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Abstract: In higher plants, several lines of evidence suggest that long non-coding RNAs (IncRNAs)
may play important roles in the regulation of various biological processes by regulating gene
expression. In this study, we identified a total of 521 IncRNAs, classified as intergenic, intronic,
sense, and natural antisense IncRNAs, from RNA-seq data of drought-exposed tomato leaves.
A further 244 drought-responsive tomato IncRNAs were predicted to be putative targets of 92 tomato
miRNAs. Expression pattern and preliminary functional analysis of potential mRNA targets suggested
that drought-responsive tomato IncRNAs play important roles in a variety of biological processes
via INcRNA-mRNA co-expression. Taken together, these data present a comprehensive view of
drought-responsive tomato IncRNAs that serve as a starting point for understanding the role of long
intergenic non-coding RNAs in the regulatory mechanisms underlying drought responses in crops.
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1. Introduction

Because the world population is increasing, the global food demand is expected to approximately
double by the year 2050 [1]. Meeting global food needs will require a substantial understanding of the
climatic factors influencing agricultural production. Important in this regard is understanding how
climate extremes caused by global warming impact crop yields. Drought, a recurring phenomenon
with major impacts on natural systems, is one of the major widespread climatic extremes that negatively
affect agricultural production [2,3]. Droughts led to global cereal (maize, rice, and wheat) production
deficits of 10.1% on average during the past four decades [4]. Under drought conditions, crops display
various physiological and biochemical responses, including stomatal movement (the opening or closing
of stomata), morphological changes (repression of cell growth and development),and alteration in
biosynthetic pathways, antioxidant pathways, and respiration pathways; all of these aid survival in this
unfavorable climate [5]. Understanding drought-induced molecular and physiological mechanisms is
necessary for successful yield protection in the context of drought.

Coding and non-coding genomic elements, including messenger RNA (mRNA) and long
non-coding RNA (IncRNA), are the main subgroups of RNAs participating in transcription regulation.
Generally, IncRNAs are defined as RNA transcripts characterized by a minimum length of 200
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bp and lack of coding potential [6]. In plants, the majority of IncRNAs are transcribed by RNA
polymerase II similar to mRNAs, although some IncRNAs are transcribed by RNA polymerase I1I or the
plant-specific, DNA-dependent, RNA polymerases RNA polymerase IV and V [7]. Initially, IncRNAs
were thought to represent transcriptional noise with low levels of evolutionary conservation [8];
nevertheless, a growing body of evidence suggests that IncRNAs play important roles in the regulation
of various biological processes, including plant growth and development, epigenetic responses, and
the responses to various stresses [6,9,10]. In Arabidopsis, more than 6500 IncRNAs were identified
from a number of transcriptomic datasets, with either organ-specific or stress-induced expression
profiles [9,11]. Extensive genome-wide identification of IncRNAs has been performed in some plants,
including Populus tomentosa [12], Fragaria vesca [13], Cicer arietinum [14], Ginkgo biloba [15], and Zea
mays [16]. Several reports also show that biotic or abiotic stress alters IncRNA expression in plants.
For example, 664 and 98 drought-responsive IncRNAs were identified in maize [17] and rice [18],
respectively. The expression of 1832 Arabidopsis long intergenic non-coding RNAs (lincRNAs), which
are IncRNAs transcribed from intergenic regions of the genome, were significantly altered after drought,
cold, salt and/or abscisic acid (ABA) treatment [9]. Among these, drought-induced IncRNA mediate
plant tolerance to drought and salt stress by modulating the expression of genes involved in ABA
signaling, water transport, and other stress-relief processes [19]. Overexpression of Arabidopsis long
non-protein-coding RNA 536 resulted in visible differences when compared to wild-type plants under
salt stress conditions [20]. Taken together, these data suggest that the identification of stress-responsive
IncRNA provides an opportunity to increase our knowledge of the contribution of IncRNAs to the
stress response and to explore IncRNAs as possible targets for improving plant tolerance to stress.

In this study, in order to investigate the regulation of tomato IncRNAs in response to drought
stress, we analyzed transcriptome data obtained from drought-treated tomato leaf samples. Combined
with bioinformatics approaches, we further analyzed the potential function of these IncRNAs and
the relationship between tomato mRNAs, IncRNAs, and miRNAs. Taken together, our results will
improve our understanding of IncRNA-mediated gene regulation in drought response.

2. Materials and Methods

2.1. Plant Material and Drought Treatment

Tomato (Solanum lycopersicum cv. Amoroso) was grown under controlled conditions (25 °C,
70% relative humidity, and light intensity of 1000 pmol m~2 s7! for 12 h/day). For drought stress
treatment, 4-week-old plants were subjected to water deprivation for 4 d, and non-treated plants were
well-watered throughout the experiment. Leaves from drought-treated and control tomato plants were
collected for total RNA isolation. The experiment was conducted with 3 replicates per treatment and
10 plants per replicate.

2.2. Transcriptome Data and Transcriptome Assembly

RNA-seq data from drought-treated tomato leaf samples were obtained from the National
Agricultural Biotechnology Information Center (NABIC, http://nabic.rda.go.kr) with accession number
NN-5505 [21]. Then, the quality of the raw data was controlled by using the FastQC tool and
Trimmomatic v.0.33 as described by Eom et al. [5]. The clean reads were mapped to the tomato
reference sequence (Tomato Genome version SL3.0 and Annotation ITAG3.10, https://solgenomics.net/
organism/Solanum_lycopersicum/genome), using the HISAT2 aligner (http://ccb.jhu.edu/software/
hisat2/index.shtml ). Then, these mapped reads were further assembled and merged using StringTie
(https://ccb.jhu.edu/software/stringtie).

2.3. Long Non-Coding RNA Identification

LncRNAs were identified using the following workflow: Step 1, unknown transcripts with lengths
longer than 200 nucleotides (nt), and FPKM (fragments per kilobase of transcript per million fragments
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mapped) more than 0.1 were selected as IncRNA candidates; Step 2, transcripts with ORFs (open
reading frames) >300 bp and other non-coding RNAs (e.g., rRNAs, tRNAs, snoRNAs, snRNAs) were
removed using gffcompare; Step 3, the coding potential of the remaining transcripts was evaluated
using the coding potential calculator (CPC, CPC score <0) software (http://cpc.cbi.pku.edu.cn/), BlastX
search against all plant protein sequences in the Swiss-Prot database, and PfamScan (protein family
database, E-value < 0.001); Step 4, transcripts that passed these steps were annotated as IncRNAs;
and Step 5, a long non-coding RNA Scan (IncRScan) program was used to categorize the identified
IncRNAs as described by Sun et al. [22].

2.4. Prediction and Functional Annotation of Long Non-Coding RNA Targets

To explore whether IncRNAs function as miRNA decoys, all identified IncRNAs were analyzed for
miRNA target sites using psRNATarget webserver (https://plantgrn.noble.org/psRNATarget/analysis).
The interaction between tomato miRNAs and the identified lincRNAs was calculated using the
following parameters: maximum expectation = 5 and allowed maximum energy to unpair the target
site (UPE) = 25, as described by Hou et al. [23]. A lower UPE implies a higher possibility of establishing
a contact between an miRNA and the target IncRNA. The interaction network of lincRNAs and miRNAs
was drawn using Cytoscape software (Agilent Technologies Co., Santa Clara, CA, USA).

The potential target genes of drought-responsive IncRNAs were predicted using cis role analysis,
as described by Wang et al. [15]. These IncRNA target genes were functionally annotated using Gene
Ontology (GO) (p < 0.05) (http://geneontology.orgy/).

2.5. Quantitative Reverse Transcription—Polymerase Chain Reaction Analysis

The expression levels of selected miRNAs, IncRNAs and target genes were analyzed using
quantitative reverse transcription—polymerase chain reaction (RT-qPCR). To analyze tomato miRNA
expression, total RNA was extracted from drought-treated or non-treated tomato plants using TRIzol
Reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions and treated
with DNase I to remove any contaminating DNA. cDNA was synthesized using a Mir-X miRNA
First-Strand Synthesis kit (Clontech Takara, Seoul, Korea) according to the manufacturer’s instructions.
For analyzing the expression of IncRNAs and target genes, total RNA was extracted using the FavorPrep
Plant Total RNA Mini Kit and reverse-transcribed into cDNA using the ReverTra Ace® qPCR RT
Master Mix with gDNA Remover (TOYOBO, Co., Ltd., Osaka, Japan), according to the manufacturer’s
instructions. RT-qPCR was performed using the SYBR® Green Real-Time PCR Master Mix (Toyobo, Co.,
Ltd., Osaka, Japan) in a CFX96TM real-time system (Bio-Rad, Hercules, CA, USA), with the following
PCR conditions: 95 °C for 10 s, 40 cycles of 95 °C for 5 s, and 60 °C for 20 s. Sample cycle threshold (Ct)
values were determined and standardized relative to the tomato ACTIN 4 gene (Solyc04g011500), and
the 2722Ct method was used to calculate the relative expression of selected miRNAs, IncRNAs, and
target genes. The specific primer pairs used in RT-qPCR are listed in Table S1.

2.6. Statistical Analysis

To determine the significance of differences between the groups, one-way analysis of variance
(ANOVA) based on Duncan’s multiple range tests (p < 0.05) was used. All experiments were repeated
at least three times, and the results were presented as mean + standard error.

3. Results and Discussion

3.1. Identification and Characterization of Drought-Responsive Tomato Long Non-Coding RNAs

To understand the molecular mechanisms of tomato IncRNA responses to drought stress, the raw
reads from RNA-seq data were analyzed. After removing low-quality reads, approximately 55 million
paired-end clean reads were obtained from RNA-seq data generated from drought-treated tomato leaf
samples (NN-5505) and were mapped and assembled as described in the methods section. To obtain
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confident IncRNA transcripts, we performed severalrounds of core filtering of transcripts with high
sequence similarity to known proteins, protein-coding potentials, or open-reading frames. Using
this comprehensive filtering pipeline, we finally identified 521 IncRNA expressed in drought-treated
tomato leaves (Table S2). To characterize the basic genomic features of tomato IncRNAs, we analyzed
their length and distribution on the chromosomes of tomato. The length of IncRNAs ranged from 201
to 6701 nt, with an average of 916 nt, and there were 362 IncRNAs with lengths varying from 200 to
1000 nt (Figure 1a). We also found that the drought-responsive IncRNAs were transcribed from all 12
chromosomes. Chromosome 1 had the highest number of IncRNA loci (57), followed by chromosome
2 (47) and chromosome 7 (47), whereas chromosome 11 had the lowest number of IncRNA loci (32)
(Figure 1b).
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Figure 1. Characteristics of drought-responsive tomato long non-coding RNAs (IncRNAs). (a) Length

distribution of IncRNAs. (b) Chromosome-wise distribution of long intergenic non-coding RNAs
(lincRNAs). (c) Classification of lincRNAs.

On the basis of the relationship with protein-coding genes and the genomic location, most
plant IncRNAs have been classified as intergenic, intronic, sense, and natural antisense IncRNAs [24].
To characterize drought-responsive tomato IncRNAs, the identified IncRNAs were further classified into
six categories by comparison with the known gene annotations. As shown in Figure 1c, 358 IncRNAs
and 40 IncRNAs were assigned the ‘u’ classcode, defining the “unknown intergenic transcript” and
the ‘p’ classcode, defining the “possible polymerase run-on fragment,” respectively. The identified
IncRNAs from ‘u” and ‘p’ classes were considered to be lincRNAs, as suggested by Wang et al. [25].
A total of 39 IncRNAs with the ‘x’ classcode had exonic overlap with references on the opposite strand,
such as the natural antisense IncRNAs. A total of 14 IncRNAs with the ‘i’ classcode fell entirely within
the reference intron, including the intronic IncRNAs. A total of 70 candidates in classes ‘j’ (potentially
novel isoform) and ‘0" (unknown, generic overlap with reference) were considered to be sense IncRNAs,
suggesting that lincRNAs accounted for the largest proportion of drought-responsive tomato IncRNAs.
Because thousands of lincRNAs have been identified in human and plant genomes [9,17,26], a few
studies have revealed the function of lincRNAs, including transcriptional regulation by recruiting
proteins for chromosome modification to specific loci, inhibition of the physical interaction between
miRNAs and their target mRNAs, and controlling alternative splicing [27]. Although the physiological
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function of drought-responsive lincRNAs remains unclear, some drought-responsive Populus lincRNAs
are thought to serve as putative targets of Populus miRNAs [28]. This suggests that miRNA-IncRNAs
(such as lincRNAs) interactions might play key roles in drought stress tolerance.

3.2. Drought-Responsive Tomato Long Non-Coding RNA Transcripts as Potential Targets of Tomato miRNAs

miRNAs and IncRNAs are two important types of non-coding RNA, and their interactions
play important roles in various biological processes, including plant growth, development, and
reproduction [29,30]. LncRNAs that interact with miRNA function as endogenous target mimics [27,31].
To investigate the interaction between our identified IncRNAs and tomato miRNAs, our identified
IncRNAs as targets of tomato miRNAs were predicted using psRNATarget server [32]. An alignment
of tomato miRNAs with 521 IncRNA suggested that a total of 244 drought-responsive tomato IncRNAs
were putative targets of 92 tomato miRNAs (Table S3). As shown in Figure 2, multiple interaction
patterns, including one IncRNA with many miRNAs, many IncRNAs with one miRNA, and many
IncRNAs with many miRNAs were identified. This resulted in a total of 538 IncRNA-miRNA
interactions (Table S3). The majority of miRNAs involved in interactions with IncRNAs were of the
sly-miR156, sly-miR390, sly-miR482, sly-miR5302, and sly-miR9476 families. miR156 is one of the
most conserved and highly expressed miRNAs in plants. In higher plants, overexpression of miR156
resulted in dramatic morphologic changes, including delayed flowering, increased root development,
and enhanced biomass production, suggesting that miR156 has important regulatory functions in
plant growth and development [33-36]. In addition, miR156 regulates tolerance to environmental
stresses such as salt and drought stresses via downregulation of the SPL (squamosa promoter-binding
protein-like) transcription factor family genes. These genes are master regulators of various biological
processes, including vegetative to reproductive phase change, secondary metabolism, and stress
responses [33,37,38].
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Figure 2. LncRNA-miRNA interaction network. Yellow circle nodes represent IncRNAs, and gray
circle nodes represent miRNAs. Examples of interactions are shown: one IncRNA with many miRNAs,
one miRNA with many IncRNAs, and many IncRNAs with many miRNAs.

It has been shown that the expression of miR169 is regulated by CBF/DREB (C-repeat-binding
factor/dehydration-responsive element binding factor) transcription factors [39,40]. In addition,
overexpression of miR396 enhanced drought tolerance [41], suggesting the role of miR169 and
miR396 in drought response. To investigate the relationship between miRNAs (miR169 and miR396)
and their target IncRNAs, four IncRNA-miRNA pairs were selected and subjected to qRT-PCR
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analysis. Although current knowledge and data on miRNA-IncRNA interactions are still limited,
accumulating evidence suggests that the interaction patterns of IncRNAs and miRNAs are closely
related to their relative expression levels [42]. To investigate the interaction patterns of miRNAs
and their target IncRNAs, four IncRNA-miRNA pairs were selected and subjected to RT-qPCR
analysis. As shown in Figure 3, sly-miR169c was downregulated by drought stress, whereas the
target IncRNA-tomato_535 was strongly induced by drought stress. In addition, sly-miR396b was
upregulated, while IncRNA_tomato_503 was downregulated by drought stress. Sly-miR169c and
sly-miR396b exhibited the same expression pattern as their other targets, IncRNA-tomato_146 and
IncRNA-tomato_178, respectively, suggesting that IncRNA-tomato_146 and IncRNA-tomato_178
regulate the expression of sly-miR169c and sly-miR396b as target mimics under drought conditions,
as suggested by Deng et al. [43]. As shown in Table S3, IncRNA-tomato_535 was predicted to be a
putative target of sly-miR169, sly-miR482, sly-miR5302, sly-miR9476, and sly-miR9477 families, whereas
one or two miRNA families targeted IncRNA-tomato_146, IncRNA-tomato_178, or IncRNA_tomato_503,
suggesting that high expression of IncRNA-tomato_535 might be required for protecting mRNAs
against miRNAs-induced degradation, as supported by Zhang et al. [44]. Taken together, these findings
suggest that our identified IncRNAs regulate the expression of miRNA target genes by acting as
miRNA targets or target mimics to downregulate miRNA activity.

IncRNA_tomato_146 1094 GUGGCUAGUUAUUAUUGGUUC 1114 IncRNA_tomato_178 542 UAGUUGAAGGGAGUGGUGGAA 562
sly-miR169¢ 21 AGCCGUUCAGUAGGAACCGAC 1 sly-miR396b 21 UUCAAGUUCUUUCGACACCUU 1
IncRNA_tomato_535 1411 CCUGUAAAUCAUUUUUGGUUG 1431 IncRNA_tomato_503 249 AAGUUCAAGAAAGUUGUGGGA 269
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Figure 3. Functional prediction of drought-responsive tomato IncRNAs as potential targets or target
mimics of miRNAs. (a) The interaction miRNA-IncRNA was identified using psRNATarget webserver
(https://plantgrn.noble.org/psRNATarget/analysis). (b) Phenotypes of tomato plants after exposure
to drought stress for 4 days. (c) The relative expression levels of four INcRNA-miRNA pairs were
validated by RT-qPCR. The expression levels of selected miRNAs and IncRNAs were calculated relative
to their expression in the non-treated sample. Data are means + standard error (SE). Values in the same
column with different superscripted letters are significantly different (p < 0.05).

3.3. Functional Characterization of Drought-Responsive Tomato Long Non-Coding RNAs

The transcription of some IncRNAs regulates the expression of neighboring protein-coding genes
in cis via mechanisms including antisense-mediated repression, activation of divergent genes with
bidirectional promoters, RNA-mediated enhancement, and genomic imprinting [45—-48]. To identify
potential mRNA targets of drought-responsive tomato IncRNA, we initially predicted potential mnRNA
targets by searching 100 kb upstream and downstream of each IncRNA. Then, we identified 183 target
genes through complementary base pairing with IncRNAs. All target genes were aligned to GO terms,
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to predict and classify possible functions of drought-responsive tomato IncRNAs. As shown in Figure 4,
metabolic process and cellular process were prominently represented under the biological process
category. Furthermore, cell and cell part represented the majority of terms in the cellular component
category, and the vast majority was related to binding and catalytic activity in the molecular function
category. Furthermore, we also found GO terms related to stress tolerance, including response to
stimulus (nine genes), signaling (three genes), and transporter activity (six genes), suggesting that
some IncRNAs might contribute to drought stress tolerance via control of target gene expression.
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Figure 4. Gene ontology classification of IncRNA target genes. The results are summarized in three
main categories: biological process, molecular function, and cellular component.

To determine the relationship between expression of drought-responsive tomato IncRNAs and
their potential target genes, three IncRNA and target gene pairs were selected, and we analyzed
expression patterns in response to drought stress. Under drought conditions, IncRNA_tomato_467
and its potential target gene associated with K* channel, Solyc11g011500.2 [49], were upregulated,
whereas other IncRNAs and their target genes were downregulated (Figure 5). This suggests that
all tested pairs of IncRNAs and their putative target genes share similar transcription patterns and
might be transcriptionally co-regulated. In guard cells, K* channel activity mediated by either
ABA-induced Ca*-dependent or -independent pathways was required for stomatal movements [50],
indicating that drought-induced IncRNA_tomato_467 and Solyc11g011500.2 might play roles in
stomatal movement via controlling K* levels. It is known that ABA-mediated physiological
processes, including closure of the stomata and acceleration of leaf senescence, are counteracted
by cytokinins [51]. Trans-zeatin (tZ), an active cytokinin, is catalyzed by zeatin O-glucosyltransferase,
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and this process is required for protection of zeatin from cyctokinin oxidases/dehydrogenases [52].
In zeatin-O-glucosyltransferase-overexpressing plants, a delay in the accumulation of drought-induced
ABA was observed, resulting in the delayed decrease of stomatal aperture in response to water
deficit [53]. This suggests that the downregulation of zeatin o-glucosyltransferase, Solyc11g066670.1 [54],
should be essential for ABA-induced stomatal closure in response to drought stress. In addition,
drought-exposed plants exhibited a specific decrease in abundance of the ATP synthase complex,
including the epsilon subunit of the chloroplast ATP-synthase-like Solyc01g017220.1 [55] due to
water-deficit-induced biochemical limitation in photosynthesis, indicating that IncRNA_tomato_025
should be an important resource for improving chloroplast energy balance in response to drought stress.
Taken together, these findings suggest that some drought-responsive IncRNAs act as transcriptional
regulators of drought responses in tomato.
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Figure 5. Transcriptional changes of selected IncRNA-mRNA pairs during the response to drought
stress. Transcript levels of the selected IncRNA-mRNA pairs were normalized to those of tomato
actin and were expressed relative to the values in the non-treated sample. The level of expression is
represented as the log?2 ratio. Data are means + SE.

4. Conclusions

We identified and characterized 521 putative IncRNAs expressed in drought-treated tomato leaves.
Several drought-responsive IncRNAs acted as putative targets of tomato miRNAs. The prediction
of IncRNA-mRNA interaction and GO enrichment analysis suggested that drought-responsive
IncRNAs act as transcriptional regulators of genes involved in stress tolerance, including response
to stimulus, signaling, and transporter activity. These findings provide valuable information for
further characterization of IncRNA-mediated regulatory mechanisms underlying drought stress.
Understanding the interactions of IncRNAs with other molecular elements is an interesting area
that needs to be further developed to improve our knowledge of drought-induced molecular and
physiological mechanisms.
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