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Summary

Global climate change has rendered drought stress an increasing threat to sustainable crop
production. Melon (Cucumis melo) crop is widely cultivated worldwide, and has been classified
into two subspecies C. melo ssp. melo and C. melo ssp. agrestis with greater drought tolerance
variation. However, the genetic basis for the difference in drought resilience between two
subspecies ecotypes remains unclear. In this study, we constructed an Fg recombinant inbred
lines (RILs) population generated by crossing drought-tolerant C. melo ssp. melo with
drought-sensitive C. melo ssp. agrestis and identified a CmPPR4 gene that encoded a
pentatricopeptide repeat (PPR) protein highly associated with drought tolerance. A single
nucleotide polymorphism (SNP) variation in CmPPR4 resulted in a nonsynonymous mutation,
leading to reduced drought resilience in C. melo ssp. agrestis. The geographical distribution of
CmPPR4 genotypes among 297 melon accessions closely parallels global annual precipitation
patterns. Furthermore, the diminished drought tolerant capacity in RNA silencing seedlings and
enhanced drought tolerance in overexpression lines further confirmed CmPPR4 as a crucial
regulator of drought tolerance in melon. Collectively, our findings provide new insights into the
crucial role of CmPPR4 in regulating drought tolerance of melon ecotypes, promoting molecular
breeding of water-saving and drought-resilient melon cultivars.
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Introduction

Anthropogenic activities are exacerbating environmental issues
pertaining to global climate change. According to the World
Economic Forum Global Risks Perception Survey 2021-2022,
‘Climate action failure’ and 'Extreme weather’ are the top two
global risks over the next decades (MclLennan, 2022). Given
that agricultural productivity hinges on weather and climate
stability, climate change poses multifaceted challenges to crop
production, notably concomitant with increased drought stress.
Global climate change has rendered drought stress an
increasing threat to sustainable crop production by negatively
affecting plant growth, physiology and reproduction (Gupta
et al.,, 2020; Mancosu et al., 2015; Zhu, 2016). Severe water
deficiency leads to more than an 80% decrease in rice grain
productivity annually (Li et al., 2015; Yadav et al., 2023), and
maize yields can suffer losses ranging from 10% to 50%
(Daryanto et al., 2016; Lobell and Burke, 2010; Olesen and
Bindi, 2002). Soybean, as a drought-sensitive crop, is particularly
vulnerable to water scarcity, impacting critical growth stages
such as germination, floral initiation, pollination and fertiliza-
tion, potentially reducing annual production by up to 40%
(Shaffique et al., 2024; Shaheen et al., 2016). A comprehensive
analysis across various vegetables, including bush beans, green

beans, cabbage, peppermint, spearmint, yellow straight neck
squash, zucchini and bell peppers, demonstrated that biomass
under drought stress can decrease by nearly 15%-49%
compared to well-watered conditions (Dong et al., 2020; Kim
et al., 2020).

Accumulating knowledge has been gained about how drought
stress impacts fundamental physiological processes, cellular
functions and biochemical targets (Bohnert et al., 1995; Kra-
sensky and Jonak, 2012; Shinozaki and Yamaguchi-
Shinozaki, 2007; Xiong and Zhu, 2002). Plants can sense drought
signals through their roots, closing the stomata and shaping the
under- and above-ground architecture to withstand water loss
(Gupta et al., 2020). As a complex regulatory network with
numerous sensing and signalling genes (Zhu, 2016), many
drought-related genes participating in hormone
biosynthesis/response pathways were identified such as ERAT
(enhanced response to ABA1) (Pei et al, 1998), SnRK2
(SNF1-related protein kinase 2) (Okamoto et al., 2013; Park
et al., 2015; Wang et al., 2018), NAC (Hu et al., 2006; Mao
et al., 2015) and WRKY transcription factors (Chen et al., 20173;
Chen and Yin, 2017b). Besides, active NF-YB1 (nuclear factor Y B
subunits1) genes as the hormone biosynthesis/response genes
can confer plants with higher drought tolerance in Arabidopsis
and maize (Nelson et al., 2007), AtCSLD5 (cellulose synthase-like
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protein) gene can affect drought tolerance by adjusting cell wall
chemical composition and ROS accumulation (Zhu et al., 2010),
DROT1 gene can render drought adaptation by modulating cell
wall structure in upland rice (Sun et al, 2022), ZmVPP1
(vacuolar-type H+ pyrophosphatase) and ZmRtn16 (reticulon-like
protein) gene can contribute to endure water deficiency by
facilitating the vacuole H™ in maize (Tian et al., 2023; Wang
et al., 2016) and some PPR (pentatricopeptide repeat protein)
genes can respond to drought stress signals and regulate drought
tolerance in Arabidopsis, maize and soybean (Su et al., 2019; Wei
and Han, 2016; Zsigmond et al., 2008). However, few causal
genes have been mapped and validated to be effectively utilized
in crop breeding programmes. As a result, this knowledge-
to-application gap causes the limited success in developing novel
drought-resilient crop varieties, which is also reflected in the
market release of only three GMO cultivars with improvement of
drought tolerance traits: DroughtGard™ maize by BASF, HB4
soybean and wheat by Bioceres (Gupta, 2024; Ribichich
et al., 2020; Wang et al., 2015a). DroughtGard™ maize was
developed through constitutive expression of cold shock protein B
(CSPB) from Bacillus subtilis to improve performance of maize
(Wang et al., 2015a). HB4 soybean and wheat were developed by
expressing the sunflower transcription factor HaHB4
(Gupta, 2024, Ribichich et al., 2020).

Hence, more efforts are needed to explore the causative genes
for drought tolerance from diverse crops and develop functional
markers for enhancing drought resilience by design breeding. In
exemplar, melon (Cucumis melo L.) is a major cash crop with
great economic values which is cultivated worldwide. One of the
primary challenges in melon farming is its higher water demand
(Cabello et al., 2009; Chevilly et al., 2021). As an ancient species
with a long domestication history, the earliest recorded melon
can be traced back to 3700 BC in Lower Egypt (van Zeist and de
Roller, 1993). Based on ovarian pubescence, melons can be
classified into two subspecies, the C. melo ssp. melo, and C. melo
ssp. agrestis (Jeffrey, 1980; Kerje and Grum, 2000; Kirk-
bride, 1993). Due to their original climate zone of domestication
and cultivation, these two subspecies have evolved into distinct
ecotypes. C. melo ssp. agrestis thrives in regions of Asia and
Australia regions with ample water resources and are sensitive to
drought stress. In contrast, C. melo ssp. melo is found
predominantly in India, central and western Asia, Africa, Europe
and the United States, adapting to arid environments and
displaying drought tolerance (Fabeiro et al., 2002; Kerje
and Grum, 2000; Sensoy et al., 2007). The hidden
drought-tolerant gene resources of ecotype C. melo ssp. melo
can be further exploited to improve drought adaptation for
ecotype C. melo ssp. agrestis and interspecific hybrids between
these two ecotypes, broadening their adaptabilities to arid or
semi-arid climate zones. However, the genetic basis for the
differentiation in drought tolerance between the two subspecies
remains largely unclear.

In this study, we employed an advanced Fg recombinant inbred
lines (RILs) population derived from a cross between
drought-tolerant accession ‘XLH' (C. melo ssp. melo) and
drought-sensitive accession 'HPSG' (C. melo ssp. agrestis).
Through gene mapping, virus-induced gene silencing (VIGS),
and overexpression transgenic approaches, we identified the
CmPPR4 gene, which encodes a pentatricopeptide repeat (PPR)
protein. This gene is strongly associated with drought tolerance in
melon, shedding light on the pivotal role of CmPPR4 in the
variation of drought tolerance across melon ecotypes.

Results

Screening and identification of phenotypic variations in
drought tolerance

To investigate differences in drought tolerance between two
melon subspecies, we first systematically evaluated the ability of
drought tolerance of the parents of the mapping population, that
is, C. melo ssp. melo accession ‘XLH' and the C. melo ssp. agrestis
accession 'HPSG'. After the 7-day-long drought treatment with
20% PEG, seven physiological parameters of the leaves and roots
were measured. For the green part of the seedlings, the content
of the chlorophyll, the Fv/fm and the chlorophyll fluorescence
curve were measured. The content of chlorophyll in ‘HPSG’
significantly upregulated under drought, while there was no
difference in ‘XLH" seedlings (Figure 1a). Fv/fm can reflect the
maximum quantum efficiency of PSII photochemistry, but in our
assay, the value of the Fv/Fm between the two species was
approximate 0.8 with no significant variation (Figure 1b). The
chlorophyll fluorescence kinetics analysis contains large messages
about the photosynthesis biophysics under stress. In the analysis
of the OJIP curve, we found that the variation tendency from O
(origin, minimal fluorescence) to J (intermediate inflection points
at about 2 ms) to | (intermediate inflection points at about 20 ms)
was the same in general, while from | to P (peak, maximum
fluorescence), the fluorescence intensity of ‘XLH’ under drought
rose slowly than ‘HPSG’ (Figure 1¢). For the root architecture traits
treated under different concentrations of PEG (10%, 20% and
30%), the main root length (MRL), the number of lateral roots
(NLR), total root system (TRS) and lateral root system (LRS) were
measured. To directly compare the results, the parameters of the
root traits were converted into the stress coefficients, and no
significant difference was detected between the two subspecies
under different concentrations of PEG treatment (Figure 1d).
Overall, the difference in the ability of drought tolerance between
two accessions are mainly in leaves. Then we measured the
survival rate according to the phenotypic differences in leaves.
After a 14-day-long drought treatment and 7-day-long rewater-
ing, leaves of ‘XLH’ were yellowish but still vigorous, while almost
all leaves of "HPSG’ were wilted, and the survival rate of ‘XLH’
seedlings was 96.67% while the survival rate of 'HPSG' seedlings
was 6.67% (Figure 1e, f), indicating the greater drought
tolerance of ‘XLH' seedlings than 'HPSG’ seedlings.

Thereout, we employed a resequencing Fg RIL population
derived  from  crossing  drought-tolerant  ‘XLH’  and
drought-sensitive ‘HPSG’ using the single seed descent method
(Yang et al., 2020), and evaluated the survival rate of 104 RiLs
under 14-day-long drought and 7-day-long rewatering treat-
ment. As a quantitative trait, the frequency distribution of the RIL
population tends to be complex (Figure 1g). RILs were divided into
three groups, the drought-sensitive group with a survival rate
between 0% and 33%, the intermediate group with a survival
rate between 33% and 67% and the drought-tolerance group
with a survival rate between 67% and 100%. There are 35 lines
belonging to the drought-sensitive group, 38 lines belonging to
the intermediate group and 25 lines belonging to the
drought-tolerance group (Table S1).

QTL mapping of candidate genes associated with
drought tolerance

To identify the candidate genes for drought tolerance in melon
seedlings, QTL mapping based on survival rate after drought
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Figure 1 Phenotypic difference of drought tolerance in two melon subspecies and RILs. (a) The difference of chlorophylls contents in drought-tolerant
parental line 'XLH’, (C. melo ssp. melo) and drought-sensitive parental line "HPSG’ (C. melo ssp. agrestis) under control and drought treatment. Ca,
chlorophyll a; Cb, chlorophyll b, Ct, total chlorophyll. (b) The maximum quantum efficiency of PSIl photochemistry shown as Fv/Fm of the parent lines under
control and drought treatment. (c) The OJIP chlorophyll fluorescence curve of the parent lines under control and drought treatment. O stands for origin or
minimal fluorescence, J stands for intermediate inflection points at about 2 ms, | stands for intermediate inflection points at about 20 ms and P stands for
peak or maximum fluorescence. (d) The root architecture traits of the parent lines under control and drought treatment. 10%, 20% and 30% were the
concentrations of PEG treated with melon seedlings; MRL, the main root length; NLR, the number of lateral roots; TRS, total root system; LRS, lateral root
system. (e) Photograph of the drought-tolerant "XLH" and drought-sensitive ‘HPSG’ seedlings under drought treatment. (f) The survival rate of the drought-
tolerant ‘XLH’ and drought-sensitive ‘HPSG' seedlings under drought treatment. (g) Frequency distribution of survival rate of RiLs after drought treatment.
Statistical significance is analysed using the ordinary one-way ANOVA test and t-test.

treatment was conducted. Using the resequencing data of the Fg (Figure 2a, Table S2). The length of the major QTL gDT_CmO05
RIL population and genome of one of the parent lines ‘HPSG’ was 200 kb (27, 150, 000-27, 350, 000) long with eight genes
assembled in our previous work (Yang et al., 2020), a major QTL harbouring in the candidate region under the default threshold
was identified on chromosome 5 named as gDT_CmO5 (Figure 2b). The eight genes are MELO11404 encoding a
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Figure 2 QTL mapping and identification of candidate genes for drought tolerance. (a) Results of QTL mapping of drought tolerance in RiLs. Graph of the
LOD values used for trait association analysis. The x-axis indicates the 12 chromosomal positions and the y-axis indicates the LOD (Logarithm of Odds Ratio)
values. (b) Graph of the gene distribution pattern of the candidate interval harbouring eight genes. The red arrow indicates the MELO11408 (CmPPR4)
locus. Scale bar, 10 kb. (c and d) Relative expression levels of MELO11408 (c) and MELO11409 (d) under different treatments with water and PEG. Tissues
from the third leaves of 1-month-old seedlings after 7-day-long control and PEG treatment were sampled for analysis. Statistical significance is analysed

using the t-test.

vesicle-associated protein 2-2 isoform X1, MELO11405 encoding
an acyl carrier protein, MELO11406 encoding a coiled -coil
domain-containing protein SCD2, MELO11408 encoding a
pentatricopeptide repeat-containing family protein, MELOT1409
encoding a superoxide dismutase, MELO11410 encoding an
ATP-dependent RNA helicase, MELO114715 encoding an
unknown  protein and  MELO11416  encoding  an
acyltransferase-like protein, respectively (Table S3). To further
validate the function of the eight candidate genes in response to
drought stress, the gene expression level was analysed after
drought treatment for 7 days in both ‘XLH' and 'HPSG’. Only
MELO11408 and MELO11409 were upregulated by drought
stress treatment in drought-tolerant ‘XLH' (Figure 2c, d),
suggesting that these two genes might be the key genes in
regulating drought tolerance in melon.

A nonsynonymous mutation in CmPPR4 is relevant to
drought tolerance variants

To further confirm the key gene in regulating drought tolerance
in melon, we analysed the sequence variations of the two
candidate genes, MELO11408 and MELO11409. Based on the
resequencing data of the RILs and the cloning results of the
DNA and cDNA in the parent lines, drought-sensitive 'HPSG’
and drought-tolerant ‘XLH’, we identified 11 SNPs associated
with MELO11408 and MELO11409. Among these, only one
nonsynonymous mutation was found in the exon of
MELO11408 (Table S3). MELO11408 encoded a pentatricopep-
tide repeat-containing family protein (CmPPR4). CmPPR4
belongs to the P subfamily with 4 typic P-type motifs, and
the abbreviated protein form of CmPPR4 is 135-P—P—P-36-P-32
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Figure 3 A single SNP variation in CmPPR4 differentiates drought tolerance from melons. (a) Protein sequence variations in CmPPR4 between two melon
subspecies. A nonsynonymous mutation on the first PPR motif of CmPPR4 from cytosine (C) to guanine (G) results in the amino acid variation from histidine
(H) to glutamine (Q). (b) Box graph integrating the genotype and phenotype of the RILs. Red parts represented the C/C genotype same as the drought-
tolerant ‘XLH' melon, green parts represented the G/G genotype same as the drought-sensitive ‘HPSG' melon and orange parts represented the C/G
genotype same as the Fy. (c) Geographical distribution of genomic variations of CmPPR4 in 297 melon accessions. Ninety one C. melo ssp. melo accessions
are represented by dots and 144 C. melo ssp. agrestis accessions represented by triangles. Accessions with drought-tolerant C/C genotype are filled with
red colour, accessions with drought-sensitive G/G genotype are filled with green colour and accessions with intermediate C/G genotype are filled with
orange colour. (d and e) Pie graph of the genotyping in 297 melon accessions. Statistical significance is analysed using the Mann-Whitney test.

(https:/ppr.plantenergy.uwa.edu.au/) (Figure 3a). Since the
characteristic of the PPR family is the architecture of multiple
tandem repeats of helix-turn-helix motifs, it is noteworthy that
there may be a huge impact of the nonsynonymous mutation
from cytosine (C) in ‘XLH' to guanine (G) in "HPSG" on the first
P-type motif of CmPPR4 for the gene expression, protein
structure and function. The following genotyping results of the
RIL population using the KASP SNP marker at the nonsynon-
ymous mutation site confirmed the function of this SNP
variation in governing melon drought tolerance (Table S4).

Integrating the genotyping and phenotyping results, RILs with
the C/C genotype generally represented higher survival rates
than the G/G genotype and the survival rates of RILs with the
C/G genotype were in the middle of the C/C and G/G genotype
(Figure 3b).

As 'XLH' belongs to C. melo ssp. melo while '"HPSG' belongs to
C. melo ssp. agrestis, we performed an analysis of the
nonsynonymous mutation in 297 melon varieties using
the previously reported resequencing data by Liu et al. (2020a).
The accessions of the drought-tolerant C/C genotype were
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distributed mainly in Western Asia, Europe and the North
American regions with relatively arid environments, while
accessions of the drought-sensitive G/G genotype were distrib-
uted mainly in East Asia with abundant water sources (Figure 3c).
In a total of 91 C. melo ssp. melo accessions, 67.03% of the
accessions were the C/C genotype same as ‘XLH’, 2.20% were
the C/G genotype and 30.77% were the G/G genotype
(Figure 3d). In a total of 144 C. melo ssp. agrestis accessions,
67.36% of the accessions were the G/G genotype same as
'HPSG’, 4.17% were the C/G genotype and 28.47% were the
C/C genotype (Figure 3e, Table S4). The high agreement between
the genotype and the melon ecotypes suggests that CmPPR4
might be the key gene determining the differentiation in drought
tolerance between two melon subspecies.

TRSV-based RNA silencing of CmPPR4¢ reduces drought
tolerance

To further validate the function of CmPPR4 in regulating drought
tolerance, CmPPR4“ was knocked down in drought-tolerant
C. melo ssp. melo 'XLH' plants using a CmPPR4-targeted TRSV
(tobacco ringspot virus-based) vector referring to Fang
etal. (2021). Setting plants infected with TRSV-CuPDS (CUCURBIT
PHYTOENE DESATURASE) as a biological indicator, the moment
TRSV-CuPDS filtrated plants appeared photo-bleaching pheno-
type (Figure S1a), drought-tolerant ‘XLH' plants inoculated with
empty vector TRSV-control or TRSV-CmPPR4C were treated
with 20% PEG for 14 days and rewatered for 7 days. Then, the
phenotype of plants infected by TRSV-control and TRSV-CmPPRAC
were investigated and the leaves of treated plants were sampled
to analyse the silencing efficiency of TRSV and the expression level
of CmPPR4. After the 14-day-long drought and 7-day-long
rewatering treatment, there were significant differences between
plants infected by TRSV-control and TRSV-CmPPR4C. The height
of plants incubated with TRSV-CmPPR4S was significantly shorter
than TRSV-control and the leaves of plants incubated with
TRSV-CmPPR4S were withered and yellow to a greater extent
(Figure 4a). The results of reverse transcription-quantitative
polymerase chain reaction (RT-gPCR) showed that the relative
expression level of CmPPR4 in all plants infected by
TRSV-CmPPR4S was remarkably decreased than plants infected
by TRSV-control, which indicated the high RNA silencing
efficiency of TRSV (Figure 4b, Figure S2b). As the negative
control, almost all seedlings incubated with TRSV-control were
alive, while only 36.93% of seedlings incubated with
TRSV-CmPPR4S survived on average (Figure 4c). These data
suggested RNA silencing CmPPR4S in drought-tolerant melon can
weaken the ability to withstand drought stress.

Overexpression of CmPPR4S enhances drought tolerance
in C. melo ssp. agrestis

To further confirm the function of CmPPR4, we generated two
overexpression lines of CmPPR4 in drought-sensitive C. melo ssp.
agrestis 'HPSG' seedlings, named as HPSG-OE-CmPPR4“-1 and
HPSG-OE-CmPPR4-2, respectively. The expression level of the 2
overexpression lines was detected, in HPSG-OE-CmPPR4S-1
CmPPR4 slightly increased 2.279 folds compared to 'HPSG’,
while in HPSG-OE-CmPPR4“-2 CmPPR4 increased 3.232 folds
compared to ‘HPSG’ (Figure 4e). Although there was no
remarkable difference in overexpression lines at the expression
level of CmPPR4, the phenotype of overexpression lines was
evident. After drought treatment, seedlings of overexpression
lines were more vigorous than ‘HPSG’, all HPSG-OE-CmPPR4S-2

seedlings survived with an average survival rate of 100% and
HPSG-OE-CmPPR4-1 seedlings with an average survival rate of
96.67% (Figure 4d, f). These results suggested that overexpres-
sion of CmPPR4 in the background of ‘HPSG' can enhance
drought tolerance, and further verified that CmPPR4 can
positively regulate drought tolerance in melon seedlings.

Discussion

The environments of the crop origin and distribution play a crucial
role in shaping the adaptation of plants by ecological factors such
as climate, soil conditions and microbial communities (Desaint
et al., 2021; Milanovic et al., 2020). Plants evolving in different
geological habitats may develop different tolerance mechanisms
to cope with the biotic and abiotic stresses. Plants originating
from arid climates may have vigorous root systems and compact
plant architecture for reducing water loss, while plants grown in
areas with high humidity may have shallow root systems and
higher transpiration capacity (Gupta et al, 2020; Hund
et al., 2009; Zhu, 2016). As an economically important cucurbit
crop, melon is cultivated around the world, spanning different
ecological regions with varying precipitation levels at
different latitudes. In fact, owing to the different areas of origin
and domestication, the two subspecies are clearly differentiated
into two distinct ecotypes. The C. melo ssp. melo is drought-
tolerant ecotype, while the C. melo ssp. agrestis is drought-
sensitive ecotype (Kerje and Grum, 2000; Luan et al., 2008; van
Zeist and de Roller, 1993). Many physiological parameters varied
in drought-tolerant C. melo ssp. melo and drought-sensitive
C. melo ssp. agrestis at different growth stages (Dasgan et al.,
2015; Fila et al., 2019; Sharma et al., 2019). In this study, we
assessed the response of both above- and below-ground biomass
of melon plants to drought stress conditions. Our findings
indicate that the difference in drought tolerance between two
accessions primarily manifests in the above-ground biomass,
contrasting to our previous observations in watermelon (Mah-
moud et al., 2022, 2023). Accordingly, we used the survival rate
of the above-ground portions to evaluate the RIL population
derived from crossing a drought-tolerant C. melo ssp. melo with a
drought-sensitive C. melo ssp. agrestis. By gene mapping
approaches, we successfully identified a single SNP variation on
the CmPPR4 gene highly associated with drought tolerance
(Figures 2-4). Interestingly, the geographical distribution of two
CmPPR4 haplotypes among 297 melon accessions closely fits the
global annual precipitation patterns (Asadieh and Krakauer,
2016). Melons carrying the CmPPR4® haplotype (most are
C. melo ssp. agrestis) are predominantly found in regions with
abundant annual precipitation, whereas those with the CmPPR4
haplotype (most are C. melo ssp. melo) are mainly found in areas
with less annual precipitation. These findings imply that CmPPR4
may play a crucial role in determining the drought tolerance
disparity between two melon subspecies. As a superfamily with
the symbolic PPR motif, numerous PPR proteins have been studied
in food crops (Small and Peeters, 2000). According to the length,
the PPR motif can be divided into three types. The classic P-type
motif has 35 amino acids, the L(long)-type motif has 35-36 amino
acids and the S(short)-type motif has 31 amino acids. Based on
the motif constitution, the PPR proteins are classified into the P
subfamily and the PLS subfamily. The P subfamily proteins only
contain the typical P-type motif, while the PLS subfamily proteins
contain characteristic triplets of the P-, L- and S-type motifs
(Barkan and Small, 2014; Chateigner-Boutin and Small, 2010;
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Figure 4 Functional validation of CmPPR4 in regulating drought tolerance in melons. (a) Photograph of melon seedlings filtrated with XLH-TRSV-Control
and XLH-TRSV-CmPPRAS under drought treatment. (b) The relative expression levels of CmPPR4 in melon seedlings filtrated with XLH-TRSV-Control and
XLH-TRSV-CmPPR4S under drought treatment. (c) The survival rates of melon seedlings filtrated with XLH-TRSV-Control and XLH-TRSV-CmPPR4 under
drought treatment. (d) Photograph of the CmPPRAC overexpression lines under HPSG background after drought treatment. (e) The relative expression levels
of CmPPR4 for the CmPPR4S overexpression lines under HPSG background after drought treatment. (f) The survival rates of the CmPPR4 overexpression
lines under HPSG background after drought treatment. Statistical significance is analysed using the t-test and ordinary one-way ANOVA.

Cheng et al., 2016; Small and Peeters, 2000). Most PPR proteins
are mitochondria- or chloroplast-targeted; some of them can
function in  post-transcriptional  regulation  (Barkan and
Small, 2014), fertility restoration in cytoplasmic male sterility
plants (Bentolila et al., 2002), embryogenesis (Cushing
et al., 2005), photosynthesis (Hashimoto et al., 2003; Kotera
et al, 2005; Meierhoff et al., 2003), plant development
(Hammani et al., 2011; Yuan and Liu, 2012; Zhao et al., 2020)
and responses to stress (Su et al., 2019; Wei and Han, 2016; Yuan
and Liu, 2012). Studies on the model plants have proved that
many PPR proteins are linked to abiotic stress. For instance, a
mitochondrial PPR protein PPR40 was reported to be involved in
the generation of reactive oxygen species (ROS) under salt,
abscisic acid (ABA) and oxidative stress in Arabidopsis (Zsigmond
et al., 2008). Besides, ABO5, PGN, SLG1, SLO2 and PPR96 were
also verified to participate in responses to different abiotic

stresses in Arabidopsis (Laluk et al., 2011; Liu et al., 2010, 2016;
Yuan and Liu, 2012; Zhu et al., 2014). In rice, two chloroplast-
targeted PPR proteins OsV4 and tcd10 were reported to be
involved in chloroplast development under cold stress (Gong
et al., 2014; Wu et al., 2016). In maize, the expression level of 7
ZmPPRs was detected to be upregulated under drought stress
(Wei and Han, 2016). In soybean, GmPPR4 was identified to be
involved in drought tolerance (Su et al., 2019).

But whether it plays a key role in abiotic stress is still unknown.
In this study, we first mapped the CmPPR4 gene from melon and
demonstrated that the haplotype CmPPR4S acts as a positive
regulator of drought tolerance through VIGS in drought-tolerant
C. melo ssp. melo accession ‘XLH" and overexpression in drought-
sensitive C. melo ssp. agrestis 'HPSG'. Collectively, our current
study first demonstrates that CmPPR4 encoding a pentatricopep-
tide repeat protein is highly responsible for drought tolerance
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variation in melon. A single nucleotide polymorphism (SNP)
alteration gives rise to a nonsynonymous mutation in CmPPR4,
leading to the difference in drought tolerance between two
melon subspecies. The haplotype-resolved marker from the SNP
variant on CmPPR4 is promising in molecular breeding of climate-
resilient melon varieties, expanding their adaptations to increas-
ing drought stress.

Experimental procedures

Plant materials and evaluation of drought tolerance
phenotypes

The population consists of 104 Fg RIL lines derived from a cross
between the drought-tolerant accession ‘XLH' (C. melo ssp. melo
var. inodorus) and the drought-sensitive accession ‘HPSG' (C.
melo ssp. agrestis var. conomon), using single seed descent
method. This population was resequenced as described in our
previous work (Yang et al., 2020). The parental lines and the RIL
population were cultivated in the phytotron in Hangzhou,
Zhejiang, China, with 16 h light at 28°C and 8 h dark at 22°C.
After 1-month cultivation, seedlings with 3-4 leaves including
cotyledons were treated with adequate 20% polyethylene glycol
(PEG) for 14 days and then rewatered for 7 days referring to a
modified method on cucumber (Wang et al., 2015b). Drought
tolerance was evaluated by the average survival rate of treated
seedlings (number of seedlings survival/total number of seed-
lings). Ten seedlings for each line were guaranteed to be under
drought treatment. The content of chlorophyll was measured
7 days after drought treatment following the spectrophotometric
methods with at least three biology replications (Walkerce, 1985).
The chlorophyll fluorescence parameters containing Fv/fm and
OJIP curve were measured 7 days after drought treatment using
the POCKET-PEA with at least three biology replications
(Hansatech Instruments Ltd). The root architecture traits were
investigated using the germination pouches and analysed by the
EZ-Root-VIS with six biology replications under treatment of
different concentrations of PEG (Mahmoud et al., 2022). The
statistical data were converted into stress coefficients by
calculating the proportion of the difference between values
under stress and values under control for subsequent comparison.

Statistical analysis and QTL mapping approaches

All data were first managed by Microsoft Excel 2016 and tested
by IBM SPSS Statistics 25, pictures were drawn by GraphPad Prism
9.5.1 and Adobe lllustrator 2024. QTL mapping was performed
based on the chromosome-scale genetic map of one of the
parent lines ‘HPSG’ and resequencing data of 104 Fg RiLs as
described in our previous work (Yang et al, 2020). After
calculating the genetic distance between adjacent markers
according to the Kosambi mapping function, WinQTLcart
software (parameters: CIM, permutation time—500, p-value—
0.05) was used for generating QTL mapping results of the survival
rate under drought.

Sequence and expression analysis of candidate genes

Total RNA was isolated from the third leaves of 1-month-old
seedlings of parent lines after 7 days under drought and control
treatment using the Trizol Reagent (ThermoFisher Scientific,
Waltham, USA). Qualified RNA was reverse transcripted into
cDNA following the protocol of ReverTra Ace gPCR RT Master Mix
with gDNA Remover (TOYOBO, Osaka, Japan). Based on the
sequencing data of the reference genome and data on CuGenDB

(http://www.cucurbitgenomics.org/), cloning primers were
designed for candidate genes (Table S5). Then, PCR was
conducted to amplify candidate genes using the KOD One PCR
Master Mix (TOYOBO, Osaka, Japan). The product was con-
structed to Blunt Zero cloning vector (Transgen Biotech, Beijing,
China) for the following sequencing. Sequencing results were
aligned by SnapGene 4.1.8 and blasted on NCBI (https:/Avww.
ncbi.nlm.nih.gov/).

For detecting the expression level of candidate genes, specific
primers (Table S5) were designed on the genscript website
(http://www.genscript.com). cDNA of different treatments was
used as the template. The reaction was set following the standard
steps of SYBR Green supermix (TOYOBO, Osaka, Japan) using the
StepOnePlus Real-Time PCR System (Applied Biosystems, Thermo-
Fisher, USA) with three biology repetitions and three technical
repetitions for each treatment. The relative expression value was
further analysed by applying the 2724<T algorithm using the actin
gene as the internal reference.

Genotypings of the RILs and 297 resequencing melon
accessions

The targeted single nucleotide polymorphism (SNP) in the RIL
population was genotyped by the kompetitive allele-specific PCR
(KASP) platform. The KASP TF V4.0 2x Mastermix (LGC,
Hoddesdon, United Kingdom) was blended with a mixture of
the primer combination (Fam, Hex, Common) with a volume ratio
of 2:2:5 (Table S5). The KASP reaction was performed following
the protocol and the amplification results were detected using an
LGC Genomics system (Hoddesdon, United Kingdom) (Liao
et al., 2020). The published resequencing data of 297 melon
accessions (Liu et al., 2020a) were downloaded from GenBank
(https:.//www.ncbi.nIm.nih.gov/) under BioProject ID
PRINA529037 and used for further analysis. After aligning the
homology gene of CmPPR4 to the reference genome (DHL92
V3.5.1; Garcia-Mas et al., 2012) of the 297 melon accessions, we
extracted genotyping data for the targeted SNP. The genotyping
results of the nonsynonymous mutation, taxonomic information
and the global geographical distribution of the 297 melon
accessions were integrated. The distribution graphs about the
distribution of genomic variations of CmPPR4 across the 297
melon accessions were created using Adobe lllustrator 2024 and
GraphPad Prism 9.5.1.

VIGS assay

The miRNA silencing vectors were offered by Li's lab from
Shandong Agricultural University. A 137 bp short fragment
from the coding region of CmPPR4 was inserted into the TRSV2
vector using TRSV-CmPPR4-F/R primers (Table S5). Then the
constructed plasmid was transformed into A. tumefaciens
GV3101 cells as the standard protocol (Hofgen and Willmit-
zer, 1988). The resuspended mixture of these miRNA silencing
vectors was first inoculated into N. benthamiana plants, and
collected after 6 days for infiltrating melon seedlings. The above
infiltrating procedures were referred to a tobacco ringspot virus-
based vector system (Fang et al., 2021). The moment seedlings
infiltrated with TRSV-CuPDS (CUCURBIT PHYTOENE DESATUR-
ASE) plasmid showed photo-bleaching phenotype, seedlings
infiltrated with TRSV-CmPPRAS were treated under drought with
at least five biology repetitions. After a 14-day drought and 7-day
rewatering routine, the drought tolerance ability of treated
seedlings was evaluated. Samples for further analysis were
harvested 7 days after drought treatment.
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Generation of overexpression lines

The coding sequence of CmPPR4 without stop codon was cloned
by the OE-CmPPR4-F/R primers (Table S5) and inserted into the
pMDC83 binary expression vector under the control of the CaMV
35S promoter. Then the constructed plasmid was transformed into
A. tumefaciens GV3101 cells as the standard protocol (Hofgen and
Willmitzer, 1988). Explants grown from wounded cotyledons were
generated following a modified tissue culture procedure in
watermelon (Chen et al., 2023). Briefly, sterilized seeds without
hull were sowed on the germination medium (MS 2.22 g/L with
sucrose 25 g/L and phytagel 4 g/L) and cultivated in the dark at
26-28°Cfor 4 days. Then, the central section of every cotyledon
was cut into four parts as explants, placed on the pre-culture
medium (MS 4.43 g/L with sucrose 25 g/L, 6-BA 1.5 mg/L, and
phytagel 4 g/L), and cultivated with 16 h light and 8 h dark at
26°C for 2-3 days. After that, explants were infiltrated with
GV3101 cells carrying the constructed vectors and co-cultivated on
the co-culture medium (MS 4.43 g/L with sucrose 25 g/L, 6-BA
1.5 mg/L, and phytagel 4 g/l) in dark at 26-28°Cfor 3-4 days.
Afterwards, explants were rinsed and transferred onto the
screening medium (MS 4.43 g/L with sucrose 25 g/L, 6-BA
1.5 mg/L, phytagel 4 g/L, kanamycin 150 mg/L and Timentin
100 mg/L) and cultivated with 16 h light and 8 h dark at 26°C till
generating new shoots. New shoots were subsequently transferred
onto the elongation medium (MS 4.43 g/L with sucrose 25 g/L, 6-
BA 0.05 mg/L, phytagel 4 g/L, kanamycin 120 mg/L and Timentin
100 mg/L) for 2 weeks. Then, vigorous shoots were transferred
onto the rooting medium (MS 4.43 g/L with sucrose 25 g/L, 6-BA
0.05 mg/L, phytagel 4 g/L, kanamycin 60 mg/L and Timentin
40 mg/L). When five roots were formed, the aseptic seedlings
were transferred into the soil. Afterwards, DNA was extracted and
the existence of the plasmid was first verified by PCR using primers
on the vector. Positive overexpression lines were further cultivated
and pollinated. The expression level of CmPPR4 in seedlings from
the T, generation was measured by gRT-PCR and these T,
seedlings were used for further analysis.

Author contribution

XL and MZ designed the project. YX conducted most of the
experiments; MX, QR, YZ, HS, MY, HZ, AB, HC, RJ and KZ
performed some of the fieldwork and measured the phenotypes.
YB, YM, ZH and JY performed some data analysis; YX wrote the
manuscript, and MZ and XL revised it.

Acknowledgements

This work was supported by Special Support Plan for high level
talents of Zhejiang Province (2021R51007), the Key Research
Project of Ningbo Municipal Government (2021Z057), Harbin
Science and Technology Bureau Science and Technology Plan
Project (2021ZSZZNS04), the Earmarked Fund for China Agricul-
ture Research System (CARS-25-17) and Major Science and
Technology Projects of Xinjiang Uygur Autonomous Region
(2024A02007-1). We also thank Professor Xiang-Dong Li and
Professor Chao Geng from Shandong Agricultural University for
providing the TRSV-based silencing vector.

Conflict of interest

The authors declare that there is no conflict of interest.

CmPPR4 requlates drought tolerance in melon 1889

Significance statement

The CmPPR4 gene encoding a pentatricopeptide repeat protein
was mapped and verified to be associated with drought tolerance
of melon ecotypes.

Data availability statement

All data generated in this study are included in this article and its
supplementary information files.

References

Asadieh, B. and Krakauer, N.Y. (2016) Impacts of changes in precipitation
amount and distribution on water resources studied using a model rainwater
harvesting system. JAWRA J. Am. Water Resour. Assoc. 52, 1450-1471.

Barkan, A. and Small, I. (2014) Pentatricopeptide repeat proteins in plants.
Annu. Rev. Plant Biol. 65, 415-442.

Bentolila, S., Alfonso, A.A. and Hanson, M.R. (2002) A pentatricopeptide
repeat-containing gene restores fertility to cytoplasmic male-sterile plants.
PNAS 99, 10887-10892.

Bohnert, H.J., Nelson, D.E. and Jensen, R.G. (1995) Adaptations to
environmental stresses. Plant Cell 7, 1099-1111.

Cabello, M.J., Castellanos, M.T., Romojaro, F., Martinez-Madrid, C. and Ribas,
F. (2009) Yield and quality of melon grown under different irrigation and
nitrogen rates. Agric Water Manag 96, 866-874.

Chateigner-Boutin, A.L. and Small, I. (2010) Plant RNA editing. RNA Biol. 7,
213-219.

Chen, J.N. and Yin, Y.H. (2017b) WRKY transcription factors are involved in
brassinosteroid signaling and mediate the crosstalk between plant growth
and drought tolerance. Plant Signal. Behav. 12, e1365212.

Chen, J.N., Nolan, T.M., Ye, H.X., Zhang, M.C., Tong, H.N., Xin, P.Y., Chu, J.F.
et al. (2017a) Arabidopsis WRKY46, WRKY54, and WRKY70 transcription
factors are involved in brassinosteroid-regulated plant growth and drought
responses. Plant Cell 29, 1425-1439.

Chen, X.E., Li, Y.X., Ai, G.L., Chen, J.F.,, Guo, D.L., Zhu, Z.H., Zhu, X.J. et al.
(2023) Creation of a watermelon haploid inducer line via CIDMP3-mediated
single fertilization of the central cell. Hortic. Res. 10, uhad081.

Cheng, S.F., Gutmann, B., Zhong, X., Ye, Y.T., Fisher, M.F., Bai, F.Q., Castleden,
I. et al. (2016) Redefining the structural motifs that determine RNA binding
and RNA editing by pentatricopeptide repeat proteins in land plants. Plant J.
85, 532-547.

Cheuvilly, S., Dolz-Edo, L., Martinez-Sanchez, G., Morcillo, L., Vilagrosa, A., Lopez-
Nicolas, J.M., Blanca, J. et al. (2021) Distinctive Traits for Drought and Salt Stress
Tolerance in Melon (Cucumis melo L.). Front. Plant Sci. 12, 777060.

Cushing, D.A., Forsthoefel, N.R., Gestaut, D.R. and Vernon, D.M. (2005)
Arabidopsis emb175 and other ppr knockout mutants reveal essential roles
for pentatricopeptide repeat (PPR) proteins in plant embryogenesis. Planta
221, 424-436.

Daryanto, S., Wang, L. and Jacinthe, P.A. (2016) Global synthesis of drought
effects on maize and wheat production. PLoS One 11, e0156362.

Dasgan, H.Y., Akhoundnejad, Y., Coban, G. and Kusvuran, S. (2015) The
physiological parameters to compare for drought between early stage in pot
and mature stage in field for melons. Procedia Environ. Sci. 29, 269.

Desaint, H., Aoun, N., Deslandes, L., Vailleau, F., Roux, F. and Berthomé, R.
(2021) Fight hard or die trying: when plants face pathogens under heat
stress. New Phytol. 229, 712-734.

Dong, J.L,, Gruda, N., Li, X., Tang, Y., Zhang, P.J. and Duan, Z.Q. (2020)
Sustainable vegetable production under changing climate: The impact of
elevated CO, on yield of vegetables and the interactions with environments-
A review. J. Clean. Prod. 253, 119920.

Fabeiro, C., Olalla, F.M.D. and de Juan, J.A. (2002) Production of muskmelon
(Cucumis melo L.) under controlled deficit irrigation in a semi-arid climate.
Agric Water Manag 54, 93-105.

Fang, L., Wei, X.Y., Liu, L.Z., Zhou, L.X., Tian, Y.P., Geng, C. and Li, X.D. (2021)
A tobacco ringspot virus-based vector system for gene and microRNA
function studies in cucurbits. Plant Physiol. 186, 853-864.

© 2025 The Author(s). Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 23, 1881-1891



1890 Yuelin Xia et al.

Fila, G., Zeinalipour, N., Badeck, F.W., Delshad, M. and Ghashghaie, J. (2019)
Application of water-saving treatments reveals different adaptation strategies
in three Iranian melon genotypes. Sci. Hortic. 256, 108518.

Garcia-Mas, J., Benjak, A., Sanseverino, W., Bourgeois, M., Mir, G., Gonzélez,
V.M., Hénaff, E. et al. (2012) The genome of melon (Cucumis melo L.). PNAS
109, 11872-11877.

Gong, X.D., Su, Q.Q., Lin, D.Z,, Jiang, Q., Xu, J.L., Zhang, J.H., Teng, S. et al.
(2014) The rice OsV4 encoding a novel pentatricopeptide repeat protein is
required for chloroplast development during the early leaf stage under cold
stress. J. Integr. Plant Biol. 56, 400-410.

Gupta, P.K. (2024) Drought-tolerant transgenic wheat HB4®: a hope for the
future. Trends Biotechnol. 42, 807-809.

Gupta, A., Rico-Medina, A. and Cano-Delgado, A.l. (2020) The physiology of
plant responses to drought. Science 368, 266-269.

Hammani, K., Gobert, A., Hleibieh, K., Choulier, L., Small, I. and Giegé, P.
(2011) An Arabidopsis dual-localized pentatricopeptide repeat protein
interacts with nuclear proteins involved in gene expression regulation. Plant
Cell 23, 730-740.

Hashimoto, M., Endo, T., Peltier, G., Tasaka, M. and Shikanai, T. (2003) A
nucleus-encoded factor, CRR2, is essential for the expression of chloroplast
ndhB in Arabidopsis. Plant J. 36, 541-549.

Hofgen, R. and Willmitzer, L. (1988) Storage of Competent Cells for
Agrobacterium Transformation. Nucleic Acids Res. 16, 9877.

Hu, H., Dai, M., Yao, J., Xiao, B., Li, X., Zhang, Q. and Xiong, L. (2006)
Overexpressing a NAM, ATAF, and CUC (NAC) transcription factor enhances
drought resistance and salt tolerance in rice. Proc. Natl. Acad. Sci. 103,
12987-12992.

Hund, A., Ruta, N. and Liedgens, M. (2009) Rooting depth and water use
efficiency of tropical maize inbred lines, differing in drought tolerance. Plant
and Soil 318, 311-325.

Jeffrey, C. (1980) A review of the cucurbitaceae. Bot. J. Linn. Soc. 81, 233-247.

Kerje, T. and Grum, M. (2000) The origin of melon, Cucumis melo: a review of
the literature. Proceedings of Cucurbitaceae 2000(510), 37-44.

Kim, S., Meki, M.N., Kim, S. and Kiniry, J.R. (2020) Crop modeling application
to improve irrigation efficiency in year-round vegetable production in the
texas winter garden region. Agronomy-Basel 10, 1525.

Kirkbride, J.H. (1993) Biosystematic Monograph of the Genus Cucumis
(Cucurbitaceae): Botanical Identification of Cucumbers and Melons.
Blowing Rock, NC: Parkway Publishers, Inc.

Kotera, E., Tasaka, M. and Shikanai, T. (2005) A pentatricopeptide repeat
protein is essential for RNA editing in chloroplasts. Nature 433, 326-330.
Krasensky, J. and Jonak, C. (2012) Drought, salt, and temperature stress-
induced metabolic rearrangements and regulatory networks. J. Exp. Bot. 63,

1593-1608.

Laluk, K., AbuQamar, S. and Mengiste, T. (2011) The Arabidopsis Mitochondria-
Localized Pentatricopeptide Repeat Protein PGN Functions in Defense against
Necrotrophic Fungi and Abiotic Stress Tolerance. Plant Physiol. 156, 2053—
2068.

Li, T., Angeles, O., Radanielson, A., Marcaida, M. and Manalo, E. (2015)
Drought stress impacts of climate change on rainfed rice in South Asia. Clim.
Change 133, 709-720.

Liao, N., Hu, Z., Li, Y., Hao, J., Chen, S., Xue, Q., Ma, Y. et al. (2020) Ethylene-
responsive factor 4 is associated with the desirable rind hardness trait
conferring cracking resistance in fresh fruits of watermelon. Plant Biotechnol.
J. 18, 1066-1077.

Liu, Y., He, J.N., Chen, Z.Z., Ren, X.Z., Hong, X.H. and Gong, Z.Z. (2010) ABA
overly-sensitive 5 (ABO5), encoding a pentatricopeptide repeat protein
required for cis-splicing of mitochondrial nad2 intron 3, is involved in the
abscisic acid response in Arabidopsis. Plant J. 63, 749-765.

Liu, J.-M., Zhao, J.-Y., Lu, P.-P., Chen, M., Guo, C.-H., Xu, Z.-S. and Ma, Y.-Z.
(2016) The E-Subgroup Pentatricopeptide Repeat Protein Family in
Arabidopsis thaliana and Confirmation of the Responsiveness PPR96 to
Abiotic Stresses. Front. Plant Sci. 7, 1825.

Liu, S., Gao, P., Zhu, Q.L., Zhu, Z.C., Liu, H.Y., Wang, X.Z., Weng, Y.Q. et al.
(2020a) Resequencing of 297 melon accessions reveals the genomic history
of improvement and loci related to fruit traits in melon. Plant Biotechnol. J.
18, 2545-2558.

Lobell, D.B. and Burke, M.B. (2010) On the use of statistical models to predict
crop vyield responses to climate change. Agric. For. Meteorol. 150, 1443—
1452.

Luan, F., Delannay, I. and Staub, J.E. (2008) Chinese melon (Cucumis melo L.)
diversity analyses provide strategies for germplasm curation, genetic
improvement, and evidentiary support of domestication patterns. Euphytica
164, 445-461.

Mahmoud, A., Qi, R., Zhao, H.S., Yang, H.Y., Liao, N.Q., Ali, A., Malangisha,
G.K. et al. (2022) An allelic variant in the ACS7 gene promotes primary root
growth in watermelon. Theor. Appl. Genet. 135, 3357-3373.

Mahmoud, A., Qi, R., Chi, X, Liao, N., Malangisha, G.K., Ali, A., Moustafa-
Farag, M. et al. (2023) Integrated bulk segregant analysis, fine mapping, and
transcriptome revealed QTLs and candidate genes associated with drought
adaptation in wild watermelon. Int. J. Mol. Sci. 25, 65.

Mancosu, N., Snyder, R.L., Kyriakakis, G. and Spano, D. (2015) Water scarcity
and future challenges for food production. Water-Sui. 7, 975-992.

Mao, H.D., Wang, H.W., Liu, S.X., Li, Z., Yang, X.H., Yan, J.B., Li, J.S. et al.
(2015) A transposable element in a NAC gene is associated with drought
tolerance in maize seedlings. Nat. Commun. 6, 8326.

McLennan, M. (2022) The Global Risks Report, p. 116. Switzerland: World
Economic Forum.

Meierhoff, K., Felder, S., Nakamura, T., Bechtold, N. and Schuster, G. (2003)
HCF152, an Arabidopsis RNA binding pentatricopeptide repeat protein
involved in the processing of chloroplast psbB-psbT-psbH-petB-petD RNAs.
Plant Cell 15, 1480-1495.

Milanovic, M., Knapp, S., Pysek, P. and Kihn, I. (2020) Trait-environment
relationships of plant species at different stages of the introduction process.
Neobiota 58, 55-74.

Nelson, D.E., Repetti, P.P., Adams, T.R., Creelman, R.A., Wu, J., Warner, D.C.,
Anstrom, D.C. et al. (2007) Plant nuclear factor Y (NF-Y) B subunits confer
drought tolerance and lead to improved corn yields on water-limited acres.
Proc. Natl. Acad. Sci. 104, 16450-16455.

Okamoto, M., Peterson, F.C., Defries, A., Park, S.Y., Endo, A., Nambara, E.,
Volkman, B.F. et al. (2013) Activation of dimeric ABA receptors elicits guard
cell closure, ABA-regulated gene expression, and drought tolerance. PNAS
110, 12132-12137.

Olesen, J.E. and Bindi, M. (2002) Consequences of climate change for European
agricultural productivity, land use and policy. Eur. J. Agron. 16, 239-262.
Park, S.Y., Peterson, F.C., Mosquna, A., Yao, J., Volkman, B.F. and Cutler, S.R.
(2015) Agrochemical control of plant water use using engineered abscisic

acid receptors. Nature 520, 545-548.

Pei, Z.M., Ghassemian, M., Kwak, C.M., McCourt, P. and Schroeder, J.I. (1998)
Role of farnesyltransferase in ABA regulation of guard cell anion channels and
plant water loss. Science 282, 287-290.

Ribichich, K.F., Chiozza, M., Avalos-Britez, S., Cabello, J.V., Arce, A.L., Watson,
G., Arias, C. et al. (2020) Successful field performance in warm and dry
environments of soybean expressing the sunflower transcription factor HB4.
J. Exp. Bot. 71, 3142-3156.

Sensoy, S., Ertek, A., Gedik, I. and Kucukyumuk, C. (2007) Irrigation frequency
and amount affect yield and quality of field-grown melon (Cucumis melo L.).
Agric Water Manag 88, 269-274.

Shaffique, S., Faroog, M., Kang, S.M. and Lee, I.J. (2024) Recent Advances in
Biochemical Reprogramming Network Under Drought Stress in Soybean. J.
Soil Sci. Plant Nutr. 24, 1692-1703.

Shaheen, T., Rahman, M.-u., Shahid Riaz, M., Zafar, Y. and Rahman, M.-u.
(2016) Soybean production and drought stress. In Abiotic and Biotic Stresses
in Soybean Production(Miransari, M., ed), pp. 177-196. San Diego, CA:
Elsevier.

Sharma, S.P., Leskovar, D.I. and Crosby, K.M. (2019) Genotypic differences in
leaf gas exchange and growth responses to deficit irrigation in reticulatus and
inodorus melons (Cucumis melo L.). Photosynthetica 57(1), 237-247.

Shinozaki, K. and Yamaguchi-Shinozaki, K. (2007) Gene networks involved in
drought stress response and tolerance. J. Exp. Bot. 58, 221-227.

Small, I.D. and Peeters, N. (2000) The PPR motif — a TPR-related motif prevalent
in plant organellar proteins. Trends Biochem. Sci. 25, 46-47.

Su, H.-G., Li, B, Song, X.-Y., Ma, J., Chen, J., Zhou, Y.-B., Chen, M. et al. (2019)
Genome-Wide Analysis of the DYW Subgroup PPR Gene Family and

© 2025 The Author(s). Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 23, 1881-1891



Identification of GmPPR4 Responses to Drought Stress. Int. J. Mol. Sci. 20,
5667.

Sun, X., Xiong, H., Jiang, C., Zhang, D., Yang, Z., Huang, Y., Zhu, W. et al.
(2022) Natural variation of DROT1 confers drought adaptation in upland rice.
Nat. Commun. 13, 4265.

Tian, T., Wang, S., Yang, S., Yang, Z., Liu, S., Wang, Y., Gao, H. et al. (2023)
Genome assembly and genetic dissection of a prominent drought-resistant
maize germplasm. Nat. Genet. 55, 496-506.

Walkerce, D.A. (1985) In Techniques in bioproductivity and photosynthesis
(Coombs, J., Hall, D.O., Long, S.P. and Scurlock, J.M.O., eds). Oxford: Pergamon.

Wang, C., Burzio, L.A., Koch, M.S., Silvanovich, A. and Bell, E. (2015a) Purification,
characterization and safety assessment of the introduced cold shock protein B in
DroughtGard™ maize. Regul. Toxicol. Pharmacol. 71, 164-173.

Wang, W.J., Zhang, Y., Xu, C., Ren, J.J.,, Liu, X.F.,, Black, K., Gai, X.S. et al.
(2015b) Cucumber ECERIFERUM1 (CsCER1), which influences the cuticle
properties and drought tolerance of cucumber, plays a key role in VLC
alkanes biosynthesis. Plant Mol. Biol. 87, 219-233.

Wang, X.L., Wang, H.W., Liu, S.X., Ferjani, A., Li, J.S., Yan, J.B., Yang, X.H.
et al. (2016) Genetic variation in ZmVPP1 contributes to drought tolerance in
maize seedlings. Nat. Genet. 48, 1233-1241.

Wang, P.C., Zhao, Y., Li, Z.P., Hsu, C.C., Liu, X., Fu, LW., Hou, Y.J. et al. (2018)
Reciprocal regulation of the TOR kinase and ABA receptor balances plant
growth and stress response. Mol. Cell 69, 100-112.e6.

Wei, K.F. and Han, P. (2016) Pentatricopeptide repeat proteins in maize. Mol.
Breed. 36, 1-8.

Wu, L.L., Wy, J., Liu, Y.X., Gong, X.D., Xu, J.L., Lin, D.Z. and Dong, Y.J. (2016)
The rice pentatricopeptide repeat gene TCD10 is needed for chloroplast
development under cold stress. Rice 9, 67.

Xiong, L. and Zhu, J.K. (2002) Molecular and genetic aspects of plant responses
to osmotic stress. Plant Cell Environ. 25, 131-139.

Yadav, N., Sevanthi, A.C.M.V., Pandey, R., Chinnusamy, V., Singh, AK. and
Singh, N.K. (2023) Physiological response and agronomic performance of
drought tolerance mutants of Aus rice cultivar Nagina 22 (Oryza sativa L).
Field Crop Res 290, 108760.

Yang, J.H., Deng, G.C., Lian, J.M., Garraway, J., Niu, Y.C., Hu, Z.Y., Yu, J.Q.
et al. (2020) The chromosome-scale genome of melon dissects genetic
architecture of important agronomic traits. iScience 23(8), 101422.

Yuan, H. and Liu, D. (2012) Functional disruption of the pentatricopeptide
protein SLG1 affects mitochondrial RNA editing, plant development, and
responses to abiotic stresses in Arabidopsis. Plant J. 70, 432-444.

van Zeist, W. and de Roller, G.J. (1993) Plant remains from Maadi, a predynastic
site in lower Egypt. Veg. Hist. Archaeobotany 2, 1-14.

Zhao, P., Wang, F., Li, N., Shi, D.Q. and Yang, W.C. (2020) Pentatricopeptide
repeat protein MID1 modulates nad2 intron 1 splicing and Arabidopsis
development. Sci. Rep. 10, 2008.

CmPPR4 requlates drought tolerance in melon 1891

Zhu, J.K. (2016) Abiotic Stress Signaling and Responses in Plants. Cell 167, 313—
324.

Zhu, J.H., Lee, B.H., Dellinger, M., Cui, X.P., Zhang, C.Q., Wu, S., Nothnagel,
E.A. et al. (2010) A cellulose synthase-like protein is required for osmotic
stress tolerance in. Plant J. 63, 128-140.

Zhu, Q., Dugardeyn, J., Zhang, C.Y., Mihlenbock, P., Eastmond, P.J., Valcke,
R., De Coninck, B. et al. (2014) The Arabidopsis thaliana RNA editing factor
SLO2, which affects the mitochondrial electron transport chain, participates
in multiple stress and hormone responses. Mol. Plant 7, 290-310.

Zsigmond, L., Rigd, G., Szarka, A., Székely, G., Otvés, K., Darula, Z.,
Medzihradszky, K.F. et al. (2008) Arabidopsis PPR40 connects abiotic stress
responses to mitochondrial electron transport. Plant Physiol. 146, 1721—
1737.

Supporting information

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

Figure S1. Relative expression levels of genes in the candidate
region with no significant differences. Relative expression levels of
MELO11404 (a), MELO11405 (b), MELO11406 (c), MELO11410 (d),
MELO11415 (e) and MELO11416 (f) under different treatments
with water and PEG. Tissues from the third leaves of 1-month-old
seedlings after 7-day-long control and PEG treatment were
sampled for analysis. Statistical significance is analysed using the
t-test.

Figure S2. Detection of RNA silencing efficiency using TRSV
system. (a) The photo-bleaching phenotype of the plant infected
with TRSV-CuPDS. (b) The relative expression level of CmPPR4 in
plants infected by TRSV-CmPPRAC.

Table S1. Survival rates of the RILs population under drought
treatment.

Table S2. Variations in the QTL gDT_CmO5.

Table S3. Information of eight candidate genes.

Table S4. Genotyping of the 297 resequencing melon accessions
and the 104 RiLs.

Table S5. Primers for gene cloning, gPCR, KASP and vector
construction.
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