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SUMMARY

Plant long noncoding RNAs (lncRNAs) exhibit features such as tissue-specific expression, spatiotemporal

regulation, and stress responsiveness. Although diverse studies support the regulatory role of lncRNAs in

model plants, our knowledge about lncRNAs in crops is limited. We employ a custom pipeline on a dataset

of over 1000 RNA-seq samples across nine representative species of the family Cucurbitaceae to predict

91 209 nonredundant lncRNAs. The lncRNAs were characterized according to three confidence levels and

classified by their genomic context into intergenic, natural antisense, intronic, and sense-overlapping. Com-

pared with protein-coding genes, lncRNAs were, on average, expressed at low levels and displayed signifi-

cantly higher specificity when considering tissue, developmental stages, and stress responsiveness. The

evolutionary analysis indicates higher positional conservation than sequence conservation, probably linked

to the conserved modular motifs within syntenic lncRNAs. Moreover, a positive correlation between the

expression of intergenic/natural antisense lncRNAs and their closest/parental gene was observed. For those

intergenic, the correlation decreases with the distance to the neighboring gene, supporting that their poten-

tial cis-regulatory effect is within a short-range. Furthermore, the analysis of developmental studies showed

that a conserved NAT-lncRNA family is differentially expressed in a coordinated way with their cognate

sense protein-coding genes. These genes code for proteins associated with phloem development, thus pro-

viding insights about the potential involvement of some of the identified lncRNAs in a developmental pro-

cess. We expect that this extensive inventory will constitute a valuable resource for further research lines

focused on elucidating the regulatory mechanisms mediated by lncRNAs in cucurbits.

Keywords: lncRNA-mediated regulation, Cucurbitaceae family, computational lncRNAs prediction, transcrip-

tional dataset, gene expression regulation, bioinformatics and agriculture.

INTRODUCTION

Plants, as sessile organisms, have evolved intricate mecha-

nisms to adapt to changing environmental conditions and

regulate their development (Zhu, 2016). Deciphering the

complex regulatory networks that underlie these processes

has been a long-standing challenge in plant biology. Tradi-

tionally, protein-coding (PC) genes have been the primary

focus of research, but recent advancements in

high-throughput sequencing and functional genomics have

unveiled a vast landscape of noncoding RNAs (ncRNAs),

including a group identified as long noncoding RNAs

(lncRNAs), which were initially considered “transcriptional

noise” (Mattick, 2009).

Long noncoding RNAs represent a diverse class of

transcripts characterized by their length (>200 nucleotides)

and lack of protein-coding potential. These molecules are

generally expressed at lower levels compared to PC genes.

However, they exhibit distinct features, such as tissue-

specific expression patterns, spatiotemporal regulation,

expression related to environmental changes, and subcel-

lular localization, suggesting their involvement in specific
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biological processes (Engreitz, Ollikainen, & Guttman, 2016;

Mattick et al., 2023).

Regarding their biogenesis, lncRNAs are usually tran-

scribed by RNA polymerase (Pol) II and subjected to 50 cap-
ping and 30 polyadenilation (Marquardt et al., 2014; Mattick

et al., 2023). Moreover, the plant-specific Pol V has also

been linked to lncRNA production (Wierzbicki, Blevins, &

Swiezewski, 2021). Occasionally, plant lncRNAs can be

transcribed by RNA Pol III and/or Pol IV (Wierzbicki, Haag,

& Pikaard, 2008; Wu et al., 2012); although these noncano-

nical lncRNAs are poorly characterized mainly due to their

low expression and high instability (Huang, Zhou, Zhang,

& Li, 2023).

Based on their genomic origin, orientation, and prox-

imity to protein-coding genes, plant lncRNAs can be com-

monly classified into four main classes: (i) intergenic

lncRNAs (lincRNAs) that do not overlap with other genes;

(ii) sense-overlapping lncRNAs (SOT-lncRNAs) that overlap

(total or partially) with the same strand of its associated PC

gene; (iii) natural antisense lncRNAs (NAT-lncRNAs) that

overlap (total or partially) with the opposite strand of its

associated PC gene; and (iv) intronic lncRNAs (int-

lncRNAs), located within an intron of the associated PC

gene. Both NAT-lncRNAs and lincRNAs constitute the pre-

dominant classes of lncRNAs described and characterized

in plants (Budak, Kaya, & Cagirici, 2020; Palos, Yu, Railey,

Nelson Dittrich, & Nelson, 2023).

Since the discovery in 1994 of ENOD40 (EARLY

NODULIN 40) the first lncRNA described in plants (Crespi

et al., 1994), and with the advancement of sequencing

technologies, an increasing number of lncRNAs have been

identified and functionally validated in diverse crops and

model plants (Palos et al., 2023). These studies have dem-

onstrated that plant lncRNAs contribute to various aspects

of plant biology, including development, stress response,

genome stability, photomorphogenesis, reproduction, and

flowering (Yang, Ariel, & Wang, 2023). Under a functional

viewpoint, lncRNAs exert their regulatory roles through

diverse mechanisms, such as transcriptional regulation,

chromatin remodeling, epigenetic modifications, RNA

splicing, and post-transcriptional regulation (Lucero, Fer-

rero, Fonouni-Farde, & Ariel, 2021). Although functional

studies of plant lncRNAs are at an early stage, it is cur-

rently accepted that the availability of a comprehensive

atlas of lncRNAs in crop plants will enable us to use

lncRNAs as potential biomarkers and/or traits in breeding

for tailoring stress-tolerant plants (Jha et al., 2020; Yang

et al., 2023).

The Cucurbitaceae (cucurbits) constitute an important

family of plants, including most of 900 species in over 90

genera that are mainly distributed in tropical and subtropi-

cal areas (Guo et al., 2020). Some cucurbit members that

were domesticated and subsequently cultivated for thou-

sands of years represent agronomically important crops,

including cucumber (Cucumis sativus), melon (Cucumis

melo), watermelon (Citrullus lanatus), pumpkin and squash

(Cucurbita pepo, C. moschata, C. maxima, and C. argyros-

perma), and bitter gourd (Momordica charantia). Others

are used as medicinal plants (Citrullus colocynthis and Sir-

aitia grosvenorii) or have practical uses, for example, as a

bottle (Lagenaria siceraria) (Mart�ınez & Jamilena, 2021). In

2020, the area cultivated with cucurbits worldwide was

10.42 million hectares, with a yield of near 360 million tons

(https://faostat.fao.org). Furthermore, members of the

Cucurbitaceae family have been extensively used as model

organisms to study fundamental biological processes such

as vascular development (Lough & Lucas, 2006), RNA traf-

ficking (G�omez, Torres, & Pall�as, 2005), sex determination

(Bhowmick & Jha, 2015), fruit ripening (Pech, Bouzayen, &

Latch�e, 2008), and host epigenetic alterations associated

with infection (Martinez, Castellano, Tortosa, Pallas, &

Gomez, 2014). Consequently, deciphering the molecular

mechanisms underlying cucurbit biology is of significant

importance for improving crop yield, quality, and resilience

in response to changing environments (Ranjan

et al., 2022).

Recent studies have revealed the potential importance

of lncRNAs as modulators of the development (Dey

et al., 2022; Tian et al., 2019), or the response to biotic (Gao

et al., 2020; Tian et al., 2022; Zhou et al., 2020) or abiotic (He

et al., 2020; Kezska, Szcze�sniak, Adamus, & Czernicka, 2021)

stress conditions in diverse Cucurbitaceae family members.

However, detailed information about lncRNAs in cucurbits

is limited, and only a list of unclassified and barely charac-

terized lncRNAs in cucumber, melon, and watermelon is

currently available in GreeNC (Di Marsico, Paytuvi Gallart,

Sanseverino, & Aiese Cigliano, 2022), PLncDB V2.0 (Jin

et al., 2021) or CANTATAdb 2.0 (Szcze�sniak, Bryzghalov,

Ciomborowska-Basheer, & Makałowska, 2019), the most rel-

evant databases containing plant lncRNAs. Notably, no

standardized information about lncRNAs can be found in

the Cucurbit Genomics Database (Zheng et al., 2019), which

is the reference portal for the genomic annotation of mem-

bers of this family. Thus revealing the lack of studies able to

offer detailed information about the global landscape of

these regulatory RNAs in cucurbits.

Here, we use a vast dataset of more than 1000

RNA-seq samples to gain insights into the identity, charac-

teristics, and expression of lncRNAs in nine representative

species of the family Cucurbitaceae. Using a custom pipe-

line, we have identified intergenic, natural antisense, intro-

nic, and sense-overlapping lncRNAs, finding that distinct

molecular features are associated with each type. Next, we

have analyzed the evolutionary relationships of the pre-

dicted lncRNAs and their expression in different tissues,

developmental stages, and stress conditions. Finally, we

also studied their potential role in the regulation of gene

expression in cucurbits. Overall, this exhaustive study
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reveals the diversity and molecular features of these

emerging regulatory players in cucurbits, providing the

first comprehensive map of lncRNAs in this agronomically

relevant family.

RESULTS

Strategy for lncRNA prediction

A graphical resume of the pipeline developed in this work

for the identification, classification, and characterization of

lncRNAs in cucurbits is depicted in Figure 1. All the avail-

able RNA-seq data corresponding to 12 cucurbit species,

comprising 3494 RNA-seq libraries and 271 RNA-seq pro-

jects, were downloaded from the SRA database (53). SRA

accession codes, quality control, and strandedness infor-

mation are detailed in Table S1. After quality control and

strandedness inference, three species having only one

strand-specific RNA-seq sample (B. hispida, L. aegyptiaca,

and S. grosvenorii) were removed from our dataset. Con-

sequently, 9 species (C. sativus, C. melo, C. lanatus, L.

siceraria, C. moschata, C. argyrosperma, C. pepo, C. max-

ima, and M. charantia) comprising 1116 cleaned and

strand-specific RNA-seq libraries and 78 RNA-seq projects

were included in the subsequent analysis (Table 1). The

nine analyzed species constitute representative members

of three different tribes and five genera in the Cucurbita-

ceae family (Guo, Xu, et al., 2020).

Cleaned reads were mapped to the corresponding ref-

erence genome and assembled to create a merged tran-

scriptome for each analyzed species (Figure 1a; see

Experimental Procedures for details). Comparable levels of

genome coverage were observed across the selected spe-

cies (Figure S1). Assembled transcripts were categorized

according to their position in the genome relative to

protein-coding (PC) genes, and those classified as inter-

genic (“u”), antisense (“x”), intronic (“i”), and sense (“o”

or “e”) were selected. Only nonredundant transcripts lon-

ger than 200 nucleotides and expression levels above 0.3

Fragments per Kilobase Million (FPKM) in at least one of

the experiments were considered.

As detailed in Experimental Procedures, we used three

tools: CPC2 (Kang et al., 2017), FEELnc (Wucher

et al., 2017), and CPAT (Wang et al., 2013) to evaluate the

coding potential of the analyzed transcripts. Moreover, we

looked for homology with known proteins and domains in

the SwissProt (Anon, 2023) and Pfam (Mistry et al., 2021)

databases, respectively. It is important to note that our

strategy for lncRNA prediction was designed to keep a bal-

ance between sensitivity and robustness. Consequently,

inferred lncRNAs were classified into three confidence

levels according to the fulfillment of the following criteria:

(i) High (HC): predicted as lncRNA by the three software

(CPC2, CPAT, and FEELnc) and lacking homology with

ORFs in the protein databases; (ii) Medium (MC): predicted

as lncRNA by the three software but have similarity with

one of the protein databases or lack similarities with the

two protein databases but are only predicted by two of

the three software; and (iii) Low (LC): predicted as lncRNA

by two of the software or only one software and lacks simi-

larity with one of the protein databases (Figure 1b).

Once potential lncRNAs homologous to miRNA pre-

cursors, ribosomal, transfer, small nuclear and small nucle-

olar RNAs were excluded (see Experimental Procedures for

details), transcripts were aligned and compared against

those deposited in three plant lncRNA databases (PLncDB

V2.0, CANTATAdb 2.0, and GreeNC) (Figure 1b).

The predicted lncRNAs were classified according to

their genomic location into intergenic lncRNAs (lincRNAs),

natural antisense lncRNAs (NAT-lncRNAs), intronic

lncRNAs (int-lncRNAs), and sense-overlapping lncRNAs

(SOT-lncRNAs). Finally, further analyses were performed

to compare the characteristics, conservation, and expres-

sion profiles of the identified lncRNAs (Figure 1c).

Wide ranges of lncRNAs are distributed through cucurbit

genomes

Following the strategy previously described, we were able

to predict 91 209 nonredundant lncRNAs in the analyzed

cucurbits (Figure 2a and Table S2). The highest number of

potential lncRNAs (29140) was identified in C. melo. Com-

parable amounts of lncRNAs were described in C. sativus

(13563), C. lanatus (11189), and C. argyrosperma (10077).

While C. pepo (8172), C. moschata (5472), C. maxima

(4672), M. charantia (4515), and L. siceraria (4409) were the

species with the fewest predicted lncRNAs (Table S2).

The lncRNAs, categorized as High-Confidence (HC), were

the predominant class identified in the nine analyzed

cucurbits (with percentages ranging from 68% to 84%). In

contrast, those classified as Low-Confidence (LC) were less

abundant (4.5%–12.4%). Intermediate values (9.3%–19.3%)

were obtained for lncRNAs categorized as Medium-

Confidence (MC) (Table S2).

According to their genomic context, intergenic

lncRNAs (lincRNAs) were the most abundant type in the

nine analyzed species, with 58 907 potential lncRNAs

representing 64.5% of the total. They were followed by

those classified as natural antisense lncRNAs (NAT-

lncRNAs), which, with a total number of 18 050 lncRNAs

(except in C. argyrosperma), were the second most abun-

dant class (Table S2). The sense-overlapping lncRNAs

(SOT-lncRNAs) and intronic lncRNAs (int-lncRNAs), with

6742 and 7510 identified transcripts, respectively, were the

least represented, and their prevalence varied depending

on the species (Table S2).

To determine whether the predominant identification

of lincRNAs may be associated with the genome size of

the cucurbit species, we searched for correlation between:

(i) the percentage of the genome covered by intergenic
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regions (considering intergenic regions to all that is not PC

gene) and the percentage of intergenic regions covered by

HC-lincRNAs; and (ii) the percentage of the genome

covered by intergenic regions (considering intergenic

regions to all that is not PC gene) and the number of HC-

lincRNAs. In both cases, the results obtained support that

Figure 1. Graphic representation of the bioinformatic workflow used for the prediction, classification, and analysis of lncRNAs.

(a) Data recovery, pre-processing, and transcriptome assembly.

(b) Prediction and categorization of lncRNAs: intergenic (lincRNAs), natural antisense (NAT-lncRNAs), intronic (int-lncRNAs), and sense-overlapping (SOT-

lncRNAs) lncRNAs.

(c) Downstream analysis to compare lncRNA features, conservation at three levels (sequence, genomic position, and motifs), differential expression (related to

tissue, development, and environment), and expression correlation (influence on nearby/cognate gene expression).

� 2024 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2024), 120, 799–817

802 Pascual Villalba-Bermell et al.

 1365313x, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tpj.17013 by U

niversitat D
e V

alencia, W
iley O

nline L
ibrary on [16/06/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



the number and relative coverage of lincRNAs identified in

the analyzed Cucurbit species show no significant correla-

tion with their genome size (Figure S2).

In order to study the genomic distribution of these

regulatory RNAs, we compared the localization patterns of

the different types of lncRNAs with those of PC genes. As

shown in Figures 2b and S3, the predicted lncRNAs were

distributed throughout the genomes of all nine analyzed

cucurbits and did not show such a clear pattern as the pre-

dominant localization of PC genes in noncentromeric

regions. The mean genome covered by the predicted

lncRNAs (5.13%) was considerably lower than the

observed for PC genes (35.86%) (Table S3 and Figure S4).

Considering the categorization by prediction confidence,

we observed that the HC-lncRNAs cover a higher percent-

age of the genome (3.73%) than the MC-lncRNA (0.76%)

and LC-lncRNAs (0.64%) (Table S3 and Figure S4). The

specie-specific analysis showed that the HC-lncRNAs pre-

dicted in C. sativus and C. melo exhibit the highest values

of genome coverage (7.60% and 7).

To have a more quantitative perspective about the

spatial distribution, we defined high-density regions (see

Experimental Procedures for details) for each type of

lncRNA and also for PC genes in the nine species and esti-

mated their overlap (Figure S5). Our results show that the

major overlap of high-density regions was observed

between NAT-lncRNAs and PC genes (median of 31.53%),

while values below 9% were observed for the remaining

lncRNA types (Figure S5a). Comparable results were

obtained when the number of overlapping high-density

regions was individually determined in the nine cucurbit

species (Figure S5b).

Predicted lncRNAs show significant sequence differences

with coding RNAs

To provide a more detailed view of their molecular proper-

ties, we analyzed the GC content, exon number, length,

expression, and repeat content of the predicted lncRNAs,

using as references PC genes and random intergenic

regions (when this comparison was possible, see Experi-

mental Procedures for more details). In general, the values

observed in lncRNAs were significantly lower than those in

PC genes, except for the content of repetitive regions,

where the value obtained for lncRNAs was significantly

higher (Figure 3a and Table S4). The most evident differ-

ence was found for the expression level estimated as Tran-

script Per Million (TPM), where lncRNAs (median of 0.40

TPM) were expressed at about 20-fold lower levels than PC

genes (median of 8.21 TPM). Considering the differences

with intergenic regions, while lncRNAs showed a signifi-

cantly higher GC content (median of 39.02% and 34.80%

for lncRNAs and intergenic regions, respectively), no sig-

nificant difference was found in the content of repetitive

sequences. It is worthy to note that similar differences

were observed when this comparison was individually per-

formed for each one of the nine cucurbit species

(Figure S6 and Table S4).

Finally, considering the confidence of the lncRNA pre-

diction, the observed differences with PC genes and inter-

genic regions were more evident in lncRNAs classified as

HC than in those identified as MC and LC (Figure 3b and

Table S4). Considering that HC-lncRNAs were the most reli-

ably predicted and the predominant class in all the species

analyzed, further analyses were restricted to this lncRNA

category.

Table 1 Detailed information about analyzed data

Species ID
Genome Size
(bases; Mb)

Samples (number) Projects (number)

Final data size
(bytes; Gb)Download

Trimming
and QC

Strand
specific Download

Trimming
and QC

Strand
specific

Cucumis
sativus

csa 226.21 1388 1334 360 129 127 35 1167.43

Cucumis melo cme 357.86 802 776 383 45 44 16 820.87
Citrullus
lanatus

cla 365.45 717 711 231 55 54 17 663.61

Lagenaria
siceraria

lsi 313.81 92 92 9 7 7 3 27.07

Cucurbita
moschata

cmo 273.42 127 126 39 17 16 6 102.73

Cucurbita
argyrosperma

car 231.58 10 10 9 2 2 2 30.36

Cucurbita pepo cpe 263.38 143 142 50 13 13 7 112.61
Cucurbita
maxima

cma 279.69 50 50 27 10 10 4 43.36

Momordica
charantia

mch 294.01 74 74 8 5 5 2 27.73
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A more exhaustive analysis of HC-lncRNA by consider-

ing individually lincRNAs, NAT-lncRNAs, int-lncRNAs, and

SOT-lncRNAs reveals that regarding the GC content, the

four types of lncRNAs showed values significantly inferior

to those observed in PC genes (median of 43.22%), but supe-

rior to intergenic regions (median of 34.80%) (Figure 3c).

Figure 2. Detailed description and global landscape of the predicted lncRNAs in cucurbits.

(a) Bar plot representing the number of lncRNAs identified in the nine species analyzed in the family Cucurbitaceae. These are classified into intergenic (lincR-

NAs), natural antisense (NAT-lncRNAs), intronic (int-lncRNAs), and sense-overlapping (SOT-lncRNAs) lncRNAs, and categorized according to the confidence

level of the prediction into: High-Confidence (HC-lncRNAs), Medium-Confidence (MC-lncRNAs) and Low-Confidence (LC-lncRNAs) lncRNAs. The schematic tree

on the upper part of the plot indicates phylogenetic relationships among the species (Chomicki, Schaefer, & Renner, 2020).

(b) Circos plots representing the genomic distribution of the four lncRNA classes identified at the three confidence levels and the annotated protein-coding

genes (PC genes) in C. sativus, C. melo, and C. lanatus. Density is measured as the number of transcripts per window using a 250 Kb window size.
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Among the four types, generally, NAT-lncRNAs (median of

40.84%) and SOT-lncRNAs (median of 39.73%) have higher

GC content than lincRNAs (median of 37.61%) and

int-lncRNAs (median of 37.12%). Similarly, the exon number

of the four lncRNA types was significantly lower than that of

PC genes (median of 4) (Figure 3c and Table S4).

SOT-lncRNAs always showed more than 1 exon in all their

transcripts, in contrast to the other classes of lncRNAs,

being the only ones with an average of more than 2 exons

(mean of 2.41).

It is worthy to note that in general, the length of

SOT-lncRNAs (median of 722 bp) and NAT-lncRNAs

(median of 623 bp) was higher than the other types of

lncRNAs (median of 355 and 352 bp for lincRNAs and int-

lncRNAs, respectively), although not as much as PC genes

(median of 1275 bp). Consistently with other plant species,

the expression level of the four types of cucurbit lncRNAs

(median of 0.21, 0.43, 0.64, and 1.21 TPM for lincRNAs,

NAT-lncRNAs, int-lncRNAs, and SOT-lncRNAs, respec-

tively) was significantly lower than that observed for PC

genes (median of 8.21 TPM) (Figure 3c and Table S4).

When the repeat content was analyzed, we observed that

lincRNAs and int-lncRNAs have higher content than PC

genes, surpassing, in some cases, the value estimated for

random intergenic regions. These differences with PC

genes with respect to GC content, exon number, length,

expression, and repeat content were consistently observed

for all analyzed cucurbits (Figure S7).

Figure 3. Molecular properties of the identified lncRNAs of cucurbits.

Box plots showing the comparisons of GC content, number of exons, transcript length, expression level, and repetitive content features between lncRNAs,

protein-coding genes (PC genes), and random intergenic regions (when corresponding), considering: (a) all the identified lncRNAs; (b) all the identified lncRNAs

separated according to the confidence level of the prediction into: High-Confidence (HC-lncRNAs), Medium-Confidence (MC-lncRNAs), and Low-Confidence (LC-

lncRNAs) lncRNAs; (c) HC-lncRNAs separated into the four classes: intergenic (lincRNAs), natural antisense (NAT-lncRNAs), intronic (int-lncRNAs), and sense-

overlapping (SOT-lncRNAs) lncRNAs. Differences between pairs of box plots within each facet are statistically significant (Wilcoxon rank sum test P-value

<0.01), unless indicated otherwise. In each box plot, the mean value is represented by a square. Information on box colors is detailed below each panel.

� 2024 The Author(s).
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Evolutionary conservation of lncRNAs

We used sequence similarity and synteny as parameters to

analyze the potential relatedness and explore the evolu-

tionary aspects of the HC-lncRNAs predicted in the nine

cucurbit species. To infer sequence conservation, a BLAST

pairwise alignment between species was performed with

all the predicted HC-lncRNAs. Then, putative lncRNA ortho-

logous families were identified by the Markov Cluster

(MCL) algorithm using the reciprocal best hits (RBH) from

BLAST results. Additionally, a syntenic approach (Hovhan-

nisyan & Gabald�on, 2021) based on 1:1 high-quality ortho-

logous PC genes was employed to classify all the potential

HC-lncRNAs into clusters referred to hereafter as syntenic

families (see Experimental Procedures for details). These

families include lncRNAs from different species that share

the same genomic context, meaning that they are sur-

rounded by orthologous PC genes. Considering as con-

served the lncRNAs identified in at least two species, we

observed that the positional conservation or synteny

(mean of 50.97%) was significantly higher than the

sequence conservation (mean of 35.41%) (Figure 4a and

Table S5). In addition, as expected, the percentage of

lncRNAs exhibiting primary sequence conservation was

much lower than in PC genes (Figure S8a).

Next, we compared the proportion of lncRNAs

included in 3 categories of conservation: low (conserved in

2–3 species), medium (in 4–6 species), and high (in 7–9
species). The obtained results revealed that approximately

27.23% of the lncRNAs predicted in cucurbits were identi-

fied as highly conserved at the positional level, while

sequence conservation in this category was lower than

5.0% (Figure 4b and Table S5). Further analysis showed

that NAT-lncRNAs were the type of lncRNAs with the high-

est percentage of positional conservation (mean of

54.48%), whereas conservation values obtained for lincR-

NAs, int-lncRNAs, and SOT-lncRNAs were each less than

25% (Figure 4c and Table S5). Moreover, as in the compari-

son between sequence and positional conservation, the

differences in sequence conservation between PC genes

and lncRNAs identified as highly conserved were much

greater (Figure S8b). Regarding the relationship between

the different cucurbit species, we observed that the synte-

nic relationships were comparable among all the species

analyzed, except for M. charantia which showed

significantly lower synteny levels (Figures 4d and S9). Posi-

tionally conserved lncRNAs were, in general, regularly dis-

tributed throughout the genome of the analyzed cucurbits

(Figure 4d). Moreover, as expected from their closer evolu-

tionary relationships, the majority of the syntenic relation-

ships in lncRNAs with low and medium conservation were

detected between species of the same genus (Figures S10

and S11, respectively).

Finally, we analyzed the presence of conserved

sequence motifs shared by lncRNAs within syntenic fami-

lies, and their statistical significance was calculated by

generating datasets of randomized syntenic families (see

Experimental Procedures for details).

We identify 982 syntenic families (30.13%) with at

least one shared conserved motif. This proportion of synte-

nic families was significantly higher than what could be

expected by chance, as assessed in the simulated data

(mean of 6.93%) (Figure S12a, upper panel). Although com-

parable results were observed when each class of lncRNAs

was considered individually, the higher differences in

shared conserved motifs were detected in SOT-lncRNAs

and int-lncRNAs (Figure S12a, lower panel). We also com-

pared the length (in nucleotides) and the statistical robust-

ness (estimated by considering e-values) of the predicted

motifs. The results showed that motifs identified in synte-

nic families were significantly longer and more reliable

than those predicted in the simulated data (upper panels in

Figure S12b,c, respectively). These significant differences

were also observed when the different classes of lncRNAs

were considered individually (Figure S12b,c, lower panels).

Expression of cucurbit lncRNAs is tissue-specific,

development-dependent, and responsive to environmental

changes

To explore the potential biological properties of the pre-

dicted lncRNAs, we specifically analyzed projects included

in our dataset in which different plant tissues, develop-

mental phases, and/or changing environmental conditions

have been considered. According to the criteria detailed in

Experimental Procedures, 13 projects comprising eight

cucurbit species were selected to analyze the tissue-

specific expression of HC-lncRNAs and PC genes (see

Figure 4. Conservation of cucurbit lncRNAs at the sequence and positional levels.

(a) Box plots showing the percentage of lncRNAs identified as conserved at sequence (light color) and positional (dark color) levels.

(b) Detailed information considering if lncRNAs are shared by two or three (left), four to six (center), and seven to nine species (right).

(c) Values obtained for highly conserved lncRNAs (shared by 7–9 species) according to lncRNA classes (lincRNAs, NAT-lncRNAs, int-lncRNAs, and SOT-

lncRNAs). The nine species and the four lncRNA classes are represented by different shapes and colors, respectively (detailed on the top). Differences between

pairs of box plots, sequence versus positional conservation, are statistically significant (Wilcoxon signed rank test P-value <0.01), unless indicated otherwise. In

each boxplot, the mean value is represented by a black point.

(d) Circos plot showing the relationships of the highly conserved lncRNAs (shared by 7–9 species) at the positional level (syntenic relationships). Each lncRNA

class (lincRNAs, NAT-lncRNAs, int-lncRNAs, and SOT-lncRNAs) is represented by a different color (detailed on the top right). In all sections, only lncRNAs identi-

fied as High-Confidence lncRNAs (HC-lncRNAs) were considered. Intergenic (lincRNAs), natural antisense (NAT-lncRNAs), intronic (int-lncRNAs), and sense-

overlapping (SOT-lncRNAs) lncRNAs.
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Tables S6 and S7 for detailed information). Tissue-

specificity was estimated using the TAU value, which var-

ies from 0 to 1, where 0 means broadly expressed and 1 is

specific (Yanai et al., 2005). Our results showed that the

tissue-specific expression ratio (TAU values) observed for

the totality of the cucurbit lncRNAs (mean of TAU 0.60)

was significantly higher than the obtained for

protein-coding genes (mean of TAU 0.37) (Figure 5a, left

panel). These significant differences in the mean TAU

values were also observed when each lncRNA class was

Figure 5. Expression of cucurbit lncRNAs considering different tissues, developmental stages, and stress conditions.

Box plots on the left side represent the comparison between protein-coding genes (PC genes) and lncRNAs, while those on the right represent the comparison

between the four lncRNA classes: intergenic (lincRNAs), natural antisense (NAT-lncRNAs), intronic (int-lncRNAs), and sense-overlapping (SOT-lncRNAs).

(a) Comparison of tissue-specificity calculated as the mean of TAU values (0 means broadly expressed and 1 is the most specific), where each point refers to a

study with at least 3 different tissues.

(b) Comparison of the percentage of differentially expressed (DE) transcripts in different developmental stages, where each point refers to values obtained for

each independent comparison (late development stage vs. early development stage).

(c) Comparison of the percentage of DE transcripts in response to different stress conditions, where each point refers to values obtained for each independent

comparison (treatment vs. control). In sections b and c, pie charts represent the percentage of DE lncRNAs in each class over the total number of DE lncRNAs.

The nine species and the four lncRNA classes are represented by different shapes and colors, respectively (detailed on the top). Differences between pairs of

box plots on the left side, lncRNAs vs. PC genes, are statistically significant (Wilcoxon signed rank test P-value <0.01), unless indicated otherwise.

(d) Venn diagrams showing the overlap between tissue-specific transcripts (TAU above 0.8) and those differentially expressed in specific developmental stages

or in response to stress conditions. The upper diagram compares PC genes, while the lower one compare lncRNAs. In all sections, only lncRNAs identified as

High Confidence (HC-lncRNAs) were considered.

� 2024 The Author(s).
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considered individually. LincRNAs (mean of TAU 0.63) and

NAT-lncRNAs (mean of TAU 0.60) were in general more

specific in their expression in comparison to int-lncRNAs

and SOT-lncRNAs, with TAU ratios of 0.56 and 0.49,

respectively (Figure 5a, right panel). To obtain more

detailed information on the tissue specificity of the pre-

dicted HC-lncRNAs, we performed an additional analysis in

which the expression across tissues of the lncRNAs identi-

fied as tissue-specific (TAU values above 0.8) was ana-

lyzed. For this purpose, we selected seven studies

performed in five cucurbits (C. melo, C. lanatus, C.

moschata, C. maxima, and L. siceraria) in which four or

more tissues had been analyzed. The results obtained

showed that, in general, the highest TAU values were

observed in flower, fruit, and apical tissues (Figure S13). In

contrast, and with the exception of one study conducted in

C. maxima, the lowest tissue-specific expression ratio was

found in leaf samples.

The correlation between different developmental

stages and the expression of the predicted lncRNAs was

analyzed in three cucurbit species, comprising a total of 65

developmental events in 13 projects (see Tables S6 and S7

for detailed information). The obtained results showed that

the proportion (estimated as the mean value for the total

of the studies) of lncRNAs with expression associated with

development (3.92%) was significantly lower than the

obtained (13.68%) when protein-coding genes were consid-

ered (Figure 5b, left panel). Further analysis showed that,

although SOT-lncRNA (with a mean of 10.46%) was the

class with the highest percentage of members with

development-associated expression (Figure 5b, box plots

in the right panel), considering the absolute number of

lncRNA transcripts, 50.16% of the lncRNAs with

development-associated expression corresponded to lincR-

NAs (Figure 5b, pie chart in the right panel).

Regarding environment-dependent expression, we

analyzed 75 stress events (with both biotic and abiotic ori-

gins) performed in seven cucurbit species (see Tables S6

and S7 for detailed information). Our analysis

demonstrated that the mean of the relative ratio of stress-

responsive lncRNAs in cucurbits (2.63%) was also signifi-

cantly lower than observed for PC genes (8.54%) in the

same studies (Figure 5c, left panel). Consistent with what

was observed in development, transcripts classified as

SOT-lncRNA showed the highest percentage of reactive

members (mean 6.09%) (Figure 5b, box plots in the right

panel), and lincRNAs were the predominant type (48.6% of

the total) of stress-responsive lncRNA (Figure 5c, pie chart

in the right panel).

Finally, we selected the cucurbit species (C. lanatus, C.

sativus, and C. melo) with available data in the three

selected conditions to compare the specificity of the

expression. Results shown in Figure 5d demonstrate that

predicted lncRNAs have (in comparison to PC genes) a

higher specific expression rate (defined as the percentage

of specific transcripts) in the three analyzed conditions: tis-

sue (27.7% vs. 6.0%), development (16.0% vs. 11.0%), and

stress (18.3% vs. 3.5%) (Figure 5d). These differences in

specificity were also observed when each one of the three

species was analyzed individually (Figure S14).

Expression of a group of lincRNAs and NAT-lncRNAs in

cucurbits is correlated with that of near PC genes

There is increasing evidence that many functionally charac-

terized plant lncRNAs can act as regulators of gene expres-

sion, either in cis or in trans (Palos et al., 2023). A

characteristic of cis-regulatory lncRNAs is correlation in

expression relative to nearby (for lincRNAs) (Palos, Nelson

Dittrich, Yu, et al., 2022) or cognate (for NAT-lncRNAs)

(Zhao et al., 2018) genes. To identify cucurbit lncRNAs with

potential cis-regulatory roles, we analyzed the correlation

between lincRNAs/NAT-lncRNAs and their nearby/cognate

PC genes (see Experimental Procedures for details). In

addition, only stress- and development-associated studies

from C. melo, C. sativus, and C. lanatus species (i.e., those

with the most studies) were included in this analysis.

As for lincRNAs, we identified 603, 161, and 168

unique pairs of lincRNAs correlated with nearby PC genes,

where 73.96%, 81.37%, and 67.86% exhibited strong corre-

lation (r ≥ 0.5 or r ≤ �0.5) in C. melo, C. sativus, and C.

lanatus, respectively. Considering the mean Pearson corre-

lation coefficients (PCC) for each dataset, the correlation of

lincRNA-PC gene pairs (mean PCC of 0.162) was signifi-

cantly more positive than that observed for PC gene-PC

gene and random gene pairs (mean PCC of 0.066 and 0,

respectively) (Figure 6a and Table S8). When the distance

between the analyzed lincRNA and its neighboring PC

gene was examined, we observed that the positive correla-

tion values decreased as the distance increased (Figure 6b

and Table S8). A comparable situation was observed for

the lincRNA-PC gene pairs when these were analyzed indi-

vidually in each cucurbit species (Figure S15a,b and

Table S8).

When NAT-lncRNAs were analyzed, we identified 385,

242, and 118 unique pairs of NAT-lncRNAs correlated with

cognate PC genes, where 84.16%, 77.27%, and 73.73%

showed strong correlation (r ≥ 0.5 or r ≤ �0.5) in C. melo,

C. sativus, and C. lanatus, respectively. Similarly to lincR-

NAs, we found that the positive correlation values for over-

lapping NAT-lncRNA/sense gene pairs (mean PCC of 0.278)

were significantly higher than those obtained for random

sense/antisense gene pairs (mean PCC of 0.005) (Figure 6C

and Table S8). This significant positive correlation between

the expression of NAT-lncRNAs and their cognate PC

genes was maintained in each species analyzed

(Figure S15c and Table S8).

To investigate the potential functional role of the pairs

of NAT-lncRNAs and associated PC genes, we selected a

� 2024 The Author(s).
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syntenic NAT-lncRNA conserved in C. argyrosperma, C.

melo, C. sativus, and C. lanatus with differential expression

in diverse studies performed in the three last species

(Figure S16a). Detailed analysis revealed that in C. melo, C.

sativus, and C. lanatus, this syntenic NAT-lncRNA and its

cognate PC gene showed differential expression associated

predominantly with development (mean lncRNA and PC

gene 54.04% and 46.02% of the studies, respectively) than

that stress response (mean lncRNA and PC gene 8.05%

and 8.12% of the studies, respectively) (Figure S16b). The

expression of both NAT-lncRNA and its associated PC gene

showed a significant positive correlation (R = 0.51,

p = 1.2e�4) when the totality of the development-related

studies was considered (Figure S16C). Interestingly, this

correlation value was higher than the observed for the

totality of the NAT-lncRNA–PC gene pairs (R = 0.278) ana-

lyzed in cucurbits (Figure 6c). The PC gene associated with

the NAT-lncRNA was identified to encode one of the sub-

units of the homologous in cucurbits to the SIEVE ELE-

MENT OCCLUSION protein of A. thaliana (AthSEO), a

conserved phloem protein with biological processes asso-

ciated with phloem development (https://www.uniprot.

org/uniprotkb/Q9SS87/entry).

DISCUSSION

The tremendous achievements made over the last few

years in the computational prediction and functional biol-

ogy of plant lncRNA have prompted the creation of

detailed datasets containing descriptions and information

about this emerging type of regulator in diverse model

and nonmodel species (Palos et al., 2022; Palos

et al., 2023). However, the lack of systematic analyses per-

formed from a more global point of view has meant that a

significant number of economically relevant crops and

closely related species can be poorly represented in these

repositories. In this sense, members of the Cucurbitaceae

family constitute a paradigmatic case of worldwide rele-

vant crops in which global information about lncRNAs is

limited. Here, we have analyzed a large amount of avail-

able transcriptomic studies performed in nine representa-

tive species to generate a comprehensive inventory of

lncRNAs in cucurbits.

Importantly, our analysis is not restricted to lincRNAs,

as it happens in most studies of different plant species

(Palos et al., 2022; Xu et al., 2016). The use of directional

RNA-seq data enabled the prediction of the other lncRNA

categories: NAT-lncRNAs, int-lncRNAs, and SOT-lncRNAs.

This is especially relevant since the two latter categories

are considerably understudied in plants, while NAT-

lncRNAs have been associated with important physiologi-

cal roles by regulating the expression of their cognate

sense genes by different mechanisms (Csorba, Questa,

Sun, & Dean, 2014; Wang et al., 2014; Zhao et al., 2018),

but their annotation in cucurbits was lacking.

To provide robustness to our inventory, we estab-

lished three confidence levels for the prediction: High (HC),

Medium (MC), and Low (LC). Results obtained during our

study revealed that HC-lncRNAs (beside being predomi-

nant) showed the highest structural and/or potential bio-

logical differences with PC genes. Consequently, the

majority (except when the contrary is specified) of the ana-

lyses shown in this work were performed with this lncRNA

type. In coincidence with what has been observed in other

plants, most of the lncRNAs predicted in the nine species

are derived from intergenic regions. Considering the num-

ber of lncRNAs identified in each species, C. melo, C. sati-

vus, and C. lanatus have the largest number of predicted

lncRNAs, while C. maxima, M. charantia, and L. siceraria

Figure 6. Cucurbit lincRNA/NAT-lncRNA influence on nearby/cognate gene expression.

Expression correlation analysis was used in all experiments related to the development and stress response of C. sativus, C. melo, and C. lanatus species.

(a) Box plots showing the expression correlation between a gene and its nearby gene. The mean of the Pearson correlation coefficients (PCC) obtained for each

gene pair group (lincRNA-PC gene pairs, PC gene-PC gene pairs, and random gene pairs) and experiment is represented.

(b) Box plots showing the expression correlation between a gene and its nearby genes within defined distances (in bps). The mean of the PCC obtained for each

gene pair group (lincRNA-PC gene pairs and PC gene-PC gene pairs) and experiment is represented. Note that all pairs within smaller distances are contained

within larger distances.

(c) Box plots showing the expression correlation between a gene and its cognate gene. The mean of the PCC obtained for each gene pair group (NAT-lncRNA-

PC gene pairs and random gene pairs) and experiment is represented. Different groups of gene pairs are represented by different colors (detailed on the top).

Differences between pairs of box plots within each section are statistically significant (Wilcoxon rank sum test P-value <0.01), unless indicated otherwise. In all

sections, only lncRNAs identified as High Confidence (HC-lncRNAs) were considered.
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have the smallest. Although diverse reasons could be asso-

ciated with this difference, it is important to note that both

groups are composed by the species with the highest and

lowest numbers of analyzed samples, respectively. In this

sense, it has been proposed that the achievement of multi-

ple transcriptome analyses under diverse environmental

and physiological conditions in specific cell types can con-

tribute to the discovery of more functional lncRNAs (Mat-

tick et al., 2023; Yamada, 2017).

The analysis of the main molecular features of the

predicted lncRNAs revealed significant differences

between these regulatory transcripts and PC genes and/or

a set of randomly generated intergenic regions. Consistent

with observations in other plants (Chen, Zhu, & Kauf-

mann, 2020; Huang et al., 2023; Wierzbicki et al., 2021;

Yang, Cui, et al., 2023), lncRNAs were shorter and had a

lower GC content and exon number than PC genes. In

addition, and as expected, cucurbit lncRNAs also showed

low expression levels. In this sense, a recent study sup-

ports the idea that, in mice, lower expression can be essen-

tial for the functional role of lncRNAs by ensuring specific

recognition of their regulated targets, suggesting that low

accumulation may be an essential feature of how lncRNAs

work (Jachowicz et al., 2022).

Another distinctive characteristic of the predicted

lncRNAs was their high content of repetitive regions in com-

parison to PC genes, but significantly smaller than those in

random intergenic regions. Interestingly, an increased level

of repetitive regions with respect to PC genes has been

described as a common characteristic for lncRNAs in several

organisms (Mattick et al., 2023). These significant differ-

ences with PC genes are generally more evident in lincR-

NAs, suggesting the existence of certain differential

characteristics for this type of lncRNAs, may be related to

their relevant regulatory role (Franco-Zorrilla et al., 2007;

Wang et al., 2014; Yamada, 2017).

Considering the evolutionary relationships of the pre-

dicted lncRNAs, lower sequence conservation was

observed in comparison to the positional conservation of

the syntenic families. This conservation bias (higher at

positional than sequence level) was particularly evident in

lncRNAs conserved in most species (7 or more). This sug-

gests that during the evolution of cucurbits, their lncRNAs

have mostly diverged in their sequences but not that much

in their genomic organization. Interestingly, syntenic

lncRNAs also showed a significant tendency to contain

more conserved and longer sequence motifs than ran-

domly generated transcripts. Overall, these results suggest

that despite large evolutionary distances (evidenced by

low sequence conservation), the analyzed cucurbits pos-

sess syntenic lncRNAs that share relatively conserved

sequence motifs that can be assumed to be modules. This

observation is in consonance with previous studies (Graf &

Kretz, 2020; Guttman & Rinn, 2012; Hovhannisyan

& Gabald�on, 2021) supporting that, in general, lncRNAs

tend to acquire a modular structure and are rich in repeats,

implying that small sequence elements can also be key

determinants of lncRNA function (Kirk et al., 2018).

It is widely accepted that lncRNAs exhibit distinctive

biological features such as tissue-specific expression, differ-

ential temporal regulation, and expression related to envi-

ronmental changes (Chen et al., 2020; Datta & Paul, 2019;

Mattick et al., 2023; Roul�e, Crespi, & Blein, 2021; Yang, Ariel,

& Wang, 2023). The detailed analysis of our dataset demon-

strated that lncRNAs predicted in cucurbits fulfilled these

functional conditions. The obtained results revealed that

lncRNAs identified in the eight analyzed species (having

studies with multiple tissues) showed significantly higher

TAU values than PC genes, supporting that their expression

is mostly tissue-dependent, in accordance with the

observed for other plant lncRNAs (Chen et al., 2020; Wierz-

bicki et al., 2021). The proportion of lncRNAs with differen-

tial expression was lower than that obtained for PC genes.

However, these differential lncRNAs showed (when com-

pared with PC genes) a specific response pattern highly

dependent on environment and development (see

Figure 5D). Interestingly, this high specificity in the expres-

sion pattern was also observed when tissue-dependent

lncRNAs were analyzed. However, it cannot be excluded

that, at least partly, this apparent specificity in the expres-

sion of lncRNAs could also be attributed to the generally

low expression level of lncRNAs (Chen et al., 2020).

Under functional viewing, plant lncRNAs have been

shown to participate in the regulation of developmental pro-

cesses and response to biotic/abiotic stress conditions

(Chen et al., 2020; Yang, Ariel, & Wang, 2023). In this regard,

a positive expression correlation with neighboring genes in

multiple datasets has been established as a signature to

identify cis-regulatory lincRNAs and NAT-lncRNAs

(Palos et al., 2022; Zhao et al., 2018). Consequently, here

we investigate the putative role that stress- and

development-associated lincRNAs and NAT-lncRNAs identi-

fied in cucurbits can play in the cis-regulation of PC genes.

Our results support the existence of a clear positive correla-

tion between the expression of these lncRNAs and their

neighboring (for lincRNAs) or cognate (for NAT-lncRNAs)

PC genes. Interestingly, in coincidence with the observa-

tions for cis-regulators lncRNAs in general (Gil &

Ulitsky, 2020; Mattick et al., 2023) and plant lncRNAs in par-

ticular (Palos et al., 2022), the highest correlation values

obtained for lincRNAs corresponded to the pairs with closer

neighboring genes (Palos et al., 2022). Thus, as demon-

strated for distinct animal and plant species (Gil &

Ulitsky, 2020), the putative cis-regulatory effects of cucurbit

lincRNAs should act within fairly short genomic distances.

The detailed analysis of a syntenic NAT-lncRNA conserved

in the nine analyzed species and its cognate PC gene shows

that both transcripts exhibit significant co-expression,

� 2024 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2024), 120, 799–817
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predominantly altered in development-associated studies,

in comparison to stress response. The observation that the

PC gene associated with this conserved NAT-lncRNA

encodes for a subunit of a protein (SEO) associated with

developmental function (Froelich et al., 2011) suggests that

certain pairs of NAT-lncRNA and their cognate PC gene

identified here can constitute regulatory modules control-

ling diverse aspects of cucurbits biology, as previously

described in arabidopsis (Meena et al., 2023; Zhao

et al., 2018), maize (Huanca-Mamani et al., 2018), rice (Liu

et al., 2018), tomato (Cui, Luan, Jiang, Bao, & Meng, 2017)

or white lupin (Aslam et al., 2022).

Both the differential structural and functional features

support that the cucurbit lncRNAs constitute a subset of

RNAs significantly distinctive of the protein coding and/or

randomly generated intergenic regions. The population of

lncRNAs found in the Cucurbitaceae family exhibits the

main characteristics (low accumulation, tissue-specific

expression, development-related regulation, lower

sequence conservation, conservation of structural

domains, and expression related to environmental

changes) shown by this type of regulatory RNAs in other

plant species, from the model plant A. thaliana to crops

such as cotton, wheat, rice, and maize (Dom�ınguez-Rosas,

Hern�andez-O~nate, Fernandez-Valverde, & Tiznado-Hern-
�andez, 2023; Traubenik, Charon, & Blein, 2024). Thus pro-

viding additional support to the emergent notion that this

heterogeneous group of transcripts can constitute one of

the key regulators in plant biology (Numan, Sun, &

Li, 2024; Yang, Ariel, & Wang, 2023).

Therefore, in this study, we provide a comprehensive

catalog of the different types of lncRNAs in the family Cucur-

bitaceae, describing the confidence of their prediction, their

molecular features, and conservation (Table S9 - available at

https://github.com/ncRNA-lab/Cucurbit_lncRNAs_

landscape/Tables/Final_summary). Although we recognize

that this is only an initial step and that additional experimen-

tal approaches and cucurbit species should be considered in

the future, it is expected that this extensive inventory will

constitute a valuable resource for further research lines

focused on elucidating the basis of the regulation mediated

by lncRNAs in cucurbits. In addition, considering that

lncRNAs are emerging as target materials for genetic engi-

neering in plant improvement (Yang, Ariel, & Wang, 2023),

this detailed collection paves the way for the ncRNAs

described here to become a valuable genetic resource for

cucurbit breeding in the near future.

EXPERIMENTAL PROCEDURES

Data preprocessing and assembly

With the aim to perform a comprehensive study, we selected all
cucurbit species with a fully sequenced genome and annotation
file available (at 24th of January 2022) in the Cucurbit Genomics

Database (CuGenDB) (Zheng et al., 2019). Then, all RNA-Seq data
publicly available (at 24th of January 2022) at the Sequence Read
Archive database (SRA) (Leinonen et al., 2011) were retrieved
using the commands prefetch and fasterq-dump provided by SRA
Toolkit v.2.11.2 (https://github.com/ncbi/sra-tools). Only species
comprising initially more than five RNA-seq samples were
retained for quality control filtering and strandedness identifica-
tion: C. sativus, C. melo, C. lanatus, L. siceraria, B. hispida, C.
moschata, C. argyrosperma, C. pepo, C. maxima, L. aegyptiaca, M.
charantia, and S. grosvenorii. First, we removed adapters and fil-
tered reads by quality (average quality >20, window size = 4 bp)
and length (length >49 bp) using fastp v.0.23.2 (Chen, Zhou, Chen,
& Gu, 2018) to provide clean data for downstream analysis.
FastQC v.0.11.9 (https://www.bioinformatics.babraham.ac.uk/
projects/fastqc/) and Multiqc v.1.11 (Ewels, Magnusson, Lundin, &
K€aller, 2016) were used to perform quality control of clean data.
Second, we identified the strandedness of the data and discarded
nonstrand-specific or nonstranded RNA-seq samples. Strand-
specific or stranded RNA-seq samples provide a more accurate
estimate of transcript expression and allow the identification of
more types of lncRNAs, such as natural antisense lncRNAs. To
perform this step, we ran rsem-prepare-reference from the soft-
ware package RSEM v.1.3.3 (Li & Dewey, 2011) to extract the tran-
scriptomes of the analyzed species, and subsequently executed
the pseudoaligner salmon v.1.6.0 (�l A) (Patro, Duggal, Love, Iri-
zarry, & Kingsford, 2017) in mapping-based mode, which iden-
tifies the strandedness of the data. Then, only species comprising
more than five cleaned and strand-specific RNA-seq samples were
included in the subsequent analysis.

Once the species and their samples were preprocessed and
selected, we used the splice-aware sequence alignment program
HISAT2 v2.2.1 (Kim, Paggi, Park, Bennett, & Salzberg, 2019) for
mapping the clean data to the corresponding reference genomes.
In this step, strandedness information was considered (--rna-
strandness <Strandedness salmon code>), and maximum intron
length was set to 10 000 bp (--max-intronlen 10 000), which corre-
sponds to approximate maximum intron length in plant genomes.
Moreover, �-dta parameter was used to help transcript assem-
blers significantly improve computation and memory usage. Next,
we reconstructed the transcriptome of each sample individually
using the StringTie2 v2.2.0 assembler (Pertea et al., 2015). In par-
ticular, we performed a genome-guided assembly approach taking
into account the strandedness information (--rf/--fr). All individual
assembly gtf files produced by StringTie2 in the previous step
were merged into a single and unified transcriptome for each spe-
cies using the merge option of StringTie2 (-g 50 -F 0.3 -T 0).
Finally, we compared the transcriptomes to the reference annota-
tion files of each species to identify novel transcripts using the
software GffCompare v.0.12.6 (Pertea & Pertea, 2020). According
to their genomic location and referring to the neighboring protein-
coding (PC) genes, this software classified the assembled tran-
scripts and assigned them a class code.

Computational prediction of lncRNAs

Based on the class code annotation, we selected transcripts anno-
tated as “u” (intergenic), “x” (antisense), “i” (intronic), and “o” or
“e” (sense). Specifically, class code “u” refers to transcripts that
come from intergenic regions of both genomic strands, class code
“x” refers to transcripts that overlap with the exons of a PC gene
on the opposite genomic strand, class code “i” refers to tran-
scripts that are completely contained within the intron of a PC
gene on the same genomic strand, and class codes “o” or “e”
refer to transcripts that overlap with the exons of a PC gene on

� 2024 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2024), 120, 799–817
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the same genomic strand. Next, transcripts were filtered by length
(length >200 bp), exon number (exon number ≥ 1) and expression
level (Fragments Per Kilobase Million >0.3).

Further, we assessed the coding potential of the predicted
transcripts using three alignment-free computational tools: CPC2
v.1.0.1 (Kang et al., 2017), FEELnc v.0.2 (Wucher et al., 2017), and
CPAT v.3.0.2 (Wang et al., 2013) based on various intrinsic proper-
ties. For CPC2, transcripts assigned with the “noncoding” label
were considered noncoding transcripts. For FEELnc, two training
datasets, known PC genes and known lncRNAs, were required,
and the shuffled mode was used to generate the later. The FEELnc
cutoff to consider a transcript as coding or noncoding was defined
using a tenfold cross-validation. For CPAT, we used the Arabidop-
sis thaliana logit model and hexamer frequency table obtained
from the CREMA tool (Simopoulos, Weretilnyk, & Golding, 2018).
The CPAT cutoff to consider a transcript as coding or non-coding
was the default CREMA cutoff (0.5). To improve the robustness of
the results, homologies were searched (on 18th of February 2022)
with Swissprot (Anon, 2023) and Pfam-A databases (on 29th of
May 2022) (Mistry et al., 2021). On the one hand, we ran the blastx
command (�-strand plus --more-sensitive --top 5 --evalue 1e-5)
from the program DIAMOND v.2.0.14 (Buchfink, Reuter, &
Drost, 2021) to align the predicted transcripts to the protein
sequences present in Swissprot. On the other hand, the TransDe-
coder.LongOrfs script (�m 20 -S) from the program transdecoder
v.5.5.0 (https://github.com/TransDecoder/TransDecoder) was run
to extract the longest Open Reading Frame (ORF) of each tran-
script and after that, the hmmsearch command (�E 1e-5 --domE
1e-5) from the software package HMMER v.2.0.14 (Eddy, 2011)
was used to align these longest ORFs to the protein domains pre-
sent in Pfam-A database. Then, transcripts were classified into
three confidence levels according to the fulfillment of the follow-
ing criteria: (i) High (HC): predicted as lncRNA by the three soft-
ware (CPC2, CPAT, and FEELnc) and lacking homology with ORFs
in the two protein databases (SwissProt and Pfam-A), (ii) Medium
(MC): predicted as lncRNA by the three software but have similar-
ity to one protein database or lack similarity to the two protein
databases but are only predicted by two software and (iii) Low
(LC): predicted as lncRNA by two software and have similarity to
at least one protein database or lack similarity to the two protein
databases but are only predicted by one software. Those tran-
scripts that do not meet any of the present scenarios were not
classified.

The next step of the procedure was performed to filter out
housekeeping noncoding RNA classes such as ribosomal RNA
(rRNA), transport RNA (tRNA), small nuclear RNA (snRNA), small
nucleolar RNA (snoRNA), and miRNA precursors (pre-miRNAs).
To remove these housekeeping ncRNAs, we ran the blastn com-
mand (�strand plus -evalue 1e-5) from the NCBI-BLAST software
v.2.13.0+ (Camacho et al., 2009) to align the remaining transcripts
from the confidence-level classification step to RNAcentral (on
15th of June 2022) (Anon, 2021). Only ncRNAs from the Cucurbita-
ceae family were considered in the alignment. To remove pre-
miRNAs, we repeated the previous step against miRBAse (on 1st
of June 2022) (Kozomara, Birgaoanu, & Griffiths-Jones, 2019) and
PmiREN (on 15th of June 2022) (Guo et al., 2020) using only pre-
miRNAs from the analyzed species. Subsequently, significant hits
were aligned to miRNA sequences from the analyzed species and
from miRBase and PmiREN using blastn (�dust no -evalue 0.05 -
word_size 7 -strand plus). Then, the program MIReNA v.2.0
(Mathelier & Carbone, 2010) was used to validate potential pre-
miRNAs with information on potential miRNAs. In order to pro-
vide additional information, we annotated filtered transcripts
using potential known lncRNAs databases such as CANTATAdb

v.2.0 (Szcze�sniak et al., 2019), PLncDB v.2.0 (Jin et al., 2021), and
GreeNC v.2.0 (Di Marsico et al., 2022), last access on 15th of June
2022. Only lncRNAs from the analyzed species were downloaded,
and the program used to align the filtered transcripts to the differ-
ent lncRNAs databases was blastn (�strand plus -evalue 1e-5).
Only significant hits covering more than 50% of both aligned
sequences were really considered hits. After that, when several
isoforms were present, we kept only the longest one using the
gtf2gtf command from the software CGAT v.1.0 (Sims et al., 2014).
Finally, we created the database in table format as well as gtf
annotation file format, and the different classes of potential
lncRNAs were renamed from intergenic, antisense, intronic, and
sense to lincRNA, NAT-lncRNA, int-lncRNA, and SOT-lncRNA,
respectively.

Genomic distribution

Genome-wide distribution of potential lncRNAs and annotated PC
genes was analyzed. Considering genomic density as the number
of transcripts, we calculated the density per genomic window (size
of 250 Kb) for the four classes of lncRNAs and PC genes using the
R package circlize v.0.4.15. This information was displayed on a
circular density plot using the same R package. After that, the per-
centage of the genome covered by each category (lncRNAs and
PC genes) was obtained using bedtools genomecov v.2.27.1
(Quinlan & Hall, 2010). In addition, high-density regions (HDR) of
the four classes of lncRNAs and PC genes were identified consid-
ering a window size of 100 Kb. In each case, the threshold was
defined as (i) the mean genomic density across all windows, (ii)
multiplied by 1.5, and (iii) rounded up. All windows above their
corresponding threshold were considered HDRs. Finally, we calcu-
lated the percentage of HDRs of PC genes that overlap with HDRs
of each class of lncRNA.

Molecular properties comparison

Potential lncRNAs and PC genes were compared using five fea-
tures: GC content, exon number, length, expression level, and
repeat content. The first three features were obtained previously
during the creation of the database. Expression level was calcu-
lated using the pseudoaligner salmon in mapping-based mode to
quantify both transcript categories considering strandedness
information (�l <Strandedness salmon code>). The relative tran-
script abundance was estimated in units of Transcripts Per Million
(TPM), normalized by transcript length and library size. To ana-
lyze, the repeat content repeat calling was performed using
RepeatModeler v.2.0.3 (Flynn et al., 2020) and RepeatMasker
v.4.1.3-p1 (Flynn et al., 2020) on the cucurbit genomes. Then, bed-
tools intersect was used to calculate the proportion of each tran-
script in both categories covered by the repeat regions found. In
addition, a third category of sequences corresponding to random
intergenic genome regions (500 bp in length) was included to
assess the GC content and repeat content. This new category was
obtained using bedtools random (-l 500 -n 25 000) on the cucurbit
genomes, and bedtools intersected to select those random
sequences that do not match any of the other two categories.

Evolutionary conservation analysis

We assessed evolutionary relationships between predicted
lncRNAs across species at the sequence and positional level. To
analyze the conservation at the sequence level, pairwise align-
ments between species were performed using BLASTn. To do
this, we built a custom BLAST database for the set of lncRNAs of
each species. Then, each set of lncRNAs was aligned against each
database with BLASTn (�strand plus) using a relatively

� 2024 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
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nonstringent e-value threshold of 1e-5, and the best-matched
query-target pair was selected. After that, orthologous gene-pairs
were identified based on Reciprocal Best Hits (RBH), and subse-
quently we ran OrthoFinder v.2.5.4 (Emms & Kelly, 2019) based on
the Markov Cluster (MCL) algorithm to infer the putative lncRNA
orthologous families across species using RBHs information. To
analyze the conservation at the positional level, a syntenic
approach developed and validated in Pegueroles et al. (2019) was
implemented. This computational strategy identifies lncRNAs
from different species that share the same genomic context, that
is, those surrounded by 1:1 orthologous PC genes. Therefore, we
first ran OrthoFinder to infer high-quality 1:1 orthologous PC
genes in the analyzed species using the peptide sequences down-
loaded from CuGenDB. Next, pairwise comparisons between spe-
cies were performed to search for syntenic relationships between
lncRNAs. Once the orthologous genes were established, we used
a previously developed and validated approach (Pegueroles
et al., 2019) to identify lncRNAs from different species that share a
genomic context comparable using the previously identified 1:1
orthologous PC genes. The code was automated so that we could
compare as many species as we wanted to, and avoid any prob-
lem related to species names. Regarding the parameters, we kept
the same as previously to compare the genomic context of
lncRNAs between two different species: (i) Consider three tran-
scripts on each side of a given lncRNA, (ii) a minimum of overall
three shared PC genes (orthologs) and, (iii) a minimum of one
shared PC gene on each side of a given lncRNA. Finally, pairwise
syntenic lncRNAs were classified into clusters across species
called syntenic families.

In addition, MEME v.5.5.1 from the MEME Suite (Bailey,
Johnson, Grant, & Noble, 2015) was used to identify conserved
sequence motifs within the previously identified syntenic families.
As parameters, we selected classic objective function, oops distri-
bution, and a motif width between 6 and 50 nucleotides. Only
motifs with an e-value <0.05 were considered significant. As previ-
ously (Hovhannisyan & Gabald�on, 2021), we assessed the differ-
ences between the identified number of syntenic families with
shared motifs and the random expectation. To do this, we ran-
domly chose lncRNAs to generate 50 simulated datasets with the
same number and size of lncRNA families as the real dataset, pre-
serving the number of lncRNAs per species observed in the real
syntenic families. Then, we scanned the sequences of lncRNAs of
these simulated families for motifs as described above.

Tissue-specificity analysis

The tissue-specificity analysis was performed individually per RNA-
seq experiment. Therefore, we first selected those experiments that
had at least three different tissues in order to increase the robust-
ness of the analysis. Next, we generated a table corresponding to
the mean expression level (in TPM) of each potential lncRNA and
PC gene per tissue. To be stringent, those transcripts that did not
have more than 1 TPM in any of the tissues were filtered out.
Finally, we used the Python API of the tissue-specificity calculator
tool tspex (https://github.com/apcamargo/tspex) to obtain the
tissue-specificity metric Tau (Kryuchkova-Mostacci & Robinson-
Rechavi, 2017), which describes in a single value how tissue-
specific or ubiquitous is a gene across all tissues, ranging from 0
(broadly expressed genes) to 1 (highly tissue-specific genes).

Differential expression analysis in stress response and

development

Given the regulatory role of lncRNAs in various developmental
processes and stress responses (biotic and abiotic), all the

projects present in this study related to both cases were selected
for differential expression analysis (DEA). We first prepared the
metadata to be able to carry out all pairwise comparisons (stress
vs. control and late development stage vs. early development
stage). Comparisons in which a condition had less than 2 repli-
cates were discarded. Then, DEA was conducted by the R package
DEseq2 (Love, Huber, & Anders, 2014), testing PC genes and
potential lncRNAs. All p-values were adjusted by the false discov-
ery rate (FDR), and only transcripts with an adjusted P-value ≤0.05
were considered differentially expressed.

Analysis of the correlation in the expression between PC

genes and lncRNAs

To analyze if predicted lncRNAs and neighboring genes are co-
expressed, we calculated the correlation in the expression of
lincRNAs and PC genes with their closest upstream and/or down-
stream PC gene, and of NAT-lncRNAs with their cognate PC gene.
In order to do this, we based our approach on the strategy used
by Palos et al. (2022). Only gene expression datasets from the
three most studied cucurbit species (C. melo, C. sativus, and C.
lanatus) were used. These gene expression datasets, which con-
tain all samples from a study’s control group and its associated
noncontrol samples, were filtered by low variance; that is, genes
with a high median absolute deviation score were retained (top
25%). After that, genes were variance-stabilized in DESeq2 and fil-
tered again to keep only genes present in the adjacent pairs previ-
ously created using bedtools closest v.2.27.1. Then, Pearson
correlation coefficients (PCC) of expression were calculated using
the R package stats. As a control, two sets of random gene pairs
(n = 1500) from each gene expression dataset were generated
from all pairwise correlations using the slice_sample function
from the R package dplyr v.1.1.4. The first set of random gene
pairs was composed of lincRNAs and PC genes, while the second
set was composed of NAT-lncRNAs and PC genes of different
strands to avoid strand bias.

To check if the distance of the gene pairs has an influence on
the correlation, we generated all possible gene pairs (lincRNA-PC
gene and PC gene-PC gene) within defined distances using bed-
tools intersect v.2.27.1 (Palos et al., 2022). The distances tested in
this analysis were 1000, 2000, 5000, 10 000, 20 000, 50 000, and
10 000 bp of each other, and the Pearson correlation coefficients
were calculated in the same way as in the previous analysis. In
this case, random gene pairs were not created to avoid distance
biases.
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annotation files of the identified lncRNAs are also available
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(Table S1).
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Figure S1. Genome coverage of the assembled transcripts in the
family Cucurbitaceae.

Figure S2. Analysis of linear correlation between intergenic
regions and lincRNAs.

Figure S3. Genomic distribution of protein-coding genes and the
predicted lncRNAs in cucurbits.

Figure S4. Genome coverage of protein-coding genes and the pre-
dicted lncRNAs in the family Cucurbitaceae.

Figure S5. High-density regions of protein-coding genes and the
predicted lncRNAs across cucurbit genomes.

Figure S6. Molecular properties of the lncRNAs identified in each
cucurbit species.

Figure S7. Molecular properties of the four lncRNA classes identi-
fied in each cucurbit species.

Figure S8. Predicted lncRNAs exhibit lower sequence
conservation.

Figure S9. Detailed information about syntenic relationships of
lncRNAs positionally conserved in seven to nine cucurbit species.

Figure S10. Syntenic relationships of lncRNAs positionally con-
served in two or three cucurbit species.

Figure S11. Syntenic relationships of lncRNAs positionally con-
served in four to six cucurbit species.

Figure S12. Syntenic lncRNAs exhibit modular structure.

Figure S13. Expression of tissue-specific lncRNAs across tissues.

Figure S14. Expression of the identified lncRNAs per cucurbit spe-
cies considering different tissues, developmental stages, and
stress conditions.

Figure S15. LincRNA/NAT-lncRNA influence on nearby/cognate
gene expression in each cucurbit species.

Figure S16. Positive correlation between a syntenic HC-NAT-
lncRNA and its cognate protein-coding gene related to phloem
development.

Table S1. Detailed description of the downloaded cucurbit dataset
during data recovery and pre-processing steps.

Table S2. Detailed description and global landscape of the
lncRNAs predicted in cucurbits.

Table S3. Detailed information about the genome covered by pre-
dicted lncRNAs and protein-coding genes in the family
Cucurbitaceae.

Table S4. Detailed information about the molecular properties of
the lncRNAs identified in cucurbits.

Table S5. Detailed information about lncRNA conservation at
sequence, positional and motif level in the family Cucurbitaceae.

Table S6. Details of the dataset used for expression analysis in dif-
ferent tissues, developmental stages and stress conditions.

Table S7. Detailed information about the cucurbit lncRNA expres-
sion associated to plant tissues, developmental stages, and stress
conditions.

Table S8. Detailed information about the expression correlation
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