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Abstract
The cytochrome P450 (CYP450) gene family plays a vital role in basic metabolism and enhances plant
resistance to stress and pests. However, little information is available on the genome-wide
characterization and evolutionary relationship of the CYP450 gene family in Cucumis sativus L. In the
present study, a genome-wide bioinformatics analysis was performed, including gene structure,
conserved motif, cis-acting promoter element, evolutionary analysis, collinearity, subcellular localization,
and expression pro�le. The gene expression pro�le of CYP450 was veri�ed using transcriptome
sequencing and quantitative reverse transcription polymerase chain reaction. A total of 165 P450 genes
were identi�ed in the cucumber genome. These genes were classi�ed into eight subfamilies and unevenly
distributed on seven chromosomes. Subcellular localization predicted that most of P450 genes were
located in chloroplasts and a few were located on the plasma membrane. CYP450 genes were
differentially expressed in different tissues and in response to salicylic acid (SA) treatment. The sizes of
all cucumber P450 proteins ranged from 317 to 1,056 aa, the theoretical isoelectric points ranged from
5.05 to 10.31, and the molecular weights ranged from 36,095 to 121,403 KD. This study provides a
theoretical basis for further research on the biological functions of the P450 gene in cucumber plants.

Background
Cytochrome P450 (CYP450) is a monooxygenase encoded by the B group of cytochrome superfamily
proteins with heme as an auxiliary group. It is the largest and oldest family in nature and is distributed
throughout all branches of the evolutionary process of life [1]. CYP450s, named for its characteristic
spectral property of an absorption peak at 450 nm when binding with CO, are characterized by a
preserved heme-binding region with the sequence FxxGxRxCxG [2, 3]. P450s are involved in both basic
metabolism and secondary metabolism of plants and play an essential role in enhancing plant resistance
to stress and pests [4].

CYP450 plays an important role in plant development and growth. It has been con�rmed that the CYP703,
CYP704, and CYP86 subfamilies are essential for pollen wall formation and �ower cuticle synthesis. In
Arabidopsis, CYP703A2, CYP704B1, and CYP86C3 are responsible for the hydroxylation of fatty acids
and development regulation of the pollen wall [5]. The CYP73A subfamily is involved in the hydroxylation
of aromatic cinnamate rings, which is the core reaction of the phenylpropane pathway to synthesize
heaps of phenolic compounds [6]. The CYP701 family has been shown to be necessary for gibberellic
acid (GA) biosynthesis in rice [7]. In addition, the CYP450 gene family regulates the response to adverse
stress through the synthesis and degradation of endogenous hormones in plants. For example, CYP94B3
and CYP94C1 can oxidize JA-IIe into 12-OH JA-lle and 12-COOHC JA-lle and results in severe depletion of
JA-Ile, which can affect jasmonic acid metabolism pathway and regulate the expression of stress
resistance genes in Arabidopsis [8, 9]. AtCYP82C2 can improve the expression of jasmine-induced
defense-related gene expression and jasmonic acid-induced immunoglobulin content, and enhances
resistance to Botrytis cinerea [10]. The fact that gene SSN (GhCYP82D) in cotton regulates systemic cell
death by regulating octadecane pathway, while controlling the biosynthesis of jasmine acid to negatively
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regulate resistance to Verticillium wilt, suggest a novel metabolic branch that might regulate the JA
signaling pathway [11]. OsCYP71D81L in rice can participate in responses to various types of abiotic
stress and the formation of some agronomic characteristics by affecting the homeostasis of cytokinin
and gibberellic acid. Compared to wild types, the chlorophyll content of cyp71d8l and CYP71D8L-OE
seedlings increased, but the level of reactive oxygen species (ROS) decreased [12].

Development and maturity of massively parallel sequencing (MPS). Members of the P450 gene family
have been identi�ed in many plants. Arabidopsis (Arabidopsis thaliana) has 245 CYP genes [13], soybean
(Glycine max) has 332 CYP genes [14];[15], wheat (Triticum aestivum) has 1285 CYP genes [16], tomato
(Lycopersicon esculentum) has 233 CYP genes [17], and rice has 326 CYP genes (Oryza sativa L.) [18].
According to the criteria of homology and phylogeny, plant CYP genes are grouped into six single families
(CYP51, CYP74, CYP97, CYP710, CYP711, and CYP727) and four multi-families (CYP71, CYP72, CYP85,
and CYP86) [19]. However, only a few CYP450 genes have been identi�ed [20, 21]. To date, research on
plant P450s has been focused on the genome-wide identi�cation and expression pro�le analysis of the
CYP450 gene family [22].

Cucumber (Cucumis sativus L.) is an annual herb belonging to the Cucurbitaceae family. Cucumbers are
one of the main vegetable crops in China and have medical, therapeutic, and nutritional values. The
analysis of gene families is bene�cial for understanding the function and evolution of their members [23,
24]. The completion of cucumber genome sequencing has made gene family information and functions
public [25–27]. Wang et al. studied the role of CsCYP85A1 encoding BR-C6-oxidase in the BR
biosynthesis pathway to control internode length in cucumber [21], and Xu et al. revealed that
Csa6G504590, encoding a cytochrome P450 monooxygenase, might be involved in cell growth by
participating in ethylene-activated signaling pathways [28]. Pan et al. pointed out that CYP78A plays a
signi�cant role in the �uctuation of shape and cucumber fruit size [29]. However, there are few studies on
CYP450 genes in cucumbers.

Here, we used bioinformatics analysis to identify the cytochrome P450 gene family in the cucumber
genome and analyzed gene structure, conserved motif, cis-acting promoter element, evolutionary pro�le,
collinearity, subcellular localization, and expression pro�le under salicylic acid (SA) treatment. The
�ndings are intended to provide a theoretical basis for further exploration of the biological function of the
cucumber P450 protein. In our previous study, transcriptome analysis was performed on cucumber leaves
treated with salicylic acid, and differentially expressed genes were screened, including P450 genes, to
provide reference information for this study.

Results And Analysis

Bioinformatics analysis of CsCYP450

Genome-wide identi�cation of CYP450 gene family and
physicochemical properties analysis of P450 protein in
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cucumber
After removing the redundant genes, 165 P450 family members were identi�ed in the cucumber genome
(Table S1). The protein sequences encoded by these genes were further con�rmed by NCBI and SMART
screening to contain four conserved motifs, namely the FxxGxRxCxG heme-binding protein domain, I-
helix, K-helix, and PERF/W motif. In accordance with the gene naming method used for Arabidopsis, the
P450 genes in cucumber were named CsCYP450. The size of cucumber P450 protein was between 317
and 1,056 aa, the theoretical isoelectric point (pI) of the encoding protein was 5.05–10.31, and the
molecular weight was between 36,095 and 121,403 kDa. The subcellular localization predicted that
70.3% of the CsCYP450 genes were located in chloroplasts, 12.7% of the CsCYP450 genes were located
in plasma membrane, 7.8% of the CsCYP450 genes were located in the cytoplasm, and 4.8% of the
CsCYP450 genes were located in the vacuole. The remaining CsCYP450 genes were located in the
nucleus, endoplasmic reticulum, and mitochondria. These results suggest that CsCYP450 plays a
signi�cant role in cucumber production.

Analysis of gene structure, conserved domain, and motif of
CYP450 family in cucumber
Based on the alignment results of the coding sequence to the genomic sequence of the cucumber P450
gene family, the exon numbers of these CsCYP450 genes varied from 1 to 15, revealing the structural
diversity of the P450 gene family. Of the cucumber P450 gene family, the Csa3G115620 gene contained
the most exons, whereas 17% harbored one exon without an intron. Further analysis showed that most of
the same-family members had similar distribution characteristics in terms of exon length and number.
For example, Csa3G115620, Csa6G448700, and Csa4G056760 belong to Clan97 and have more exons
and introns. However, most CYP89, CYP94, and CYP96 family members have no introns. A few
CsCYP450 members such as Csa5G158600 and Csa5G173490 have no typical genetic structure.
Compared with other members of the same family, they have longer introns or shorter exons (Figure. 1B).
The structure of CsCYP450s was greatly changed, suggesting that the cucumber genome underwent
signi�cant changes during its evolutionary history.

Conserved motif analysis of P450 in cucumbers is shown in Figure 2C. A total of 15 conserved motifs
were identi�ed and named motif1 to motif15, respectively (Table S2). Six motifs were found in more than
90% of the genes. All P450 gene members contained motif1: FGAGRRICPG (FxxGxRxCxG), which was
annotated as the core functional domain (the heme-binding domain). The heme-binding domain contains
critical cysteine residues, which are axial ligands of heme. This result shows that motif1 is highly
conserved during cucumber development. The motif14 was annotated as a helix K domain (EXXR) that
plays an important role in P450 protein folding. The motif3 was annotated as an I-helix conserved
domain, which is involved in oxygen binding and oxygenation. The motif6 was annotated as a PERF
domain and motif7 was annotated as a PKG motif. As shown in Figure 2, members of the same gene
cluster shared similar conserved domains, whereas different gene clusters had speci�c conserved
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domains. In conclusion, the highly conserved motif and similar gene structure of CsCYP450 in the same
family further support the close evolutionary relationship and reliability of the phylogenetic analysis.

Chromosome distribution of CYP450 family members in
cucumber
Figure 3 shows the chromosomal distribution of the P450 gene family in cucumber. P450 genes were
unevenly distributed on seven chromosomes. Chromosome 3 had 48 P450 genes, which is the largest
number. Chromosome 7 contained only seven P450 genes. There was no positive correlation between
chromosome length and the number of P450 genes, and most were close to each other. In addition to
chromosomes 5 and 7, the density of CsCYP450 on the short arm was higher. The gene distribution of
each subfamily was not uniform and the similarity was high. Additionally, some genes were closely
clustered on chromosomes 2, 3, 5, and 6. Whether there is a functional connection between these genes
and the possible reasons for their formation still needs to be further analyzed. It is speculated that these
may be related to the evolution of P450 genes and may affect their regulatory function.

Analysis of replication events of cucumber CYP450 genes
family
Gene replication is one of the most essential evolutionary processes to produce genetic diversity and new
functions and plays a vital role in adaptation and speciation. Results were divided into segmental,
tandem, proximal, singleton, and dispersed genes. Among them, the frequency of tandem replication was
38.6% (76), fragment replication was 19.3% (38), proximal replication was 9.1% (18), decentralized
replication was 33% (65), and no single-copy replication occurred (Figure 4). The results demonstrated
that tandem reproduction was the main driving force for CsCYP450 gene family ampli�cation. Tandem
replication is required to maintain a large gene family, which can dilate and shrink rapidly in response to
environmental alterations, resulting in increased genetic complexity under good conditions [30].
Additionally, the chromosomal distribution pattern of CsCYP450 strongly suggested that tandem
replication promoted the ampli�cation of CsCYP450 in cucumber. To further explore the possible
evolutionary mechanism of the CsCYP450 gene family, Circos software was used to map collinear gene
pairs in the cucumber genome (Figure 6).

Evolutionary analysis of related species
A phylogenetic tree was constructed according to the multiple sequence alignment results to investigate
the genetic relationships among the members of the CYP450 gene family in cucumber. Based on
phylogenetic analysis, 165 P450 genes were classi�ed into A-type and non-A-type P450 gene family
groups (Figure 7). The A-type P450 gene family was clustered into the CYP71 clan. The non-A-type P450
gene family contained seven clans, designated as CYP85, CYP86, CYP72, CYP97, CYP711, CYP51, and
CYP710.
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To investigate the evolutionary relationship between cucumber CYP450 genes, we constructed a
phylogenetic tree using CYP450 proteins from cucumber and Arabidopsis (Figure 7). CYP450 proteins
were classi�ed into A-type (52.7%, 87/165) and non-A type (47.3%, 78/165). According to the criteria of
phylogeny and homology, the CYP450 gene family was further divided into 40 families and eight clusters.
Among these, the most extensive A-type gene family of cucumbers is CYP71, with 87 members. Studies
have shown that the most prominent CYP450 gene family in most plants is CYP71, which contains more
than half of the CYP450 genes and has rich and diverse functions, which is closely related to the
metabolism of aromatic and aliphatic amino acid derivatives, some triterpenoid derivatives, fatty acids,
alkaloids, and hormone precursors; the largest non-A type family in cucumber is CYP85, which is
composed of nine gene families: CYP86, CYP707, CYP722, CYP716, CYP718, CYP87, CYP724, CYP85,
and CYP90. It is worth mentioning that the CYP93, CYP701, CYP703, CYP51, CYP724, CYP718, and
CYP710 families are all composed of single cucumber genes, suggesting that each gene has a unique,
highly conserved function. In particular, the CYP51 family is an ancient and conservative family, with only
one member in the study of gene families of all species to date. CYP51G and CYP710A encode 14α-
demethylase and sterol 22-desaturase, respectively, which participate in sterol biosynthesis. In a survey of
CYP703 family members, the Arabidopsis mutant cyp703a2 showed the phenotype of pollen
development retardation and partial male sterility [31]. In addition, compared to the A-type P450 family,
the non-A-type P450 gene family has a wide range of species and complex changes. The non-A-type
P450 gene family may be evolutionarily older than the A-type P450 family, and the time for gene
replication and rearrangement may be longer. This leads to a more diverse composition than that of the
A-type P450.

We compared the P450 genes of cucumber with P450 gene families in Arabidopsis, tomato, soybean,
maize, rice, poplar, grape, and moss (Tables S3 and S4). CYP736 has evolved in the cucumber genome
compared with Arabidopsis. Some studies have shown that CYP736, CYP83, and CYP81 are very similar,
and they strongly induce Phytophthora sojae to infect cucumber hypocotyls [14]. However, CYP82 has
more P450 members in the cucumber, soybean, and grape genomes, whereas CYP82 is absent in the rice
and moss genomes. Studies have shown that the CYP82 family makes cotton strongly resistant to
disease and stress, and it is speculated that it has a similar role in cucumbers [11]. The CYP93 family is
involved in the biosynthesis of soybean �avonoids, with 13 members in soybean and seven members in
maize. Similar to Arabidopsis and rice, cucumber has fewer members of the CYP93 family, further
con�rming the speci�city of the P450 gene family.

In addition, non-A-type CYP709, CYP702, CYP708, and CYP705 families exist in the Arabidopsis genome
but not in cucumber, soybean, tomato, and other species. P450 genes from these families are speci�c to
Arabidopsis and its closest relatives, such as Brassica napus, making them the only known cruciferous
heterosexual CYP protein. It has been suggested that CYP705 family and other P450 genes congregate in
different chromosome regions. The genes of the CYP702A, CYP705A, and CYP708A families may be
involved in the modi�cation of triterpenes. CYP705 is derived from the CYP712 family. The number of
CYP705 family members in Arabidopsis is as high as 26, while they do not occur in other species [31].
The absence of these P450 families in cucumber may be related to their evolution.
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Analysis of Ka/Ks
In genetics, Ka/Ks or dN/dS represents the ratio between the non-synonymous replacement rate (Ka) and
synonymous replacement rate (Ks). This ratio can be used to determine whether there is a selective
burden on the protein-coding genes. It is broadly trusted that non-synonymous modi�cations are
in�uenced through natural selection, whereas synonymous mutations are not. In evolutionary analysis, it
is important to understand the rate at which synonymous and non-synonymous mutations occur. The
values of Ka, Ks, and Ka/Ks are based on the coding sequence alignment and are calculated using the
Nei and Gojobori model of the KaKs_calculator software [32]. The typically applied indicators are as
follows: synonymous mutation frequency (Ks), non-synonymous mutation frequency (Ka), and the ratio
of the non-synonymous mutation rate to the synonymous mutation rate (Ka/Ks). Ka/Ks > 1 indicates
positive selection, suggesting that natural selection has a changing consequence on protein, resulting in
rapid �xation of mutant sites in the population and accelerated gene evolution; Ka/Ks=1 indicates neutral
evolution, showing that natural selection has no effect on mutation; Ka/Ks < 1 indicates puri�cation
selection, which means that natural selection can effectively eliminate harmful mutations and maintain
protein characteristics. These results showed that some P450 gene members in cucumbers experienced
signi�cant positive selection pressure.

Collinearity analysis
Collinearity was originally used to describe the locations of genes on the same chromosome. It now
refers to the conservation of gene types and relative order in different species derived from the same
ancestral type. Collinearity analysis can identify linear homologous genes among species, annotate
protein-coding genes, and discover evolutionary events. The collinearity of species was constructed using
McScanX and plotted using the Circos software (Figure 9). The CYP450 genes of cucumber, melon, and
Arabidopsis genomes were jointly analyzed to study the collinear genetic relationships among them.

Collinearity analysis showed that 71 pairs of collinear genes were identi�ed between the genomes of
Arabidopsis and cucumber, indicating that the gene family was signi�cantly ampli�ed before the
differentiation of the two species. There were 138 collinear gene pairs between cucumber and melon.
These results showed that the CYP450 genes of cucumber and melon were highly evolutionarily
conserved.

According to the collinear analysis of pairs between cucumber and Arabidopsis, in addition to one-to-one
matching (e.g., Csa3G119520/AT1G01280 and Csa1G004040/AT3G48290), there is also many-to-one
matching (e.g., Csa5G153010, Csa6G004550, Csa6G514850/AT1G01600); these results showed that
CsCYP450 is relatively conserved and may have originated from the same ancestor and have
differentiated functions during evolution. There are also many-to-one matches between cucumbers and
melons, such as Csa3G127130, Csa3G903510, and Csa6G079220/MELO3C006237. These results
suggest that the functional differentiation of these genes may have occurred in cucumbers and melons
during evolution.
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Analysis of cis-acting elements of CsCYP450 promoter
To better understand the potential regulatory mechanism of CsCYP450 during cucumber growth and
development, the cis-regulatory element in the promoter regions of CsCYP450 was identi�ed in this study.
The upstream sequence (2.0kb) of all CsCYP450 translation initiation sites was scanned and the
potential role of CsCYP450 expression elements was predicted using the Plant Care tool (Figure S1).

In addition to the TATA-box, CAT-box, and other speci�c elements, the CsCYP450 promoter contains
various cis-regulatory elements that are related to light signal response, tissue and organ development,
hormone response, defense, and stress. Many regulatory elements related to the light response were
detected in the CsCYP450 gene, such as ACE, ATCT-motif, and CAG-motif. Most genes contain at least
two box4 elements, and there are 11 Box4 elements in the promoter region of the Csa2G108690 gene,
suggesting that some DNA modules may be involved in the light response.

Among the elements related to plant growth and development, nine speci�c regulatory elements were
identi�ed, including those related to cell differentiation (CAT-box), endosperm expression (GCN4-motif),
and zein metabolism regulation (O2-site). Csa5G157290, Csa5G157320, Csa3G852560, and other genes
were identi�ed as cis-acting regulatory elements involved in regulating circadian rhythm, which means
that their function may be affected by day length.

Among the elements related to plant hormones, 11 hormone response regulatory factors were identi�ed,
which were related to abscisic acid [33, 34], GA (GARE-motif, P-box, TATC-box), IAA (AuxRR-core, TGA-box,
TGA-element), SA (TCA-element, SARE), and MeJA (CGTCA-motif, TGACG-motif). Among these, the ABA-
related response elements are widely distributed. The promoter regions represented by the Csa6G088160
and Csa2G432220 genes were predicted to contain nine ABRE elements, which might be involved in the
ABA signaling pathway, and SA and GA elements were enriched in most CsCYP promoters, indicating that
they may be induced by SA and GA.

Among the biotic and abiotic stress-related elements, ARE elements were found in most of the gene
promoter regions. Seven ARE elements were found in Csa3G818260, and six ARE elements were found in
Csa1G595860. ARE is necessary for cis-acting element-based anaerobic induction and may directly
affect the antioxidant capacity of the gene. ERE elements have been found in the promoter regions of
some genes, such as Csa5G615280 and Csa4G641760. This could be related to the ethylene response.
MBS cis-elements were identi�ed in Csa6G366560, Csa1G039830, and other genes, and it was predicted
that these genes were involved in MYB binding sites involved in drought induction. In addition, a small
number of genes were rich in WUN-motif, LTR, and DRE response elements, suggesting that they may be
interested in wound response, low temperature, and osmotic stress response mechanisms.

These results show that CsCYP450 may play a signi�cant role in the response to stress, hormones, and
light exposure.

Expression analysis of CsCYP450 gene
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Salicylic acid is a signi�cant signaling molecule and plant hormone that plays a signi�cant role in the
coordination of development and growth under environmental conditions. It has been demonstrated that
SA played a signi�cant role in the activation of defense responses of plants, such as inducing the
expression of related genes and producing speci�c secondary metabolites for defense in plants [35]. At
present, it has been con�rmed in Arabidopsis that biological stress �rst induces the accumulation of SA,
and then SA combines with SA-binding protein (SABP) to form the SA-SABP complex and initiate
intracellular conduction. After NPR1 is activated, the activation and interaction of transcription factors,
such as TGA and WRKY, can induce the expression of pathogen-related (PR) protein genes and generate
stress resistance [36].

The CYP450 family plays a signi�cant role in defense reactions. Zhang et.al have shown that CYP450
genes, antioxidant enzyme genes and ATP-binding cassette transporters genes, and other genes related
to defense signals in Salvia miltiorrhiza are signi�cantly overexpressed under SA induction, which can be
used as a genetic tool to study disease resistance [37]. In cucumber, the relationship between CYP450
and SA signals is unclear. Therefore, we analyzed the expression patterns of some CYP450 family genes
induced by SA, based on transcriptome analysis data to explore the relationship between CYP450 and SA
signaling pathways. Among the genes annotated as P450 in the RNA-SEQ data, 35 were signi�cantly
upregulated or downregulated by SA (Table S5). According to the functional annotation of GO, the DEGs
were mainly concentrated, especially the integral components of the membrane (GO:0016021) and
ribosome (GO:0005840) in cellular components. The main enrichment items in molecular function were
oxidoreductase activity (GO:0016705), monooxygenase activity (GO:0004497), iron ion binding
(GO:0005506), and heme-binding (GO:0020037). In biological processes, brassinosteroid biosynthetic
process (GO:0016132), sterol metabolic process (GO:0016125), RNA polymerase II promoter
(GO:0006367), defense response to another organism (GO:0098542), biosynthetic process (GO:0016114),
lignin biosynthetic process (GO:0009809), and fatty acid oxidation (GO:0019395) were the most
differentially expressed enrichment items. According to the KEGG database comparison, the pathways of
signi�cant enrichment of differential genes included the phenylpropane biosynthesis pathway,
phenylalanine metabolic pathway, �avonoid biosynthesis pathway, biosynthesis pathway of secondary
metabolites, O-antigen nucleoside biosynthesis, and cutin, cork, and waxy biosynthesis pathways. Several
studies have demonstrated the involvement of these pathways in plant disease tolerance.

Quantitative reverse transcription polymerase chain reaction (qRT-PCR) was used to verify the
differentially expressed genes in different tissues. In addition, some genes such as Csa1G002090 and
Csa1G004040 were upregulated after 12 h of SA treatment, and the expression trend of qRT-PCR results
was consistent with that of transcriptome sequencing, which indicated the reliability of transcriptome
sequencing results. The slight difference between the two experimental methods may be related to
differences in the practical methods and principles.

The results of the expression analysis showed that most CsCYP450 showed different expression
patterns, but a few showed similar expression patterns. CsCYP450 was highly expressed in roots. Several
genes (e.g., Csa3G852560 and Csa3G852630) were highly expressed in the three tissues, and their
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expression levels increased with SA treatment time. However, other genes such as Csa6G514850 and
Csa6G088710 were not expressed in any tissue. Some CsCYP450 genes show extremely high expression
in certain tissues, such as Csa6G366560 in leaves, Csa3G651820 in stems, and Csa7G198310 in roots. In
this study, CsCYP450 genes belonging to the CYP82 family were found to be highly expressed in roots,
stems, and leaf tissues. In addition, most genes have different time- and tissue-speci�c expression
patterns, which are speculated to be related to the differences in the biological functions of CsCYP450
(Figure 10).

Combined with the analysis of the potential function prediction results of the promoter cis-elements, no
signi�cant correlation was found with expression. For example, Csa7G198310 contained two TCA-
element elements that were signi�cantly upregulated under SA treatment; however, some genes with TCA-
element or SARE elements, such as Csa3G852610 and Csa2G435520, showed a decreasing trend or
remained unchanged under SA treatment.

Discussion
Comprehensive identi�cation of P450 genes in cucumber

P450 (CYPs) is the third largest gene family involved in plant metabolism and the largest enzyme family.
P450 genes account for approximately 1% of plant protein-coding genes, which is inferior to genes
coding for transcriptional regulatory proteins [38]. CYP450 monooxygenase superfamily plays an
important role in plant metabolism. Several studies have revealed the functions of CYP450 family genes.
Our study is the �rst to report genome-wide identi�cation and analysis of CYP450 in cucumbers. In total,
165 P450 genes were identi�ed in the cucumber genome. The number of P450 genes varies widely
among plants, including 343 in rice, 249 in Arabidopsis, 318 in maize, 416 in grape, and 1,476 in wheat
[1]. The genome size of cucumber is 367 Mb, which is 2.7 times that of Arabidopsis (135 Mb), but the
number of P450 genes in cucumber is 68.8% of that in Arabidopsis, suggesting that some P450 genes
were lost during the evolution of cucumber. Studies have shown that the loss of the CYP450 family in
different plants seems to be limited to a single species or taxon, while the expansion of different
subfamilies may be related to plant species (Jiu et al. 2020). Based on the phylogenetic tree, the 165
CsCYP450 genes were divided into eight clusters. The distribution of P450 in Arabidopsis and cucumber
showed a similar trend. Generally, CsCYP450 is grouped into non-A-type P450 and A-type P450. A-type
P450 is plant-speci�c and is characterized by a remarkably consonant intron and a simple organization.
Relevant A-type P450 genes are closely clustered in the genome; there are multiple genes on a minor
segment of the chromosome (for instance, CYP71 subfamily genes). A-type P450 may be complicated in
plant-speci�c biochemical pathways; other P450 genes (non-A type) form several different branches,
characterized by many introns. In contrast, non-A-type P450 do not constitute a single phylogenetic
group, and there are signi�cant differences between them [39].

We compared P450 genes of cucumber with P450 gene families in Arabidopsis, tomato, soybean, maize,
rice, poplar, grape, and moss. CYP736 has evolved in the cucumber genome compared with Arabidopsis.
CYP82 has more P450 members in the cucumber, soybean, and grape genomes, whereas CYP82 is
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absent in the rice and moss genomes. Studies have shown that the CYP82 family makes cotton strongly
resistant to disease and stress, and it is speculated that it has a similar role in cucumbers. In addition,
non-A-type CYP709, CYP702, CYP708, and CYP705 families exist in the Arabidopsis genome but not in
cucumber, soybean, tomato, and other species.

The CsCYP450 arose mainly through tandem replication,
accompanied by decentralized replication
Gene replication provides primitive and abundant genetic material for plant evolution. Cucumber has
experienced a large number of tandem replications and fragment replication, and a large number of
replication genes will mutate randomly, resulting in expression and functional differentiation under
different selection pressures. This also explains why, compared with their original function, replicative
genes have non-functionalization, sub functionalization, and informational functionalization. Overall,
gene replication is a vital driving force in plant evolution. Selection pressure can promote retention of
replication genes with new functions. For example, MADS-box transcription factors are involved in the
structural evolution of �oral organs, dioxygenase genes are involved in pigment variation incarnation, and
so on. The CYP71 family accounts for more than half of the gene family in higher plants, and this burst
of gene replication is likely to contribute to the adaptation to speci�c ecological niches and speciation
[38]. During the evolution of cucumber, a rapid increase in CsCYP450s was due to the main mechanism
of tandem replication, followed by dispersed replication, which is similar to the mechanism of grape
expansion [40]. Tandem replication is mainly caused by the unequal exchange of alleles and occurs in all
chromosomes except in chromosome 7 in cucumbers. Functional differentiation occurred in cucumbers
during evolution.

Intron gain and loss events to investigate evolution of
CsCYP450
There are relatively conserved motifs in the cucumber P450 gene and there is a heme-binding domain in
each CsCYP450. CsCYP450 proteins from the same subfamily have similar motifs, indicating high
similarity in their functions, which was further con�rmed through gene structure analysis. Among the 295
members of the P450 superfamily screened in peaches, the number of speci�cally expressed genes in the
root was the highest. These CYP genes have a long span and possess signi�cant differences in the
number of exons, which is similar to that in cucumber. Each subfamily shows a very similar gene
structure in the number or length of exons, which is speculated to be associated with the rich biological
functions of the CYP450 gene family [40]. Studies have shown that only a few P450 genes in Arabidopsis
are intron-free, while P450 members without introns in cucumber account for 17% and more than in
Arabidopsis [41]. The increase and decrease of introns are common phenomena during plant evolution,
which enrich the complexity of gene structure [42]. There is an excellent correlation between phylogeny
and intron conservation among members of the P450 subfamily [40].

Cis-elements and expression analysis in CsCYP450
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In the process of differentiation, development, and growth, plants must integrate environmental and
developmental signals into different tissues to regulate gene expression. As an important component of
transcriptional regulation, cis-elements of the promoter are involved in the regulation of networks involved
in many biological processes. Our study found that there were many repetitive areas in the promoter of
CsCYP450s, which conformed to the results of previous studies [43, 44]. The identi�ed regulatory
elements were divided into four groups, excluding speci�c and general elements and including elements
responsive to growth and development, hormones, pressure, and light. In light response detection,
responsive elements related to circadian rhythm were identi�ed, and the results were similar to those of
previous studies [45]. Owing to the synergistic effect of transcription factors, such as WRKY, MYB, and
NAC, stress resistance is the most complex of all plant response mechanisms.

These results demonstrate that CYP450 is involved in many biochemical pathways and plays an
important role in plant growth and development. CYP82 exists only in dicotyledons and has been
con�rmed to perform critical biological functions in soybean and cotton. For instance, CYP82 in soybean
is expressed in the stems, leaves, and roots, with the highest expression level, and SA possesses a strong
induction effect. The results of this study were consistent with this. Some genes such as Csa1G00400
are expressed at low levels in cucumber, which may be due to their transcriptional or post-transcriptional
silencing effect or functional redundancy. Studies have shown that phenomena and products are more
common in the biological functions of gene families. For example, the IFS1 gene in soybean is
preferentially expressed in roots and seeds, but not in stems, whereas the expression level of genes
involved in fat hydroxylase is minimal. This may be because the position and function of P450 in the
biochemical pathway are different; therefore, it is not surprising that the level of expression is
signi�cantly different [45]. Salicylic acid (SA) has been identi�ed as a complex regulator of plant disease
resistance. In addition, the CsCYP450 promoter also contains cis-regulatory elements related to hormonal
responses and biological stress. Whether these �ndings indicate that CsCYP450 plays an intermediary
role in activating the intracellular SA signaling pathway to regulate cucumber resistance needs to be
further veri�ed.

Materials And Methods
Plant materials

Cucumber 9930 cultivated in North China was selected as plant material (donated by Prof. Huang
Sanwen, Institute of Vegetable Research, Chinese Academy of Agricultural Sciences). The 9930 seeds
were placed in a clean culture dish with wet �lter paper. After the cotyledons are opened, they were moved
to the soil (vermiculite : nutrient soil = 1 : 1), in the greenhouse at 22 ± 4°C with a photoperiod of 16 h light
and 8 h dark. The seedlings were treated with salicylic acid (concentration of 10mmol/L and controlled
by spraying distilled water) during the four-leaf one-heart period. Time gradients are 0h, 3h, 12h, and 24h.
All materials including roots, stems, and leaves were immediately frozen in liquid nitrogen and stored at
-80℃ until total RNA isolation.

Identi�cation of CYP450 gene family members in Cucumis sativus L.
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The whole genome and protein sequence data of cucumber were downloaded from a public database
(http://cucurbitgenomics.org/; Cucumber (Chinese Long) genome v2. The Hidden Markov Model (HMM)
analysis and a Simple Modular Architecture Research Tool (SMART) were used [46]. The HMM pro�le
was downloaded from Pfam protein family database (http://pfam.xfam.org/) to obtain the Pfam number
of protein sequence. The domain contained in the target protein sequence was detected using the
hmmsearch command in the HMMER package, with an e-value≤1e-3. The results of the HMMER
sequence alignment were screened to remove protein sequences that were 45% longer than the length of
the HMM model domain, while retaining the longest protein sequence in the variable shear. All non-
redundant protein sequences were retrieved and further analyzed with SMART (a Simple Modular
Architecture Research Tool) (http://smart.embl-heidelberg.de/) to examine the results. The same genes
were con�rmed as family members. The subcellular location prediction of candidate genes was carried
out with WoLF PSORT (https://wolfpsort.hgc.jp/) [45]. To indentify all potential CYP450 genes in
cucumber genome, a BLAST search against the cucumber genome was conducted using 245 AtCYP450s
genome sequence downloaded from Cytochrome P450 database
(http://drnelson.uthsc.edu/CytochromeP450). Based on the 230 cucumber P450 gene sequences
obtained from P450 homepage and the downloaded Arabidopsis thaliana sequences to �nd a sequence
with higher consistency, it is classi�ed and named according to international standards. The consistency
of amino acid sequences between 40% and 55% belong to the same family, the consistency of amino
acid sequences between 55% and 97% belong to the same subgroup, and the consistency of amino acid
sequences greater than 97% are alleles gene.

Conserved domain, motif identi�cation, and gene structure
analysis
The conserved motif of cucumber P450 was analyzed using the online tool MEME (http://meme-
suite.org/tools/meme). The maximum number of motifs was 15, and the optimized motif width was 10-
100 amino acid residues. The rest parameters are default [47]. The location information of the gene and
the conservative area was con�rmed and then plotted using the Perl SVG package.

Phylogenetic analysis
The full-length amino acid sequences of gene family members derived from closely related species were
used for phylogenetic analysis. The phylogenetic tree was constructed using the Neighbor-Joining (NJ)
method of MEGA (version 7.0) with the bootstrap test of 1000 times [48].

Gene replication
The potential replication genes were identi�ed using the duplicate MCScanX software's gene classi�er
program [49]. The genome's all coding gene protein sequences were aligned consuming blastP, and the
alignment consequences were used as input �les for MCScanX Software for reproduction gene
projection. The gene was identi�ed as a reproduction gene pursuant to e-value<1e-5 or e-value<1e10.

Closely related species analysis
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The gene family members of associated species were respectively identi�ed by Pfam and SMART. The
full-length amino acid sequences of gene family members derived from closely related species were used
for phylogenetic analysis. The phylogenetic tree was constructed with the neighbor-joining algorithm in
MEGA with the bootstrap test of 1000 times. In genetics, the Ka/Ks ratio indicates of selective pressure
(the force applied by natural selection) acting on a protein-coding gene. It is calculated as the ratio of the
number of non-synonymous substitutions per non-synonymous site (Ka), to the number of synonymous
substitutions per synonymous site (Ks), in each period. The values of Ka, Ks, and Ka/ Ks are based on
coding sequence alignment and calculated by Nei and Gojobori model of Ka Ks calculator software [50].
The collinearity of multiple species was constructed by McScanX and drawn with Circos Software [49].

Promoter cis element analysis
We intercepted the upstream sequence (2.0kb) of each CsCYP450 gene annotation �le in Cucurbitaceae
database (http://cucurbitgenomics.org/) and scanned the cis-acting elements from those sequences. Cis-
acting elements prevalent in genes were identi�ed including CAAT-box, TATC-box, TATA-box, and cis-
acting elements with speci�c functions were only shown [27, 51, 52].

Transcriptome analysis
Total RNA was extracted from each samples using RNApure Plant Kit (TaKaRa, Dalian, China) according
to the instructions of the kit. Magnetic beads with Oligo (DT) were used to enrich mRNA. Then
fragmentation buffer was added to break mRNA into short fragments. Using mRNA as template, the �rst
strand cDNA was synthesized with six base random hexamers, then the second strand cDNA was
synthesized by adding buffer, dNTPs and DNA polymerase I, and then double strand cDNA was puri�ed
by AMPure XP beads. The puri�ed double-stranded cDNA was repaired by terminal repair, A tail was
added and sequenced, then the fragment size was selected by AMPure XP beads, and �nally the �nal c-
DNA library was enriched by PCR. After the construction of the library, the library was initially quanti�ed
with Qubit 2.0 and diluted to 1ng µL-1. Then the insert size of the library was detected by Agilent 2100.
After insert size met the expectations, the effective concentration of the library was accurately quanti�ed
by QPCR method (the effective concentration of the library > 2nM) to ensure the quality of the library.
After passing the library inspection, different libraries were sequenced by HiSeq 2000 after pooling
according to the effective concentration and the target amount of data off the machine.

Gene Ontology (GO) functional signi�cance enrichment analysis was carried out by using Gene Ontology
data base (http://www. Geneontology. Org /) to map differentially expressed genes to each term in
geneontology database. Calculate the number of genes per term. The corrected P value is less than 0.05
is signi�cantly enriched GO term. Pathway signi�cant enrichment analysis (pathway enrichment
analysis) uses KEGG database to map differentially expressed genes to KEGG database, and statistics on
the enrichment degree of genes in each pathway (also need to meet the correction P ≤ 0. 05).

Quantitative reverse transcription PCR (qRT-PCR)
expression analysis
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Primers for quantitative reverse transcription PCR (qRT-PCR) were designed by using Primer Premier 5.0
software (Table S6). The 18s rRNA gene of cucumber was selected as a reference gene. Total RNA was
extracted from each samples using RNApure Plant Kit (Cwbio, Beijing, China) according to the
manufacturer’s instructions. Total RNA was extracted from each samples using RNApure Plant Kit
(Cwbio, Beijing, China) according to the manufacturer’s instructions.The RNA quality was determined by
Nanodrop2000 (Thermo Science) at A260 and A280. First-strand cDNA synthesis was performed using
an oligo (dT) primer and 2 µg of total RNA in a 20-µl reaction volume,according to the manufacture's
instruction for the SuperRT cDNA Synthesis Kit (Cwbio, Beijing, China). The integrity of RNA was
assessed by 1% agarose gel electrophoresis, qRT-PCR was carried out using a Ul'traSYBRMixture
(WithRox) kit (Cwbio, Beijing, China) with a Fast Real-Time PCR System (Applied Biosystems 7500, USA).
The recommended conditions for PCR was used as follows: 95 ℃ for 10 m, n,followed by 40 cycles of
95℃ for 30s, Tm for 30s and 72℃ for 30s, All reactions were performed in triplicate for each sample.
The relative expression analysis of each gene were calculated using the 2−△△CT method [16].
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Figure 1

Phylogenetic analysis (A), motif analysis (B) and conservative motif (C) analysis of cucumber P450
members.

A phylogenetic tree was constructed using MAGA7 for the full-length amino acid sequences of 197
CsCYP450 proteins, and Bootstrap was set to 1000 times; b. Exon/intron analysis. Yellow squares
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represent exons, black lines represent introns, and green squares represent upstream/downstream
regions of the gene; c. CsCYP450 protein motif, numbered 1-15, are shown in squares of different
colors.The sequence information of each motif is shown in Table S2.

Figure 2

Comparative Analysis of A-type P450 Gene and non-A-type P450 motif patterns in cucumber

a. Heme-binding region, b. PERF/W motif, c. K-helix region(KETLR), d. I-helix region(KETLR)
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Figure 3

Chromosome mapping of P450 genes in cucumber
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Figure 4

Statistics on the number of each type of replication genes
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Figure 5

Distribution map of replication gene types of P450protein family on chromosomes in cucumber
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Figure 6

The collineatity of replication gene of p450 protein family in cucumber
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Figure 7

Phylogenetic tree of P450 gene family in cucumber and Arabidopsis

Note: Cucumber genes ID are shown in red, Arabidopsis genes ID are shown in blue.
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Figure 8

Ka/Ks scatter plot

Figure 9
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Collinear analysis diagram

Note: The gray line in the background represents the collinear block between cucumber and Arabidopsis,
and the blue line represents the collinear CsCYP gene pair.

Figure 10

The expression pattern of 35 CsCYP450 genes in leaf, stem and root in cucumber by qRT-PCR
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