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HIGHLIGHTS

e Golgi-localized nucleotide sugar transporter CITURGT4 transports UDP-rhamnose (Rha) and UDP-galactose (Gal).
o Clurgt4 mutants show reduced biomass, cell wall galactose (Gal), rhamnose (Rha), and galacturonic acid (GalA) in watermelon.
o Proteomic analysis revealed that CTURGT4 might control leaf and fruit size by affecting cell wall metabolism.

ARTICLE INFO ABSTRACT

Keywords: Leaf and fruit size are the crucial fitness characters for plant evolution and the agronomic traits for crop yield and
Fruit size quality improvement in watermelon. However, the underlying genes and molecular mechanisms for regulating
CIURGT4 . fruit size and biomass remain elusive. Here, we identified a Citrullus lanatus UDP-rhamnose (Rha)/UDP-galactose
gieslm‘::l metabolism (Gal) transporter CIURGT4, which is localized in the Golgi apparatus and has the dual functions of transporting
Watermelon UDP-Gal and UDP-Rha. Loss-of-function clurgt4 mutants resulted in decreased biomass and reduced Gal, Rha, and

galacturonic acid (GalA) in cell wall components. Microscopical analysis showed that CITURGT4 promoted leaf
and fruit size by modulating cell expansion. Proteomic analysis revealed that several cell wall metabolism-related
proteins were changed in clurgt4 mutants. Moreover, protein glycosylation was changed in the mutants, and
several of the differentially glycosylated proteins were related to cell wall metabolism. These findings elucidated
that CIURGT4 might control leaf and fruit size by affecting cell wall metabolism and provided a novel case for
comprehensively revealing the regulatory network of watermelon biomass.

1. Introduction

Watermelon (Citrullus lanatus) is an important horticultural crop that
occupies an important position in fruit production and consumption in
China. Leaves and fruits serve as the crucial source and sink of water-
melon, and promoting the growth and development of the source and

sink is of great significance for improving biomass and quality. Plant
cells are enveloped by robust cell walls, which contribute to the main
bulk of plant biomass [1]. Plant cell walls predominantly consist of
polysaccharides, which require nucleotide sugar substrates for their
biosynthesis [2]. The major nucleotide sugars in plants include
UDP-glucose (Glc), UDP-rhamnose (Rha), UDP-arabinose (Ara),
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UDP-glucuronic acid (GlcA), UDP-galacturonic acid (GalA), UDP-xylose
(Xyl), GDP-fucose (Fuc), and GDP-mannose (Man), all of which have a
wide range of roles in plants and can function as sugar donors for (1)
sucrose synthesis, (2) glycoprotein and glycolipid glycosylation re-
actions, (3) cell wall synthesis, and (4) secondary metabolite and hor-
mone glycosylation [3-5]. Inhibiting the biosynthesis of nucleotide
sugar substrates, such as GDP-Fuc, elicits developmental abnormalities
and biochemical impairments [6]. Recent studies have also suggested
that UDP-Glc may serve as a pivotal signaling molecule [7], with the
genes involved in its production being upregulated in conjunction with
enhanced biomass accumulation in plants [8]. Moreover, the trans-
location of these nucleotide sugars is a crucial step in cell wall biosyn-
thesis, facilitated by a diverse family of nucleotide sugar transporters
(NSTs) [9]. However, the molecular mechanisms by which NSTs
mediate the increase in plant biomass by affecting cell wall synthesis are
still not well understood, and further research is needed to fully eluci-
date this scientific question.

Phylogenetic analyses have revealed the presence of over 50 NSTs in
Arabidopsis thaliana, which have been systematically classified into six
distinct clades [10]. Among them, the Golgi-localized URGT1-6 in
Arabidopsis has the dual functions of transporting UDP-Rha and
UDP-galactose (Gal), and there is competition between these two sub-
strates. The content of Gal in the leaf cell wall components of Arabidopsis
urgt] mutants decreased, while other polysaccharide components did
not change [11]. In contrast, overexpression of AtURGT] increased the
content of Gal in the leaf cell walls. However, the decrease or increase of
Gal content did not affect the plant growth and development compared
with the wild type (WT). In addition, transgenic studies have conclu-
sively demonstrated the pivotal role of AtURGT2 in facilitating mucilage
formation during seed development. Furthermore, the UDP-xylose
transporter (UXT) family, comprised of three UXT proteins, has been
recognized for its capability to transport UDP-Xyl and a minor fraction of
UDP-arabinopyranose. Cell wall compositional analyses have revealed
that uxt loss-of-function mutants exhibit a marked decrease in the con-
tent of xylose-associated polysaccharides, including xylan and glucur-
onoxylan, accompanied by an elevation in proteoglycan levels, as
compared with wild-type plants [12]. In the context of the rice blast
fungus Magnaporthe oryzae, two NSTs (NST1 and NST2) have been
thoroughly investigated. NST1 was found to be instrumental in the
transport of both Man and Glc, whereas NST2 specifically mediated the
transport of Man [13]. The deletion of these NSTs resulted in a decline in
the corresponding soluble sugar levels. Additionally, the NST mutants
displayed reduced levels of external glycoproteins, leading to the
exposure of underlying chitin and the subsequent activation of the host
defense mechanisms [13]. Currently, research on NSTs has mainly
focused on model plants, and the molecular mechanisms of NSTs have
not been reported yet. Therefore, a comprehensive and systematic study
is required to reveal the function of NST and its regulatory network in
fruit crops. This knowledge is important for developing high-yielding
and superior watermelon cultivars and accelerating breeding efficiency.

In our study, we reported the identification and characterization of a
NST CIURGT4 in watermelon. We found that CTURGT4 transported both
UDP-Gal and UDP-Rha. Mutation of CIURGT4 resulted in smaller leaf
and fruit size, along with reduced biomass, and correlated with changes
in Golgi proteins and glycosylated proteins involved in cell wall meta-
bolism. Our findings provide new insights into the regulatory pathway
of fruit size and biomass in watermelon mediated by cell wall
metabolism.

2. Materials and methods
2.1. Plant materials and growth conditions
The watermelon (Citrullus lanatus) inbred variety “zhongzijingmu”

(cultivar), the transgenic plants in this background, and the wild species
PI296341 were grown in a plastic greenhouse under a temperature

Agriculture Communications 4 (2026) 100149

range of 25-35 °C in Beijing, China. The female flowers were pollinated
manually on the opening day and labeled upon the arrival of bloom.
Whole plant and watermelon fruit were harvested at 20 days after
pollination (DAP), and 26 DAP was used for biomass, fruit size, cell wall
monosaccharide, and proteome analysis. Specifically, three independent
plants or fruits and three biological replicates were used to evaluate the
above content.

Nicotiana benthamiana (Domin) plants were cultivated in pots within
a growth chamber, where environmental conditions were stringently
controlled to ensure optimal growth and development (25 °C, 16 h light,
8 h dark).

2.2. Clustered regularly interspaced short palindromic repeats (CRISPR)/
Cas9 vector construction and plant transformation

To construct the CRISPR/Cas9 vector, the designed sgRNA from the
first exon of the CIURGT4 gene was ligated into the pBSE406-GFP vector.
The Agrobacterium tumefaciens strain EHA105, harboring the designated
DNA construct, was employed for the transformation process as outlined
in a previous study [14]. This involved an initial step of cultivating
surface-sterilized watermelon seeds in the dark for four days. Subse-
quently, the regenerated adventitious buds were carefully excised and
transferred onto a specialized, selective elongation medium containing
0.1 mg/L 6-benzyladenine, 0.01 mg/L a-naphthalene acetic acid, and
2mg/L Basta (glufosinate ammonium) (Coolaber, Beijing, China). To
identify CRISPR/Cas9-mediated indel mutations, a genotyping analysis
was conducted using a pair of primers specifically designed to flank the
sgRNA target site, with the forward primer positioned 5 upstream and
the reverse primer located 3’ downstream (Supplementary Table 1).
From this selection, Cas9-free T, progeny and homozygous clurgt4 mu-
tants were isolated and harvested for subsequent phenotypic charac-
terization. As a negative control, transgenic plants displaying no Basta
resistance and lacking any editing events within the same segregating
population were included in the study.

2.3. RNA extraction, cDNA synthesis, and gene expression analysis

The total RNA was extracted and purified from different watermelon
tissues and fruits of wild-type and clurgt4 mutants utilizing the RNA
isolation kit (Cat#CWO0581, CWbio. Co. Ltd., Beijing, China) according
to the manufacturer’s protocol. Subsequently, 1000 ng of the total RNA
was utilized to synthesize first-strand ¢cDNA, employing the Prime-
Script™ RT Master Mix (Takara, Dalian, China). We conducted RT-qPCR
analyses using SuperReal PreMix Plus (SYBR Green) (Takara, Dalian,
China), following the manufacturer’s protocol. The relative expression
levels of the target genes were calculated using the 2-22% method, with
three biological and technical replicates for accuracy. As internal control
genes, we employed the actin gene (ID: Cla97C02G026960) from
watermelon [15]. The RT-qPCR primers used in this study are listed in
Supplementary Table 2.

2.4. Measurements of soluble solids

The soluble solid content (SSC) was measured using a portable ATC-
1E refractometer (model PAL-1; ATAGO Co., Ltd., Tokyo, Japan) by
extracting juice from the core of each watermelon flesh, ensuring a
representative and accurate assessment of the sample.

2.5. Phylogenetic analysis

Phylogenetic trees were constructed utilizing the neighbor-joining
method implemented within the Clustal X 2.1 software, with a boot-
strap value rigorously set to 100 replicates to ensure the robust evalu-
ation of the reliability and statistical significance of the various
phylogenetic groupings. Subsequently, the resulting tree files were
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visually rendered and refined for clarity and precision using MEGA X
software.

2.6. Transmembrane structural domain analysis

Transmembrane domain analysis of CTURGT4 was done using Protter
(https://wlab.ethz.ch/protter) [16].

2.7. Heterologous expression, reconstitution, and in vitro assay of
transport activities

The uracil-auxotrophic yeast strain INVScl was transformed
following the guidelines provided by the manufacturer (Life Technolo-
gies, Carlsbad, California, USA). Subsequently, microsomal membranes
were isolated from a 500 mL culture medium. The yeast microsomal
proteins were integrated into liposomes through detergent solubiliza-
tion and rapid detergent removal. This procedure utilized acetone-
purified soybean L-a-phosphatidylcholine (Avanti Polar Lipids,
Alabaster, USA), maintaining a precise lipid/protein ratio of 13:1, and
utilized octyl-p-glucoside as the detergent. The resultant liposomes were
then carefully diluted in a reconstitution buffer and utilized for the
quantitative assessment of transporter activity at a controlled temper-
ature of 25°C, with specific time intervals and utilizing appropriate
nucleotide sugar substrates. The reactions were terminated through gel
filtration on Sephadex G50 (GE Healthcare, Chicago, USA) columns. The
captured nucleotide sugars were extracted following the well-
established protocol [17]. The freeze-dried extracts were subsequently
dissolved in 1 mL of 10 mM ammonium bicarbonate and further purified
according to the carbon column purification method [18]. The purified
extracts were lyophilized once more and then resuspended in 200 pL of
liquid chromatography-mass spectrometry (LC-MS) grade water,
ensuring the highest degree of purity and suitability for analysis. Kinetic
parameters were calculated using the Prism 6 (GraphPad), providing a
comprehensive understanding of functional characteristics and activ-
ities of the transporter.

2.8. Microscopy

The microscopic architecture of the leaf and fruit cells was evaluated,
adhering to the established protocol [19]. Briefly, a 1 mm? section of
flesh tissue centered around the equatorial region of the fruit was
immersed in FAA solution (a mixture comprising 40 % formaldehyde, 70
% ethanol, and glacial acetic acid) for 48 h. The flesh tissues were then
dehydrated through an ethanol gradient. Next, the samples were
sequentially immersed in 50 % (tert-butanol: paraffin =1:1, v/v), 75 %
(tert-butanol: paraffin =1:3, v/v), and 100 % paraffin for 6 h, and the
processed samples were embedded in melted paraffin. The paraffin
blocks were sectioned with a thickness of 7-10 pm using a microtome
(Leica RM2245, Leica Biosystems, Nussloch, Germany). The sections
were stained with 0.5 % (w/v) toluidine blue O for 2 min, washed twice
with distilled water, and treated with 0.5 % (v/v) acetic acid solution for
1 min. Finally, the stained sections were dehydrated by an ethanol
gradient. Once thoroughly dried, the samples were captured under the
microscope using a U-TV 0.63XC imaging system (Olympus, Tokyo,
Japan), affording the clear and detailed visualization of the intricate
microstructure of the fruit cells.

2.9. Cell wall monosaccharide analysis

Cell wall polysaccharides were prepared as alcohol insoluble resi-
dues (AIR) and lyophilized. After polysaccharide hydrolysis in 2 M tri-
fluoroacetic acid (TFA) at 120 °C, monosaccharide determination was
performed using high-performance anion exchange chromatography
with pulsed amperometric detection as previously described [11].
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2.10. Golgi apparatus proteome and glycosylated proteome analysis

Golgi vesicles from watermelon fruit were isolated using the Invent
Golgi Apparatus Extraction Kit (Invent Biotechnologies, catalog number
PG-049, Plymouth, USA), and Golgi proteins were extracted for Golgi
proteomic analysis. Total proteins from watermelon fruits were extrac-
ted following the method of Yang et al. [20] with three biological rep-
licates for glycosylated proteomic analysis. This process used the
label-free method [21] for protein extraction and quantification. Pro-
tein concentration was determined using the Bradford method [22], and
the quality of protein extracts was checked by SDS-PAGE. Next, 100 pg
of extracted protein was digested with trypsin and desalted. For glyco-
sylated peptide enrichment, 0.5 % TFA aqueous solution was used to
activate the hydrophilic interaction liquid chromatography (HILIC)
enrichment column, followed by equilibration in binding buffer (80 %
acetonitrile, 5 % formic acid (FA)). The binding buffer was added to the
peptide sample, mixed by pipetting, and incubated for 2 h. After passing
the sample through the column, the column was washed three times
with the binding buffer. The glycopeptides were eluted with 0.5 % FA
into a new 1.5mL tube, and the column was eluted again with 5 %
acetonitrile and 0.5 % FA; the combined eluate was lyophilized. Tryptic
peptides were analyzed by Nanoflow LC-MS/MS on a quadrupole
Orbitrap mass spectrometer (Q Exactive HF-X, Thermo Fisher Scientific,
Bremen, Germany) coupled to an EASY nLC 1200 ultra-high-pressure
system (Thermo Fisher Scientific) via a nano-electrospray ion source.
All RAW files were analyzed using the Proteome Discoverer suite
(version 2.4, Thermo Fisher Scientific). The spectra derived from each
individual fraction underwent separate searches against the
watermelon-specific database. To ensure high accuracy, a percolator
was employed to filter peptide spectral matches and peptides, achieving
a stringent false discovery rate (FDR) threshold of less than 1 %.
Following spectral assignment, the identified peptides were assembled
into proteins, which were then subjected to an additional layer of
filtering based on the cumulative probabilities of their constituent
peptides, ultimately achieving an overall FDR of 1 %. For functional
annotation, Gene Ontology (GO) and InterPro (IPR) analyses were per-
formed using the InterProScan-5.0 program, querying against a
comprehensive non-redundant protein database. Furthermore, to gain
insights into protein families and metabolic pathways, the databases
COG (Clusters of Orthologous Groups) and KEGG (Kyoto Encyclopedia
of Genes and Genomes) were utilized, providing a deeper understanding
of the biological context and functional roles of the identified proteins.

2.11. Statistical analysis

The data were analyzed using the advanced statistical capabilities of
SPSS version 22.0. This comprehensive analysis encompassed the
calculation of average values, standard deviations, and the identification
of statistically significant differences among the various samples. The
data were presented as mean + standard deviation, and significant dif-
ferences were determined using independent t-tests and noted with as-
terisks (*P < 0.05, **P < 0.01).

3. Results
3.1. CIURGT4 was widely expressed and located in the Golgi apparatus

Arabidopsis encodes six proteins in the family of URGT, forming two
distinct clades: subclade A (AtURGT1 to AtURGT3) and subclade B
(AtURGT4 to AtURGTS6). Subclade A shares only 46 %-48 % identity in
amino acid sequences with subclade B in Arabidopsis [11], and these
differences indicate that the two distinct subclades may have different
functions. AtURGT1 and AtURGT?2 in subclade A are involved in pectic
galactan synthesis and seed mucilage formation, respectively [11]. In
addition, recent research has associated AtURGT4 and AtURGT6 with
rhamnogalacturonan I (RG-I) biosynthesis in Arabidopsis [23]. Herein,
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four CIURGT genes were identified in the watermelon genome. Among
them, CIURGT4 shared about 79 % amino acid identity and 71 % coding
sequence similarity with the Arabidopsis AtURGT4 in subclade B
(Fig. 1a). CIURGT4 had 10 predicted transmembrane domains (Fig. 1b).
Moreover, we examined the tissue-specific expression pattern of
CIURGT4 through transcriptome data (http://cucurbitgenomics.org/or
ganism/21), and found that it was widely expressed in various repro-
ductive and vegetative organs, including seed, floral bud, flower, root,
leaf and fruit, and was expressed notably at a relatively higher level in
25-DAP seed and 26-DAP cultivated fruit (Fig. 1c). Moreover, we also
validated the reliability of transcriptome data through RT-qPCR (Sup-
plementary Fig. 1).

To corroborate the subcellular localization of CITURGT4, we fused the
CIURGT4 sequence with the green fluorescent protein (GFP) gene and
expressed the corresponding fusion protein transiently in tobacco
leaves. The green fluorescence was well resolved in the Golgi apparatus
(Fig. 1d), and colocalized with the known cis-Golgi marker o-man-
nosidase. These results demonstrate that CIURGT4 is a Golgi-located
NST and widely expressed in different tissues.

3.2. CIURGT4 was a UDP-Gal and UDP-Rha transporter

We heterologously expressed CIURGT4 in yeast to identify the sub-
strate transported by CIURGT4, and vesicles were extracted and recon-
stituted to preload uridine 5’-phosphate (UMP), a required exchange
substrate with nucleotide sugars for most NSTs. The results of kinetic
parameters showed a Km of 57.6 pM and a Vpax of 3.2 nmol/s/mg pro-
tein for transporting UDP-Gal and a Km of 67.1 pM and a Vpax of
3.9 nmol/s/mg protein for transporting UDP-Rha (Fig. 2a and b). The
levels of UDP-sugars are in the micromolar range in plant cells [24].
Therefore, the estimated Km values of UDP-Gal and UDP-Rha for
CIURGT4 are within the physiological range in plant tissues. In sum-
mary, the ClTURGT4 protein showed UDP-Gal and UDP-Rha transport
activities as measured by time-dependent uptake of UDP-Gal/UDP-Rha,
while no activity was detected when the empty vector control was
expressed (Fig. 2c and d).

o {ALURGTI AT1G76670
- = { AWURGT2 ATIG21070
Subclade A [ AtURGT3 AT5G42420
{ L CIURGT3-1 Cla97C11G225370
CIURGT3-2 Cla97C02G036510
— CIURGT4 Cla97C01G014890 €—

T T . . o v AtURGT4 AT4G39390
Subclade B

— ——CIURGTS Cia97C08G150080

—AtURGTS AT4G09810
AtURGT6 AT1G34020

T

Agriculture Communications 4 (2026) 100149

3.3. CIURGT4 contributed to biomass accumulation in watermelon

The functions of CIURGT4 in vivo were illustrated using CRISPR/
Cas9 gene editing technology, and clurgt4 mutants from cultivar
‘zhongzijingmu’ were generated. Two T mutant lines, urgt4-1 and urgt4-
2, harboring a 26-nt and a 2-nt deletion, respectively, in the second exon
of the coding region near the protospacer-adjacent motif (PAM) site
were analyzed (Fig. 3a). And RT-qPCR results showed that the tran-
scription level of CIURGT4 was significantly downregulated in clurgt4
mutants compared with WT (Fig. 3c). Shorter main branches and poor
growth vigor were observed in the Ty populations with clurgt4 homo-
zygous alleles, compared with WT. Smaller fruit size was observed in
clurgt4 mutants at 20 DAP and 26 DAP (Fig. 3b). Compared with WT, the
fresh weight (FW) and dry weight (DW) of the fruit at 26 DAP in the two
lines of clurgt4 mutants decreased by approximately 30 % and 35 %,
respectively, along with a 25 % reduction in fruit water content (Fig. 3d
and e, and Supplementary Fig. 2). About 10 % decrease in SSC was
observed in clurgt4 mutants (Fig. 3f). Altogether, our results demonstrate
that CITURGT4 is essential for normal development of watermelon fruit.

Compared with WT, clurgt4 mutants had smaller leaf and fruit sizes
(Fig. 4a and b). Paraffin sections revealed the cell diameters and
morphology of leaf and fruit. As shown in Fig. 4c-h, compared with WT,
mutation of the CIURGT4 gene resulted in restricted cell wall expansion,
leading to approximately 23 % and 30 % decrease in cell diameters of
leaf and fruit (Fig. 4i and j). Consistently, the transverse and longitudinal
diameters of the clurgt4 mutant fruits at 20 DAP and 26 DAP also
decreased by about 30 % compared with the wild-type fruit (Supple-
mentary Fig. 3), indicating that the reduction in leaf and fruit size in
clurgt4 mutant was caused by a defect in cell expansion rather than in
cell proliferation.

3.4. Cell wall Gal, Rha, and GalA contents were reduced in clurgt4
mutants

URGTs are mainly responsible for transporting nucleotide sugars

from the cytosol into the Golgi lumen, which is a key process in cell wall
biosynthesis. The cell wall is a complex and diverse structure that is
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Fig. 1. Identification and analysis of CIURGTSs in watermelon. (a) A neighbor-joining phylogenetic tree of Arabidopsis (At) and watermelon (Cl, C. lanatus) URGTs.
CIURGT4 is marked by a black arrow in subclade B. (b) Analysis of CTURGT4 transmembrane domains. (¢) Expression pattern of CIURGT4 in different tissues of
watermelon according to transcriptome data. (d) Subcellular localization of the CIURGT4 protein. Scale bars: 50 pm.
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preloaded with UMP, were incubated with their respective nucleotide sugar at different concentrations (0-300 uM) for 3 min at 25 °C. Time courses of (¢) UDP-Gal
and (d) UDP-Rha uptake. Proteoliposomes, preloaded with UMP, were incubated with the respective nucleotide sugar at a concentration of 100 pM for the indicated
time points at 25 °C. Values were normalized to the CIURGT4 protein content present in the proteoliposome preparations and were represented as mean + SD of three
independent experiments. Yeast transformed with the empty pYES-DEST52 vector was used as a control.

Fig. 3. Phenotypic observation of clurgt4
plants and fruits, as well as determination of
biomass and sugar content. (a) CRISPR/
Cas9-generated clurgt4 alleles. The sche-
matic diagram illustrates sgRNA targeting

the second exon of CIURGT4, which results
in a null mutation of CIURGT4. (b) Pheno-
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26 DAP. (c) The expression level of CIURGT4
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Wt GAG gé'\é WT Exon 1 Exond  TAA
urgté=1- GAGCTTAA -26 nt ATG Exon2Exon 3 Exon §
urgt4-2 GAGCTTAATGTGGAATT-—-GTTGGG -2 nt

b ¢ 60 d 3000

WT S T . m"' m" ESO- *x 525004 o
F N B VAN Y S =
urgtd—1 B’ L1 - vy 340 I T
e < 40 2000
urgtd-2 4 Sy c E
¥ tm 2304 %5 1500+
i} =
%20- 21000+
H
N £104 g 500-
< o) [
a x o 04
8 \ﬂ( A/\ A/Z \N« ‘A/\ A/Z
\.\‘9\ u(g‘ \)(9 \)(9‘
e 35 = f 12
S 300 104 ,_u.| |
5 250 - 8l
o E £
< £ 2004 @
o k] < 64
Q S 150- § .
£ 1001
8 504 21
WT urgtd—1 urgt4-2 ol 01—
A \}\" A" A/Z
\“‘)rg"’\,(g“‘ o o

of clurgt4 mutants and WT. (f) Analysis of
SSC (°Brix) in clurgt4 mutants and WT at 26
DAP. Average values + SD for n = 3 inde-
pendent biological replicates are shown. *t-
test significant at P < 0.05, **t-test signifi-
cant at P < 0.01.
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urgt4-1

urgt4-2

mainly composed of polysaccharides [11]. Based on this, we conducted
a monosaccharide composition analysis of cell wall residues between
clurgt4 and WT fruits. The result of the monosaccharide composition
analysis of cell wall residues showed that Gal, Rha, and GalA contents
were significantly decreased in clurgt4 fruit (Table 1), indicating that
CIURGT4 plays an important role in regulating the polysaccharide
components of the cell wall.

3.5. Golgi apparatus proteome and glycosylated proteome were explored
to identify the proteins altered in clurgt4 mutants

Most non-cellulosic cell wall polysaccharides are synthesized in the
Golgi apparatus using nucleotide sugars predominantly produced in the
cytosol. Our findings showed that CITURGT4 was located in the Golgi
apparatus and it was identified as a UDP-Gal and UDP-Rha transporter.
To explore the molecular mechanisms of reduced biomass and smaller
fruit size in clurgt4 mutants, we performed Golgi proteome analysis to
investigate whether CIURGT4 knockout affected cell wall metabolism-
related proteins at the proteomic level (Supplementary Data Set 1).
Based on the previous study, the degradation and relaxation of cell walls
were positively correlated with cell enlargement, and downregulation of
proteins such as expansin, beta-D-glucosidase, and pectin lyase
repressed cell wall degradation [25]. Receptor kinases have also been
reported to be involved in regulating cell size [26,27]. Some proteins
were significantly enriched in the pathways of cell wall degradation and
expansion, as well as receptor kinases (Fig. 5a).

The Golgi proteomics results suggested that the loss-of-function of
CIURGT4 impacted cell wall remodeling by downregulating proteins
essential for cell expansion. Differentially expressed proteins were
enriched in proteins involved in posttranslational modification and
protein turnover (Supplementary Fig. 4). In view of that, we further
conducted glycoproteomics to investigate whether the mutated
CIURGT4 affected the abundance and N-glycosylation of cell wall
metabolism-related glycoproteins. The results revealed that a large
number of differentially abundant proteins were enriched in carbohy-
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Fig. 4. Number and size of leaf and fruit

i 60
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£ < 3 of WT and clurgt4 leaves. (c-e) Observation
—
Rl of changes in the number and size of leaf
é‘ e 10! cells in (¢) WT, (d) clurgt4-1, and (e) clurgt4-
0 2 using paraffin sections. (f-h) Observation
: f of changes in the number and size of fruit
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28m EEISO. 2 using paraffin sections. (i) The average
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software. (j) The average diameters of WT
and clurgt4 mutant fruit cells in the same
field of view. Average values + SD forn = 3
independent biological replicates are shown.
*t-test significant at P < 0.05.

(Supplementary Fig. 5, 6). Among them, two peroxidases
(Cla97C10G197400 and Cla97C02G049870) were upregulated, while a
pectin lyase protein (Cla97C05G107600) was downregulated in clurgt4
mutants (Fig. 5b). The two peroxidase proteins were glycosylated at
amino acid positions 209 and 140, respectively, and the pectin lyase
protein was glycosylated at amino acid positions 332, and their sugar
chains contained different amounts of HexNAc, hexose, Fuc, and Xyl
(Supplementary Data Set 2). During the intricate process of lignifica-
tion, monolignols are intricately orchestrated to be secreted into the cell
wall, where they subsequently undergo polymerization through a series
of oxidative reactions, as demonstrated by Vanholme et al. [28]. En-
zymes such as laccases and cell wall peroxidases generate reactive ox-
ygen species (ROS), which play a crucial role in this process. These ROS
not only facilitate the crosslinking of monolignols into the complex
lignin polymer, but also contribute significantly to reinforcing the
structural integrity of the cell wall, thereby enhancing its strength and
simultaneously restricting further cell extension [25]. Above all,
CIURGT4 mutation resulted in upregulation of peroxidases and down-
regulation of pectin lyase, and changed their glycosylation pattern. This
may have contributed to decreasing cell wall degradation and increasing
lignification, ultimately leading to smaller leaves and fruits, reducing
watermelon biomass in clurgt4 mutants.

4. Discussion

In this study, NST URGTs were identified in watermelon. Among
them, CIURGT4 is widely expressed in different tissues of watermelon,
with 10 transmembrane domains and localized in the Golgi apparatus
(Fig. 1). These characteristics are consistent with previously reported
NSTs [11]. The Golgi apparatus is the main site for the synthesis of cell
wall polysaccharides. In plant cells, the Golgi apparatus can synthesize
and secrete various polysaccharides, which are important components
of the cell wall. Moreover, the Golgi apparatus not only synthesizes
polysaccharide components of the cell wall, but also processes and
modifies these components [29]. For example, the Golgi apparatus binds
proteins with polysaccharides to form glycoproteins, which are

drate transport and metabolism, and cell wall modification
Table 1
Monosaccharide contents of cell wall residues from the fruits of WT and clurgt4 plants (ug/mg).
Rhamnose Fucose Arabinose Xylose Mannose Galactose Glucose GalA GlcA
WT 82+0.3 6.0+0.6 11.0+1.4 43.9+4.7 10.6+2.3 130.4+5.0 24.6+26 21.2+35 0.9+0.1
urgt4-1 6.2 £ 0.2* 5.4+0.6 9.6+£0.5 39+4.9 11.4+0.8 99.2 +12.8* 28.2+3.1 15.8 £ 3.1* 1.0+0.1
urgt4-2 5.0 + 1.0* 55+1.6 9.1+1.6 40.5+11.4 10.8+2.5 86.2 + 18.2* 22.6 £5.6 13.1 £ 3.1% 0.8+0.2

Note: The amounts of non-cellulosic monosaccharides were determined by high-performance anion exchange after TFA hydrolysis. * Significantly decreased (t-test at

P < 0.05) compared with WT (n = 3) & SD.
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Fig. 5. Heat maps showing the differential proteins involved in cell wall metabolism in the fruits of WT and clurgt4 mutants. (a) Differential proteins from the Golgi
apparatus proteome. (b) Differential proteins from the glycosylated proteome. The color of the heat map represents the level of protein accumulation, red represents
higher protein accumulation, blue represents lower protein accumulation, and white represents moderate protein accumulation.

important components of the cell wall and can enhance the strength and
toughness of the cell wall [30]. In summary, CIURGT4, localized in the
Golgi apparatus, as the main site for the synthesis and modification of
cell wall polysaccharides, may play a role in the formation and main-
tenance of the cell wall, thereby regulating the structure and function of
the cell wall. However, although NSTs are essential for the synthesis of
cell wall polysaccharides in the Golgi apparatus, research on their
functions is relatively scarce [3,5,31]. In this study, we found that
CIURGT4 had the dual functions of transporting UDP-Gal and UDP-Rha
(Fig. 2). This result is consistent with the reported function of
AtURGT1-6 to transport UDP-Gal and UDP-Rha in Arabidopsis [11]. In
addition, several NSTs for transporting various nucleotide sugars (e.g.,
UDP-Xyl, UDP-arabinofuranose, UDP-uronic acids, GDP-Fuc,
GDP-L-Gal, UDP-N-acetylglucosamine) have already been character-
ized [12,32]. In the future, further research on the biological function of
NSTs in the growth and development of horticultural crops is necessary.

To comprehensively understand the function of CIURGT4 in water-
melon, we generated loss-of-function mutants. The clurgt4 mutants
showed a reduction in cell wall Gal, Rha, and GalA contents (Table 1).
Study has shown that overexpression of a cytosol-localized UDP-Rha
synthase (RHM1) can increase the content of Rha in leaf cell wall of
Arabidopsis [33], indicating that UDP-Rha synthesis, rather than
UDP-Rha transport affects cell wall Rha amount. It was observed in
Arabidopsis that AtURGT1 provides Gal for pectin side chain biosyn-
thesis, but not for xyloglucan galactosylation, whereas AtURGT2 ap-
pears to provide Rha for RG-I backbone biosynthesis, even though the
two proteins have very similar dual activities in vitro [11]. It is possible
that different URGT isoforms preferentially provide UDP-Gal or
UDP-Rha to different acceptors, possibly through metabolism formation
and protein-protein interactions. In this study, CTURGT4 could transport
both UDP-Gal and UDP-Rha, and there were significant changes in Gal,
Rha, and GalA contents in the cell wall polysaccharides of clurgt4
knockout lines. CIURGT4 belongs to URGT clade B, whereas AtURGT1
and AtURGT2 belong to clade A. CTURGT4 is more similar to Arabidopsis
AtURGT4, AtURGTS5, and AtURGT6, and AtURGT4 and AtURGT6 have
been proven to be involved in RG-I synthesis in seed mucilage by
reducing Rha and GalA content [15]. This indicates that the URGTs of
clade B family, especially URGT4, participate in controlling various
growth and development processes of different plants by affecting the
content of Rha and GalA. In vitro and in vivo experiments have also
demonstrated functional similarities and differences of URGT4 among

different species. Previous study has shown that the RG-I backbone is
mainly composed of GalA-Rha repeats, and there is a significant amount
of RG-I in Arabidopsis seed mucilage [34]. This indicates that the lower
GalA and Rha contents in the clurgt4 mutants may lead to obstruction of
RG-I synthesis. In addition to the decrease of polysaccharide contents in
cell wall, the leaf and fruit size of clurgt4 mutants were smaller than
those of WT (Figs. 3 and 4). We think this is unlikely to be a direct result
of the change in cell wall Gal, Rha and GalA, since Arabidopsis mutants
with more substantial changes in cell wall Gal show no obvious growth
changes [35-37]. Consistently, pectin is composed of three major
polysaccharides, including homogalacturonan (HG), RG-I, and RG-II
[38]. Among them, Rha and GalA are important components of the
RG-II side chain, and RG-II plays an important role in controlling normal
plant growth and development [39]. Therefore, we speculate that the
decrease in GalA and Rha contents in the clurgt4 mutant may inhibit
RG-II synthesis to decrease watermelon plant biomass and fruit size. In
the clurgt4 mutants, both fruit size and cell diameter decreased by
approximately 30 %, with the reduction magnitudes being largely
consistent. This indirectly suggests that defective cell expansion, rather
than altered cell proliferation, is the primary cause of the reduced fruit
size. However, direct cell counting or genome DNA content analysis is
still required to conclusively exclude the contribution of cell prolifera-
tion, and this will be pursued in future investigations.

In addition, we also analyzed the Golgi proteome and N-glycosylated
proteome. The results showed that several proteins involved in cell wall
metabolism were differentially expressed. Notably, at the level of pro-
tein post-translational modifications, proteins can undergo glycosyla-
tion under the action of glycosyltransferases. The glycosylated
proteomic results revealed that CITURGT4 mutation resulted in changes
in the levels and glycosylation patterns of several proteins involved in
cell wall degradation (pectin lyase) and lignification (peroxidase).
Pectin, as a complex polysaccharide widely present in plant cell walls, is
primarily composed of GalA polymers. Pectin lyase primarily cleaves
pectin polymers through a trans-elimination reaction, and it can degrade
pectin, affecting the integrity of cell walls and adhesion between cells to
control cell expansion. Therefore, downregulation of pectin lyase may
indirectly affect RG-II by reducing the content of GalA, and inhibit cell
expansion, thereby decreasing watermelon biomass and fruit size.
Peroxidase primarily participates in the synthesis of lignin in the cell
wall, the modification of cell wall structure, and the response to external
environmental stimuli. By catalyzing the synthesis of substances such as
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lignin, peroxidase affects the structure and composition of the cell wall,
which may indirectly influence cell growth and size. Surprisingly,
complete loss of complex N-glycan in Arabidopsis has been reported to
have little impact on plant growth and development [40,41]. In contrast,
many O-glycosylated proteins, such as arabinogalactan proteins (AGPs),
are known to be very important for growth and development [42,43],
and glycosylation of AGPs is essential [44]. AGPs are rich in both Gal
and Rha, and it would be interesting to determine if AGP glycosylation is
altered in the clurgt4 mutants and in the corresponding aturgt4, -5, and -6
mutants in Arabidopsis. Unfortunately, the analysis of O-glycosylation
patterns is not straightforward. Thus, it is still unclear how the glyco-
sylation patterns of pectin lyase and peroxidase proteins regulate cell
size, and more detailed research is needed in the future to clarify the role
of their glycosylation patterns. On this basis, transgenic approaches are
needed to further elucidate how CIURGT4-mediated alterations in spe-
cific cell wall metabolic genes and their glycosylation patterns regulate
watermelon fruit size and biomass. Additionally, exploring the interac-
tion proteins and upstream regulatory mechanisms of the membrane
protein CIURGT4 through more methods and technological systems to
promote the development and application of sugar transporters remains
a key and challenging research focus in the future.

5. Conclusion

In watermelon, the Golgi-localized CIURGT4 transports UDP-Rha
and UDP-Gal, and clurgt4 mutants show smaller fruit size and
decreased biomass, accompanied by reduced Gal, Rha, and GalA con-
tents in the cell wall. Further glycoproteomics analysis revealed that cell
wall degradation and lignification pathways were modified at the post-
translational level, which may indirectly lead to reduced cell size. These
findings provide new insights into the function of NSTs in fruit crops,
and show that CIURGT4 is a valuable genetic target with potential for
improving crop yield through molecular design breeding.
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