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Abstract 

Background: Previous studies on plant long noncoding RNAs (lncRNAs) lacked consistency and suffered from many 
factors like heterogeneous data sources and experimental protocols, different plant tissues, inconsistent bioinformat-
ics pipelines, etc. For example, the sequencing of RNAs with poly(A) tails excluded a large portion of lncRNAs without 
poly(A), and use of regular RNA-sequencing technique did not distinguish transcripts’ direction for lncRNAs. The 
current study was designed to systematically discover and analyze lncRNAs across eight evolutionarily representative 
plant species, using strand-specific (directional) and whole transcriptome sequencing (RiboMinus) technique.

Results: A total of 39,945 lncRNAs (25,350 lincRNAs and 14,595 lncNATs) were identified, which showed molecular 
features of lncRNAs that are consistent across divergent plant species but different from those of mRNA. Further, 
transposable elements (TEs) were found to play key roles in the origination of lncRNA, as significantly large number of 
lncRNAs were found to contain TEs in gene body and promoter region, and transcription of many lncRNAs was driven 
by TE promoters. The lncRNA sequences were divergent even in closely related species, and most plant lncRNAs were 
genus/species-specific, amid rapid turnover in evolution. Evaluated with PhastCons scores, plant lncRNAs showed 
similar conservation level to that of intergenic sequences, suggesting that most lincRNAs were young and with short 
evolutionary age. INDUCED BY PHOSPHATE STARVATION (IPS) was found so far to be the only plant lncRNA group with 
conserved motifs, which may play important roles in the adaptation of terrestrial life during migration from aquatic to 
terrestrial. Most highly and specially expressed lncRNAs formed co-expression network with coding genes, and their 
functions were believed to be closely related to their co-expression genes.
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Background
Long noncoding RNAs (lncRNAs) were found to account 
for a large part of the whole transcriptome in plants. 
Most of lncRNAs identified in plants were lincRNAs, 
which were transcribed from intergenic regions. Another 
lncRNAs transcribed from intragenic regions were lnc-
NATs, which were antisense to coding genes. Both types 
of lncRNAs have been identified in many plant species, 
among which a few were found to play important roles in 
plant development and stress resistance [1–4]. Benefiting 
from the high-throughput sequencing technology, bulks 
of RNA-sequencing data were deposited to public data-
bases. Databases of plant lncRNAs have been developed 
in the past several years, such as PLncDB, CANTATAdb, 
GreeNC, NONCODE, et al. [5–8]. More than one million 
lncRNAs were recorded in these databases, which cov-
ered more than 80 plant species. However, a systematic 
analysis on plant lncRNA evolution has not been con-
ducted due to many difficulties. The heterogeneous data 
sources and protocols, like inconsistent plant tissues, 
ways of sequencing library construction, pipelines for 
bioinformatics analysis, were cited as some of the factors 
[9–12]. Most of the previous studies sequenced RNAs 
with poly(A) tails by oligo(dT) selection, which would 
exclude a large portion of lncRNAs without poly(A) [13, 
14]. In addition, the regular RNA-sequencing technique 
does not distinguish transcripts’ direction, which would 
lack a large part of lncRNAs antisense to coding genes. 
Therefore, to comprehensively analyze the lncRNAs in 
divergent plant species and their evolution requires 1) 
unified study design with consistent plant sources, and 
2) the whole transcriptome RNA-sequencing technology 
with strand-specificity.

To date, important question about how plants lncRNAs 
originated and evolved remains largely un-answered. 
Several ways for the origin of lncRNAs have been docu-
mented, among which transposable elements (TEs) are 
an important cause. TE was thought as an important 
factor to drive the transcription of lncRNAs [15, 16]. 
In humans, about 75% lncRNAs contained at least one 
exon deriving from TEs [15]. In plants, several lncRNAs 
were found to originate from TEs [16, 17]. lncRNA-314 
was originated from a full-length LTR retrotransposon 
inserting into downstream of a promoter in the ances-
tral tomato genome [16]. In Arabidopsis, lincRNA11195 
contained a LTR retrotransposon and was activated 
under abiotic stresses [17]. In addition to these two plant 

lncRNAs, more research is needed to understand the 
roles of TEs in the origination of lncRNAs in plant.

LncRNAs had a fast evolutionary rate and a high 
degree of sequence diversity in animals [18–20]. Some 
ancient lncRNAs were highly conserved in tetrapod, and 
they were preserved in evolution and may have impor-
tant functions [20]. Plant lncRNAs were highly divergent 
at the nucleotide level [21]. LncRNAs showed highly 
divergency on sequences between rice and maize, and 
between Brassicaceae and Cleomaceae [22, 23]. Besides, 
molecular features of plant lncRNAs did not follow the 
classic evolutionary patterns, and they showed little evi-
dence of phylogenetic relationships [24]. A comprehen-
sive design is needed to systematically study the plant 
lncRNA evolution and feature divergency.

The current study was designed to comprehensively 
discover and analyze lncRNAs in multiple plant species 
across the evolutionary landscape using strand-specific 
and whole transcriptome sequencing data. We employed 
eight plant species from the primitive to higher taxa in 
plant, which were representatives at key position of plant 
evolution. Using RiboMinus and strand-specific RNA-
sequencing techniques in combination with consistent 
plant tissues, we have expanded the lncRNA landscape, 
including long noncoding natural antisense RNAs (lnc-
NATs) and lncRNAs without poly(A). Our results showed 
that both lincRNAs and lncNATs were widely distributed 
in plants. TEs played important roles in the origination 
and transcription of lncRNAs. The molecular features 
of lncRNAs were found to be conserved in plants, but 
sequences were non-conserved even between evolution-
arily close species. Most highly and specially expressing 
lncRNAs participated in the co-expressional network 
with coding genes, which may function as regulators in 
the network.

Results
Identification of plant lncRNAs with new lncNAT species 
from strand‑specific RiboMinus transcriptome sequencing 
data
To systematically study the molecular features and evo-
lutionary profiles of lncRNAs in plants, we selected eight 
representative plant species across the phylogenetic land-
scape for analysis, including Chlamydomonas reinhardtii 
(C. reinhardtii), Selaginella moellendorffii (S. moellen-
dorffii), Zea mays (maize), Oryza sativa subsp. Japon-
ica (rice), Arabidopsis lyrata (A. lyrata), Arabidopsis 

Conclusion: The study revealed novel features and complexity of lncRNAs in plants through systematic analysis, 
providing important insights into the origination and evolution of plant lncRNAs.
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thaliana (A. thaliana), Populus trichocarpa (poplar) and 
Solanum lycopersicum (tomato) (Fig.  1). These species 
can represent single-cell alga, ferns, monocotyledon and 
dicotyledon, spanned an evolutionary history of 116 mil-
lion years. Whole-genome sequences and annotations of 
these species were available from public databases (Addi-
tional file 1: Table 1).

Different from previous studies, we acquired only 
RiboMinus and strand-specific RNA-seq (ssRNA-seq) 
data for multiple plant tissues, either collected from pub-
lic database or sequenced by ourselves when they are not 
available (Additional file  2). This critical approach was 
designed to include lncRNA species either with poly(A) 
or without poly(A), which can also identify the tran-
scriptional orientation of lncRNAs, and their location on 
sense- or antisense- strand of coding gene regions. A con-
sensus and efficient lncRNA identification workflow were 
constructed based on our previous study [25]. To reduce 
the variation emerging from the tissue difference among 
species, we selected data of five tissues: root, stem, leaf, 
flower, and seed/fruit. For lower-level plant species with-
out differentiated tissues, such as C. reinhardtii and S. 
moellendorffii, we used all available data. Considering the 
batch effects coming from PCR artifacts, sequence depth 
and gene expressional abundance, etc. among different 
data sources, we eliminated PCR artifacts and low-qual-
ity sequencing data by pre-processing and mapping high-
quality reads to genome in our procedure. We required 
the mapped data size for each tissue to be above 10X 
genomic coverage depth in order to retain transcripts 
with low-level expression (“Additional file  2” listed the 
data size of each sample for all tissues of the eight spe-
cies). We normalized the expression of transcripts using 
FPKM, which reduced or eliminated the discrepancy 
from sequencing depth and transcript length. At last, 
we removed those low-expressional transcripts (FPKM 

0.5 for single-exon transcripts and 0.1 for multiple-exon 
transcripts) to resolve the transcripts with low expres-
sional abundance. For species with annotations including 
lncRNAs, we added them in our result if those lncRNAs 
satisfied our criterion.

A total of 39,945 lncRNAs were obtained in all the eight 
species, for which the transcriptional orientation of each 
lncRNA was also confirmed. LncRNAs identified in this 
study were categorized into two types: lncRNA in inter-
genic region (lincRNA: 25,350) and lncRNA antisense 
to one or more exons of coding genes (lncNAT: 14,595) 
(Fig. 1, Additional file 1: Table 2, Additional file 3). Both 
of lincRNAs and lncNATs dispersed widely in all of the 
plant clades from 777, the least number in C. reinhardtii 
to 8321, the most in maize. By comparing lncRNAs iden-
tified in this study with lncRNAs from the databases of 
PLncDB, CANTATAdb, GreeNC, and NONCODE, a 
total of 22,313 new lncRNAs (12,838 lincRNAs and 9475 
lncNATs) were found, and their distribution in each spe-
cies were listed in “Additional file 1: Table 2”.

Previous studies on plant lncRNAs often missed 
out lncNATs due to lack of orientation in their RNA 
sequencing data (thus could not made accurate distinc-
tion on lncNATs from coding gene transcripts). Here 
we searched lncNATs using strand specific RNA-seq 
data, and found that lncNATs dispersed widely in plant 
(Fig. 1). LncNATs took a large part in plant lncRNAs, and 
even more than lincRNA in several species, such as A. 
thaliana and C. reinhardtii (Fig. 1). There are about 20% 
coding genes with lncNATs transcribing in A. thaliana. 
Coding genes can be expressed with their counterpart 
lncNATs simultaneously (Additional file  4: Fig. S1A). 
Compared with coding genes without lncNATs, their 
expressional levels were not significantly affected by the 
presence of lncNATs (Additional file 4: Fig. S1B). The lack 
of correlation between the expression of coding genes 

Fig. 1 Phylogenetic relationship of plant species in this study and lncRNAs identified in each species. The phylogenetic tree was drawn using 
TimeTree (http:// www. timet ree. org/). Myr: million years

http://www.timetree.org/
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and their paired lncNATs implied the lncNATs may not 
be directly involved in the regulation of coding genes’ 
expression.

The consistent molecular features of lncRNAs 
among divergent plant species
The characteristics of lncRNAs, such as transcript length, 
AT content, exon number, and so on, were explored and 
compared to coding genes in individual plant species 
[11, 26, 27]. However, if these features were consistent in 
plants were not clear. In addition to the most important 
differences between lncRNA and mRNA that was cod-
ing products, other features remained to be investigated 
between lncRNA and mRNA in plants.

In current study, we revealed comprehensive char-
acteristics of lncRNAs in multiple species using unified 
sequencing data and bioinformatic analysis procedure. 
We found both lncNATs and lincRNAs have more sim-
ple structures than mRNAs. LncRNAs were shorter than 
mRNAs (median length of lncNAT: 964, lincRNA: 817, 
mRNA: 1422, both p-value < 2.2e-16, t-test) (Fig. 2A), and 
lncRNAs have fewer exons compared to mRNAs (Mean 
of lncNAT: 1.4, lincRNA: 1.7, mRNA: 5.2, both p-value 
< 2.2e-16, t-test) (Fig. 2B). These two features were con-
served in plant lncRNAs (Fig. 2A, B). LncRNAs existed in 
plant genomes mainly as single-exon transcripts. A total 
of 65% lincRNAs and 82% lncNATs were single-exon, 
while in mRNAs this number was 22%. This phenomenon 

Fig. 2 Novel conserved features of lncRNAs in plant. A, B Length distribution and Exon-number of lincRNA, lncNAT and mRNA in each species. C 
Splicing ratio of lincRNA, lncNAT and mRNA in each species. D GC content of lincRNA, lncNAT, CDS/5’UTR/3’UTR of coding genes and intergenic 
sequences in each species. E SNP frequency of lincRNA, lncNAT and CDS of coding genes in each species
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was observed in all plant species of this study, and was in 
consistent with results of other plant species in previous 
studies [27].

Fewer multiple-exon transcripts meant few require-
ments for splicing by lncRNA. In a previous study, 
researchers found lncRNAs were rarely spliced and 
mainly non-polyadenylated [28]. The splicing efficiency in 
human and mouse showed that inefficient splicing might 
be a common feature of lncRNAs across species [29]. The 
ratio of splicing lncRNAs was significantly lower than 
those for mRNAs (Wilcoxon test, both p-value = 7.6e-06, 
Additional file  4: Fig. S2A) in this study. Splicing lincR-
NAs ranged from 13.7% (poplar) to 48.8% (S. moellen-
dorffii), compared to the ratio of mRNAs from 65.3% 
(rice) to 92.6% (C. reinhardtii) (Fig. 2C). Inefficient splic-
ing of lncRNAs was not just a feature in animals but is 
also common across plant species. Next, we wanted to 
investigate if the splicing sites in lncRNAs were same 
with mRNAs. Further analysis of the base distribution 
upstream and downstream of splicing sites showed that 
sequences of splice sites in lncRNAs were conserved 
across plant species. They have almost the same sequence 
context between lncRNAs and mRNAs, which suggested 
that they probably used the same splicing mechanism 
(Additional file 4: Fig. S2B).

Both of lincRNAs and lncNATs have conserved nucleo-
tide constitution among multiple species. LncRNAs have 
lower GC content than coding sequences (CDS) of coding 
genes, while which was higher than intergenic sequences 
(Fig. 2D). This feature was also consistent across multiple 
species in plant. High GC content was usually associated 
with coding sequences [30]. Though lncNATs and coding 
genes shared overlapping sequences, the GC content of 
lncNATs was still lower than CDS in most plant species 
(Fig.  2D). The bias of nucleotide in lncRNA meant the 
selective pressure on their sequences. At the same time, 
mutants accumulated in both lincRNAs and lncNATs 
were much higher than coding genes (Fig. 2E, Additional 
file  1: Table  3). Mutants accumulated in coding regions 
with the possibility to change amino acid and lead to the 
change of protein products. While the absence of coding 
products for lncRNAs made them tolerate more mutants. 
Although lncNATs shared sequences with coding genes, 
their sequences accumulated more mutants and fewer 
GC bases, implied they may experience different paths to 
coding genes in evolution.

New discovery of lncRNA origination by inserting 
of transposable elements (TEs)
TEs were widely existed in eukaryotic genomes and 
acted as key factors for gene and genome evolution [31, 
32]. Insertion of TEs was considered as one of many 
ways for origin of lncRNA [15, 33]. To study the roles of 

TE for lncRNAs, we first established a reference library 
of TEs for each genome using RepeatMasker [34]. As a 
result, up to 59.7% lincRNAs can be found contain TEs 
in their sequences (Fig.  3A). Besides, we found a large 
proportion of TEs inserted into the genomic loci of lncR-
NAs and coding genes (lincRNA: 3.9% ~ 59.7%, lncNAT: 
2.4% ~ 32%, coding gene: 3.1% ~ 43.9%). But, when we lim-
ited the inserting regions to exons of lncRNAs and CDS 
of coding genes, the ratio of transcripts overlapping with 
TEs decreased sharply in the latter (1.8% ~ 13.1%), while 
in lncRNAs the ratio remained (lincRNA: 3.1% ~ 58.2%, 
lncNAT: 0.5% ~ 31.8%) (Fig. 3A). Significantly, sequences 
of TEs were remained in lncNATs though they shared 
sequences with coding genes. Decrease of TEs in protein 
coding sequences indicated that TEs inserting into CDS 
were eliminated in evolution since they may change gene 
products, and resulted in serious consequences. In cod-
ing genes, TE insertion was concentrated in regions with 
limited effects on gene products, such as UTR, intron. 
On the contrary, lncRNAs were not influenced by inser-
tion of TEs in their exons for lack of coding products, 
so these TE sequences can be kept and accompanied 
by lncRNAs in evolution. This suggested that lncRNAs 
may originate from TE insertion. The close relationship 
between lncRNA and TEs revealed the key roles of TEs 
played in the origin of lncRNA.

TEs were classified into two types: Class I TEs or retro-
transposons, and Class II TEs or DNA transposons. They 
are both present in the plant genome. However, we found 
that Class II TEs favored transcribed regions, includ-
ing lncNAT and lincRNA, whereas Class I TEs favored 
regions of non-transcribed sequences (Fig. 3B). The ratio 
between Classes I and II TEs deviating from that the 
entire genome indicated that the TEs, Classes I and II, 
in lncRNAs and coding sequences were under different 
selection pressure.

TEs play important roles on the origination of lncR-
NAs. Benefitting from the strand-specific sequencing 
data, we can confirm the positions of promoters. We 
found about 38 ± 21% lincRNAs had promoters origi-
nating from TEs, which was higher than the percent-
age of coding genes (29 ± 20%) and lncNATs (27 ± 21%) 
(Fig. 3C). The ratio of lncRNAs with promoters originat-
ing from TEs was positively related to whole genomic TE 
content in each species (Pearson’s correlation, lincRNA: 
0.63, lncNAT: 0.83). This suggested that TEs randomly 
inserted into genome was one of the major ways to gen-
erate lncRNAs.

Further, we found TEs initiated the transcription of 
lncRNAs by supplying TF binding sequences for lncR-
NAs (Fig.  3D). Combining with ChIP-seq data from 
nine transcript factors (TFs) in A. thaliana, A. lyrata, 
rice and maize, we identified 250 lncRNAs, which 
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contained TF binding sites originating from TEs, and 
these lncRNAs accounted for 11.7% of lncRNAs with 
TF biding sites being confirmed (Additional file  1: 
Table  4, Additional file  5). As an example, we found a 
lincRNA Osat_00007032, which was upstream of cod-
ing gene OS01G0166800 in rice (subsp. Japonica), and 
expressed in anther, pistil, leaf, root, stem and seed, 
but especially high in pistil (Additional file  4: Fig. S3). 
A TE belonging to MERMITEJ subfamily covered the 
upstream of Osat_00007032, and provided promoter 
for Osat_00007032. In the promoter, binding sequences 

for transcript factor MADS29 was confirmed (Fig.  3D). 
MADS29 belongs to MADS-box transcription factors, 
which were critical regulators for rice reproductive devel-
opment [35, 36]. Surprisingly, we cannot detect lncRNAs 
or TEs in the syntenic region of genome for Indica, which 
was another subspecies of rice. This indicated that lin-
cRNA Osat_00007032 was specific for Japonica, and was 
evolved recently by TE insertion. This novel discovery 
that TE brought promoters containing TF binding sites 
to the upstream exonic locus, revealed the relationship 
between TE and lncRNA different from that previously 

Fig. 3 TEs regulate the transcription of lncRNAs. A Genomic loci of lncRNAs and coding genes overlapping with TEs (up). Exonic sequences of 
lncRNAs and coding genes overlapping with TEs (down). The black dashed lines represent the ratio of TE sequences in whole genome; the red solid 
lines represent the ratio of coding genes overlapping with TEs; and the black and grey bars represent the ratio of lincRNA and lncNAT overlapping 
with TEs, respectively. B The distribution of Class I and Class II TEs in genome, lncRNAs and coding genes. C The ratio of lncRNAs with TE promoters 
in each species. D TE-lincRNA Osat_00007032 in rice (subspecies: Japonica). The up black line represents genome of Japonica, while the down 
one represents genome of Indica. The grey block between Japonica and Indica was the syntenic area between the two genomes. The locus of 
Osat_00007032 was signed with the red and blue bar, while the syntenic area in Indica was not found with lncRNAs or other elements. The TE 
upstream Osat_0000732 belonged to MERMITEJ sub-family, and was a type of DNA/Gypsy TE
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found in tomato lncRNA, for which a TE inserted into 
the downstream of a promoter [16].

Most plant lincRNAs only conserved within genus 
indicating rapid turnover in evolution
Sequence conservation provides insight into evolution-
ary process of functional elements in genome. However, 
most lncRNAs in plants were found with poor conserva-
tion, including the lncRNAs whose functions were well 
studied [37, 38]. In this study, we attempted to explore 
the evolution of lncRNAs in plants by analyzing the con-
servation of lncRNAs with two methods. First, we evalu-
ated the sequence conservation using PhastCons score 
[39]. PhastCons score was calculated based on the result 
of seven-way whole genomic alignment for A. thaliana, 
A. lyrata, soybean, rice, poplar, tomato and S. moellen-
dorffii. We compared the sequence conservation of lincR-
NAs, lncNATs, CDS of coding genes, 5’UTR and 3’UTR 
of coding genes, and used sequences from intergenic 
regions as control. As expected, CDS exhibited the high-
est sequence conservation, while the intergenic sequence 
was the lowest (Fig. 4A). Considering that lncNATs and 
coding genes shared some common sequences, they 
showed similar sequence conservation (Fig.  4A, Addi-
tional file  4: Fig. S4A). The conservation of lincRNAs, 
however, was lower than 5’UTR, 3’UTR and introns of 
coding genes (Fig. 4A). The proportion of plant lincRNAs 
with PhastCons scores higher than 0.6 was only 0.2%, and 
this number in coding genes was 14.4%. About 71% plant 
lincRNAs scored 0, indicating very low conservation 
(Additional file  4: Fig. S4B). In placental mammals, old 
(minimum age 90 Myr) and young lncRNAs (minimum 
age 25 Myr) were defined basing on the phylogenetic dis-
tribution of species, and they found the conservation of 
old lncRNAs were close to CDS, while young lncRNAs 
were even lower than intergenic regions [20]. In this 
study, we found plant lincRNAs showed similar conser-
vation to intergenic sequences, and which suggested that 
most plant lincRNAs were young and with short evolu-
tionary age (Fig. 4A, Additional file 4: Fig. S4A).

Further, we evaluated the conservation of plant lincR-
NAs by identifying the homologous lncRNAs across the 
eight plant species. We mapped lincRNAs in one species 
to genomes of all other species. LncNATs were excluded 
since the existence of overlapped regions shared with 
coding genes. While strong conversation of coding genes 
existed between evolutionarily remote species in the 
plant kingdom, the conservation of lincRNAs retained 
only in the evolutionarily close groups (Fig. 4B, C). Previ-
ous studies of lncRNAs showed that the lncRNA homol-
ogy mainly existed within a family in both plants and 
animals [20, 21]. However, we found conserved lincR-
NAs were rare in plant family, as only 5% lincRNAs from 

rice were homologous with those in maize (Fig.  4C). In 
genus such as Arabidopsis, half of lincRNAs were found 
having homologs in other species within the same genus 
(Fig. 4C). Hence, we found that most of the homologous 
lincRNAs were genus- or species-specific in plants, sug-
gesting that lincRNAs have a rapid turnover in evolution.

IPS was found to be the only plant lncRNA group 
with conserved sequence motifs
Some lincRNAs were found to be functional via short-
conserved patches, though the whole sequences were 
divergent [40, 41]. To know if conserved patches existed 
in plant lncRNAs, we developed a method using sliding 
windows to calculate the mean PhastCons score for each 
patch. We found most lincRNAs have no apparently con-
served patches in the eight plant species (Fig.  4D). We 
then looked into the plant lncRNAs in lncrnadb [42], and 
found IPS was the only lncRNA with conserved patches.

IPS lncRNA family participated in phosphorus  (Pi) 
homeostasis in plants, including AtIPS1 and AtIPS2/At4 
in Arabidopsis, OsIPS1 and OsIPS2 in rice, and TPSI1 
in tomato [43–45]. They were found to be accumulated 
under Pi starved condition. IPS contained conserved 
24-nt nucleotides motif in several species [43, 45]. The 
motif contained two highly conserved regions which 
were separated by three nucleotides, and played roles 
as the target mimicry for miR399 [46]. Strikingly, our 
study found all species contained this motif except algae 
(Fig. 4E). The absence of IPS in algae may be explained by 
their lack of vascular tissues, whereas IPS was expressed 
in vascular tissues when lacking of  Pi. IPS first appeared 
in S. moellendorffii, a representative of primitive vascular 
plant (Fig. 4E, F). But only one of the two IPS motifs was 
found in S. moellendorffii, whereas two motifs were often 
found in high plants (Fig.  4E, F). Different from most 
lncRNAs with short evolutionary histories, IPS under-
went a long evolutionary history with conserved function 
in  Pi homeostasis, suggesting plant lncRNAs may play 
important roles in the adaptation of terrestrial life during 
migration from aquatic to terrestrial.

Specific expression of lncRNAs revealing sophisticated 
transcription regulation
Previously several lncRNA studies showed that most 
lncRNAs were expressed at low levels, and often 
expressed in specific tissues or conditions in plants [11, 
26]. In this study, we attempted to profile the expression 
of lincRNAs and lncNATs in more species. Both lincRNA 
and lncNAT showed lower expression levels and higher 
tissue specificity compared to coding genes (Fig.  5A, 
B). LincRNA and lncNAT showed similar expressional 
levels (average: 35.2 vs 22.9), while the expressional 
level of mRNA was significantly higher (average: 124.8, 
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Kolmogorov-Smirnov test, both p-value < 2.2e-16) 
(Fig. 5A). Similar trends were observed in all plant spe-
cies (Additional file  4: Fig. S5A). Low expressional level 
was a common feature for plant lncRNAs.

Tissue specificity was evaluated using Jensen-Shan-
non (JS) score in all of the plant species, which returned 
a score between 0 and 1 [47]. JS score of 1 represented 
the transcript expressed uniquely in one tissue, while JS 

score of 0 meant the transcript expressed in all tissues. 
Both lincRNA and lncNAT exhibited significantly higher 
JS score, i.e., higher tissue specificity, than mRNA (Kol-
mogorov-Smirnov test, both p-value < 2.2e-16) (Fig.  5B, 
Additional file 4: Fig. S5B).

The expressional patterns of lncRNAs evolved rap-
idly in plant, which formed sharp contrast to the cod-
ing genes. We defined tissue-specific (TS) transcripts as 

Fig. 4 The conservation of lncRNAs in plant. A The PhastCons scores of coding genes (including CDS, 5’UTR, 3’UTR, and Intron), lncRNAs (lincRNA 
and lncNAT) and intergenic sequences. B, C Conserved lincRNAs and coding genes in each species. LincRNAs were aligned to genome of another 
species using blastn, while amino acid sequences of coding genes were aligned to another species’ amino acid sequences using blastp. The 
numbers of legend were the ratio of transcripts with homologous sequences in the genome of other species. The labels were abbreviations of each 
species. D The cumulative frequency of PhastCons scores in coding genes and lncRNAs. The lincRNA-patch meant a window (12 bp) sliding from the 
first base to the last one, and then the highest window score was selected to stand for the score of the lincRNA. E Highly conserved IPS motifs in all 
plant species in this study except algae. The marked sequences with orange and turquoise were regions combining to miRNA. F The phylogenetic 
relationships of terrestrial plant was constructed according to the nucleotide sequences of IPS using MEGA7 (https:// www. megas oftwa re. net/)

https://www.megasoftware.net/
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transcript with JS score > = 0.9. We found TS lncRNAs 
and TS mRNAs were distributed to tissues differently 
in the same species (Fig.  5C). Also, among the differ-
ent plants, TS lncRNAs of tomato and maize were more 
likely to express in leaf and root, while TS lncRNAs 
were found mostly in the pistil of rice, and the seed of A. 
lyrata.

Previous studies in rice and maize showed that 
lncRNAs were more specially expressed in reproduc-
tive tissues [11, 26]. By comparing the expression of 
all transcripts, we found mRNAs were more evenly 
expressed in all tissues in A. thaliana, while lncRNAs 

were significantly different among tissues (Fig.  5D). In 
A. thaliana, lncNATs were preferentially expressed in 
embryo, while lincRNAs were in both endosperm and 
embryo. LncRNAs had a narrow expression profile 
compared to coding genes.

LncRNAs showed similar TF binding rate compared 
to that of coding genes, though they had low expres-
sional levels and unstable expression patterns. We used 
ChIP-seq data of nine transcript factors (TFs) from A. 
thaliana, A. lyrata, rice and maize to predict the bind-
ing sites in promoter (Additional file 5). The frequency 
of lncRNA promoters binding with TFs was compa-
rable to coding genes (Fig.  5E). TFs with low binding 

Fig. 5 The expressional patterns of lncRNAs in plant. A, B Expressional levels (FPKM) and tissue specificity (JS score) of lincRNA, lncNAT and mRNA. C 
Tissue distribution of TS (tissue-specific) transcripts in several plant species D Tissue distribution of all expressed transcripts in A. thaliana. The legend 
numbers were calculated using log(FPKM+ 1). E Transcript factor binding frequency of lncRNA and mRNA
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rate in coding genes also had low binding efficiency in 
lncRNA, e.g., LFYGR , NLP7, P1, a-myc, HASF1b.

Plant lncRNAs forming co‑expression network with coding 
genes
Expression is often closely related to function, especially 
highly and specifically expressed lncRNAs [48, 49]. We 
selected lncRNAs that were highly expressed in one or 
two tissues in A. thaliana to construct WGCNA net-
work. A total of 178 lincRNAs, 555 lncNATs and 20,729 
coding genes were selected to construct the network. In 

this network, lncRNAs and coding genes were clustered 
into 24 modules according to their expressional charac-
teristics (Fig. 6A). In these modules, a total of 689 lncR-
NAs (155 lincRNAs and 534 lncNATs) were found to be 
co-expressed with coding genes. Especially, lncNATs in 
the network were not directly related to their antisense 
coding genes, which referred they may not regulate the 
transcription of antisense genes. GO enrichment analy-
sis was performed for the coding genes in each module. 
Functions of the coding genes were summarized as fol-
lows: I) Basic metabolism: kinase activity, lipid metabolic 

Fig. 6 The WGCNA network of lncRNAs and coding genes, and function prediction of lncRNAs co-expressed with coding genes. A Correlation 
matrix between modules and tissues of A. thaliana. B Correlational network of the module 22. The red and blue circles represent lncNAT and 
lincRNA respectively, while the other circles represent coding genes. C Functional description of modules containing lncRNAs. The area of the pie 
was positively correlated to the number of transcripts. The numbers in the brackets correspond to the modules in (A)
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process, and hydrolase activity; II) Response to stress and 
response to abiotic stimulus; III) Reproduction (Fig. 6C). 
LncRNAs involved in the network may play roles in these 
functions.

The correlation between modules and samples 
showed that the expressional patterns of lncRNAs were 
highly correlated to specific tissues (Fig.  6A). In our 
result, lncRNAs of A. thaliana were highly and spe-
cially expressed in embryo and endosperm (Fig.  5D). 
In WGCNA network, the embryo was strongly corre-
lated with module 01, and the endosperm was strongly 
correlated to module 22 (Fig. 6A, B). In module 01, we 
found a myriad of coding genes associating with embryo 
development. Functions of these genes can be catego-
rized as: I) Involving in embryo development directly; 
II) Overexpression, mutation or knocking down caused 
embryo death; III) Enrichment of protein products 
during embryonic development. Co-expressional rela-
tionship was found between these coding genes and 
lncRNA, and lncRNAs in this network may play roles in 
embryo development. In module 22, two radial networks 
were constituted of four lncNATs and seven lincRNAs 
with coding genes (Fig.  6B). In these coding genes, we 
found four genes encoding transcript factors played 
roles in the endosperm development. As an example, 
gene AT1G02580 encoded transcript factor MEDEA/
MEA, a polycomb group gene that was imprinted in the 
endosperm [50]. All of the 11 lncRNAs in the network 
were found co-expressed with it, which indicating that 
these lncRNAs may play roles in endosperm imprint. 
Coincidently, researchers found some lncRNAs express-
ing in castor bean seeds were involved in genomic 
imprint, and several of them comprised the imprinted 
cluster with imprinted coding genes [27].

Discussion
Benefiting from the advancement of high-throughput 
sequencing technology, we have discovered more lncR-
NAs in representative plant species that are associated 
with novel complexity. Most of the previous studies 
sequenced RNAs with poly(A) tails by oligo(dT) selec-
tion, which would exclude a large part of lncRNAs 
without poly(A) [14]. In addition, lncNATs was much 
more difficult to study with the non-strand specific 
RNA-sequencing technology, whose distribution in 
plant was largely not clear. Here we studied lncRNAs 
using RiboMinus and strand-specific RNA-sequencing 
data. We expanded the plant lncRNA landscape, and 
found the lncNATs dispersed widely in plant. The num-
bers of lncNATs were even greater than lincRNAs in 
several species, such as A. thaliana and C. reinhardtii. 

Although several lncNATs were reported to regulate 
the expression of antisense coding genes [51, 52], we 
found most lncNATs were not correlated to the expres-
sion of antisense coding genes (Additional file  4: Fig. 
S1B). This observation implied the function of most 
lncNATs may not be related to their complimentary 
coding genes.

In plants, insertion of TEs is one of the important 
mechanisms for lncRNA origin [16, 53]. We found many 
plant lncRNAs from all the studied species contained 
sequence elements of TEs. In A. thaliana, rice and maize, 
the proportion of TE-related lincRNAs in total lincRNAs 
were reported to range from 22.9 to 51.5% [17], similar 
to our results (18.2% ~ 58.2%) on these species. TEs were 
mainly inserted into the exons of plant lncRNAs, avoid-
ing exons with coding genes (Fig.  3A). Particularly, we 
found an example that TE insertion caused initiating new 
transcription, which has not been reported in plants. 
This finding provided further evidence that TEs play key 
roles in the origin of plant lncRNAs. Note several differ-
ent ways for the origin of lncRNAs were documented, 
including coding genes losing coding capacity, genomic 
sequences devoid of exons and insertion of TEs [54]. Our 
research added new details for lncRNAs origination with 
novel complexity.

Some lncRNAs were found to be conserved in animals 
with the species were distantly separated in evolution [20, 
55]. These ‘old’ lncRNAs that were preserved in animals, 
were suggested to have important functions [20]. How-
ever, plant lncRNAs were highly divergent, and almost all 
plant lncRNAs were species/genus-specific. Differently 
from animals, we did not find any plant lncRNAs that 
are conserved along the evolution. Our results agree with 
others’ studies that did not detect highly conserved plant 
lncRNAs [21, 22].

Conserved sequence patches within lncRNAs were 
previously reported in some lncRNAs [40]. IPS was a 
lncRNA participating in Pi regulation in several plant 
species, and was induced expressing in the vascular tis-
sues of root and shoot [41, 45]. However, we have found 
the highly conserved motifs of IPS crossed all tracheo-
phyte (Fig. 4E, F). The emergency of IPS in all terrestrial 
plants indicated that IPS lncRNAs may play important 
roles in the adaptative evolution of plant migrating from 
aquatic environments to terrestrial ones.

To date, the functions of a large number of lncRNAs 
in plants remain unknown. Our finding that most highly 
and specially expressed lncRNAs formed co-expression 
network with coding genes suggested they may play roles 
in the plant development, stress response, etc. For exam-
ple, they may participate in embryo development and 
endosperm imprint. However, within the large amount 
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of lncRNAs identified in plant species, only a small por-
tion of them were found in potential functional networks. 
The large numbers of novel plant lncRNAs found in our 
study open an avenue to systematically characterize and 
explore the functions and evolution of lncRNAs in plant.

Conclusions
We performed RiboMinus combining with strand-spe-
cific RNA-sequencing technique on eight evolutionarily 
representative plant species. We identified 39,945 lncR-
NAs, which including 14,595 lncNATs, and expounded 
the distribution of lncNATs in plants. Further, we found 
TEs played key roles in the origination of plant lncRNAs. 
Combing with ChIP-seq data, we found a new way for 
lncRNA originating from TE insertion. In addition, we 
found plant lncRNAs were not conserved in evolutionar-
ily distant species, and most of them were species/genus-
specific. However, conserved motifs of IPS were found 
in lncRNA of all terrestrial plants, and IPS may played 
important roles in the adaptive evolution of plant. The 
study revealed novel features and complexity of lncRNAs 
in plants through systematic analysis, providing impor-
tant insights into the origination and evolution of plant 
lncRNAs.

Methods
Plant materials
The seeds of A. thaliana and A. lyrata were buy from 
ABRC (https:// abrc. osu. edu/ users/ sign_ in? redir ect_ 
to=% 2Ford ers% 2Fnew), and then cultivated in phyto-
tron respectively. Leaves, stems, roots and flowers of 
A. thaliana and A. lyrata were collected from mature 
plants. Siliques of A. thaliana were collected one week 
after flowering, and seeds were collected when siliques 
were full but epidermis were still green. The seedlings of 
poplar were provided by Cuiting Wang, CAS Center for 
Excellence in Molecular Plant Sciences. Leaves, stems, 
roots and shoot tips of poplar were collected from seed-
lings with height of ~ 1 m. The mature plants of rice 
(Japonica) were obtained from the lab of Zuhua He, CAS 
Center for Excellence in Molecular Plant Sciences (http:// 
sippe. ac. cn/ zuhua he/). Leaves and stems of rice were col-
lected before heading period. Samples of S. moellendorffii 
were described in our previous study [25].

RNA sequencing and data acquisition
Our dataset contained more than 700G read pairs from 
eight plant species, of which 490G were previously pub-
lished data and 210G were generated by RNA sequencing 

(Additional file  2). Data downloaded from public data-
bases can be found by the accession numbers record-
ing in “Additional file  2”. Samples been sequenced in 
this study were dealt with following processes: materials 
were taken from at least two plant individuals, and then 
been mixed for RNA isolation. Total RNA was extracted, 
and rRNA was removed from the purified RNA using 
Ribo-Zero rRNA Removal Kit. Strand-specific RNA-seq 
libraries were constructed with TruSeq Stranded mRNA 
LT Sample Prep Kit. Libraries were applied to Illumina 
Hiseq2500 platform.

Bioinformatics pipeline for identification of lncRNAs
Sequencing reads were filtered according to the quality 
score using sickle (version 1.210), and the quality thresh-
old was set as 20. Reads shorter than 50 bp or with ambig-
uous nucleotides were removed after quality checking. 
Genomes and gene sets of the eight plant species were 
downloaded from public databases, and the versions 
of them were shown in “Additional file 1: Table 1”. High 
quality reads were aligned to the genomes of each spe-
cies using TopHat2 (version 2.1.0) [56]. Cufflinks (version 
2.2.1) was used to construct transcripts of each sample 
according to the mapping results [57]. The expressional 
levels of transcripts were evaluated by FPKM using Cuf-
flinks software suite. JS score was employed to represent 
the tissue specificity, and which was calculated using R 
library cummeRbund (version 2.7.2). We defined a tran-
script as lncRNA if it satisfied the following criteria: I) it 
must be longer than 200 bp; II) it was noncoding by the 
result of CPC and PLEK [58, 59]; III) it had no homologs 
in databases of Swiss-Prot [60], Pfam [61] or Rfam [62]; 
IV) the FPKM of it was more than 0.5 for single-exon 
transcript or more than 0.1 for multiple-exon transcript.

Characterization of lncRNAs and coding genes
SNP calling
All clean reads were mapped to genome using bwa (ver-
sion 0.7.17-r1188) [63]. Samtools (version 1.9) and 
bcftools (version 1.9) were used to call SNPs [64]. All 
SNPs from various tissues or libraries were merged, then 
SNPs with quality more than 10 and depth more than 5 
were retained. At last, high-quality SNPs in the region 
of lncRNAs and coding genes were retained using local 
scripts.

Transcript factor binding site identification
ChIP-seq data from A. thaliana, A. lyrata, rice and maize 
were downloaded from SRA database, and their acces-
sion numbers were listed in “Additional file 5”. After qual-
ity filtering using sickle (version 1.210), clean reads were 

https://abrc.osu.edu/users/sign_in?redirect_to=%2Forders%2Fnew
https://abrc.osu.edu/users/sign_in?redirect_to=%2Forders%2Fnew
http://sippe.ac.cn/zuhuahe/
http://sippe.ac.cn/zuhuahe/
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mapped to genome using bowtie2 (version 2.2.6) [65], 
and the parameter was set as -N 1. Peak calling was sub-
jected to MACS (version 2.1.2) with module “callpeak” 
(version 2.1.2), and the parameters were set as --keep-
dup 1 and -q 0.01 [66].

TE annotation
Whole genomic repeats and TEs of the eight plant spe-
cies in this study were identified using RepeatMasker 
3.3.0 with parameters setting as -xsmall, and the Rep-
Base20.02 were used as reference library. TE-lncRNAs 
were defined as lncRNAs with exon sequence overlap-
ping at least 5 bp to TE sequences.

PhastCons score
Lastz (version 1.02.00) was used for inter-species align-
ments, then TBA (version v12) was used for final integra-
tion to obtain genome-wide alignment files for all eight 
species [67]. PhastCons score (PCs) were calculated using 
phast (version 1.3) according to the results of genome-
wide alignment [39]. Conserved patches in lncRNAs 
were defined as short patches (12 bp) with PCs more than 
0.6, and meanwhile PCs of the whole lncRNAs were less 
than 0.3.

WGCNA network construction
The WGCNA co-expressional network was constructed 
with R package WGCNA (version 1.68) using the FPKMs 
from all the 12 tissues of selected genes in A. thaliana 
[68]. Genes complying with the following criteria were 
selected to construct the network: 1) lncNATs express-
ing in one or two tissues, and their expression levels were 
among the top 10%; 2) lincRNAs expressing in one or two 
tissues, and with which the maximum FPKM was larger 
than 1; 3) mRNAs with FPKM larger than 1. The param-
eters of the key function “blockwiseModules” were set as: 
power = 16, mergeCutHeight = 0.25, and reassignThresh-
old = 0. The network of each module was showed by 
Cytoscape (Version 3.6.1) [69]. GO enrichment analysis 
was subjected by BiNGO (version 3.0.3), and the param-
eters were set as: the multiple testing correlation - “FDR 
correlation”, ontology file - “GOSlim_Plants”, and the 
organism annotation - “Arabidopsis thaliana” [70].
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