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Summary
Vitamin A is a crucial yet scarce vitamin essential for maintaining normal metabolism and bodily

functions in humans and can only be obtained from food. Carotenoids represent a diverse group

of functional pigments that act as precursors for vitamins, hormones, aroma volatiles and

antioxidants. As a vital vegetable in the world, elevated carotenoid levels in cucumber fruit

produce yellow flesh, enhancing both visual appeal and nutritional value. However, the genetic

mechanisms and regulatory networks governing yellow flesh in cucumbers remain inadequately

characterized. In this study, we employed map-based cloning to identify a Carotenoid Cleavage

Dioxygenase 1 (CsCCD1) as a key genetic factor influencing yellow flesh in cucumbers. A causal

single nucleotide polymorphism (SNP) in the eighth intron of CsCCD1 led to aberrant splicing,

resulting in a truncated transcript. The truncated protein has significantly decreased enzyme

activity and increased carotenoid accumulation in the fruit. CRISPR/Cas9-generated CsCCD1

knockout mutants exhibited yellow flesh and significantly higher carotenoid content compared

to wild-type cucumbers. Metabolic profiling indicated a marked accumulation of β-cryptoxanthin
in the flesh of these knockout mutants. The intronic SNP was shown to perfectly segregate with

yellow flesh in 159 diverse cucumber germplasms, particularly within the semi-wild ecotype

Xishuangbanna, known for its substantial carotenoid accumulation. Furthermore, transient

overexpression of CsCCD1 in yellow-fleshed Xishuangbanna cucumbers restored a white flesh

phenotype, underscoring the critical role of CsCCD1 in determining flesh colour in both

cultivated and semi-wild cucumbers. These findings lay a theoretical foundation for breeding

high-nutrient yellow-fleshed cucumber varieties.

Introduction

Carotenoids are essential for optimal human health and are

exclusively obtainable through dietary sources. β-carotene is the

primary carotenoid and precursor to vitamin A (Nisar et al., 2015),

and lack of Vitamin A consumption can result in xerophthalmia,

increased morbidity and mortality among infants and reduced

immune response (Underwood, 2004). Enhancing the carotene

content in crop varieties via breeding is an important way to

improve human health. Cucumber (Cucumis sativus L.) is an

important vegetable crop used widely as a fresh food, but it may

also be processed and used in various culinary preparations

(Ugwu and Suru, 2021). Flesh colour is an important commodity

characteristic of cucumber fruit, and although white is the

dominant flesh colour, fruit with green, yellow and orange

endocarp and mesocarps can be found (Che and Zhang, 2019;

Gebretsadik et al., 2021). The accumulation of carotenoids (Bo

et al., 2012) underlie the yellow- (Kooistra, 1971; Lu et al., 2015)

and orange- (Simon and Navazio, 1997) fleshed fruit, but their

concentration is negligible in the white-fleshed fruit. Breeding

new yellow-fleshed varieties could potentially enhance the

nutritional quality of cucumbers, increasing the dietary source

of Vitamin A, with a significant implications for global diets.

Few studies on flesh colour have been reported in cultivated

cucumber, and most have been in the semi-wild ecotype

Xishuangbanna (XIS; Cucumis sativus L. var. xishuangbannan-

esis). Qi et al. (1983) first described that the mature fruit flesh

colour of XIS cucumber was orange. Genetic analysis of this

ecotype showed that the orange mesocarp was controlled by

two recessive genes, while the orange endocarp was controlled

by one (Cuevas et al., 2010). Bo et al. (2012) later found that

the orange flesh of the XIS cucumber genotype was due to

the accumulation of high levels of β-carotene, and mapped the

orange endocarp gene ore to chromosome 3. Through GWAS

analysis, Qi et al. (2013) found that CsaBCH1 in XIS cucumber

can control the accumulation of β-carotene in mature fruits,

resulting in orange flesh. Kishor et al. (2021) found that CsOr

underscores β-carotene content in orange-fleshed fruit based on

genetic mapping and whole genome sequencing. In addition,

yellow flesh in ‘PI 200815’, an Indian ecotype (Kooistra, 1971),

was found to be controlled by a recessive gene (yf ) that

mapped to chromosome 7 (Lu et al., 2015). Wang et al. (2023b)

recently discovered a European greenhouse cucumber mutant

with yellow flesh and showed that abscisic acid 80-hydroxylase
Csyf2 regulates fruit colour by modulating carotenoid

biosynthesis.
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The accumulation of carotenoids is determined by biochem-

ical pathways, which have largely been elucidated (Booker

et al., 2004; Schwartz et al., 2001; Zheng et al., 2019).

Carotenoid cleavage dioxygenases are a large class of caroten-

oid metabolizing enzymes that influence the accumulation of

carotenoids and the multiple downstream processes they

control. In Arabidopsis, there are four carotenoid cleavage

dioxygenase genes (CCD1, CCD4, CCD7 and CCD8), among

which CCD7 and CCD8 are related to lateral shoot growth, and

CCD1 leads to the accumulation of carotenoids in seeds

(Auldridge et al., 2006). Similarly, in chrysanthemums, CmCCD4

affects the colour of chrysanthemum petals by controlling

carotenoids content (Yoshioka et al., 2012). In citrus, CCD4b is

a key gene affecting the evolution of peel colour (Zheng

et al., 2019). In strawberries, Amaya et al. (2024) found that

CCD4 (4B) regulated the yellow flesh and carotenoid content of

strawberry fruits. In tomatoes, CCD1 has been reported to be

related to the formation of flavour-volatile substances such as

beta-ionone, pseudoionone and geranylacetone (Simkin

et al., 2004). He et al. (2022) found that SiCCD1 could catalyse

lutein degradation in millet and affect the accumulation of

carotenoids and colour development in grains. Ilg et al. (2010)

also studied the effects of rice CCD1 (OsCCD1) on the

pigmentation of Golden Rice 2 (GR2) and found that

apocarotenoids were the substrates of OsCCD1. However, the

roles of CCDs have not been reported yet in cucumber.

Here, through map-based cloning, we identified CsCCD1,

which encodes a carotenoid cleavage dioxygenase 1, as the

causal gene. A SNP located in the CsCCD1 intron affects its

normal splicing, leading to the decreased enzyme activity and

yellow flesh. Metabolic profiling revealed that β-cryptoxanthin is

the primary compound accumulated in yellow flesh. We also

verified that the overexpression of CsCCD1 could transform the

yellow flesh of XIS cucumbers to white. These findings enhance

our understanding of the genetic regulation of yellow flesh in

both semi-wild and cultivated cucumbers, offering a theoretical

foundation for breeding cucumbers with yellow flesh.

Result

Fine mapping of yf

In our previous research, based on a F2 population, we have

found that cucumber yellow flesh was controlled by a recessive

single gene named yf, which was located on Chromosome 7 (Lu

et al., 2015). To further elucidate the relationship between flesh

colour and pigment content, we measured chlorophyll and

carotenoid levels of both parental lines ‘PI 2001815’ with yellow

flesh and ‘931’ with white flesh at 0, 15, 30 and 45 days after

flowering (DAF) (Figure 1a). The results showed that chlorophyll

(Figure 1b) and carotenoid contents (Figure 1c) decreased

during fruit ripening. Notably, the carotenoid content in

‘PI 2001815’ was significantly greater than that of ‘931’

throughout the entire fruit development. The degradation rate

of carotenoids in the fruit of ‘PI 200815’ was slower than that in

‘931’, resulting in a more than fourfold higher carotenoid

content in ‘PI 200815’ compared to ‘931’ at 30 days after

flowering (DAF) (Figure 1c).

To fine map yf, we screened 3000 F2 individuals using

previously reported flanking markers yfIndel3 and SSR05628 (Lu

et al., 2015). Then, we further developed six more markers in the

positioning interval. Based on the phenotype of fruit flesh colour

at 45 DAF in the F2:3 population, yf was mapped to a 101.76 kb

genomic region (19552648-19 653 412 bp; Chinese Long v3.0

genome) between markers yfSNP1 and yfSNP2 (Figure 1d). This

interval contains 15 protein-coding genes (Figure 1e; Table S2).

Candidate gene analysis

To identify potential candidate genes associated with cucumber

yellow flesh, we examined the coding sequences (CDS) of 15

candidate genes, along with their 3000 bp promoter regions.

Among the 15 genes analysed, two single nucleotide poly-

morphisms (SNPs) were detected in CsaV3_7G031000 and

CsaV3_7G031010, located at nucleotide positions 61 and 3735,

respectively (Figure 2a; Figure S1a). The candidate gene

CsaV3_7G031000 was initially excluded from further validation

due to its negligible expression in the fruit of both parental lines

(FPKM <1.0), as indicated by our RNA-seq data (Figure S1b)

(Abbas et al., 2024). In contrast, Real-Time PCR analysis indicated

the expression level of CsaV3_7G031010 in ‘PI 200815’ was

significantly lower than that in ‘931’ across both fruit and other

tissues (Figure 2b,c). We subsequently analysed the A61G SNP of

CsaV3_7G031000 and the A3735G SNP of CsaV3_7G031010

within a population of 159 diverse cucumber accessions. In

contrast to the perfect segregation observed with the A3735G

SNP for yellow flesh, the A61G SNP did not consistently associate

with this trait (Figure S1c). These findings suggest that

CsaV3_7G031010 was much more likely to be implicated in the

formation of yellow flesh in cucumber than CsaV3_7G031000.

CsaV3_7G031010 encodes an isoform of carotenoid cleavage

dioxygenase (CCD).

In order to further understand the role of CCD proteases in

cucumber fruit development, four homologous proteins (CCD1,

CCD4, CCD7 and CCD8) were obtained from the cucumber

genome according to the BlastP program (e-value <0.01) using

the reported 4 Arabidopsis CCD subfamily proteins. Then, we

conducted a phylogenetic analysis of CCD subfamily proteins in

cucumber alongside those in Arabidopsis, maize, rice, sorghum,

watermelon and melon (Qin et al., 2016). The results showed that

CsaV3_7G031010 belongs to the CCD1 subfamily, and therefore,

we designated it as CsCCD1 (Figure S2a).

An intronic SNP on the candidate gene CsCCD1 affects
its splicing

The coding sequence of eukaryotic genes is usually separated by

introns. Intron and exon boundaries and the surrounding

sequences are special nucleotide sequences that are conserved

within the precursor mRNA (Sharp, 1994). Typically, the 50

splice site of an intron starts with GT, while the 30 splice site

ends with AG (Yao et al., 2020). The SNP (A-G) of CsCCD1 is

positioned at the third base of the 50 end of eighth intron,

leading to the repetition of two GT elements (GTGT) in the 50

GT splicing site (Figure 3a), which likely disrupts the normal

recognition of the intron by the spliceosome. To evaluate the

potential impact of this mutation on expression levels, we

analysed the coding regions at both the 50 (encompassing the

first and second exons) and 30 (comprising the eighth and ninth

exons, as well as the thirteenth and fourteenth exons) ends of

CsCCD1 in fruits at 0, 15, 30 and 45 DAF. The results showed

that the expression of ‘PI 200815’ was significantly lower than

that of ‘931’ in the 30 end region of CsCCD1, while no

significant difference was observed in the 50 end region

(Figure 3b). These qPCR findings suggest that the SNP

influences transcription at the 30 end of CsCCD1, which aligns

with the transcriptome data (Figure 3c).
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Based on the transcriptome data, two distinct isoforms were

identified in the fruit of ‘PI 200815’: isoform1, which retained all

14 exons of the gene, and isoform2, which retained only the first

eight exons and a portion of the eighth intron (Figure 3c).

Notably, ‘PI 200815’ expresses both isoform1 and isoform2,

whereas ‘931’ only expresses isoform1 (Figure 3d). We then

calculated the junction inclusion ratio (JI) of normalized read

counts for isoform2 relative to the total normalized reads for both

isoforms. The JI was significantly higher in ‘PI 200815’ compared

to ‘931’ (Figure 3e), indicating a dominant presence of isoform2

Figure 1 Map-based cloning and expression analysis of the yf gene. (a) Fruit appearance and flesh colour, (b) Chlorophyll contents and (c) Carotenoid

contents of the two cucumber parents at 0, 15, 30, 45 days after flowering (DAF). (d) Genotyping of recombinant plants from 3000 F2 individuals of the

‘PI 200815’ × ‘931’ cross. yf, yellow flesh; wf, white flesh; H, heterozygous phenotype. (e) Annotation of the genes in the 101.81 kb interval. Blue boxes

indicate UTRs; black boxes indicate exons; and black lines indicate introns. Arrow direction indicates gene orientation. ns, P> 0.05, **P< 0.01 using two-

sided Student’s t-tests.
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in ‘PI 200815’. Furthermore, we predicted the protein domains of

the two isomers, revealing that the predicted length of the

Carotenoid_Oase domain was markedly shorter in isoform2 than

in isoform1 (Figure 3f). To further support the influence of

shortened Carotenoid_Oase domain, we predicted the

three-dimensional structure of isoform1 and isoform2 and found

that compared with isoform1, isoform2 was missing a variety of

protein structures, including α helix, β fold, β corner, Ω ring and

random curl (Figure S4).

Consistently, the CsCCD1 enzyme activity concentration in

‘PI 200815’ was significantly lower than in ‘931’ at 0, 15, 30 and

45 DAF fruits (Figure 3g). All these findings suggest that the

dominant truncated transcript in ‘PI 200815’ leads to a decrease

in the enzyme activity of the CsCCD1 protein.

The yf mutant produced by CRISPR/Cas9 showed yellow
flesh

To verify the role of CsCCD1 in regulating cucumber yellow flesh,

we employed CRISPR/Cas9 to knock out CsCCD1 in the white

flesh inbred line ‘CU2’, resulting in the creation of yellow-flesh

(yf) mutants. Two T2 homozygous mutants, designated yf-1 and

yf-2, were isolated; yf-1 exhibits a 2-bp deletion, while yf-2 has a

5-bp deletion in the CsCCD1 gene, both of which are anticipated

to result in premature termination of the amino acid sequence

Figure 2 Sequence variation and expression analysis of candidate genes positioned in the 101.81 kb interval identified by map-based cloning. (a) Gene

structure and SNP mutation of CsaV3_7G031010 (CsCCD1). P3 were the primers designed for qRT-PCR. (b) Quantitative PCR expression analysis of CsCCD1

in fruits of ‘931’ and ‘PI 200815’ at 0, 15, 30 and 45 DAF. (c) Quantitative PCR expression analysis of CsCCD1 in different tissues of ‘931’ and ‘PI

200815’.**P< 0.01 using two-sided Student’s t-tests.

Figure 3 Isoform analysis of CsCCD1 in parental lines ‘931’ and ‘PI 200815’. (a) The gene structure of CsCCD1. SNP mutations are shown in red text. P1,

P2, P3 were the primers designed for qRT-PCR. (b) The expression of different coding regions of the CsCCD1 gene in fruit at 0, 15, 30, 45 DAF. P1, P2, P3

are the primers used for expression analysis. The black head indicates the position of the primers on the mRNA. **P< 0.01 using two-sided Student’s

t-tests. (c) Transcription and isoform of CsCCD1 in ‘931’ and ‘PI 200815’. Numbers meaning the number of reads supporting the junction. (d) Isoform

fragments of ‘931’ and ‘PI 200815’ were amplified by PCR. (e) A splicing event that occurs at the 8th intron of CsCCD1. On the left are two different

splicing types. On the right are the proportions of JI in ‘931’ and ‘PI 200815’ transcripts, respectively. JS, Skipping Junction. JI, Include junction. (f) Protein

domain prediction of Isoform1 and Isoform2. (g) Concentration of CCD enzyme activity of ‘931’ and ‘PI 200815’ fruits at 0, 15, 30 and 45 DAF.**P< 0.01

using two-sided Student’s t-tests.
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(Figure 4a). Moreover, the expression levels of the CsCCD1 gene

were significantly reduced (P< 0.01) in the mutants relative to

the wild-type (WT) controls (Figure 4b). We assessed the changes

in flesh colour among WT, yf-1 and yf-2, and measured

carotenoid content in the developing fruits. At 30 DAF, both

yf-1 and yf-2 exhibited yellow flesh and demonstrated significantly

higher carotenoid levels (P< 0.01) throughout fruit development

compared to the white flesh of the WT (Figure 4c,d).

To assess potential differences in metabolites within the

carotenoid metabolic pathway in yellow-fleshed cucumbers, we

employed liquid chromatography-mass spectrometry (LC–MS) to

analyse the flesh composition of the parental varieties ‘931’ and

‘PI 200815’. The findings revealed that ‘931’ (white-fleshed)

contained lower levels of xanthophyll and β-cryptoxanthin
compared to ‘PI 200815’ (yellow-fleshed) (Table S3). Additionally,

we identified 68 carotenoids in the WT, yf-2 and ‘PI 200815’ fruit,

with significant accumulation observed exclusively in

(E/Z)-phytoene and β-cryptoxanthin in the yellow-fleshed fruit

(yf-2 and ‘PI 200815’). Notably, β-cryptoxanthin demonstrated

the most pronounced increase, with a 6.23-fold accumulation in

yf-2 relative to WT (Figure 4e). Previous studies have shown that

β-cryptoxanthin can be used as substrate of CCD enzyme (Zhang

et al., 2024). We utilized RNA-seq data from the parental lines to

examine the expression of β-cryptoxanthin synthetic gene. The

Figure 4 Phenotypic analysis of the flesh of CRISPR/Cas9 mutant of CsCCD1. (a) A schematic illustrating the gene structure of CsCCD1 in the WT and the

two gene-edited mutants yf-1 and yf-2. P3 were the primers designed for qRT-PCR. The red text indicates the region targeted by the single guide RNAs. yf-1

and yf-2 are homozygous mutants with 2- and 5-base deletions, respectively, resulting in early termination of their coding amino acid. (b) CsCCD1

expression analysis of WT, yf-1, yf-2 in flesh at 0, 15, 30 and 45 DAF. (c) Flesh colour of WT, yf-1, yf-2 at 0, 15, 30 and 45 DAF. (d) Carotenoid content in

the flesh of WT (inbred line ‘CU2’), yf-1, yf-2 at 0, 15, 30and 45 DAF. (e) Carotenoid constituents in the flesh of WT, yf-2, ‘PI 200815’ fruits. Only

compounds that accumulate significantly with WT were listed here, the remaining constituents were listed in Table S4. *P< 0.05, **P< 0.01 using two-

sided Student’s t-tests.
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findings indicated no significant difference in the expression levels

of the β-cryptoxanthin biosynthetic gene BCH between the

parental lines, whereas a marked difference (P= 1.00E-02) was

observed in the expression of the degradative gene CCD1

(Figure S3). These results suggest that β-cryptoxanthin may be

the primary metabolite accumulated in the yellow-fleshed

cucumber fruit analysed.

CsCCD1 contributes to the formation of yellow flesh in
XIS cucumber

XIS cucumber, a semi-wild variety cultivated by the Hani people in

Xishuangbanna, Yunnan Province, China, is characterized by its

high β-carotene content, which imparts a distinct yellow/orange

hue (Qi et al., 1983; Chen et al., 1994). We analysed the A3735G

SNP in the CsCCD1 gene across a natural population of 159

cucumber accessions. The results revealed a perfect segregation

between this SNP and the presence of yellow flesh; individuals

with haplotype A exhibited white flesh, whereas those with

haplotype G exhibited yellow flesh (Figure 5a). Notably, this

causal SNP variation in CsCCD1 was mostly found in XIS

cucumbers. To explore the role of CsCCD1 in the yellow

pigmentation of XIS cucumber flesh, we constructed a 35S::

CsCCD1 transient overexpression recombinant plasmid by insert-

ing the CsCCD1 coding sequence into pGreen0029 62-SK.

Transient expression of CsCCD1 was conducted in ‘931’ and

XIS, with qRT-PCR analysis confirming significantly higher

expression levels in the transgenic lines compared to wild-type

(Figure 5c). In contrast to the wild-type XIS, the transgenic line

XIS-OE exhibited white flesh and a marked reduction in

carotenoid content (Figure 5b,d). These findings elucidate the

genetic factors influencing flesh colour in XIS cucumber and

underscore the role of CsCCD1 haplotypes in flesh colour

variation.

Discussion

Inheritance and QTL analysis of the cucumber flesh
colour

Flesh colour is an economically and nutritionally valuable trait of

cucumber fruit, and as a result, the genetic basis of flesh colour

has been studied extensively. In wild cucumbers, Bo et al. (2019)

used two parents (P1: ‘PI 183967’; P2: ‘9110Gt’), and their

genetic segregation populations to examine the inheritance of

cucumber green flesh and concluded that green flesh was

Figure 5 Transient overexpression of CsCCD1 in flesh of XIS cucumber. (a) Flesh colour and haplotype distribution of CsCCD1 in natural cucumber

populations. (b) The representative flesh of XIS and its transient transgenic mutant XIS-OE, as well as ‘931’ and its transient transgenic mutant 931-OE. A

total of 15 samples were analysed for each genotype. (c) Quantitative PCR expression analysis of CsCCD1 in XIS/931 and its transient transgenic mutant XIS-

OE/931-OE. (d) Carotenoid content in XIS/931 and its transient transgenic mutant XIS-OE/931-OE.*P< 0.05, **P< 0.01 using two-sided Student’s t-tests.
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controlled by a major QTL. In XIS cucumber, genetic analysis

showed that the orange pericarp was controlled by two recessive

genes and that the orange endocarp was controlled by one

recessive gene (Cuevas et al., 2010). Lu et al. (2015) found that

the yellow flesh in an Indian ecotype cucumber was controlled by

a recessive single gene, yf, based on their investigation of the

parental varieties (P1: ‘PI 200815’; P2: ‘931’), as well as the F1 and

F2 populations. In addition, some genes that control flesh colour

have been successfully excavated, that is CsaBCH1, CsOr, Csyf2

(Kishor et al., 2021; Qi et al., 2013; Wang et al., 2023a, 2023b).

In this study, we further utilized an F2:3 population derived from

the two parental lines (P1: ‘PI 200815’; P2: ‘931’) to conduct fine

mapping and successfully identified the gene responsible for

yellow fruit flesh in cucumber as the CsCCD1 locus. CsCCD1 was

different from the flesh colour genes or loci previous reported. In

conclusion, the identification of CsCCD1 for cucumber flesh

colour has added a new theoretical basis for the breeding of

cucumber with high nutritional quality.

Role of CCD1 in regulating β-carotene accumulation and
colour change in plants

Chlorophyll, carotenoids, flavonoids and betaine are the four

primary pigment classes synthesized in plants. Among them,

carotenoids are the key pigments responsible for generating

natural colours of yellow, orange and red (Rosas-Saavedra and

Stange, 2016). The catalytic decomposition of carotenoids is

mainly accomplished by the carotenoid cleavage dioxygenase

family of genes. Members of the CCD enzyme family are

generally divided into two groups based on studies in Arabidopsis:

four CCDs (CCD1, 4,7 and 8) and five 9-cis-epoxy-carotenoid

dioxygenases (NCED 2, 3, 5, 6 and 9) (TanÃ et al., 2003). CCD1

and CCD4 possess broad substrate specificity and can cleave

various types of carotenoids (Dhar et al., 2020). Additionally, they

regulate colour changes in plants (Mi and Al-Babili, 2019). In

chrysanthemums, CmCCD4a is highly expressed in white petals,

but almost undetectable in yellow petals (Ohmiya et al., 2006). In

peach, the gene PpCCD4 has been identified as a critical regulator

of white/yellow flesh. Its expression leads to the degradation of

carotenoids in the white-fleshed genotype, while its inactivation

results in the development of the yellow colour (Adami

et al., 2013). CCD1 has been found to play a significant role in

producing carotenoid-derived flavour and aroma compounds in

flowers and fruits. It cleaves β-carotene and other carotenoids,

leading to the formation of a range of volatile compounds (Ilg

et al., 2016). In this study, CsCCD1 has been identified as a crucial

gene involved in regulating the white/yellow flesh phenotype in

cucumber. Metabolite profiling revealed a significant accumula-

tion of β-cryptoxanthin in yellow-fleshed fruit, suggesting that

β-cryptoxanthin may serve as a substrate for CsCCD1. These

findings provide valuable insights into the molecular mechanisms

underlying colour variation in cucumber flesh and the potential

involvement of CsCCD1 in carotenoid metabolism. Indeed, while

numerous studies have demonstrated an association between

CCD1 or CCD4 and carotenoid content, the exact regulatory

mechanisms governing CCD expression remain unclear. The

precise factors and molecular pathways that control

the transcriptional and post-transcriptional regulation of CCD

genes are still being investigated. Further research is needed to

elucidate the regulatory networks and signalling pathways

involved in modulating CCD expression and activity, providing a

more comprehensive understanding of carotenoid metabolism

and its regulation in plants.

SNPs localized to introns in the CsCCD1 gene affect its
splicing

Introns are non-coding DNA sequences within genes that are

removed by RNA splicing during the maturation of RNA products.

Specifically, the 50 splicing site of an intron begins with GT and

the 30 splicing site ends with AG. In general, in intron splicing

reactions, U1snRNA first binds to the 50 splicing site of the intron,

the spliceosome begins to assemble, form a complex with several

other factors, and then the intron forms a lasso structure and is

spliced out (Valadkhan, 2005). Because introns are functionally

meaningless to the structure of the translated product and are

not subjected to natural selection pressure, they accumulate more

mutations compared to exons. How variations in the intronic

regions are regulated and how they affect phenotypic traits are

important questions that need to be addressed in genetic studies.

In recent years, the mechanisms by which intronic variation affect

mRNA alternative splicing and transcription have gradually been

elucidated. However, in plants, research on how intron variation

impact their role as non-coding elements and how they affect

agronomic traits remains very limited. In apples, Wang

et al. (2023a) found that a 209 bp insertion in the fourth intron

of the kinase MdMMK2 can influence flesh colouring. In

eggplants, Satterlee et al. (2024) discovered two independent

mutations in the prickleless gene (pl ) at the 50 and 30 splicing
sites, resulting in lower expression levels and multiple mis-spliced

transcripts, thereby affecting the development of fruit prickles. In

this study, a SNP (A3735G) located at the third base pair of the

eighth intron of CsCCD1 in the yellow flesh genotype resulted in

the generation of two consecutive repeated 50 splice sites (GTGT).

Similarly, in studies on human leukocyte antigens, researchers

have found that selective splicing of an intronic SNP in HMSD

results in a novel minor histocompatibility antigen lacked exon 2.

Specifically, a C-to-A substitution at the fourth nucleotide and an

A-to-G substitution at the fifth nucleotide in intron 2 (changing

50-GUACAU-30 to 50-GUAAGU-30) prevent stable binding of

U1snRNA to the 50 end of intron 2 in the mRNA (Kawase

et al., 2007). Therefore, the SNP (A-G) in CsCCD1 results in the

repetition of two GT elements (GTGT) at the 50 GT splice site,

which may disrupt the normal recognition of introns by the

spliceosome, leading to premature termination or degradation of

the mRNA in the latter part. However, the specific mechanism

of the alternative splicing of the mRNA precursor and its

subsequent transcription still requires further research for

clarification.

CsCCD1 participates in the establishment of flesh colour
in XIS cucumber

The content of β-carotene in XIS cucumber is significantly higher,

approximately 14 times more than ordinary cucumber varieties.

Most XIS cucumbers have yellow or orange flesh. In this study, we

analysed flesh colour and their CsCCD1 haplotype from four

diverse cucumber ecotypes, derived from 159 natural popula-

tions. The results showed that flesh colour was consistent with

the haplotype, which in turn, was mostly found in XIS (Figure 5a).

We transiently overexpressed CsCCD1 in XIS. As a result, the flesh

colour of the transgenic line XIS-OE was white, and the

carotenoid content also decreased significantly compared with

that of the yellow wild-type XIS line. The above study indicates

that flesh colour in XIS is controlled by multiple genes, but that

CsCCD1 is likely one of the more crucial ones. The CsCCD1
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regulatory genes and networks, however, have not been fully

defined and need to be further studied.

Conclusions

In summary, we fine-mapped the yellow flesh gene (yf ) in

cucumber utilizing an F2:3 population derived from the parental

lines ‘PI 200815’ and ‘931’. The yf locus was confined to a

101.76 kb segment on chromosome 7, spanning from nucleotide

19 552 648 to 19 653 412 in the Chinese Long v3.0 genome. This

segment contains 15 candidate genes; however, through

sequence comparison, gene expression analysis and

CRISPR/Cas9 gene knockout verification, we determined that

CsCCD1 is the gene responsible for controlling yellow flesh in

cucumber. A significant SNP in the eighth intron of CsCCD1

disrupts its splicing, leading to a truncated transcript and reduced

enzyme activity. Carotenoid content analysis of the parental lines,

wild-type (WT) and the yf-2mutant indicates that β-cryptoxanthin
is the predominant compound accumulating in yellow-fleshed

cucumber fruit, likely acting as the substrate for CsCCD1.

Furthermore, transient overexpression of CsCCD1 in the yellow-

fleshed XIS cucumber restored the fruit flesh colour to white,

further implicating CsCCD1 in the determination of flesh colour in

semi-wild ecotype XIS cucumber. Collectively, our study provides

robust evidence supporting CsCCD1 as the key gene regulating

yellow flesh in cucumber.

Materials and methods

Plant materials and phenotype

Genotype ‘931’ is an inbred line of East Asian ecotype,

distinguished by its elongated fruit, dense white thorns and

white flesh (Figure 1a). In contrast, genotype ‘PI 200815’ is an

inbred line of Indian ecotype, first characterized in 1971 for its

yellow flesh (Kooistra, 1971), featuring oval-shaped fruits with

scattered black spines (Figure 1a). A cross was made between ‘PI

200815’ and ‘931’ to create an F1 population, which was self-

pollinated to generate the F2 progeny. On this basis, we selected

3000 F2 and 53 F2:3 segregating populations for fine mapping. All

materials were grown in fall 2021 at the Nankou farm of the

Institute of Vegetables and Flowers, Chinese Academy of

Agricultural Sciences, Beijing, China. All plants were arranged in

a complete randomized block design with three replications. The

flesh colour of each fruit 30 days after flowering were observed.

In addition, the contents of chlorophyll and carotenoid in fruits at

0, 15, 30 and 45 days after flowering were also determined

(Wellburn and Lichtenthaler, 1984).

Genomic DNA extraction and candidate genes cloning

The genomic DNA of two parents and F2 plants was extracted from

cotyledons using the modified CTAB protocol (Saghai-Maroof

et al., 1984). The PCR amplification mixture with a total volume of

20 μL contains 15 ng genomic DNA, 50 ng forward and reverse

primers, 10 μL of 2× Phanta Max Master Mix (Vazyme, Nanjing,

China) and 6 μL ddH2O. The PCR reaction procedure was as

follows: 95°C for 3min, 35 cycles of (95°C denaturation for 15 s,

55°C annealing for 15 s, and 72°C extension for 1min/kb), and a

final 72°C extension for 5min. PCR products were separated by

1% (w/v) agarose gel electrophoresis and sequenced by Sangon

Biotech (Beijing, China) (https://www.sangon.com/). SSR and InDel

primers were designed by Primer3.0 (https://primer3.ut.ee/); SNP

primers were designed by dCAPS Finder 2.0 (http://helix.wustl.

edu/dcaps/dcaps.html). All PCR primers are listed in Table S1.

Sequence alignment was performed using the online software

Multiple sequence alignment DNAstar (Swindell and

Plasterer, 1997).

Expression levels analysis of candidate genes

The flesh samples from the parent inbred lines ‘PI 200815’ and

‘931’, as well as from WT, yf-1 and yf-2, were collected at 0, 15,

30 and 45 days after flowering. Additionally, various tissues

including roots, stems, tendrils, leaves, male flowers, pericarps,

sarcocarps and cardiac chambers from both parents were

harvested for spatiotemporal expression analysis. The samples

were rapidly frozen in liquid nitrogen. Total RNAs were extracted

using Plant RNA Extraction Kit (TaKaRa MiniBEST), and first-strand

cDNA was obtained by reverse transcription using HiScripRIII RT

SuperMix for qPCR (Vazyme Biotech, Nanjing, China). ChamQ

Universal SYBR qPCR Master Mix (Vazyme Biotech) was used for

Real-Time PCR. Actin1 (CsaV3_3G038800) was used as reference

gene (Dai et al., 2022), and 2�ΔΔCt algorithm was used to

calculate gene expression levels (Livak and Schmittgen, 2001).

Fruits from three individual plants at the same segment were used

as three biological replicates, and three technical replicates were

designed for each biological replicate. Information of primers

used in this study is listed in Table S1.

Identification of DEGs in the fruit flesh between parent
genotypes

Fruit flesh tissues from ‘931’ and ‘PI 200815’ plants, collected

45 days post-flowering, were flash-frozen in liquid nitrogen and

stored at �80°C for RNA sequencing. Three biological replicates

were prepared from distinct plants for each genotype. Total RNA

was extracted using TRIzol reagent (Invitrogen, Burlington, ON,

Canada). Strand-specific RNA-seq libraries were constructed to

create DNBSEQ sequencing libraries following the manufacturer’s

protocol. Paired-end sequencing was executed on a DNBSEQ-T7

sequencer, yielding over 6 Gb of RNA-seq data per sample.

Raw reads underwent filtration using fastp software with

default settings (Chen et al., 2018). Clean reads were aligned to

the reference genome (CLv3.0) via the STAR program (Dobin

et al., 2013), retaining unique alignments with fewer than two

mismatches for subsequent differential gene expression analysis.

Differentially expressed genes (DEGs) were identified utilizing the

R DESeq2 package (Love et al., 2014), with DEGs defined as

genes exhibiting an adjusted P-value <0.05 and an absolute log2
fold change ≥1.

Determination of total pigment content and CCD
enzyme activity

The contents of total chlorophyll and carotenoid were determined

by light absorption method (Watada et al., 1976; Wellburn and

Lichtenthaler, 1984). In brief, 2 g sample was soaked in a 40mL

acetone: deionized water (4:1, v/v) mixture for 6 h, and the

absorbance of the reaction mixture was measured at 663 nm

(A663), 646 nm (A646) and 470 nm (A470) using an ultraviolet–
visible spectrophotometer (YOKE Co., Ltd., Shanghai, China).

Ca mg=g FWð Þ= 12:21� A663–2:81� A646ð Þ � V= 1000�Wð Þ
Cb mg=g FWð Þ= 20:13� A646–5:03� A663ð Þ � V= 1000�Wð Þ

Chlorophyllcontent mg=g FWð Þ
= 17:32� A646 þ 7:18� A663ð Þ � V= 1000�Wð Þ
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Carotenoid content mg=g FWð Þ
= 1000� A470–3:27� Ca–104� Cbð Þ=229½ � � V= 1000�Wð Þ

Here, Ca, Cb, FW, V and W represent chlorophyll-a content,

chlorophyll-b content, fresh weight, sample volume (mL) and

sample weight (g), respectively.

To assess the enzyme activity of CCD, 1 g of flesh was

homogenized in 9mL of Phosphate Buffered Saline, and the

supernatant was collected. Plant carotenoid cracking dioxygenase

(CCD) enzyme-linked immunoassay kit (Mibio, Shanghai, China)

was used to detect CCD enzyme activity. For details, please refer

to the instruction manual of the kit.

Cucumber transformation of inbred line ‘CU2’ with
white flesh

Two targets for guide RNA on the yf gene were obtained using

the CRISPR-P v2.0 tool and were assembled into the CRISPR/Cas9

vector pBSE402 using BsaI enzyme and T4 Ligase (Hu et al., 2017).

Then, the vector was transformed into the cotyledons of

cucumber line ‘CU2’ using Agrobacterium tumesfaciens

EHA105 as previously described (Xin et al., 2022). Positive plants

were screened through GFP fluorescence and gene sequencing.

Determination of fruit carotenoid composition

Carotenoids contents were detected by MetWare (http://www.

metware.cn/) based on the AB Sciex QTRAP 6500 LC–MS/MS

platform. The flesh of the ‘931’, ‘PI 200815’, WT and yf-2 fruit

collected 45 days after flowering were stored at �80°C for future

use. To prepare the samples, the flesh was ground into a fine

powder and then dried in a freeze-vacuum dryer. Fifty mg flesh

powder was extracted with 0.5 mL mixed solution of n-hexane:

acetone: ethanol (1:1:1, v/v/v) and an internal standard was

added. The extract was collected by two centrifuges, then

evaporated under nitrogen to dry and reconstructed in methylene

chloride. It was filtered through a 0.22 μm membrane filter for

LC–MS/MS analysis (Inbaraj et al., 2008). The sample extracts

were analysed using an UPLC-APCI-MS/MS system (UPLC,

ExionLC™ AD, https://sciex.com.cn/; MS, Applied Biosystems

6500 Triple Quadrupole, https://sciex.com.cn/). The samples were

eluted using a gradient elution method. Acetonitrile (1:3, v/v)

with 0.01% BHT and 0.1% formic acid (A), methyl tert-butyl

ether with 0.01% BHT (B); gradient program, started at 0% B

(0–3min), increased to 70% B (3–5min), then increased to 95%

B (5–9min), finally ramped back to 0% B (10–11min). The

analysis was conducted at a temperature of 28°C with a flow rate

of 0.8 mL/min. For MS analysis, the API 6500 Q TRAP LC/MS/MS

System was utilized, which is equipped with an APCI Heated

Nebulizer, operating in positive ion mode and controlled by

Analyst 1.6.3 software (Sciex). Carotenoid levels were analysed

utilizing the AB Sciex QTRAP6500 LC–MS/MS platform by

MetWare (http://www.metware.cn/).

Transient overexpression of CsCCD1 in XIS cucumber

Transient overexpression analysis was performed using the

procedure described in peach peel (Yu et al., 2021). The full-

length coding sequence of CsCCD1 was amplified using gene

specific primers (Table S1) and was inserted into the

pGreen0029 62-SK vector. The recombinant plasmid and

the empty vector were transformed into Agrobacterium

tumefaciens GV3101 (pSoup) using the heat shock method

(Cao et al., 2019). XIS cucumber fruits (accession ‘5602’)

were soaked in 75% (375 mL ethanol/125 mL ddH2O) ethanol

(1 min) and 2% (10 mL sodium hypochlorite/490 mL ddH2O)

sodium hypochlorite solution (20 min) for disinfection and

then washed with sterile water three times. The flesh was

obtained and pre-cultured on MS medium at 24°C for 24 h.

The flesh slices were soaked in the Agrobacterium tumefa-

ciens suspension and placed in a vacuum (�70 kPa). The flesh

slices were rinsed with sterile water and cultured on MS

medium in the growth chamber (24°C, RH 85%). After three

days, the flesh colour was observed, and samples were used

for carotenoid content determination and gene expression

analysis.

Statistical analysis

All statistical analysis were done using SAS9.4 software (Statistical

Analysis System, NC, USA), and significance tests were assessed

using one-way ANOVA and Student’s t-test. * indicates P< 0.05,

** indicates P< 0.01. Histograms are represented by a bar chart

using mean� standard deviation.
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