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Highlights

¢ Anovel chlorophyll-deficient yellow-green mutant PKH352 was identified from an EMS-induced watermelon mutant library.

¢ Mutation in C/IG42_04g0106300 gene, encoding a signal recognition particle 54 kDa protein, leads to the yellow-green
phenotype and reduced photosynthetic efficiency in watermelon.

¢ The CIG42_04g0106300 gene plays an essential regulatory role in chloroplast biogenesis and chlorophyll metabolism in
watermelon.

Abstract

Photosynthesis serves as the primary source of nutrients synthesized in higher plants, and improving photosynthetic
efficiency can significantly increase crop yield and fruit quality. Leaf color mutants represent ideal materials for
studying chloroplast development and photosynthesis mechanisms and have been widely characterized in field crops.
However, relevant research on watermelon leaf color mutants remains scarce. In this study, we isolated a yellow-
green phenotype mutant, PKH352, from an EMS-mutagenized watermelon mutant library. The chlorophyll content and
maximal photochemical efficiency in PKH352 were significantly decreased. Genetic analysis showed that the mutated
trait was controlled by a single nuclear gene, which was named Clygp (Citrullus lanatus yellow-green plant). Through
MutMap and linkage analysis in an F, population of 440 plants, we identified a single nucleotide polymorphism (SNP)
mutation within C/IG42_049g0106300, which encoded a signal recognition particle 54 kDa protein, as the causal variant
for the yellow-green phenotype. Further validation using a CRISPR/Cas9-mediated system confirmed that knockout
of CIG42_04g0106300 results in the yellow-green phenotype in watermelon. In addition, comparative transcriptomic
analysis revealed that mutations in C/IG42_0490106300 greatly affected the expression of key genes associated
with chloroplast development and photosynthesis, providing strong evidence that this gene plays a critical role in
these biological pathways. Taken together, these findings provide insights into the molecular mechanisms underlying
chloroplast development and photosynthetic efficiency, offering a theoretical basis for breeding watermelon varieties with
high photosynthetic efficiency.
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1. Introduction

In higher plants, photosynthesis serves as the primary source
of nutrients, accounting for over 90% of the total biomass yield.
Improving the level of photosynthetic efficiency can significantly
enhance overall crop productivity (Wang F L et al. 2018; Wang
et al. 2019; Croce et al. 2024). Leaf color mutants, particularly
yellowing mutants, have become ideal materials for studying
photosynthesis mechanisms and chloroplast biosynthesis due
to their defects in chloroplast development or photosynthetic
capacity (Zhao et al. 2020). Recently, numerous genes
controlling leaf color mutants have been reported in field crops.
To date, over 250 genes or QTL loci associated with leaf color
have been identified in maize and rice, respectively (Wang
F et al. 2018; Li W R et al. 2022), in which most of them
impact chloroplast development and photosynthetic efficiency.
For example, the ZmYL412 gene encodes glutamyl-tRNA
reductase, and mutations in this gene lead to a decrease
in chloroplast number and a reduction in net photosynthetic
efficiency in maize (Yang W Z et al. 2023). Similarly, the
rice nuclear-encoded chloroplast protein YL1 participates in
the biosynthesis of chloroplast ATPase complexes through
interaction with the ATP B subunit. Deficiency in YL1 disrupts
the expression of genes related to chloroplast development
and photosynthesis (Chen et al. 2016).

Chlorophyll, the main photosynthetic pigment in higher
plants (Cackett et al. 2021), binds to light-harvesting
proteins on the thylakoid membrane of chloroplasts (Zhang
et al. 2023). It is responsible for capturing light energy
during photosynthesis and driving electron transfer in the
photosynthetic reaction center (Lan et al. 2022; Li et al.
2025). The efficiency of plant photosynthesis depends on
the absorption and conversion of solar energy by chlorophyll
and chlorophyll-binding proteins (Cardona et al. 2018).
Among these proteins, light-harvesting complex proteins
(LHCs) are key light-harvesting protein, constituting up
to 50% of the thylakoid membrane proteins (Levin and
Schuster 2023). After synthesis on cytoplasmic ribosomes,
LHCs are transported into chloroplasts through the TOC/
TIC translocation machinery of the chloroplast envelope
and translated into precursor proteins. These precursors
form a transport complex with the chloroplast signal
recognition particle (cpSRP) complex for delivery to the
thylakoid membrane. The cpSRP complex is a heterodimer
composed of cpSRP54 and the chloroplast-specific cpoSRP43
(Schunemann 2004; Kirst and Melis 2014). It is formed
through the interaction between the C-terminus of cpSRP54
and the CD2 domain of cpSRP43 (Hristou et al. 2019;
Bischoff et al. 2024). cpSRP43 binds directly to LHCs, while
cpSRP54 promotes structural rearrangement within cpSRP43,
enhancing its affinity for LHCs and facilitating its binding.
Additionally, cpSRP54 interacts with FtsY, which assists in
targeting the LHCs complex to the thylakoid membrane.
Thus, cpSRP54 plays a crucial role in the transport of LHCs.
When the absence of cpSRP54 and cpFtsY, cpSRP43 can
still mediate LHCs transport, but with significantly reduced
efficiency (Walter et al. 2015; Ji et al. 2021).

Watermelon (Citrullus lanatus), a member of the
Cucurbitaceae family, is one of the top ten fruits globally. Its

yield and quality are directly linked to the economic interests
of cultivators. Photosynthesis as a critical factor influencing
yield and quality, making the study of photosynthetic
mechanisms in watermelon highly important. Leaf color
mutants serve as ideal materials for studying photosynthesis.
However, research on leaf color mutants in watermelon
remains limited, and only a few genes controlling these traits
have been mapped and cloned. To date, only two genes
associated with leaf color mutations have been reported.
Zhu et al. (2022) conducted hybridization between the yellow
watermelon mutant w-y/ and the inbred line ZK. The w-y/
gene was mapped to a 2.217 Mb region on chromosome 2,
with Cla97C02G036040, Cla97C02G036050, and
Cla97C02G036060 were identified as potential candidates
responsible for the yellowing phenotype. Gebremeskel
et al. (2023) mapped the dg gene to a 53.54 kb region on
chromosome 3 using bulk segregant analysis and linkage
analysis based on a delayed green mutant. And the
CICG03G010030 gene, encoding an FtsH extracellular
protease family protein, was proven to be involved in the
early development of delayed green leaves. Despite these
findings, the currently identified genes cannot meet the needs
of studying the photosynthesis mechanism of watermelon
and conducting high-efficiency watermelon breeding.
Therefore, further study on leaf color mutants and the cloning
of additional target genes are essential to advance our
understanding of photosynthesis and improve watermelon
breeding strategies.

In this study, we identified a novel chlorophyll-deficient
mutant, PKH352, from an ethyl methanesulfonate (EMS)
mutagenized population of the cultivar G42. PKH352
exhibits yellow-green coloration in its above-ground
organs, accompanied by reduced chlorophyll content and
lower maximal photochemical efficiency. Genetic analysis
revealed that the phenotype is controlled by a single
recessive gene, Clygp. MutMap and linkage analysis
identified C/IG42_04g0106300 as the candidate gene for
Clygp, which encodes a signal recognition particle 54 kDa
protein (cpSRP54). A SNP mutation in its coding sequence
leads to a truncated protein, resulting in the yellow-green
phenotype in watermelon. This was further validated by
knockout of CIG42_0490106300 in watermelon. Additionally,
transcriptomic profiling (RNA-seq) demonstrated that
CIG42_0490106300 participates in regulating chloroplast
development and photosynthetic pathways. Collectively,
these findings identify C/IG42_04g0106300 as a critical
regulator of photosynthesis machinery and provide insights
into chloroplast biogenesis. These findings enhance our
understanding of the molecular mechanisms underlying
photosynthesis and provide a foundation for high
photosynthesis-efficiency breeding in watermelon.

2. Materials and methods

2.1. Genetic population construction and planting

The leaf color mutant PKH352 was generated by treating
pollen of the watermelon inbred line G42 with EMS (Deng
et al. 2022). G42 exhibits normal green in all aboveground
organs, while PKH352 displays yellow-green color in the
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aboveground organs throughout the entire growth period. The
F, generation was obtained by crossing G42 and PKH352,
and a segregating F, population was generated through
self-crossing. All materials were sown in 50-hole trays and
transplanted to the greenhouse at Maozhuang Research
Station of Henan Agricultural University (Zhengzhou, China).

The leaf color phenotype was assessed at the seedling
stage, 30 and 60 d after planting, respectively. The y*-test
was used to evaluate deviations of the observed leaf color
phenotype data in the F, population from the theoretically
expected segregation ratio.

2.2. Chlorophyll, carotenoid and chlorophyll fluores-
cence dynamic parameters analyses

The contents of chlorophyll and carotenoids were measured
using spectrophotometry. Fresh leaves were collected
from the 10th node of the tested materials at 30 d after
planting, and 0.2 g of each sample was suspended in 95%
ethanol (Boxiang Biotechnology, Zhengzhou, China). After
incubation in the dark for 48 h, 200 uL of the extraction
solution was taken and measured using a spectrophotometer
at wavelengths of 665, 649, and 470 nm (Shanghai Yitian
Precision Instrument, Shanghai, China). The chlorophyll and
carotenoid contents were calculated according to the method
described by Lichtenthaler (1987).

Chlorophyll fluorescence kinetics (F,/F,,) were measured
using a pulse-modulated fluorometer (WALZ, Free State of
Bavaria, Germany). Leaves were collected from the 10th
node of the tested materials of 30 d after planting and dark-
adapted for 30 min. The ground state fluorescence (F,) was
measured, followed by exposure to saturated pulsed light to
determine the maximum fluorescence (F,,). The F/F,, ratio
was calculated using the formula: F/F,=(F/F.—F,)/F,. At
least three individual plants were used for each experiment.

2.3. Transmission electron microscopy (TEM)

Fresh leaves from the tested materials were cut into
3 mmx3 mm sections. These sections were fixed with 2.5%
glutaraldehyde at 4°C for 4 h. Then, fixed with 1.0% osmium
tetroxide at 4°C for 1.5 h. The samples were dehydrated using
a graded ethanol series (50%—90%) and acetone (90%) and
embedded in resin (Boxiang Biotechnology, Zhengzhou, China).
Finally, the samples were stained with 2% uranyl acetate
and lead citrate trihydrate. Ultrathin sections were prepared
using an ultramicrotome and viewed using a Hitachi HT7700
transmission electron microscope (FEI, State of Oregon, USA).

2.4. Genomic resequencing and MutMap analysis

The mutant DNA pool was constructed by mixing DNA from
25 randomly selected yellow-green phenotype plants from
the F, segregating population as previously described (Zhu
et al. 2019; Liu et al. 2025). The wild-type DNA pool was
constructed using DNA from the wild-type material G42.
Genome resequencing of the two DNA pools was performed
following the standard Illumina protocol, and paired-end
sequencing was conducted on the lllumina HiSeq 2500
platform. The sequencing depth for both libraries was no less
than 50% (Biomarker Technologies, Beijing, China).

The resequencing data were filtered using Fastp to remove
short reads and low-quality reads. The resulting clean reads
were mapped to the watermelon reference genome ‘G42’
(watermelondb.cn) using software BWA. To identified the
chromosome region of candidate target genes using MutMap
software (Fekih et al. 2013), and the A(SNP-index) graph was
generated using the ggplot2 package in R.

2.5. Marker development and linkage analysis

The resequencing data from the mutant pool and G42 were
aligned to chromosome 4 of the watermelon reference
genome ‘G42’ using BWA, and mutation sites were identified
using GATK. SNPs showing differences between the mutant
pool and G42 were then designed into dCAPS markers using
dCAPS Finder 2.0 software (Neff et al. 2002) (Appendix A).
PCR amplifcation of molecular markers and subsequent
gel electrophoresis were conducted as previously described
(Dou et al. 2022). Linkage analysis was performed with the
Kosambi mapping function in JoinMap 5.0, using the threshold
logarithm 10 of the odds (LOD) score of 5.0 (Duan et al. 2023).

2.6. Subcellular localization

The CDS sequence of C/IG42_0490106300 without a stop
codon from G42 and inserting into the Smal and Spel sites of
the pCAMBIAI1300 vector using homologous recombination.
The plasmid pCAMBIAI1300-35S-CIYGP-GFP was
constructed and transformed into Agrobacterium GV3101
and then infiltrated into tobacco leaves. The pCAMBIA1300-
35S-GFP vector was used as a control. After 1 d of dark
treatment and 1 d of light treatment, the green fluorescent
protein signals in the tobacco epidermal cells were examined
using an LSM700 confocal laser scanning microscope (Nikon,
Tokyo Metropolis, Japan).

2.7. RT-gPCR analysis

Total RNA was extracted from different tissues (roots, stems,
male flowers, ovaries, leaves) of PKH352 and G42 at 30
d after planting. cDNA was synthesized using the reverse
transcriptase (Vazyme, Nanjing, China). The qRT-PCR of
genes were performed using SYBR® Premix Ex Taq (TaKaRa
Bio, Tokyo Metropolis, Japan). Experiments from conducted
with three biological and technical replicates, and the data
were analyzed using the 27**°" method. Primers of genes for
gRT-PCR were designed based on Cucurbitaceae Genome
Database (http://cucurbitgenomics.org/) and NCBI web
(https://blast.ncbi.nim.nih.gov/Blast.cgi) (Yang et al. 2022).

2.8. Watermelon genetic transformation

The knockout lines of CIYGP in watermelon were generated
using CRISPR/Cas9 system. The CRISPR/Cas9 vector
construction and transformation were performed following
previously described methods (Niu et al. 2024). Two single
guide RNAs (sgRNAs) binding sites in the exon of CIYGP
were designed by CRISPR design software (https://crispr.
dbcls.jp/) (Naito et al. 2015). The transformation assay was
conducted using watermelon inbred lines YL. Positive plants
were screened using a handheld fluorescence analyzer, and
confirming the editing form through Sanger sequencing.
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2.9. RNA-seq analysis

The leaves from the 10th node of G42 and PKH352 were
collected at 30 d after planting to construct RNA-seq library,
separately. Three biological replicates were performed for
each material (Liu et al. 2020). The RNA-seq libraries were
sequenced on an lllumina HiSeqTM 4000 platform (Biomarker
Technologies, Beijing, China). The adaptor sequences
containing N and low-quality reads were filtered and removed
using Fastp, and the clean reads were mapped to the
watermelon reference genome use hisat2, and the read
numbers of annotated genes were counted by featureCounts.
DEGs between PKH352 and G42 were identified using the
DESeq2 package in R with a corrected P-adjust<0.05. The
DEGs were validated in the leaves of PKH352 and G42 using
RT-gPCR. GO and KEGG functional enrichment analysis of
the common differentially expressed genes was performed
using TBtools software (Chen et al. 2020). The GO and
KEGG enrichment results were visualized through the online
website Weishengxin (Tang et al. 2023).

3. Results
3.1. Phenotypic and genetic analysis of yellow-green
mutant PKH352

We identified a chlorophyll-deficient mutant, PKH352, from
an EMS mutagenesis library of watermelon inbred line G42.

G42 PKH352 G42

This mutant exhibited yellow-green color in its aboveground
organs throughout the entire growth cycle. Furthermore, the
PKH352 mutant was slightly smaller than G42, producing
smaller fruits with a lighter green skin color (Fig. 1-A, B and H).
Compared to the wild-type G42, the mutant PKH352 showed
significantly lower levels of chlorophyll (-59%) and carotenoid
(—40%) content (Fig. 1-1), as well as a 28% reduction in the
maximal photochemical efficiency (F,/F,) (Fig. 1-C and J).
These results suggest that the reduced pigment content in
PKH352 leads to significant impairment of its photosynthetic
capacity. To further investigate the cytological structure for
the decreased pigment content in PKH352, we observed
the morphology and number of chloroplasts in mesophyll
cells from G42 and PKH352 using transmission electron
microscopy. The results showed that the chloroplasts in G42
were evenly distributed and exhibited normal development.
In contrast, the chloroplasts in PKH352 displayed structural
abnormalities, including a distorted thylakoid membrane
system and a significantly lower number of chloroplasts
(Fig. 1-D-G and K).

To genetically characterize the yellow-green phenotype in
PKH352, we crossed PKH352 with G42 to generate F, plants.
All F, plants exhibited a normal green phenotype similar to
G42. Subsequently, the F, generation was produced by self-
crossing of F, plants. Among 440 F, plants, 332 displayed
a green phenotype, while 108 exhibited a yellow-green
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Fig. 1 Phenotype characterization of the wild-type G42 and PKH352 mutant plants. A and B, phenotypes of G42 and PKH352 at
15 and 45 d after seeding. Scale bars, 5 cm. C, images showing the maximal photochemical efficiency (F /F ) from G42 and PKH352.
Scale bars, 5 cm. D-G, transmission electron micrographs of leaves from G42 and PKH352. Chl, chloroplast; P, osmiophilic granules;
SG, starch grains; TGS, thylakoid granum stacks. Cell Scale bars, 2 um. Choroplast scale bars, 500 nm. H, fruits from G42 and PKH352.
Scale bars, 5 cm. |, chlorophyll and carotenoid content of leaves from G42 and PKH352. J, comparison of the maximal photochemical
efficiency (F /F, ) of leaves between G42 and PKH352. K, comparison of chloroplast number of per leaf cell between G42 and PKH352.

Data were shown as meanstSD (n=3). ~, P-value<0.01.



Shixiang Duan et al. / Journal of Integrative Agriculture 2026, 25(9): 3725-3735 3729

phenotype, which fit to a segregation ratio of 3:1, indicating
that the yellow-green phenotype in PKH352 is controlled by
a single recessive gene (Appendix B). We designated this
causal locus as Clygp.

3.2. Fine mapping of the Clygp gene

To rapidly map the Clygp locus, MutMap analysis was
performed mapping through the F, population. We selected
25 plants with the yellow-green phenotype at random from
the F, population for pooling into mutant pool. Genomic
DNA from the mutant pool and the wild-type parental lines
G42 were used for paired-end library construction and next-
generation sequencing. Each library was sequenced at
a depth of 50%x genome coverage. A total of 38.86 Gb of
clean data were generated and mapped to the watermelon
reference genome ‘G42’, with over 95% of short reads
successfully aligned (Appendix C). A total of 9,441 SNPs
and InDels were detected. To further identify the genomic
region associated with the Clygp locus, we analyzed the
A(SNP-index) values between the mutant pool and G42. The
results revealed a significant peak on the terminal region of
chromosome 4, which exceeded the threshold value and
approached 1.00 (Fig. 2-A).

To fine-map the Clygp locus, we designed dCAPS

molecular markers based on identified SNP loci around the
peak region. A total of four dCAPS markers were designed
to construct linkage map for Clygp in a small F, population
containing 140 plants. The Clygp locus was mapped
between dCAPS2 and dCAPS3, defining a candidate region
of 1.89 Mb (24,027,844 —25,921,902). Within this region,
only one SNP (24,866,058: G>A) was identified as differing
between the mutant pool and the G42. Based on this SNP,
dCAPS5 was developed and shown to co-segregate with the
yellow-green phenotype in the small F, population (Fig. 2-B).
Further genotyping of all F, plants using dCAPS5 confirmed
its complete co-segregation with the yellow-green phenotype
(Appendix D). These results suggest that this SNP is the
causal mutation underlying the yellow-green phenotype in
PKH352.

According to the annotation of the watermelon reference
genome, the SNP (24866058) was located in the coding
sequence of C/IG42_049g0106300. The full length of
CIG42_0490106300 is 6,705 bp, consisting of 15 exons.
The single nucleotide substitution from C to T at the base
6,191 in the 13th exon introduced a premature stop codon,
leading to a truncated protein with a loss of 85 amino acids
(Fig. 2-C; Appendix E). These results suggest that the
CIG42_049g0106300 is the candidate gene of Clygp.
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3.3. Analysis of the CIYGP in watermelon

The CIYGP gene encodes cpSRP54 protein. According to
previous studies, cpSRP54 binds to the chloroplast-specific
protein cpSRP43 to form a complex, which mediates the
targeting of light-harvesting complex (LHC) proteins to the
thylakoid membrane. To better understand the genetic and
functional conservation of cpSRP54 across species. We
conducted a BLAST analysis to identify homologous proteins
in various crop species, including model crops (Arabidopsis),
field crops (maize, rice, wheat, soybean), and horticultural
crops (tomato, cucumber, and melon), using the amino acid
sequence of CIYGP (Appendix F). Amino acid sequence
alignment revealed that all homologous genes exhibit high
similarity and include the same structural domain (Appendix
G). Phylogenetic analysis revealed that the ortholog genes of
all monocotyledons are clustered together, while the ortholog
genes of dicotyledons are located in an outer branch. The
highest similarity of orthologs in watermelon, melon, and
cucumber is concentrated in the same small branch, and
all are single-copy genes (Fig. 3-C). In Arabidopsis, the
homolog of CIYGP, AT56G03940, is essential for chloroplast
development. Mutations in AT56G03940 result in impaired
chloroplast development and pale-green leaves. This
suggested that CIYGP might have similar functions to that of
other cpSRP54 proteins in watermelon.

To clarify the expression pattern of C/YGP in watermelon,
we analyzed its expression levels in different tissues of
PKH352 and G42 using qRT-PCR. CIYGP was highly
expressed in leaves and fruits, with higher expression levels
in G42 compared to PKH352 across all tissues (Fig. 3-A).
Furthermore, to determine the subcellular localization of
CIYGP, we constructed its full-length CDS into a 1300
subcellular localization vector and transiently expressed it

A C

W G42

14 M PKH352 I Signal peptide binging domain
[ GTPase domain
B SRP54_N_2

Relative expression

Root Stem Flower Leaf Fruit

35S:GFP

in tobacco mesophyll cells. Under confocal microscopy, the
GFP fluorescence of CIYGP overlapped with chlorophyll
autofluorescence, confirming localization of the CIYGP
protein in chloroplasts (Fig. 3-B). These findings suggest that
CIYGP plays a significant role in chloroplast-related functions
in watermelon.

3.4. Functional validation of the C/IYGP gene

To further verify if the CIYGP is the causal gene controlling
the yellow-green phenotype in watermelon, we designed
two target sites within the 3rd and 4th exons of C/YGP and
employed the CRISPR/Cas9 system to knock out the gene
in the wild-type YL background. Fortunately, we successfully
obtained two homozygous knockout lines with distinct edited
genotypes. The CR-1 line carried a 34 bp deletion at target 1,
while the CR-2 line had a 195 bp deletion between target 1
and target 2. These mutations resulted in truncated proteins
of 116 and 115 amino acids in CR-1 and CR-2, respectively
(Fig. 4-A).

Both the CR-1 and CR-2 lines exhibited a yellow-
green phenotype in aboveground organs, similar to the
PKH352 mutant (Fig. 4-B). They showed significantly lower
chlorophyll content (CR-1: =51%, CR-2: —-58%) and reduced
maximal photochemical efficiency (F,/F,) (CR-1: —=24%, CR-
2: —25%) compared to the control plants (Fig. 4-C, J and K).
Furthermore, transmission electron microscopy of leaves
revealed a significant decrease in chloroplast number and
compromised thylakoid membranes in the knockout lines
(Fig. 4-D-1 and L). These results demonstrate that C/IYGP
affects chlorophyll accumulation in watermelon by regulating
chloroplast development, further confirming that Clygp is
the causal gene controlling the yellow-green phenotype in
watermelon.
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in different tissues from PKH352 and G42. B, subcellular localization of the CIYGP protein. C, phylogenetic tree of the CIYGP protein
with the homologous proteins from other plant species. The blue branch denotes monocotyledonous plants, whereas the yellow branch

denotes dicotyledonous plants.



Shixiang Duan et al. / Journal of Integrative Agriculture 2026, 25(9): 3725-3735 3731

A BB i

Target 1

rget 2

GGAGCCGATGCGAGATATT

N

TCCTGTTGTACGAAGGTTT!

d"
d'

I
=340y

SICCTGTTGTACGAAGGTTT!

—

e o Qo
> o o®
1

o
N}

Chlorophll content (mg g~')
H

Chla Chl b Chl Caro CK

o

TCCTGTTGTACGAAGETTT!
AAA S A A AN -‘Hr_ 572 aa

116 aa

115 aa

Number of chloroplast
N

CR-1 CR-2 CK CR-1 CR-2

Fig. 4 Phenotypic characterization of C/IYGP gene knockout lines and wild-type plants. A, mutation types in two C/YGP knockout
lines. B, phenotypes. Scale bars, 5 cm. C, images showing the maximal photochemical efficiency (F /F_ ). Scale bars, 5 cm. D-l,
transmission electron micrographs of leaves. Chl, chloroplast; P, osmiophilic granules; SG, starch grains; TGS, thylakoid granum stacks.
Scale bars, 2 um. J, chlorophyll and carotenoid contents of leaves. K, comparison of F /F_ of leaves. L, chloroplast number of per leaf

cell. Data were shown as means+SD (n=3). ”, P-value<0.01.

3.5. Transcriptomic analysis of C/IYGP regulated yel-
low-green phenotype in watermelon

To understand the molecular mechanism by which the CIYGP
gene regulates yellow-green phenotype in watermelon, we
performed transcriptome sequencing on leaves of PKH352
and G42, with three biological replicates per group. A total
of 41.96 Gb of clean data was obtained, with an average of
6.99 Gb per sample. The alignment rate of all samples to
the reference genome exceeded 94% (Appendix C). PCA
showed high reproducibility among the biological replicates
and significant differences between the two groups (Fig. 5-A).

Analysis of annotated gene expression levels revealed
1,924 differentially expressed genes (DEGs) in PKH352
compared to G42, including 1,165 up-regulated and 759
down-regulated genes (Fig. 5-B; Appendix H). Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analyses indicated that the
majority of DEGs were associated with chlorophyll synthesis
and thylakoid development. Additionally, the DEGs were
enriched in pathways related to Pentose phosphate pathway,
Citrate cycle (TCA cycle), and photosystem functions.
Specifically, KEGG enrichment analysis highlighted pathways
such as Pentose phosphate pathway and Citrate cycle
(TCA cycle) (Fig. 5-C). GO enrichment analysis showed
that the cellular component category included chloroplast
(G0O:0009840) and thylakoid (G0O:0031977), and the
biological process category involved chloroplast rRNA

processing (G0O:1901259), thylakoid membrane organization
(G0:0010027), and photosystem assembly (GO:0048564
and G0:0010207) (Fig. 5-D; Appendix I).

We further analyzed DEGs involved in chloroplast
development and photosynthesis. Genes encoding zinc
metalloproteases EGY1 and EGY2 (related to chloroplast
development) and ATP-dependent zinc metalloproteases
FTSH2 and FTSH12 (related to thylakoids) were upregulated
in the mutant. Additionally, light-harvesting complex
proteins (LHCA, LHCB, and LHCP), which are involved
in light harvesting, were also upregulated. Conversely,
transcription factors such as MYB and APRR2, which
regulate chlorophyll biosynthesis, and chloroplastic-like FAD5
were downregulated in the mutant. Furthermore, the target
gene, CIG42_04g0106300, was significantly downregulated
in the transcriptome (Fig. 5-E). The expression patterns of
these genes were further validated by qRT-PCR, confirming
consistency with the transcriptome data (Fig. 6). These
results demonstrate that C/YGP is required for efficient
translational targeting of several central photosynthetic
proteins. It plays a critical role in regulating chloroplast
development and photosynthesis-related pathway genes.

4. Discussion
4.1. ldentification and map-based cloning of a novel
leaf color mutant in watermelon

Leaf color mutants not only affect chlorophyll content but
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Fig. 5 Transcriptomic analysis of leaves from PKH352 and G42. A, principal component analysis of each sample. B, differentially
expressed genes (DEGs) between PKH352 and G42. C, Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of
DEGs. D, Gene Ontology (GO) enrichment analysis of DEGs. E, heatmap of genes related to chloroplast development among DEGs.

also influence photosynthetic capacity, making them ideal
materials for studying photosynthesis mechanisms and
chloroplast biosynthesis (Li Q L et al. 2022). In-depth
research on leaf color mutants can facilitate the breeding
of varieties with high photosynthetic efficiency (Zhang et al.
2021; Cutolo et al. 2023). In recent years, many leaf color
mutants have been identified, and their target genes have
been cloned in various species (He et al. 2023; Ma et al.
2023; Lu et al. 2024; Pan et al. 2024). Although leaf color
mutants are common in nature, reports on naturally occurring
leaf color mutants in watermelon are scarce. To date, only
two mutants, w-yl and dg, have undergone gene mapping (Zhu
et al. 2022; Gebremeskel et al. 2023).

In this study, we identified a yellow-green phenotype
mutant, PKH352, from the M2 generation of EMS-mutagenized
watermelon cultivar line G42. Phenotypic analysis showed
that PKH352 is a chlorophyll-deficient mutant with reduced
photosynthetic capacity. Cytological analysis revealed that
the primary cause of the phenotype is incomplete chloroplast

development and a reduced number of chloroplasts (Fig. 1).
This observation is similar to the yellow-green plant mutant,
NSL73046, in melon and the yellow leaf mutant, yy/-1, in
cucumber (Hu et al. 2020; Yang S et al. 2023). Genetic
analysis of the F, population derived from crossing PKH352
and G42 revealed that the yellow-green phenotype in
PKH352 is controlled by a recessive mutated nuclear gene,
Clygp. MutMap and linking analysis demonstrated that
CIG42_0490106300, encoding signal recognition particle
54 kDa protein (cpSRP54), is the target gene for Clygp (Fig. 2).
A SNP (C>T) mutation in the encoding sequence, causing
premature termination of amino acid translation, is responsible
for the yellow-green leaf phenotype in PKH352, which has
been further validated through CRISPR-Cas9-mediated gene
editing in watermelon. A dCAPS marker was development
base on this SNP showed complete co-segregation with the
yellow-green plants in F, population (Appendix D), which will
be highly useful in marker-assisted selection as the basis for
genome selection breeding in watermelon.
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Fig. 6 RNA-seq results were validated using qRT-PCR.

4.2. The C-terminal structure of cpSRP54 is essential
for its function

Conserved domains in genes are particularly important for
maintaining gene function. These domains often serve
as critical regions for protein—protein or protein—molecule
interactions, ensuring the stability and efficiency of complex
biological processes and signal transduction networks within
organisms (Rocha et al. 2023). Mutations in the conserved
regions of coding genes frequently have significant impacts
on gene function. For example, a C>T point mutation in the
BrFLS gene results in truncation of the BrFLS protein and the
loss of the C-terminal conserved 20G-Fell_Oxy functional
domain, leading to abnormal anthocyanin accumulation
in Chinese cabbage (Yue et al. 2024). In rice, the adaxial
curled leaf mutant cul1-1 is caused by a single base pair
substitution (G>A) at 612 bp in exon 5. This mutation disrupts
the conserved Chromo | domain of the CHD protein (Yang
et al. 2025). In this study, amino acid sequence comparison
between Clygp and its homologous genes in other species
revealed that all homologs contain conserved NG structures
and unique C-terminal structures (Appendix G).

In Arabidopsis thaliana, the yellow-green mutant pga is
caused by a single SNP (G>A) mutation in the cpSRP54
gene, resulting in a nonsense mutation at the 89th amino acid
residue of the cpSRP54 protein. This mutation results in the
loss of 475 amino acids, disrupting the NG domain and the
unique C-terminal structure (Lei et al. 2023). Although the
yellow-green mutant PKH352 is also caused by a single SNP
mutation in cpSRP54, Notable, The SNP (C>T) occurs at the
end of the coding sequence and causes the 488th amino acid

to be converted into a stop codon. As a result, the cpSRP54
protein in PKH352 loses only 85 amino acids at the C-terminus.
This truncation affects only the unique C-terminal structure
but does not disrupt the preceding NG domain (Appendix
E). Although the two mutations have different effects on the
structure of the cpSRP54 protein, both the PKH352 and pga
mutants exhibit the same yellowing phenotype. In summary,
it is suggested that the C-terminal structure of SRP54 play an
importance role for its normal function.

4.3. The cpSRP54 plays a central role in chloroplast
development and photosynthetic pathways

The cpSRP54 protein is an essential component of the
chloroplast-specific signal recognition particle (cpSRP)
pathway, it forms a stable heterodimer with the chloroplast-
specific cpSRP43 (Jeong et al. 2017). This heterodimer
is responsible for targeting light-harvesting complex (LHC)
proteins to the thylakoid membranes. This regulatory
mechanism has been confirmed in Arabidopsis, rice, and
cucumber (Zhang et al. 2022, 2025; Ji et al. 2023). However,
whether the cpSRP54 gene is related to other genes
remains to be further investigated. In our study, PKH352,
as a cpSRP54 mutant, serves as a valuable material for
investigating the regulatory mechanism of cpSRP54. RNA-
seq analysis comparing PKH352 and G42 revealed that
a large number DEGs are associated with chloroplast
development. Among these DEGs, the LHC gene was
significantly upregulated in the mutant. This upregulation may
be attributed to the cpSRP54 mutation impairing the transport
of LHC proteins to thylakoids. Similarly, upregulation of LHCs
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gene expression has also been observed in the yellowing
mutant R24 of pepper and the yellow-green leaf mutant yg/9
of rice. Since LHC proteins are major components of the
thylakoid membrane structure, the reduced content of LHC
proteins on thylakoids results in developmental defects in the
thylakoids of the PKH352 mutant. We also find genes such
as EGY1, EGY2, FTSH2, and FTSH12, which are associated
with chloroplast thylakoid membrane development, were
significantly differentially expressed in the mutant (Figs. 5
and 6). These findings suggest that cpSRP54 may be
involved in the regulation of these genes, similar to its role
in regulating the LHCs gene. Additionally, GO enrichment
analysis showed the DEGs were significantly enriched in
the assembly process of photosystem | and photosystem
Il (Fig. 5-D). These findings indicate that cpSRP54
affects the expression of genes associated with these key
photosynthetic pathways, which likely contributes to the
significantly reduced photosynthetic capacity in the PKH352
mutant. Taken together, these results collectively indicate
that cpSRP54 plays a critical role in chloroplast development
and photosynthesis.

5. Conclusion

This study focused on investigating the watermelon
material PKH352, which exhibits yellow-green coloration
in its above-ground organs, accompanied by reduced
chlorophyll content and lower maximal photochemical
efficiency. Our findings revealed that this particular trait is
closely associated with an irregular chloroplast structure
at the molecular level, and its inheritance is governed by a
single recessive gene, name Clygp. Using the map-based
cloning method, C/IG42_04g0106300 as the candidate
gene for Clygp, which encodes a signal recognition particle
54 kDa protein (cpSRP54). Further validation using a
CRISPR/Cas9-mediated system confirmed that knockout of
CIG42_0490106300 results in the yellow-green phenotype in
watermelon. In addition, comparative transcriptomic analysis
revealed that the CICG03G010030 gene plays a critical role
in regulating chloroplast development and photosynthetic
pathways modulating the expression of related genes.
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