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Abstract

Long non-coding RNAs (IncRNAs) are an exclusive type of ribo-regulators controlling post-transcriptional
regulation in various organisms, especially in plants. Recently, important functions of long intergenic non-coding RNAs
(lincRNAs), non-coding transcripts with size > 200 nts and transcribed from the intergenic regions of the genome, such
as flowering, ripening, fertility, and storage organ developments were reported in plants. However, the knowledge of
cassava lincRNAs in particular tissues are still limited. In this work, we aim to do genome-wide identification of lincRNAs
in 11 cassava tissues, including shoot, root, and callus by using tissue-specific RNA-seq data and bioinformatics approach.
Here, we showed 1,258 lincRNAs with various expression levels in cassava tissues. Of these, 67 lincRNAs were
commonly expressed in all 11 cassava tissues and 4 of them were proposed as potential reference genes for relative gene
expression quantification measurement in cassava. Moreover, 657 lincRNAs specifically expressed in single individual
tissues. Cis-regulatory target prediction suggested the potential roles of two lincRNAs involving in carbohydrate
metabolism in storage roots and photosynthesis in cassava leaves. The genome-wide collection of lincRNAs in 11 specific
tissues of cassava will be useful for further molecular function validation.

Keywords: Cassava, Genome-wide, LincRNAs, Tissue-specific, Cis-regulatory target, Carbohydrate metabolism,
Photosynthesis

1. Introduction

Long non-coding RNAs (IncRNAs) are transcripts longer than 200 nucleotides (nts) without protein-
coding capacity. Even their low expression level and low primary sequence conservation, when compared to
protein-coding genes, their functions involving in several cellular processes have made them become the
meaningful sequences in the genomes. LncRNAs can originate from the spliced intron of mRNAs (intronic-
IncRNAs), antisense transcripts of coding genes (IncNATs) or independent transcription at intergenic regions
(lincRNAs) and play important roles in post-transcriptional regulation of protein-coding genes (Yao, Wang,
& Chen, 2019).

Long intergenic non-coding RNAs (lincRNAs) have been reported as a majority of plant IncRNAs
(Zhao et al., 2019; Wang et al., 2019a) and conferred gene regulation in both cis- (regulating target genes located
in the same genomic locus) and frans- (regulating target genes located in the different genomic locus) regulation.
Overexpression of IncRNA23468 caused the increase of disease-resistant gene (NBS-LRRs) expression through
miR482b target mimic and promoted disease resistance in tomato after fungal infection (Jiang et al., 2019).
Wang et al., (2014) proposed a lincRNA named HID1 involving in the photomorphogenesis (light-mediated
seedling development) through the protein-RNA complex in Arabidopsis. The silencing of HID1 promoted the
increase of photomorphogenesis repressor, PIF3, activity and resulting in longer hypocotyls (Wang et al., 2014).
These suggested the obvious evidence of lincRNA's role in plant disease resistance and development through
trans-regulation.
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For cis-regulation, Wang et al., (2019b) proposed the function of lincRNAs involving in heat
tolerance in Chinese cabbage by using transcriptome analysis. They found differentially expressed lincRNAs
together with their nearby protein-coding genes encoding for heat stress transcription factors (HSFs) (Wang
et al., 2019b). Cold-related lincRNAs were identified in grapevine. Some of these lincRNAs showed
differential expression responding to cold stress condition and their cis-regulatory target (nearby) genes were
reported as plant stress response genes. For example, the expression level of lincRNA XLOC 019156 was
significantly increased while its cis- regulatory target gene encoding for peroxisome biogenesis protein
(VIT _202s0154g00610) was down-regulated under cold stress condition (Wang et al., 2019a). These pieces
of evidence increase the attention of researchers for exhaustive lincRNA exploration in other plants (Hao et
al., 2015; Golicz, Singh, & Bhalla, 2018).

Recently, several tissue- specific lincRNAs were investigated in various plant species. These
observations suggested the potential roles of lincRNA in specific functions on plant developmental processes.
For instance, a high correlation of expression level between lincRNAs and their corresponding mRNA targets
involving in plant flowering was found in chickpea suggesting the function of lincRNA involving in flower
developmental process (Khemka et al., 2016). Knockout of a lincRNA, XLOC 057324, resulting in
decreasing in rice fertility. This suggested the involvement of lincRNA in rice sexual reproduction (Zhang et
al., 2014). Varshney and colleagues proposed a potential role of lincRNAs involved in aroma biosynthesis of
black tea since these lincRNAs showed differential expression in aroma specific tissue and shared the miRNA
binding region with mRNA (target mimicry) of protein-coding gene involving in the biosynthesis pathway
of volatile compound (Varshney et al., 2019). Wang et al., (2018) reported the involvement of lincRNA in
fruit ripening as observing the co- transcriptional expression of lincRNA (XLOC 055641) with an adjacent
protein-coding gene (Solyc06g051800) which is a target of ethylene regulation and specifically expressed in
ripening fruit. Moreover, both of them were up-regulated during the ripe stage in tomato (Wang et al., 2018).
The knowledge of functional lincRNA in particular plant tissues will encourage more understanding of plant
post-transcriptional gene regulation and be an alternative resource beyond protein- coding genes for the next
generation of functional genomics studies.

Nowadays, a collection of lincRNAs expressed in specific tissues of the most important cash crops
for Thailand, cassava, is still limited, contrasting to its economic value. Only a few genome- wide
transcriptome studies of protein-coding genes in cassava under tissue- specific conditions were performed
(Wilson et al., 2017). Moreover, the investigation of lincRNAs in specific tissues of cassava is relatively
less. A collection of lincRNAs in a specific tissue of cassava is not only benefited for cassava yield capacity
improvement but also other molecular applications. For example, lincRNAs that associate with cassava
storage root development or photosynthesis in leaf might shed some light on improving cassava storage root
yield or enhance photosynthesis efficiency, respectively. Therefore, we put an effort to do a genome- wide
screening of lincRNAs under different tissues of cassava plant using a bioinformatics approach and RNA-seq
data from Wilson et al (2017). This provided a collection of lincRNAs in 11 cassava tissues including the
shoot and root part of the cassava plant, and callus of cassava tissue culture. We investigated both common
lincRNAs expressed in all 11 cassava tissues and tissue-specific lincRNAs. This genome-wide collection of
lincRNAs in each cassava tissue might be beneficial of further tissue- specific functional validation or
applying for tissue-specific biomarkers.

2. Objectives
This work aims to do a genome-wide screening of lincRNA in 11 cassava tissues by using RNA-seq
data integrating with a bioinformatics approach.

3. Materials and Methods
Cassava RNA-seq data and genome annotation

RNA-seq data of 11 cassava tissues (Wilson et al., 2017) including; shoot apical meristem (SAM),
leaf, midvein, petiole, stem, lateral bud, storage root ( SR), fibrous root (FR), root apical meristem (RAM),
organized embryogenic structure (OES) and friable embryogenic callus (FEC), consisted of three biological
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replicates for each condition (except SR, containing two biological replicates), were downloaded from NCBI
database (BioProject No. PRINA324539). This RNA-seq data were constructed based on poly- A tail RNA
library, Illumina RNA sequencing platform with reads of 101 bps in length. Cassava reference genome,
AMS560v6. 1 including protein-coding gene annotation was retrieved from the Phytozomel2 database and
used as a template for RNA-seq read mapping.

Bioinformatics approach for lincRNAs identification

Qualified reads with average Phred- quality score > 20 in each sample were mapped on the cassava
reference genome using STAR aligner (Dobin et al., 2013). Aligned reads with uniquely mapped and identity
>70% were assembled using Cufflinks (Trapnell et al., 2010) and guided by cassava protein- coding gene
annotation. Intergenic assembled transcripts were proceeded to identify lincRNAs by several filtering criteria
as shown in figure 1 including (i) size > 200 nt, (ii) protein-coding gene distance > 500 nts (iii) no coding
potential by CPC (Kong et al., 2007) and CPAT (Wang et al., 2013) and (iv) no similarity to protein sequences
or domains. Expressed lincRNAs were identified from transcripts passed through the above- mentioned
filtering criteria with mapped reads > 10 in at least 2 replicated data sets.

Cassava AM560 genome
2 . RNAseq data of 11 cassava
sequence and annotation R
. tissues
version 6.1

* Reference genome mapping & assembly
(Uniquely mapped and identity > 70%)

v
‘ Assembled transcripts ‘
(142,832)

* Extract long intergenic transcript
(length > 200 nt and far from coding gene
> 500 nt in both strand)

v
‘ Long intergenic transcripts ‘
(7,841)

* Discard coding potential transcript using computational tool
J' (CPAT score > 0.2, CPC score > 0, ORF > 100)

without coding capacity
(3,430)

* Discard protein sequence similarity in UniProt
(e-value < 0.001)

¢ Discard protein domain similarity in Pfam
(e-value < 0.1)

¢ Identify expressed lincRNA
(mapped reads > 10 in at least 2 replicates)

Long intergenic transcripts

Identified lincRNAs
(1,258)

Figure 1 Workflow for lincRNA identification using a Bioinformatics approach
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Identification of potential common and tissue-specific lincRNAs and cis-target prediction

Potential tissue-specific lincRNAs were identified from lincRNAs which expressed in only a
specific tissue while common lincRNAs were found their expression in all 11 cassava tissues. Abundance
estimation of identified lincRNA transcripts was quantified via reads counting with normalization by
GeTMM (Smid et al., 2018). Target genes of interesting lincRNAs were predicted from protein-coding genes
located within 10 Kb in up or downstream regions of lincRNAs.

4. Results and Discussion
Identified lincRNAs and their expression in particular cassava tissues

Over 454 million qualified reads from 11 tissue samples of cassava were mapped to the reference
genome with more than 80% mapping rate for each sample. After transcript assembly via the bioinformatics
pipeline, several numbers of lincRNAs were identified in each cassava tissues as shown in figure 2A. Finally,
we found 1,258 unique lincRNAs expressed in at least one cassava tissue. Characteristics of identified lincRNAs
based on length were presented as size distribution in figure 2B. The length of lincRNAs is in the range of 202
to 8,312 nt and the average was lower than that of 8,650 expressed protein-coding transcripts (102 to 16,325 nt
in length). The identified lincRNAs showed lower exon numbers than protein-coding transcripts (figure 2C). In
terms of expression level, lincRNAs showed significant differences and lower expression levels than protein-
coding transcripts in all 11 tissues (Wilcoxon rank-sum test, p-value < 0.05) (figure 2D). Moreover, their
expression levels of lincRNAs among 11 tissues were significantly different (Kruskal- Wallis test, p-value <
0.05). It suggested the diverse roles of lincRNAs in different tissues. The features of shorter in sizes, lower exon
numbers and lower expression levels of identified lincRNAs comparing to those of protein-coding transcripts in
cassava were consistent with the previous reports of IncRNA’s characteristics in other plants (Golicz, Singh, &
Bhalla, 2018; Wang et al., 2018).

Common lincRNAs in all cassava tissues and their potential roles as reference transcripts for relative
expression quantification measurement

The 67 lincRNAs showed their expression in all 11 cassava tissues with variations. This suggests
common lincRNAs that play various roles in all cassava tissues. Among of these common lincRNAs, four
lincRNAs including TCONS 00133763, TCONS 00142409, TCONS_00097964, and TCONS_00077571
showed comparable expression levels with three current cassava reference genes (Hu et al., 2016): TUB,
beta_6 tubulin (Manes. 08G061700), 26Sproteasome regulatory complex subunit N10 (Manes. 02G137500)
and Nascent polypeptide- associated complex subunit beta (Manes.09G005100) as shown in figure 3. The
mean expression level for four lincRNAs was in the range of 2.28 to 2.84, whereas the mean of the expression
level of three current reference genes was in the range of 2.50 to 3.92. Low variation of their expression also
observed for all four lincRNAs at the same level as current reference genes. This suggested the potential for
using these four lincRNAs as reference transcripts for further cassava molecular studying such as the
quantitative reverse transcription- polymerase chain reaction ( RT- gPCR) method. To the best of our
knowledge, there is no evidence of IncRNA utilization as a reference gene in the plant but recently reported
as markers in cervical cancer (Iempridee et al., 2018).

Potential functional lincRNAs in specific leaves or storage roots tissue

A further investigation suggested that a total of 657 lincRNAs were expressed specifically in
particular tissues as shown in figure 4A. This number (657) of tissue-specific lincRNAs in cassava is quite
close to the previously reported number (641) in chickpea (Khemka et al., 2016). Comparing to all tissue-
specific lincRNAs, almost 55% of them were found in FEC. When considering all expressed lincRNAs in
each tissue, almost 46% of them are specific lincRNAs in FEC, while the other tissues showed a lower fraction
of tissue-specific lincRNAs (figure 4B). This may suggest that the FEC tissue of cassava might require more
specific control by lincRNAs than other tissues. This might be a reason why the numbers of expressed
lincRNAs and fraction of tissue-specific lincRNAs in FEC are very high which is consistent with the previous
reports of IncRNA's role in embryogenesis and cell differentiation (Fatica & Bozzoni, 2014; Huang et al.,
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2019) . A storage root- specific lincRNA, TCONS 00032023, and its cis- target, FASCICLIN- like
arabinogalactan, was proposed in this work. This targeted gene was previously reported as its association
with root growth and seed development in the plant (Basu et al., 2016). The expression levels of both were
highest in cassava storage root samples (figure 4C). Besides, a leaf-specific lincRNA, TCONS 00069151
involving in the photosynthesis process through cis-regulated target gene encoding for complex photosystem
I, was found to be expressed at the highest levels in leaf samples (figure 4D). These results suggest that our
identified lincRNAs have their potential roles in cassava tissue-specific functions.

(A)
Type of tissue Number of Number of
protein-coding transcripts lincRNAs
SAM 4,228 (4,218) 218
Leaf 4,639 (4,624) 251
Midvein 4,992 (4,978) 252
Petiole 5,074 (5,058) 279
Stem 5,027 (5,013) 275
Lateral bud 5,233 (5,219) 291
SR 3,879 (3,863) 276
FR 5,657 (5,640) 335
RAM 4,133 (4,124) 155
OES 5,697 (5,677) 499
FEC 5,302 (5,286) 785
Total 8,650 (8,623) 1,258
(B) [0 Coding [ lincRNA (C) = _ Coding ™ lincRNA
5.2
2 £ 8o
0.00075- 3 @
c & 60
> S
£ 0.00050- =
2 5 @ 40
S 0.00025 » D
' g5
X
0.00000- | ; ‘ ‘ QY o= — s
0 5000 10000 15000 S 1 2 3 45 6 7 8 9 10>10
Size (nt) o Number of exons/transcript
(D) B3 Coding E3 lincRNA
6- % % % % % * % % % % %
- M M (| (! M (! /M (! M M (!
Ll
+ ° e °
.S 4- i H - = H . ' 8 -
% : ¢ 8 i . s 3 ' : . H
x>
< 2
b
9
O . . . . . = , . ,
N AN @ O N Q- N N 2 O
o N N
N 2 &9 e \@3 e < < & & &
NS 4 @7
&9
a4

Figure 2 Identified lincRNAs and their characteristics. (A) The number of expressed lincRNAs and protein-coding
transcripts in 11 cassava tissues. The number in the parenthesis indicates the number of expressed protein-
coding genes. (B) The size distribution of identified lincRNAs comparing to protein-coding transcripts. (C)
Distribution of exon numbers in identified lincRNAs comparing to protein-coding transcripts. (D) The
expression level of lincRNAs comparing to protein-coding transcripts in 11 cassava tissues. *Denotes the
statistically significant difference at p < 0.05, based on Wilcoxon rank-sum test
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B Nascent polypeptide-associated complex subunit beta (Mean = 2.55; CV = 0.08)
B 265 proteasome regulatory complex, subunit N10 (Mean = 2.50; CV = 0.06)
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Figure 3 The four common lincRNAs (blue labels), proposed as reference transcripts for relative expression

quantification measurement and three current reference genes (red labels) with their expression level across

11 cassava tissues. Mean is the average expression level and CV is the coefficient of variation
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Figure 4 Potential functional lincRNAs in specific leaves or storage roots tissue. (A) The number of candidate tissue-
specific lincRNAs in each cassava tissue. (B) The fraction of identified lincRNAs with specific and non-
specific in 11 cassava tissues. (C) The expression level of potential SR specific lincRNA, TCONS 00032023
comparing to its cis-target gene encoding for FASCICLIN-like arabinogalactan. (D) The expression level of
potential leaf specific lincRNA, TCONS 00069151 comparing to its cis-target gene encoding for Complex

photosystem II
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5. Conclusion

Here we provided a genome-wide collection of lincRNAs in 11 cassava tissues as common or tissue-
specific lincRNAs. This is the first genome-wide analysis of lincRNAs under different cassava tissues
including the shoot and root part of the cassava plant, and callus of cassava tissue culture. These putative
lincRNAs might be a benefit for further functional validation and then revealing the complex post-
transcription regulation in cassava, one of the most important crops for the 21 century.
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