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Abstract
Long noncoding RNAs (lncRNAs) play important roles in various biological processes. However, the regulatory roles of lncRNAs 
underlying fruit development have not been extensively studied. The pumpkin (Cucurbita spp.) is a preferred model for under-
standing the molecular mechanisms regulating fruit development because of its variable shape and size and large inferior ovary. 
Here, we performed strand-specific transcriptome sequencing on pumpkin (Cucurbita maxima “Rimu”) fruits at 6 developmen-
tal stages and identified 5,425 reliably expressed lncRNAs. Among the 332 lncRNAs that were differentially expressed during 
fruit development, the lncRNA MSTRG.44863.1 was identified as a negative regulator of pumpkin fruit development. 
MSTRG.44863.1 showed a relatively high expression level and an obvious period-specific expression pattern. Transient 
overexpression and silencing of MSTRG.44863.1 significantly increased and decreased the content of 1-aminocyclopropane car-
boxylic acid (a precursor of ethylene) and ethylene production, respectively. RNA pull-down and microscale thermophoresis 
assays further revealed that MSTRG.44863.1 can interact with S-adenosyl-L-methionine synthetase (SAMS), an enzyme in the 
ethylene synthesis pathway. Considering that ethylene negatively regulates fruit development, these results indicate that 
MSTRG.44863.1 plays an important role in the regulation of pumpkin fruit development, possibly through interacting with 
SAMS and affecting ethylene synthesis. Overall, our findings provide a rich resource for further study of fruit-related 
lncRNAs while offering insights into the regulation of fruit development in plants.
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Introduction
The pumpkin (Cucurbita spp.), belonging to the family 
Cucurbitaceae, is a widely grown vegetable crop comprising 
5 domesticated species, with Cucurbita maxima, Cucurbita 
pepo, and Cucurbita moschata being the commonly culti-
vated species globally. Pumpkin fruits play important roles 
both economically and nutritionally. Because of their long 
storage life and high nutritive value, pumpkins are produced 

for the fresh market and are valuable for food processing 
(Hosen et al. 2021). Thus, an understanding of the molecular 
mechanisms underlying the development of pumpkins will 
help to produce varieties with higher yield and better fruit 
quality. In addition, due to the large inferior ovary and variable 
shape and size of the fruit, the pumpkin is an ideal model spe-
cies for studying fruit development. However, only a few 
genes related to pumpkin fruit development have been 
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identified to date, including key genes involved in sucrose 
biosynthesis and starch and carotenoid accumulation 
(Wyatt et al. 2016; Abbas et al. 2020; Wang et al. 2020b; Luo 
et al. 2021). More recently, several WD40 proteins were re-
ported to be likely involved in fruit development in C. maxima 
(Chen et al. 2023a). However, given the complexity of fruit de-
velopment, the role of regulatory factors in the development 
of pumpkins should be further revealed to elucidate the com-
plete regulatory mechanism.

Fruits are unique plant developmental systems represent-
ing important components of human and animal diets. 
Horticultural characteristics such as shape, size, color, flavor, 
and nutrient contents influence the market value of fruits 
(Papoutsisa et al. 2021), which are all influenced by factors 
affecting fruit development. However, the underlying mo-
lecular regulation mechanism of fruit development remains 
to be fully elucidated. Fruit development comprises 3 phases: 
setting, growth, and maturation. These stages involve the 
regulation of numerous physiological and biochemical 
changes, coordinated by complex networks of genes and 
pathways. Recent studies on fruit development, and in par-
ticular the maturation of fleshy fruits, have led to consider-
able advances in their knowledge. Various genes and 
regulators related to fruit growth and maturation have 
been identified in the tomato (Solanum lycopersicum), 
a common model for the study of fleshy fruits (Giovannoni 
2004; Quinet et al. 2019). For example, RIPENING 
INHIBITOR (RIN) was reported to play an important role in 
the ripening of tomato fruit (Martel et al. 2011). However, 
knowledge of the molecular mechanisms underlying fruit de-
velopment in other fruit crops remains extremely limited.

Emerging evidence indicates that plant hormones (auxins 
[indole-3-acetic acid (IAA)], cytokinins, gibberellins, abscisic 
acid [ABA], and ethylene) can collaborate to form a complex 
network to regulate fruit development at different stages 
(Ozga and Rienecke 2003; Fenn and Giovannoni 2021). 
After pollination and fertilization, gibberellin, auxin, and 
cytokinin promote fruit setting and development by regulat-
ing cell division and expansion (Kumar et al. 2014), accom-
panied by a decrease in ethylene production (Shinozaki 
et al. 2015). Recent research offers insights into the essential 
role of ethylene in fruit setting and early fruit development 
(Martínez et al. 2013; Xin et al. 2019; Sharma et al. 2021; 
Boualem et al. 2022; Huang et al. 2022). Studies in 
Arabidopsis (Arabidopsis thaliana) demonstrated that early 
ovule abortion is associated with silique size in ethylene 
mutants (Carbonell-Bejerano et al. 2011). Studies in zucchini 
(C. pepo) suggest that ethylene may be a negative regulator of 
fruit setting and early fruit development (Martínez et al. 
2013). In addition, Boualem et al. (2022) suggested that ethyl-
ene plays a dual role in cucurbits, inhibiting stamen develop-
ment and elongating the ovary and fruit. Ethylene was also 
suggested to have a dose-dependent effect on fruit develop-
ment in cucumber (Cucumis sativus) (Xin et al. 2019) and to 
exert a bidirectional regulating effect on tomato fruit size. In 
particular, a proper basal concentration of ethylene is 

optimal for fruit growth, while a lack of ethylene or excess 
ethylene production has an inhibitory effect on fruit growth 
(Huang et al. 2022). These studies indicate that ethylene 
plays an essential role in fruit development.

Noncoding RNAs (ncRNAs) have been revealed to be a ma-
jor component of transcripts in eukaryotic genomes (Eddy 
2001). Among these, long noncoding RNAs (lncRNAs) are 
RNA molecules with a sequence length above 200 nucleo-
tides without apparent coding potential (Kapranov et al. 
2007). In general, lncRNAs show tissue-specific and low ex-
pression, with minimal conservation among species (Wu 
et al. 2020). The action mechanisms of lncRNAs are complex 
and diverse. Recent research suggests that lncRNAs are in-
volved in many molecular processes by interacting directly 
with proteins, DNA, or other RNA molecules (Lucero et al. 
2021). To date, various lncRNAs have been identified and 
characterized in model plants such as A. thaliana (Liu et al. 
2012; Wang et al. 2014), rice (Oryza sativa) (Zhang et al. 
2014), and S. lycopersicum (Zhu et al. 2015), participating in a 
wide range of biological processes, such as flowering regulation 
(Liu et al. 2010; Chen et al. 2023b), stress responses (Zhu et al. 
2014; Qin et al. 2017; Zhang et al. 2021, 2022), and fruit growth 
and ripening (Zhu et al. 2015; Tang et al. 2021; Yu et al. 2022). 
However, owing to their high diversity and low sequence con-
servation, knowledge of the regulatory role of plant lncRNAs re-
mains limited.

Recent advances in next-generation sequencing technology 
have helped to identify several lncRNAs playing a role in fruit 
growth and development in various crops, including tomato 
(Zhu et al. 2015; Wang et al. 2018), diploid strawberry 
(Fragaria vesca) (Kang and Liu 2015), sea buckthorn 
(Hippophae rhamnoides) (Zhang et al. 2018), apple (Malus do-
mestica) (Yang et al. 2019), and melon (Cucumis melo) (Tian 
et al. 2019). In tomato, a substantial delay in fruit maturation 
was observed following knockdown of lncRNA1459 and 
lncRNA1840 (Zhu et al. 2015; Li et al. 2018). Two lncRNAs 
(LNC1 and LNC2) in sea buckthorn were found to influence 
the biosynthesis of anthocyanin during fruit ripening (Zhang 
et al. 2018). A recent study showed that the lncRNA FRILAIR 
(FRUIT RIPENING-RELATED LONG INTERGENIC RNA) 
may regulate LAC11a (encoding a putative laccase-11-like 
protein) expression as a target mimic of miR397 during straw-
berry fruit maturation (Tang et al. 2021). Two lncRNAs, named 
MLNC3.2 (MSTRG.123423.2) and MLNC4.6 (MSTRG.137274.6), 
were found to promote the expression of the 
SQUAMOSA-PROMOTER BINDING PROTEIN-LIKE (SPL) 
transcription factors and contribute to the accumulation of 
anthocyanin in the skin in apple (Yang et al. 2019). Another 
apple lncRNA (MdLNC499), which induces the expression 
of MdERF109 (ethylene response factor 109), plays a role in 
light-induced fruit coloration (Ma et al. 2021). More recently, 
Yu et al. (2022) proposed that MdLNC610 may be involved 
in regulating the production of anthocyanin induced 
by high light by promoting the expression of MdACO1 
(1-aminocyclopropane-1-carboxylate oxygenase 1) and 
ethylene biosynthesis. However, little is known about the 
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regulation of lncRNAs associated with fruit development in 
cucurbit crops.

Therefore, the molecular mechanism by which lncRNAs regu-
late fruit development requires further investigation. Toward 
this end, we aimed to systematically identify and characterize 
the lncRNAs expressed in pumpkin fruit, with emphasis on 
lncRNAs associated with fruit development. Further, we con-
ducted functional analysis of an important candidate lncRNA 
(MSTRG.44863.1) playing a key role in regulating the develop-
ment of pumpkin fruit, possibly through interacting with 
S-adenosyl-L-methionine synthetase (SAMS) and affecting ethyl-
ene synthesis. Collectively, these findings provide a rich resource 
for further exploration of pumpkin lncRNAs and a perspective 
for studying the regulatory mechanisms of fruit development.

Results
Phenotypic data of C. maxima fruits
Changes in 9 fruit-related characteristics were measured dur-
ing fruit development of C. maxima “Rimu” (Supplementary 
Fig. S1). The length, diameter, and pulp thickness of the fruit 
increased rapidly from 0 to 10 d after pollination (DAP) 
(Supplementary Fig. S1, A to C). The contents of fructose, 
glucose, and sucrose initially presented an increasing trend, 
and then tended to be unchanged or reduced in the later 
stage of fruit development (Supplementary Fig. S1, D to F). 
During fruit development, the starch content showed a 
double-peak trend at 30 DAP (2.88 ± 0.18 g/100 g fresh 
weight [FW]) and 50 DAP (3.34 ± 0.15 g/100 g FW; 
Supplementary Fig. S1G). The pumpkin fruits continuously 
accumulated lutein and β-carotene during development 
(Supplementary Fig. S1, H and I). Overall, these results indi-
cated substantial changes in the physiology and biochemistry 
of pumpkins throughout their development.

Genome-wide identification and characterization 
of lncRNAs in C. maxima
Strand-specific transcriptome sequencing on C. maxima 
fruits at 6 developmental stages (Fig. 1A) was performed 
for systematic identification of lncRNAs based on a total of 
18 libraries conducted with 3 biological replicates at each 
stage. Detailed information on RNA-seq data is provided in 
Supplementary Table S1. Approximately 88.92% to 95.52% 
of the reads mapped to the reference genome. A total of 
5,425 candidate lncRNAs were predicted (Fig. 1B), 1,371 of 
which were found at all 6 developmental stages (Fig. 1C). 
The lncRNAs showed widespread expression on all chromo-
somes (Fig. 1B) with an average density of 25.65 lncRNAs per 
Mb. The identified lncRNAs were divided into 4 groups ac-
cording to their genomic location: long inter-genic 
lncRNAs (lincRNAs), antisense lncRNAs, intronic lncRNAs, 
and sense lncRNAs (Fig. 1D). LincRNAs (69.83%) were the 
most abundant, while intronic lncRNAs were the least abun-
dant (4.7%). Detailed information on the 5,425 lncRNAs is 
provided in Supplementary Table S2.

BLAST analysis of the 5,425 lncRNAs found in fruits of 
C. maxima against plant lncRNA databases (CANTATAdb 
and GreeNC) showed that the overwhelming majority 
(99.10%) of the identified lncRNAs were likely pumpkin- 
specific (Supplementary Table S3). The average guanine– 
cytosine (GC) content of predicted lncRNAs was 39.37%. 
Repeat sequence analysis indicated that most (79.67%) of 
the lncRNAs had no overlap with the repetitive sequences. 
Compared with C. maxima mRNAs, in general, the 
lncRNAs were shorter (Fig. 1E) and had lower expression 
levels (Fig. 1F). For example, the transcript length of the 
lncRNAs ranged from 202 to 13,140 nucleotides, with an 
average of 677 nucleotides shorter than the mRNAs of 
C. maxima (median 1,505 nucleotides).

Identification of differentially expressed lncRNAs
To identify lncRNAs involved in fruit development, we ana-
lyzed the expression levels of lncRNAs throughout fruit de-
velopment at 0, 10, 20, 30, 40, and 50 DAP (Fig. 2A). 
Compared with 0 DAP levels, we identified 322 differentially 
expressed lncRNAs (DELs), including 157 lincRNAs, 81 anti-
sense lncRNAs, 72 sense lncRNAs, and 12 intronic lncRNAs 
(Supplementary Table S4). Six DELs were shared across all 5 
comparisons (Fig. 2A, Supplementary Fig. S2). In general, 
there were more downregulated DELs than upregulated 
DELs with the maximum number of DELs found in the 50 ver-
sus 0 DAP comparison (Fig. 2B).

The expression patterns of 8 lncRNAs were validated by 
reverse transcription-quantitative polymerase chain reac-
tion (RT-qPCR). They were selected as representatives of 
4 lncRNA types. Although some differences in expression 
levels were noted, the RT-qPCR results exhibited a trend 
similar to that observed in RNA-seq data (Fig. 2C). For ex-
ample, both RNA-seq and RT-qPCR indicated that 
MSTRG.44863.1 was most highly expressed at 0 DAP. 
These results indicated that the identified lncRNAs were 
genuinely expressed.

Potential target genes and microRNAs interacting 
with DELs
Since lncRNAs regulate the expression of proximal or distal 
genes through cis- or trans-acting mechanisms, we further 
explored the possible interactions between DELs and target 
genes. Computational prediction showed 6,051 potential cis- 
regulated target genes for 308 DELs and 232 potential trans- 
regulated target genes for 143 DELs (Supplementary 
Table S5). Gene Ontology (GO) functional annotation of can-
didate target genes of the DELs identified 125 terms 
(Supplementary Table S6) with the top 20 terms presented 
in Supplementary Fig. S3, including epigenetic functions, 
such as histone acetylation and S-methyltransferase activity. 
The top 50 enriched Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathways are shown in Fig. 3A. Notably 
80 potential target genes of DELs were related to the plant 
hormone signal transduction pathway. This suggested plant 
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hormone signal transduction is an important mechanism by 
which lncRNAs regulate fruit development. Therefore, co- 
expression analysis based on the expression levels of DELs 
and target genes among samples was used to construct a 
candidate regulatory network in the plant hormone signal 
transduction pathway (Fig. 3B). The proposed regulatory 

network consists of 242 lncRNAs interacting with potential 
target genes. One lncRNA might interact with 1 to 16 poten-
tial target genes suggesting a complex regulatory relationship 
between lncRNAs and target genes. However, further studies, 
especially experimental approaches, are needed to explore 
these potential interactions.

Figure 1. Characteristics of C. maxima lncRNAs. A) C. maxima fruits at 6 time points throughout the fruit development. B) Distribution of lncRNAs 
along C. maxima chromosomes. The Venn diagram in the center shows the number of lncRNAs predicted by evaluating protein-coding potential in 
the Coding Potential Calculator (CPC), Coding–Noncoding-Index (CNCI), Pfam scan (Pfam), and Coding Potential Assessment Tool (CPAT). In order 
from far to near to the Venn diagram, the first circle represents sense lncRNAs, the second circle represents lincRNAs, the third circle represents 
intronic lncRNAs, and the fourth circle represents antisense lncRNAs. C) Venn diagram of lncRNAs identified at 6 different time points. DAP re-
presents day after pollination. D) Classification of C. maxima lncRNAs according to their genomic positions. E and F) Comparisons between 
lncRNAs and mRNAs showed that lncRNAs were shorter E) and had lower expression levels F). Central lines are medians, and box limits are the 
first and third quartiles. The squares in the box represent the average values. Whiskers mark the minimal (lower whisker) and maximal (upper whis-
ker) data points within 1.5 times the interquartile range from the first and third quartiles, respectively. The points represent outliers.
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Since lncRNA and microRNA (miRNA) interactions may 
play an important role in plants (Wu et al. 2013), all of the 
DELs were used to predict potential interactions with 
miRNAs. BLASTN identified 9 DELs as precursors to 18 
known miRNAs from 6 families (Supplementary Table S7). 
For example, one C. maxima lncRNA (MSTRG.77453.2) was 
predicted as a precursor of cma-miR396 (Fig. 3C). In addition, 
psRNATarget predicted 142 lncRNAs as potential targets of 
126 miRNAs belonging to 28 families (Supplementary 
Table S8). Among these, 6 lncRNA–miRNA pairs were iden-
tified via degradome sequencing (Supplementary Table S9). 
For example, MSTRG.41935.5 was a potential target of 
cma-miR399 and a single distinct peak was observed at the 
degradation site in MSTRG.41935.5 (Fig. 3, D and E). In plants, 
target mimicry is a regulatory mechanism that blocks the 
interaction of miRNAs with the original target by 
creating false target transcripts (target mimic) that cannot 
be cleaved (Wu et al. 2013). We also identified one DEL 
(MSTRG.41110.2) as a potential target mimic of 3 miRNAs 
(cma-miR160a, cma-miR160e, and cma-miR160f) belonging 
to the miR160 family (Fig. 3D). These results suggested that 
the lncRNAs might participate in the development of pump-
kin fruit through interaction with miRNAs.

Full-length cloning of MSTRG.44863.1
The abovementioned results indicated that MSTRG.44863.1 
has a relatively high expression level and an obvious period- 
specific expression pattern (Fig. 2C), indicating its potential 

importance in fruit development. Therefore, MSTRG.44863.1 
was selected as a candidate lncRNA closely related to fruit de-
velopment for further characterization.

Based on the RNA-seq data, MSTRG.44863.1 was identified 
as a sense lncRNA with a partial sequence. Cloning of the 3′ 
and 5′ ends by rapid amplification of cDNA ends (RACE), fol-
lowed by full-length amplification using primers targeting 
both ends, showed that MSTRG.44863.1 is 1,223 nucleotides 
long and located on chromosome 4, containing 2 exons 
(Fig. 4A). The full sequence of MSTRG.44863.1 is presented 
in Supplementary Fig. S4. Sequence alignment showed that 
MSTRG.44863 partially overlaps with 2 genes in the genome 
(Fig. 4A). Since coding ability of RNA is an important criter-
ion for the identification of lncRNAs, the coding potential 
score was calculated, indicating that MSTRG.44863.1 is a 
ncRNA (Supplementary Fig. S5). A search in the 
CANTATAdb and GreeNC databases did not identify a simi-
lar sequence in other species, indicating that MSTRG.44863.1 
is a species-specific lncRNA. Moreover, sequence alignment 
and a BLAST search against several Cucurbitaceae species 
showed that the genomic sequence of MSTRG.44863 is con-
served in Cucurbita, but is poorly conserved among other 
species of Cucurbitaceae.

Localization and expression analysis 
of MSTRG.44863.1
As the regulation mode of lncRNAs is related to their subcel-
lular location, we further examined the subcellular location of 

Figure 2. Identification of DELs. A) Venn diagram of DELs. B) Number of downregulated and upregulated lncRNAs. C) Validation of DELs. DAP, day 
after pollination. Error bars indicate SDs among 3 biological replicates (n = 3). Asterisks indicate significant differences between 2 groups (*P < 0.05; 
**P < 0.01; ***P < 0.001) calculated using paired Student’s t-test. Different developmental stages were compared with 0 DAP.
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MSTRG.44863.1 using fluorescence in situ hybridization (FISH) 
in fruits at 0 DAP, demonstrating primary localization in the 
nucleus and cytoplasm (Fig. 4B), suggesting a potentially diver-
sified regulatory mode. To investigate the potential biological 
functions of MSTRG.44863.1 in pumpkin, the expression pat-
tern of MSTRG.44863.1 was determined in 11 different tissues 
of C. maxima “Rimu” (Fig. 4C). Using the relative expression 
level in the apex as the standard, the highest expression was 
detected in young fruits with lower expression detected in 
the remaining tissues. In addition, a decreasing expression 
trend of MSTRG.44863.1 was found between 0 and 10 DAP; 
the expression level at 2 DAP was only one-fifth that at 0 
DAP (Fig. 4C). These analyses indicated a strong tissue- and 
period-specific expression pattern for MSTRG.44863.1, provid-
ing guidance for further exploration of MSTRG.44863.1 
functions.

Functional analysis of MSTRG.44863.1
To study the potential role of MSTRG.44863.1 in pumpkin 
fruit development, we established pumpkin fruit with transi-
ent overexpression of MSTRG.44863.1 (MSTRG.44863.1-OE) 

via Agrobacterium injection (Fig. 5A). The expression level 
of MSTRG.44863.1 was detected at 4 d following the infiltra-
tion and a higher expression level in MSTRG.44863.1-OE 
compared with the empty-vector control fruits (EV-OE) 
was confirmed by RT-qPCR (Fig. 5B).

RNA-seq using EV-OE and MSTRG.44863.1-OE fruits identi-
fied 323 differentially expressed genes (DEGs) (log2 fold change 
[FC] > 1 or <−1, P < 0.05), including 273 upregulated and 50 
downregulated DEGs (Fig. 5C, Supplementary Table S10). 
KEGG pathway analysis indicated that the DEGs were mainly 
concentrated in 7 pathways, including the plant hormone sig-
nal transduction pathway (Supplementary Table S11 and Fig. 
S6). In addition, a total of 20 families of differentially expressed 
transcription factors were found, with the majority represented 
by ethylene responsive factors (ERFs) (Fig. 5D).

Given that the pathway enrichment and transcription fac-
tor analyses indicated that MSTRG.44863.1 may play regula-
tory roles through hormones, we further determined the 
hormone contents in EV-OE and MSTRG.44863.1-OE trans-
formed fruits (Supplementary Fig. S7). The results showed 
a significantly increased content of 1-aminocyclopropane 

Figure 3. Prediction of target genes and microRNAs interacting with DELs. A) Pathway analysis for the potential target genes of DELs. The numbers 
next to the rectangle represent the number of potential target genes in each pathway. The hollow rectangle marks the pathway that contains the 
largest number of annotated genes. B) Potential regulation network of DELs and target genes involved in plant hormone signal transduction path-
way. The circles represent lncRNAs, while the triangles represent potential target genes. C) MSTRG.77453.2 was predicted to be a potential precursor 
of cma-miR396. D) MSTRG.41935.5 was predicted as a potential target of cma-miR399a. MSTRG.41110.2 was predicted as a target mimic of 
cma-miR160f. E) The degradome T-plot of MSTRG.41935.5 showed a single distinct peak at the degradation site.
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Figure 4. Full-length cloning, localization, and expression analysis of MSTRG.44863.1. A) Schematic diagram of the genomic location of 
MSTRG.44863. The transcription direction is indicated with thick arrows. The gray lines indicate areas where MSTRG.44863.1 does not overlap 
with any mRNAs. “P1–P7” represent the primers designed for MSTRG.44863.1. “P1” indicates the probe used for fluorescence in situ hybridization. 
“P2/P3” indicated the primers used for RT-qPCR. “P5/P4” and “P6/P7” indicate the 5′Race outer/inner primers and 3′Race outer/inner primers, 
respectively. B) Subcellular localization of MSTRG.44863.1 in pumpkin fruit by fluorescence in situ hybridization using an antisense probe. The 
FAM-labeled probe was used for detecting MSTRG.44863.1 and a scrambled sequence without a target in pumpkin was used as the negative control. 
Scale bar, 10 μm. C) Expression pattern of MSTRG.44863.1 in different pumpkin tissues and different developmental stages of the fruit, determined 
by RT-qPCR. Error bars indicate SDs among 3 biological replicates (n = 3). Different letters above the bars indicate significantly different values 
(P < 0.05), calculated using ANOVA followed by a Tukey’s HSD post hoc test.
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carboxylic acid (ACC), a precursor of ethylene, and a signifi-
cantly decreased IAA content in MSTRG.44863.1-OE fruit 
compared with in the control fruit (Fig. 5E). In addition, 
the MSTRG.44863.1-OE fruit exhibited significantly increased 
ethylene production compared with that in the control fruit 
(Fig. 5F).

We also established pumpkin fruits with transient silenced 
expression of MSTRG.44863.1 using RNA interference (RNAi) 

(Supplementary Fig. S8A). RT-qPCR analysis confirmed the 
lower relative expression level of MSTRG.44863.1 in 
MSTRG.44863.1-RNAi pumpkin fruits (Supplementary 
Fig. S8B). Considering that transient overexpression of 
MSTRG.44863.1 significantly affected the levels of ACC, IAA, 
and ethylene, we further determined these indicators in 
EV-RNAi and MSTRG.44863.1-RNAi pumpkin fruits 
(Supplementary Fig. S8, C to E). The results showed that the 

Figure 5. Functional analysis of MSTRG.44863.1. A) Transient overexpression of MSTRG.44863.1 in pumpkin fruits; EV, empty vector. Pumpkins 
were digitally extracted for comparison. B) The expression levels of MSTRG.44863.1 in EV-OE and MSTRG.44863.1-OE fruits. Error bars indicate 
SDs among 3 biological replicates (n = 3). Asterisks indicate significant differences between EV-OE and MSTRG.44863.1-OE fruits (**P < 0.01) calcu-
lated using paired Student’s t-test. C) Transcriptome expression heatmap of DEGs between MSTRG.44863.1-OE and EV-OE fruits. D) Number of 
downregulated and upregulated transcription factor genes. E) Content of different plant hormones in EV-OE and MSTRG.44863.1-OE fruits. 
Asterisks indicate significant differences between EV-OE and MSTRG.44863.1-OE fruits (*P < 0.05) calculated using paired Student’s t-test. ABA, 
abscisic acid; ACC, 1-aminocyclopropane-1-carboxylic acid; CZ, cis-zeatin; DZ, DL-dihydrozeatin; GA, gibberellin; IAA, indole-3-acetic acid; ICA, 3-in-
doleformic acid; ICAId, indole-3-carboxaldehyde; IP, N6-(delta 2-isopentenyl)-adenine; IPA, N6-isopentenyladenosine-D6; JA, jasmonate acid; JA-IIe, 
N-[(-)-jasmonoyl]-(S)-isoleucine; Me-IAA, methyl 2-(1H-indol-3-yl)acetate; OPDA, 12-oxophytodienoic acid; SA, salicylic acid; SAG, salicylic acid 
2-O-β-D-glucose; TZ, trans-zeatin; TZR, trans-zeatin riboside. F) Ethylene production in EV-OE and MSTRG.44863.1-OE fruits. Error bars indicate 
SDs among 3 biological replicates (n = 3). Asterisks indicate significant differences between EV-OE and MSTRG.44863.1-OE fruits (*P < 0.05) calcu-
lated using paired Student’s t-test. G and H) One SNP within MSTRG.44863.1, a mutation that may result in the secondary structure change, was 
associated with fruit length (P < 0.05) calculated using ANOVA (AA: 45, TA: 76, TT: 40, genotype missing: 3). Pumpkin fruits were digitally extracted 
for comparison. Central lines are medians, and box limits are the first and third quartiles. The squares in the box represent the average values. 
Whiskers mark the minimal (lower whisker) and maximal (upper whisker) data points within 1.5 times the interquartile range from the first 
and third quartiles, respectively. The points represent outliers.
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ACC content and ethylene production were significantly de-
creased, while the IAA content was markedly increased in the 
MSTRG.44863.1-RNAi fruit compared with in the control fruit.

Population genomic analysis of MSTRG.44863.1
To further study the effect of MSTRG.44863.1 on fruit devel-
opment, we dissected the allelic variation in MSTRG.44863 
underlying fruit-related characteristics using single- 
nucleotide polymorphism (SNP)-based association analysis. 
Using a previously constructed population of 164 F2 C. max-
ima individuals, we found a SNP (Cma_Chr04-5193631) in 
the genomic sequence of MSTRG.44863 between the 2 
parental lines. Secondary structure prediction indicated 
that this SNP may alter the predicted structure of 
MSTRG.44863.1 (Fig. 5G). Analysis of variance (ANOVA) con-
firmed significant differences (P < 0.05) between the fruit 
length corresponding to the 3 genotypes of this SNP 
(Fig. 5H). Considering that previous studies in cucurbits 
have linked ethylene to fruit length, our results indicated 
that MSTRG.44863.1 may affect fruit length by modulating 
ethylene synthesis. The genotype and phenotype data are 
provided in Supplementary Table S12.

Dissection of the regulatory mechanism of 
MSTRG.44863.1
To further investigate the regulatory mechanism of 
MSTRG.44863.1, an in vitro RNA pull-down assay was carried 

out and the protein interactome of MSTRG.44863.1 was fil-
tered by mass spectrometry (Fig. 6A). The sense and anti-
sense strands of MSTRG.44863.1 were amplified to obtain 
templates for in vitro transcription (Supplementary Fig. S9). 
The potential target proteins of MSTRG.44863.1 are provided 
in Supplementary Table S13. The top 5 unique proteins 
(unused ≥ 5, peptides ≥ 3) specifically interacting with the 
biotin-labeled sense group but not the control antisense 
group are shown in Fig. 6B. Among them, SAMS (Fig. 6C) was 
associated with the function of MSTRG.44863.1. SAMS catalyzes 
methionine and ATP to generate S-adenosyl-L-methionine 
(SAM), which is involved in ethylene biosynthesis via ACC. 
Therefore, SAMS was hypothesized to be a target of 
MSTRG.44863.1.

We further verified the possible direct interaction between 
MSTRG.44863.1 and SAMS using a microscale thermophor-
esis (MST) assay (Supplementary Fig. S10), which facilitates 
sensitive measurements of molecular interactions in solution. 
The SAMS protein was obtained by a prokaryotic expression 
system (Fig. 6D). The MST results showed that 
MSTRG.44863.1 bound to SAMS at low micromolar concen-
trations of the titrant, exhibiting a dissociation constant (Kd) 
of 0.32 ± 0.15 nM (Fig. 6E), suggesting a relatively strong inter-
action. Moreover, transient overexpression and silencing of 
MSTRG.44863.1 affected the SAM content and SAMS activity 
(Fig. 6F, Supplementary Fig. S11). Specifically, the SAM con-
tent and SAMS protein level were significantly increased in 
the fruit with MSTRG.44863.1-OE relative to in the fruit 

Figure 6. MSTRG.44863.1 interacts with SAMS. A and B) Interaction between MSTRG.44863.1 and SAMS was demonstrated by in vitro RNA 
pull-down assay. A) Silver staining following RNA pull-down of MSTRG.44863.1 sense (LNC) or MSTRG.44863.1 antisense (AS-LNC). B) Five top 
candidates for MSTRG.44863.1-interacted proteins identified by mass spectrometry analyses. C) Structure prediction of SAMS. D) Heterologous 
expression of SAMS. M, marker; BSA, bovine serum albumin; SAMS, S-adenosyl-L-methionine synthetase. E) MST indicating the binding of 
MSTRG.44863.1 to SAMS. F) The content of SAM and activity of SAMS are upregulated in MSTRG.44863.1-OE pumpkin fruit compared with in 
EV-OE pumpkin fruit. Error bars indicate SDs among 3 biological replicates (n = 3). Asterisks indicate significant differences between EV-OE and 
MSTRG.44863.1-OE fruits (*P < 0.05) calculated using paired Student’s t-test.
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with EV-OE (Fig. 6F). These results indicated that 
MSTRG.44863.1 potentially interacts with SAMS. Finally, we 
proposed a model where MSTRG.44863.1 regulates pumpkin 
fruit development by interacting with SAMS (Fig. 7).

Discussion
Establishment of an lncRNA dataset related to fruit 
development in C. maxima
Cucurbits are a large and diverse plant family that supplies 
many important fruits. Among this family, pumpkin is a pre-
ferred model for understanding the molecular mechanisms 
regulating fruit development owing to its variable shape 

and size and large inferior ovary. Recently, lncRNAs have 
been identified as important regulatory molecules 
(Waseem et al. 2020); however, they remain poorly studied 
in cucurbits, with essentially no information available on 
lncRNAs in pumpkin fruit. Because of the low conservation 
of lncRNAs across species (Wu et al. 2020), it is hard to pre-
dict the function of lncRNAs based only on their sequence 
similarity to known lncRNAs. Therefore, it is necessary to 
identify and characterize species-specific lncRNAs.

In this study, we identified lncRNAs in pumpkin (C. maxima) 
based on genome-wide analysis, including a total of 5,425 
lncRNAs expressed throughout the fruit development. Four 
computational methods were used to sort ncRNA candidates 
from protein-coding RNAs and only transcripts with more 
than 2 exons were selected as lncRNA candidates. These mea-
sures effectively reduced the false positives of lncRNA predic-
tion. Since previous reports showed that lncRNAs have high 
specificity in various tissues and stages of development, we se-
lected 6 different sampling points throughout the fruit develop-
ment to obtain more complete information. As expected, most 
of the identified lncRNAs were period-specific, with only a quar-
ter of the lncRNAs identified in all the 6 developmental stages.

The identified lncRNAs of C. maxima shared similar charac-
teristics with the lncRNAs of other species. Previous studies 
have shown that lncRNAs are shorter with lower expression 
levels than mRNAs (Pauli et al. 2012; Li et al. 2014, 2022a; 
Wang et al. 2014; Hao et al. 2015; Gao et al. 2020), including 
studies from Arabidopsis (Liu et al. 2012; Wang et al. 2014), cu-
cumber (Hao et al. 2015), and melon (Gao et al. 2020). 
Consistently, we found that the mean length of 
C. maxima lncRNAs is less than half that of C. maxima 
mRNAs, and their expression levels were significantly lower 
than those of mRNAs (Fig. 1, E and F). However, the low ex-
pression of lncRNAs can make a big difference in many bio-
logical processes. Moreover, most lncRNA sequences exhibit 
weak conservation among species (Deng et al. 2018), such as 
the lncRNAs in Chinese cabbage (Brassica rapa ssp. pekinensis) 
(Song et al. 2021). The present BLAST analyses showed most 
(99.10%) of the identified lncRNAs are likely pumpkin-specific. 
These results suggest that lncRNAs in pumpkin are rapidly 
evolving, similar to those of other plants. In addition, the gen-
ome positions of C. maxima lncRNAs are distributed across all 
the 20 chromosomes. Such widespread chromosomal distri-
bution has been reported in lncRNAs of other plants (Hao 
et al. 2015; Tian et al. 2022), suggesting that lncRNAs consti-
tute an important functional part of the genome.

To identify lncRNAs related to fruit development, we identi-
fied 322 DELs as important candidates for further investigation 
of the regulatory mechanisms of fruit development. Previous 
research has shown that miRNAs, lncRNAs, and mRNAs may 
exhibit crosstalk (Jiang et al. 2019; Lucero et al. 2021; Tang 
et al. 2021). The present results also indicated that lncRNAs 
may interact with genes or miRNAs (Fig. 3), which may be help-
ful for further DEL function research. Overall, these findings im-
prove our understanding of fruit-related lncRNAs and provide 
a rich resource for their further study.

Figure 7. Proposed model for the regulation mechanism of 
MSTRG.44863.1 on pumpkin fruit development via interacting with 
SAMS. When the expression of MSTRG.44863.1 is high, MSTRG.44863.1 
binds to SAMS and promotes the synthesis of SAM, which in turn in-
creases the ethylene (C2H4) content; the high ethylene concentrations ul-
timately inhibit fruit development. When MSTRG.44863.1 shows low or 
no expression, SAM synthesis is reduced, which leads to lower ethylene 
content. As the low concentrations of ethylene cannot sustain the inhib-
ition of fruit development, the fruit begins to develop. Therefore, 
MSTRG.44863.1 and fruit development are negatively associated. The ar-
rows indicate positive regulation, and blunt-ended bars indicate inhib-
ition. The turning arrow represents the transcription direction. The 
crosses represent the release of positive regulation/inhibition. An upward 
arrow next to SAM/C2H4 represents an increase in content, while a 
downward arrow in next to SAM/C2H4 represents a decrease in content.
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Regulation of MSTRG.44863.1 in pumpkin fruit 
development
Owing to the low level of expression and the complex func-
tion of lncRNAs in plants, knowledge of their specific func-
tions remains limited. Previous studies confirmed the 
important roles of lncRNAs in fruit development. However, 
the function of lncRNAs during fruit development in cucur-
bits has not yet been elucidated. In this study, we found that 
the lncRNA MSTRG.44863.1 was highly expressed at 0 DAP, 
and then its expression continued to decline with almost 
no expression detected after 10 DAP (Fig. 4C). The relatively 
high expression level and obvious period-specific expression 
pattern suggests the importance of MSTRG.44863.1 in fruit 
development.

RNA-seq of pumpkin fruit with transient overexpression of 
MSTRG.44863.1 showed the concomitant upregulation of 
ethylene synthesis-related genes and ERFs (Supplementary 
Table S10, Fig. 5, B to D). In addition, overexpression of 
MSTRG.44863.1 increased the content of ACC, a precursor 
of ethylene (Fig. 5E). The transient overexpression and silen-
cing of MSTRG.44863.1 significantly affected ethylene pro-
duction (Fig. 5F, Supplementary Fig. S8E). Taken together, 
these results indicated that MSTRG.44863.1 is positively asso-
ciated with ethylene synthesis. Previous studies indicated a 
negative correlation between the production of ethylene in 
the ovary and fruit set and early fruit growth (Martínez 
et al. 2013; Shinozaki et al. 2015). Transcriptome studies in to-
mato showed a decrease in the transcript levels of genes en-
coding proteins involved in ethylene biosynthesis and 
signaling in early fruit development (Vriezen et al. 2008; 
Wang et al. 2009). Furthermore, ethylene was reported to in-
hibit tomato fruit setting through modification of the gibber-
ellin metabolism (Shinozaki et al. 2015). The application of 
high concentrations of ACC to pollinated ovaries can lead 
to smaller tomato fruits, indicating that ethylene has a nega-
tive effect on fruit growth (Shinozaki et al. 2015). Ovarian 
ethylene in the days immediately after anthesis plays an im-
portant role as a negative regulator of fruit set and early fruit 
development in zucchini (Martínez et al. 2013). Pollination/ 
fertilization induces fruit set and development by preventing 
the production and action of ethylene immediately after 
anthesis. Therefore, we propose a mechanism by which 
MSTRG.44863.1 negatively regulates fruit development by 
influencing ethylene synthesis (Fig. 7).

In various fruit crops, auxin negatively regulates ethylene 
after fertilization. Evidence from tomatoes suggests that aux-
in negatively regulates the production of ethylene in the early 
fruit through transcriptional regulation (Shinozaki et al. 
2015). Consistently, auxin-dependent inhibition of ethylene 
production and associated gene expression were observed 
in the early development of zucchini fruit (Martínez et al. 
2013). This raises the question of whether lncRNAs are in-
volved in the crosstalk between auxin and ethylene in fruit 
development. In this study, we found that MSTRG.44863.1 
expression was downregulated 4 h after IAA (100 mg/L) 

application (Supplementary Fig. S12). In addition, the IAA 
content was significantly reduced in the MSTRG.44863.1-OE 
fruits compared with that of the control (Fig. 5E), while the 
content of ACC and ethylene production increased signifi-
cantly (Fig. 5, E and F). Taken together, these results suggested 
that MSTRG.44863.1 may participate in the crosstalk between 
auxin and ethylene in pumpkin fruit development. We 
suspect that auxin in the ovary may reduce the biosynthesis 
of ethylene after pollination/fertilization, by decreasing the 
expression of MSTRG.44863.1.

Previous studies demonstrated that ethylene can affect 
fruit length in cucurbits (Xin et al. 2019; Boualem et al. 
2022). In cucumber, mutants that produce more or less ethyl-
ene showed fewer cell divisions and shorter fruits than the 
wild type (Xin et al. 2019). Based on the abovementioned as-
sociation between MSTRG.44863.1 and ethylene synthesis, 
we conducted SNP-based association analysis to explore 
the effects of MSTRG.44863.1 on fruit length. We found an 
SNP mutation in the genomic sequence of MSTRG.44863 as-
sociated with fruit length (Fig. 5, G and H). Further analysis 
showed that this SNP may affect the secondary structure of 
MSTRG.44863.1, suggesting an impact on its regulatory func-
tion to influence the final fruit phenotype. Studies suggested 
that ethylene had a dose-dependent effect on the develop-
ment of cucumber fruit and a bidirectional regulating effect 
of fruit size in tomato (Liu et al. 2014; Sharma et al. 2021; 
Huang et al. 2022). However, the potential bidirectional regu-
latory effect of ethylene on pumpkin fruit development re-
quires further exploration. Since the gene sequence of 
MSTRG.44863 is conserved among Cucurbita species, it is 
speculated that its function in fruit development may also 
be conserved within the genus, although this requires valid-
ation. Collectively, these results advance our understanding 
of the function of lncRNAs in fruit development, indicating 
a key role in the fine-tuning of ethylene production in differ-
ent tissues at various critical stages of development.

Molecular mechanism of MSTRG.44863.1 regulating 
fruit development
We identified that MSTRG.44863.1 can regulate hormone 
contents during pumpkin fruit development, confirming its 
important role in fruit development. However, the molecular 
mechanism underlying this hormone regulation needs to be 
further elucidated.

Recent studies have found that lncRNAs can function via 
various complex mechanisms, including interacting with 
miRNAs, affecting the expression of adjacent genes, and 
binding to proteins. Using bioinformatics prediction, we first 
ruled out the possibility that MSTRG.44863.1 interacts with 
miRNAs. In addition, there was no obvious co-expression 
trend between MSTRG.44863.1 and its neighboring genes 
during pumpkin fruit development. According to these re-
sults, we finally speculated that MSTRG.44863.1 may regulate 
fruit development by interacting with proteins. Previous 
studies demonstrated that protein interaction is the key 
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mechanism of action of lncRNAs. For example, the lncRNA 
highly upregulated in liver cancer was reported to promote 
aerobic glycolysis through direct binding with lactate de-
hydrogenase A and pyruvate kinase M2 (Wang et al. 
2020a). In maize (Zea mays), it was reported that lncRNA 
GARR2 may interact with the homologous to the E6-AP 
carboxyl terminus ubiquitin–protein ligase family member 
ZmUPL1 to modulate gibberellin response (Li et al. 2022b). 
Another study showed that BPA1-LIKE PROTEIN3 (BPL3) 
of Arabidopsis directly binds to the lncRNA nalncFL7 to co-
ordinate plant immunity (Ai et al. 2023). The results of our 
RNA pull-down and MST assays suggested that SAMS may 
be a protein target of MSTRG.44863.1 (Fig. 6).

In plants, ethylene is synthesized from methionine via the in-
termediates SAM and ACC, and ethylene biosynthesis can be 
regulated at both the gene expression and protein activity levels 
(Bouvier et al. 2006). The biosynthesis of ethylene depends on a 
stable supply of SAM, which is produced from methionine by 
SAMS (also called methionine adenosyltransferase). Our results 
suggest that the interaction between MSTRG.44863.1 and 
SAMS is responsible for the observed altered ACC content 
and ethylene production upon transient overexpression and 
silencing of MSTRG.44863.1. In Arabidopsis, S-adenosyl-L-me-
thionine synthetase 4 (METK4) can bind to RNA in the leaf, 
which was further verified by an independent plant RNA inter-
actome capture (ptRIC) test followed by proteomic or western 
blotting analysis (Bach-Pages et al. 2020), suggesting that SAMS 
is an RNA-binding protein. Previous studies clarified that post-
translational modifications of SAMS lead to altered ethylene le-
vels, suggesting that SAM homeostasis is closely related to 
ethylene biosynthesis. However, the specific mode of interaction 
between MSTRG.44863.1 and SAMS in pumpkins remains to be 
further explored. In addition to its role in ethylene biosynthesis, 
SAM is also involved in the biosynthesis of polyamines, which 
play important roles in plant growth, development, and stress 
responses (Chen et al. 2019). It is also a universal methyl group 
donor involved in numerous transmethylation reactions (Rocha 
et al. 2005; Zhang et al. 2011; Lindermayr et al. 2020). Therefore, 
the expression of MSTRG.44863.1 in multiple tissues may be re-
lated to the involvement of SAM in diverse biological pathways.

In summary, our results suggest that the lncRNA 
MSTRG.44863.1 interacts with SAMS, which affects ethylene 
synthesis, leading to the negative regulation of pumpkin fruit 
development (Fig. 7). These results provide insights into the 
regulatory mechanisms of fruit development.

Materials and methods
Plant materials and growth conditions
The pumpkin (C. maxima) material used in this study was de-
rived from the highly inbred line “Rimu” with a complete 
genome sequence available (Sun et al. 2017). C. maxima 
“Rimu” plants were grown under natural light conditions in 
a greenhouse at the farm of Beijing Vegetable Research 
Center, Beijing, China (39°56′40.8″N, 116°15′55.4″E) under 
standard agronomic conditions. Fruit pulp was collected at 

0, 10, 20, 30, 40, and 50 DAP, with 3 biological replicates 
per time point. All harvested samples were immediately fro-
zen in liquid nitrogen after collection and stored at −80 °C 
until use.

Measurement of fruit-related characteristics
Nine fruit-related characteristics were measured using the 
fruit pulp of “Rimu” with 3 biological replicates for assess-
ment of each trait per time point: fruit length, fruit diameter, 
pulp thickness, lutein content, β-carotene content, sucrose 
content, glucose content, fructose content, and starch con-
tent. Fruit length, fruit diameter, and pulp thickness were 
measured using a digital Vernier caliper. A longitudinal sec-
tion of each pumpkin fruit was used to measure the length, 
diameter, and thickness of the fruit.

The contents of carotenoid, sugar, and starch were deter-
mined with freeze-dried samples. Carotenoids including lu-
tein and β-carotene were measured with high-performance 
liquid chromatography (HPLC), as described by Zhong 
et al. (2011). The carotenoid content was measured at 
450 nm and determined by comparison of retention times 
and spectra with known standards. The contents of sucrose, 
glucose, and fructose in the fruit flesh were also determined 
by HPLC following the methods described by Zhong et al. 
(2017). The sugars were quantified by comparison with stan-
dards purchased from Sigma. Starch was isolated and ana-
lyzed following the method of Stevenson et al. (2005).

RNA isolation, library construction, and sequencing
We used fruit pulp collected at the 6 DAP time points (3 bio-
logical replicates per time point) for high-throughput RNA-seq. 
Total RNA was extracted using a Qiagen RNAeasy kit (Qiagen 
China, Shanghai, China) according to the manufacturer’s 
instructions. Genomic DNA was removed by treatment 
with RNase-Free DNase Set (Qiagen). The quality and integ-
rity of RNA were checked after observation on a 1.5% agarose 
gel. After removal of ribosomal RNA using Ribo-Zero rRNA 
Removal Kit (Epicentre, Madison, WI, USA), the sequencing 
libraries was generated using a NEBNextR Ultra Directional 
RNA Library Prep Kit for Illumina (New England Biolabs, 
Ipswich, MA, USA). Finally, 18 strand-specific RNA-seq librar-
ies were generated and sequenced on a HiSeq 4000 system 
(Illumina Inc., San Diego, CA, USA) according to the manu-
facturer instructions.

Read mapping, identification, and characterization 
of lncRNAs
The quality of the raw sequencing data was checked with 
FASTQC. Clean data were obtained by deleting reads con-
taining adapters and poly-N along with low-quality reads 
from the raw data. The remaining clean reads were mapped 
to the C. maxima (“Rimu”) genome (version 1.1) (Sun et al. 
2017) using HISAT (Kim et al. 2015). The transcriptome 
was assembled using StringTie v1.3.1 (Pertea et al. 2016) 
based on the reads mapped to the reference genome. The 
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assembled transcripts were annotated using the gffcompare 
program.

Based on RNA-seq data, lncRNAs were predicted in ac-
cordance with Sun et al. (2013) using a series of strict screen-
ing pipelines, as shown in Supplementary Fig. S13. Transcripts 
with mapping coverage less than half the transcript length 
and transcripts with fragments per kilobase of transcript 
per million mapped reads (FPKM) < 0.1 were removed. 
Transcripts with a length > 200 nucleotides and with over 
2 exons were selected as lncRNA candidates for further 
evaluation of coding potential. Four computational ap-
proaches, Coding Potential Calculator, Coding–NonCoding 
Index, Coding Potential Assessment Tool, and Pfam-scan 
(Pfam), were combined to sort nonprotein coding RNA can-
didates from putative protein-coding RNAs in the unknown 
transcripts. According to their genomic locations, the final 
determined lncRNAs were classified into 4 types: lincRNAs, 
intronic lncRNAs, antisense lncRNAs, and sense lncRNAs 
(Roberts et al. 2011).

A BLAST search was performed on all the lncRNA sequences 
identified against known lncRNAs of other plant species in the 
GREENC (Gallart et al. 2016) and CANTATAdb (Szcześniak 
et al. 2016) databases using BLASTN (coverage > 80% and 
E-value < 1e−10). Repeat Masker was used to analyze the con-
tent of repetitive elements in the identified lncRNAs. The GC 
content of the identified lncRNAs was calculated using the 
EMBOSS Explorer geecee tool. The software and analyzed web-
site information are shown in Supplementary Table S14.

Analysis of differential expression patterns
Expression levels of the assembled transcripts were calculated 
and normalized using Fragments Per Kilobase of transcript per 
Million mapped reads (FPKM) by StringTie v1.3.1 (Pertea et al. 
2016). The DESeq R package v1.10.1 was for the differential ex-
pression analysis of 2 groups. A positive false discovery rate 
(Storey 2002) was used to adjust the obtained P values. 
Only the lncRNAs that met the criteria of log2FC ≥1 or 
≤−1 with an adjusted P value < 0.05 were assigned as DELs.

Target gene prediction of lncRNAs and functional 
enrichment analysis
The potential target genes of lncRNAs were predicted ac-
cording to their regulatory mode: cis- and trans-acting. 
Prediction of cis target genes was mainly based on the pos-
ition relationship between the lncRNA and the gene. Genes 
that were transcribed within 100 kb upstream or down-
stream of the lncRNAs were considered to be cis target genes 
(Jia et al. 2010). Based on the sequence complementarity and 
standardized free energy, the software LncTar (Li et al. 2015) 
was used to predict trans-acting target genes of lncRNAs, 
with normalized free energy <−0.1. Using topGO R packages, 
GO enrichment analysis of target genes was performed, with 
an adjusted P value < 0.05. The KOBAS (Xie et al. 2011) soft-
ware was used for pathway enrichment and Cytoscape 3.2.0 
was used to generate the co-expression network.

Prediction of interactions with miRNAs 
and degradome analysis
LncRNAs as precursors of miRNAs were predicted by aligning 
the mature miRNA sequences to the putative lncRNA se-
quences, with no mismatch permitted. LncRNAs as potential 
targets of miRNAs were predicted by psRNATarget (Dai and 
Zhao 2011) with expectation ≤ 5. The target mimics were 
predicted according to the criteria proposed by Wu et al. 
(2013). The secondary structures of lncRNAs and miRNAs 
were predicted using the Vienna RNA package in the 
RNAfold web server. The details of the bioinformatic soft-
ware used are listed in Supplementary Table S14. For degra-
dome analysis, RNAs from 18 fruit samples were pooled for 
the degradation library construction and then sequenced 
using the Illumina HiSeq 2500 platform (LC Sciences, 
Hangzhou, China).

RT-qPCR
Total RNA was extracted using a Qiagen RNAeasy kit (Qiagen 
China) according to the manufacturer instructions and then 
reverse-transcribed with the lnRcute lncRNA First-Strand 
cDNA Synthesis Kit (Tiangen, China). The qPCR was carried 
out on an ABI7500 system (Thermo Fisher Scientific, Waltham, 
MA, USA) using the lnRcute lncRNA qPCR Detection 
Kit (Tiangen). Amplification was performed in triplicate 
with the standard reaction program. Relative gene expres-
sion levels were normalized to ACTIN (CmaCh11G016220) 
and calculated using the 2−ΔΔCt method (Livak and 
Schmittgen 2001). The primers used for RT-qPCR are listed 
in Supplementary Table S15.

RACE
The 5′ and 3′ ends of MSTRG.44863.1 were obtained using a 
5′ RACE System (Invitrogen) and a 3′-Full RACE Core Set 
(TaKaRa) according to the manufacturers’ instructions. 
Primers used to amplify 5′ and 3′ sequences were designed 
based on the RNA-seq sequence of MSTRG.44863.1. The 
amplified fragment was finally determined by Sanger sequen-
cing. The RACE primers are listed in Supplementary 
Table S15.

RNA FISH
The subcellular localization of MSTRG.44863.1 was examined 
using FISH. The fruits at 0 DAP were cut into small pieces, 
immersed in formalin-aceto-alcohol fixative solution (Gefan 
Biotech, Shanghai, China) for over 24 h, and embedded 
in paraffin blocks after ethanol dehydration at room tem-
perature. The FAM (fluorescein)-labeled probe was used 
for detecting MSTRG.44863.1, and a scrambled sequence 
without a target in pumpkin was used as the negative 
control. All probes were synthesized by GenePharma 
(Shanghai, China) (Supplementary Table S15). The fluores-
cent signals of the detected samples were observed with a 
Nikon Eclipse Ci confocal microscope. For probes labeled 
with FAM, an excitation line of 488 nm was applied and 
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signals were detected at 500 to 550 nm; for observing DAPI 
(4′,6-diamidino-2-phenylindole) nuclear staining, an excita-
tion line of 405 nm was applied and signals were detected 
at 420 to 480 nm. The laser intensity was set to 6% for 
405 nm and 4% for 488 nm. The analog gain was set to 2.8 
for 405 nm and 5.1 for 488 nm.

Transient expression of MSTRG.44863.1 in pumpkin 
fruits
The vector pCAMBIA2301 was used to overexpress and si-
lence MSTRG.44863.1. The full-length MSTRG.44863.1 se-
quence was amplified from the cDNA of pumpkin fruits 
and recombined into the pCAMBIA2301 vector. To con-
struct the FaAKR23-RNAi vector, the forward and reverse 
fragments near the 5′ end of MSTRG.44863.1 were amplified, 
and the intron fragment was amplified using the PBSK-RTM 
plasmid as the template. The 3 amplified fragments were 
then inserted into the pCAMBIA2301 plasmid by a seamless 
cloning method. MSTRG.44863.1-OE, MSTRG.44863.1-RNAi, 
and empty vectors as controls (EV-OE and EV-RNAi) were in-
troduced into the Agrobacterium tumefaciens strain GV3101 
via electroporation and cultured in Luria–Bertani medium at 
28 °C. The transient overexpression vectors were sequenced 
for further validation. The Agrobacterium culture was resus-
pended in an infiltration buffer (10 mM MES [pH 5.6], 10 mM 

MgCl2, 200 μM acetosyringone) and then adjusted to an op-
tical density at 600 nm of 0.3. The Agrobacterium suspension 
(100 μL) was injected into the pumpkin fruits at 0 DAP. Four 
days later, the injected fruits were collected, frozen in liquid 
nitrogen, and stored at −80 °C for further analysis. Each tran-
sient transformation experiment was repeated at least 3 
times. The primers used in vector construction are displayed 
in Supplementary Table S15.

Transcriptome, phytohormone content 
measurement, ethylene production, and 
enzyme-linked immunosorbent assay
The transcriptomes of EV-OE and MSTRG.44863.1-OE 
pumpkin fruits were sequenced using the Illumina 
Hiseq2000 platform. Genes with an adjusted P value <0.05 
and absolute value of log2FC ≥ 1 were considered differen-
tially expressed.

The phytohormone contents of selected EV-OE and 
MSTRG.44863.1-OE pumpkin fruits were measured using li-
quid chromatography–mass spectrometry by PANOMIX 
Biomedical Tech Co., Ltd. (Suzhou, China). Three biological re-
plicates were analyzed for each line. The ACC and IAA con-
tents of the selected EV-RNAi and MSTRG.44863.1-RNAi 
pumpkin fruits were measured using the respective plant 
enzyme-linked immunosorbent assay (ELISA) Kits (Shanghai 
Ruifan Biological Technology Co., Ltd.) following the manufac-
turer’s protocol. Ethylene production (μL kg−1 h−1) was deter-
mined using a gas chromatograph (7820, Agilent Technologies 
Inc., Foster City, CA, USA) according to a method reported by 
Yan et al. (2020). The experiment was repeated 3 times. 

Quantification of SAM concentration and SAMS activity was 
conducted using the respective plant ELISA Kits (Shanghai 
Ruifan Biological Technology Co., Ltd.) following the manufac-
turer’s protocol.

Association analysis
A population of 164 F2 C. maxima individuals was generated 
from a single F1 plant by crossing parental lines characterized 
by contrasting phenotypes for fruit traits. The F2 individuals 
were grown and evaluated using standard horticultural prac-
tices, strictly under self-pollination. Each plant should only 
have one fruit to ensure sufficient nutrition. All self- 
hybridized fruits were collected at 50 DAP and used for the 
analysis of fruit-related phenotypes.

The SNP data were obtained from resequencing of the 164 
F2 individuals. Young and healthy leaves were sampled, im-
mediately frozen in liquid nitrogen, and stored at −80 °C 
for DNA extraction. Paired-end libraries were constructed 
using the TruSeq Library Construction Kit for each individual 
and paired-end (150 bp) sequencing was performed using 
the Illumina HiSeq sequencing platform. Clean data were col-
lected from raw reads by removing reads containing adap-
ters, contiguous undetermined nucleotides (>10%), and of 
low quality (>50% reads with Q ≤ 5). The filtered resequen-
cing reads were then mapped to the C. maxima (“Rimu”) gen-
ome (version 1.1) using BWA-MEM version 0.7.10 (Li and 
Durbin 2009) and the repetitive sequences were removed 
with SAMTOOLS (Li et al. 2009). To avoid sequencing errors, 
only sequences with a missing rate <20% and biallelic SNPs 
were selected for analysis.

RNA pull-down
In vitro transcription and biotin labeling were performed using 
T7 RNA polymerase (Roche, Basel, Switzerland) and the Biotin 
RNA Labeling Mix Kit (Roche) according to the manufacturer’s 
instructions. Total protein was extracted from pumpkin fruits 
at 0 DAP using lysis buffer supplemented with a protease in-
hibitor cocktail (Sigma) and recombinant RNase inhibitor 
(Takara). Biotin-labeled sense and antisense MSTRG.44863.1 
were incubated with the protein extracted from pumpkin fruits 
at room temperature for 2 h. The beads–RNA–proteins com-
plex was washed with RIP lysis buffer 5 times. The biotin eluent 
was added to the beads, followed by mass spectrometry iden-
tification (FitGene Biotechnology, China). Proteins absent in 
the negative control were considered positive candidates.

MST assay
MST assays were carried out to verify the binding of 
MSTRG.44863.1 and SAMS as described previously 
(Jerabek-Willemsen et al. 2011). Approximately 16 samples 
with constant concentrations of fluorescently labeled SAMS 
and 2-fold increased concentrations of nonlabeled 
MSTRG.44863.1 were mixed and incubated for 30 min at 
room temperature. The binding assays were performed with 
a Monolith NT.115 system (NanoTemper Technologies, 
Munich, Germany) using standard treated capillaries. In 
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addition, the variation in fluorescence distribution upon heat-
ing was measured as a function of the RNA–protein complex 
concentration. The dissociation constant (Kd) was calculated 
and fitted using the Nano Temper Analysis software. Three in-
dependent measurements were taken.

Statistical analysis
All of the experiments were carried out with 3 biological re-
plicates. Standard deviation (SD) was calculated using the 
function STDEV in Excel. Two groups of data were compared 
using paired Student’s t-test (*P < 0.05; **P < 0.01). Multiple 
groups of data were compared using 1-way ANOVA and 
Tukey’s honestly significant difference (HSD) post hoc test 
with P < 0.05 being considered significant.

Accession numbers
The raw sequence data have been uploaded to the Genome 
Sequence Archive (GSA) in the National Genomics Data 
Center, Beijing Institute of Genomics, Chinese Academy of 
Sciences (https://bigd.big.ac.cn/), under accession numbers 
CRA012641 and CRA012688. Sequence data from this 
article can be found in the Cucurbit Genomics Database 
(http://cucurbitgenomics.org/v2) under the following acces-
sion numbers: ACTIN (CmaCh11G016220) and SAMS 
(CmaCh17G009960).
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