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Abstract

Long non-coding RNAs (IncRNAs) are a class of non-coding RNAs that play essential regu-
latory roles in various developmental processes and stress responses. However, the func-
tions of IncRNAs during the flowering period of tomato are largely unknown. To explore the
IncRNA profiles and functions during flowering in tomato, we performed strand-specific
paired-end RNA sequencing of tomato leaves, flowers and roots, with three biological repli-
cates. We identified 10919 IncRNAs including 248 novel IncRNAs, of which 65 novel
IncRNAs were significantly differentially expressed (DE) in the flowers, leaves, and roots.
The Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analy-
ses were carried out to identify the cis target gene of DE IncRNAs. The results showed that
the IncRNAs might play an important role in the growth, development, and apoptosis of flow-
ering tomato plant by regulating the formation of intima in flower tissues, binding to various
molecules, influencing metabolic pathways, and inducing apoptosis. Moreover, we identified
the interaction between 32, 78, and 397 kinds of miRNAs, IncRNAs, and mRNAs. The
results suggest that the IncRNAs can regulate the expression of mMRNA during flowering
period in tomato by forming competitive endogenous RNA, and further regulate various bio-
logical metabolism pathways in tomato.

Introduction

Long noncoding RNA (IncRNA) is a class of noncoding RNA, which are approximately 200 nt
to 100 kb long [1]. Pachnis et al. [2] discovered the first IncRNA H19 associated with X chro-
mosome, through cloning, sequencing, and gene mapping. Initially, IncRNA was assumed to
be a kind of transcriptional noise like other noncoding RNAs. Further research in recent years
showed that IncRNA has important roles in biological processes [3]. Studies on human or ani-
mal IncRNAs are more extensive than on plant IncRNAs [4-5]. Studies have showed that the
IncRNAs can regulate the expression of cis-acting or trans-acting genes, and the regulation of
expression level of cis-acting genes might represent a widespread function of IncRNAs [3].

The IncRNA upstream of a gene might interact with the promoter or other cis-acting elements
of co-expressing genes to regulate gene expression at the transcriptional or post-transcriptional
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level [6-7]. The IncRNA overlap with transcription factor binding sites; thus, the transcription
of IncRNA can prevent transcription factors from binding to this site [3, 6-7]. Moreover,
IncRNA near the binding site of a transcription factor could enhance the binding of the tran-
scription factor to the site [7]. In general, IncRNA can be classified as sense, natural antisense,
bidirectional, intronic, and intergenic IncRNAs [2-3]. Different types of IncRNAs have differ-
ent regulatory roles. Plant IncRNAs participate in processes such as growth, development, and
stress response. For example, overexpression of IncRNA npc48 in Arabidopsis increased the
rosette diameter and leaf serration, and delayed the flowering time compared with those in
wild-type plants [8]. In total, 664 IncRNAs were identified in response to drought stress in
maize leaves [9]; among them, 567 IncRNAs were up-regulated, whereas 97 IncRNAs were
down-regulated. More IncRNAs have been reported in different plants through deep sequenc-
ing, such as those in Arabidopsis [10-18], Oryza [19-22], Zea mays L. [23-24], Medicago sativa
L. [25], Brassica [26), Populus trichocarpa [27], Triticum aestivum L. [28], and Malus [29].

Tomato (Solanum lycopersicum), an important vegetable crop, is rich in proteins, lipids,
carbohydrates, vitamin A, vitamin B1, vitamin B2, vitamin C, calcium, iron, phosphorus, and
other minerals. Some tomato IncRNAs have been reported recently. Wang et al. [30] identified
IncRNAs in tomato plants infected with tomato yellow leaf curl virus (TYLCV), and found
that the expression of slylnc0049 and slylnc0761 could inhibit the infection of TYLCV in
tomato. Li et al. [31] reported that low expression of IncRNA 1459 could inhibit fruit ripening
in tomato and that altered expression of other IncRNAs affected fruit ripening. Flowering
period is an important stage of plant development, which influences fruit formation and pro-
duction; IncRNA can regulate flowering. COOLAIR and COLDAIR are two kinds of IncRNA,
and they inhibit the expression of FLC in the IncR2Epi regulation pathway under cold stress
[32-33]. Further, COLDAIR can affect flowering by inhibiting FLOWERING LOCUS C (FLC)
expression during vernalization [4, 34-35]. FLC is a kind of MADS box transcriptional factor,
which inhibits flowering in cold environments [36]. COOLAIR affects the decrease in
H3K36me3 or H3K4me?2 at FLC [34, 37]; however, COLDAIR and PRC2 together promote
the accumulation of H3K27me3 at FLC [35]. Therefore, studies on tomato flowering-related
IncRNAs are of significance to further understand the regulation mechanism of IncRNA
involved in flowering tomato development.

Recent studies have showed that IncRNA can act as endogenous target mimics (eTMs) and
involve several kinds of physiological activities similar to that of competitive endogenous RNA
(ceRNA). Deng et al. [38] studied the transcriptome of Gossypium hirsutum under NaCl stress
and identified Inc_973 and Inc_253 as ceRNAs that regulate the expression of ghr-miR399 and
ghr-156e in response to NaCl stress. Xu et al. [39] identified IncRNAs from phosphorus-defi-
cient rice and constructed a ceRNA regulatory network of rice root under phosphorus defi-
ciency. Recently, IncRNA function was studied by constructing the IncRNA-miRNA-mRNA
regulatory network. He et al. [40] discussed IncRNA function through the IncRNA-miRNA-
mRNA axes in vascular pathophysiology and cardioprotection. Zhu et al. [41] analyzed the
ceRNA network of 17 IncRNAs, 840 mRNAs, and genomic miRNAs of maize. They discovered
seven novel IncRNAs, which might act as a ceRNA, and elucidated that some ceRNAs together
affected maize seed development and metabolic processes. Overall, IncRNA might participate
in various biological processes, by acting as a ceRNA.

In the present study, we analyzed the IncRNA expression profile of the leaves, roots, and
flowers of tomato by deep sequencing; identified new and differentially expressed (DE)
IncRNAs; analyzed IncRNA expression by quantitative reverse transcription-polymerase chain
reaction (QRT-PCR); predicted potential function of IncRNAs and their cis-acting targets; and
acquired the IncRNA-related pathway and gene ontology information. We also constructed a
ceRNA network based on the interaction between IncRNA, miRNA, and mRNA.
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Materials and methods
Samples collection

Tomato (S. lycopersicum Mill. ‘Ailsa Craig’) was used in this study. All the plants were grown
in a greenhouse under 16 h-day/8 h-night cycles, 26°C/18 *C day/night temperature, 80%
humidity, and 250 pmol m™s™* light intensity. When tomato plants flowered for the first time,
the leaves (third leaf from the top), flowers (without sepals), and roots (mixed sample of all
root tissues) were collected as experimental materials. After sampling, all the tissues were
immediately frozen using liquid nitrogen and stored at -80 °C.

LncRNA library construction and RNA sequencing

RNA was extracted from the leaves, flowers, and roots from three flowering tomato plants
(there were three biological replicates per tissue). The total RNA from all the samples was
extracted using TRIzol (Invitrogen, Carlsbad, CA, USA). RNAs of satisfactory quality were
treated using the Ribo-Zero Gold kit (Epicentre, San Diego, CA, USA) to eliminate rRNAs.
NEBNext Ultra Directional RNA (NEB, Beijing, China) was used to construct libraries.
Sequencing was performed using Illumina HiSeq 2000 platform, and 150-bp paired-end reads
were obtained. mRNA and non-coding RNA were randomly broken into short fragments of
length 200-500 bp. The short fragments were used as templates to synthesize the first strand
cDNA with six-base random primers and dUTP was used instead of dTTP to synthesize the
second strand cDNA. After purification of the synthesized double-stranded cDNA, the termi-
nal repair and A-tail addition were performed, and the sequencing linker was ligated. Further-
more, uracil-N-glycosylase was added to degrade the second strand. The fragment size was
selected by agarose gel electrophoresis followed by PCR amplification. The final sequenced
library was sequenced using the Illumina sequencing platform.

Classification of IncRNAs

Based on the positional relationship of the IncRNA transcript to its neighboring gene (RNA
partner) transcripts on the chromosome (S1 Fig), we divided the IncRNA into the following
two types: genic (the IncRNA transcript overlaps with RNA partner transcript) and intergenic
(the IncRNA transcript is located in the intergenic region). Based on the degree of overlap
between the IncRNA transcript and the RNA partner transcript and the direction of transcrip-
tion, the genic IncRNA was further subdivided into overlapping (the IncRNA transcript par-
tially overlaps with the RNA partner transcript), containing (the RNA partner transcripts are
contained in the IncRNA transcripts), and nested (the IncRNA transcripts are contained in the
RNA partner transcripts); and the intergenic IncRNA was further subdivided into same strand
(the IncRNA and RNA partner are transcribed from the same strand and have the same tran-
scriptional direction), convergent (the IncRNA and RNA partner are transcribed from the pos-
itive and negative strands, respectively, and the direction is convergent), and divergent (the
IncRNA and RNA partner are transcribed from the positive and negative strands, respectively,
and the transcriptional direction is divergent).

Transcriptome assembly and novel IncRNA prediction

Based on the results of sequence reads and alignments with the reference genome (https://
www.ncbi.nlm.nih.gov/genome/?term=tomato), we re-constructed transcripts using String
Tie [42].The re-constructed transcripts from nine samples were compared mutually using
cuffcompare [43] and the redundant transcripts were removed. Thereafter, filtering and
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screening of the re-constructed transcripts were performed according to the method of Pre-
nsner et al. [44]. The steps were as follows:

Step 0: Re-constructed transcripts of multiple samples were compared using cuffcompare.
Step 1: Transcripts shorter than 200 bp were filtered.

Step 2: The background transcripts were filtered (the read coverage of each transcript was cal-
culated using cufflinks and the transcripts with read coverage of > 3 were selected).

Step 3: The overlapping transcripts of known IncRNAs and precursor transcripts of mRNAs
were filtered (the non-IncRNA genes by comparison with known non-IncRNA genes were
filtered out and the transcripts with > 90% similarity to known IncRNAs based on the blast
results were removed).

Step 4: The filtered transcripts were predicted using coding potential calculator (CPC) and
Pfam. Transcripts with CPC_threshold < 0 and not aligned with Pfam are defined as
IncRNA.

We used CPC [45] to analyze the coding ability and Pfam [46] in order to analyze the pro-
tein domains; the intersection of multiple steps was chosen as the novel IncRNA data set. The
predicted IncRNAs, known IncRNAs, and known genes were combined as a reference
sequence set for follow-up analysis.

Detection of IncRNA by qRT-PCR

The total RNA from each tissue, namely, the leaves, flowers, and roots, of three flowering
tomato plants was extracted using TRIzol (Invitrogen) and purified using the RNA purifica-
tion kit (Promega, Madison, WI USA). The concentration and purity of RNA were measured
using Nanodrop (Thermo, Madison, WI, USA), and RNA integrity was detected by agarose
gel electrophoresis. DNase was used to eliminate genomic DNA from the total RNA. Two
micrograms of total RNA were used for cDNA synthesis using the GOSCRIPT Reverse tran-
scriptional system (Promega). To determine the expression of IncRNA and transcripts of the
coding gene, specific primers and SYBR Green PCR Master Mix (Promega) were used to per-
form qRT-PCR using Bio-Rad CFX manager 3.1 (Bio-Rad, Hercules, CA USA) [47]; actin was
used as the standard. The data were analyzed by the 2"**“" method [48]. All the results are
expressed as mean =+ standard deviation (SD) of three biological replicates. The primers used
for qRT-PCR are listed in S1 Table.

Gene expression quantification and differential expression analysis

The genomic reads were mapped to the exon regions of the gene using HTseq [49], and then
the number of reads per gene was calculated to estimate the gene expression levels. The reads
were counted using the reads per kilo bases per million reads (RPKM) formula:

10¢C

where, RPKM(A) represents the expression level of gene A, C represents the number of reads
aligned only to gene A, N is the total number of reads aligned to the reference gene, and L is
the number of bases in the coding region of gene A.

Differences in IncRNA sequences were analyzed using DEGseq [50] and DESeq2 [51]. Dif-
ferent IncRNAs were screened if the difference multiplier was greater than or equal to 2 and
Q-value (or FDR) was less than or equal to 0.01. Hierarchical clustering analysis was carried
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out using pheatmap package of R 3.5.0. Different color regions represent different clustering
group information, and the gene expression patterns in the same group were similar, and the
genes might have similar functions or participate in the same biological process.

Prediction of cis-acting target gene

The expression value (RPKM) of each IncRNA and mRNA was calculated in various tissues.
These expression data were used to calculate Pearson correlation coefficient following the
method of coding-non-coding gene co-expression (CNC) [52]. We screened for DE IncRNAs
and DE mRNAs with high correlation (P < 0.01), and then screened for mRNAs that over-
lapped with IncRNAs at the genomic position or located 100-kb upstream and downstream of
an IncRNA as a candidate target gene for IncRNA regulation. By combining the correlation
between IncRNAs and genes, we chose IncRNAs that overlapped at the genomic location or
the upstream and downstream 100-kb genes as candidate targets for IncRNA regulation.

Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analyses
To account for the effect of selection bias, GOseq [53] was used for the GO enrichment analy-

sis of DE or target genes of DE IncRNAs. The following formula was used to detect statistical
enrichment of DE or target genes of DE IncRNAs in the KEGG pathway:

P:I—Z(M)(()M)

where, N is the annotation of all genes, # is the number of DE genes among N, M is the number
of genes annotated to a specific pathway, m is the number of DE genes annotated to a specific
pathway M.

CeRNA network analysis

The miRanda and TargetScan [54] assessments were used to identify ceRNAs containing the
microRNA response element (MRE). The psRNATarget [55] and psRobot [56] were used to
predict whether an IncRNA could be a miRNA target. Among the genes with significant differ-
ential expression, ceRNAs with common miRNA binding site were selected to predict the
global interaction between miRNA and ceRNA. We removed the false positive ceRNA by veri-
fying the opposite trend of expression between the miRNA and the gene. The co-regulated
interaction of miRNA and ceRNA was predicted based on the differential expression of
IncRNA in each tissue with the same expression trend as mRNA and the opposite expression
trend to miRNA. Cytoscape 3.4.0 was used analyze and visualize the ceRNA network.

Results
Genome-wide identification of IncRNAs in tomato during flowering

To comprehensively explore IncRNAs in tomato during flowering, RNA from the leaves, flow-
ers, and roots of flowering tomato plants was extracted for whole-transcriptome strand-spe-
cific RNA sequencing (three biological duplicates were performed per organ; SRA accession:
PRJNA507058, https://www.ncbi.nlm.nih.gov/sra/PRJNA507058). A total of 81,300,887 raw
reads were obtained by sequencing the sample, and 99.98% of these were clean reads (S2
Table). The results showed that both RNA-seq reads and the tomato reference genome were of
high quality. We found that an average of 82.76% of the reads could be mapped to the unique
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location of the genome. Based on the comparison of reads of the genomes studied, the tran-
scripts were reconfigured and assembled using StringTie. Subsequently, nine cDNA libraries
of three tomato tissues were established. A total of 54,123 IncRNAs were obtained from nine
libraries for subsequent analysis. After filtering out the known IncRNAs, 523 novel IncRNAs
were identified for subsequent analysis using CPC and Pfam (S3 Table). These novel IncRNAs
might be valuable in the flowering process of tomato.

Characteristics of tomato IncRNAs

We performed an expression profiling analysis for the IncRNAs and mRNAs mentioned
above. The expression boxplot (Fig 1D) showed that the overall distribution of tomato IncRNA
and mRNA expression was consistent and that there were no systematic deviation data. After
removing the low-expression IncRNAs (RPKM < 1), 10,919 IncRNAs were discovered from
the three tomato tissues studied (54 Table). Among them, 248 IncRNAs were novel (S5 Table).
Thereafter, an intersection analysis of IncRNAs from the three tomato tissues was performed.
The results showed that 165 IncRNAs (Fig 1B) among the 3826 IncRNAs (Fig 1A) detected
from the three tissues were novel. Moreover, there were 17, 8, and 18 tissue-specific novel
IncRNAs in the flowers, leaves, and roots, respectively.

According to the location of IncRNAs and their adjacent genes, we divided tomato
IncRNAs into two types—genic and intergenic. They were further divided into six subclasses
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Fig 1. Analysis of tomato IncRNAs. Venn diagram showing the number of all (A) and novel (B) IncRNAs expressed tissue-specifically in tomato. (C)The pie chart
shows the tissue-specific distribution of different types of IncRNAs in tomato during flowering; blue indicates intergenic and gold indicates genic IncRNAs. (D) The
box plots showing the expression level of IncRNA-mRNA pairs. (E) Length distribution of tomato IncRNAs. (F) The density of IncRNAs in different tomato
chromosomes. IncRNAs (E, F) are of six types—containing (red), convergent (brown), divergent (green), nested (sky-blue), same_strand (blue), and overlapping

(purple).
https://doi.org/10.1371/journal.pone.0210650.9001
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(S1 Fig). Among them, the genic IncRNAs can be divided into containing, convergent, and
nested types, and the intergenic IncRNAs could be divided into divergent, same_strand, and
overlapping types. Compared with that of the genic IncRNAs, the intergenic IncRNAs
accounted for a high proportion (62%) of flowering period tomato IncRNAs. The containing
type is the main type of genic IncRNAs, and the same-strand type is the main type of intergenic
IncRNAs and the most common of the six types (Fig 1C). Moreover, with increase in the
length of IncRNAs, the number of IncRNAs decreased (Fig 1D). The same strand-type
IncRNAs occupied a higher proportion among the short IncRNAs (< 1500 bp), whereas the
containing-type IncRNAs occupied a higher proportion among the longer IncRNAs (Fig 1D).
In addition, compared with that of the other chromosomes, chrl and chr2 were more likely to
produce IncRNAs (Fig 1E). A comparison of genomic characteristics of the identified IncRNAs
and tomato protein coding genes showed that the total number of transcripts of IncRNAs was
less than that of mRNAs (Fig 2A). However, most IncRNAs and mRNAs had only one tran-
script. Moreover, the IncRNAs were significantly shorter than the mRNAs (Fig 2B). The num-
ber of transcripts of IncRNAs with a single exon was relatively less; > 90% of IncRNAs had > 2
exons (Fig 2C). In addition, a significant difference between mRNAs and IncRNAs was the
length of the open reading frame (ORF), ranging between 0 and 300 bp. Moreover, > 900
IncRNA transcripts had no ORF (Fig 2D).
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Fig 2. Analysis of transcripts, exons, and ORFs in tomato. (A) Number of transcripts, (B) length of transcripts, (C) number of exons, and (D) length
of ORFs. The red bar represents the number of IncRNA and the blue bar represents the number of mRNAs.

https://doi.org/10.1371/journal.pone.0210650.9002
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Fig 3. Differential expression volcano analysis and identification of IncRNAs in tomato leaves (L), flowers (F), and roots (R). (A), (B), and (C)
show the volcano plot of the DE IncRNA genes (DEGs) in the tomato leaves (L), flowers (F), and roots (R). (A) is the DEGs_Volcano of F-vs-L, (B) is
the DEGs_Volcano of F-vs-R, and (C) is the DEGs_Volcano of L-vs-R. Red, green, and blue represents up-regulated, down-regulated, and non-DEGs.
(D) Eight of the 65 most specifically expressed candidate IncRNAs in tomato flowers, leaves, and roots were randomly selected for the QRT-PCR. Actin
expression was used as the internal reference. The y-axis shows relative expression analyzed by QRT-PCR. The columns and error bars indicate means
and standard deviations of relative expression levels (n = 3), respectively. The error bars are based on three biological replicates, each measured in
triplicate. Significant difference (p < 0.05) between the leaf and root was also evaluated. ** represents p < 0.01 and ns represents p > 0.05.

https://doi.org/10.1371/journal.pone.0210650.9003

Differences among tissues and verification of IncRNAs from tomato
flowers, leaves, and roots

The expression of tomato IncRNAs in different tissues is shown in the volcano plot (Fig 3A, 3B
and 3C). A total of 3294 IncRNAs DE in tomato plants, were obtained; 1545 between flowers
and leaves, 1989 between flowers and roots, and 1648 between leaves and roots. Fig 4A shows
the number of up-regulated or down-regulated DE IncRNAs. The hierarchical clustering
results of 3294 DE IncRNAs are shown in Fig 4C. Sixty-five novel IncRNAs were obtained by
the intersection analysis of DE IncRNAs (Fig 4B). Hierarchical clustering showed that the 65
novel IncRNAs were significantly DE in the flowers, leaves, and roots (Fig 4D). Verification of
the IncRNAs randomly selected from the 65 DE IncRNAs by qRT-PCR and expression analysis
(Fig 3D) consistent with the results of sequencing. These IncRNAs showed significant differ-
ences in the flowers, leaves, and roots. For example, the expression of the IncRNAs xloc-
064367, xloc-048112, and xloc-069054 in the flowers was > 3 times higher than that in the
leaves and roots, whereas the IncRNAs xloc-018782, xloc-022749, and xloc-035583 higher
expression in the roots. xloc-058708 and xloc-069355 exhibited higher expression in the leaves.
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https://doi.org/10.1371/journal.pone.0210650.9004

Prediction of cis-acting target genes and their function annotation in
differential expression of IncRNAs

As IncRNAs can regulate the expression of overlapping or nearby genes, we predicted cis-act-
ing target genes of DE IncRNAs (56 Table), and performed the GO and KEGG enrichment
analyses of the cis-acting target genes. The GO analysis (Fig 5) is based on biological process,
molecular function, and cellular compartment. Interestingly, unlike the enrichment of DE
IncRNA cis-acting target genes in L-vs-R (leaves vs. roots, S1 Fig), the enrichment of DE
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IncRNA cis-acting target genes in tomato F-vs-L (flowers and leaves, Fig 5A) and F-vs-R (flow-
ers and roots, Fig 5B) was similar. The GO term enriched in the biological process category
was mainly derived from the down-regulated IncRNAs, and the enriched GO terms included

ion transport, polysaccharide catabolic process, and sulfur amino acid biosynthetic process.
The enrichment results of IncRNA in F-vs-L and F-vs-R were similar to the molecular function

IncRNA cis-target genes in tomato F-vs-L. (B) GO enrichment analysis of DE IncRNA cis-target genes in tomato F-vs-R. The y-axis represents the
number of DE IncRNA cis-target genes and the x-axis represents the GO functional groups. Red indicates up-regulation of the cis-target gene of

IncRNAs and blue indicates down-regulation of the cis-target gene of IncRNAs.

Fig 5. GO Enrichment analysis of DE IncRNA cis target genes in tomato F-vs-L and F-vs-R. (A) Gene ontology (GO) enrichment analysis of DE
https://doi.org/10.1371/journal.pone.0210650.9g005
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Fig 6. Enrichment of the KEGG pathway of DE IncRNA cis target genes in tomato F-vs-L and F-vs-R. (A) The top 20 pathways associated with the
cis target mRNAs of DE IncRNAs in tomato F-vs-L are listed. (B) The top 20 pathways associated with the cis target mRNAs of DE IncRNAs in tomato
F-vs-R are listed. The enrichment Q value or false discovery rate corrected the p value for multiple comparisons. The P values were calculated using
Fisher’s exact test. The item/pathway on the vertical axis was drawn according to the first letter of the pathway in descending order. The horizontal axis
represents the enrichment factor. The top 20 enriched pathways were selected according to the enrichment factor value. The different colors from green
to red represent the Q value (false discovery rate value). The different sizes of the round shapes represent the number of genes in a pathway.

https://doi.org/10.1371/journal.pone.0210650.9g006

classification. The cis-acting target genes of the up- or down-regulated IncRNAs were signifi-
cantly enriched in the intrinsic component of membrane, suggesting that IncRNAs might play
a key role in regulating membrane formation in tomato flower tissue. Similar to the enrich-
ment results of molecular functions, we also found a similarity in the enrichment results of the
cell components. For instance, in the molecular function category, the enrichment results of
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Fig 7. IncRNA-miRNA-mRNA interaction network in tomato. The sky-blue, red, and orange nodes denote IncRNAs, miRNAs, and genes,
respectively. Each gray edge denotes a target relationship between a miRNA and a gene or IncRNA, hidden in the ceRNA network. (A) The panorama
network consists of 78 IncRNAs, 32 miRNAs, and 397 target mRNAs in tomato. (B) A subnetwork comprising sly-miR5303, 12 IncRNAs, and their
target mRNAs in tomato.

https://doi.org/10.1371/journal.pone.0210650.9007
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the DE IncRNA cis-acting target genes showed that the binding terms (GO:0005488) were the
most enriched (such as heterocyclic compound binding, organic cyclic compound binding,
and small molecule binding). The above results indicate that IncRNAs might have more
important functions in flower tissues than in the leaves and roots during tomato flowering.
The IncRNAs might adapt to the rapid growth of flower tissue by regulating the formation of
membranes in flower tissues, binding to various molecules, and influencing metabolism.

The results of the KEGG enrichment analysis (Fig 6) showed that DE IncRNA cis-acting
target genes of different tissues were mainly enriched in the basic synthetic and metabolic
pathways, such as the biosynthesis of unsaturated fatty acids, flavonoid biosynthesis, and gly-
cosphingolipid biosynthesis in the synthetic pathway; and glycerophospholipid metabolism,
inositol phosphate metabolism, and beta-alanine metabolism in the metabolic pathways,
which are essential for the normal growth and development of tomato during flowering.
Simultaneously, we observed that DE IncRNA cis target genes were highly enrichment in the
phagosome pathway and regulation of autophagy. This indicates that IncRNAs might affect
the apoptosis of tomato flower tissues by regulating the ubiquitin—proteasome pathway (UPP)
and regulate flower decline and fruit formation in tomato. These data suggest that IncRNAs
might play an important role in the growth, development, and apoptosis of flowering period
tomato plant.

Analysis of ceRNA network

As IncRNAs can combine with the miRNAs to inhibit its interaction with mRNA competi-
tively, they play a regulatory role in the growth and development of plants [38-40]. In this
study, we predicted the miRNA targets on IncRNA and mRNA, and the correlation network of
IncRNA-miRNA-mRNA was constructed (Fig 7A). The network showed the interaction
between 32, 78, and 397 kinds of miRNAs, IncRNAs, and mRNAs, respectively (S7 Table). For
example, Sly-miR164b-5p can be combined with IncRNA XR_002027860.1 and mRNA
XM_010327149.2, whereas IncRNA XR_740288.2 and XR_002027182.1 can affect the expres-
sion of XM_010318452.2, XM_010318450.2, XM_004232829.3, and XM_010318451.2 through
sly-miR399. The ceRNA regulation mode that combines miRNA was not aimed at a single
IncRNA or mRNA. Fig 6A shows that a miRNA could be associated with one or many mRNAs
and vice versa. For example, sly-miR5303 can interact with 12 IncRNAs and 126 mRNAs to
participate in a variety of metabolic pathways during the development of tomato (Fig 7B).
However, we found that the regulatory model of ceRNA has synergism and that miRNAs of
the same family are more likely to play the same type of ceRNA function. For example, sly-
miR156a, sly-miR156b, sly-miR156¢, sly-miR156d, and sly-miR156e can interact with
XM_004238983.3, XM_010322704.2, and XM_004243319.2, and IncRNA XR_002026094.1
can form ceRNA with sly-miR156a and sly-miR156b simultaneously. These findings indicate
that the expression profiles of miRNA, mRNA, and IncRNA are significantly correlated.

Discussion

Previous studies have shown that the IncRNA can act as scaffolds or guides for the regulation
of gene expression via epigenetic modifications or other post-transcriptional regulation mech-
anisms [4, 57-59]. The IncRNAs play a key role in several biological processes of plants [60]
and some IncRNAs related to tomato fruit ripening have been identified [61]. Studies on
IncRNA associated with flowering are of great significance for tomato growth and physiologi-
cal metabolism. In this study, 10,919 IncRNAs containing 248 novel IncRNAs were identified,
and 65 IncRNAs were significantly DE in the flowers, leaves, and roots. A large number of DE
IncRNAs that were associated with metabolic processes and enzyme activities was identified.
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This suggests that IncRNA might play an important role during the flowering stage in
tomatoes.

While analyzing the characteristics of tomato IncRNAs, we found that the distribution of
exons of mMRNA and IncRNA in our study was different from that reported by Zhu et al. [61].
Their study in ripe tomato fruit showed that most genes encoding tomato IncRNA contain
only one or two exons, whereas the number of exons in genes encoding proteins ranged from
1 to 10. In our study, although the exon distribution of mRNA was similar to that previously
reported, the distribution of IncRNAs was quite different. The number of IncRNA transcripts
with a single exon was fewer, whereas more than 90% of IncRNAs contained more than two
exons (Fig 2C). This showed that tomato might produce different IncRNAs to regulate the
growth and development of plant at different developmental stages. After categorizing the
IncRNAs, we found that although the number of IncRNAs decreased with the increase in
tomato IncRNA length, the same-strand type was the most common of the six types and clearly
occupied a higher proportion in the short IncRNA (< 1500 bp). This suggests that tomato
might be more likely to form shorter subset strand type IncRNAs to regulate the development
of tomato during the flowering stage.

Similar to the findings of Deng et al. [62], flowering period tomato IncRNAs have high tis-
sue specificity. We found 3294 IncRNAs with significant differential expression in tomato
leaves, flowers, and roots (Fig 3A). In the GO enrichment analysis of DE IncRNA cis-target
genes, we found that the GO enrichment results of DE IncRNA cis target genes in F-vs-L and
F-vs-R were similar. This phenomenon might be due to the fact that the flower tissue is not the
tissue inherent throughout the life cycle of the tomato plant, but occurs at a specific growth
stage before the tomato fruit is produced. Once the fruit is produced, the flower will quickly
wilt; therefore, it requires specific IncRNAs to regulate this process. For example, the GO-
enriched terms included binding, intrinsic component of membrane, and polysaccharide cata-
bolic process, indicating the important role of IncRNAs in the formation and metabolism of
flower tissues. Moreover, in the KEGG pathway enrichment, we found that the DE IncRNA cis
target genes have a higher enrichment degree in the phagosome pathway and regulation of
autophagy. This further indicates that IncRNAs can also regulate the apoptosis process of
tomato tissues. In summary, we found that IncRNAs play an irreplaceable role in the process
of tomato flower tissue, from generation to apoptosis. This is similar to the findings of Wang
etal. [63] in Catalpa bungei and Huang et al. [64] in Brassica rapa pollen.

Several studies have suggested that IncRNA can act as a ceRNA to inhibit the function of
miRNAs and compete with mRNA, pseudogenes, and other miRNA sponges for miRNA [39,
65-66]. In the present study, the IncRNA-miRNA-mRNA-related network was constructed
based on the ceRNA action principle. We found that 78 IncRNAs and 397 miRNAs have 32
miRNA binding sites. For example, mRNA XM_019212257.1 could act as an eTM of sly-
miR156b, mRNA XM_010322716.2 could act as an eTM of sly-miR156¢, whereas IncRNA
XR_002026094.1 could act as a ceRNA of sly-miR156b and sly-miR156¢, simultaneously. This
suggests that IncRNA may be involved in the development of flowering tomato plants by form-
ing ceRNA. Further studies on how tomato IncRNAs are used as ceRNAs to regulate the devel-
opment of flowering tomato are needed to verify the underlying mechanisms.

In this study, we analyzed the expression characteristics of IncRNA during the tomato flow-
ering stage and identified a series of IncRNAs with significant differences in different tomato
plant tissues. By analyzing the GO and KEGG data of differential IncRNA cis-target genes, we
found that the IncRNAs might play an important role at the tomato flowering stage. Simulta-
neously, we also found that IncRNA might affect the development of flowering tomato by
forming ceRNA. The results substantially improve our understanding of the IncRNAs during

PLOS ONE | https://doi.org/10.1371/journal.pone.0210650 January 17, 2019 13/18


https://doi.org/10.1371/journal.pone.0210650

®PLOS | one

LncRNA analysis in tomato flowering period

the development of flowering tomato plants. The study lays a foundation for further research
on the IncRNA function during the tomato flowering stage.

Supporting information

S1 Fig. Classification of IncRNAs. (A) IncRNA located in a gene (Genic) can be divided into
containing, convergent, and nested types; (B) intergenic IncRNAs can be divided into diver-
gent, same strand, and overlapping types. The solid line frame displays IncRNA partner genes
and the dotted line frame illustrates the IncRNAs.

(PDF)

$2 Fig. Enrichment of the GO and KEGG pathway of DE IncRNA cis target genes in
tomato L-vs-R and F-vs-R. (A) GO enrichment analysis of DE IncRNA cis-target genes in
tomato L-vs-R. (B) The top 20 pathways associated with the cis target mRNAs of DE IncRNAs
in tomato F-vs-L are listed.

(PDF)

S1 Table. QRT-PCR primers of IncRNA.
(XLSX)

S$2 Table. RNA-seq data for nine samples.
(XLSX)

$3 Table. Newly predicted IncRNA.
(XLSX)

S$4 Table. IncRNA of three tomato tissues.
(XLSX)

S5 Table. Novel IncRNA of three tomato tissues.
(XLSX)

S6 Table. IncRNA cis target gene.
(XLSX)

S7 Table. Network relationship of IncRNA-miRNA-mRNA.
(XLSX)

Author Contributions

Conceptualization: Zhenchao Yang, Yongjun Wu.

Data curation: Chengcheng Yang, Danyan Chen.

Formal analysis: Zhenchao Yang, Chengcheng Yang.

Funding acquisition: Zhenchao Yang, Yongjun Wu.

Investigation: Zhenchao Yang, Yongjun Wu.

Methodology: Chengcheng Yang, Zhengyan Wang, Zhao Yang, Danyan Chen.
Project administration: Zhenchao Yang, Yongjun Wu.

Resources: Zhenchao Yang, Chengcheng Yang, Zhengyan Wang.

Software: Zhenchao Yang, Chengcheng Yang, Danyan Chen.

Supervision: Zhenchao Yang, Yongjun Wu.

PLOS ONE | https://doi.org/10.1371/journal.pone.0210650 January 17, 2019 14/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0210650.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0210650.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0210650.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0210650.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0210650.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0210650.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0210650.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0210650.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0210650.s009
https://doi.org/10.1371/journal.pone.0210650

®PLOS | one

LncRNA analysis in tomato flowering period

Validation: Chengcheng Yang, Zhengyan Wang, Zhao Yang.

Visualization: Chengcheng Yang, Zhao Yang.

Writing - original draft: Chengcheng Yang.

Writing - review & editing: Zhenchao Yang, Yongjun Wu.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

Kim E-D, Sung S. Long noncoding RNA: unveiling hidden layer of gene regulatory networks. Trends in
Plant Science. 2012; 17, 16-21. https://doi.org/10.1016/j.tplants.2011.10.008 PMID: 22104407

Pachnis V, Brannan ClI, Tilghman SM. The structure and expression of a novel gene activated in early
mouse embryogenesis. Embo j. 1988; 7, 673-81 PMID: 3396539

Ponting CP, Oliver PL, Reik W. Evolution and functions of long noncoding RNAs. Cell. 2009; 136, 629—
41. https://doi.org/10.1016/j.cell.2009.02.006 PMID: 19239885

Liu X, Hao L, Li D, Zhu L, Hu S. Long non-coding RNAs and their biological roles in plants. Genomics
Proteomics Bioinformatics. 2015; 13, 137—47. https://doi.org/10.1016/j.gpb.2015.02.003 PMID:
25936895

Lu C, Huang YH. Progress in long non-coding RNAs in animals. Yi Chuan. 2017; 39, 1054-1065.
https:/doi.org/10.16288/j.yczz.17-120 PMID: 29254923

Chen LL. Linking Long Noncoding RNA Localization and Function. Trends Biochem Sci. 2016; 41, 761—
772. https://doi.org/10.1016/j.tibs.2016.07.003 PMID: 27499234

Signal B, Gloss BS, and Dinger ME. Computational Approaches for Functional Prediction and Charac-
terisation of Long Noncoding RNAs. Trends Genet, 2016; 32, 620—-637. https://doi.org/10.1016/j.tig.
2016.08.004 PMID: 27592414

Amor BB, Wirth S, Merchan F, Laporte P, d’Aubenton-Carafa Y, Hirsch J, et al. Novel long non-protein
coding RNAs involved in Arabidopsis differentiation and stress responses. Genome Res. 2009; 19, 57—
69. https://doi.org/10.1101/gr.080275.108 PMID: 18997003

Zhang W, Han Z, Guo Q, Liu Y, Zheng Y, Wu F, Jin W. Identification of maize long non-coding RNAs
responsive to drought stress. PLoS One. 2014; 9:€98958. https://doi.org/10.1371/journal.pone.
0098958 PMID: 24892290

Di C, Yuan J, Wu'Y, Li J, Lin H, Hu L, et al. Characterization of stress-responsive IncRNAs in Arabidop-
sis thaliana by integrating expression, epigenetic and structural features. Plant J. 2014; 80, 848—61.
https://doi.org/10.1111/tpj. 12679 PMID: 25256571

Hotto AM, Schmitz RJ, Fei Z, Ecker JR, Stern DB. Unexpected Diversity of Chloroplast Noncoding
RNAs as Revealed by Deep Sequencing of the Arabidopsis Transcriptome. G3 (Bethesda). 2011; 1,
559-70. https://doi.org/10.1534/g3.111.000752 PMID: 22384367

Li S, Liberman LM, Mukherjee N, Benfey PN, Ohler U. Integrated detection of natural antisense tran-
scripts using strand-specific RNA sequencing data. Genome Res. 2013; 23, 1730-9. https://doi.org/10.
1101/gr.149310.112 PMID: 23816784

Liu J, Jung C, Xu J, Wang H, Deng S, Bernad L, et al. Genome-wide analysis uncovers regulation of
long intergenic noncoding RNAs in Arabidopsis. Plant Cell. 2012; 24, 4333-45. https://doi.org/10.1105/
tpc.112.102855 PMID: 23136377

Song D, Yang Y, Yu B, Zheng B, Deng Z, Lu BL, et al. Computational prediction of novel non-coding
RNAs in Arabidopsis thaliana. BMC Bioinformatics, 2009; 10 Suppl 1, S36. https://doi.org/10.1186/
1471-2105-10-s1-s36 PMID: 19208137

Wang H, Chua NH, Wang XJ. Prediction of trans-antisense transcripts in Arabidopsis thaliana. Genome
Biol. 2006; 7, R92. https://doi.org/10.1186/gb-2006-7-10-r92 PMID: 17040561

Wang H, Chung PJ, Liu J, Jang IC, Kean MJ, Xu J, Chua NH. Genome-wide identification of long non-
coding natural antisense transcripts and their responses to light in Arabidopsis. Genome Res. 2014; 24,
444-53. https://doi.org/10.1101/gr.165555.113 PMID: 24402519

Wang XJ, Gaasterland T, Chua NH. Genome-wide prediction and identification of cis-natural antisense
transcripts in Arabidopsis thaliana. Genome Biol. 2005; 6, R30. https://doi.org/10.1186/gb-2005-6-4-r30
PMID: 15833117

Wang Y, Wang X, Deng W, Fan X, Liu TT, He G, et al. Genomic features and regulatory roles of inter-
mediate-sized non-coding RNAs in Arabidopsis. Mol Plant, 2014; 7, 514-27. hitps://doi.org/10.1093/
mp/sst177 PMID: 24398630

PLOS ONE | https://doi.org/10.1371/journal.pone.0210650 January 17, 2019 15/18


https://doi.org/10.1016/j.tplants.2011.10.008
http://www.ncbi.nlm.nih.gov/pubmed/22104407
http://www.ncbi.nlm.nih.gov/pubmed/3396539
https://doi.org/10.1016/j.cell.2009.02.006
http://www.ncbi.nlm.nih.gov/pubmed/19239885
https://doi.org/10.1016/j.gpb.2015.02.003
http://www.ncbi.nlm.nih.gov/pubmed/25936895
https://doi.org/10.16288/j.yczz.17-120
http://www.ncbi.nlm.nih.gov/pubmed/29254923
https://doi.org/10.1016/j.tibs.2016.07.003
http://www.ncbi.nlm.nih.gov/pubmed/27499234
https://doi.org/10.1016/j.tig.2016.08.004
https://doi.org/10.1016/j.tig.2016.08.004
http://www.ncbi.nlm.nih.gov/pubmed/27592414
https://doi.org/10.1101/gr.080275.108
http://www.ncbi.nlm.nih.gov/pubmed/18997003
https://doi.org/10.1371/journal.pone.0098958
https://doi.org/10.1371/journal.pone.0098958
http://www.ncbi.nlm.nih.gov/pubmed/24892290
https://doi.org/10.1111/tpj.12679
http://www.ncbi.nlm.nih.gov/pubmed/25256571
https://doi.org/10.1534/g3.111.000752
http://www.ncbi.nlm.nih.gov/pubmed/22384367
https://doi.org/10.1101/gr.149310.112
https://doi.org/10.1101/gr.149310.112
http://www.ncbi.nlm.nih.gov/pubmed/23816784
https://doi.org/10.1105/tpc.112.102855
https://doi.org/10.1105/tpc.112.102855
http://www.ncbi.nlm.nih.gov/pubmed/23136377
https://doi.org/10.1186/1471-2105-10-s1-s36
https://doi.org/10.1186/1471-2105-10-s1-s36
http://www.ncbi.nlm.nih.gov/pubmed/19208137
https://doi.org/10.1186/gb-2006-7-10-r92
http://www.ncbi.nlm.nih.gov/pubmed/17040561
https://doi.org/10.1101/gr.165555.113
http://www.ncbi.nlm.nih.gov/pubmed/24402519
https://doi.org/10.1186/gb-2005-6-4-r30
http://www.ncbi.nlm.nih.gov/pubmed/15833117
https://doi.org/10.1093/mp/sst177
https://doi.org/10.1093/mp/sst177
http://www.ncbi.nlm.nih.gov/pubmed/24398630
https://doi.org/10.1371/journal.pone.0210650

®PLOS | one

LncRNA analysis in tomato flowering period

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

LuT,ZhuC, LuG, GuoY, Zhou Y, Zhang Z, et al. Strand-specific RNA-seq reveals widespread occur-
rence of novel cis-natural antisense transcripts in rice. BMC Genomics. 2012; 13, 721. https://doi.org/
10.1186/1471-2164-13-721 PMID: 23259405

Osato N, Yamada H, Satoh K, Ooka H, Yamamoto M, Suzuki K, et al. Antisense transcripts with rice
full-length cDNAs. Genome Biol. 2003; 5, R5. https://doi.org/10.1186/gb-2003-5-1-r5 PMID: 14709177

Zhang YC. Liao JY, Li ZY, Yu 'Y, Zhang JP, Li QF, et al. Genome-wide screening and functional analysis
identify a large number of long noncoding RNAs involved in the sexual reproduction of rice. Genome
Biol. 2014; 15, 512. https://doi.org/10.1186/s13059-014-0512-1 PMID: 25517485

Zhou X, Sunkar R, Jin H, Zhu JK, Zhang W. Genome-wide identification and analysis of small RNAs
originated from natural antisense transcripts in Oryza sativa. Genome Res. 2009; 19, 70-8. https://doi.
org/10.1101/gr.084806.108 PMID: 18971307

Boerner S, McGinnis KM. Computational identification and functional predictions of long noncoding
RNA in Zea mays. PLoS One. 2012; 7: e43047. https://doi.org/10.1371/journal.pone.0043047 PMID:
22916204

Li L, Eichten SR, Shimizu R, Petsch K, Yeh CT, Wu W, et al. Genome-wide discovery and characteriza-
tion of maize long non-coding RNAs. Genome Biol. 2014; 15, R40. https://doi.org/10.1186/gb-2014-15-
2-r40 PMID: 24576388

Wen J, Parker BJ, Weiller GF. In Silico identification and characterization of mRNA-like noncoding tran-
scripts in Medicago truncatula. In Silico Biol. 2007; 7, 485-505 PMID: 18391239

Yu X, YangJ, Li X, Liu X, Sun C, Wu F, He Y. Global analysis of cis-natural antisense transcripts and
their heat-responsive nat-siRNAs in Brassica rapa. BMC Plant Biol, 2013; 13, 208. https://doi.org/10.
1186/1471-2229-13-208 PMID: 24320882

Shuai P, Liang D, Tang S, Zhang Z, Ye CY, Su Y, et al. Genome-wide identification and functional pre-
diction of novel and drought-responsive lincRNAs in Populus trichocarpa. J Exp Bot, 2014; 65,
4975-83. https://doi.org/10.1093/jxb/eru256 PMID: 24948679

XinM, Wang Y, Yao Y, Song N, Hu Z, Qin D, et al. Identification and characterization of wheat long non-
protein coding RNAs responsive to powdery mildew infection and heat stress by using microarray analy-
sis and SBS sequencing. BMC Plant Biol. 2011; 11, 61. https://doi.org/10.1186/1471-2229-11-61

PMID: 21473757

Celton JM, Gaillard S, Bruneau M, Pelletier S, Aubourg S, Martin-Magniette ML, et al. Widespread anti-
sense transcription in apple is correlated with siRNA production and indicates a large potential for tran-

scriptional and/or post-transcriptional control. New Phytol. 2014; 203, 287-99. https://doi.org/10.1111/

nph.12787 PMID: 24690119

WangJ, YuW, YangV, Li X, Chen T, Liu T, et al. Genome-wide analysis of tomato long non-coding
RNAs and identification as endogenous target mimic for microRNA in response to TYLCV infection. Sci
Rep. 2015; 5, 16946. https://doi.org/10.1038/srep16946 PMID: 26679690

Li R, FuD, Zhu B, Luo Y, Zhu H. CRISPR/Cas9-mediated mutagenesis of IncRNA1459 alters tomato
fruit ripening. Plant J. 2018; 94, 513-524. hitps://doi.org/10.1111/tpj. 13872 PMID: 29446503

Csorba T, Questa JI, Sun Q, Dean C. Antisense COOLAIR mediates the coordinated switching of chro-
matin states at FLC during vernalization. Proc Natl Acad Sci U S A. 2014; 111, 16160-5. https://doi.org/
10.1073/pnas.1419030111 PMID: 25349421

Heo JB, Sung S. Vernalization-mediated epigenetic silencing by a long intronic noncoding RNA. Sci-
ence. 2011; 331, 76-9. https://doi.org/10.1126/science.1197349 PMID: 21127216

Shafiq S, Li J, Sun Q. Functions of plants long non-coding RNAs. Biochim Biophys Acta. 2016; 1859,
155-62. https://doi.org/10.1016/j.bbagrm.2015.06.009 PMID: 26112461

Kim DH, Xi 'Y, Sung S. Modular function of long noncoding RNA, COLDAIR, in the vernalization
response. PLoS Genet. 2017; 13, e1006939. https://doi.org/10.1371/journal.pgen.1006939 PMID:
28759577

Michaels SD, Amasino RM. FLOWERING LOCUS C encodes a novel MADS domain protein that acts
as a repressor of flowering. Plant Cell. 1999; 11, 949-56. PMID: 10330478

Marquardt S, Raitskin O, Wu Z, Liu F, Sun Q, Dean C. Functional consequences of splicing of the anti-
sense transcript COOLAIR on FLC transcription. Mol Cell. 2014; 54, 156—165. https://doi.org/10.1016/j.
molcel.2014.03.026 PMID: 24725596

Deng F, Zhang X, Wang W, Yuan R, Shen F. Identification of Gossypium hirsutum long non-coding
RNAs (IncRNAs) under salt stress. BMC Plant Biol. 2018; 18, 283. https://doi.org/10.1186/s12870-018-
1238-0 PMID: 29370759

Xu XW, Zhou XH, Wang RR, Peng WL, An Y, Chen LL. Functional analysis of long intergenic non-
coding RNAs in phosphate-starved rice using competing endogenous RNA network. Sci Rep. 2016; 6,
20715. https://doi.org/10.1038/srep20715 PMID: 26860696

PLOS ONE | https://doi.org/10.1371/journal.pone.0210650 January 17, 2019 16/18


https://doi.org/10.1186/1471-2164-13-721
https://doi.org/10.1186/1471-2164-13-721
http://www.ncbi.nlm.nih.gov/pubmed/23259405
https://doi.org/10.1186/gb-2003-5-1-r5
http://www.ncbi.nlm.nih.gov/pubmed/14709177
https://doi.org/10.1186/s13059-014-0512-1
http://www.ncbi.nlm.nih.gov/pubmed/25517485
https://doi.org/10.1101/gr.084806.108
https://doi.org/10.1101/gr.084806.108
http://www.ncbi.nlm.nih.gov/pubmed/18971307
https://doi.org/10.1371/journal.pone.0043047
http://www.ncbi.nlm.nih.gov/pubmed/22916204
https://doi.org/10.1186/gb-2014-15-2-r40
https://doi.org/10.1186/gb-2014-15-2-r40
http://www.ncbi.nlm.nih.gov/pubmed/24576388
http://www.ncbi.nlm.nih.gov/pubmed/18391239
https://doi.org/10.1186/1471-2229-13-208
https://doi.org/10.1186/1471-2229-13-208
http://www.ncbi.nlm.nih.gov/pubmed/24320882
https://doi.org/10.1093/jxb/eru256
http://www.ncbi.nlm.nih.gov/pubmed/24948679
https://doi.org/10.1186/1471-2229-11-61
http://www.ncbi.nlm.nih.gov/pubmed/21473757
https://doi.org/10.1111/nph.12787
https://doi.org/10.1111/nph.12787
http://www.ncbi.nlm.nih.gov/pubmed/24690119
https://doi.org/10.1038/srep16946
http://www.ncbi.nlm.nih.gov/pubmed/26679690
https://doi.org/10.1111/tpj.13872
http://www.ncbi.nlm.nih.gov/pubmed/29446503
https://doi.org/10.1073/pnas.1419030111
https://doi.org/10.1073/pnas.1419030111
http://www.ncbi.nlm.nih.gov/pubmed/25349421
https://doi.org/10.1126/science.1197349
http://www.ncbi.nlm.nih.gov/pubmed/21127216
https://doi.org/10.1016/j.bbagrm.2015.06.009
http://www.ncbi.nlm.nih.gov/pubmed/26112461
https://doi.org/10.1371/journal.pgen.1006939
http://www.ncbi.nlm.nih.gov/pubmed/28759577
http://www.ncbi.nlm.nih.gov/pubmed/10330478
https://doi.org/10.1016/j.molcel.2014.03.026
https://doi.org/10.1016/j.molcel.2014.03.026
http://www.ncbi.nlm.nih.gov/pubmed/24725596
https://doi.org/10.1186/s12870-018-1238-0
https://doi.org/10.1186/s12870-018-1238-0
http://www.ncbi.nlm.nih.gov/pubmed/29370759
https://doi.org/10.1038/srep20715
http://www.ncbi.nlm.nih.gov/pubmed/26860696
https://doi.org/10.1371/journal.pone.0210650

®PLOS | one

LncRNA analysis in tomato flowering period

40.

M.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

HeL, Chen Y, Hao S, Qian J. Uncovering novel landscape of cardiovascular diseases and therapeutic
targets for cardioprotection via long noncoding RNA-miRNA-mRNA axes. Epigenomics. 2018; 10(5):
661-671. https://doi.org/10.2217/epi-2017-0176 PMID: 29692219

Zhu M, Zhang M, Xing L, Li W, Jiang H, Wang L, Xu M. Transcriptomic Analysis of Long Non-Coding
RNAs and Coding Genes Uncovers a Complex Regulatory Network That Is Involved in Maize Seed
Development. Genes (Basel). 2017; 8. https://doi.org/10.3390/genes8100274 PMID: 29039813

Pertea M, Pertea GM, Antonescu CM, Chang TC, Mendell JT, Salzberg SL. StringTie enables improved
reconstruction of a transcriptome from RNA-seq reads. 2015; 33, 290-5. https://doi.org/10.1038/nbt.
3122 PMID: 25690850

Trapnell C, Roberts A, Goff L, Pertea G, Kim D, Kelley DR, et al. Differential gene and transcript expres-
sion analysis of RNA-seq experiments with TopHat and Cufflinks. Nat Protoc. 2012; 7, 562-78. https:/
doi.org/10.1038/nprot.2012.016 PMID: 22383036

Prensner JR, lyer MK, Balbin OA, Dhanasekaran SM, Cao Q, Brenner JC, et al. Transcriptome
sequencing across a prostate cancer cohort identifies PCAT-1, an unannotated lincRNA implicated in
disease progression. Nat Biotechnol. 2011; 29, 742-9. https://doi.org/10.1038/nbt.1914 PMID:
21804560

KongL, Zhang Y, Ye ZQ, Liu XQ, Zhao SQ, Wei L, Gao G. CPC: assess the protein-coding potential of
transcripts using sequence features and support vector machine. Nucleic Acids Res. 2017; 35,
W345-9. https://doi.org/10.1093/nar/gkm391 PMID: 17631615

Finn RD, Tate J, Mistry J, Coggill PC, Sammut SJ, Hotz HR, et al. The Pfam protein families database.
Nucleic Acids Res. 2008; 36, D281-8. https://doi.org/10.1093/nar/gkm960 PMID: 18039703

Mortazavi A, Williams BA, McCue K, Schaeffer L, Wold B. Mapping and quantifying mammalian tran-
scriptomes by RNA-Seq. Nat Methods. 2008; 5, 621-8. https://doi.org/10.1038/nmeth.1226 PMID:
18516045

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR
and the 2(-Delta Delta C(T)) Method. Methods. 2001; 25, 402-8. https://doi.org/10.1006/meth.2001.
1262 PMID: 11846609

Anders S, Pyl PT, Huber W. HTSeg—a Python framework to work with high-throughput sequencing
data. Bioinformatics. 2015; 31, 166—9. https://doi.org/10.1093/bioinformatics/btu638

Wang L, Feng Z, Wang X, Wang X, Zhang X. DEGseq: an R package for identifying differentially
expressed genes from RNA-seq data. Bioinformatics, 2010; 26, 136-8. https://doi.org/10.1093/
bioinformatics/btp612 PMID: 19855105

Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq data
with DESeq2. Genome Biol. 2014; 15, 550. https://doi.org/10.1186/s13059-014-0550-8 PMID:
25516281

Liao Q, Liu C, Yuan X, Kang S, Miao R, Xiao H, et al. Large-scale prediction of long non-coding RNA
functions in a coding-non-coding gene co-expression network. Nucleic Acids Res. 2011; 39, 3864-78.
https://doi.org/10.1093/nar/gkq1348 PMID: 21247874

Young MD, Wakefield MJ, Smyth GK, Oshlack A. Gene ontology analysis for RNA-seq: accounting for
selection bias. Genome Biol. 2010; 11, R14. https://doi.org/10.1186/gb-2010-11-2-r14 PMID:
20132535

Riffo-Campos AL, Riquelme |, Brebi-Mieville P. Tools for Sequence-Based miRNA Target Prediction:
What to Choose? Int J Mol Sci. 2016; 17. https://doi.org/10.3390/ijms17121987 PMID: 27941681

Dai X, Zhuang Z, Zhao PX. psRNATarget: a plant small RNA target analysis server (2017 release).
Nucleic Acids Res. 2018; 46, W49—-w54. https://doi.org/10.1093/nar/gky316 PMID: 29718424

Wu HJ, Ma YK, Chen T, Wang M, Wang XJ. PsRobot: a web-based plant small RNA meta-analysis tool-
box. Nucleic Acids Res. 2012; 40, W22-8. https://doi.org/10.1093/nar/gks554 PMID: 22693224

Heo JB, Lee YS, Sung S. Epigenetic regulation by long noncoding RNAs in plants. Chromosome Res.
2013; 21, 685-93. https://doi.org/10.1007/s10577-013-9392-6 PMID: 24233054

Bhatia G, Goyal N, Sharma S, Upadhyay SK, Singh K. Present Scenario of Long Non-Coding RNAs in
Plants. Noncoding RNA. 2017; 3. https://doi.org/10.3390/ncrna3020016 PMID: 29657289

Nejat N, Mantri N. Emerging roles of long non-coding RNAs in plant response to biotic and abiotic
stresses. Crit Rev Biotechnol. 2018; 38, 93—105. https://doi.org/10.1080/07388551.2017.1312270
PMID: 28423944

Zhang YC, Chen YQ. Long noncoding RNAs: new regulators in plant development. Biochem Biophys
Res Commun. 2013; 436, 111-4. https://doi.org/10.1016/j.bbrc.2013.05.086 PMID: 23726911

ZhuB, Yang Y, LiR, FuD, WenL, LuoY, Zhu H. RNA sequencing and functional analysis implicate the
regulatory role of long non-coding RNAs in tomato fruit ripening. J Exp Bot. 2015; 66, 4483-95. https://
doi.org/10.1093/jxb/erv203 PMID: 25948705

PLOS ONE | https://doi.org/10.1371/journal.pone.0210650 January 17, 2019 17/18


https://doi.org/10.2217/epi-2017-0176
http://www.ncbi.nlm.nih.gov/pubmed/29692219
https://doi.org/10.3390/genes8100274
http://www.ncbi.nlm.nih.gov/pubmed/29039813
https://doi.org/10.1038/nbt.3122
https://doi.org/10.1038/nbt.3122
http://www.ncbi.nlm.nih.gov/pubmed/25690850
https://doi.org/10.1038/nprot.2012.016
https://doi.org/10.1038/nprot.2012.016
http://www.ncbi.nlm.nih.gov/pubmed/22383036
https://doi.org/10.1038/nbt.1914
http://www.ncbi.nlm.nih.gov/pubmed/21804560
https://doi.org/10.1093/nar/gkm391
http://www.ncbi.nlm.nih.gov/pubmed/17631615
https://doi.org/10.1093/nar/gkm960
http://www.ncbi.nlm.nih.gov/pubmed/18039703
https://doi.org/10.1038/nmeth.1226
http://www.ncbi.nlm.nih.gov/pubmed/18516045
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1093/bioinformatics/btu638
https://doi.org/10.1093/bioinformatics/btp612
https://doi.org/10.1093/bioinformatics/btp612
http://www.ncbi.nlm.nih.gov/pubmed/19855105
https://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
https://doi.org/10.1093/nar/gkq1348
http://www.ncbi.nlm.nih.gov/pubmed/21247874
https://doi.org/10.1186/gb-2010-11-2-r14
http://www.ncbi.nlm.nih.gov/pubmed/20132535
https://doi.org/10.3390/ijms17121987
http://www.ncbi.nlm.nih.gov/pubmed/27941681
https://doi.org/10.1093/nar/gky316
http://www.ncbi.nlm.nih.gov/pubmed/29718424
https://doi.org/10.1093/nar/gks554
http://www.ncbi.nlm.nih.gov/pubmed/22693224
https://doi.org/10.1007/s10577-013-9392-6
http://www.ncbi.nlm.nih.gov/pubmed/24233054
https://doi.org/10.3390/ncrna3020016
http://www.ncbi.nlm.nih.gov/pubmed/29657289
https://doi.org/10.1080/07388551.2017.1312270
http://www.ncbi.nlm.nih.gov/pubmed/28423944
https://doi.org/10.1016/j.bbrc.2013.05.086
http://www.ncbi.nlm.nih.gov/pubmed/23726911
https://doi.org/10.1093/jxb/erv203
https://doi.org/10.1093/jxb/erv203
http://www.ncbi.nlm.nih.gov/pubmed/25948705
https://doi.org/10.1371/journal.pone.0210650

®PLOS | one

LncRNA analysis in tomato flowering period

62.

63.

64.

65.

66.

Deng P, Liu S, Nie X, Weining S, Wu L. Conservation analysis of long non-coding RNAs in plants. Sci
China Life Sci. 2018; 61, 190-198. https://doi.org/10.1007/s11427-017-9174-9 PMID: 29101587

Wang Z, Zhu T, Ma W, Wang N, Qu G, Zhang S, et al. Genome-wide analysis of long non-coding RNAs
in Catalpa bungei and their potential function in floral transition using high-throughput sequencing. BMC
Genet. 2018; 19(1):86. https://doi.org/10.1186/s12863-018-0671-2 PMID: 30236060

Wang R, Zou J, Meng J, Wang J. Integrative analysis of genome-wide IncRNA and mRNA expression
in newly synthesized Brassica hexaploids. Ecol Evol. 2018; 8(12):6034—6052. https://doi.org/10.1002/
ece3.4152 PMID: 29988444

Rubio-Somoza |, Weigel D, Franco-Zorilla JM, Garcia JA, Paz-Ares J. ceRNAs: miRNA target mimic
mimics. Cell. 2011; 147, 1431-2. https://doi.org/10.1016/j.cell.2011.12.003 PMID: 22196719

Salmena L, Poliseno L, Tay Y, Kats L, Pandolfi PP. A ceRNA hypothesis: the Rosetta Stone of a hidden
RNA language? Cell. 2011; 146, 353-8. https://doi.org/10.1016/j.cell.2011.07.014 PMID: 21802130

PLOS ONE | https://doi.org/10.1371/journal.pone.0210650 January 17, 2019 18/18


https://doi.org/10.1007/s11427-017-9174-9
http://www.ncbi.nlm.nih.gov/pubmed/29101587
https://doi.org/10.1186/s12863-018-0671-2
http://www.ncbi.nlm.nih.gov/pubmed/30236060
https://doi.org/10.1002/ece3.4152
https://doi.org/10.1002/ece3.4152
http://www.ncbi.nlm.nih.gov/pubmed/29988444
https://doi.org/10.1016/j.cell.2011.12.003
http://www.ncbi.nlm.nih.gov/pubmed/22196719
https://doi.org/10.1016/j.cell.2011.07.014
http://www.ncbi.nlm.nih.gov/pubmed/21802130
https://doi.org/10.1371/journal.pone.0210650

