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ABSTRACT

Whole-genome duplications are an important source of evolutionary novelties that change the mode and
tempo at which genetic elements evolve within a genome. The Cucurbita genus experienced a whole-
genome duplication around 30 million years ago, although the evolutionary dynamics of the coding
and noncoding genes in this genus have not yet been scrutinized. Here, we analyzed the genomes of
four Cucurbita species, including a newly assembled genome of Cucurbita argyrosperma, and compared
the gene contents of these species with those of five other members of the Cucurbitaceae family to
assess the evolutionary dynamics of protein-coding and long intergenic noncoding RNA (lincRNA) genes
after the genome duplication. We report that Cucurbita genomes have a higher protein-coding gene
birth-death rate compared with the genomes of the other members of the Cucurbitaceae family. C. argyr-
osperma gene families associated with pollination and transmembrane transport had significantly faster
evolutionary rates. lincRNA families showed high levels of gene turnover throughout the phylogeny, and
67.7% of the lincRNA families in Cucurbita showed evidence of birth from the neofunctionalization of pre-
viously existing protein-coding genes. Collectively, our results suggest that the whole-genome duplica-
tion in Cucurbita resulted in faster rates of gene family evolution through the neofunctionalization of
duplicated genes.
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The Genome of Cucurbita argyrosperma

INTRODUCTION

Cucurbita is a genus with global agronomic relevance (Lira et al.,
2016; Paris, 2016) and is one of the angiosperm genera with the
highest number of independent domestication events (Nee,
1990; Zheng et al., 2013; Castellanos-Morales et al., 2018).
Recent advances in the study of Cucurbita spp. genomes
revealed a recent whole-genome duplication around 30 million
years ago (Mya) in the common ancestor of the genus
(Montero-Pau et al., 2017; Sun et al., 2017).

Genome duplications are important sources of evolutionary nov-
elties in plants, since redundant elements in a genome can
develop novel functions in a process called neofunctionalization
(Ganfornina and Sanchez, 1999; Magadum et al., 2013). It is
expected that a lineage that experienced a recent whole-
genome duplication would have different gene evolution
dynamics compared with other closely related species with
non-duplicated genomes (Ponting et al., 2009; Magadum et al.,
2013).

Even though the genomic footprints of a whole-genome duplica-
tion are strong in Cucurbita, the numbers of predicted protein-
coding genes in Cucurbita genomes are roughly similar to those
in other genomes of the Cucurbitaceae family (Huang et al.,
2009; Garcia-Mas et al., 2012; Guo et al., 2012; Montero-Pau
et al., 2017; Sun et al., 2017; Urasaki et al., 2017; Wu et al.,
2017). This apparent lack of duplicated coding genes could be
the result of “pseudogenization” processes, implying a loss of
redundant genes throughout the evolution of the Cucurbita
genomes, either by the accumulation of mutations resulting in
loss of function or fractionation due to intrachromosomal
recombination (Sun et al., 2017). However, duplicated coding
genes can also evolve to perform novel functions through
positive selection (Wang et al., 2015). These novel functions are
not necessarily limited to the emergence of new protein-coding
elements, since protein-coding genes can also evolve into regu-
latory elements as noncoding RNAs (Chen and Rajewsky, 2007).
Most of the transcriptional activity in eukaryotes generates
noncoding RNAs (Smith and Mattick, 2017), whose abundance
correlates positively with organismal complexity, whereas the
abundance of protein-coding genes does not scale with
complexity (Liu et al., 2013). A particular category of noncoding
transcripts called long noncoding RNAs (IncRNAs) seem to play
critical roles in eukaryotic development and differentiation
(Smith and Mattick, 2017).

IncRNAs are a heterogeneous group of noncoding RNAs larger
than 200 nucleotides that lack coding potential (Mercer et al.,
2009; Ulitsky, 2016). IncRNAs act as master regulatory genes,
mainly through the recruitment of chromatin modifiers in the
nucleus, such as DNA methyltransferases and histone
posttranslational modifiers (Fatica and Bozzoni, 2014; Smith and
Mattick, 2017), although IncRNAs can also act in the cytoplasm
through sequence complementarity to other RNA molecules and
the modulation of mMRNA stability (Fatica and Bozzoni, 2014). In
plants, IncRNAs are involved in several biological functions,
including organ development, flowering and vernalization,
phosphate homeostasis, photomorphogenesis, response to
biotic and abiotic stress conditions such as heat stress and
response to phytopathogens, alternative splicing of protein-
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coding genes, nodule formation, and cell-wall

(Chekanova, 2015; Liu et al., 2015).

synthesis

Studies regarding the evolutionary dynamics of IncRNAs are
limited despite their evident importance in plant biology, due to
a traditional focus on protein-coding genes in genome-wide
studies (Ulitsky, 2016; Nelson et al., 2017). Furthermore,
evolutionary analyses of these genes have been limited due to
a lack of conservation at both the sequence level and the
secondary structure level (Ulitsky, 2016), and research on their
origin and evolution is still scarce (see Necsulea et al., 2014;
Nelson et al., 2016; Zhao et al., 2018). Several hypotheses have
been proposed to explain the emergence of new IncRNAs,
such as the neofunctionalization of duplicated protein-coding
genes, co-option of transposable elements in the genome, dupli-
cation followed by neofunctionalization from other IncRNAs, and
de novo emergence (Kapusta et al., 2013). Previous studies have
suggested that whole-genome duplications can lead to faster
rates of evolution in IncRNA families (Ponting et al., 2009;
Nelson and Shippen, 2015).

This study focuses on the effects of the Cucurbita-wide genome
duplication on the evolutionary dynamics of both protein-coding
and long intergenic noncoding RNA (lincRNA) genes in the Cucur-
bita genus. We propose that the Cucurbita genomes have faster
gene evolutionary dynamics, including higher rates of gene birth
and death, than the genomes of other members of the Cucurbita-
ceae family due to this whole-genome duplication. We expected
that species belonging to the Cucurbita genus might have expe-
rienced several recent lincRNA birth events due to the whole-
genome duplication (Ponting et al., 2009; Nelson and Shippen,
2015). We also analyzed the possibility that the duplication of
protein-coding genes and posterior neofunctionalization may
be a source of new lincRNA genes in Cucurbita (Kapusta et al.,
2013). We explored these hypotheses by analyzing four
Cucurbita genomes, including our novel genome assembly of
Cucurbita argyrosperma ssp. argyrosperma, commonly known
as cushaw or silver-seed gourd in English and “calabaza pipiana”
in Spanish (Lira et al., 2016), by comparing the coding and
noncoding genes in these genomes with those in other genome
assemblies reported for the Cucurbitaceae family.

RESULTS

Cucurbita argyrosperma Genome and Transcriptome

We sequenced the genome of C. argyrosperma ssp. argyro-
sperma using three sequencing platforms: lllumina HiSeq2000,
lllumina MiSeq, and PacBio RS Il (see Supplemental Methods
for detailed information on the genome and transcriptome
sequencing). We obtained 38.4 Gb of data from HiSeq2000,
13.1 Gb from MiSeq, and 11.4 Gb from PacBio RS Il. After
applying quality filters to the data (see Supplemental Methods
for detailed parameters) and filtering organelle reads, we
obtained ~120x high-quality sequence coverage with the
lllumina reads and ~31Xx coverage with the PacBio reads. We
estimated the genome size of C. argyrosperma to be ca. 238
Mb using KmerGenie (Chikhi and Medvedev, 2014).

The chloroplast genome was assembled into a single circular
contig of 157 623 bp and had the typical structures of a
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Assembly size 228 814 150 bp

No. of scaffolds 920

Longest scaffold 2 746 581 bp
Nso of scaffolds 620 880 bp
Lsg of scaffolds 103

No. of scaffolds >1 kbp 920 (100.0%)
No. of scaffolds >10 kbp 903 (98.2%)

No. of scaffolds >100 kbp 455 (49.5%)

No. of contigs 1481
Longest contig 2172 140 bp
Nso of contigs 463 388 bp
Lsg of contigs 132

No. of contigs >1 kbp 1481 (100.0%)

1417 (95.7%)

No. of contigs >10 kbp

No. of contigs >100 kbp 493 (33.3%)
CG content 36.22%
lllumina read coverage 120%
PacBio read coverage 31x

No. of protein-coding genes 28 298
Protein-coding gene average size 3457 bp
Protein-coding gene median size 2627 bp
No. of tRNAs 4387

No. of long noncoding intergenic RNAs 6124

Table 1. Cucurbita argyrosperma ssp. argyrosperma Genome
Assembly Statistics.

chloroplast genome: a large single-copy region, a small single-
copy region, and two inverted repeats (Daniell et al., 2016). The
mitochondrial genome was assembled into 17 scaffolds
composed of 1 062 053 bp and showed several instances of
chloroplast sequence insertions, as previously described for the
mitochondrial genome of Cucurbita pepo (Alverson et al., 2010).

We assembled the C. argyrosperma nuclear genome into 920
scaffolds (1481 contigs), with an Nso of 620 880 bp (Table 1).
The total length of the assembled scaffolds was ~229 Mbp,
around 96% of the estimated size of the genome and similar
to the assembly size of previously reported Cucurbita
genomes (Montero-Pau et al., 2017; Sun et al., 2017). Genome
completeness was assessed by finding single-copy
orthologous genes conserved in embryophytes (1440) using
BUSCO (Siméo et al., 2015). We found complete sequences for
93.2% (1342) of the BUSCO genes and fragmented sequences
for 0.9% (13) of the BUSCO genes within the C. argyrosperma
genome assembly, suggesting a high level of assembly
completeness. We also found that 80.5% of the lllumina reads
and 100% of the PacBio reads used for genome assembly
mapped against the assembled scaffolds, indicating that most
of the sequenced genome is present in the nuclear assembly.

We sequenced the C. argyrosperma transcriptome using lllumina
HiSeq2000, obtaining 51 Gb of RNA sequencing (RNA-seq) data.
We mapped 90.69% of the transcriptome reads back to either the
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nuclear or the organelle assemblies, indicating a high level of
genome completeness. The transcriptome was assembled both
de novo (Grabherr et al., 2011) and using a genome-guided as-
sembly (Pertea et al., 2015) to aid in the prediction of gene
models. We predicted 4387 tRNAs and 28 298 protein-coding
genes within the genome assembly, numbers similar to those re-
ported in C. pepo, Cucumis sativus, and Cucumis melo (Huang
et al., 2009; Garcia-Mas et al., 2012; Montero-Pau et al., 2017)
(Table 1). 78.9% of the protein-coding genes were functionally
annotated using InterProScan (Jones et al., 2014; Supplemental
Data 4), where 51.7% of the genes could be assigned with at
least one gene ontology (GO) term (Ashburner et al., 2000; The
Gene Ontology Consortium, 2017).

We predicted ~78 Mbp of transposable elements (TEs) within the
C.argyrosperma genome, corresponding to 34.1% of the genome
assembly. This proportion of TEs is similar to those found within
the genomes of C. pepo (93 Mbp, 37.8% of the genome assem-
bly), Cucurbita maxima (107 Mbp, 40.3%), and Cucurbita mo-
schata (106 Mbp, 40.6%) (Montero-Pau et al., 2017; Sun et al.,
2017). Of the 78 Mbp of TEs, 93.6% correspond to RNA
transposons, with most being LTR retrotransposons (49.09%)
and LARD retrotransposons (29.36%). Just 1.95% of the
observed TEs correspond to DNA transposons, and 4.44%
correspond to unidentifiable TEs (Supplemental Table 1). The
dominance of LTR retrotransposons within the genome of C.
argyrosperma is similar to that in C. pepo (50.7%) (Montero-Pau
et al., 2017), C. moschata (62.9%), and C. maxima (69.9%) (Sun
et al., 2017), revealing that TE families remained relatively stable
within the Cucurbita genus.

Phylogeny and Evolution of Protein-Coding Gene
Families

We compared the protein-coding genes of C. argyrosperma with
those of C. pepo (Montero-Pau et al., 2017), C. moschata, and
C. maxima (Sun et al., 2017); as well as other genera in the
Cucurbitaceae family, C. sativus (Huang et al., 2009), C. melo
(Garcia-Mas et al., 2012), Citrullus lanatus (Levi et al., 2011),
Lagenaria siceraria (Wu et al., 2017), and Momordica charantia
(Urasaki et al., 2017), to assess protein-coding gene family ex-
pansions and contractions within the Cucurbitaceae family, as
well as within the Cucurbita genus. We used Fragaria vesca
(Edger et al., 2018) and Juglans regia (Martinez-Garcia et al.,
2016) as outgroups.

We retrieved 23 247 protein-coding gene families, of which only
11 961 families included at least one homolog conserved in two
or more different species; the remaining families were exclusive
to a single species (Supplemental Figure 1). We found 698 gene
families that remained multicopy within Cucurbita after the
whole-genome duplication, and these families were functionally
enriched (p < 0.01) in intracellular protein transport. We also
found 858 gene families that remained a constant size throughout
Cucurbita and the other Cucurbitaceae species, although we
found no functional enrichment within these families. We identi-
fied 369 gene families as single-copy orthologs conserved in all
Cucurbitaceae and outgroup species, which were used to
obtain a time-calibrated phylogeny needed for gene family
evolution analyses. The resulting species tree had approximate
likelihood-ratio test (Ansimova and Gascuel, 2006) support
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Figure 1. Dated Phylogeny of the Cucurbitaceae Family with Protein-Coding Gene Family Expansions and Contractions per Branch.

The phylogeny was generated with 369 single-copy orthologous genes. Fossil evidence was used to calibrate the basal node of the tree (green hexagon).
The pie charts and the percentages at every branch of the tree indicate whether a gene family expanded (red), contracted (blue), or remained the same
size (gray). The yellow stars indicate the estimated ages of the whole-genome duplication events in the Cucurbita genus (Montero-Pau et al., 2017) and in
Juglans regia (Luo et al., 2015). The black arrows indicate the change from a basal gene birth/death rate (1) in the most recent common ancestor of the
phylogeny to a faster gene birth/death rate after the whole-genome duplication in Cucurbita. Every node in the phylogeny has an approximate likelihood-

ratio test (aLRT) support value of 100%.

values of 100% at every node. The dated phylogeny with hishest
posteior densities (HPS + 95% confidence interval) obtained
using mcmctree (Yang, 2007) supports a divergence time
between C. argyrosperma and its sister species C. moschata of
around 3.98 + 1.7 Mya, while the divergence between
Cucurbita and Benincaseae (C. sativus + C. melo + C. lanatus +
L. siceraria; Schaefer et al., 2009) happened around 32.9 + 11
Mya (Figure 1), concordant with the expected age of the whole-
genome duplication event in Cucurbita, approximately 30 + 4
Mya (Montero-Pau et al.,, 2017). The crown node of the
included Cucurbitaceae species was dated at 44.1 + 14 Mya.

We performed likelihood-ratio tests to compare the likelihood
score of a global gene birth—-death rate parameter (\) across the
tree against multiple A values throughout the phylogeny.
A model with a change in A within Cucurbita had a significantly
higher log-likelihood (—193 746.504) than a single A
(—198 328.178) throughout the tree (Figure 1 and Supplemental
Figure 2). After accounting for genome assembly and
annotation error rates, we found that the gene birth-death rate
was twice as high in Cucurbita (A = 0.01397) than in the rest of
the phylogeny (A = 0.00659).

We detected phylogenetic inconsistencies in gene content within
Cucurbita, with some genomes containing ~32 000 protein-
coding genes and others containing ~28 000 genes
(Supplemental Table 2). To account for possible errors in gene
prediction, we repeated the gene family analysis using only
high-quality protein-coding gene predictions with annotation
edit distances (eAED) lower than 0.5 (Yandell and Ence, 2012;
Campbell et al., 2014) to eliminate low-quality gene models. We

found a similar number of high-quality gene models in all Cucur-
bita genomes, which is much closer to the total number of pre-
dicted genes in C. pepo and C. argyrosperma (Supplemental
Table 2). Even after discarding low-quality gene models, A was
still twice as high in Cucurbita (0.01188) than in the rest of the phy-
logeny (0.00566) (Supplemental Figures 3 and 4).

We found significantly rapid changes in gene family sizes (p <
0.01) throughout most of the branches within the phylogeny
(Figure 1). We found that the branch leading to the crown node
of the Cucurbita genus and the terminal branch of C.
argyrosperma had unusually high rates of gene family evolution
(Figure 1). Even though just a small number of gene families
showed significantly rapid (o < 0.01) levels of change in the
branch leading to the crown node of Cucurbita (six gene
families), this branch had the second highest number of gene
family changes within the entire phylogeny (Figure 1).
Surprisingly, the terminal branch of M. charantia showed the
highest number of gene family changes in the whole phylogeny
(Figure 1), although there were only a few gene families with
significantly rapid changes (27 gene families). Furthermore, the
proportion of gene families that either expanded or contracted
in the terminal branches of Cucurbita was higher compared
with the proportion of gene families that either expanded or
contracted in the terminal branches of Benincaseae (Figure 1).

The terminal branch of C. argyrosperma had an unusually
high number of gene families with significantly rapid expansions/
contractions (327 families). However, most of the rapidly evolving
gene families within C. argyrosperma underwent contrac-
tions (78.3%), rather than expansions (21.7%). After performing
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GO ID GO term FDR p value
Significantly expanded protein-coding gene families

GO:0007018 Microtubule-based movement <1.729E-27
G0:0006270 DNA replication initiation 7.8E—16
GO0:0006855 Drug transmembrane transport 4.6E-05
GO0:0007010 Cytoskeleton organization 0.00346
Significantly contracted protein-coding gene families

GO0:0042545 Cell-wall modification <1.729E-27
GO:0006979 Response to oxidative stress <1.729E-27
GO:0055114 Oxidation-reduction process <1.729E-27
G0:0009733 Response to auxin <1.729E-27
GO0:0030244 Cellulose biosynthetic process 2.2E-22
G0:0006508 Proteolysis 1.2E-17
G0:0006887 Exocytosis 3.9E—06
G0:0006855 Drug transmembrane transport 4.7E-05
G0:0003333 Amino acid transmembrane transport 0.00048
GO0:0005992 Trehalose biosynthetic process 0.00064
G0:0048544 Recognition of pollen 0.00064
GO0:0005975 Carbohydrate metabolic process 0.00453
G0:0071577 Zinc Il ion transmembrane transport 0.00939

Table 2. Enriched Biological Functions of Rapidly Evolving Protein-Coding Gene Families in C. argyrosperma.

a GO enrichment analysis, we found four overrepresented biolog-
ical functions associated with the significantly expanded families
in C. argyrosperma (Table 2), including microtubule-based move-
ment in families mainly composed of proteins with kinesin motor
domains, and drug transmembrane transport in families mainly
composed of villin/gelsolin proteins. We also found 13 overrepre-
sented biological functions associated with the significantly con-
tracted families in C. argyrosperma (Table 2), including cell-wall
modification in families mainly composed of pectinesterases,
response to oxidative stress, oxidation-reduction processes,
recognition of pollen, exocytosis, and several processes associ-
ated with transmembrane transport. Curiously, drug transmem-
brane transport was enriched in both significantly expanded fam-
ilies and significantly contracted families, which were composed
mainly of multi-antimicrobial extrusion proteins.

lincRNA Prediction and Analysis

We used Evolinc-I (Nelson et al., 2017) to predict lincRNAs within
the genome assembly of C. argyrosperma, as well as the
genomes of C. maxima, C. moschata, C. pepo, C. melo, C.
sativus, C. lanatus, and L. siceraria. The predicted lincRNAs
were compared against the protein-coding gene transcripts of
each genome to determine the percentage of lincRNAs produced
from the neofunctionalization of duplicated protein-coding se-
quences. We also compared the predicted lincRNAs against
the RepBase (Bao et al., 2015) sequences from eudicots to
determine the percentage of lincRNAs produced from the
neofunctionalization of TEs within each genome.

Since most of the species transcriptomes used to predict
lincRNAs had differences in the organs sequenced, as well as
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differences in sequencing depth and library construction (see
Supplemental Table 3), each species had a different number of
predicted lincRNAs (Supplemental Table 2), and these numbers
could not be directly compared. However, we expect that the
proportion of lincRNAs derived from protein-coding genes and
TEsrelative to the total number of predicted lincRNAs in agenome
remains relatively constant, despite differences in the RNA-seq
strategy. Hence, we compared this proportion between Cucurbita
species and the other species within Cucurbitaceae. Despite the
differences in the number of predicted lincRNAs, the percentage
of protein-coding-derived lincRNAs was roughly similar between
Cucurbita species, while there was more variance in this
proportion between the other cucurbits (Figure 2). We found a
higher percentage of protein-coding-derived lincRNAs in
Cucurbita species than in other cucurbits (Figure 2; p = 0.041),
which fits the coding-to-noncoding neofunctionalization hypothe-
sis (Kapusta et al., 2013). However, the proportion of TE-derived
lincRNAs was lower in the Cucurbita genus compared with the
other taxa of the Cucurbitaceae family (Figure 2; p = 0.013).

We analyzed the evolution of lincRNA families across the
Cucurbitaceae family by using the C. argyrosperma predicted
lincRNAs as queries to search for homologs within all the
analyzed genomes. We compared the lincRNA homologs of
each lincRNA family against the protein-coding genes and the
Evolinc-l predicted lincRNAs for each species to assess the
relationship between lincRNAs and protein-coding genes, as
well as to assess the transcriptional potential of the lincRNA ho-
mologs. Since the evolutionary proximity of C. argyrosperma to
the other Cucurbita species can lead to erroneous inferences
about lincRNA family expansion in this genus, we also used the
predicted lincRNAs of C. lanatus as sequence queries in the
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Figure 2. Differences in the Proportion of incRNAs Associated
with Protein-Coding Transcripts (Red) and Transposable
Elements (Blue) between Four Cucurbita Genomes

(C. argyrosperma, C. moschata, C. maxima, and C. pepo) and
Five Genomes of Other Cucurbit Species (C. sativus, C. melo,
C. lanatus, L. siceraria, and M. charantia).

Cucurbita spp. show a higher proportion of protein-coding gene-derived
lincRNAs compared with other members of the same family (p = 0.041),
whereas the proportion of transposable element (TE)-derived lincRNAs is
lower in Cucurbita compared with the other cucurbit species (p = 0.013).

lincRNA family analysis to assess whether the patterns observed
within Cucurbita were determined by the effect of lincRNA turn-
over throughout the phylogeny (Ulitsky, 2016).

We retrieved 5466 C. argyrosperma lincRNA families, of which
67.7% showed evidence of protein-coding gene neofunctionali-
zation throughout their phylogenies, while only 32.3% were
exclusively composed of noncoding elements. In contrast to
the C. argyrosperma lincRNA gene families, we found that
34.3% of the 5231 C. lanatus lincRNA families had evidence of
protein-coding neofunctionalization, while 65.7% were exclu-
sively composed of noncoding elements. To assess the level of
lincRNA conservation across the Cucurbitaceae family, we only
used the subset of lincRNAs whose families were solely
composed of noncoding elements, since protein-coding-derived
lincRNAs can be traced to homologous protein-coding genes in
distantly related taxa, therefore leading to overestimation of the
conservation of lincRNAs throughout the phylogeny. This anal-
ysis showed that the conservation of lincRNAs between C. argyr-
osperma and the rest of the analyzed species steadily declines
with phylogenetic distance, with an average of 2.27% of lincRNA
homologs lost per million years (Figure 3A).

75.9%-92.4% of the lincRNAs found in C. argyrosperma had at
least one homolog within the genomes of the other Cucurbita spe-
cies, with an average lincRNA loss rate of about 2.4% per million
years. Just 4.3%-8.8% of the lincRNA families had homologs
within the genomes of species belonging to Benincaseae, whereas
6.5% of the lincRNA families had homologs within the genome of
M. charantia, which is a higher percentage than that observed in
some species belonging to Benincaseae. Just 1.2% of the lincRNA
families in J. regia and 0.3% of those in in F. vesca were retained,
and only five lincRNA homologs were conserved in both species.
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Despite the general trend between phylogenetic distance and
lincRNA loss, the average rate of lincRNA loss between C. argyr-
osperma and Benincaseae increased to 2.8% per million years
and then declined to around 2.1% per million years in M. charan-
tia and to 0.96% per million years in the outgroup species. The
decline in lincRNA conservation with respect to phylogenetic dis-
tance could also be observed for C. lanatus lincRNAs, with an
average loss rate of 2.54% per million years in the whole
phylogeny (Figure 3B), although the percentage of retained
lincRNAs in J. regia and F. vesca was higher (2.3% and 0.7%
respectively). The average rate of lincRNA loss between
C. lanatus and Cucurbita was also around 2.8% per million
years. However, the lincRNA loss rate within Benincaseae was
approximately 3.4% per million years, the highest rate
observed in the study. The loss rate also declined in M.
Charantia to around 2% per million years and to 0.95% per
million years in the outgroup species.

Some C. argyrosperma lincRNA families showed a high degree of
conservation within Cucurbitaceae, that is, every species had at
least one representative gene within the family (1016 families).
While most of these conserved lincRNA families had at least
one protein-coding gene within its phylogeny (95.17%), a small
percentage of the families showing a high degree of conservation
were composed of putatively noncoding elements (4.82%). We
found that seven of these putatively noncoding families were pre-
sent as single-copy orthologs within Cucurbitaceae, and the
members of these families were mostly predicted independently
as lincRNAs with Evolinc-I, that is, using transcriptional evidence
(Figure 4A). The five lincRNAs that were shared between
C. argyrosperma and both outgroup species showed complex
evolutionary histories, with several instances of duplications
and losses, and none of them were conserved in all the
analyzed species (e.g., Supplemental Figure 5).

Our analyses show a high rate of lincRNA family birth within the
Cucurbita genus (Figure 4B). 55.94% of the lincRNA families
were exclusively found in the Cucurbita genus. Of these gene
families, 78.87% were present in all four Cucurbita species and
just 1.7% were exclusive to C. argyrosperma. We found a
similar pattern for the C. lanatus lincRNA families, where
64.61% were exclusively found in Benincaseae. However,
47.24% of these lincRNA families were exclusive to C. lanatus,
and only 10.47% were present in all four species.

Many of the C. argyrosperma lincRNA families (61.2%) showed
signals of gene duplication within the Cucurbita genus. Many
of these families showed symmetric expansion within Cucur-
bita (1948 families), that is, expansion where the number of
lincRNA genes remained constant within Cucurbita but at least
two-fold higher with respect to the rest of the Cucurbitaceae
species (Figure 4C). This pattern is not a product of the
phylogenetic distance between Cucurbita species, as it could
also be seen within the Cucurbita clade when analyzing
the C. lanatus lincRNA families (53 families, Supplemental
Figure 6). Most of the lincRNA families with symmetric
expansion within Cucurbita also showed evidence of protein-
coding neofunctionalization (62.26%). The phylogenies of
some of these families showed a duplication event corre-
sponding to the whole-genome duplication in Cucurbita,
where a protein-coding family gave rise to a lincRNA clade

Molecular Plant 12, 506-520, April 2019 © The Author 2019. 511



Molecular Plant

The Genome of Cucurbita argyrosperma

Percentage of homologous lincRNA loci identified

A 0 25 50 75 100
C. argyrosperma 100%
C. moschata 92.4%
2.45% loss per
C. pepo 87.5% million years
C. maxima 75.9%
L. siceraria
C. lanatus
2.84% loss per
— C. melo I4_7% million years
L C. sativus |4.3%
— . 2.12% loss per
M. charantia I6-5% million years
J. regia |1'2% 0.96% loss per
F. vesca ‘0_3% million years
160 Mya 7I5 Mya 5IO Mya ZIS Mya 6
Percentage of homologous lincRNA loci identified
B 0 25 50 75 100
C. lanatus 100%
L. siceraria
3.41% loss per
— C. melo . 17.3% million years
L— . sativus . 15.2%
C. maxima I8.3%
C. pepo I8.1°/
pep ° 2.79% loss per
C. moschata I8_1% million years
C. argyrosperma I7'6%
B M. charantia Ig 1% 2.06% loss per
’ million years
J. regia |2.3%
0.95% loss per
F vesca ‘0_7% million years
100 Mya 75 Mya 50 Mya 25 Mya 0

Figure 3. lincRNA Conservation across the Cucurbitaceae Family.
Each column alongside the phylogeny represents the percentage of homologs found within each cucurbit genome for the subset of lincRNAs without
homology to the predicted protein-coding genes in the genomes of (A) Cucurbita argyrosperma and (B) Citrullus lanatus. The percentage of conserved
lincRNAs between species declines drastically as the phylogenetic distance becomes larger, due to a high rate of lincRNA turnover (gene birth/death
rate). Only a small fraction of lincRNAs are conserved between Cucurbitaceae and the outgroup species. The average rate of lincRNA loss per million
years (right) is shown for the following clades: Cucurbita (red), Benincaseae (green), Momordica charantia (purple), and the outgroup species (gray).

(Figure 4D). After carefully inspecting one of these lincRNA
families (Carg_TCONS _00015392), we found high levels of
sequence conservation between the Cucurbita lincRNAs,
although no conservation of the length, the ORF, or the
codon structure of its protein-coding homolog was observed
(Figure 5A). We also found a thermodynamically stable
secondary structure in the lincRNA (Figure 5B and 5D),
whereas the homologous protein-coding transcript showed
lower structure stability, as well as signs of many equally sta-
ble structures throughout the transcript (Supplemental
Figure 7), despite both the lincRNA and protein-coding tran-
script having similar dinucleotide frequencies (Supplemental
Table 4). The structural stability of this lincRNA is even
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higher than that of one of the highly conserved lincRNAs
found in single copy throughout the Cucurbitaceae
(Carg_TCONS_00063022; Figure 5C and 5E).

DISCUSSION

The protein-coding gene content within the Cucurbita species
has remained relatively constant, despite the whole-genome
duplication that happened around 30 + 4 Mya (Montero-Pau
et al.,, 2017). However, our results indicate that this genome
duplication event had a profound effect on the gene
evolutionary dynamics within Cucurbita, namely, higher rates of
protein-coding gene family evolution and higher rates of
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Figure 4. Patterns of lincRNA Family Evolution throughout the Cucurbita Genus.
(A) Presence of single-copy orthologous lincRNAs with a high degree of conservation throughout the Cucurbitaceae family suggests these lincRNAs have

an essential biological function.

(B) Sudden duplication bursts (red diamonds) within the Cucurbita genus, as well as multiple gene losses (dotted branches), reveal a high rate of lincRNA

turnover.

(C) Duplication of lincRNA families associated with the whole-genome duplication in Cucurbita (red diamond).

(D) Neofunctionalization of protein-coding genes (blue bar) into the novel Carg_TCONS_00015392 lincRNAs (red bar) after the whole-genome duplication
in the Cucurbita genus (red diamond). Some lincRNAs were independently predicted based on homology using Evolinc-Il (triangles in terminal nodes) and
based on transcriptomic evidence using Evolinc-I (circles in terminal nodes), further supporting the transcription of these genes. The colors at the terminal

nodes indicate the species to which each gene belongs.

coding-to-noncoding gene neofunctionalization. This idea is
further supported by the concordance between the estimated
age of the whole-genome duplication and the divergence time
between Cucurbita and Benincaseae, as observed in our dated
phylogeny. The divergence times estimated in this study mostly
fall within the 95highest posterior density of previous phyloge-
netic studies, although our estimated ages within the Cucurbita
genus are slightly older (Schaefer et al., 2009; Castellanos-
Morales et al., 2018).

The whole-genome duplication within Cucurbita seems to be
responsible for the observed acceleration in the rate of protein-
coding gene family evolution, as almost half of the gene families
experienced either expansions or contractions in the branch lead-
ing to the crown node of the Cucurbita genus, with a higher propor-
tion of expansions than contractions. Furthermore, the terminal
branches in the Cucurbita genus also showed larger proportions
of gene family expansions and contractions compared with most
of the other cucurbit taxa. Finally, the rate of gene family birth/
death was two times higher in the Cucurbita clade compared
with the rest of the phylogeny. All this evidence points toward a
higher rate of gene family evolution in Cucurbita after the whole-
genome duplication event that happened around 30 Mya
(Montero-Pau et al., 2017). These patterns were observed
despite performing statistical corrections for genome assembly
and annotation errors during our gene family analyses, and were

also observed after filtering low-quality gene models, suggesting
that our results are robust to possible errors in gene model predic-
tions. Furthermore, the number of gene models obtained after
filtering low-quality gene models suggests that the real number
of protein-coding genes in Cucurbita may be closer to 28 000
(Montero-Pau et al., 2017) than 32 000 genes (Sun et al., 2017).

The terminal branch of J. regia showed a high proportion of gene
family expansion. These gene families have been previously
shown to be involved in the biosynthesis of nonstructural poly-
phenols (Martinez-Garcia et al., 2016). The genome of J. regia
also shows evidence of a whole-genome duplication that
happened around 60 Mya (Luo et al., 2015; Martinez-Garcia
et al., 2016), further suggesting that whole-genome duplications
are correlated with higher rates of gene family evolution.

The results of GO enrichment analysis of the rapidly evolving fam-
ilies suggest that several biological functions changed in C. argyr-
osperma in relation to other Cucurbita species. For instance, we
found a significant contraction in gene families associated with
the recognition of pollen as well as pectinesterases, which are
involved in pollen tube growth during pollination (Tian et al.,
2006). Both kinesin motor protein and villin/gelsolin protein
families, which expanded in C. argyrosperma, are also involved
in pollen tube growth during pollination (Su et al., 2007; Li et al.,
2012). Contraction and expansion of these families could be
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Figure 5. Manual Assessment of Primary and Secondary Structure in Some lincRNAs Found within the Genome of Cucurbita

argyrosperma.

(A) Part of a multiple sequence alignment between a protein-coding gene-derived lincRNA (Carg_TCONS_00015392; down) and the homologous protein-
coding gene transcripts (trafficking protein particle complex subunit 11; up). Each codon in the alignment is shown in a different color. Carg_T-
CONS_00015392 lincRNAs do not contain an open reading frame or show codon conservation, but orthologous lincRNA sequences are conserved

between species.

(B-C) Minimum free energy (MFE) structural predictions of (B) the protein-coding-derived lincRNA Carg_TCONS_00015392 and (C) the highly conserved

lincRNA Carg_TCONS_00063022.

(D-E) RNA base-pairing probability matrices showing the MFE structural prediction (below the diagonal) and all possible suboptimal pairings (above
the diagonal) for (D) Carg_TCONS_00015392 and (E) Carg_TCONS_00063022. Higher probabilities are represented as larger dots within the matrices.

associated with changes in reproductive isolation, since
reproductive barriers that prevent hybridization are more
stringent in C. argyrosperma than in its sister species, C.
moschata (Hurd et al., 1971). Pectinesterases are also involved
in cell-wall modification during fruit ripening, and changes in the
pectinesterase family could explain the differences in the
smoothness of the fruit flesh between C. argyrosperma and C.
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moschata. The reduction in the number of pectinesterases
within C. argyrosperma could have had an impact in its
domestication, since fewer genes were available for artificial
selection to act upon, possibly restricting its use to seed
consumption, unlike the rest of the domesticated Cucurbita
species whose ripened fruit flesh is commonly consumed (Lira
et al.,, 2016). A future comparison between the genomes of C.
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argyrosperma ssp. argyrosperma and C. argyrosperma ssp.
sororia will reveal whether this reduction in gene family size
happened before or after the domestication of this species.

Several contracted families were functionally enriched in exocy-
tosis and transmembrane transport functions, which are usually
involved in the release of secondary metabolites, hormones,
and numerous other compounds (Hedrich and Marten, 2006).
Interestingly, different multi-antimicrobial extrusion protein
families either expanded or contracted within the genome of
C. argyrosperma. This suggests an adaptive transition between
different families of multi-antimicrobial extrusion proteins,
perhaps related to changes in the geographic distribution of
C. argyrosperma from its ancestors (Castellanos-Morales et al.,
2018). Since multi-antimicrobial proteins are usually involved in
the removal of cytotoxic compounds (Eckardt, 2001), the levels
of these compounds could change alongside the geographic
distribution of the species, acting as selective pressures in
these gene families.

Some of the observed evolutionary dynamics within the lincRNA
families in Cucurbitaceae can be explained under a high-turnover
model of lincRNA evolution, such as the decline in lincRNA con-
servation as a function of phylogenetic distance and sudden
duplication bursts. These dynamics were observed in both the
C. argyrosperma and C. lanatus lincRNA families, suggesting
that gene duplication is a common mechanism of lincRNA birth
within the Cucurbitaceae family.

The average rate of lincRNA loss observed in the Cucurbitaceae
family is similar to that observed in the Brassicaceae family,
around 2.47% per million years (Nelson et al., 2016). However,
considerable variation can be observed within each clade in
both phylogenies. In the case of Cucurbitaceae, the loss rate
ranged from 2.8% per million years between Cucurbita and
Benincaseae to 2.1% per million years between Cucurbita and
M. charantia and 3.4% per million years within Benincaseae.
The differences in loss rate between Brassicaceae species are
even more drastic, ranging from 4.3% per million years between
Arabidopsis and Capsella to 2% per million years between
Arabidopsis and Brassica (Nelson et al., 2016). Even though the
total number of shared lincRNAs decreases with phylogenetic
distance, the loss rate seems to decrease between distantly
related taxa. In the case of Brassicaceae, the loss rate declined
to 1.5% per milion years between Arabidopsis and
Cleomaceae, which diverged 64 Mya (Nelson et al., 2016). In the
case of Cucurbitaceae, we found that the loss rate declined to
0.96% per million years between Cucurbitaceae and the
outgroup species. This decline could be explained by a survivor
bias, whereby the most biologically important genes are
conserved throughout distantly related taxa, thus slowing the
rate of lincRNA loss per million years. The rate of lincRNA loss
within Tetrapoda seems to be slower than in plants, as 3% of
the lincRNAs in humans are also present in chickens, which
diverged 300 Mya (Necsulea et al., 2014). The loss rate between
Cucurbita and Benincaseae was higher than the rate within
Cucurbita, as expected by the effect of the whole-genome dupli-
cation (Nelson and Shippen, 2015). However, the high loss rate
within Benincaseae was unexpected, since it was higher than
that observed between Cucurbita and Benincaseae. We
propose that the acceleration in the rate of lincRNA turnover
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within Benincaseae was caused by the multiple changes in
karyotype number throughout Benincaseae (Huang et al., 2009;
Levi et al., 2011; Garcia-Mas et al., 2012; Wu et al., 2017), which
are considered genomic disturbances that can accelerate this
rate (Nelson and Shippen, 2015). This hypothesis is supported
by the larger proportion of conserved lincRNAs between C.
argyrosperma and M. charantia than between C. argyrosperma
and Cucumis, which can be explained by additional genomic
disturbances within the Benincaseae family.

The decline in lincRNA conservation throughout the Cucurbita-
ceae phylogeny could be explained by high levels of gene birth
and death, making the search for homology between distantly
related species futile, as the vast majority of these genes either
arose before the divergence of both taxa or became extinct in
one of the lineages (Ulitsky, 2016). It is also possible that
lincRNAs have high rates of nucleotide substitution due to
positive selection (Smith and Mattick, 2017), which hinders the
search for homologous sequences as species become more
distantly related. Given that IncRNAs are involved in epigenetic
regulation through several mechanisms (Mercer et al., 2009),
the possibility of positive selection acting on such dynamic
genes may be an important factor in adaptive radiation (Smith
and Mattick, 2017).

The observation of highly conserved lincRNAs, as well as the ev-
idence of their transcription suggests they have an important
biological function within the Cucurbitaceae family. However,
pinpointing the specific biological functions of lincRNAs is still
difficult without experimental data. The high rate of turnover in
lincRNA families limits the inference of biological functions from
distantly related plants such as Arabidopsis thaliana, in which
experimental validation of gene functions is more common
(Ulitsky, 2016). Future experimental studies should focus on the
functional characterization of these lincRNAs.

The proportion of Evolinc-ll lincRNA families with evidence of
protein-coding neofunctionalization was higher than initially ex-
pected based on our direct comparison between lincRNAs and
protein-coding genes. Such events are not exclusive of the Cucur-
bita crown node, as they are rather common throughout the Cucur-
bitaceae family, although they are particularly frequent within the
Cucurbita clade. This suggests that the neofunctionalization of
protein-coding genes into novel lincRNAs is more common than
initially suspected (Kapusta et al., 2013), and may be a recurrent
source of noncoding genes in the Cucurbitaceae family (Chen
and Rajewsky, 2007) alongside other sources of lincRNA genes,
such as neofunctionalization from TEs (Kapusta et al., 2013).

The proportion of lincRNA families with evidence of protein-
coding neofunctionalization predicted from comparisons with
the C. argyrosperma lincRNAs was higher compared with those
predicted from comparisons with the C. lanatus lincRNAs.
Furthermore, the proportion of protein-coding gene-derived
lincRNAs calculated from the direct comparison between coding
transcripts and lincRNAs was significantly higher in Cucurbita
compared with the proportion in other cucurbit species, whereas
the proportion of TE-derived lincRNAs was lower in Cucurbita with
respect to the rest of the Cucurbitaceae family. These results sug-
gest that the whole-genome duplication in Cucurbita acted as a
genomic disturbance that altered lincRNA family birth dynamics,
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with more lincRNAs being derived from protein-coding genes than
from TEs (Kapusta et al., 2013; Nelson and Shippen, 2015). This is
consistent with the apparent conservation of TE proportions
between Cucurbita species, suggesting that TEs did not play an
important role in lincRNA family evolution within Cucurbita after
the whole-genome duplication, unlike in other taxa such as verte-
brate species, where TEs play an important role in lincRNA birth
(Kapusta et al., 2018). Our results also differ from those
obtained in cotton, where a larger proportion of lincRNAs were
homologous to TEs than to protein-coding loci (Zhao et al.,
2018). This suggests that the evolutionary dynamics of lincRNAs
can change drastically between different plant taxa. After the
whole-genome duplication within Cucurbita, many duplicated
protein-coding genes that were functionally redundant were co-
opted into novel lincRNAs (Ponting et al., 2009; Kapusta et al.,
2013).

The observed differences in length between Carg TCONS_
00015392 and its protein-coding homologs, as well as the disrup-
tion of the ORF and the lack of codon structure, suggest this
lincRNA is not a cryptic protein-coding transcript but a true non-
coding element in Cucurbita. Furthermore, the level of sequence
conservation between species, as well as the thermodynamic
stability of its predicted secondary structure, suggests that this
lincRNA may be functional (Smith and Mattick, 2017). Even
though secondary structure alone is insufficient evidence to
support the hypothesis that a noncoding RNA is functional,
especially considering that some lincRNAs have more than one
functional structure (Smith and Mattick, 2017), secondary
structures in functional noncoding RNAs are expected to be
more stable than those in other sequences with similar
compositions (Clote et al., 2005). This can be observed when
comparing the stability between Carg_TCONS_00015392 and
its protein-coding homolog, both of which have similar dinucleo-
tide frequencies but different structural stabilities. This structural
stability is also present in the highly conserved lincRNA Carg_T-
CONS_00063022. The stability of the predicted secondary struc-
tures in both lincRNAs suggests that they are functional (Clote
et al., 2005), unlike the secondary structure in the transcript of
the protein-coding gene homologous to Carg_TCONS_
00015392, which appears to be random. Whether all predicted
lincRNAs behave similarly or whether they are indeed functional
remains to be experimentally validated.

We propose that the whole-genome duplication within the Cucur-
bita genus allowed for faster rates of gene family evolution, since
functional redundancy within the genome facilitated the co-
option of complex genetic elements, such as previously existing
genes, into new functions. During the fractionation process after
the whole-genome duplication (Sun et al., 2017), a substantial
fraction of the duplicated protein-coding genes with redundant
functions either diverged (acquiring novel functions as protein-
coding genes, thereby increasing the rate of gene family birth/
death), or neofunctionalized into noncoding elements, such as
lincRNAs.

METHODS

Biological Samples and DNA/RNA Extraction

We obtained seeds from a cultivated individual of C. argyrosperma
ssp. argyrosperma collected in the region of Tepec, Jalisco (see
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Supplemental Data 1 for detailed methods and data on fruit selection).
One of the seeds was germinated in a greenhouse, and plants were
grown to maturity, when flower buds started to develop. We selected
one of the germinated plants and extracted total DNA from fresh leaves
(Doyle and Doyle, 1987) for genome sequencing.

For transcriptome sequencing, we extracted total RNA from leaves,
stems, roots, male flower buds, and tendrils using the RNeasy Plant
Mini Kit (Qiagen) according to the manufacturer’s protocol. Each RNA
sample was precipitated in salty ethanol (260 mM lithium chloride and
66% EtOH).

The plant used for whole-genome sequencing and transcriptome
sequencing was deposited in the National Herbarium of Mexico (MEXU)
under accession number SMH-JMG-627. The details of DNA and RNA
sequencing are available in Supplemental Methods.

Genome and Transcriptome Assembly

The chloroplast genome of C. argyrosperma was assembled with
NOVOPIasty (Dierckxsens et al., 2016), and the mitochondrion genome
was assembled using the Organelle-PBA pipeline (Soorni et al., 2017).
Both organelles were scaffolded using SSPACE-longread (Boetzer and
Pirovano, 2014). Gap-filling and base corrections were performed with Pi-
lon (Walker et al., 2014). The nuclear genome was assembled with a hybrid
approach, using Platanus (Kajitani et al., 2014) and DBG20OLC (Ye et al.,
2016). We used Minimap and Racon (Vaser et al., 2017) to obtain a
consensus sequence assembly, then base corrections were made using
Pilon. Scaffolding was done using BESST (Sahlin et al., 2014) and
SSPACE-longread. Gap closing was performed with GapFiller (Boetzer
and Pirovano, 2012) and a final base correction was done with Pilon.
See Supplemental Methods for a detailed description of the organelle
and nuclear genome assemblies and a description of the transcriptome
assembly.

The lllumina and PacBio sequence reads were mapped against the
genome using BWA mem (Li, 2013) and BlasR (Chaisson and Tesler,
2012), respectively, to assess the completeness of the genome
assembly. We mapped the transcriptome reads against the nuclear
and organelle genomes using Hisat2 (Kim et al., 2015) to assess
assembly completeness. The percentage of reads that mapped to
the assembly was calculated using flagstat within SAMtools (Li et al.,
2009).

Prediction of Transposable Elements and Protein-Coding Gene
Models

We used the REPET package (Flutre et al., 2011) to predict de novo the
TEs within the C. argyrosperma genome assembly, generating a library
of non-redundant consensus sequences. These consensus sequences
were classified according to Wicker’s classification system (Wicker
et al.,, 2007) using PASTEC (Hoede et al., 2014) within the REPET
pipeline (repeat library available in Supplemental Data 2). The repeat
library was used to annotate and mask the TEs within the genome
assembly with RepeatMasker (Smit et al., 2013).

MAKERS (Cantarel et al., 2008) was used to predict protein-coding
gene models in the C. argyrosperma genome assembly. We incorpo-
rated AUGUSTUS (Stanke et al., 2006) GeneMark-ES (Lomsadze
et al.,, 2005) and SNAP (Korf, 2004) as ab initio gene predictors
within MAKER3. We also used EvidenceModeler (Haas et al., 2008)
to obtain additional gene models within MAKER3. We incorporated
tRNAscan-SE (Lowe and Eddy, 1997) within the MAKERS pipeline to
predict tRNA genes. See Supplemental Methods for a detailed
description of the prediction of protein-coding gene models. The
protein-coding genes predicted within C. argyrosperma were function-
ally annotated with InterProScan (Jones et al., 2014). The annotation
table is available in Supplemental Data 4.
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Phylogenetic and Protein-Coding Gene Family Analyses

The details of the phylogenetic analyses can be found within
Supplemental Methods. We performed an all-VS-all BLASTp (Camacho
et al., 2009) analysis to identify protein-coding gene families with MCL
(Enright et al., 2002), using an inflation parameter of 3. All gene families
were aligned with MAFFT (Katoh et al., 2002).

We generated the species phylogeny with PhyML (Guindon et al., 2010),
using SMS (Lefort et al.,, 2017) to determine the best amino acid
substitution model for our sequence alignment. To obtain a dated
phylogeny, we used a Bayesian Markov chain Monte Carlo approach
with approximate likelihood calculation, as implemented in mcmctree
(Yang, 2007). The mcmctree trace files are available in Supplemental
Data 3.

We assessed changes in protein-coding gene family sizes across the
dated phylogeny using CAFE v4.0.2 (De Bie et al., 2006). We initially
estimated the gene birth-death parameter A to assess gene family evolu-
tion using a subset of gene clusters that had <100 differences in gene con-
tent between any pair of species and used it to calculate significant
changes (p value <0.01) in gene family size at every branch in the dated
phylogeny for every gene family.

We compared three different A schemes: (a) a change in A within Cucurbi-
taceae, (b) a change in A within Cucurbita, and (c) two changes in A, one
within Cucurbitaceae and another within Cucurbita. After finding the
best scheme of A parameters within the phylogeny, we estimated error
models for genome assembly and annotation errors (Han et al., 2013),
and used those models to analyze significant gene family expansions
and contractions throughout the tree. We performed the clustering,
molecular clock, and gene family analyses using the same methodology
as described above using a subset of high-quality protein-coding gene
models obtained after filtering MAKER predictions with eAED values lower
than 0.5 (input files, CAFE scripts, and final outputs are available in
Supplemental Data 5). We performed GO enrichment analyses with
topGO using the weight07 method (Alexa et al., 2006). Significantly
enriched terms were assessed after performing Fisher’s exact tests and
performing false discovery rate (FDR) adjustments of the p values
(Benjamini and Hochberg, 1995).

Prediction and Analysis of Long Noncoding RNAs

We used Evolinc-l (Nelson et al., 2017) to predict lincRNAs within the
genome-guided transcriptome assembly of C. argyrosperma. In brief,
Evolinc-I predicted as lincRNAs all transcripts longer than 200 bp that
did not overlap with any of the predicted protein-coding genes within
the genome and did not contain an ORF longer than 100 amino acids
(Nelson et al., 2017). lincRNAs were also predicted for the genomes of
C. maxima, C. moschata, C. pepo, C. melo, C. sativus, C. lanatus, and
L. siceraria using the same methodology as described above, using
RNA-seq data available in the Sequence Read Archive (SRA, https://
www.ncbi.nlm.nih.gov/sra). SRA accessions used for each species are
available in Supplemental Table 3. The lincRNAs of M. charantia were
extracted from the gff3 file available under the NCBI RefSeq genome
accession PRJNA433137 (Urasaki et al.,, 2017). We used BLASTn
(Camacho et al., 2009) with a cutoff of 50% coverage and 30% identity
to define similarity due to sequence homology between lincRNAs,
protein-coding transcripts, and TEs. We performed Student’s t-tests
with the stats package in R (R Core Team, 2016) to assess statistical
differences in the proportion of protein-coding gene-derived lincRNAs
and TE-derived lincRNAs between Cucurbita and the other cucurbit
species.

We used Evolinc-Il (Nelson et al., 2017) to assess the evolution of lincRNA
families across the Cucurbitaceae family. Homologous sequences for
each query lincRNA were filtered using an e-value of <1e 2° after a
reiterative reciprocal BLAST search against each genome. We used
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MAFFT (Katoh et al., 2002) to align each lincRNA family and RAXML
(Stamatakis, 2014) to generate gene family trees. Each gene family tree
was compared against the species tree to detect duplication or loss of
lincRNAs across the phylogeny using Notung (Chen et al., 2000). Since
there is a possibility that the predicted lincRNAs are protein-coding genes
that could not be predicted with MAKER3, we wanted to exclude as many
false positives as possible to obtain a conservative estimation of the num-
ber of lincRNA families that evolved from protein-coding genes. Thus, we
eliminated 648 possible spurious lincRNAs (that is, protein-coding genes
that were mistakenly predicted as lincRNAs) where the only noncoding el-
ements within the gene family belonged to the query species, and the
other elements were protein-coding genes predicted from the other spe-
cies. Likewise, we defined lincRNA families with evidence of protein-
coding gene neofunctionalization as those with noncoding elements
from two or more different species within the phylogeny, as the rate of par-
allel misidentification of lincRNA genes in several species should be low.

Finally, we defined putatively noncoding families as those that lacked any
protein-coding gene within the phylogeny, that is, they were composed
exclusively of lincRNA genes. All lincRNA family alignments and phylog-
enies are available in Supplemental Data 6 and 7. Rates of lincRNA loss
were calculated as the percentage of lincRNAs in the query species
without a homolog in another species divided by the mean divergence
time between the two taxa. The secondary structure predictions and the
base-pairing probability matrix of the lincRNAs were calculated with
RNAfold from the ViennaRNA package (Hofacker et al., 1994; Lorenz
et al., 2011).

ACCESSION NUMBERS

The raw sequence reads of all the genomic and transcriptomic data are
available in the NCBI SRA database (accession SRP157098). The nuclear
and organelle genome assemblies; as well as the protein-coding gene,
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NAs of the other species are available in the CoGe database (IDs
52078-52084). The dated species tree and the single-copy ortholog align-
ment used for the phylogenetic analyses are available in TreeBase (sub-
mission ID S23151).
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