CsCSD genes were strongly induced, their expression
peaked at 3 h, and then the transcript levels were decreased,
whereas CsCSD1 was slightly downregulated at 3 h and its
transcript remained constant (Figure 7(c)). Under NaCl
treatment, the expression of most CsSOD genes was induced
gradually until 6 h, then declined at 12 h, and ultimately
increased at 24h (Figure 7(d)). It was worth noting that the
transcript of CsCSD2 reached the highest level (38.6-fold) at
24h, which was obviously higher than that of other CsSOD
genes. The expression of CsCSD5 increased gradually until
6 h, then declined gradually after 12h of treatment, and finally
decreased dramatically at 24h (Figure 7(d)).

4. Discussion

4.1. SOD Genes in Cucumber and Their Evolution. SOD plays
important roles in multiple processes of plant growth and
resistance against environment stresses, and SOD gene family
has been reported to be widely distributed in different plant
species, such as Arabidopsis [40], longan [41], rice [34, 42],
poplar [22], banana [10], sorghum [35], tomato [6], and
cotton [36, 43]. However, no comprehensive analysis of this
gene family has been reported in cucumber. In the present
study, a total of 9 SOD genes were identified in cucumber,
which cover all three major types of plant SOD genes, includ-
ing 5 Cu/ZnSODs, 3 FeSODs, and 1 MnSOD (Table 1). Sim-
ilar results were obtained in other plant species. For example,
previous studies revealed that the numbers of SOD genes in
Arabidopsis, rice, sorghum, and tomato are 8 (3 Cu/ZnSODs,
2 MnSODs, and 3 FeSODs), 8 (5 Cu/ZnSODs, 1 MnSOD,
and 2 FeSODs), 8 (5 Cu/ZnSODs, 1MnSOD, and 2 FeSODs),
and 9 (4 Cu/ZnSODs, 1 MnSOD, and 4 FeSODs), respec-
tively. There are large differences in genome size, and the
number of SOD genes varies among these plant species, but
does not vary proportionally along with the changes in
genome size. The discrepancy in the number of SOD genes
in different plant species may be attributed to gene
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Figure 7: qRT-PCR analysis of cucumber SOD genes in response to various abiotic stresses including heat (a), cold (b), PEG (c), and NaCl (d).
Error bars indicate SD based on three biological replicates.
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duplication, which consists of tandem and segmental dupli-
cations and plays a crucial role in the expansion of SOD genes
for diversification. Gene duplication of SOD genes was also
found in different plant species [35, 36, 43]. In our study,
no segmental duplication event was observed between these
genes according to the criteria of a previous study [35].
Therefore, tandem duplication most likely plays an impor-
tant role in the expansion of CsSOD genes, just like the two
adjacent genes CsFSD1 and CsCSD1 in Chr1 (Figure 3).

Gene structure analysis revealed that the intron num-
bers of the 9 cucumber SOD genes were 3–7 (Figure 4).
A previous research reported that plant SOD genes have
highly conserved intron patterns, and most cytosolic and
chloroplastic SODs harbor 7 introns [44]. In our study,
four members (CsCSD4, CsCSD5, CsMSD, and CsFSD2)
were predicted to contain 7 introns (Figure 4). The
divergence of CsSOD gene structure may be due to the
mechanisms including exon/intron gain/loss, exonization/
pseudoexonization, and insertion/deletion according to a
previous study [45], and the SOD members in the same
clade of phylogenetic tree displayed similar exon-intron
organization patterns (such as CsCSD1 and CsCSD2,
CsFSD1 and CsFSD2), suggesting that they may have
similar functions related to various abiotic stresses.

Phylogenetic analysis of SOD proteins between cucum-
ber and 7 other plant species showed that the SODs could
be divided into two groups of Cu/ZnSODs and Fe-
MnSODs, and these two groups could be further divided
into 5 subgroups with robust statistical support, which is
consistent with the results of previous reports [6, 10, 11,
35]. Most of the subcellular localization data of SODs sup-
ported the phylogenetic data. For example, several pairs of
Cu/ZnSODs, including CsCSD1 and CsCSD2, SbSOD1
and SbSOD2 [35], SlSOD1 and SlSOD2 [6], cCuZn-
SOD-1 and cCuZn-SOD-2 [42], GrCSD1 and GrCSD2
[36], were predicted to be located in the cytoplasm in sub-
group a (Figure 5). Chloroplastic Cu/ZnSODs, chloroplas-
tic FeSODs, and mitochondrial MnSODs were clustered
into subgroups b, d, and e, respectively. CsCSD3, along
with CuZn-SOD-CCh and other chloroplastic CSDs, was
observed in subgroup c, suggesting that it is a member
of plant CCS family. In addition, almost all CsSODs were
phylogenetically clustered with at least one member from
all the considered plant species (Figure 5), suggesting that
CsSODs probably have the same functions as SODs in
other plant species. However, CsFSD3, which was found
on an unassembled sequence and predicted to be located
in extracellular space (Figures 1 and 3), was separated
from other plant FeSODs. Besides, the prediction of the
signal peptide revealed that CsFSD3 has a signal peptide
sequence belonging to a secretory protein (Figure S1),
implying that CsFSD3 is an extracellular protein.

4.2. Expression Patterns of CsSODs in Different Tissues. Com-
prehensive gene expression analyses of SOD family genes
have demonstrated that SODs have diverse expression pat-
terns in different tissues of plants, such as Arabidopsis [40],
rice [34, 42], poplar [22], banana [10], tomato [6], and cotton
[36, 43]. In this study, the results of RT-PCR analysis showed

that most of the CsSOD genes are ubiquitously expressed
and a few genes display tissue-specific expression patterns
except for CsFSD3, whose transcript was not detected in
any tested tissues (Figure 6). For instance, CsCSD1 showed
high expression in all the tested tissues, whereas CsCSD4
displayed extremely low expression level (Figure 6), sug-
gesting that they have differential expression patterns in
various tissues. In addition, many CsSOD genes showed
the highest expression in leaves, which is consistent with
previous studies of other species [9, 36]. Notably, all of
the CsSOD genes except for CsMSD were expressed in
fruit (Figure 6) and shared a common cis-acting regulatory
element Skn-1_motif (Table 2), which is required for
endosperm expression, suggesting that these genes may
be involved in fruit development. CsCSD3 exhibited high
expression in flower, indicating its specific roles required
in flower development.

4.3. Functions of CsSODs in Response to Various Abiotic
Stresses. Analysis of the cis-elements in CsSOD gene pro-
moters resulted in the detection of three major types of cis-
elements associated with light, abiotic stress, and hormone
response as well as cis-elements related to developmental
processes and tissue-specific expression (Table S5). A rela-
tively large number of light-responsive cis-elements were
detected in CsSOD gene promoters, suggesting that CsSODs
might participate in light response. Some studies have shown
that SOD genes are involved in the response to light in differ-
ent plants including Arabidopsis thaliana [19, 40], Nicotiana
tabacum [46], and Nicotiana plumbaginifolia [47]. Trans-
genic plants overexpressing a pea chloroplastic Cu/ZnSOD
showed increased resistance to high light [48]. In addition,
the cis-acting regulatory element involved in circadian con-
trol was found in six CsSODs except for CsCSD4, CsCSD5,
and CsMSD (Table S5). Therefore, CsSODs, especially chlo-
roplastic SODs, may be responsible for light response and
function in the efficient removal of the superoxide formed
during photosynthetic electron transport and under various
stress conditions in the light.

In addition, a series of cis-elements related to abiotic
stress responses were identified in CsSOD gene promoters,
such as HSE, MBS, WUN-motif, TC-rich repeats, ARE,
EIRE, and Box-W1 (Table 2), which may regulate gene
expression under various stresses. Most of the SOD genes in
Arabidopsis, tomato, and banana can be induced in response
to various abiotic stresses such as heat, cold, drought, and
salinity [6, 10, 40] and are considered to participate in
the elimination of ROS caused by various abiotic stresses
[11, 40]. In the present study, the expression of CsFSD3
was not detected under various abiotic stresses (Figure 7),
and its transcripts were also undetectable in different tissues
(Figure 6), indicating that it is a pseudogene. The
expression levels of other 8 CsSOD genes were largely
altered under stress conditions, suggesting that these
genes play important regulatory roles in stress response
and that there may be functional redundancy. For
example, in this study, all of the detected CsSOD genes
were upregulated under heat treatment, and some of
them displayed similar expression patterns (Figure 7(a)).
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Under cold treatment, the expression levels of all CsSOD
genes were obviously altered and their expression
patterns were distinct from each other (Figure 7(b)),
implying that CsSOD genes may have different functions in
response to cold stress. Among them, the expression of
CsCSD1 was decreased gradually, with an expression
pattern similar to that of MaCSD1B and MaCSD2B [10].
For PEG treatment, nearly all of the CsSOD genes had
similar expression patterns, which reached the highest
levels at 3 h and then decreased (Figure 7(c)), implying
that the functions of CsSOD genes are related to osmotic
stress. During NaCl treatment, although the transcripts
of most CsSOD genes were changed, CsCSD2 was the
only gene that showed a remarkable increase among the
8 CsSOD genes (Figure 7(d)), demonstrating that CsCSD2
might play a predominant antioxidant role under salt stress.
This phenomenon was previously observed for SlSOD1 in
tomato [6]. Both SlSOD1 and CsCSD2 were clustered in
subgroup a and showed a relatively high amino acid
sequence identity (72.8%) (Figure 5). Taken together, we
propose that the CsSOD genes have different functions in
ROS elimination caused by different abiotic stresses, and
may play vital roles in adversity adaptation of plants. In
addition, some CsSOD genes were found to respond to
various abiotic stresses with different expression patterns.
For example, CsCSD1 was downregulated by cold treatment
and upregulated by heat and NaCl treatments, while its
expression remained constant without a significant change
under PEG stress (Figure 7), implying a divergence in the
functions of CsCSD1 in different signal pathways. Further
studies are needed to reveal the exact functions of CsSOD
genes during various abiotic stresses in cucumber.

5. Conclusion

In the present study, we identified 9 putative SOD genes from
cucumber and analyzed their classification, genome organi-
zation, gene structure, conserved motif, and phylogenetic
relationships. Subsequently, RT-PCR and qRT-PCR were
carried out to analyze the expression profiles of CsSOD
genes in different tissues and under various abiotic stresses
including heat, cold, PEG, and NaCl. It could be suggested
that CsSOD genes play vital roles in almost all tissues at
the stage of growth and development in cucumber. This
study provides a comprehensive understanding and facili-
tates further functional characterization of the SOD gene
family in cucumber and lays a foundation for elucidating
the molecular mechanisms of SOD genes during stress
response and development of plants.
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