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Abstract: Adventitious roots (ARs) are crucial for grafted seedlings, playing vital roles in nutrient
absorption, stress resistance, and grafting efficacy. However, how scions regulate endogenous
hormones to influence AR formation remains poorly understood. In this study, we constructed
watermelon seedlings (WP) using “HXX” as the scion and “Tie Zhen No. 3” as the rootstock.
Removing scion cotyledons (WP-1) significantly promoted AR development, while removing true
leaves (WP-2) had minimal effect. Simultaneous removal of both (WP-3) increased endogenous
levels of IAA (Indole-3-Acetic Acid), abscisic acid (ABA), and jasmonic acid (JA). Transcriptome
sequencing revealed that differentially expressed genes (DEGs) are enriched in various hormone
signaling pathways. On the fourth day, when the number of differential genes was the highest, the
DEGs significantly expressed in all three treatment groups were enriched in the activation signaling
pathways and responses of JA, auxin, ethylene, and cytokinins. Transcription factors such as bHLH,
ERF, MYB, and NAC were significantly expressed during the development of ARs, playing a key
regulatory role. Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis identified 82 DEGs
across five hormone signal transduction pathways. Weighted gene co-expression network analysis
(WGCNA) identified modules positively correlated with AR hormones, highlighting hub genes
such as ethylene transcription factors (CRF4, ABR1, ERF054, ERF098), auxin response factors
(SAUR21, SAUR32), and other regulators (CSA, HSP, bHLH93, ZAT5, ZAT13, NAC, MYB, C3H).
These findings provide molecular insights into how scions regulate AR development through
hormones, offering a foundation for improving watermelon grafting practices.

Keywords: adventitious root; watermelon; transcriptome; phytohormone; WGCNA

1. Introduction

Grafting technology is an important production measure to overcome continuous cropping
obstacles and soil-borne diseases, and to increase yield in current watermelon production, while
selecting suitable rootstocks and effective grafting methods is the foundation for cultivating strong
watermelon seedlings [1]. Pumpkin remains the best rootstock for watermelon grafting. Through
grafting, the root systems of cucurbit plants are altered, with the root vitality of the rootstock
significantly enhanced, leading to greatly improved water and nutrient absorption capabilities. The
plants significantly increase photosynthetic efficiency by enhancing the supply of water and nutrients,
while the antioxidant defense system of the plants is further improved, and their long-distance
transport capacity is also greatly enhanced [2]. Double-root-cut grafting is a method that involves

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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cutting off the root system of the rootstock after grafting and re-embedding the grafted seedling into
the substrate to induce new root formation. The development of adventitious roots (ARs) from the
rootstock is similar to the root formation process of cuttings. [3,4]. Therefore, it is extremely important
to conduct in-depth research on the formation of ARs in the root systems of double-root-cut grafting
rootstocks and the factors affecting the subsequent growth and development of these ARs.

Roots are a crucial organ system in grafted plants, responsible for obtaining water and nutrients
from the rhizosphere environment and transporting nutrients necessary for promoting graft union.
However, there is very little research on the formation of AR in the rootstocks of double-root-grafted
seedlings. ARs are roots formed from parts such as the stem, leaves, or hypocotyl of the plant, or
roots that grow from the callus of excised tissues or the lower ends of stem segments. The ARs of
plants serve the same functions as the primary and lateral roots, absorbing nutrients and water for
the wound healing of double root grafted seedlings [5]. AR development may be influenced by
various external environmental factors, especially damage, light, gravity, and internal plant
hormones [6,7]. Plant hormones are the main signaling molecules that regulate the formation of ARs,
and their content in plant metabolic products is very low. They can be transported from their
synthesis sites to other parts to exert regulatory effects. For example, hormones related to plant
growth, such as auxin, ABA, JA, cytokinins, gibberellins, strigolactones (SLs), and ethylene, can
promote or inhibit the formation of ARs in plants at different concentrations [8,9].

During AR formation, the levels of plant hormones and the genes and transcription factors
associated with plant hormone signaling pathways play an indispensable role in the formation and
development of AR, undergoing significant changes during this process [7,10]. Auxin is a growth
regulator that plays a central role in the rooting process. Most other plant hormones need to interact
with auxin to exert regulatory effects on the growth of ARs. Auxin can regulate the formation of ARs
by inducing cell division, elongation, and differentiation [11]. Far-red light can significantly induce
the expression of auxin response proteins (IAA11, IAA17, and AUX28), small auxin RNA genes
(SAUR20 and SAURS50), and auxin efflux transporters (PIN3) in watermelon. It also significantly
increases the expression of phytochrome-interacting factors (PIFs), such as PIF1, PIF3, and PIF7.
These genes may work together under far-red light treatment to activate auxin-related pathways to
regulate the formation of ARs [4]. The exogenous application of GR24 (SL) promotes the development
of ARs in melons. The treatment of GR24 combined with IAA (auxin) further increases the number,
length, and surface area of ARs. Transcriptome studies indicate that GR24 treatment affects the
synthesis of auxin and SL, as well as plant hormone signaling pathways, leading to increased levels
of auxin, GA, and zeatin, with an even greater increase under GR24+IAA treatment, while the content
of ABA significantly decreases [12]. JA interacts with auxin and other plant hormones through
complex crosstalk during the development of ARs. JA may enhance auxin synthesis during the
induction phase, promoting AR formation. Low concentrations of methyl jasmonate promote AR
development, while high concentrations inhibit it. JA can also interfere with ethylene signaling to
promote the occurrence of auxin-induced ARs in the skotomorphogenesis of Arabidopsis seedlings
[13,14]. Ethylene is considered a stimulator of the early induction and late formation of ARs. JA can
interact with ethylene to regulate the occurrence and quantity of ARs. Ethylene can exhibit a
promoting effect on the AR formation process under different conditions, which has been confirmed
in crops such as tomato and cucumber. However, some studies indicate that ethylene only plays a
negative role during the late AR induction phase and the formation of lateral roots, suggesting that
ethylene has two completely opposite effects on AR development [15,16]. In addition to auxin, JA,
and ethylene, ABA, salicylic acid, brassinosteroids, and other hormones can also play varying roles
in the occurrence of ARs in plants. This indicates that there are complex interactions among various
hormones during the formation of ARs, but auxin plays the most important role, as it can interact
with almost all hormones. The mechanisms of how these hormones interact still require further
research [17-19].

Transcriptome, microarray, and genomic sequencing, among other omics technologies, have
been widely applied in recent years to study the formation of ARs in various species, including melon
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[4,12], poplar [20], and apple [21-23]. Most of these sequencing technologies aim to identify key genes
that regulate the development and formation of ARs, as well as the important metabolic pathways
involved, while the structural analysis of the underlying gene regulatory networks is relatively
insufficient. Weighted gene co-expression network analysis (WGCNA) focuses on identifying co-
expressed gene modules and exploring the relationship between gene networks and phenotypes of
interest to researchers. It is based on high-throughput microarray or RNA-Seq technology, utilizing
experimental data to explore the connections between gene networks and traits of interest at the
transcriptional level [24,25]. This algorithm, as an efficient and accurate bioinformatics method for
biological data mining, can effectively combine with transcriptomics, providing a powerful tool for
the in-depth exploration of the molecular mechanisms by which endogenous hormones regulate the
formation of ARs [26].

An increasing number of researchers have found that the interaction between scions and
rootstocks affects the formation of ARs in grafted seedlings. In this study, the treatment of scion
cotyledons and true leaves promoted the development of ARs and the increase in three endogenous
hormone levels to varying degrees. Using transcriptomics, it was found that the significant
expression of DEGs is enriched in various hormone-related biological processes, including auxin,
jasmonic acid, ethylene, and cytokinins. KEGG pathways annotated multiple differential genes that
are significantly expressed in different hormone signaling pathways. Further WGCNA identified key
modules positively correlated with the three hormones, where the hub genes included several
candidate genes related to auxin and ethylene, as well as various key transcription factors. These are
important components that play regulatory roles in the development of ARs and are focal points for
future attention. Taken together, in conjunction with previous research, this study will provide a
molecular-level explanation for the issue of AR development in grafted seedlings being limited by
hormonal regulation, contributing to improving the survival rate of grafted seedlings and promoting
the efficient and sustainable development of the watermelon industry.

2. Results
2.1. Morphological Changes and Endogenous Hormone Response During AR Formation

The scion is a key part of the grafting process used to maintain the excellent traits of a variety,
determining the genetic characteristics and economic value of the plant after grafting. The scion
significantly affects various aspects such as the length of ARs, root surface area, and biomass, and it
also inhibits the accumulation of sugars in the root system of the rootstock [27,28]. To explore the
impact of the scion on the ARs of grafted seedlings, we constructed grafted watermelon seedlings
(WP sample) using "HXX" as the scion and "Tie Zhen No. 3" as the rootstock, while performing
treatments on the scion including the removal of cotyledons (WP-1 sample), the removal of true
leaves (WP-2 sample), and the removal of both cotyledons and true leaves (WP-3 sample) (Figure
1A), followed by a statistical analysis of the physiological indicators of the grafted seedlings. The
number and length of roots in the WP-1 sample consistently showed a significant advantage during
the growth process, except on the sixth day, when it was slightly less than the WP sample (Figure
1B). In terms of both wet and dry weight, there was almost no difference among the four materials
on the second and fourth days. However, on the sixth day, the weights of the WP-1 sample were
significantly higher than the other three setups, with WP-3 and WP-2 following, and WP being the
lightest (Figure 1B). Overall, the removal of cotyledons from the scion can effectively promote the
growth and development of ARs, while the simultaneous removal of both cotyledons and true leaves
has a lesser promoting effect on ARs, and true leaves have little impact on their growth. This indicates
that there is an antagonistic relationship between cotyledons and true leaves, with cotyledons having
a greater influence on the development of ARs than true leaves.
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Figure 1. Phenotype growth parameters of grafted seedlings at different stages. (A) Phenotype of grafted
seedlings (taking "HXX" watermelon as scion and "Tie Zhen No. 3" pumpkin as rootstock) at Day 2, Day 4 and
Day 6. WP sample: Normal grafting seedlings without any treatment; WP-1 sample: With cotyledon of scion
removed; WP-2 sample: True leaves of scion removed; WP-3 sample: Cotyledon and true leaves of scion
removed. (B) Graphs showing root number, root length, wet weight, and dry weight. Error bars indicate
standard deviation across three biological replicates. Different letters within different days indicate statistically

significant differences based on one-way ANOVA. The dots represent biological replicates.

Plant hormones are signaling molecules that regulate the formation of ARs, playing a key
regulatory role in their formation and development through various pathways, including affecting
cell division, differentiation, enzyme activity, and the antioxidant system [29-31]. We measured the
endogenous levels of three hormones in ARs: IAA, ABA, and JA. The IAA content was consistently
higher in the WP-3 sample and remained relatively stable in WP-1, but fluctuated significantly in WP
and WP-2 (Figure 2A). The ABA content in the WP and WP-3 samples gradually increased with the
development of ARs, while it gradually decreased in WP-1 and remained basically unchanged in WP-
2 (Figure 2B). The removal of either cotyledons or true leaves promoted an increase in JA content,
and the simultaneous removal of both led to a rapid increase in content only on the sixth day. The JA
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content in the WP sample showed a trend of first decreasing and then increasing (Figure 2C).
Therefore, cotyledons and true leaves play a regulatory role in the internal hormones of ARs, causing

changes in hormone levels.
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Figure 2. Changes in endogenous hormone content in grafted seedlings at different stages. (A-C) Changes in
endogenous content of IAA, ABA, and JA in the four phenotypes on Days 2, 4, and 6. Error bars indicate standard
deviation across three biological replicates. Different letters within different days indicate statistically significant

differences based on one-way ANOVA. The dots represent biological replicates.

2.2. The Transcriptional Landscape During AR Formation

The scion leaves can affect the endogenous hormone levels. We subsequently explored the
pathways and target genes related to hormone changes regulating AR development through
transcriptome sequencing. A total of 36 samples were sequenced, yielding 1570.68 Gb of clean data,
with the effective data volume for each sample ranging from 55.72 to 83.86 Gb, and the Q30 base
distribution between 97.55% and 98.18%. The average GC content was 45.24% (Table S1). By aligning
the reads to the reference genome, we obtained the genomic alignment status for each sample, with
alignment rates ranging from 84.05% to 88.17% (Table S2). The PCA results showed that PC1 and PC2
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explained 32.8% and 12.1% of the variation in gene expression among all of the samples at different
days, respectively (Figure 3A). The correlation analysis indicated a strong correlation among the
sample repetitions (Figure 3B).
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Figure 3. Comprehensive display and functional and pathway analysis of transcriptome data. (A) Principal
component analysis (PCA) performed using RNA deep sequencing data from WP, WP-1, WP-2 and WP-3. (B)
Correlation analysis between samples. (C) Total genes from annotated databases subjected to Enrichment of
Gene Ontology (GO). The horizontal bars represent the counts for Biological Processes (BP), Cell Compartments
(CC) and Molecular Functions (MF), while the blue-red color bar indicates the range of log-transformed P values.
(D) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of total genes. The size
of the bubbles corresponds to the number of genes involved, while the green-red color bar indicates the range

of log-transformed P values.

After mapping the clean reads to the Cucurbita moschata genome, a total of 32,462 transcripts
were finally obtained (Data S1). The results of the Gene Ontology (GO) analysis showed that these
genes are significantly enriched in multiple biological processes such as transcription, protein
phosphorylation, the auxin-activated signaling pathway, and signal transduction. Most genes are
primarily concentrated in the cellular membranes, cytoplasm, nucleus, and intermembrane regions.
Similarly, the molecular function results indicated associations with protein binding, transcription
factor activity, protein kinase activity, and RNA enzyme activity (Figure 3C). The combined
enrichment results reflect that the gene set performs key molecular activities at specific locations
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within the cell to drive fundamental biological processes. The enrichment in auxin-activated
signaling pathways involves the binding of auxin to receptors on the cell membrane, indicating that
our gene set participates in auxin-mediated responses under the conditions studied, triggering a
series of downstream events that may involve transcriptional regulation and other enriched
biological processes.

We identified several metabolic and signaling pathways significantly associated with the
formation of ARs through KEGG pathway enrichment analysis. These pathways include starch and
sucrose metabolism, pyruvate metabolism, glycerolipid and fatty acid metabolism, the biosynthesis
of amino acids and ribose, mRNA surveillance, endocytosis, and the biosynthesis of secondary
metabolites (Figure 3D). These processes collectively provide the necessary energy, molecular basis,
and cellular mechanisms for the development of ARs. The metabolism of carbohydrates and fatty
acids provides energy for cell division and growth, while the biosynthesis of amino acids and ribose
ensures a sufficient supply of proteins and nucleic acids [32]. Additionally, mRNA surveillance and
endocytosis play critical roles in cellular signal transduction and gene expression regulation, while
secondary metabolites are involved in plant defense and adaptation to environmental changes [33,34].
In summary, these enriched pathways reveal the complex molecular and metabolic networks
involved in the formation of ARs, emphasizing the importance of the coordinated activities of
multiple biological processes in this developmental process.

2.3. Common Transcriptome Regulation in the AR Development Process

When comparing WP-1, WP-2, and WP-3 with WP on the second day, the three treatment
materials had 1712, 1110, and 1097 DEGs, respectively. On the fourth day, the number of DEGs in the
three groups was 1429, 1419, and 4288, making it the day with the highest number of DEGs among
the three days. On the sixth day, the numbers of DEGs were 800, 899, and 2606, respectively (Figure
4A).

The highest number of DEGs was calculated on the fourth day, and the Venn diagram results
showed that there were 587 common genes among the three groups (Figure 4B). Among these, 233
genes were significantly upregulated, and the GO enrichment analysis revealed that they were
related to the JA biosynthetic process and response to auxin. The genes involved in the biochemical
synthesis of JA include JA biosynthetic enzyme AOC (CmoCh04G029760, CmoCh15G010360,
CmoCh15G002030) and  12-OXOPHYTODIENOATE  REDUCTASE  3-like  (OPRIII)
(CmoCh10G007910). The transcription factors responding to auxin include MYB306
(CmoCh01G008230,  CmoCh11G001610), SAUR24  (CmoCh20G008010), and  SAUR71
(CmoCh20G002990) (Figure S1). Similarly, 139 genes that were significantly downregulated were
enriched in pathways such as the ethylene-activated signaling pathway, cytokinin-activated
signaling pathway, and hormone-mediated signaling pathway (Figure 4C, D). The commonly
downregulated genes included the ethylene response factors ERF5 (CmoCh06G008250,
CmoCh16G011680) and ERF105 (CmoCh15G014220, CmoCh02G009910), zinc finger proteins related
to the cytokinin-activated signaling pathway (CmoCh18G010170, CmoCh04G016710), and signal
regulatory factor ARR5 (CmoCh04G016750, CmoCh15G010550), as well as genes involved in
hormone-mediated signaling pathways (CmoCh04G002030, CmoCh17G001200, CmoCh07G007890)
(Figure S1) (Data S2).

On the second day, 30 common upregulated genes and 68 common downregulated genes were
significantly enriched in the regulation of DNA-templated transcription, proteolysis, cell
differentiation, and defense response (Figure S2A, B). The GO analysis results on the sixth day
showed that 85 commonly upregulated genes were significantly enriched in the cytokinin-activated
signaling pathway (CmoCh15G008650, CmoCh04G022980, CmoCh11G002390), while 26 commonly
downregulated genes were enriched in the ethylene-activated signaling pathway (CmoCh08G002930,
CmoCh07G002060) (Figure S1 and S2C, D) (Data S2).

Transcription factors regulate the formation and development of ARs through various
mechanisms, directly or indirectly, including influencing the direction of cell division, auxin signal
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transduction, and interactions with other plant hormones [5,7]. We counted the transcription factors
that were significantly expressed in the development of ARs over these three days. On the second
day, NAC was the most upregulated transcription factor, followed by WRKY and Dof (Figure S3A),
while MYB, NAC, and GATA were ranked as the top three most downregulated transcription factors
(Figure S3B). The number of transcription factors on the fourth day was the highest among the three
days, with bHLH, ERF, MYB, and NAC being the most prominent (Figure S3C, D). Similarly, ERF,
bHLH, and NAC accounted for the majority of transcription factors on the sixth day (Figure S3E, F).
In summary, the expression changes in these transcription factors at different time points reflect the
dynamic regulatory network during the formation of ARs, revealing their key roles at different stages.
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Figure 4. Differentially expressed genes at Day 4 were enriched with phytohormones. (A) Differential gene
expression analysis showed up-regulated and down-regulated genes in all nine comparison groups on different
days. (B) The Venn diagram displays the genes expressed in three different comparison groups at Day 4. (C) A
total of 233 genes commonly up-regulated in WP-1, WP-2 and WP-3 subjected to Enrichment of GO. (D) A total
of 139 genes commonly down-regulated in WP-1, WP-2 and WP-3 subjected to Enrichment of GO.

2.4. Activated Phytohormone Signaling Pathways During AR Formation

Both the GO enrichment analysis of common differential genes and the expression distribution
of transcription factors indicate that plant hormones play an important role in the formation of ARs.
We thus identified the expression levels of DEGs annotated to key components of the plant hormone
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signaling pathway (ko04075), identifying a total of 82 common hormone-related DEGs, involving five
pathways including auxin, ABA, JA, cytokinins, and ethylene. The DEGs related to the auxin
pathway accounted for the largest proportion, totaling 35. Compared to WP, most genes related to
auxin transporter AUX1, auxin receptor TIR1 protein, transcriptional repressor Aux/IAA protein,
transcription factor ARF, and genes encoding auxin amide synthetase GH3 were downregulated in
WP-1, WP-2, and WP-3. SAUR, as a late response gene, may occur in transcription and post-
translational protein expression. Except for a few genes, most genes involved in SAUR were
significantly upregulated (Figure 5A). In the ABA signaling pathway, 16 genes were annotated,
among which the related genes of PYR/PYL receptors were significantly upregulated in WP-3, and
the genes of SnRK2 kinases were significantly expressed, while the genes annotated to PP2C
phosphatases and ABF transcription factors were mostly downregulated across the three treatment
groups (Figure 5B). Jasmonic acid synthase JAR1 and transcriptional repressor JAZ were significantly
upregulated, while MYC2, as a transcriptional activator, showed both upregulation and
downregulation (Figure 5C). In cytokinins, the differential genes of histidine kinase CRE1, histidine
phosphotransfer protein AHP, and response regulator ARR were mostly significantly downregulated
(Figure 5D). In the ethylene signaling pathway, the related genes of ethylene F-BOX EBF1/2 and
transcription factors ERF1/2 were significantly upregulated, while the related genes of ethylene
transcription factor EIN3 were downregulated (Figure 5E).
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Figure 5. Expression of key genes in phytohormone signaling pathways. Heatmaps show log-transformed fold
changes in the expression of DEGs in the auxin (A), abscisic acid (B), jasmonic acid (C), cytokine (D), and
ethylene (E) signaling pathways in three different comparison groups at Day 4. The blue-yellow color gradient
represents the log2FC values between WP-1, WP-2, WP-3, and WP. *

blocks mean no data were available.

indicates p <0.05, ** indicates p <0.01. Gray

2.5. Key Modules and Candidate Genes Associated with AR Formation

To further explore the relationship between hormone levels and the regulatory network of
candidate genes during AR development, we performed WGCNA based on the measured
endogenous hormone content and the transcription levels of genes included in the four samples on
the fourth day [35]. Genes with similar expression patterns were divided into 24 modules, each
assigned a different color (Figure 6A). There were significant differences in the number of DEGs
across different modules. The turquoise module contained the most DEGs, totaling 3659, followed by
the blue (1905) and brown modules (1162). In contrast, the dark turquoise, dark green, and dark red
modules had the lowest DEG counts, with 40, 48, and 50, respectively (Figure 6C). The Module-Trait
Relationships results showed that seven identified modules were significantly correlated with the
content of three hormones. The blue module was significantly positively correlated with IAA and JA
content, the greenyellow module was significantly positively correlated with IAA, and the cyan
module was significantly positively correlated with ABA (Figure 6B).
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Figure 6. Identifying modules related to phytohormones with WGCNA. (A) Weighted gene co-expression
network analysis identified a hierarchical cluster tree showing co-expression modules, while the major tree
branches constitute 24 modules labeled using different colors. (B) Module-trait relationship diagram. The left
panel displays the genes matched by 24 modules. The blue-red color gradient represents the module feature
correlation. Asterisks indicate the correlation between module samples and the corresponding p-value. *
indicates p <0.05; ** indicates p < 0.01. (C) The number of genes in each module.

Based on the three central modules mentioned above, a co-expression network of DEGs within
these modules was constructed by selecting the top 30 genes with the highest correlation coefficients
to further explore the central genes that play a core regulatory role. By using Cytoscape to create and
visualize the gene network [35], key regulatory genes of the blue, greenyellow, and cyan modules
were further identified. In this network, each node represents a gene, and the edges connecting them
indicate their co-expression correlation. The central genes with the closest connections in this network
may be key regulatory genes, selected based on high weights and high values from the core genes of
the modules (Data S3). In the blue module, ethylene-related transcription factors ERF (CRF4, ABR1)
and salicylic acid-binding protein 2 were identified, along with transcription factors CSA, HSP,
bHLH93, and RAX2 (Figure 7A). The auxin response factor SAUR32 and the ethylene transcription
factor TINY were identified in the greenyellow module (Figure 7B). In the cyan module, which is
positively correlated with ABA, the ethylene transcription factor ERF098 and zinc finger binding
proteins ZAT5 and ZAT12 were identified (Figure 7C).
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Figure 7. Screening of co-expression network of central genes. Hub co-expression gene network for the blue (A),
greenyellow (B), and cyan module (C). Each dot represents a gene, each line represents the regulatory
relationship between them. Genes related to phytohormones and transcription factors are represented in bold

font of different colors and shapes.

We also performed WGCNA on the data from the second and sixth days. The tan and darkgrey
modules were the two modules with the highest and most significant correlations with ABA and JA
on the second day, respectively (Figure S4A, B). In the tan module, the transcription factors C3H and
MYB52 were identified (Figure S4C), while the darkgrey module identified WRKY and the ethylene
transcription factor ERF054 (Figure S4D). The results from the sixth day showed that the salmon
module was significantly positively correlated with ABA, and the brown module was significantly
positively correlated with JA (Figure S5A, B). The auxin response factor SAUR?21, transcription factor
MYB, and G2-like were identified in the candidate gene regulatory network of the salmon module
(Figure S5C). In the brown module, the auxin response factor SAUR32, ethylene transcription factor
ABR1, and transcription factor NAC were identified (Figure S5D).

2.6. Confirmation of Transcriptome Data Through gRT-PCR

To verify the accuracy of the transcriptome data, we conducted validation through quantitative
real-time PCR. From numerous DEGs, we selected eight key genes as objects for validation. These
included hormone-related genes, ERFs (CmoCh 02G017160, CmoCh08G002930), jasmonate
(CmoCh01G019880, = CmoCh08G007820),  the  hormone-mediated  signaling  pathway
(CmoCh04G002030), and salicylic acid (CmoCh18G001780), as well as the key transcription factor
bHLH (CmoCh06G006570) and mitogen-activated protein kinase (CmoCh01G005840) (Figure 8). The
results of the qRT-PCR showed that the expression of these selected target genes varied to different
extents in different materials, but the expression trends were consistent with the transcriptome data,
thus verifying the accuracy of the transcriptome data.
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Figure 8. qRT-PCR validation of RNA-seq data. Quantitative real-time PCR (qQRT-PCR) was conducted to assess
the transcript levels of selected phytohornomen genes (CmoCh02G017160, CmoCh01G019880,
CmoCh08G007820, CmoCh08G002930, CmoCh04G002030, CmoCh18G001780), transcription factors
(CmoCh06G006570) and mitogen-activated protein kinase (CmoCh01G005840) in WP, WP-1, WP-2, and WP-3
at Day 4. Error bars represent standard deviations of three biological replicates.

3. Discussion
3.1. Unweiling the Role of Scions in the Coordinated Regulation of AR Development by Phytohormones

Pumpkin is widely regarded as the best rootstock for watermelon grafting, primarily because its
developed root system can effectively absorb moisture and nutrients. After grafting, the yield and
fruit quality of watermelon typically improve significantly, and the good compatibility between
pumpkin and watermelon results in a high success rate for grafting. Combining previous research
findings with our observations in production practices, it was found that when using "HXX"
watermelon as the scion for grafting, the AR development of the pumpkin rootstock's lower
hypocotyl is significantly influenced. However, compared to the research on the effects of rootstock
on the scion, there is relatively little scientific exploration on how the scion affects the root system of
the rootstock, with records only found for certain specific crops. Studies on grafted seedlings of apple
[36] and grape [37] have shown that the scion can significantly influence the morphological
characteristics of the rootstock's root system. Our research found that removing cotyledons
significantly promoted the development of ARs, including an increase in both the number and length
of roots. Similarly, the dry weight and wet weight also increased to varying degrees. However, the
removal of true leaves did not cause this phenomenon; instead, it resulted in a weaker effect
compared to the complete removal of both cotyledons and true leaves (Figure 1). This may also
indirectly indicate that true leaves have a partially opposite role compared to cotyledons in regulating
the growth of ARs in grafted seedlings, suggesting that the two may have an antagonistic relationship.
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Despite these findings, current research results are primarily limited to phenotypic and physiological
levels, and our understanding of how the scion comprehensively regulates the molecular
mechanisms of root systems remains limited.

Cotyledons play a crucial role in the plant life cycle; they not only store nutrients to provide
energy for seed germination, but also produce food through photosynthesis during the seedling stage.
Additionally, cotyledons are involved in gas exchange and water regulation, helping plants absorb
carbon dioxide, release oxygen, and maintain water balance. In monocotyledonous plants, cotyledons
also perform respiratory functions [38]. Cotyledons and true leaves play important roles in regulating
plant hormones such as IAA, ABA, and JA. It is possible that plants increase IAA synthesis to
compensate for the lack of photosynthesis and auxin signaling, which leads to an increase in auxin
levels in WP-3 (Figure 2A). When either cotyledons or true leaves are absent, the changes in auxin
may be related to the regulatory effects of cotyledons and true leaves on IAA synthesis and transport,
as well as their complex interactions within the plant hormone signaling network. The ABA content
gradually increased in the WP and WP-3 samples with the development of ARs, while it decreased
in WP-1, suggesting that the presence of cotyledons in the scion is essential for ABA synthesis and
that the regulatory effect of true leaves on ABA is less pronounced than that of cotyledons (Figure
2B). The removal of either cotyledons or true leaves promotes an increase in JA levels, which may be
related to the plant's response to damage, as the removal of leaves could be perceived as a form of
injury, triggering an increase in JA. Notably, in WP, JA levels show a trend of initially decreasing and
then increasing, which may be related to the changing demand for JA during the development of
ARs; lower levels of JA may be needed initially to promote growth, while the later increased JA levels
may be associated with enhancing the plant's defense capabilities (Figure 2C). These results indicate
that cotyledons and true leaves influence plant growth and development, as well as stress responses,
by affecting the synthesis, transport, and signaling of hormones, further confirming their importance
in the plant hormone regulatory network.

Auxins induce cell division and differentiation, and are involved in the regulation of gene
expression related to growth and development. They are primarily responsible for inducing the
formation of root primordia in the generation of ARs in plants [29]. When plants form ARs, they
accumulate auxin and promote cell division through auxin, thereby facilitating the occurrence of ARs.
As the most important hormone regulating the formation of ARs, the overall analysis of the
transcriptome data shows its relation to auxin activation signaling pathways (Figure 3C). Auxins are
central growth regulators in the rooting process, and most other plant hormones need to interact with
auxins to exert some regulatory effects on the growth of ARs [39]. The synthesis of JA and the
response to auxin were significantly upregulated in all three treatment groups, while cytokinins and
ethylene showed the opposite trend (Figure 4C). JA and cytokinins interact to inhibit the formation
of ARs in the hypocotyls of Arabidopsis. The content of free cytokinins decreases, which may be due
to the downregulation of cytokinin synthesis and the upregulation of its inactivation pathways. The
signaling pathway involving JA and the transcription factor MYC2 inhibits the expression of the
cytokinin-degrading cytokinin oxidase CKX1, thereby suppressing the formation of ARs [40]. The
KEGG annotation results show that most genes in the JA signaling pathway are significantly
upregulated (Figure 5C), which also confirms that JA levels significantly increased in all three
treatment groups (Figure 2C). At the same time, most genes related to cytokinins were significantly
downregulated in the KEGG annotated pathways (Figure 5D). Additionally, JA and cytokinins may
synergistically activate the ethylene transcription factor ERF113, which is another negative regulator
of ARs. The expression of ERF115 is activated by JA, and JA promotes the biosynthesis of cytokinins
to inhibit ARs [41]. Therefore, combining existing research with the results of this study illustrates
that auxins interact with JA, cytokinins, and ethylene to participate in the complex regulatory
network controlling ARs in the hypocotyls.

3.2. The Effect of Transcription Factors on AR Development During Scion Rootstock Interaction
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Grafting is the process of recognition and interaction between the scion and rootstock, and the
signaling between them is fundamental to understanding the grafting process. Different
combinations of scion and rootstock genotypes can lead to variations in the growth, development,
phenotype, yield, and stress resistance of the grafted plants. Currently, significant progress has been
made in the research on rootstock selection, grafting techniques, and seedling quality. However,
understanding the molecular mechanisms affecting AR development in grafted plants is the
theoretical basis for the continuous improvement in grafting techniques. Although vascular
connections are not yet established in the early stages of grafting, intercellular strands can form
between the adhesive cells of the scion and rootstock, facilitating material transport and
communication between the cells [42]. In addition to hormones involved in the transport and
communication between rootstock and scion cells, transcription factors related to this process also
play important roles. For example, the phloem development gene APL, which encodes a MYB
transcription factor, was expressed at different stages of AR development in this study, particularly
in the early stage (Figure S3).

Through transcriptome sequencing, we identified multiple transcription factors involved in the
formation of ARs (Figure S3). These TFs are believed to participate in the differentiation of ARs in
various plant species under different conditions [29]. The involved TFs include those from the ARF,
AP2/ERF, MYB, NAC, WRKY, GRAS, and bHLH families. bHLH is the most identified transcription
factor in this study. In Arabidopsis, two types of bHLH transcription factors, PFA and PFB, control
the ability of the pericycle cells to initiate lateral root primordium formation. The overexpression of
the PFA gene imparts characteristic features of the pericycle, including specific marker gene
expression and auxin-induced cell division, while the suppression of the PFB target gene leads to the
loss of this specific pericycle function, revealing the transcriptional regulatory system that determines
the involvement of the pericycle in lateral root initiation [43]. In addition, many studies have shown
that AP2/ERF family genes are also involved in the formation of ARs. ERF is the second most
identified transcription factor, and WGCNA results have screened multiple ERF transcription factors
(Figure 7, Figure S5), including ERF054 (Figure S4). As a transcription factor regulating plant stress
adaptation and root formation, WOX affects the expression of several transcription factors and
proteins, including ethylene response transcription factors ERF054 and ERF034, with enhanced
expression in transgenic WOX1-1, WOX4-3, and WOX5-1 plants [44]. Similarly, the hub gene ERF098
is expressed in the AR of mature chestnuts and may participate in the initial stages of AR and callus
formation. On the other hand, the differential expression of ERF098 and ERF107 in mature buds may
be related to the formation of callus tissue in crown branches and also participates in integrating JA
or cytokinins signals to inhibit the formation of ARs, illustrating the interplay between ethylene and
other hormones [45]. Some TFs from the NAC family are also related to the formation of AR induced
by excision in Arabidopsis leaf explants [46]. Wamhoff et al. found that NAC family genes are
involved in the cell elongation of rose petals and also participate in root elongation [47]. When
Arabidopsis is damaged, it not only triggers auxin-mediated cell transformation but also induces the
NAC pathway to promote the emergence of root tips. The NAC1 transcription factor is specifically
expressed in leaf explants in response to damage, significantly affecting the appearance of AR tips
[48]. MYB transcription factors are expressed during multiple stages of AR development and are one
of the largest transcription factor families in plant genomes, characterized by structural and
functional diversity. Members of this family have been widely recognized for their roles in plant
development, cell differentiation, specialized metabolism, and responses to biotic and abiotic stress;
however, their roles in plant root systems are still not well described. MYB is involved in the
formation of ARs under phosphorus starvation. For example, in Populus ussuriensis, PuMYB40
regulates phosphorus starvation resistance by promoting the formation of ARs [49]. Transcription
factors play a key regulatory role in the development of ARs in grafted seedlings. In-depth studies of
transcription factors can provide a theoretical basis for improving the survival rate and growth vigor
of grafted seedlings. In the future, further research can be conducted on the expression patterns of
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different transcription factors during the grafting process, as well as their interactions with other
regulatory factors, thereby providing new insights for plant breeding.

4. Materials and Methods
4.1. Plant Materials and Growth Conditions

This study used "HXX" watermelon as the scion and "Tie Zhen No. 3" pumpkin as the rootstock
to construct grafted seedlings. After stirring two types of seeds in warm water at 55, C for 10 minutes,
they were diluted 600 times with a solution of 62.5 g/I total active ingredient in fludioxonil-metalaxyl
(metalaxyl content 25 g/l, fludioxonil content 37.5 g/1) and soaked for 2 hours. After rinsing with clean
water, the seeds were soaked in 0.1% potassium permanganate solution for 2 hours, then cleaned and
dried. The seeds were soaked in clean water for 2 hours, and then dried in a washing machine (4
minutes). The seeds were wrapped in gauze to keep them moist and placed in a germination box at
30, C for about 12 hours. Start sowing after the seeds have turned white. When sowing, a 40 holes
plastic tray is used, with 2 pumpkin and watermelon seeds per hole. Cover with 0.5 cm of soil, water
thoroughly, and control to dry until no more dripping. Cover the surface with a film to keep it warm
and moist. Arch the seeds in the soil, remove the film in a timely manner, and cultivate in a seedling
greenhouse. The grafting work is carried out using the "paste grafting" method. A sharp blade is used
to cut off the growth point, true leaf, and one leaf of the pumpkin rootstock, with a cutting angle of
30-degree and a section length of 0.5-0.8 cm. The watermelon scion is cut at a 30-degree angle to the
hypocotyl 1 cm below the cotyledons with a blade. Then, the two sections of the rootstock and scion
are closely aligned, fixed with grafting clips, and the other leaf of the rootstock is cut off, leaving a 5
cm hypocotyl of the rootstock. The interface should be about 3cm above the ground to prevent the
scion from rooting. Remove the grafting clip 10-15 days after grafting. All treatments involve
inserting one plant into a 40 holes plastic tray, with 120 plants per treatment. Maintain humidity
between 85% and 90% to promote root regeneration.

4.2. Determination of Endogenous Hormone Content

Samples were taken from the hypocotyls of the scion and rootstock on days 2, 4, and 6,
respectively. All collected samples were frozen in liquid nitrogen for testing. Double antibody one-
step sandwich enzyme-linked immunosorbent assay (ELISA) was used for measurement. The
measured hormones include IAA, ABA, and JA. Samples, standards, and HRP labeled detection
antibodies are sequentially added to the pre coated micropores with hormone antibodies. After
incubation on a shaker, they are thoroughly washed with distilled water. Using substrate TMB for
color development, TMB is converted to blue under the catalysis of peroxidase, and then acid is
added to convert the product to yellow under the action of acid. The depth of color can reflect the
number of hormones in the sample. Measure the absorbance (OD value) at a wavelength of 450 nm
using an enzyme-linked immunosorbent assay (ELISA) reader. Draw a standard curve based on the
concentration of the standard substance and the measured OD value to determine the hormone
content in the sample.

4.3. Total RNA Deep Sequencing

Samples were taken from the hypocotyls of the grafted seedlings on days 2, 4, and 6, respectively.
All collected samples were frozen in liquid nitrogen for testing. Total RNA was extracted from the
tissue using TRIzol® Reagent (Plant RNA Purification Reagent for plant tissue) according the
manufacturer’s instructions (Invitrogen) and genomic DNA was removed using DNase I (TaKara).
Then RNA quality was determined by 2100 Bioanalyser (Agilent) and quantified using the ND-2000
(NanoDrop Technologies). Only high-quality RNA sample(OD260/280=1.8~2.2, OD260/230=2.0, RIN
=6.5, 285:185=1.0, >1ug) was used to construct sequencing library.

RNA-seq transcriptome librariy was prepared following TruSeqTM RNA sample preparation
Kit from Illumina (San Diego, CA) using 1ug of total RNA. Shortly, messenger RNA was isolated
according to polyA selection method by oligo(dT) beads and then fragmented by fragmentation
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buffer firstly. Secondly double-stranded cDNA was synthesized using a SuperScript double-stranded
cDNA synthesis kit (Invitrogen, CA) with random hexamer primers (Illumina). Then the synthesized
cDNA was subjected to end-repair, phosphorylation and ‘A’ base addition according to Illumina’s
library construction protocol. Libraries were size selected for cDNA target fragments of 300 bp on 2%
Low Range Ultra Agarose followed by PCR amplified using Phusion DNA polymerase (NEB) for 15
PCR cycles. After quantified by TBS380, paired-end RN A-seq sequencing library was sequenced with
the Illumina HiSeq xten/NovaSeq 6000 sequencer (2 x 150bp read length). The raw paired end reads
were trimmed and quality controlled by SeqPrep (https://github.com/jstjohn/SeqPrep) and Sickle
(https://github.com/najoshi/sickle) with default parameters. Then clean reads were separately aligned
to reference genome with orientation mode using HISAT2
(http://ccb.jhu.edu/software/hisat2/index.shtml) [50] software. The mapped reads of each sample
were assembled by StringTie (https://ccb.jhu.edu/software/stringtie/index.shtml? t=example) in a
reference-based approach [51]. RNA-seq data are summarized in Data S1 and the raw data can be
accessed at the PRINA1202060.

4.4. Differential Expression Analysis and Functional Enrichment

To identify DEGs between two different samples, the expression level of each transcript was
calculated according to the transcripts per million reads (TPM) method. RSEM
(http://deweylab.biostat.wisc.edu/rsem/) [52] was used to quantify gene abundances. Essentially,
differential expression analysis was performed using the DESeq2 [53] with |1og2FCI>1 and Q value
<= 0.05 were considered to be significantly different expressed genes. In addition, functional-
enrichment analysis including GO and KEGG were performed to identify which DEGs were
significantly enriched in GO terms and metabolic pathways at Bonferroni-corrected P-value <0.05
compared with the whole-transcriptome background. GO functional enrichment and KEGG pathway
analysis were carried out by Goatools (https://github.com/tanghaibao/Goatools) and KOBAS
(http://kobas.cbi.pku.edu.cn/home.do) [54].

4.5. Weighted Gene Co-Expression Network Analysis

WGCNA was performed using hormone level traits of IAA, ABA, JA. When analyzing, the
correlation coefficient weighting value is used, that is, the gene correlation coefficient is taken to the
power of N, so that the connections between genes in the network follow a scale free network
distribution. Construct a hierarchical clustering tree based on the correlation coefficients between
genes, where different branches represent different gene modules and different colors represent
different modules. Based on the weighted correlation coefficient of genes, genes are classified
according to their expression patterns, and genes with similar patterns are grouped into a module.
Analyze the gene heatmap and key genes of the module, select the top 30 genes with correlation
coefficients within the module, and create heatmaps and expression bar charts based on their
expression levels to display the characteristics of the module. Associate modules with traits by
inputting trait files or default individual samples, study the correlation between modules and traits,
and select the module with the most interesting trait for analysis. Display gene related relationships
within the module through Cytoscape [35].

4.6. RNA Extraction and Quantitative Real-Time PCR Validation

Total RNA from grafted seedling was first extracted using the CTAB method, and RNA
concentration and purity were determined using Nanodrop 2000. Subsequently, a reverse
transcription reaction was performed using the SweScript All-in-One RT SuperMix for qPCR kit, with
reaction conditions set at 25°C for 5 minutes, 42°C for 30 minutes, and 85°C for 5 seconds. The
quantitative PCR reaction system included 2xUniversal Blue SYBR Green qPCR Master Mix, gene-
specific primers, and cDNA templates, conducted on the Bio-rad CFX Connect platform. The reaction
program comprised 30 seconds of pre-denaturation at 95°C, 15 seconds of denaturation at 95°C, and
40 cycles of annealing/extension at 60°C for 30 seconds, followed by a melt curve analysis. The relative
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expression levels of genes were calculated using the AACT method, where A=CT (target gene, sample
to be tested) - CT (internal control gene, sample to be tested), B=CT (target gene, control sample) - CT
(internal control gene, control sample), K=A-B, and expression fold change = 2. The qRT-PCR data
were normalized to housekeeping genes, particularly Actin, prior to comparisons among various
ecotypes. All primers employed for qRT-PCR analyses are detailed in Table S3.

5. Conclusions

This study investigated the impact of scion organs (cotyledons and true leaves) on AR
development in grafted watermelon seedlings. The results demonstrate that cotyledons significantly
promote root growth, while true leaves have a limited effect. Hormone levels were significantly
altered by scion manipulations. The transcriptome analysis revealed enrichment in hormone-related
pathways, with IAA, ABA, and JA playing crucial roles. A WGCNA identified key modules
correlated with hormone levels, and hub genes within these modules, including ethylene
transcription factors (ERF4, ABR1, ERF054, ERF098), auxin response factors (SAUR21, 32), and other
transcription factors (CSA, HSP, bHLH93, ZATS5, 13, NAC, MYB, C3H), provide valuable insights
into the regulatory networks governing AR development in grafted watermelon. These findings
highlight the intricate interplay between scion organs, hormones, and transcriptional regulation in
shaping root system architecture, providing a foundation for optimizing grafting strategies in
watermelon production.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Figure S1: title; Table SI: title; Video S1: title. Figure S1. Transcript level of
phytohormone genes analyzed by GO enrichment. Log-transformed fold changes in transcript levels for genes
related to phytohormones by go enrichemt in WP-1, WP-2, and WP-3 at Day 4 and Day 6 (* indicates p < 0.05,
and ** indicates p < 0.01). Figure S2. Commonly up-regulated and down-regulated genes in WP-1, WP-2, and
WP-3 are enriched by GO analysis at Day 2 and Day 6. (A, B) A total of 30 genes commonly up-regulated and
68 genes down-regulated in WP-1, WP-2, and WP-3 subjected to Enrichment of GO at Day 2. (C, D) A total of 85
genes commonly up-regulated and 26 genes down-regulated in WP-1, WP-2, and WP-3 subjected to Enrichment
of GO. Figure S3. Number of Transcription Factors in commonly expression of DEGs at different days. (A, B)
The number of transcription factors in DEGs that were commonly and significantly up-regulated or down-
regulated in WP-1, WP-2, and WP-3 at Day 2. (C, D) The number of transcription factors in DEGs that were
commonly and significantly up-regulated or down-regulated in WP-1, WP-2, and WP-3 at Day 4. (E, F) The
number of transcription factors in DEGs that were commonly and significantly up-regulated or down-regulated
in WP-1, WP-2, and WP-3 at Day 6. Figure S4. Identifying modules related to phytohormones and screening
of co-expression network of central genes at Day 2 with WGCNA. (A) WGCNA identified a hierarchical cluster
tree showing co-expression modules, while the major tree branches constitute 25 modules labeled using different
colors. (B) Module-trait relationship diagram. The left panel displays the genes matched by 25 modules. The
blue-red color gradient represents the module feature correlation. Asterisks indicate the correlation between
module samples and the corresponding p-value. * indicates p < 0.05; ** indicates p < 0.01. (C, D) Hub co-
expression gene network for the tan and darkgrey module at Day 2. Each dot represents a gene, each line
represents the regulatory relationship between them. Genes related to phytohormones and transcription factors
are represented in bold font of different colors and shapes. Figure S5. Identifying modules related to
phytohormones and screening of co-expression network of central genes at Day 6 with WGCNA. (A) WGCNA
identified a Hierarchical cluster tree showing co-expression modules, while the major tree branches constitute
20 modules labeled using different colors. (B) Module-trait relationship diagram. The left panel displays the
genes matched by 20 modules. The blue-red color gradient represents the module feature correlation. Asterisks
indicate the correlation between module samples and the corresponding p-value. * indicates p <0.05; ** indicates
p <0.01. (C, D) Hub co-expression gene network for the salmon and brown module at Day 6. Each dot represents
a gene, each line represents the regulatory relationship between them. Genes related to phytohormones and
transcription factors are represented in bold font of different colors and shapes. Data S1 Transcript level of 32,462
genes by RNA deep sequencing. Data S2 Commonly regulated genes in WP-1, WP-2 and WP-3. Data S3 Hub
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genes of different module by WGCNA correlated with measured endogenous hormone. Table S1 List of
Preprocessing Results for Sequencing Data Quality. Table S2 Statistical results of alignment rate between reads

and reference sequence. Table S3 Primers used for qRT-PCR in this study.
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