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A comprehensive transcriptome analysis reveals the key
mechanism related to leaf colour variation in a xantha mutant
of Cucumis melo L.

Qin Shao*", Wenjun Zhang, Xin Zhong, Na Chen?, Liangliang Liu?, Weihai Yang® and Xiaopeng Li*

Abstract

This study aimed to investigate the key mechanisms underlying variation in leaf colour in the xantha mutant of Cucumis melo. The
normal green C. melo inbred line ‘Baishami NO.1’ (wild type) and its spontaneous mutant’ 9388-1’ (xantha mutant) were collected. A
comprehensive transcriptome analysis was conducted to identify differentially expressed genes (DEGs) between wild-type and xantha
mutant C. melo in both the cotyledon and euphylla stages. A functional enrichment analysis, transcription factor (TF) prediction and a
protein-protein interaction (PPI) network analysis for differentially expressed genes (DEGs) were subsequently conducted. In total, 234
up- and 551 down-regulated common DEGs in both the cotyledon and euphylla stages of xantha mutant C. melo were identified. These
DEGs were significantly enriched in functions or pathways associated with photosynthesis and chloroplast development. Moreover, 18
common DEGs were identified as TFs that belonged to the ERF family. Notably, the photosynthesis-related gene MELO3C010813 (ZAT10)
that was identified was also found to be a TF that belongs to the ethylene response factor family. A PPl network analysis showed that
MELO3C023986 had the highest with TOP2 in Arabidopsis thaliana, and our findings revealed that expression of the xantha mutant
phenotype may be associated with the abnormal expression of ZAT10, MAPK3, CRD1, PORA and ERF TFs, as well as the dysregulation of

photosynthesis and chloroplast development.
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Introduction

Leaf-colour mutants commonly occur among in higher
plants, and they have been identified in a wide variety of
crops, including rice (Oryza sativa) (Dend et al. 2017;Cher et
al. 2018), maize (Zea mays) (Yang et al. 2012; Yuan et al. 2021),
wheat (Triticum aestivum L.) (Wu et al. 2018) and strawberry
(Fragariaxananassa Duch.) (Peng et al. 2025).

Chlorophylls, carotenoids and anthocyanins are the main
pigment classes that affect the formation of leaf colour. A
defect in the metabolism of photosynthetic pigments is
considered to be a common cause of leaf-colour mutant
phenotypes (Ma et al. 2017; Huang et al. 2024). Hu et al.
(2007) revealed that the ratio of chlorophyll/carotenoids,
as well as the contents of chlorophyll, in golden leaves
increase as the position of leaf becomes lower on the plant.
In addition, chlorophyll is the primary photosynthetic
pigment, responsible for harvesting solar energy in the
antenna systems and driving electron transport in the
reaction centers (Tanaka and Tanaka, 2006; Wang et al. 2024).
Furthermore, an additional transcriptome profiling analysis
revealed that the expression of some unigenes that belong
to the chlorophyll A/B binding protein (CAB) and golden
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Fig. 1. Phenotypes of the plant materials. (A) Cotyledon of the wild
type ‘Baishami NO.1’ (B) Cotyledon of the xantha mutant’ 9388-1’;
(C) Seedling of ‘Baishami NO.1" and ‘9388-1’; (D) flowering period of
'9388-1;(E)flowering and fruiting period of ‘BaishamiNO.1'and‘9388-1"

2-like (GLK) gene families are associated with chloroplast
development, and these genes may affect leaf colour via
the regulation of chloroplast biogenesis and development,
and chlorophyll metabolism, and subsequent reduction
in the content of chlorophyll and photosynthetic capacity
(Li et al. 2015; Fang et al. 2024). Previous studies indicated
that the leaf colour yellowing phenotype of cucumber
mutant’ 9388-1" might have been caused by chloroplast
development defects (Shao and Yu 2013). Nevertheless,
the molecular mechanism that underlies the formation of
leaf colour mutant phenotypes remains largely unknown.

To discover candidate genes related to leaf colour in
xantha mutant C. melo, we performed a comprehensive
transcriptome analysis to identify differentially expressed
genes (DEGs) between wild-type and xantha mutant
C. melo in both the cotyledon and euphylla stages. A
functional enrichment analysis, transcription factor (TF)
prediction and protein-protein interaction (PPI) network
analysis were subsequently conducted. The results of
this study will facilitate a better understanding of the
mechanisms underlying mutant phenotypes, enabling a
deeper understanding of photosynthetic and physiological
processes in plants.

Materials and methods

Plant material

The standard green C. melo inbred line ‘Baishami NO. 1" was
used as the wild-type (WT) background. The spontaneous
mutant’ 9388-1" was used as the xantha mutant (Fig. 1). All
C. melo plants were grown in a Phytotron at 28/20°C (day/
night) under a 16h illumination time with a light density of
25,000 Lux. The cotyledons (TO1 and T02) and the euphyllas
(TO3 and T04) of the WT and xantha C. melo were then
collected. Biological replicates were performed three times,
respectively.

RNA isolation, cDNA library construction and
sequencing

Total RNA was extracted from the cotyledon and euphylla
of the WT and xantha mutant lines of C. melo using an
RNAiso Plus Kit (TaKaRa Bio Inc., Shiga, Japan). The purity,
concentration and integrity of each RNA sample were
detected using a NanoDrop spectrophotometer (Nanodrop
Technologies, Waltham, MA, USA), a Qubit 2.0 fluorometer
(Life Technologies Group, Carlsbad, CA, USA), and an
Agilent 2100 bioanalyzer (Agilent Technologies, Santa
Clara, CA, USA), respectively. The mRNA was isolated from
the total RNA using oligo (dT) magnetic beads and then
cleaved into short fragments as templates for the synthesis
of first-strand cDNA based on random hexamer primers.
Subsequently, double-stranded cDNA was synthesized and
subjected to end repair, dA tailing and adaptor ligation.
The products were then size-selected using AMPure XP
beads (Agencourt Bioscience Corporation, Beverly, MA,
USA) and enriched by PCR to construct the cDNA library.
The established cDNA libraries were then quantified
and validated using a Qubit 2.0 fluorometer and Agilent
2100 bioanalyzer, followed by sequencing on an lllumina
HiSeqTM 2500 platform (Illumina, Inc., San Diego, CA, USA)
using 125 bp paired-end reads.

Quality control, read mapping, transcriptome
assembly and annotation

Quality control for the raw reads was performed to remove
adapter sequences and low-quality reads, thereby obtaining
clean reads. The clean reads were subsequently aligned to
the reference C. melo genome (https://melonomics.net/
files/Genome/Melon_genome_v3. 5.1/) to obtain mapped
reads using TopHat 2v. 2.1.1 (Kim et al. 2013), followed by the
calculation of the read mapped ratio, defined as the ratio
of the number of mapped reads to the number of clean
reads. The mapped reads were then assembled using the
Cufflinks package (release 0.8.2) (http://cufflinks.cbcb.umd.
edu/) (Trapnell et al. 2010). Gene function annotation was
then conducted using BLAST software searches against the
C. melo database et al. 1997). To calculate gene
expression level, the number of mapped reads and the
length of transcripts were homogenized based on fragments
per kilo-base of transcript per million fragments mapped
(FPKM), as calculated using the Cufflinks package.

DEGs selection

The DEGs inthe T02 vs TO1 comparison, as well as the T04 vs
T03 comparison, were identified, respectively, using EBSeq
(Leng et al. 2013). The P value threshold for differential
expression was adjusted according to the false discovery
rate (FDR) using the and Hochberg (BH) method
(Benjamini and Hochberg 1995). The genes with values of
FDR <0.01 and |log2 fold change (FC)| =1 were considered
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to be DEGs. To mine the DEGs that had the same changes
in expression in the T02 vs TO1 and T04 vs TO3 comparisons,
we constructed Venn diagrams using VennPlex software
(http://www.irp.nia.nih.gov/bioinformatics/vennplex.html)
to identify common DEGs @ et al. 2013).

Functional annotation, enrichment analysis and TF
prediction

To better understand the function of DEGs, the DEGs
identified in different groups were then subjected to Gene
Ontology (GO, http://www.geneontology.org/) function and
Kyoto Encyclopedia of Genes and Genomes (KEGG, http://
www.genome.jp/kegg/) pathway enrichment analyses using
Cluster Profiler (Yu et al. 2012). The threshold value was
established as p < 0.05. As TFs are involved in plant growth
and development, the TFs among the common DEGs were
also predicted using the Plant Transcription Factor Database
(plant TFDB).

Construction of the PPl network

The PPI pairs of common DEGs were extracted from STRING
version 10.5 (Szklarczyk et al. 2017) (http://string-db.org/).
Because no data corresponded to C. melo in the STRING
database, soybean (Glycine max), which has a genome
sequence with high homology to that of C. melo and a
relatively closer homologous relationship, was selected
for analysis. Briefly, we downloaded protein sequences
of soybean from the STRING database and then used
them for BLAST analysis against C. melo proteins to infer
the corresponding relationship of genes between these
two species. The PPl pairs between genes were then
predicted with Required Confidence (combined score) >
0.5. Subsequently, the PPl network was constructed using
Cytoscape version 3.6.0 (Shannon et al. 2003) (http:/www.
gene names.org/). The hub node was then identified by
calculating the degree score. A higher degree score indicates
a more important location in the network.

Results and discussion

Quality control and read mapping

After quality control to filter out the adapter sequences
and low-quality reads, a total of 33.59 Gb clean data were
obtained, and the percentage of base calls greater than
Q30 for TO1, T02, TO3 and T04 were 85.32, 86.03, 85.89, and

86.50%, respectively. In addition, after mapping reads to
the reference genome of C. melo, the mapped read rates
of all the samples were as high as 86.42%, and the unique
mapped rates were greater than 84.60% (Table 1).

DEG analysis

Gene expression levels were calculated as FPKM values. For
cut-off values of FDR <0.01 and |log2 FC| =1, 1,165 up- and
1,661 down-regulated genes were identified in the T02
vs TOT comparison, respectively, and 812 up- and 1,774
down-regulated genes were identified in the T04 vs T03
comparison, respectively. Furthermore, the Venn diagram
showed that there were 234 up- and 551 down-regulated
common DEGs in both the T02 vs TOT and T04 vs T03
comparisons (Fig. 2).

Functional enrichment analysis

The significantly enriched top 10 GO terms among biological
process (BP), cellular component (CC) and molecular
function (MF) terms are displayed in Figs. 3, 4 and 5,
respectively. In detail, the DEGs identified from the T02 vs
TO1 comparison were significantly enriched in GO BP terms
associated with response to GO:1901700: oxygen-containing
compound, GO:0072330: monocarboxylic acid biosynthetic
process, and GO:0009765: photosynthesis, light harvesting;
GO CC terms related to GO:0009536: plastid, GO: 0009507:
chloroplast, and GO:0009534: chloroplast thylakoid; GO MF
terms associated with GO:0016491: oxidoreductase activity,

T02-vs—T01-down

T04-vs-TO03-up

L T04-vs-T03-down

Fig. 2. Venn diagram of differentially expressed genes between wide
type and xantha mutant of Cucumis melo in both cotyledon and
euphylla stages.The cotyledon (T01 and T02) and the euphylla (T03 and
T04) of the wild type and xantha of C. melo were respectively collected.

T02-vs-TOl-up

Table 1. The transcriptome sequencing data statistics of all C. melo sample

Sample ID Total reads Base Number  %=Q30 Mappedreads ~ Mapped ratio  Unique mapped Unique mapped
reads ratio

TO1 67,532,718 8,505,574,224 85.32% 58,360,309 86.42% 57,135,785 84.60%

T02 70,260,826 8,847,795,670 86.03% 61,255,154 87.18% 60,018,378 85.42%

TO3 59,832,708 7,534,935906 85.89% 52,447,909 87.66% 51,667,243 86.35%

TO4 69,126,336 8,705,241,063 86.50% 60,481,079 87.49% 59,883,511 86.63%
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Fig. 3. The top 10 GO terms in biological process (BP) enriched by differentially expressed genes identified from T02
vs TO1 comparison, T04 vs TO3 group, and both T02 vsTO1 and T04 vs TO3 comparison.
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Fig. 4. The top 10 GO terms in cellular component (CC) enriched by differentially expressed genes identified from T02 vs TOT comparison, T04 vs
T03 comparison, and both T02 vs TO1 and T04 vs T03 comparison
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Fig. 5. The top 20 GO terms in molecular function (MF) enriched by differentially expressed genes identified from T02
vs TO1 comparison, T04 vs TO3 comparison, and both T02 vs TO1 and T04 vs TO3 comparison.

GO:0046906: tetrapyrrole binding, and GO:0016829: lyase
activity.

The DEGs identified from the T04 vs T03 comparison
were remarkably enriched in GO BP terms closely related
to GO:0044699: single-organism process, GO:0015979:
photosynthesis, and GO:0009765: photosynthesis, light
harvesting; GO CC terms associated with GO:0009536: plastid,
GO0:0009579: thylakoid, and GO:0034357: photosynthetic
membrane; GO MF terms associated with GO:0016491:
oxidoreductase activity, GO:0004497: monooxygenase
activity, and GO:0046906: tetrapyrrole binding.

The common DEGs identified from both the T02 vs
TO1 and T04 vs T03 groups had GO BP terms relatively
significantly enriched in GO:0015979: photosynthesis,
G0:0019684: photosynthesis, light reaction, and GO:0009765:
photosynthesis, light harvesting; GO CC terms associated
with GO:0055035: plastid thylakoid membrane, GO:0031976:
plastid thylakoid, GO:0009534: chloroplast thylakoid, and
GO0:0009535: chloroplast thylakoid membrane; GO MF
terms connected with GO:0046906: tetrapyrrole binding,
G0:0016168: chlorophyll-binding, and GO:0004601:
peroxidase activity.

Notably, based on the enriched GO functions, key
DEGs associated with photosynthesis were identified,
such as MELO3C010813 (zinc finger protein ZAT10) and
MELO3C020718 (mitogen-activated protein kinase 3, MAPK3),

and some DEGs associated with the chloroplast were also
identified, including MELO3C026802 (cyclase, chloroplastic
(Precursor), CRD1) and MELO3C016714 (protochlorophyllide
reductase, chloroplastic (Precursor), PORA).

Furthermore, the top 10 KEGG pathways enriched by
the DEGs in each comparison are also shown in Fig. 6,
which shows the overrepresented KEGG pathways
enriched by DEGs identified from the T02 vs TO1 and
T04 vs T03 comparisons, both of which include ko00195:
photosynthesis, ko00196: photosynthesis antenna proteins,
and ko04075: plant hormone signal transduction.

TF prediction analysis

To better understand the function of common differentially
expressed genes (DEGs) in plant growth and development,
the transcription factors (TFs) that shared these DEGs were
predicted. Eighteen shared DEGs were TFs, which belonged
to 11 TF families (Table 2). Notably, MELO3C005502,
MELO3C005867, MELO3C006430, MELO3C012896, and
MELO3C017940, which all belong to the ERF family, were
identified. In addition, the photosynthesis-related gene
MELO3C010813 was also identified as a TF, and it belongs
to the ethylene response factor family.

PPI analysis
Based on the STRING database, the PPl network constructed
using common differentially expressed genes (DEGs)
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Fig. 6. The top 10 KEGG pathways enriched by differentially expressed genes identified from T02 vs TOT comparison, T04 vs TO3 comparison, and

both T02 vs TO1 and T04 vsTO3 comparison

contained 275 nodes and 1,330 edges (Supplementary
Fig. 1). After calculating the degree score, the top 10
hub nodes in the PPl network were identified, including
MELO3C023986 (up-regulated, degree=63), MELO3C015414
(down-regulated, degree=53), MELO3C003487 (down-
regulated, degree=51), MELO3C017200 (down-regulated,
degree=51), MELO3C017059 (up-regulated, degree=51),
MELO3C025274 (up-regulated, degree=49), MELO3C005479
(up-regulated, degree=43), MELO3C003101 (up-regulated,
degree=42), MELO3C009486 (up-regulated, degree=42),and
MELO3C017066 (up-regulated, degree=42).

Leaf colour mutants have been identified in many
higher plants (Wan et al. 2015; Li et al. 2024; Li et al. 2025).
However, there have been few reports on leaf colour
mutants of C. melo and even fewer on the corresponding
leaf colour genes (Zhao et al. 2019; @ et al. 2023). In this
study, a transcriptome sequence analysis showed that the
DEGs identified from xantha mutant of C. melo in both the
cotyledon and euphylla stages were significantly enriched
in functions or pathways associated with photosynthesis
(i.e., the MELO3C010813 (ZAT10) and MELO3C020718
(MAPK3) genes) and chloroplast development (i.e., the
MELO3C026802 (CRDT) and MELO3C016714 (PORA) genes).
Moreover, 18 common DEGs were identified to be TFs,
including MELO3C005502, MELO3C005867, MELO3C006430,
MELO3C012896, and MELO3C017940, which all belong to the
ERF family. Notably, the identified photosynthesis-related
gene MELO3C010813, which is also a transcription factor
(TF), belongs to the ethylene response factor family. These

findings merit further analysis.

Accumulating evidence has highlighted the fact that
chlorophyll metabolism and chloroplast development
affect the development of chlorotic leaves in crops. For
example, the related genes OsABCl7and OsHCF222 play
important roles in chloroplast development in rice (Heet
al. 2020), and psbA, TOX and VDE are also critical to the
phenotype of albino tea (Du et al. 2009; Zeng et al. 2017).
In all chloroplasts, the thylakoid membrane is interspersed
with pigments, proteins, and other components that
are essential to photosynthesis (Fitter 2002). It has been
reported that the altered expression of many chloroplast and
nuclear genes may affect the biogenesis of chloroplasts and
subsequent chlorophyll metabolism, resulting in abnormal
leaf colour (Yang et al. 2015; Huo et al. 2024). Other studies
have also confirmed that the expression of genes related
to chlorophyll biosynthesis and chloroplast development
is consistently altered in leaf colour mutants (Wu et al.
2007; Su et al. 2012; Zhong et al. 2023). In this study, we
also found that DEGs identified from xantha mutant of C.
melo were enriched in functions or pathways associated
with photosynthesis and chloroplast development, such
as photosynthesis, light harvesting and reaction, plastid
thylakoid membrane, plastid thylakoid, chloroplast
thylakoid, and chloroplast thylakoid membrane. Therefore,
we hypothesize that the dysregulation of photosynthesis
and chloroplast development may be associated with the
development of xantha mutant phenotypes.

Notably, based on the enriched GO function and KEGG
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Table 2. The statistics of transcriptome sequencing for C. melo samples

TFID Family Best hit in Arabidopsis thaliana Blast e-value  Description for the best hit

MELO3C000922 NAC AT2G43000.1 5.00E-37 NAC domain-containing protein 42

MELO3C009127 WRKY AT2G38470.1 1.00E-43 WRKY DNA-binding protein 33

MELO3C009422 Trihelix AT3G10040.1 1.00E-111 sequence-specific DNA binding transcription
factors

MELO3C009859 Dof AT5G39660.1 1.00E-110 cycling DOF factor 2

MELO3C010949 ZF-HD AT1G75240.1 9.00E-69 homeobox protein 33

MELO3C015332 NF-YC AT1G08970.3 4.00E-87 nuclear factorY, subunit C9

MELO3C015488 bHLH AT5G56960.1 1.00E-17 bHLH family protein

MELO3C020489 WRKY AT2G38470.1 3.00E-44 WRKY DNA-binding protein 33

MELO3C023195 NAC AT1G01720.1 3.00E-99 NAC family protein

MELO3C005502 ERF AT4G17500.1 1.00E-83 ethylene responsive element binding factor 1

MELO3C005867 ERF AT4G27950.1 3.00E-44 cytokinin response factor 4

MELO3C006430 ERF AT3G23240.1 7.00E-76 ethylene response factor 1

MELO3C012896 ERF AT3G23240.1 2.00E-61 ethylene response factor 1

MELO3C017940 ERF AT1G72360.1 4.00E-23 ERF family protein

MELO3C009733 G2-like AT3G10760.1 8.00E-95 G2-like family protein

MELO3C010813 C2H2 AT1G27730.1 4.00E-54 salt tolerance zinc finger

MELO3C016852 C3H AT2G19810.1 1.00E-111 C3H family protein

MELO3C024332 C3H AT1G04990.2 0.001 C3H family protein

pathway results, key DEGs, such as ZAT10 and MAPK3, were
identified as being associated with photosynthesis, and
CRDT1 and PORA were associated with the development
of chloroplasts. In particular, ZAT10 was also identified as
a transcription factor (TF). One study found that ZAT10
can negatively regulate genes related to photosynthesis
and carbohydrate metabolism, thereby playing a key role
in photosynthesis (Maruyama et al. 2004). Lvet al. (2014)
demonstrated that SVR7 could participate in photo-
oxidative stress responses in chloroplasts, possibly via the
upregulation of ZAT10. Additionally, ZAT10 has been shown
to play a role in regulating stress tolerance, particularly
resistance to oxidative stress (Mittler et al. 2006; et
al. 2022). ZAT10 is also implicated in the systemic acquired
acclimation responses of leaves to high light levels, and
its enhanced expression may result in the inhibition of
photosynthesis (Rosselet al. 2007). These findings all
reveal the involvement of ZAT10 in the regulation of
photosynthesis. Furthermore, MAPK3 has been identified
as an integrating stress signal that participates in stomatal
development and subsequently influences photosynthesis
(Geissler et al. 2013; Zhu et al. 2020). Given the key roles of
ZAT10 and MAPK3 in photosynthesis, we hypothesize that
the dysregulated of expression of ZAT10 and MAPK3 may
be involved in xantha mutant phenotype formation via the

regulation of photosynthesis. In addition, CRDT is localized
to the chloroplast membranes. The CRDT gene encodes a
putative di-iron enzyme that is required for photosystem
| accumulation in copper- or oxygen-deficient cells in
Chlamydomonas reinhardtii (Moseley et al. 2000). Moreover,
PORA has been identified as one of the light-dependent
protochlorophyllide-reducing enzymes that regulate
chlorophyll biosynthesis in angiosperms (Reinbothe et al.
1996). Paddock et al. (2010) confirmed that PORA rescued
bulk chlorophyll synthesis and normal development of the
Arabidopsis porB-1 porC-1 mutant. Given the important
roles of CRDT and PORA in chloroplast development, we
hypothesize that the abnormal expression of CRDT and PORA
may result in the formation of xantha mutant phenotypes
via their effect on the development of chloroplasts.
Furthermore, a TF prediction analysis showed that
18 shared DEGs were TFs that belong to 11 TF families.
Notably, MELO3C005502, MELO3C005867, MELO3C006430,
MELO3C012896, and MELO3C017940 belong to the ERF
family. Genes in the ERF family have been implicated in
various physiological processes in plants (Nakano et al. 2006;
Sheng et al. 2022). AP2/ERF transcription factors have been
found to be involved in the response of tomato (Solanum
lycopersicum L.) to tomato yellow leaf curly virus, including
leaf curling and yellowing (Huang et al. 2016). An EAR-motif
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that contains the ERF gene from tomato, SIERF36, has been
shown to modulate photosynthesis and growth (Upadhyay
et al. 2013). AP2/ERF gene from yellow leaf mutant Ginkgo
biloba, was engaged in regulating pigment metabolism, and
showed significantly different expression levels in the WT
and YL (Sun et al. 2022). In addition, ERF genes have been
found to function in light-induced anthocyanin production
in A. thaliana leaves (Koyama and Sato, 2018). Anthocyanins
have been identified as responsible for the red and blue
colouration in many leaves, flowers, fruits, and seeds (Tian
et al. 2011). These findings imply that the ERF TFs identified
in this study may play a key role in the formation of xantha
mutant phenotypes via the regulation of anthocyanin
production.

In conclusion, our study revealed that the abnormal
expression of ZAT10, MAPK3, CRD1, and PORA, as well
as ERF TFs, is involved in the formation of the xantha
mutant phenotype in C. melo, providing a fundamental
understanding of the genetic causes of xantha phenotypes.
The xantha phenotype formation of the mutant may be
associated with the dysregulation of photosynthesis and
the development of chloroplasts. However, no experimental
validation was performed to verify the differential
expression of key genes, which is a limitation of this study.
Further research is still needed to verify our observations.
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Supplementary Fig. 1 is provided, that can be accessed at
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