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Long noncoding RNAs (IncRNAs) have been identified in many mammals and plants and are known to
play crucial roles in multiple biological processes. Pineapple is an important tropical fruit and a good
model for studying the plant evolutionary adaptation to the dry environment and the crassulacean acid
metabolism (CAM) photosynthesis strategy; however, the IncRNAs involved in CAM pathway remain
poorly characterized. Here, we analyzed the available RNA-seq data sets derived from 26 pineapple leaf
samples at 13 time points and identified 2,888 leaf IncRNAs, including 2,046 long intergenic noncoding
RNAs (lincRNAs) and 842 long noncoding natural antisense transcripts (IncNATs). Pineapple leaf
IncRNAs are expressed in a highly tissue-specific manner. Co-expression analysis of leaf IncRNA and
mRNA revealed that leaf IncRNAs are preferentially associated with photosynthesis genes. We further
identified leaf IncRNAs that potentially function as competing endogenous RNAs (ceRNAs) of two CAM
photosynthesis pathway genes, PPCK and PEPC, and revealed their diurnal expression pattern in leaves.
Moreover, we found that 48% of IncRNAs exhibit diurnal expression patterns in leaves, suggesting their
important roles in CAM. This study conducted a comprehensive genome-wide analysis of leaf IncRNAs
and identified their role in gene expression regulation of the CAM photosynthesis pathway in pineapple.

. Over the past decade, an increasing number of long (>200 nt) noncoding RNAs (IncRNAs) have been identified
. by large-scale genomic studies. Recent developments in RNA sequencing technology (RNA-seq) and computa-
. tional methodology have made it possible to identify and characterize these IncRNAs from short read RNA-seq
. data. Besides the considerable number of IncRNAs that have been identified in model plant organisms, such
© as Arabidopsis'™, Rice’, and maize®, plenty of non-model plants have revealed more novel IncRNAs, such as
' Medicago truncatula’” and wheat®, peach’, Populus!'®!!, soybean'?, and B. rapa'®. Many IncRNAs function in
. diverse biological processes, like gene silencing, responses to abiotic or biotic stress, RNA alternative splicing,
. translational control, reproduction, and chromatin modification*>'*-7, A hypothesis for competing endoge-
nous RNA (ceRNA) proposed that IncRNAs, circular RNAs (circRNAs), mRNAs, and other types of RNAs can
. function as natural miRNA sponges to inhibit normal miRNAs targeting activity on mRNA by sharing com-
. mon miRNA responsive elements (MREs)'®. This hypothesis that IncRNA acted as ceRNA to regulate mRNAs
© expression through competing for common miRNAs has been validated experimentally by previous studies®.
© LncRNAs functioned as ceRNA competes for available miRNA in cells, which can sequester miRNAs away from
. their targets. More importantly, newly identified intricate ceRNA networks will promote the understanding of the
. language of IncRNA-mediated ceRNA regulatory mechanisms.
: CAM (crassulacean acid metabolism), also known as CAM photosynthesis, is an efficient pathway for some
- plants, such as pineapple, to survive in arid environments*>*!. CAM differs between the C3 and C4 pathway,
. which separates the initial CO, fixation and Calvin cycle processes over time (between day and night). The plant
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opens its stomata at night, allowing CO, to diffuse into the leaves and be fixed as organic acids stored inside vacu-
oles until the next day, while the stomata would be shut to minimize photorespiration during the day. Meanwhile,
the organic acids are transported from vacuoles and an enzyme releases the CO, that enters into the Calvin cycle.
The most important benefit of the CAM pathway is increased efficiency in the use of water in very hot and dry
areas™.

Pineapple is an extremely economically and nutritionally valuable tropical fruit, and provides a suitable model
to study obligate CAM photosynthesis in arid regions. Ming et al. has fully sequenced the pineapple genome
with thorough annotations?. The availability of high quality genomic information and the increasing number
of transcriptomic resources for pineapple make it an ideal system to globally identify the IncRNAs present in
CAM photosynthesis. A previous study? identified 38 putative genes associated with the carbon fixation mod-
ule of CAM, including phosphoenolpyruvate carboxylase (PEPC) and phosphoenolpyruvate carboxylase kinase
(PPCK), however, the regulatory elements involved in the CAM pathway remain largely unknown. Since miR-
NAs, IncRNAs, and ceRNAs are vital regulators of a multitude of biological processes, it is important to detect the
regulatory affection for those core CAM enzymes.

In the present study, we conducted systematic identification and characterization of IncRNAs and identified a
total of 2,888 putative leaf IncRNAs from the time-series of RNA-seq data of pineapple leaves. We validated our
results by comparing genomic features of IncRNAs with these features of Arabidopsis, rice, or human IncRNAs, as
well as to the pineapple protein-coding genes where appropriate, including exon numbers, exon length, transcript
length, and tissue specific expression patterns. A co-expression network analysis indicated that many leaf IncR-
NAs are associated with photosynthesis genes. We also identified leaf IncRNAs that function as ceRNAs of two
CAM pathway genes. We further found that IncRNAs have diurnal expression patterns in the pineapple leaf. Our
genome-wide identification and further annotation of pineapple leaf IncRNAs will be beneficial for improving
our knowledge of the molecular mechanisms that underlie the CAM pathway, as well as provide a perception of
ceRNA-guided gene regulations in various biological processes in pineapple.

Result

Identification of putative leaf INcRNAs. To globally identify leaf IncRNAs related to the CAM pathway
in pineapple, a modified computational method was used to mine putative IncRNAs using the leaf (green tip and
whiter base) (Supplemental Fig. 1) RNA-seq datasets (the samples were collected at 2-h intervals through a 24-h
period)*?* (Supplemental Fig. 2). First, the clean reads (excluding low quality data) were aligned to the pineapple
genomes (https://phytozome.jgi.doe.gov) using Tophat®*. Second, we use Cufflinks to reconstruct the pineapple
transcriptome from all of the RNA-seq datasets, which recovered a total of 117,031 transcripts in pineapple.
Cuffmerge was then used to merge these assembled transcripts. The expression level of each transcript was esti-
mated using Cuftdiff in each condition after the assembly of the whole transcriptome. The class codes of all tran-
scripts were determined by Cuffcompare; only 7,420 (6.34%) of total transcripts with ‘v’ X, or ‘I’ code were
selected to represent putative IncRNA candidates. Third, we retained 7,056 (6.03%) long (greater than 200 nucle-
otides) transcripts, according to the length criterion. Coding Potential Calculator (CPC)* was used to perform
the coding potential prediction for each transcript. Any transcripts with a CPC score >0 was excluded, resulting
in 5,005 (4.28%) transcripts being retained. These transcripts were scanned in all three reading frames, and any
transcript with known protein domain(s) in Pfam database was discarded”. At this phase, we were left with 4,878
(4.17%) IncRNA candidates. Finally, we kept only expressed transcripts with available strand information (multi-
ple-exon IncRNAs with FPKM >0.5; single-exon IncRNAs with FPKM >2). Taken together, IncRNAs were
defined as transcripts (1) with the length >200 nt; (2) CPC score <0; (3) do not have any Pfam domain; (4) have
strand information; and (5) for multiple-exon transcripts FPKM >0.5, for single-exon transcripts FPKM >2 in at
least one sample. With these criteria, we obtained 2,888 reliably expressed pineapple leaf IncRNAs (Supplemental
Table 1), including 2,046 long intergenic noncoding RNAs (lincRNAs) and 842 long noncoding natural antisense
transcripts (IncNATs) (Fig. 1A). Also, we considered that the filtered 1,990 novel transcribed loci without strand-
ness or low expression as a set of low confidence IncRNAs, due to limited transcriptome data being available. Our
newly identified leaf IncRNAs make it possible to further study their function, and provide a reliable reference to
improve the gene annotation in pineapple.

Pineapple leaf IncRNAs have distinct genomic features compared to protein-coding genes.
The global genomic properties of IncRNAs have been studied in human and several model plant organisms
(Arabidopsis and rice). However, such genome-wide information regarding IncRNA is still limited in pineap-
ple. To examine main gene characteristics of lincRNAs, IncNATs and protein coding transcripts separately, we
compared them mainly in the following aspects: exon numbers, exon length, transcript length, and tissue spe-
cific expression patterns. The results showed that IncNATs were overlapped with genes that were transcribed in
antisense direction to the sense genes (Fig. 1B). Consistent with the results for humans®, most of IncRNAs were
spliced (87% for lincRNAs, 63.9% for IncNATs), and show an obvious trend to have only two exons (37.73% for
lincRNAs, 38.24% for IncNATSs, compared with 16.66% of protein-coding genes) (Fig. 1C). On the contrary, only
about half of rice and Arabidopsis IncRNAs were spliced"*?. The average number of exons of pineapple leaf
IncRNAs is 2.80, while those of mRNAs is 5.53. Respectively, lincRNAs and IncNATs have 3.06 and 2.18 exons.
Meanwhile, the median exon length of mRNA (137 nt) is shorter than that of IncRNAs (211 nt for IncRNAs, 198
nt for lincRNAs, and 282 nt for IncNATS) (Fig. 1D). Additionally, the median size of full-length IncRNA tran-
scripts (920.5 nt for IncRNAs, 949.5 nt for lincRNAs and 850 nt for IncNATS) is longer than that in other species
(Arabidopsis"?, rice®, and human?®), while the average length of all full-length mRNAs is longer (~1,227 nt)
(Fig. 1E). The distance between leaf IncRNA genes and their closest protein-coding genes was shorter than the
median distance between adjacent protein-coding genes (median 2,862 nt for IncRNA-gene intervals, compared
with 5,320 nt for gene-gene intervals; Fig. 1F); while greater than the lengths of the introns in the protein-coding
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Figure 1. Properties of pineapple leaf IncRNAs. (A) The number of lincRNA, IncNAT and protein-coding
genes. (B) The proportion of IncNAT sequences overlapped with sense genes in antisense direction. (C) Exon
numbers for lincRNAs and IncNATs and protein-coding transcripts. (D) Exon length analysis for lincRNAs,
IncNATs and protein-coding transcripts. (E) Transcript length analysis for lincRNAs, IncNATs and protein-
coding transcripts. (F) Comparison distances of the mRNA-lincRNA intervals, nRNA-mRNA intervals,

and length of mRNA introns. “IncRNA to gene” means the distance between IncRNA genes and their closest
protein-coding genes, “gene intron” means the length of gene introns, and “gene to gene” represents distance
between adjacent protein-coding genes. (G) The expression level of lincRNAs and IncNATSs and protein coding
genes.

genes (Fig. 1F), indicating that these leaf IncRNAs are independent transcripts, rather than unannotated exons
of these protein-coding genes. Furthermore, IncRNAs located closely to protein-coding genes modulate their
expression by actively recruiting activators, repressors, epigenetic modifiers, or simply by transcription from the
IncRNA locus.

FPKM values (fragments per kilobase of transcript sequence per million mapped reads) indicated that the
lincRNAs and IncNATs have no obvious expression difference (median: 1.43 FPKM and 1.99 FPKM, respec-
tively), while they were significantly lower than that of protein-coding genes (median: 12.20 FPKM, both P val-
ues < 1E-30, Kolmogorov-Smirnov test) (Fig. 1G). These features imply that IncRNAs and mRNAs may have
several differences in their biogenesis, processing, stability, and spatial-temporal expression patterns.

Co-expressed network reveals the association of leaf IncRNAs with photosynthesis genes.
Co-expressed network construction is widely applied in large-scale IncRNA studies because it is useful for many
purposes, such as candidate phenotype-based gene prioritization, functional gene annotation, and identification
of regulatory gene partners®. We constructed the co-expression network using Pearson correlation coefficients
(PCC) between pairwise leaf IncRNA and mRNA. In total, 18,436 interaction relationships (18,024 positive and
412 negative correlations) were identified between 700 IncRNA transcripts and 4,437 mRNAs in the pineapple
genome (Supplemental Table 2). GO term enrichment results indicated that IncRNA co-expressed mRNAs were
associated in microtubule-based and small molecule metabolic processes (Supplemental Table 3). Furthermore,
the co-expressed genes were enriched in 9 KEGG pathways, several of which were related to photosynthesis,
including glycolysis/gluconeogenesis, carbon fixation in photosynthetic organisms, and carbon metabolism
(Supplemental Table 3). These findings indicate that leaf IncRNAs are associated with photosynthesis genes.

To better understand the connection between biological nodes, differentially expressed genes (DEG), and
leaf IncRNAs (DEL), samples were selected and mapped to the whole co-expression network. As shown in
Supplemental Fig. 3, the DEG-DEL co-expression network consisted of 2,160 edges between 1,450 network nodes
(1,406 genes and 44 IncRNAs). The results showed that most of the gene-IncRNA pairs were positively corre-
lated (2,151 positive interactions and 9 negative interactions between pairs within the network) (Supplemental
Table 4). Moreover, one mRNA may correlate with 1 to 8 IncRNAs, while one IncRNA may correlate with 1
to 406 mRNAs (Supplemental Fig. 3). Functional analysis showed that the co-expressed genes were enriched
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Figure 2. Analysis of IncRNA-ATP synthase family network. (A) GO enrichment for co-expressed genes. ATP
synthase family genes were involved in the “proton and hydrogen transport” GO term. (B) The networks among
IncRNAs and ATP synthase family genes. The red oval stands for IncRNAs and blue rectangle stands for ATP
synthase family genes. (C) Heat maps of the ATP synthase family genes in different tissues. Red stands for high
expression level and blue means low expression level.

in proton transport, hydrogen transport, and monovalent inorganic cation transport (Fig. 2A). Proton trans-
port and hydrogen transport GO terms were highly represented among all GO terms, which contain 18 genes
(Supplemental Table 5). Interestingly, each of these 18 genes is a member of the ATP synthase or V-ATPase
gene family. Their expression levels were consistently high in different tissues, except for Aco017214 and
Aco0023841 (Fig. 2B). Using co-expression analysis and network construction in Cytoscape 3.5.0, we found
that these 18 ATP synthase or V-ATPase genes might be regulated by 7 of the identified DELs (Fig. 2C). For
example, TCONS_00097539 was identified as regulator of Aco005715, Aco003220, Aco023412, Aco027863, and
Aco017214, while TCONS_00066868 could target Aco014349, Aco018958, and Aco022226.

LincRNAs show highly tissue-specific expression pattern. Many IncRNAs exert their functions in a
tissue-specific manner to regulate biological processes®. To characterize and compare the expression pattern of
pineapple leaf lincRNAs, IncNATs, and mRNAs in different tissues, we used RNA-seq data sets from flower, leaf,
root, and fruit (average expression level of six development stages)*. Here, we use Tau score to indicate the tissue
specificity of gene expression, which range from 0 (no specificity) to 1 (high specificity)®?. Firstly, we filtered out
the low expression IncRNAs and protein-coding genes (FPKM <1 in all tissues). 13.5% mRNAs (2955/20261) and
26.9% IncRNAs (310/950 for lincRNA and 116/632 for IncNAT) with Tau score larger than 0.8 were considered as
tissue-specific genes (Supplemental Table 6). The results revealed that lincRNAs have a significant tendency to be
more tissue-specifically expressed than mRNAs (Kolmogorov-Smirnov test, P=0.0077), while IncNATs showed
no obvious tissue-specific expression pattern compared to that of mRNAs (Fig. 3A). A similar trend was observed
using entropy (Hg score) as a tissue specificity measurement (Supplemental Fig. 4)**. The highly tissue-specific
expression pattern of lincRNAs may provide an opportunity to classify lincRNAs according to their expression
patterns. Only 22 lincRNAs and 21 IncNATSs were detected in all the samples. Interestingly, a considerable amount
of pineapple IncRNAs are specifically expressed at a single development stage. 150 uniquely expressed IncRNAs
are detected in root (105 lincRNA, 45 IncNAT), 19 in flower (15 lincRNA, 4 IncNAT), 27 in leaf (25 lincRNA, 2
IncNAT), and 109 in fruit (83 lincRNA, 26 IncNAT). We found that root contained the largest number of tissue
specific mRNAs (1,961), followed by fruit (767), flower (120), and leaf (107) (Fig. 3B). The expression profiles of
tissue-specific genes in the 4 tissues are shown in Fig. 3C. Tissue-specific analysis was also performed for IncR-
NAs. The results showed that root also contained the largest number of tissue-specific expressed IncRNAs (158
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Figure 3. Tissue specific lincRNA expression analysis. (A) LincRNAs tend to be far more tissue-specific

than mRNAs by measuring tau score. Dashed line stands for the median tau score. The higher the tau score,
the higher the expression level. The black solid line stands for tau score 0.8 and tau score larger than 0.8 was
considered as tissue-specific genes. (B) Number of total lincRNA, IncNAT and mRNA genes expressed in each
tissue (fruits from different time points were combined). (C-E) Heatmaps of tissue specific expressed mRNAs,
lincRNAs and IncNATS. Red color means high and blue means low expression level.

lincRNA, 69 IncNAT), followed by fruit (102 lincRNA, 38 IncNAT), flower (17 lincRNA, 5 IncNAT), and leaf (33
lincRNA, 4 IncNAT) (Fig. 3B). The expression levels of these lincRNAs and IncNATs in 4 tissues are shown by
heatmap (Fig. 3D,E). To validate the expression patterns of the IncRNAs, we randomly selected 6 tissue-specific
expressed IncRNAs in root (TCONS_00047794, TCONS_00040606, TCONS_00053645) (Fig. 4A) and leaf
(TCONS_00035282, TCONS_0011075, TCONS_00113003) (Fig. 4B), and confirmed their expression level using
real-time quantitative PCR (qQRT-PCR). The experimental results were consistent with our RNA-seq results, sug-
gesting that the IncRNAs expression patterns based on RNA-seq data are reliable.

Identification of leaf IncRNAs that function as ceRNAs of two CAM pathway genes. Previous
studies shown that IncRNAs can act as ceRNAs by binding to and isolating specific miRNAs in a type of target
mimicry to prevent the target of mRNAs from repression in both plants and animals****. We predicted IncR-
NAs that might function as ceRNAs using the algorithm developed by Yuan et al.’®. We found 73,486 poten-
tially ceRNA target-target pairs, which are associated with 125 lincRNAs and 47 IncNATs, and identified 636
target-mimic pairs, which are associated in 163 lincRNAs and 76 IncNATS in pineapple (Supplemental Table 7).
A previous study identified 38 putative genes that are associated in the carbon fixation module of CAM, such
as the key carbonic anhydrase (CA), phosphoenolpyruvate carboxylase (PEPC), and phosphoenolpyruvate car-
boxylase kinase (PPCK)*. To investigate the diel expression patterns of CAM pathway genes, we found that nine
genes had a diurnal expression pattern in the green leaf tissue while low or no expression in the white leaf tissue?,
for example PPCK and PEPC genes (Fig. 5A). In this study, we predicted 101 IncRNAs functioning as ceRNAs
of PEPC gene (Fig. 5B) and 5 IncRNAs functioning as ceRNAs of PPCK gene (Fig. 5C). The expression of five
IncRNAs (two lincRNAs and three IncNATSs) acted as putative ceRNAs, which could compete for binding to two
miRNAs (miR2673f-3p and miR2673c-5p), and could also result in an up-regulation of PPCK mRNA levels that
effect the CAM pathway (Fig. 6A). As shown in Fig. 6B, 101 IncRNAs competed for 5 miRNAs (miR5021e-5p,
miR5021c¢-3p, miR5021a-3p, miR5021d-3p and miR5021e-3p) to release PEPC mRNA from repression. This
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Figure 4. Validation of six random selected root and leaf tissue specific expressed IncRNAs by RT-qPCR. The
left y axis represents for the relative expression from RT-qPCR result and right y axis stands for the FPKM

value from RNA-seq result. Data are the mean = SEM. Blue dash line represents for Q-PCR and red solid line
represents for RNA-seq result. The letter E, L and R means flower, leaf and root tissues. (A) Results for three root
specific expressed IncRNAs. (B) Validation for three leaf specific expressed IncRNAs.

ceRNA network, involved in PPCK/PEPC, IncRNAs and miRNAs, indicated that IncRNAs might provide another
level of regulation for the CAM pathway. Additionally, the ceRNAs in PPCK and PEPC genes at two hour intervals
over a 24-hour period exhibited a diurnal expression pattern (Fig. 5B,C), suggesting that IncRNAs in CAM car-
bon fixation are involved with the circadian clock. We further analyzed the expression pattern of all these PPCK
and PEPC ceRNAs in different tissues, including root, flower, leaf, and six fruit development stages, and found
that most of the ceRNAs also exhibited tissue specific expression patterns (Fig. 5D-G).

Diurnal expression pattern of pineapple leaf IncRNAs. Most clock component and clock-regulated
genes display diurnal expression patterns, which generate the circadian rhythms in plant. We used the Haystack
algorithm® to detect IncRNAs and ceRNAs whose diel expression patterns fit a predefined model of cycling genes.
We used the tailored models to adapt our collection time points (two hour intervals over a 24-hour period) accord-
ing to the models defined by Endo et al.*®*. We empirically defined cycling IncRNAs and ceRNAs as those with a
strong correlation (r >0.7) to a predefined model of cycling genes (fold change >2, P value > 0.05, and amplitude
>10). In accordance with this criterion, 48% of IncRNAs (1,390 out of 2,888) were shown to be cycling in either
one or both green tip and white base leaf tissues, including 257 (9%) cycling in both tissues (Fig. 7A, Supplemental
Table 8), 552 (19%) cycling in the white leaf base only (Fig. 7B, Supplemental Table 8) and 581 (20%) cycling in the
green tissue only (Fig. 7C, Supplemental Table 8). Additionally, we identified 54 ceRNAs cycling only in white leaf
base and 404 ceRNAs cycling only in green tissue (Supplemental Table 9). Diurnal expression profiles of cycling
ceRNAs with a diel peak expression in white base and green tip are shown in Fig. 7D,E. Based on our results, it is
reasonable to assume that circadian expression patterns of leaf IncRNAs may also be key regulators of diurnal oscil-
lations of physiological and metabolic processes, including photosynthetic enzyme activity in pineapple.

Discussion

Pineapple is an extremely nutritionally and economically valuable tropical fruit, and a suitable model for stud-
ying obligate CAM photosynthesis evolved in plants grown in arid regions. In the recently published pineapple
genome, about 27,000 protein coding genes were reported?, providing material support for the characterization
of CAM pathway genes. The time series deep sequencing data of pineapple leaf tissues reported in the pineap-
ple genome study? offers an opportunity for the identification and characterization of pineapple leaf IncRNAs
involved in CAM photosynthesis. Studies in human*®*! and other animal model organisms**** have demon-
strated the important roles of IncRNA in various biological processes. While a recent study identified pineapple
IncRNAs in leaf and stem apex tissues*, our knowledge still remains limited regarding the spatial-temporal tran-
scriptional dynamics of IncRNAs in pineapple leaf and the role of IncRNAs in the CAM pathway. In this study,
by using a computational pipeline that we developed to analyze RNA-seq data, we identified 2,888 leaf IncRNAs,
including 2,046 lincRNAs and 842 IncNATs in the pineapple green tip and white base leaf tissues of a time-series
at 24-hour time periods with two hour intervals. The amount of pineapple leaf IncRNAs identified in this study
is comparable to that in rice (2,224 IncRNAs)® and chickpea (2,248 lincRNA)**. Wang et al. identified more than
12,000 IncRNA transcripts in both pineapple leaf and stem apex tissues by Pacbio ISO-seq technology*!, among
which about 3,000 IncRNAs cannot be detected by Illumina short-reads sequencing, which was used for the
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Figure 5. Identification of ceRNAs for two important CAM pathway enzymes (PEPC and PPCK). (A) Heatmap
for PEPC and PPCK genes expression in white base and green tip of pineapple leaves at different time points. (B)
Expression pattern for putative ceRNAs (only the IncRNAs) of PEPC at different time points. (C) Heatmap for
putative ceRNAs (only the IncRNAs) of PPCK. (D) The expression patterns of all PEPC ceRNAs in root, flower, leaf
and fruits. (E) The expression patterns of putative PEPC ceRNAs (only the IncRNAs). (F) The expression patterns
of all PPCK ceRNAs in root, flower, leaf and fruits. (G) The expression patterns of putative PPCK ceRNAs (only the
IncRNAs). The locations of PEPC and PPCK in the heatmap were indicated by star shape.

pineapple time-series of leaf tissue RNA-seq analysis®. These differences could be due to varying tissues used for
studies and the different techniques applied.

Nevertheless, the identified pineapple leaf IncRNAs in this study share most common features with other spe-
cies including Arabidopsis’, rice’, maize® and soybean'?. LncRNAs have shorter length and lower expression lev-
els than protein-coding transcripts. Pathway enrichment analysis of the cis-regulated target genes of IncRNAs and
GO term enrichment analysis of IncRNA co-expressed mRNAs showed that the IncRNAs identified in pineapple
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Figure 6. The construction of ceRNA networks. (A) The network for PPCK and their ceRNA pairs. Two lincRNAs
and three IncNATs competed two miRNAs to regulate PPCK expression. (B) The network for PEPC and their
ceRNA pairs. 101 IncRNAs competed five miRNAs to regulate PEPC expression. The yellow diamond means
PPCK/PEPC. Green triangle represents miRNAs, red oval is for lincRNAs and light blue hexagon is for IncNATs.

leaf tissues are preferentially associated with photosynthesis, suggesting the highly specified function of IncRNAs
in leaves. Studies across species showed that IncRNAs exert their functions in a tissue-specific manner to regulate
biological processes*. In this study, we further analyzed the RNA-seq data sets from flower, leaf, root, and fruit
tissues and found that the expression pattern of pineapple lincRNAs exhibit more tissue specific manner than
mRNAs, similar to the finding in other species?®#14>47:48_ Among the four analyzed pineapple tissues, we found
that root contained the largest number of tissue-specific expressed IncRNAs, followed by fruit, flower, and lastly
leaf. In soybean, the highest number of tissue-specific expressed IncRNAs is detected in flower'?, and the largest
number of lincRNAs is accumulated in the shoot apical meristem in chickpea®. The high tissue-specific IncRNA
expression pattern indicates their highly specialized, possible regulatory functions. It also implies the potential
use of IncRNAs as tissue type and physiological state markers.

The CAM metabolic pathway is found mainly in plants that grow in arid climates®. It allows the plant to open
its stomata to collect and store CO, during the night and release it the next day for photosynthesis, thus improving
water-use efficiency and drought resistance through keeping its stomata closed during the day*’. Recent studies
reveal that the circadian rhythm of CAM is regulated by the circadian clock®'. Here, we found that IncRNAs in
pineapple leaf tissues are preferentially associated with photosynthesis genes, and around half (48%) of the IncR-
NAs show diurnal expression patterns, similar to the clock-regulated genes, which exhibit diurnal expression
patterns and are responsible for generating the circadian rhythms in the plant®. It is reasonable to speculate that
this circadian expression of leaf IncRNAs may also be involved in the regulation of diurnal oscillations of physi-
ological and metabolic processes, including photosynthetic enzyme activity in pineapple?. There are 38 putative
genes involved in the carbon fixation module of CAM in pineapple, including PEPC and PPCK, which showed
diel expression patterns. To investigate the role of IncRNA in the carbon fixation module and the regulation of
these two genes, we predicted that IncRNAs function as ceRNAs. We found 101 and 5 leaf IncRNAs that could
act as ceRNAs of PEPC and PPCK, respectively, likely by binding to and sequestering specific miRNAs to protect
these genes from repression’. The ceRNAs of PPCK and PEPC genes also exhibited a diurnal expression pattern,
suggesting that the involvement of leaf IncRNAs in carbon fixation in CAM is associated with the circadian clock.

Our findings demonstrate that leaf IncRNAs play an important role in pineapple photosynthesis and develop-
ment network. Our study provides evidence of the role of IncRNAs in different pineapple tissues and provides a
new perspective on the regulatory mechanisms in which they are involved. The identification and characteriza-
tion of the IncRNAs would strongly benefit the annotation of the pineapple reference genome and lead to a better
understanding of the biological basis of regulatory interactions amongst mRNAs, miRNAs, and IncRNAs.

Materials and Methods

Data sources. Pineapple genome assembly Ananas comosus v3 was used throughout this study and was
downloaded from Phytozome v12 (https://phytozome.jgi.doe.gov). All the RNA-seq datasets used in this study
were obtained from a previous publication?. The transcriptome data contains temporal gene expression profiling
of green leaf tip and white leaf base at 13 time points (26 samples, three biological replicates per sample), includ-
ing 6PM., 8 PM., 10PM., midnight, 2A.M., 4 A.M., 6 A.M., 8 A.M., midday, 1 PM., 3P.M. and 4PM.
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Figure 7. Diurnal expression profiles of cycling IncRNAs in pineapple leaf green tip and white base tissues. Red
represents the highest expression, blue represents the lowest expression, and white represents an intermediate
expression. (A) LncRNAs with cycling expression in both white base and green tip. (B) LncRNAs with cycling
expression only in white base. (C) LncRNAs with cycling expression only in green tip. (D) Diurnal expression
profiles of cycling ceRNAs with a diel peak expression only in white base (E) ceRNAs with cycling expression
pattern only in green tip. X axis stands for different time points in white base/green tip. Y axis means for cycling
expressed IncRNAs or ceRNAs.

Co-expression analysis. We used the expression levels of the identified putative IncRNAs and known
protein-coding genes from 26 time points series samples to analyze their co-expression. We calculated Pearson’s
correlation coefficients between the expression levels of 2,888 IncRNAs and 18,921 protein-coding genes with
custom scripts (r > 0.95 or r < —0.95). Then, we performed a functional enrichment analysis of the candidate
IncRNA target genes using BINGO and ClueGO software. A P-value < 0.05 was considered significant.

Confirmation of IncRNA expression by qRT-PCR experiments. Total RNAs were extracted from
pineapple leaf, root, and flower tissues and then transcribed reversely using the PrimeScriptTM RT reagent kit
(Takara, Otsu, Shiga, Japan). Real-time PCR was conducted using SYBR Premix Ex Taq™ (Takara). Actin2 was
used as a reference gene. Real-time PCR was carried out according to the manufacturer’s instructions (Takara).
The specificity of PCR product was reflected by the single peak melting curves. The comparative Ct method was
applied for the quantification of IncRNA expression. These assays were conducted for three biological replicates,
and the results are shown as the mean =+ standard deviations.

Identification of tissue specific MRNA and leaf IncRNAs.  Another set of RNA-seq data (including
flower, leaf, root, and fruit) in pineapple was downloaded and analyzed as previously described. Expression level
of both mRNAs and IncRNAs was quantified by Cuffllinks, with multiple expression values in fruit averaged.
Transcripts with low expression (FPKM < 1 in all tissues) were discarded. Tau score (T) was used to measure tis-
sue specificity of gene expression as described by Yanai et al.**:

SN0 -®) o
=== 1, Xx=—"1—
N-1 max (x;)
1<i<N
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where N is the number of tissues and X, is the expression profile component normalized by the maximal compo-
nent value. The values of tau vary from 0 to 1, where 0 means ubiquitous expressed transcripts and 1 specific
transcript.

Prediction of leaf IncRNAs that might function as ceRNAs.  In accordance with Yuan’s method?, we
performed three steps to predict IncRNAs to be a putative ceRNA. Firstly, we used TargetFinder to identify all
pineapple miRNAs target transcripts. Secondly, we detected all miRNAs that could bind our IncRNAs through
the results of TargetFinder and Tapir. TargetFinder was used to predict target transcripts perfectly bound by miR-
NAs, while Tapir was used to identify putative target mimics (imperfect binding). If two transcripts were bound
by the same miRNA(s), these two transcripts represented a ceRNA pair. Target-target pairs mean miRNAs could
perfectly bind to the ceRNAs, while target-mimic pairs represent imperfect binding.
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