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Abstract
Melon (Cucumis melo L.) is a globally cultivated vegetable crop with substantial economic importance.
Fruit color is an important factor that affect the appearance quality and economic value of crops, which
is determined mainly by the type and concentration of pigments such as chlorophyll, carotenoids,
anthocyanins, and �avonoids. Identifying and utilizing the genetic loci that govern melon fruit color is
crucial for guiding breeding efforts aimed at enhancing melon rind coloration. In this study, we identi�ed
an EMS-induced mutant that produces golden-colored fruit which named gf1. Through MUTmap and
map-based cloning, we narrowed the gf1 locus to an 862 kb region containing 28 SNPs, consistent with
typical alkylation-induced mutations. Of these SNPs, only one was located in a coding region, resulting in
a stop-gained mutation in the gene MELO3C008847, which exhibits the highest sequence similarity to
AtEGY1 in Arabidopsis. Genome editing of CsEGY1, the homolog of CmEGY1 in cucumber, led to the
golden fruit. Transcriptome and metabolome analysis reveal that �avonoid and carotenoid biosynthesis
pathways were changed, which may affect the appearance quality and �avor of gf1 fruit. The
identi�cation and characterization of egy1 offer new insights into modifying fruit color in melons,
providing valuable implications for future breeding programs.

Introduction
Melon (Cucumis melo L., 2n = 2x = 24) is an annual crop from the Cucurbits, which is widely cultivated all
over the world. It holds signi�cant economic value due to its diverse edible and medicinal properties. In
addition to yield and �avor, appearance quality is also an important factor affecting the economic value
of crops. In order to meet the market demand, it is urgent to improve the edible quality and appearance
quality of melon.

Fruit color is an important commercial trait, which is primarily in�uenced by the content of pigments
such as chlorophyll, carotenoids, and �avonoids (Freilich et al. 2015). Green, white and yellow are three
major skin colors in melon fruit, which were primarily in�uenced by chlorophyll and �avonoids
accumulation. Studies have shown that green skin is dominant over white skin, while white skin is
dominant over yellow skins (Zhao et al. 2019). Previous studies showed that APRR2 had a conserved
function in regulating chloroplast development, which in turn affected the green-white color of Cucurbit
crops (Gebretsadik et al. 2024; Liu et al. 2016; Oren et al. 2019). The accumulation of naringenin
chalcone is responsible for the yellow skin color, which was reported to be negatively regulated by the F-
box protein encoded by CmKFB (Feder et al. 2015; Gur et al. 2017; Tadmor et al. 2010). Additionally,
CmOR and CmGLK were reported to in�uenced fruit color by regulate β-carotene accumulation and
chloroplast development respectively (Tzuri et al. 2015; Yang et al. 2023). Although several genes related
to melon skin color has been reported, the speci�c regulatory mechanisms of skin color remain unclear.

Chloroplasts are the primary carriers of photosynthetic pigments and the main sites of photosynthesis in
plants. According to the endosymbiotic theory, chloroplasts originated from the evolution of a eukaryotic
host acquiring a cyanobacterial endosymbiont (McFadden 2001). Chloroplasts are typical semi-
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autonomous organelles, with their genomes usually containing only 120–130 genes in a nucleoid-like
structure (Kessler and Schnell 2009). Most other chloroplast proteins are encoded by the nuclear
genome and are imported into the chloroplasts after translation. Thus, chloroplast development is co-
regulated by both nuclear and chloroplast genes. Any disruption in this process can interfere with
chloroplast development, leading to changes in color phenotypes. For example, genes such as PFKB1
(Zhu et al. 2020), WLP1 (Song et al. 2014), and GARS (Cao et al. 2019) identi�ed in rice have been found
to affect chloroplast development to varying degrees, resulting in changes in leaf color. Chloroplast
division is also crucial for maintaining its physiological activity. In the tomato ACR6 mutant, only one or
two giant chloroplasts are present in mesophyll cells, causing an albino phenotype in stems and
developing fruits, although the red color and carotenoid content of the fruit remain largely unchanged
(Chang et al. 2021; Forth and Pyke 2006); a similar phenotype is observed in cucumber (Sun et al. 2023).
Meanwhile, the ACR5 mutation also inhibits chloroplast division, causing light green peel in cucumber
(Zhou et al. 2015). Furthermore, premature termination of CsAPRR2 translation reduces the number of
chloroplasts in the peel, leading to white fruit skin (Tang et al. 2018).

EGY1 is a member of the S2P protease gene family and is a nuclear-encoded, plastid-targeted,
membrane-bound, ATP-independent metalloprotease. EGY1 was initially identi�ed in an Arabidopsis
mutant (Chen et al. 2005), and the Arabidopsis genome encodes four homologs of EGY1: AtS2P1/AraSP
(At2g32480); AtS2P2 (At1g05140); AtAMOS1/AtEGY1 (At5g35220); and AtEGY2 (At5g05740) (Adam
2015). Loss-of-function of EGY1 results in similar chloroplast impairment in Arabidopsis, tomato
(Solanum lycopersicum), and monocot foxtail millet (Setaria italica), suggesting a conserved role of
EGY1 homologs (Barry et al. 2012; Zhang et al. 2018). The Ategy1 mutant exhibits a dual phenotype
characterized by reduced chlorophyll accumulation and abnormal gravitropic bending of the hypocotyl.
Moreover, the expression level of EGY1 in the mutant can be upregulated under light and ethylene
treatment. Additionally, EGY1 is essential for the accumulation of chlorophyll and chlorophyll a/b binding
(CAB) proteins in the chloroplast membrane and is involved in the response to ammonium and
phosphate stress (Chen et al. 2005; Guo et al. 2008; Li et al. 2012; Yu et al. 2016).

In this study, an EMS-induced melon mutant shows golden-colored fruit was identi�ed and designated as
gf1. TEM observation and chlorophyll content determination showed that the golden fruit in gf1 was
mainly resulted from impaired chloroplast development and reduced chlorophyll content. To identify the
gene responsible for the golden fruit in gf1, MUTmap analysis and map-based cloning were performed,
narrowing down the gf1 locus to an 862 kb region. Of all the variations in this region, an SNP resulting in
a stop-gained mutation in the gene MELO3C008847 which predicted to encode an ATP-independent
metalloprotease (EGY1), was predicted to be the causative mutation. Knock-out of CsEGY1 in cucumber
led to yellow leaves, stem and also fruit peel. Transcriptome and metabolome analysis showed that in
addition to affecting chloroplast development, EGY1 also affected �avonoid and carotenoid synthesis.
This study provides a novel genetic resource and new insights for improving appearance traits in melon
breeding.

Materials and methods
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Plant materials and growth conditions
The cultivated melon inbred line ssp. agrestis 13C was used to construct an EMS-mutagenized library.
The seeds of inbred line 13C were treated with EMS (Sigma M0880, USA) for 12 h. The M1 plants were

self-pollinated, and the golden-fruit line S134 (gf1 hereafter) was identi�ed in the M2 population. gf1 was
self-pollinated for over two generations, and then planted for phenotypic data collection with wild-type
13C. The M2 population was used for inheritance analysis and map-based cloning. All plants were grown
in the greenhouse at Dagu River National Science and Technology Park, Qingdao.

All materials were planted at Agricultural Hi-tech Industry Zone, Jimo, Shandong (36°56′N, 120°21′E) in
plastic green house in 2020,2021 and 2022.

Mapping strategy and identi�cation of the candidate gene of gf1

MUTmap analysis was used for mapping the candidate gene of gf1. The young leaves of 15 wild-type
and 15 golden-fruit individuals were sampled respectively for genomic DNA extracting with CTAB
method (Murray and Thompson 1980). Pair-end sequencing libraries with a read length of 150 bp and
insert sizes of ~ 350 bp were subjected to whole genome re-sequencing with Illumina NovaSeq 6000,
and roughly 30× genome sequences for each pool were generated. Clean reads were mapped to
Cme13C reference genome using BWA (0.7.17-r1188) with default parameters (Li and Durbin 2009).
SAMtools (v1.11) (Li et al. 2009) was used to transform the mapping results from sam to bam format,
sort the bam �le, remove mark duplicates and index the bam �le. The SNPs and InDels were identi�ed
using Genome Analysis Toolkit (4.1.4.0) (McKenna et al. 2010). The annotation and effects of mutations
on gene function were predicted using SnpEff software (v4.3) (Cingolani et al. 2012). For the SNPs in
two bulks, we further �ltered SNPs with two more steps: (i) extraction of SNPs that exhibit G-A or C-T
transitions, which are the most frequent changes caused by ethyl methanesulfonate mutagenesis. (ii)
retention of SNPs which SNP index ≤ 0.5 in dominant pool and SNP index ≥ 0.3 in mutant pool. SNP index
plot regression lines were obtained by averaging SNP indices from a moving window of �ve consecutive
SNPs and shifting the window one SNP at a time. The x-axis value of each averaged SNP index was set
at a midpoint between the �rst and �fth SNP.

According to the re-sequencing data, variants with ΔSNP values above 0.6 and read depths over 10 were
selected and developed into CAPS marker with dCAPS Finder 2.0 (http://biology4.wustl.edu/dcaps/). All
primers were synthesized by Sangon Biological Company (primer information were listed in
Supplementary Table S1). The polymorphism CAPS markers were screened with gf1 and wild type, then
used for genotyping in M2 population.

Chlorophyll and carotene content
The total chlorophyll in the wild-type and gf1 fruit was extracted with 95% ethanol and analyzed using a
spectrophotometer (Shimadzu, Japan). The total chlorophyll, chlorophyll a, chlorophyll b and carotene
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contents were estimated with light absorption values at 649, 665 and 470 nm, respectively (Sartory and
Grobbelaar, 1984).

Transmission Electron Microscope

The 30 DAP fruit skin of WT and gf1 were cut into ~ 0.5 cm2 pieces and �xed in 2.5% glutaraldehyde for
12 hours, then washed three times with PBS. Afterwards, the samples were dehydrated through different
concentrations of alcohol, dried, coated with gold particles and examined with S-3500N scanning
electron microscope (Hitachi, Japan).

Phylogenetic Analysis
Multiple sequence (Gene ID shown in Supplemental Table 2) alignment were performed using the
Muscle program with default parameters (Edgar, 2004). The sequence alignments were used for the
subsequent phylogenetic analysis. Phylogenetic trees were generated with MEGA7.0 software
(https://megasoftware.net/) using the neighbor join algorithms (Kumar et al., 2016) and then beauti�ed
with ITOL website (http://itol.embl.de/).

Stable genetic transformation in cucumber
In order to obtain the CRISPR/Cas9 mediated gene editing of CsEGY1, speci�c sgRNA target sites were
designed with the online CRISPR-GE (http://skl.scau.edu.cn/home/). A PCR fragment were ampli�ed by
using vector pCBC-DT1T2 as template, and then inserted into the vector pBSE402 with In-Fusion method
(Hu et al., 2017; Xing et al., 2014). Transformation of cucumber (XTMC) was carried out as previously
described (Xin et al., 2022).

RNA-seq analysis and co-expression analysis
The fruit of 13C and gf1 (30 DPA) were used for RNA extraction and sequenced with llumina HiSeq2000
platform. Using Hisat2 (v2.2.1) (Kim et al. 2015) with the default parameters, we mapped the clean reads
of six samples to the melon reference genome (Cme13C). For each gene expression, the FPKM
(Fragments Per Kilobase of Transcript Per Million Mapped Reads) value was calculated using StringTie
(v2.1.5) (Pertea et al. 2015) to estimate the gene expression level. For further analysis, WGCNA
(Langfelder and Horvath 2008) was performed on genes with a coe�cient of variation (CV) exceeding
0.3 in the transcriptome of the entire melon tissues to conduct co-expression analysis, and EGY1 related
genes were subsequently extracted from the corresponding module. DESeq2 (Love et al. 2014) was used
to normalize read counts and to test for differential expression. The DEGs between the bulks were
identi�ed with P-adjust < 0.05 and |log2(fc)| ≥ 1 as the signi�cance cut-off. Gene Ontology terms were
determined with the Omicshare (https://www.omicshare.com/tools/Home/Soft/gogsea) website.
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Measurements of metabolites
Fruit sample of 13C and gf1 were subjected to freeze-drying, followed by weighting and grounding into a
�ne powder. Subsequently, 50 mg of the resulting dry powder was dissolved in 1.2 mL of 70% methanol
and then vortexed for 30 s with a 30-min interval, and this process was repeated for six times. After
refrigerating the suspension overnight at 4°C, it was then centrifugated at 12,000 rpm for 10 min. The
resulting supernatant was �ltered using a microporous member with a pore size of 0.22 µm. The �ltrate
obtained was used for measurements of broadly targeted metabolites. For the relative quanti�cation of
these metabolites, an ultra-performance liquid chromatography-electrospray ionization-tandem mass
spectrometry system (UPLC-MS/MS) was employed, using a scheduled multiple reaction monitoring
method (Chen et al. 2013; Chen et al. 2016). The monitored signal intensities were normalized by the
internal standard (lidocaine, at a concentration of 0.1 mg l− 1). Con�rmation of the broadly targeted
metabolites was achieved through the use of authentic standards. Two biological replicates were
performed for each sample.

Results
The gf1 mutant has golden fruit and reduced chlorophyll accumulation

A golden-fruit mutant was identi�ed in the previously constructed EMS-mutagenized library, which was
designated as gf1. Compared with wild-type 13C, the gf1 mutant fruit showed golden peel and �esh at
the mature stage of fruit development (Fig. 1A-B). Actually, the ovary of gf1 exhibited yellow from the
very early stage of fruit development, and then turned light-green gradually, which became golden
eventually (Supplemental Fig. S1A-D). Chlorophyll and carotenoid measurement found that gf1 mutant
showed severely reducing chlorophyll a, chlorophyll b and carotenoid (Fig. 1C). Considering that reduced
chlorophyll content often affects plant development and assimilate accumulation by reducing
photosynthetic e�ciency, fruit weight and soluble solids content (SSC) of wild-type 13C and gf1 were
measured in the mature stage. Compared with 13C, gf1 showed no difference in fruit weight
(Supplemental Fig. 1A), while SSC content in gf1 showed a slightly decrease with no signi�cance
(Supplemental Fig. 1B).

Thylakoid development was severely impaired in gf1

To explore whether the golden-fruit phenotype in gf1 was associated with the number or development of
chloroplast, transmission electron microscopic analysis was conducted with fruit peels from gf1 and
13C. The chloroplast number in gf1 was signi�cantly lower than that in 13C (Fig. 2A, D). Moreover, gf1
chloroplasts had reduced granal thylakoids and poorly developed lamellae networks. There were neither
a conspicuous sheet membrane nor grana structures, but instead ubiquitous plastoglobuli in mutant
chloroplasts (Fig. 2B-C, E-F). These results indicate that the causative mutation severely inhibited
chloroplast development which resulted in golden-fruit phenotype.

Genetic inheritance analysis, map-based cloning and candidate gene isolation in gf1
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Previous re-sequencing data from EMS-induced library of 13C showed that limited mutations were
induced in each line, thus M2 population which without extra backcrossing process with wild-type was
used for inheritance analysis and map-based cloning. All F1 individuals displayed same fruit color as WT,
indicating the dominance of normal fruit color over the golden-fruit phenotype. Among the 783 plants in
M2 population, 589 individuals exhibited normal fruit color and 194 individuals displayed golden-fruit

phenotype, which showed a segregation ratio of 3:1 (χ2 = 0.021, P > 0.05), implies that the golden-fruit
phenotype in gf1 was controlled by a single gene (Table 1).

To identify the candidate region contributing to the golden-fruit phenotype in gf1, 15 normal and 15
golden-fruit M2 plants were sampled respectively to construct W-pool and M-pool. Genome-wide re-
sequencing and BSA analysis were subsequently performed. This resulted in a peak region between
11.42 to 24.75 Mb with a cluster of SNPs harboring high SNP-index resided on chromosome 8 (Fig. 3A).
Among the high-quality variations between W-pool and M-pool, 7 SNPs in predicted interval were
selected and developed into CAPS marker. By applying 7 CAPS/dCAPS markers to 783 plants in M2

population, gf1 locus was delimited to an 862 kb region between CAPS-2 and CAPS-4 (Fig. 3B).

According to the whole-genome resequencing data of W-pool and M-pool, 133 SNPs in total were found
in 862 kb region, while only 28 of them displayed G/C to A/T transitions (Fig. 3C), which was consistent
with canonical alkylation-induced mutation (Drake and Baltz 1976). Among the 28 SNPs, 21 of them
were located in intergenic region. The remaining 7 SNPs consist of 4 intron-located SNPs, 2 3’ UTR-
located SNPs, 2 coding-region-located SNP which resulted in a synonymous mutation and a stop-gained
mutation respectively (Fig. 3C). The gene MELO3C008847, which shares the highest sequence similarity
to AtEGY1, encodes a S2P-like chloroplast membrane-located protein and reported to participate in
chloroplast development, harbored the stop-gained SNP. The G-A transition in the 7th exon in gf1 leads
to a 116-aa-long residue truncation in the C-terminal of CmEGY1, which consist a part of highly
conserved sequence in S2P-M50-like domain (Fig. 3D-E; Supplemental Fig. S3).

Above all, the stop-gained mutation in CmEGY1 was identi�ed as the causative variation which leads to
golden-fruit phenotype and for further analyzed.

Temporal-spatial expression patterns and phylogenetic
analysis of CmEGY1
As the Cmegy1 mutant showed yellow leaves, stems and fruits, the expression pattern of CmEGY1 was
investigated in different organs at different developmental stages with previous RNA-seq data. As
expected, CmEGY1 showed no organ-speci�c pattern, which express in all organs at different stage
(Fig. 4A). Among all detected samples, the expression of CmEGY1 was higher in leaves and mature fruit
while lower in root. CmEGY1 encodes a 560-aa-long protein with an estimated molecular mass of 60.33
kDa, while C-terminal (aa: 259–484) predicted to be S2P-M50_like_2 domain which consist of catalytic
center required for protease function (Supplemental Fig. S3). There are 8 transmembrane regions in C-
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terminal of CmEGY1 (aa: 249–545). Premature termination in egy1 result in loss of 5 transmembrane
regions and part of S2P-M50_like_2 domain (Fig. 4B). Phylogenetic analysis revealed that EGY proteins
grouped into three clades, while CmEGY1 belongs to EGY1 clade (Fig. 4C).

CRISPR-mediated knock-out of CsEGY1 results in yellow plant and fruit in cucumber

To further determine the function of CmEGY1, the homolog of CmEGY1 in cucumber, CsEGY1
(CsaV3_4G012000), was knock-out with CRISPR/Cas9 system. We selected two target sites on the �rst
and second exon of the CsEGY1 as small guide ribonucleic acids (sgRNAs) to construct a vector for
transform in cucumber inbred line ‘XTMC’ (Fig. 5A). Two null CsEGY1 alleles with a complicated editing
type (10 bases deletion, 6 bases insertion and 4 bases substitution) and a 1158-bp deletion were
obtained, which named cr-1 and − 2 respectively (Fig. 5B). The Csegy1-cr mutants exhibited yellow
leaves, stem, sepal of male �owers and also fruit peel (Fig. 5C-F). These results con�rmed that CsEGY1
is essential for chloroplast development, which demonstrates that Cmegy1 was the gene leads to
golden-fruit phenotype in gf1.

Transcriptome pro�ling and metabolome analysis reveals the regulated network of CmEGY1

To explore the molecular function of CmEGY1 in regulating of fruit development, we performed RNA-seq
analysis of the fruit samples from 13C and gf1 harvested at 35 DAP (days after pollination). Using a P-
adjust < 0.05 and fold change ≥ 1 as thresholds, 1261 genes were identi�ed differentially expressed
between 13C and gf1, while 591 genes down-regulated and 670 genes up-regulated (Supplementary
Table 3). GO and KEGG pathway enrichment analysis were performed with these DEGs. Not surprisingly,
the GO terms ‘photosynthesis’ (GO:0015979), ‘photosystem II’ (GO:0009523), ‘chloroplast’ (GO:0009507),
‘thylakoid’ (GO:0009579), and KEGG pathways ‘photosynthesis proteins’ (ko00194), ‘photosynthesis -
antenna proteins’ (ko00196), ‘carbon �xation in photosynthetic organisms’ (ko00710) were signi�cantly
enriched (Supplemental Fig. S4).

Additionally, to further investigate the regulated network which consist of higher correlation genes with
EGY1 in fruit development, previously generated transcriptome pro�ling with different part of fruit were
used for gene co-expression analysis. In total, a module contains 402 genes which exhibited co-
expression tendency with EGY1 was identi�ed. Among 402 co-expressed genes, 123 genes showed
differentially expressed between 13C and gf1 (Fig. 6A). KEGG pathway enrichment analysis was
performed with the 123 genes, and the top 20 pathways were shown in Fig. 6B. Apart from pathways
related to chloroplast development and photosynthesis, ‘carotenoid biosynthesis’ (ko00906) was also
enriched signi�cantly, which implies that changes of carotenoid may also contribute to golden fruit
phenotype in some extent.

Given to the apparent phenotype and differentially expressed genes in gf1, we wanted to understand the
metabolic changes in gf1 fruit. Fruits of 13C and gf1 were collected for metabolites measurements, and
162 differential metabolites were identi�ed, including 65 down-regulated metabolites and 97 up-
regulated metabolites in gf1. KEGG analysis showed that pathways including ‘plant hormone signal
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transduction’, ‘�avonoid biosynthesis’, ‘carotenoid biosynthesis’ and ‘�avone and �avonol biosynthesis’
were enriched signi�cantly (Fig. 6C). To better study the potential important metabolic pathways in the
content of substances in different groups of change, differential metabolites in top 5 pathways were
selected for clustering analysis. The result showed that organic acids, phenolic acids and �avonoids
were the main components of the differential metabolites (Fig. 6D), which may affect the quality and
�avor of melon fruit.

Discussion

Identi�cation of a novel fruit color mutant in melon
Melon is an important vegetable crop in Cucurbitaceae and is widely planted worldwide. As a major
character of appearance quality, melon fruit color greatly affects the commercial and economic value.
Mining the genes related to fruit color can not only fully understand the formation mechanism of skin
color diversity, but also of great practical signi�cance for melon appearance diversity breeding. In
general, composition and content of chlorophyll, carotenoid, anthocyanins and �avonoids are major
factors that affect leaf and fruit color in melon. For example, the GOLDEN2-LIKE (GLK2) transcription
factor regulating chlorophyll levels in melon (Yang et al. 2023); the Or gene (CmOr) increasing
carotenoids accumulation by inducing the biogenesis of chromoplasts with an enhanced sink strength
(Tzuri et al. 2015); the Kelch domain-containing F-box protein coding (CmKFB) gene functions as a
posttranscriptional regulator that negative regulate �avonoid accumulation (Feder et al. 2015).

In the current study, we discovered a golden fruit mutant in an EMS-mutagenized library of the melon
inbred line 13C. We show that the golden fruit phenotype was mainly from strikingly reduced chlorophyll
content and impaired chloroplasts development (Fig. 1B; Fig. 2). Using BSA-seq method combined with
map-based cloning strategy, the gf1 locus was delimited to an 862 kb region (Fig. 3). Of all the variants in
this interval, only one mutation resulted in premature termination of CmEGY1 protein translation and was
considered to be a functional variant leading to phenotypic generation. The knock-out of CsEGY1
resulted in yellow fruit and leaf in cucumber, indicating that CmEGY1 regulate fruit color in melon (Fig. 5).
To sum up, gf1 is a novel fruit color mutant which due to impaired chloroplasts development in melon.

Potential for increasing production and enhancing the
purity of hybrid seed production
To meet the growing global demand for food, increasing crop yields has become a key objective for
biotechnological innovation. Enhancing crop architecture and photosynthesis through genetic
engineering and synthetic biology has proven to be effective in boosting yields. Reducing chlorophyll
(Chl) content may improve the conversion e�ciency of absorbed photosynthetically active radiation into
biomass, thereby increasing yield in dense monoculture crops by enhancing light penetration and
distribution within the canopy (Pettigrew et al. 1989; Sakowska et al. 2018; Slattery et al. 2017).
Moreover, improving light distribution within the canopy can help narrow the gap between theoretical and
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actual yields (Cutolo et al. 2023). In addition to the golden-fruit phenotype, the cotyledon, true leaf, and
stem color of gf1 are markedly different from those of 13C at very early stage (Supplemental Fig. S1).
Thus, gf1 holds the potential to increase yield by optimizing planting density.

Additionally, the instability of hybrid seed purity is a key factor limiting hybrid breeding production.
Traditionally, seed purity detection has relied on �eld identi�cation; however, the use of seedling marker
traits offers a more intuitive, accurate, simple, fast, and cost-effective method for hybrid breeding and
seed purity identi�cation. Genetic dissections of chloroplast development using leaf coloration as the
phenotypic readout have been proven to be extremely fruitful as a spectrum of leaf color mutants
ranging from albino, yellow, pale green, virescent, and variegation can be easily identi�ed through genetic
screening (Yu et al. 2007). By introducing the recessive egy1 mutation into the female parent, hybrid
purity can be veri�ed before seeds are used in production, allowing for the elimination of self-cross
progeny of the female parent at the seedling stage. This approach would signi�cantly streamline hybrid
production.

Conserved function in chloroplast development suggests
its potential for reducing fertilizer use
Chloroplast thylakoid membrane protein complexes, including PSII, PSI, cytochrome b6f, and ATP
synthase, play a crucial role in converting light energy into chemical energy (Eberhard et al. 2008).
Mutations in chloroplast proteases often lead to arrested or delayed chloroplast development,
underscoring the importance of proteostasis within chloroplasts. The function of EGY1 in chloroplast
development is highly conserved across various species. A previous study demonstrated that EGY1 is
essential for the proper accumulation of PSI complexes and the homeostasis of PSII complexes in
Arabidopsis (Qi et al. 2020). egy1 mutant in tomato exhibit pleiotropic chlorophyll-de�cient phenotypes,
including reduced chlorophyll accumulation in leaves, �owers and also unmature fruit (Barry et al. 2012).
The loss-of-function of Seita.9G060500 (SiYGL2) showed chlorotic leaves, stems and panicles in millet
(Zhang et al., 2018). As expected, GO and KEGG analysis showed that EGY1 is closely related to
photosynthesis, carbon �xation and thylakoid development (Supplemental Fig. S4). In land plants, the
GOLDEN2-LIKE (GLK) family of transcription factors are master regulators of chloroplast biogenesis. A
recent study found two RR-MYBs acts synergistically with GLK to control chloroplast biogenesis
(Frangedakis et al. 2024). The GLK proteins and RR-MYBs have a broader set of targets that extends to
genes allowing CO2 �xation, photorespiration, photosystem assembly, and repair. Whether EGY1 is a
target gene of GLK and RR-MYBs needs further investigation.

Furthermore, loss-of-function of EGY1 in Arabidopsis confer resistance to ammonium and phosphate
stress via ABA signaling pathway (Li et al. 2012; Yu et al. 2016). Given the challenges posed by over-
fertilization and unbalanced fertilization in our country, it is crucial to evaluate the effects of the egy1
mutant on reducing fertilizer application and improving e�ciency in melons and other crops in the
following study.
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Figure 1

Phenotype analysis of gf1. The peel (A) and �esh (B) of 13C and gf1 fruit in 30 DAP. (C) Measurement of
chlorophyll concentration in 13C and gf1. Scale bars, 5 cm.

Figure 2

Transmission electron microscopic images of chloroplasts in 13C (A-C) and gf1 (D-F). GT, grana
thylakoid stacks; SG, starch granules. Scale bars, 1 μm.
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Figure 3

Genetic inheritance analysis, map-based cloning and candidate gene isolation in gf1. MUTmap analysis
(A) and map-based cloning (B) of gf1. (C) Variations analysis between CAPS-2 and CAPS-4 in 13C and
gf1. (D) Gene structure of EGY1. (E) The W445 mutation identi�ed in CmEGY1.
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Figure 4

Temporal-spatial expression patterns and phylogenetic analysis of CmEGY1. (A) CmEGY1 expression
analysis among different tissues. (B) Transmembrane region analysis of CmEGY1. (C) Phylogenetic
analysis of EGY1 proteins among 7 species (Oryza sativa; Setaria italica; Arabidopsis thaliana; Lotus
japonicus; Cucumis sativus; Cucumis melo; Citrullus_lanatus).
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Figure 5

CRISPR-mediated knock-out of CsEGY1results in yellow plant and fruit in cucumber. (A) Gene structure
of CsEGY1. Yellow rectangle: untranslated region; green rectangle: exon; black line: intron. (B) CsEGY1
mutations generated by CRISPR/Cas9 using two single-guide RNAs. Phenotype observation of WT and
edited mutants, include plant height (C), stem (D), male �ower (E) and fruit color (F). Scale bars, 10 cm.
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Figure 6

Transcriptome and metabolome analysis of gf1 mutant. (A) Venn diagram showing the DEGs (gf1 vs
13C) and EGY1-coexpressed genes in melon fruit respectively. (B) The Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analysis of shared genes between DEGs and EGY1-coexpressed
genes in melon fruit. (C) KEGG analysis of differential metabolites between gf1and 13C. (D) Heatmap of
differential metabolites in top 5 KEGG pathways.
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