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Melon (Cucumis melo L.) is an economically important crop whose production is severely affected by 
fruit cracking, a disorder that leads to substantial post-harvest losses. While environmental factors are 
known contributors, the roles of long non-coding RNAs (lncRNAs), SNPs, and eQTLs in melon cracking 
remain poorly understood. This study aimed to characterize these molecular regulators to elucidate 
their functions in cracking susceptibility. Through transcriptome analysis of 112 melon recombinant 
inbred lines (RILs), we identified 341 high-confidence lncRNAs. Functional enrichment linked them 
to metabolic processes, cell wall remodeling, and stress responses. Co-expression networks revealed 
interactions between lncRNAs and key transcription factors (MYB, WRKY, NAC) and cell wall-related 
genes (EXP, XTH, AQP). eQTL analysis identified 10 lncRNAs associated with fruit cracking, with two 
(MSTRG.4395 and MSTRG.623) showing strong regulatory links to auxin-related (ILR1) and calcium-
signaling (calmodulin) genes. SNPs in these loci significantly influenced lncRNA expression, suggesting 
roles in hormonal and structural pathways affecting cracking. This study provides the first genome-
wide characterization of lncRNAs and eQTLs in melon fruit cracking, uncovering their regulatory roles 
in cell wall integrity, hormone signaling, and stress response. The identified lncRNA-mRNA networks 
and candidate SNPs offer potential molecular markers for breeding crack-resistant melon varieties, 
contributing to sustainable agriculture and reduced post-harvest losses.
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Melon (Cucumis melo L.), belonging to the Cucurbitaceae family, is an important agricultural crop cultivated 
in both temperate and tropical regions1,2. According to the Food and Agriculture Organization (FAO), global 
production of melons surpasses 40 million tonnes each year3. According to reports published in 2018, China is 
the world’s largest producing country for melons4. Moreover, Turkey, India and Iran are recognized as some of 
the leading melon producers globally1.

Melon production is significantly limited by postharvest disorders, particularly fruit cracking, a physiological 
condition that severely reduces marketability and yield5. Fruit cracking severely impacts melon yield and quality 
globally, with economic losses reaching up to 70%. Contributing factors include environmental conditions such 
as light, temperature, and irrigation, as well as nutrient deficiencies of boron, calcium, zinc, and potassium. 
Additionally, cultivar susceptibility, fruit physical traits, and molecular mechanisms involving coding and non-
coding RNAs play critical roles in this disorder2,5–7. Indeed, molecular mechanisms play a crucial role in fruit 
cracking. One of the most significant pathways involved in this process is the regulation of cell wall metabolism. 
This pathway encompasses the activity of enzymes such as polygalacturonase, pectin methylesterase, cellulase, 
and those responsible for the hydrolysis of xyloglucan. Xyloglucan, the most abundant hemicellulose in plant 
cell walls, plays a vital role in binding cellulose microfibrils, contributing to cell wall structure and integrity. 
Enzymes like xyloglucan endotransglucosylase/hydrolase (XTH), xyloglucan endo-transglycosylase (XET), 
and xyloglucan endo-hydrolase (XEH) regulate cell wall extension and fruit skin softening, impacting cracking 
susceptibility6. Polygalacturonase (PG), encoded by the PG gene family, degrades pectin, influencing fruit 
ripening and cracking, as shown in Atemoya fruit8. Structural components such as cutin, suberin, and lignin also 
affect skin integrity. Cutin-related genes (DHDDS, and SULTR3) are upregulated in crack-resistant watermelons, 
while cuticular wax biosynthesis genes (GPAT, SMT, and KCS) are downregulated in susceptible ones9. Suberin 
biosynthesis genes (ABCG20, CYP86B1, NAC038, and NAC058) increase suberin content, causing microcracks 
in apples10, whereas lignin biosynthesis genes (CAD9, CCR1, and OMT1) prevent cracking11. Water and calcium 
transport mechanisms, involving genes like PIP (water transport) and CALM/CARL (calcium transport), are 
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critical for cell wall stability and cracking resistance, as seen in jujube cultivars12. Expansin (EXP) proteins, 
encoded by the EXP gene family, contribute to cracking by breaking hydrogen bonds in cell walls, with 
LcExp1 and LcExp2 expression linked to litchi fruit cracking13. Hormonal balance, including ethylene, auxins, 
gibberellins, cytokinins, and abscisic acid (ABA), regulates cell turgor pressure and cracking susceptibility. 
Ethylene levels above 1–4 Pmol/kg/g in melons indicate cracking risk5, while higher ABA levels in cracked fruits 
highlight hormonal regulation’s importance14. Transcription factors (TFs) like ERF4 in watermelon regulate 
ethylene production and skin firmness15, and MYB93 influences suberin synthesis and cracking susceptibility16. 
These molecular, structural, and hormonal factors collectively determine fruit susceptibility to cracking. 
Previous research in melon has also employed genetic models to describe the polygenic inheritance of cracking 
resistance17. Transcriptomic comparisons between crack-resistant and susceptible melon lines have further 
identified hormone- and cell wall-related differentially expressed genes18. In watermelon, a related cucurbit, 
QTL mapping has identified genomic regions associated with cracking tolerance19.

Long non-coding RNAs (lncRNAs), single nucleotide polymorphisms (SNPs), and expression quantitative 
trait loci (eQTLs) are key molecular players in fruit cracking. lncRNAs regulate gene expression at epigenetic, 
transcriptional, and post-transcriptional levels, influencing fruit softening, ripening, and cell wall formation. 
In peaches, 1,500 differentially expressed lncRNAs (DELs) were linked to aromatic compound production, 
chlorophyll degradation, and tissue softening20. In tomatoes, lncRNAs like XLOC_16662 and XLOC_033910 
influenced cracking-related genes, forming an lncRNA-mRNA regulatory network21, while in pomegranates, 
lncRNAs were tied to calcium ion binding, hormone signaling, and sugar metabolism22. SNPs can alter lncRNA 
structure and function, impacting gene expression. eQTLs map genetic variations (SNPs) to gene expression 
changes, revealing their role in cracking-related traits. In a study on peaches, 133 eQTL regions were identified 
that regulate genes related to the hormone auxin, influencing fruit softening and ripening processes. These 
eQTLs can affect ripening speed and final fruit quality by modulating auxin signaling23. Similarly, in tomatoes, 
eQTLs were found to impact the biosynthesis of ethylene, pectate lyase, and the SIWD40 gene, which are directly 
involved in the ripening process and affect traits such as ripening time and fruit quality24.

Despite the growing body of research on the roles of lncRNAs, SNPs, and expression quantitative trait loci 
eQTLs in different traits across various species, there is a notable gap in studies focusing on melons. To date, 
no comprehensive research has been conducted to identify and characterize lncRNAs, SNPs, or perform eQTL 
analysis specifically in melons in the context of fruit cracking. Hence, this study aimed to address this gap 
by systematically identifying and characterizing lncRNAs and SNPs, as well as conducting eQTL analysis to 
uncover their regulatory roles in melon fruit cracking. By doing so, this research seeks to provide novel insights 
into the molecular mechanisms underlying cracking in melons and contribute to the development of strategies 
for mitigating this issue in agricultural practices.

Results
lncRNA identification
The transcriptome assembly performed using StringTie generated a total of 93,365 transcripts. From these, 
5,453 transcripts with specific class codes “u,” “x,” “i,” “o,” and “e” identified as unannotated. Among these, 
945 transcripts met the criteria of expression levels above 1 CPM and lengths ranging between 200  bp and 
15 Kb. Further filtering revealed 936 transcripts that lacked homology to tRNA or rRNA. Subsequent analysis 
identified 634 transcripts with no significant matches in the UniProt, Pfam, or Rfam databases. Using CPC2, 591 
noncoding transcripts detected and subjected to PLncPRO for the prediction of novel lncRNAs. Ultimately, 341 
potential lncRNAs predicted through this pipeline, as summarized in Table 1.

Distribution and functional analysis of lncRNA-associated target genes
The distribution of upstream and downstream target genes linked to lncRNAs was analyzed to investigate their 
potential roles in melon fruit cracking, with a focus on their regulation by lncRNAs. According to the results, 
a total of 2631 and 1997 potential target genes identified within 100 kb upstream and downstream of lncRNAs, 
respectively. For upstream target genes, the highest gene counts identified in critical pathways such as metabolic 
processes (327 genes), biosynthetic pathways (344 genes), and cellular growth and development (288 genes). 
These pathways are essential for maintaining cell wall integrity, osmotic balance, and structural stability, all 
of which are crucial in preventing fruit cracking. Additionally, genes involved in responses to environmental 
stresses (186 genes) and signaling processes (160 genes) prominently represented, underscoring their roles in 

Step Number

Total transcripts assembled by StringTie 93,365

Potential novel transcripts (Class codes: i, u, x, o, e) 5453

Transcripts with CPM > 1, length > 200 bp and < 15 kb 945

Transcripts after filtering out tRNAs and rRNAs 936

Transcripts with no significant hit against UniProt, Pfam, and Rfam. 634

Noncoding transcripts predicted by CPC2 591

LncRNAs predicted by PLncPRO 341

Table 1.  Results of the filtration step in the lncRNA identification pipeline, showing the total number of 
transcripts excluded at each stage.
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enhancing fruit adaptability to external conditions and regulating cellular responses to stress. Lower gene counts 
observed in more specialized processes, such as morphogenesis (31 genes) and post-embryonic development 
(21 genes), which may influence mechanical stability and surface integrity during fruit development. For 
downstream target genes, a similar functional distribution was observed, albeit with reduced gene counts. 
Metabolic pathways (222 genes), biosynthetic processes (248 genes), and cellular growth and development (268 
genes) remained the most represented categories, reflecting their fundamental roles in maintaining cellular 
homeostasis and structural integrity. Genes associated with responses to environmental stresses (131 genes) and 
signaling processes (104 genes) also identified, though in lower numbers compared to upstream genes. Specific 
processes such as morphogenesis (23 genes) and post-embryonic development (19 genes) showed minimal 
representation, suggesting their secondary role in cracking susceptibility. Overall, upstream genes were more 
abundant, particularly in metabolic, biosynthetic, and growth-related pathways, indicating that lncRNAs may 
exert stronger regulatory control over these genes (Fig. 1).

Enrichment analysis of upstream and downstream target genes of lncRNAs
Enrichment analysis of upstream and downstream target genes of lncRNAs (Fig. 2) revealed their significant 
involvement in biological processes, molecular functions, and cellular components related to melon fruit 
cracking. Key biological processes included cellular and metabolic processes, particularly those involving 
polysaccharide metabolism, cell wall remodeling, and osmotic regulation, which are critical for maintaining 
cell wall integrity under mechanical stress. Molecular functions such as catalytic activity, hydrolase activity, 
and ion binding were highly enriched, highlighting their roles in cell wall synthesis, degradation, and osmotic 
balance. Catalytic activities, especially those related to cell wall remodeling, were the most frequent, suggesting 
their importance in enhancing cracking resistance. Additionally, cellular components like the cytoplasm and 
membrane were prominently represented, emphasizing their roles in material transport, ionic balance, and stress 
response regulation. The full list of target genes and their associated GO terms contributing to these enriched 
categories is provided in Supplementary Table S1.

Interaction of expressed lncRNAs and target genes
Following the identification of potential target genes, the interaction between expressed long non-coding RNAs 
(E-lncRNAs), defined here as lncRNAs with expression levels > 1 CPM, and expressed genes (EGs) was evaluated 
using the lncTar tool. According to the results, ten high-confidence E-lncRNA–EG pairs identified based on 
two criteria: (1) a strong predicted interaction (standardized free energy threshold < -0.1 kcal/mol), and (2) the 
functional relevance of the target gene to known fruit cracking pathways (e.g., TF, cell wall modifiers, hormone-
related enzymes). Among the E-lncRNAs, MSTRG.942, MSTRG.534, MSTRG.1196, and MSTRG.1003 were 
found to interact with the genes MELO3C001115, MELO3C000180.2, MELO3C000924.2, and MELO3C000729.2, 
respectively, all of which encode subunits of NAD+ oxidoreductase. Similarly, MSTRG.13,831, MSTRG.10,401, 

Fig. 1.  Functional classification of putative cis-target genes for expressed long non-coding RNA (E-lncRNAs, 
lncRNAs with CPM > 1). Target genes were screened based on their location within a 100 kb genomic window 
upstream (blue) or downstream (orange) of each expressed E-lncRNAs. The bar chart shows the distribution of 
these gene counts across different functional categories.
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and MSTRG.16,625 interacted with MELO3C010562.2, MELO3C031433.2, and MELO3C033441.2, 
respectively, encoding Myb/SANT-like DNA-binding domain proteins. Additionally, MSTRG.1768 interacted 
with MELO3C028133.2, which encodes a WRKY transcription factor, while MSTRG.623 interacted with 
MELO3C000247.2, encoding a NAC domain-containing protein. Another significant interaction was observed 
between MSTRG.15,609 and MELO3C007736.2, which encodes a homeobox-leucine zipper protein ATHB-6-
like (HD-ZIP) transcription factor.

To validate the predicted interactions between E-lncRNAs and their target genes, we first visualized their 
coordinated expression patterns across the RIL population. A heatmap of expression levels (Fig.  3) reveals 
distinct co-expression clusters, confirming that these interacting pairs exhibit synchronized transcriptional 
activity across different samples.

Subsequently, we quantified these relationships through correlation analysis (Fig. 4), which identified several 
key lncRNA-mRNA pairs with significant positive correlations. Notably, the pairs MSTRG.534-MELO3C000180 
and MSTRG.942-MELO3C001115 showed the strongest correlations, providing compelling evidence for their 

Fig. 2.  Gene Ontology (GO) enrichment analysis of putative cis-target genes for E-lncRNAs (lncRNAs with 
CPM > 1). Enrichment was performed on the pool of upstream and downstream target genes located within 
a 100 kb range of E-lncRNAs. The bubble chart summarizes the significantly enriched GO terms (False 
Discovery Rate, FDR < 0.05) across three GO domains. The size of each bubble corresponds to the number of 
genes associated with the term, and the color intensity represents the statistical significance of the enrichment 
(-log10(p-value)).
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Fig. 4.  The correlation plot illustrates the expression relationships for E-lncRNA-mRNA pairs across the RIL 
population. Correlation coefficients (r) are indicated, with positive values denoting coordinated expression and 
negative values indicating an inverse relationship.

 

Fig. 3.  Co-expression patterns of E-lncRNAs (lncRNAs with CPM > 1) and their target genes. The heatmap 
displays the normalized expression levels (as log2(expression + 1)) of key E-lncRNAs and their corresponding 
target expressed genes across 109 RIL samples. Rows represent individual E-lncRNAs (labeled on the right) 
and their predicted target genes (labeled on the left), while columns represent the individual RIL samples.
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potential regulatory relationships. Interestingly, MSTRG.1768 showed a significant negative correlation with 
MELO3C028133.2, suggesting this lncRNA may function to suppress the expression of its target gene.

Co-expression network analysis
Co-expression network analysis (Fig. 5) identified four distinct modules, designated by the colors blue, brown, 
turquoise, and grey. To elucidate the relationships between protein-coding genes (PCGs) and lncRNAs associated 
with melon fruit cracking, the co-expression networks for each module visualized using Cytoscape and Gephi. 
The blue module, comprising 80 lncRNAs and 14 PCGs, revealed that a protein kinase gene (MELO3C000703) 
exhibited the highest number of interactions with multiple lncRNAs. Given that protein kinases are typically 
activated in response to stress or environmental changes, these lncRNAs may play a pivotal role in regulating 
cellular responses to environmental conditions and modulating cell wall structure, thereby influencing processes 
associated with fruit cracking. The brown module consists of 16 lncRNAs and 37 PCGs, with MYB transcription 
factors (MELO3C022997, MELO3C034442, MELO3C012926, MELO3C017925) demonstrating the highest 
degree of interaction with lncRNAs. Additionally, this module includes ethylene-responsive transcription factors 
(ERFs)(MELO3C005630, MELO3C012994, MELO3C017272), homeobox-leucine zipper proteins (HD-ZIP)
(MELO3C012064, MELO3C022532), NAC domain proteins (MELO3C015427), and expansin proteins (EXP)
(MELO3C021999), all of which exhibit significant interactions with other genes and various lncRNAs. In the 
turquoise module, which contains 106 lncRNAs and 110 PCGs, several transcription factors, including WRKY 
(MELO3C014305, MELO3C005937) and HD-ZIP (MELO3C003554, MELO3C007078), as well as genes involved 
in membrane and cell wall metabolism, such as EXP (MELO3C023866) and xyloglucan endotransglucosylase/
hydrolase (XTH)(MELO3C017480), show the highest levels of interaction with lncRNAs. Furthermore, 
certain lncRNAs interact with genes involved in hormone metabolism, such as Gibberellin 2-oxidase (GA2ox)
(MELO3C016152) and Auxin Responsive Factor (ARF)(MELO3C015762, MELO3C013003, MELO3C003701), 
which are critical regulators of cell growth and development. Dysregulation of these genes may lead to abnormal 
cell division and elongation, alterations in cell wall structure, and imbalanced growth between the fruit peel and 
flesh, thereby increasing mechanical stress and the likelihood of fruit cracking. The grey module, composed of 
606 lncRNAs and 155 PCGs, features an lncRNA with the highest centrality in the network, interacting with 
Aquaporin (AQP) (MELO3C025165) and Cellulose synthase-like (CSL) (MELO3C017931) genes. Aquaporins 
are integral to the regulation of water and solute transport across cellular membranes, playing essential roles in 
maintaining water homeostasis, osmotic balance, and cellular turgor pressure. Cellulose synthase-like genes, on 
the other hand, are responsible for cellulose biosynthesis, a key structural component of plant cell walls, and are 
critical for plant cell growth and development.

eQTL analysis of lncRNAs associated with fruit cracking
Matrix eQTL analysis identified 24 lncRNAs associated with 1574 SNPs (Fig.  6), among which 10 found in 
close genomic proximity to upstream or downstream genes implicated in fruit cracking (Table  2). This 
positional relationship suggests a potential regulatory role of these lncRNAs, possibly through interactions with 
neighboring cis-regulatory elements involved in cracking-related biological processes. Notably, MSTRG.4395 
exhibited potential regulatory associations with genes encoding oxidoreductase, 1-aminocyclopropane-1-
carboxylate synthase (ACS), and peroxidase enzymes. Similarly, MSTRG.623 showed possible regulatory links 
with ARF, NAC, and OPRF3 genes. All details for SNP locus, lncRNAs, and associated genes are provided in 
Supplementary Table S2.

Further eQTL analysis revealed two biologically significant genes on chromosome 2 harboring SNPs with 
potential regulatory effects on lncRNA expression. The first, MELO3C015432.2, encodes an IAA-amino acid 
hydrolase ILR1-like 4 enzyme, which hydrolyzes auxin conjugates and modulates cell growth, differentiation, and 
stress responses. This gene was associated with MSTRG.4395, and multiple SNPs (positions: 1621958, 1622383, 
1622481, 1622545, 1623626, 1622203, 1623988, 1624219, and 1624050) exhibited highly significant associations 
(p < 10⁻⁶), suggesting their potential role in regulating lncRNA expression. The second gene, MELO3C015602.2, 
encodes a calmodulin protein, a key mediator of calcium-dependent signaling pathways involved in biotic and 
abiotic stress responses. SNPs at positions 3,223,350, 3,223,368, and 3,223,410 were significantly associated 
with MSTRG.623. Linear model analysis indicated that this calmodulin-encoding gene may exert a regulatory 
influence on the expression of the corresponding lncRNA.

Discussion
While prior studies in melon have characterized the genetic architecture17, physiological responses25, and 
transcriptomic profiles18 of fruit cracking, and while QTL analyses in watermelon have mapped cracking-related 
loci19, our study represents the first integrative analysis of lncRNAs, SNPs, and eQTLs in melon cracking. This 
multi-omics approach enables us to link genetic variation to regulatory non-coding RNAs and their target 
networks, providing a mechanistic layer previously uncharacterized in this species. In this study, we conducted a 
comprehensive genome-wide analysis to identify and characterize eQTL-associated lncRNAs in melon, shedding 
new light on the molecular mechanisms involved in fruit cracking. Utilizing a rigorous bioinformatic pipeline, 
we identified 341 high-confidence lncRNAs from the melon transcriptome, highlighting a significant presence 
of non-coding RNAs within the melon genome.

Our initial functional characterization, based on enrichment analyses, revealed that lncRNA-associated 
target genes are predominantly involved in two broad and interconnected categories. First, we identified a 
substantial number of genes involved in metabolic processes, biosynthetic pathways, and cellular growth and 
development. These functional categories are known to contribute to the physiological basis of fruit cracking. 
The relevance of these metabolic and biosynthetic pathways to fruit cracking is corroborated by studies in 
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Fig. 5.  WGCNA module characterization and identification of hub genes. (A) Clustering dendrogram of 
genes, with dissimilarity based on topological overlap, together with assigned module colors. (B) The co-
expression network related to the blue module. (C) The co-expression network related to the brown module. 
(D) The co-expression network related to the greymodule. (E) The co-expression network related to the 
turquoise module.
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lncRNA Gene

MSTRG.13,975
Homeobox leucine-zipper protein

MYB-like DNA binding protein

MSTRG.4395

oxidoreductase

1-aminocyclopropane-1-carboxylate synthase

peroxidase

MSTRG.8371

MYB-like DNA binding protein

MYB-like DNA binding protein

receptor-like protein kinase

receptor-like protein kinase

MSTRG.623

NAC domain-containing protein

Auxin response factor

12-oxophytodienoate reductase 3

MSTRG.8442
pectinesterase

pectinesterase-like

MSTRG.931
acetyl-CoA carboxylase 1-like

Lipoxygenase

MSTRG.16,081
transcription factor bHLH101-like

transcription factor bHLH100-like

MSTRG.1477 Glycosyl hydrolase family 5 protein

MSTRG.19,634 FAD/NAD(P)- binding oxidoreductase family protein

MSTRG.19,558 transcription factor MYB44-like

Table 2.  Regulatory E-lncRNAs involved in the regulation of neighboring genes associated with fruit cracking.

 

Fig. 6.  Genome-wide distribution of cis-eQTLs associated with fruit cracking E-lncRNAs. The Manhattan 
plot displays the association strength (-log10 P-value) for all tested SNPs against their genomic position. Each 
dot represents an SNP-lncRNA association. The horizontal red line indicates the genome-wide significance 
threshold (FDR < 1e-5).
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other fruit species. Supporting this, transcriptomic studies in grapes have reported differential expression of 
genes associated with biosynthesis and metabolic regulation during the ripening period, suggesting their role 
in the onset of cracking26. Similarly, in jujube, metabolic genes related to growth regulation and biosynthetic 
activity were found to be differentially expressed between cracked and intact fruits27. Additionally, classification 
findings revealed that genes related to environmental stress responses and signaling pathways are predominantly 
associated with fruit cracking susceptibility. This observation is consistent with prior studies in tomato, where 
SlGH9-15 was identified as a key gene contributing to cracking under hormonal and abiotic stress conditions28. 
Furthermore, research on fleshy fruit ripening highlights the involvement of intricate hormonal networks, 
transcriptional regulation, and epigenetic modifications in controlling gene expression during development29.

To delineate specific regulatory pathways, we constructed co-expression networks, which uncovered diverse 
TFs and stress-responsive genes interacting with the identified lncRNAs. Notably, TFs such as MYB, WRKY, 
HD-ZIP, and NAC were significantly enriched. The prominence of these TF families is consistent with their 
established roles in fruit development and stress responses across species. In melon, MYB, WRKY, and HD-ZIP 
may regulate CmEXPB1, a gene implicated in resistance to fruit cracking30. The HD-ZIP family also exhibits 
lower expression in cracking-resistant watermelon varieties compared to susceptible ones9. NAC TFs, specific to 
plants, are linked to fruit growth and ripening. In Akebia, they co-express with cell wall-related genes associated 
with fruit cracking31, contribute to cuticle formation in tomato (P65), and co-express with exocarp-related genes 
in apple and lignin biosynthesis in soybean32,33. Furthermore, our networks implicated key hormone-related TFs. 
In litchi, MYB TFs enhance the expression of genes involved in starch and sucrose metabolism, sugar and water 
transport, thereby weakening the pericarp34. Additionally, ARF (Auxin Response Factor) was highly expressed in 
cracked fruits of Chinese jujube, implicating its role in auxin-mediated cracking35. ERF TFs (Ethylene Response 
Factors) influence the fruit cuticle and epidermis structure, modulating cracking susceptibility36. Among the 
co-expressed genes with lncRNAs, GA2ox (Gibberellin 2-oxidase) plays a role in fruit development through 
gibberellin level regulation, as shown in mango following GA₃ and CPPU treatment37.

Beyond transcriptional regulation, our co-expression analysis highlighted lncRNAs linked to genes that 
directly determine fruit mechanical properties. For instance, EXP genes, involved in cell wall loosening, were 
co-expressed with specific lncRNAs, suggesting a role in regulating tissue mechanical integrity. In ‘Fuji’ apples, 
MdEXPA3 expression correlated with internal ring cracking during rapid expansion, with imbalance between 
mesocarp and pericarp EXP levels contributing to cracking38. Similarly, XTH (xyloglucan endotransglucosylase/
hydrolase) genes, which affect tissue mechanics, co-expressed with lncRNAs in our study. In sweet cherry, 
PavXTH14 and PavXTH15 expression increased during ripening, reducing fruit firmness39. Genes involved in 
water transport and cell wall synthesis were also prominent. Elevated expression of aquaporin genes (PIP1;1, 
PIP1;2, TIP1;1, NIP5;1, and NIP2;2) in cracked melon fruits suggests their role in cracking via water and nutrient 
transport40. Their co-expression with lncRNAs supports this regulatory link. Similarly, CSL (cellulose synthase-
like) genes, involved in cell wall formation, were co-expressed with lncRNAs. In grape berries, a cellulose 
synthase-like protein was upregulated in cracking-prone cultivars, pointing to its role in cell wall weakening41.

Our eQTL analysis enabled us to move from correlation to causality, identifying two lncRNAs, MSTRG.4395 
and MSTRG.623, as high-confidence regulatory hubs with a genetic basis for their association with fruit cracking. 
To identify SNPs with potential regulatory effects on these lncRNAs, two biologically significant genes detected, 
both located on chromosome 2. The first gene, ILR1, was reported by Wang et al. (2021) to be significantly 
upregulated in the edible aril of litchi fruit, where it plays a pivotal role in auxin metabolism. This elevated 
expression modulates auxin homeostasis, thereby influencing fruit tissue development. Differential hormonal 
regulation between the aril and the pericarp may contribute to observed variations in fruit growth and the 
mechanical integrity of the pericarp, factors potentially linked to fruit cracking susceptibility34. Consistent with 
these findings, our eQTL analysis identified ILR1 as a key gene harboring multiple SNPs associated with the 
regulation of nearby MSTRG.4395, suggesting a potential cis-regulatory mechanism through which ILR1 and this 
lncRNA may jointly influence hormonal pathways and structural traits relevant to fruit cracking. Additionally, 
the second gene, which encodes the calmodulin protein, is a well-known component of calcium-dependent 
signaling pathways and participates in numerous cellular responses to both biotic and abiotic stresses12. The 
association of calmodulin with MSTRG.623 in our eQTL analysis suggests a potential regulatory interaction, 
indicating that calmodulin and the linked lncRNA may collaboratively influence calcium-mediated signaling 
processes that could impact fruit cracking. Moreover, the eQTL results indicate that genes associated with 
oxidative stress responses, such as those encoding oxidoreductases and peroxidases, are located upstream and 
downstream of these lncRNAs, suggesting a possible involvement in redox-related regulatory networks. Previous 
studies have identified oxidoreductase as a key enzyme contributing to fruit cracking in tomato, Akebia, citrus 
and, jujube21,35,42–44. Among the additional upstream and downstream genes potentially exerting cis-regulatory 
effects on the identified lncRNAs are ACS and OPRF3. ACS is involved in the ethylene biosynthesis pathway, a 
hormone widely associated with fruit cracking, whereas OPR3 participates in stress responses and cell growth 
regulation. The functional roles of these genes in hormonal signaling and stress-related pathways further support 
their possible contribution to the physiological processes underlying fruit cracking27,45.

While our study identifies specific lncRNAs, which are associated with fruit cracking, future research should 
adopt a multi-tiered approach to validate and expand upon these findings. Initially, expression patterns of key 
candidates (e.g., MSTRG.4395 and MSTRG.623) should be confirmed via qRT-PCR in phenotypically extreme 
RILs, followed by broader lncRNA sequencing across contrasting genotypes. To establish causal relationships, 
CRISPR-Cas9-mediated functional characterization will be essential. Additionally, the regulatory influence 
of environmental variables, such as irrigation, humidity, and nutrient availability, on these genetic networks 
warrants investigation to understand the plasticity of fruit cracking and support the breeding of stably resistant 
cultivars under varied agronomic conditions. Finally, while this study focused on mesocarp tissue, future work 
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incorporating other fruit tissues (e.g., the exocarp, where cracking initiates) will provide a more spatially resolved 
understanding of the regulatory mechanisms underlying this complex trait.

Conclusion
Fruit cracking is a complex physiological disorder that significantly reduces the marketability and yield of 
melons, yet its underlying molecular mechanisms remain poorly characterized. In this study, we conducted 
a comprehensive genomic and transcriptomic analysis to identify key regulatory players, lncRNAs, SNPs, and 
eQTLs, associated with melon fruit cracking. Our findings reveal that lncRNAs play a crucial role in modulating 
gene networks involved in cell wall metabolism, hormonal regulation, and stress responses, all of which contribute 
to cracking susceptibility. Through stringent bioinformatic filtering, we identified 341 high-confidence lncRNAs, 
many of which found to co-express with critical transcription factors (MYB, WRKY, NAC) and structural genes 
(EXP, XTH, AQP). These interactions suggest that lncRNAs may fine-tune the expression of genes responsible 
for maintaining cell wall integrity and osmotic balance, thereby influencing cracking resistance. Furthermore, 
eQTL analysis uncovered SNPs in regulatory regions of key genes (ILR1, calmodulin) that may influence lncRNA 
expression, providing mechanistic insights into how genetic variation contributes to phenotypic differences in 
cracking susceptibility. Our study bridges a critical knowledge gap by linking non-coding regulatory elements to 
the physiological processes underlying fruit cracking in melons.

Materials and methods
Data collection
In this study, RNA-seq data from 112 melon recombinant inbred lines (RILs) with the accession code 
PRJNA273910 were utilized. According to this study, the RIL population, designated as 414×Dul, was generated 
from a cross between two distinct melon subspecies: Cucumis melo var. momordica (PI 414723) and Cucumis melo 
var. reticulatus (Dulce). The PI 414,723 accession, an Indian melon typically used for cooking, is characterized 
by pale orange flesh, a non-sweet taste, and a strong, unpleasant aroma due to the accumulation of high levels 
of volatile sulfur compounds. In contrast, the Dulce accession, an American cantaloupe-type melon, exhibits 
dark orange flesh, a sweet flavor, and a pleasant fruity aroma. These pronounced phenotypic and compositional 
differences between the two subspecies make the 414×Dul RIL population an ideal model for exploring the 
genetic and molecular mechanisms underlying fruit traits. This population and its comprehensive phenotypic 
characterization for a wide range of fruit quality traits established in the original study by Galpaz et al. 2018 46, 
which serves as the foundational resource for the data used here. Our analysis leveraged the entire dataset of 112 
RILs to capture the full spectrum of genetic recombination and diversity, thereby enabling a powerful, genome-
wide search for regulatory elements influencing complex traits. RNA-seq data obtained from the mesocarp 
tissue of mature fruits within the RIL population using the Illumina sequencing platform46.

lncRNA identification
To identify unannotated transcripts within the datasets, we employed a methodology adapted from established 
protocols47–52. Initially, quality control of paired-end RNA-Seq reads was performed using FastQC (available 
at ​h​t​t​p​s​:​​/​/​w​w​w​.​​b​i​o​i​n​f​​o​r​m​a​t​i​​c​s​.​b​a​​b​r​a​h​a​m​​.​a​c​.​u​k​​/​p​r​o​j​e​​c​t​s​/​f​a​s​t​q​c​/). Adapter sequences and low-quality bases 
then trimmed using Trimmomatic v0.3053 with the parameters ILLUMINACLIP: TruSeq3-PE.fa:2:30:10, 
LEADING:3, TRAILING:3, SLIDINGWINDOW:4:20, and MINLEN:50 to ensure high-quality data for 
subsequent analysis. The cleaned reads were then aligned to the melon reference genome, cultivar DHL9254, 
available at http://cucurbitgenomics.org/v2/organism/23, using the STAR aligner v2.7.155. The selection of this 
genome was underpinned by its direct phylogenetic alignment with biparental RIL population, with both being 
derived from C. melo ssp. agrestis and melo progenitors46. This close relationship guarantees a high degree of 
genomic synteny, thereby reducing reference bias and ensuring precise alignment. Alignment was guided by 
the melon annotated reference genome file (​h​t​t​p​:​/​/​c​u​c​u​r​b​i​t​g​e​n​o​m​i​c​s​.​​o​​r​g​​/​v​2​​​/​f​t​​p​/​​g​e​n​o​m​​​e​/​m​e​l​​​o​n​/​D​H​L​​9​2​​/​v​​4​.​0​/​D​​
H​L​9​​2​_​v​4​​.​g​f​f​3​.​g​z) to ensure precise mapping. Transcript assembly was conducted using StringTie v2.0.656, and 
the resulting transcripts merged into a unified set using StringTie’s merge function. These merged transcripts 
compared against the reference gene annotation file using gffcompare, enabling their classification into distinct 
categories. Unannotated transcripts extracted based on specific classification codes: “u” (intergenic lncRNAs), 
“x” (antisense lncRNAs), “i” (intronic lncRNAs), “o” (exonic lncRNAs overlapping reference transcripts), and “e” 
(single exon transfragments overlapping a reference exon).

To retrieve sequences of the unannotated transcripts, BEDTools v2.29.257 was used, with a BED file defining 
the transcript coordinates. A rigorous filtering process was applied to exclude coding sequences. Transcripts 
longer than 200 nucleotides with a count per million (CPM) greater than 1 retained. Potential transfer RNAs 
(tRNAs) and ribosomal RNAs (rRNAs) were filtered out using tRNAscan-SE 2.058 and Barrnap 0.9 (available 
at https://github.com/tseemann/barrnap). Transcripts with significant hits (E-value < 1e-5) against the UniProt 
(release 2021-02), Pfam (release 34.0), and Rfam (release 14.5) databases removed. To rigorously filter out 
transcripts with coding potential, we employed the Coding Potential Calculator (CPC2)59 which assesses 
sequences based on intrinsic features and is recognized for its high accuracy and speed in distinguishing non-
coding RNAs in eukaryotic genomes60,61. Finally, the remaining candidate lncRNAs validated using PLncPRO62, 
a tool explicitly developed for predicting high-confidence lncRNAs in plants. PLncPRO was selected for its 
demonstrated superior performance in plant-specific transcriptomes compared to generic tools, as it utilizes 
a machine learning approach trained on plant data, thereby reducing false positives and increasing prediction 
reliability in our melon study system63,64.
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Target gene prediction, functional analysis, and co-expression networks
To elucidate the functional roles of lncRNAs, we focused on identifying their potential regulatory targets. 
Specifically, EGs located within 100 kilobases (Kb) upstream or downstream of E-lncRNAs predicted as cis-
regulatory targets48,49,65–69. Additionally, interactions between E-lncRNAs and EGs evaluated using LncTar70 
with default parameters. This tool predicts RNA-RNA interactions by assessing sequence complementarity to 
calculate the free energy (ΔG) and standardized free energy of the putative duplex. A potential target mRNA was 
identified if the free energy of its binding sites with a lncRNA fell below the standardized threshold of -0.1 kcal/
mol. This specific, stringent threshold prioritizes the identification of high-confidence, stable interactions65,70–73. 
To further explore the biological functions of these target genes, Gene Ontology (GO) enrichment analysis was 
performed using the tools available in the Melonomics Database (http://cucurbitgenomics.org/v2). Significantly 
enriched GO terms identified using a Fisher’s exact test, with a False Discovery Rate (FDR) correction for multiple 
testing and a significance threshold of p-value < 0.05. To investigate co-expression patterns between E-lncRNAs 
and EGs, we employed the Weighted Gene Co-Expression Network Analysis (WGCNA) package74 in R, following 
parameters optimized in previous studies47,49. To construct a biologically meaningful scale-free network, 
we performed an analysis to determine the appropriate soft thresholding power (β). The pickSoftThreshold 
function was used to calculate the scale-free topology fit index (signed R²) and mean connectivity for a range of 
powers75. A power of β = 8 was selected as the lowest value for which the scale-free topology fit index reached 
a saturation point above 0.80, balancing the achievement of a scale-free network with the preservation of high 
mean connectivity. This value was chosen based on the highest correlation between the empirical cumulative 
distribution function of node connectivity and the theoretical scale-free distribution, ensuring a balance between 
network connectivity and modularity. Subsequently, the topological overlap matrix (TOM) and its dissimilarity 
measure (1-TOM) were calculated. Modules identified through hierarchical clustering and the DynamicTree 
Cut algorithm74. An unsigned network approach was adopted to capture both positive and negative correlations, 
providing a comprehensive view of the co-expression relationships.

eQTL_LncRNAs mapping
To identify eQTLs associated with lncRNAs, a filtered SNP dataset obtained from prior genetic analyses was 
utilized76. The variant calling for this dataset was performed using Platypus77 under stringent parameters, 
including a minimum read depth of 2, a mapping quality score (MQ) ≥ 20, a base quality score ≥ 20, a minimum 
flanking distance of 5 bp, and a maximum of 80% missing data. Association mapping was performed using 
MatrixEQTL78 with a linear model. This approach controls for spurious associations by testing the correlation 
between each SNP and the expression phenotype (lncRNA level) across the RILs, conditional on the genotypic 
state at that locus. In a biparental RIL population like ours, where the genetic background is a mosaic of the two 
founders, this model effectively accounts for the population structure, as the kinship and relatedness between 
lines are directly defined by their shared haplotype blocks. Cis-acting eQTLs defined as SNPs located within 
± 1 Mb of the lncRNA transcriptional start or end sites, a conventional window size that captures local regulatory 
genetic variation. Statistical significance was determined using a false discovery rate (FDR) threshold, adjusted 
via the Benjamini-Hochberg method. To ensure high-confidence discoveries amidst the severe multiple-testing 
burden of genome-wide scans, stringent FDR thresholds of 1e-5 for both cis-eQTLs and trans-eQTLs (SNPs 
outside the 1 Mb window or on different chromosomes) were applied, consistent with the rigor of other high-
resolution eQTL studies79–82 To infer functional relationships, cis-regulated lncRNA-mRNA pairs identified by 
correlating lncRNA eQTLs with expression levels of nearby protein-coding genes (within 100 kb), which were 
predicted as putative regulatory targets.

Data availability
All RNA-Seq data were deposited in the NCBI SRA database under the project PRJNA273910 ( ​[​h​t​​​​t​p​​s​:​​/​​/​w​​w​​w​.​n​c​
b​​i​.​n​l​m​​.​n​i​h​.​g​o​v​/​b​i​o​p​r​o​j​e​c​t​/​P​R​J​N​A​2​7​3​9​1​0​]​(​h​t​t​p​s​:​/​w​w​w​.​n​c​b​i​.​n​l​m​.​n​i​h​.​g​o​v​/​b​i​o​p​r​o​j​e​c​t​/​P​R​J​N​A​2​7​3​9​1​0​) ).
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