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Integrative lncRNA landscape reveals
lncRNA-coding gene networks in the
secondary cell wall biosynthesis pathway of
moso bamboo (Phyllostachys edulis)
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Abstract

Background: LncRNAs are extensively involved in plant biological processes. However, the lack of a comprehensive
lncRNA landscape in moso bamboo has hindered the molecular study of lncRNAs. Moreover, the role of lncRNAs in
secondary cell wall (SCW) biosynthesis of moso bamboo is elusive.

Results: For comprehensively identifying lncRNA throughout moso bamboo genome, we collected 231 RNA-Seq
datasets, 1 Iso-Seq dataset, and 1 full-length cDNA dataset. We used a machine learning approach to improve the
pipeline of lncRNA identification and functional annotation based on previous studies and identified 37,009
lncRNAs in moso bamboo. Then, we established a network of potential lncRNA-coding gene for SCW biosynthesis
and identified SCW-related lncRNAs. We also proposed that a mechanism exists in bamboo to direct
phenylpropanoid intermediates to lignin or flavonoids biosynthesis through the PAL/4CL/C4H genes. In addition, we
identified 4 flavonoids and 1 lignin-preferred genes in the PAL/4CL/C4H gene families, which gained implications in
molecular breeding.

Conclusions: We provided a comprehensive landscape of lncRNAs in moso bamboo. Through analyses, we
identified SCW-related lncRNAs and improved our understanding of lignin and flavonoids biosynthesis.
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Background
Long non-coding RNAs (lncRNAs), defined as ncRNAs
longer than 200 bp and could not translate into proteins,
have attracted increasing attention. LncRNAs have both
cis- and trans-regulatory functions [1]. LncRNAs can be
produced in a sense or antisense direction from inter-
genic, intronic, or coding sequences of the genome. De-
pending on their location in the genome, they can be
classified into different categories: long intergenic

ncRNAs (lincRNAs), intronic ncRNAs (incRNAs), and
natural antisense transcripts (NATs) [2]. LncRNAs can
regulate gene expression at different levels through vari-
ous mechanisms. They act by sequence complementarity
or homology with RNA or DNA, and/or by structure,
forming molecular frameworks and scaffolds for the as-
sembly of macromolecular complexes [2]. In plants, the
functions of lncRNAs in flowering regulation, reproduct-
ive developmental mediation, and stress response have
been demonstrated [3, 4].
Advances in next-generation sequencing (NGS) tech-

nologies and computational methods have enabled re-
searchers to ab inito identify novel lncRNAs in silicon.
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Genome-wide lncRNAs have been identified in many
species, and made the first step toward a comprehensive
and genome-scale perspective of lncRNA. For example,
Matthew K Iyer et al. offered a transcriptome-based
landscape of human lncRNAs [5]. In Arabidopsis thali-
ana, Xinyue Zhao et al. identified lncRNAs in the global
genome [6]. In other plants, such as cassava, Medicago
truncatula, and Cucumis melo, genome-wide lncRNAs
had been identified [7–9]. Evolving lncRNA annotation
profiles in multiple genomes contributed to the investi-
gation of post-transcriptional regulation. In moso bam-
boo (Phyllostachys edulis), Taotao Wang et al.
sequenced underground stem tissues and identified
1,989 lncRNAs [10]. However, this study could not pro-
vide a comprehensive map of lncRNAs, including highly
tissue-specific lncRNAs, due to the limited tissues and
datasets. Currently, RNA-seq datasets accumulated from
different tissues or treatments of moso bamboo [11]
could provide an opportunity to comprehensively iden-
tify lncRNAs in moso bamboo.
Secondary cell wall (SCW) is a key component of plant

cell walls, and provided mechanic supporting for cells.
The architecture and constitution of SCW affect the phys-
ical and mechanical properties of the wood resources [12].
In plants or Saccharomyces, lncRNAs are also involved in
the regulation of SCW biosynthesis [13–15]. However,
few SCW-related lncRNAs have been found in moso bam-
boo, which hinders the comprehensive understanding of
SCW biosynthesis in moso bamboo. Here, we used a ma-
chine learning approach to refine a strategy of lncRNA
identification and functional annotation based on the
guidelines of previous studies [5, 6, 16, 17]. Then, we iden-
tified and annotated lncRNAs from additional datasets
covering different tissues, different treatments, and differ-
ent data types of moso bamboo. We also focused on SCW
biosynthesis and excavated the SCW-related lncRNA-
coding gene networks in moso bamboo.

Results
Genome-wide identification and functional annotation of
lncRNAs
We collected 231 RNA-Seq datasets, 1 Iso-Seq dataset,
and 1 full-length cDNA dataset for comprehensive iden-
tification of lncRNAs in moso bamboo. The RNA-Seq
datasets covered different tissues and multiple treat-
ments of moso bamboo (Supplementary Table S1).
Based on an improved strategy of machine learning
methods (see Methods), we genome-widely identified
lncRNAs in moso bamboo. The results showed that
14,610,124 transcripts were obtained after removing 2
low-mapping-rate samples in the assembly (Supplemen-
tary Table S2 and Fig. 1). After data preprocessing, we
identified 37,009 potential lncRNAs, including 36,032
from RNA-Seq datasets, 418 from cDNA dataset, and

559 from Iso-Seq dataset (Fig. 1). The identified
lncRNAs were distributed over 19,684 genomic loci, i.e.,
16,348 lncRNAs were shared loci with other lncRNAs,
accounting for ~ 44.2 % of the total lncRNAs (Fig. 1).
The lncRNAs from the cDNA, Iso-Seq, and RNA-Seq
datasets had 370, 478, and 19,231 loci, respectively. The
Venn plot of lncRNAs from different dataset sources
showed that the number of common loci among the
three dataset sources was 16 (Fig. 2a). The low over-
lapped loci in lncRNAs from 3 dataset may due to the
difference in sample size (RNASeq:231, Iso-Seq:1,
cDNA:1) and the spatiotemporal specificity of samples.
In addition, we characterized the lncRNAs in terms of
TPM, exon number, length, and tissue-specific between
coding genes and lncRNAs (Fig. 2b-e). For example, cod-
ing genes and lncRNAs showed similarity in terms of
maximum TPM. In terms of exon number and tran-
script length, lncRNAs were close to coding genes. How-
ever, the average TPM of lncRNAs was lower than that
of coding genes. In Tau, lncRNAs exhibited more tissue-
specific members than coding genes, and the results
were consistent with the characteristics of lncRNAs.
As with coding genes, the functional annotation of

lncRNAs can guide researchers to study the function of
the lncRNAs of interest. In the present study, we anno-
tated lncRNAs using three strategies based on the previ-
ous study [17], i.e., tissue-specific analysis, adjacent
coding gene analysis, and co-expression network analysis
(see Methods). Based on the tissue-specific analysis, we
annotated 14,132 lncRNAs as tissue-specific lncRNAs,
covering 38.19 % of all lncRNAs (Fig. 1). For example,
one lncRNA, TCONS_00006068, had a Tau value of
0.9964 and its maximum tsi value was 0.6564 in shoot
tissue of the SRR6171236 dataset, so we identified this
tissue description of SRR6171236 dataset, as an annota-
tion of TCONS_00006068. Next, we identified the adja-
cent genes within 100 kb of the lncRNAs and annotated
65.29 % of the lncRNAs. Finally, we annotated 4,210
lncRNAs using the co-expression analysis and GSEA,
covering 11.38 % of all lncRNAs. After statistical ana-
lysis, the functional annotation of 28,227 (76.27 %)
lncRNAs was successfully predicted. By Venn diagram,
we found that a total of 1,032 lncRNAs simultaneously
annotated by all three methods (Supplementary Fig. S1).
According to the functional annotation, the terms re-
lated to RNA, photosynthesis, terpenoid, and cell wall
were mostly enriched (Supplementary Table S4). The
functional annotations from the three aspects provided a
landscape of lncRNA function for further analysis.

Uncovering the relationship between lncRNAs and coding
genes in SCW biosynthesis
We detected 315 SCW-related lncRNAs based on the
lncRNA functional annotation (Supplementary Table
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S5). Among them, 44 lncRNAs were annotated as tissue-
specific lncRNAs, mostly concentrated on shoots (Sup-
plementary Table S6). For constructing a potential regu-
lation network of the lncRNAs-coding genes, we
extracted co-expression coding genes of these lncRNAs
with a weight (TOM) > 0.1, and found a total of 1,668
coding genes with 176,393 pairs (Fig. 3).

The orthologs of these coding genes in A. thaliana
and O. sativa were detected and their functions were an-
notated. Of the 1,668 coding genes, 98 were associated
with SCW biosynthesis, including 34 lignin-related

genes, 24 xylan-related genes, 31 cellulose-related genes,
and 24 SCW-biosynthesis TFs (Supplementary Table S7-
S10 and Fig. 3). The lignin-related genes and SCW-
biosynthesis TFs could be mapped to the pathway of lig-
nin biosynthesis [18] and the regulatory network of
SCW biosynthesis [19], respectively (Fig. 3). In the regu-
latory network of SCW biosynthesis, 3, 2, and 13 TFs
were mapped to the layers of 1st, 2st and 3st, respect-
ively. We also identified the binding sites of SCW
biosynthesis-related TFs in these lncRNAs (Supplemen-
tary Fig. S2). A total of 208 lncRNAs, accounting for
66 % of SCW-related lncRNAs, obtained one or more

Fig. 1 The pipeline of lncRNA identification and functional annotation. We identified 37,009 lncRNAs from RNA-Seq, cDNA and Iso-Seq datasets,
and annotated 28,227 (76.27 %) lncRNAs’ function from 3 aspects, including space-time specialty, adjacent coding gene, and
co-expression network
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SCW-biosynthesis TF binding sites (Supplementary
Table S11). We also detected another 38 TFs belonging
to the gene families of SCW-biosynthesis TFs, such as
PH02Gene37942 (OsMYB14), PH02Gene22729 (OSH15),
and PH02Gene06702 (OsSND3) (Supplementary Table
S12). The lignin-related genes covered 70.1 % (12/17) of
the enzyme gene families in the lignin biosynthesis path-
way (Fig. 3). These results may indicate that lncRNAs
have a strong influence on SCW biosynthesis through
their involvement in regulating the biosynthesis of crit-
ical components in SCW, such as lignin, cellulose, and
hemicellulose.
To investigate the expression profiles of SCW-related

lncRNAs and genes in the co-expression network of
moso bamboo shoots during the rapid growth phase, we
constructed the expression heatmaps of these lncRNAs
and genes, respectively, in shoots of different diameters.
This dataset was released by Yongsheng Wang et al. in
2019. According to Supplementary Fig. S3A, most genes
had higher expression profiles in the higher shoots. We
then classified the genes into 12 clusters based on their

expression patterns (Supplementary Fig. S3B). The genes
in clusters 1–9 tended to have a moderate increase in
expression in the lower shoots, a sharp increase of ex-
pression in the middle shoots, and then up to their
stable high expression or a small decrease in the higher
shoots. The gene expression in clusters 10–12 tended to
increase sharply until 3 m tall shoots and then decreases
sharply thereafter. Additionally, most lncRNAs were also
highly expressed in the higher shoots (Supplementary
Fig. S4). We also divided these lncRNAs into 12 clusters
according to their expression patterns (Supplementary
Fig. S4). As with the first gene group (gene clusters 1–
9), the first group of lncRNAs (lncRNA clusters 1–4 and
lncRNA clusters 6–10) showed a stable increase in ex-
pression in the lower shoots, a large increase in the mid-
dle shoots, and a stable or slight decrease in the higher
shoots. LncRNA cluster 12 showed similarity to the sec-
ond gene types (gene clusters 10–12), with a sharp in-
crease in the expression of the lower shoots, a steady
high expression of the middle shoots, and a sharp de-
crease in the expression of the higher shoots. LncRNA

Fig. 2 The Fig. of characters analysis of lncRNAs. A The Venn plot of loci of lncRNAs from different datasets. B TPM comparison between coding
genes and lncRNAs. C Exon numbers comparison between coding genes and lncRNAs. D Transcript length comparison between coding genes
and lncRNAs. E Tau comparison between coding genes and lncRNAs
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cluster 11 showed high expression in the lower shoots,
sharply decreased, and increased in the middle shoots,
and then reached high expression in the higher shoots.
LncRNA cluster 5 showed high expression both in the
lower shoots and in the higher shoots, low expression in
the middle shoots. The result of the lncRNAs and genes
can be further clustered to different groups, indicating
the presence of some distinct and tightly coordinated
clusters of genes and lncRNAs in the fast-growing
shoots. The heatmap and expression pattern results can
help us comprehend the network of lncRNAs-coding
genes in the fast-growing shoots of moso bamboo.
To investigate the potential negative regulation of

SCW biosynthesis in fast-growing shoots, we compre-
hensively scanned potential negative regulatory pairs of
lncRNAs-encoding genes using expression pattern ana-
lysis and the dataset from Wang et al. in 2019 [20]. As a
result, three lncRNAs, including bphyem106k12.path1,
TCONS_01527925, and TCONS_00584644, were found to
have potential negative regulatory functions in SCW biosyn-
thesis (Fig. 4). Based on the scaled expression pattern using
the scale function in R script, we detected 3 sets of negative
expression patterns, i.e., (1) TCONS_01527925 vs.

PH02Gene33536, PH02Gene00072, and PH02Gene23115; (2)
TCONS_00584644 vs. PH02Gene33536 and
PH02Gene00072; (3) bphyem106k12.path1 vs.
PH02Gene29484. The orthologs of all four genes in the
above negative expression model were detected, i.e., the
ortholog of PH02Gene29484 was Os01t0631100-01 (Cas1p-
like) with e-value = 0; the ortholog of PH02Gene33536 was
AT4G09990.1 (GXM2) with e-value < 5.34e-102; the ortholog
of PH02Gene00072 was AT5G01360.1 (TBL3) with e-
value < 3.03e-163; the ortholog of PH02Gene23115 was
AT4G18990.1 (XTH29) with e-value < 1.26e-110. These
orthologs were potential or confirmed SCW-related genes
[21–24]. Thus, the results suggested that these three
lncRNAs may exert their function by negatively regulating
the SCW-related genes in the shoots.

Identification of differentially expressed lncRNAs in a fast-
growing model of moso bamboo shoots
We compared the expression profiles of SCW-related
lncRNAs based on the fast-growing model of moso bam-
boo shoots, with relevant data released by Gui-Yun Tao
et al. in 2020 [25]. In the model, moso bamboo shoots
were divided into three representative stages during

Fig. 3 The potential regulating network of lncRNA-coding gene in SCW biosynthesis. A The co-expression network of lncRNA-coding gene in
SCW formation. CXL means cellulose, xylan, and lignin. The other TFs in here belong to the same gene families in SCW-related TFs. B,C the
regulation TFs in SCW formation and lignin biosynthesis pathway. The red light highlighted the genes found in A
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rapid growth: start of division (SD), rapid division (RD),
and rapid elongation (RE). Based on the analysis of
DElncRNAs, we identified 11 DElncRNAs (Fig. 5A and
Supplementary Table S13). According to the Venn dia-
gram (Fig. 5A), there are no DElncRNAs between RD
and RE, 11 DElncRNAs between SD and RD, and 13
DElncRNAs between SD and RE. GSEA results based on
their co-expression showed 4 DElncRNAs earned signifi-
cant GSEA results (p-adjust value < 0.005), including
TCONS_00021240, TCONS_00256252, TCONS_
00924702 and TCONS_02168656 (Supplementary Fig.
S5). For example, TCONS_00021240 earned a large var-
iety of GO terms about photosynthesis (GO:0019684,
photosynthesis, light reaction; GO:0009767, photosyn-
thetic electron transport chain; GO:0010206,

photosystem II repair; GO:0009657, plastid
organization). TCONS_02168656 earned rich GO terms
about light and heat (GO:0009408, response to heat;
GO:0009642, response to light intensity) and phytol
(GO:0033306, phytol metabolic process). This may indi-
cate both lncRNAs supported shoot development by
performing their photosynthetic function, which was
greatly in line with previous studies, in which
photosynthesis-related genes were found to have their
essential roles in fast-growing shoots [26, 27]. Cell wall
biosynthesis-related GO terms (GO:0009832, plant-type
cell wall biogenesis; GO:0009834, plant-type secondary
cell wall biogenesis) were found in GSEA results of
TCONS_00924702, which is in accordance with the
needs of cell wall accumulation during shoot elongation.

Fig. 4 The negative correlation between SCW-related lncRNAs and coding genes. The mulberry lines showed the expression pattern of lncRNAs
and others belong to coding genes. The scaled expression pattern of each object is the scaled TPM by scale() in the R script
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Cell cycle-related GO terms (GO:0000278, mitotic cell
cycle; GO:0051301, cell division; GO:0000910, cytokin-
esis) were enriched in TCONS_00256252. Additionally,
the heatmap (Fig. 5B) showed that TCONS_00256252
was more expressed in SD than in RE, and the other 3
DElincRNAs were more expressed in RE than in SD.
The results are consistent with its high expression in SD,
and may suggest it may be involved in cell proliferation
during shoot development.

Comparative analysis of lignin and flavonoids
biosynthesis within the PAL/C4H/4CL gene families
The lignin and flavonoids biosynthesis pathways have 3
significant common enzymes, i.e., 4CL, C4H, and PAL
(Fig. 6) [28]. The comparative analysis of the lignin and
flavonoids biosynthesis pathways in PAL/C4H/4CL genes
will improve our understanding of these two pathways.
Orthologous identification revealed 14 PAL, 6 C4H, and
13 4CL genes in moso bamboo (Supplementary Table
S14). We then identified lignin- and flavonoid-related
genes in the co-expression genes of these PAL/C4H/4CL
genes using flavonoid and lignin-related GO terms. The
results showed there were 18 PAL/C4H/4CL genes that
contained flavonoids-related co-expression genes
(Fig. 6A, Supplementary Table S15). Among them, 8
were PAL genes, 3 were C4H genes, and 7 were 4CL
genes. In contrast to flavonoids, 15 PAL/C4H/4CL genes
contained lignin-related co-expression genes, of which, 7
were PAL genes, 3 were C4H genes, and 5 were 4CL
genes. Except for flavonoids- and lignin-related genes,14
PAL/C4H/4CL genes had no co-expression genes related
to lignin or flavonoids. In addition, among the 17
flavonoids-related PAL/C4H/4CL genes, 4 genes
(PH02Gene25144, PH02Gene29442, PH02Gene04048,
and PH02Gene46918) were detected as co-expression
genes that included only flavonoids-related genes, sug-
gesting that these genes are flavonoid-preferred genes.
Correspondingly, only 1 PAL/C4H/4CL gene

(PH02Gene25145) was a lignin-preferred gene relative to
flavonoids.
We also analyzed the expression of PAL/C4H/4CL

genes in fast-growing shoots using the dataset released
by the previous studies [25, 27] that reported the genes
involving in the lignin biosynthesis pathway are active in
the shoots, supporting the materials formation of shoot
growth. According to the heatmap (Fig. 6B), the genes in
PAL/C4H/4CL families could be divided into 2 groups,
including the first group exhibited low expression in dif-
ferent shoots, whereas the second group showed high
expression at some stages of shoots. This result may in-
dicate a potential differentiation of PAL/C4H/4CL genes
in moso bamboo shoot development. Furthermore, the
flavonoid-preferred genes and lignin-preferred genes in
PAL/C4H/4CL gene families belonged to the first and
second groups, respectively. The results hinted an exist-
ence fundament of lignin- or flavonoid-preferred genes
in the transcription level and supported the identifica-
tion of preferred genes.

Discussion
For comprehensively identifying lncRNA in moso bam-
boo, we collected 231 RNA-seq datasets, 1 Iso-Seq data-
set, and 1 full-length cDNA dataset. These datasets
covered different tissues, and distinct treatments of
moso bamboo (Supplementary Table S1), and provided
an unprecedented opportunity to identify genome-wide
lncRNAs. We use machine learning approaches to refine
the lncRNA identification and functional annotation
pipeline from to the previous researches [5, 6, 16, 17]
and provided a comprehensive lncRNA map of moso
bamboo, which includes 37,009 lncRNAs. Nevertheless,
the available RNA datasets in moso bamboo are much
lesser compared to the model species. As of March 3,
2021, the SRA database (https://www.ncbi.nlm.nih.gov/
sra/) holds a total of 1,012,204 RNA datasets of humans,
41,992 RNA datasets of A. thaliana, 14,253 RNA data-
sets of rice, but the ones in moso bamboo are 258.

Fig. 5 DELncRNAs analysis. A The Venn plot of DELncRNAs in SD, RD and RE stages. B The heatmap of 4 DELncRNAs
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Considering the tissue-specific lncRNAs and the defi-
ciency of moso bamboo RNA datasets, the current
lncRNA map cannot fully cover potential lncRNAs.
More transcriptome datasets of moso bamboo will be re-
leased as more transcriptome analyses and the Genome
Atlas of Bamboo and Rattan (GABR) project [29] are
carried out. Then, the developed lncRNA identification
and functional annotation strategies will identify more
lncRNAs to form a complete lncRNA map. We anno-
tated the function of lncRNAs from 3 aspects. However,
only ~ 65 % of samples were used to annotate tissue-
specific lncRNAs due to inadequate sample descriptions

(Supplementary Table S3), which hinders the functional
annotation of lncRNAs. Here, we appeal to researchers
that they should complete essential descriptions of sam-
ples whenever possible, which will provide great assist-
ance for lncRNA functional annotation.
There is growing evidence that lncRNAs are essential

regulators of cell wall formation. For example, some
lncRNAs can regulate tomato (Solanum lycopersicum)
fruit cracking by coordinating gene expression via the
hormone-redox-cell wall network [13]. In Saccharomyces
cerevisiae, lncRNAs are extensively involved in cell wall
regulation [14]. The lncRNAs of antisense transcripts of

Fig. 6 Comparison analysis between flavonoids and lignin biosynthesis with co-expression network. A The comparison results between
flavonoids and lignin biosynthesis in PAL, C4H, and 4CL genes. The red blocks showed the genes earned flavonoids or lignin biosynthesis -related
co-expression genes. B The heatmap of PAL, C4H and 4CL genes. The orange and green colors labeled names of genes are flavonoids and lignin
preferred genes, respectively. The black labeled genes are the genes earning flavonoids and lignin biosynthesis-related co-expression genes. The
grey labeled genes showed the genes without flavonoids and lignin biosynthesis-related co-expression genes
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HvCesA6 produce small interfering RNAs to regulate cell
wall biosynthesis in Hordeum vulgare [15]. Here, we
identified 315 lncRNAs associated with SCW biosyn-
thesis in moso bamboo based on the functional annota-
tion of lncRNAs (Supplementary Table S5). These
lncRNAs have co-expression relationships with TFs in-
volved in SCW biosynthesis regulation network and the
genes involved in lignin/cellulose/hemicellulose biosyn-
thesis (Supplementary Table S7-10). In addition to the
TFs listed in the SCW biosynthesis regulatory network
[30], there are some other TFs that are co-expressed
with these lncRNAs, including PH02Gene37942
(OsMYB14), PH02Gene22729 (OSH15), PH02Gene06702
(OsSND3) (Supplementary Table S12). Previous studies
have shown that OsSND3 and OsMYB14 are co-
expressed with SCW-related genes in rice [30, 31]. TWI1
is an essential factor limiting the movement of OSH15,
which may enable proper programming of cell specifica-
tion and promote lignin synthesis [32].
In addition, AT4G09990.1 (GXM2) is involved in xylan

synthesis in A. thaliana, and SND1 regulates its expres-
sion [21]. AT5G01360.1 (TBL3) is required for 3-O-
Monoacetylation of xylan [22]. XTH is a class of
xyloglucan-based substrate enzymes that catalyze xylo-
glucan [23]. Os01t0631100-01 (Cas1p-like) is a homolog
of Cas1p, and a mutation of a Cas1p member in A.
thaliana caused decreased levels of acetylated cell wall
polymers [24]. In the present study, three SCW
biosynthesis-related lncRNAs with expression patterns
opposite to the 4 genes mentioned above may be in-
volved in cell wall biosynthesis or hemicellulose biosyn-
thesis (Fig. 4). Therefore, the lncRNAs in the lncRNA-
coding gene network may play an essential role by co-
ordinating with SCW biosynthesis TFs or the genes in-
volved in lignin, cellulose, and hemicellulose
biosynthesis. Cell wall biosynthesis supports the develop-
ment of bamboo shoot [25, 27]. Most SCW-related
lncRNAs and their co-expressed genes show increased
expression in low to middle shoots and slightly reduced
or stable expression in high shoots, suggesting their
function stages and patterns in fast-growing shoots. The
fast-growing is the essential character of bamboo species
and attracted attention of researchers [20, 25, 27, 33–
36]. The identification of the lncRNAs that may play
their indispensable roles in fast-growing stages of bam-
boo offered a new perspective of bamboo fast-growing
to analysis.
The lignin content of moso bamboo is approximately

25 % of dry weight [37], which is higher than most herb-
aceous plants [38], and exhibits remarkable adaptations
in lignin production. This may be due to the active na-
ture of the lignin biosynthesis pathway during growth
[25, 27]. However, the lignin biosynthesis pathway has a
competing pathway, the flavonoids biosynthesis pathway,

and both pathways contain three common enzymes
(PAL, 4CL, and C4H) [28]. In some plants, PAL and
4CL enzymes are thought to have the ability to guide
bio-metabolism to different pathways to regulate the
biosynthesis of various compounds [39–41]. For ex-
ample, apple (Malus×domestica Borkh.) can regulate the
redistribution of phenylpropanoid intermediates to the
flavonoid pathways while reducing the biosynthesis of
lignin [42]. According to a study of At4CL1 and At4CL2
genes in A. thaliana and Gm4CL4 gene in soybean (Gly-
cine max), Santosh G. Lavhale et al. showed that some
4CL genes are suitable for both lignin and flavonoid bio-
synthesis pathway in plants, and other 4CL genes prefer
only one of the lignin and flavonoids biosynthesis path-
way [43]. Here, we identified 4 flavonoid-preferred and 1
lignin-preferred PAL/4CL/C4H genes in moso bamboo
(Fig. 6). These results may indicate that, like apples, A.
thaliana, soybeans, and other species, moso bamboo can
direct phenylpropanoid intermediates specifically to the
lignin or flavonoids biosynthesis pathway through mem-
bers of the PAL/4CL/C4H genes. Additionally, identify-
ing genes with a preference for flavonoid or lignin
biosynthesis pathways could provide a possible starting
point for shifting bio-metabolic intermediates to flavo-
noids or lignin biosynthesis pathways. It could be di-
rected to alter lignin or flavonoids biosynthesis, increase
lignin or flavonoids production, or change the compos-
ition of SCW to improve moso bamboo properties. This
is of great significance to moso bamboo because of its
dual use as an edible and material.
In addition, our results comparing the lignin and flavo-

noids biosynthesis pathways of PAL/C4H/4CL genes
showed that metabolic intermediates may prefer the fla-
vonoids biosynthesis pathway because there are more
flavonoids-preferred genes of PAL/C4H/4CL than the
lignin biosynthesis pathway. This sounds in conflict with
the remarkable adaptations of bamboo in lignin produc-
tion. However, the heatmap of PAL/C4H/4CL genes in
fast-growing shoots showed flavonoids-preferred genes
for PAL/C4H/4CL are relatively inactive. This may indi-
cate that the remarkable adaptation of bamboo in lignin
production is not based on the whole metabolic process
of lignin, but only on some critical and dominant stages.
But this hypothesis does not consider the potential di-
versity in period length and efficiency of PAL/C4H/4CL
genes related to lignin or flavonoids biosynthesis, or dif-
ferences in substrate content during metabolism.

Conclusions
A comprehensive lncRNA map from the datasets cover-
ing multi tissues and treatments would promote the pro-
cessing of lncRNA functional analysis and researches.
Here, we collected multi datasets from distinct tissues
and treatments and developed a pipeline of lncRNA
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identification and functional annotation to provide a
comprehensive landscape of lncRNA in moso bamboo.
The lncRNA map earns 37,009 members, and we anno-
tated more than 65 % lncRNAs’ function. Next, we con-
structed a network of lncRNAs-coding genes of SCW
biosynthesis and explored its potential functional pattern
in fast-growing shoots through expression profile dig-
ging. Meanwhile, we compared flavonoids and lignin
biosynthesis pathways through co-expression analysis of
PAL, 4CL, and C4H genes and suggested moso bamboo
may have the ability of orienting phenylpropanoid inter-
mediates to lignin or flavonoids biosynthesis pathway
specifically through PAL/4CL/C4H genes. Furthermore,
we identified 1 lignin-preferred and 4 flavonoids-
preferred genes in PAL/4CL/C4H gene families, which
may give a potential that controls phenylpropanoid in-
termediates into flavonoids or lignin biosynthesis path-
way directedly.

Methods and materials
Datasets collecting and processing
For comprehensively identifying lncRNA candidates, we
downloaded 231 RNA-Seq datasets from moso bamboo
in NCBI (Supplementary Table S1). All RNA-Seq data-
sets were analyzed by FastQC v0.11.6 (http://www.
bioinformatics.babraham.ac.uk/projects/fastqc/) with de-
fault parameters for quality statistics summary. Adapters
and low-quality sequences were removed using Trimmo-
matic v0.36 [44] with the following parameters: LEAD-
ING:3, TRAILING:3, SLIDINGWINDOWS 4:15, MINL
EN:50, and TOPPHRED64. In the data mapping, clean
data were mapped to the moso bamboo genome [45]
using HISAT2 v2.1.0 [46], with the following modifica-
tions from the default parameters: –min-intronlen 20, –
max-intronlen 4000, and –rna-strandness RF. We re-
moved two datasets because of their low mapping ratios
(Supplementary Table S2). Then, we applied the default
parameters of StringTie v1.3.5 [47] to assembly the tran-
scripts. During transcript assembly, the transcripts Per
Kilobase of exon model per Million mapped reads
(TPM) values were obtained using StringTie.
In addition, we downloaded a cDNA dataset, which

was released in 2010 from Moso Bamboo cDNA data-
base (http://server.ncgr.ac.cn/mbcd/) [48]. We also col-
lected the full-length transcripts from the previous
study, which was assembled by using the single-
molecule real-time isoform sequencing (Iso-Seq) dataset
[45].

Genome-wide identification of lncRNAs
We genome-wide identified lncRNA candidates of moso
bamboo using the three datasets from RNA-Seq, Iso-
Seq, and cDNA based on the guidelines of previous
studies [5, 6, 16]. We provided a pipeline of

identification and functional annotation process in Fig. 1.
In RNA-Seq datasets, we applied BLAST + v2.9.0+ [49]
and Cuffmerge v2.2.1 [50] to remove potential chloro-
plast, mitochondria, and other ncRNA sequences. We
removed the transcripts with > 0.75 overlap ratio with
chloroplast or mitochondria genomic sequences. For re-
moving other ncRNA sequences, transcripts that over-
lapped with other ncRNAs > 0.3 were filtered. Then,
Cuffmerge was applied to merge transcripts from differ-
ent samples. For removing contaminating sequences, we
treat transcripts with Cuffmerge classcode “i” as contam-
ination according to a previous study [5] and developed
a machine learning strategy to remove potentially con-
taminating transcripts. Briefly, we applied the Random-
forest package v4.6-14 [51] in R and libsvm v3.24 [52]
software with default parameters under five elements, in-
cluding recurrence ratio, max TPM, mean TPM, tran-
script length, and exon counts, to classify two types of
transcripts which are the transcripts with classcode “=”
and “i”. Then we removed the transcripts identified as
“i” in the machine learning step. Next, we reserved the
transcripts with four Cuffmerge classcodes, including “j”,
“u”, “x”, and “o”. Finally, we used domain filtering, se-
quence similarity filtering, length filtering, and coding
ability filtering to remove the transcripts with the coding
ability. In sequence similarity filtering, we used Swiss-
Prot as a database and applied BLASTx under the pa-
rameters: e-value < 10 − 4, alignment length ≥ 40 aa, and
percentage identity ≥ 35 %, to remove the transcripts
with coding ability. In length filtering, the transcripts
with length < 150 were removed. In coding ability filter-
ing, we removed the transcripts with label is “coding”
produced from CPC2 [53]. In domain filtering, we re-
moved the transcripts with domain with e-value < 10 − 4
using pfamcan.pl (ftp://ftp.ebi.ac.uk/pub/databases/
Pfam/Tools/). Furthermore, in identifying lncRNA from
cDNA and full-length transcripts from the Iso-Seq data-
set, we used the above strategy to remove transcripts
with coding ability. We then mapped the candidate
lncRNAs to the genome using GMAP v2017-11-15 [54]
with default parameters.

Functional annotation of LncRNAs from three aspects
We annotated the functions of candidate lncRNAs under
the guideline of Chen, X. et al. [17]. The functional an-
notation included three aspects, i.e., tissue-specific ana-
lysis, adjacent coding gene analysis, and co-expression
network analysis. In the tissue-specific analysis, we cal-
culated the Tau value for each lncRNA based on tspex
(https://tspex.lge.ibi.unicamp.br/) [55]. Some samples
were removed because of the deficiency of description,
resulting in 148 reserved samples (Supplementary Table
S3). The lncRNAs with Tau > 0.95 was identified as a
tissue-specific lncRNA, while the sample with maximum
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tissue specificity index (TSI) was identified as lncRNA-
specific samples. Thus, sample-specific descriptions were
used to annotate the corresponding lncRNAs. In the ad-
jacent coding gene analysis, lncRNAs were annotated by
considering the nearest gene (< 100 kb) of lncRNA as
adjacent genes, based on the theory that lncRNAs may
apply their functions by affecting closed genes. Co-
expression network analysis is an effective strategy for
lncRNA functional annotation. We used WGCNA pack-
age v1.69 [56] to conduct co-expression network analysis
of lncRNAs and genes. Co-expression pairs with TOM >
0.1 were identified as co-expression networks. Then,
gene set enrichment analysis (GSEA) was performed to
annotate lncRNAs using each lncRNA’s co-expression
coding genes. The GSEA was conducted by clusterprofi-
ler v3.12 [57] with default parameters.

Identification of TFs binding sites and orthologs
For identifying binding sites for transcript factors (TFs),
we extracted the 3-kb upstream region of lncRNAs as
promoters. TFs binding motif information was down-
loaded from PlantTFDB [58] (http://planttfdb.gao-lab.
org/). Then, we used the subprogram fimo of MEME
Suite v5.3.3 [59] to identify potential binding sites in
lncRNA promoters with the parameters: --verbosity 1
--thresh 1.0E-6. Additionally, we used reciprocal best hit
(RBH) BLAST [60] to identify potential orthologs be-
tween moso bamboo and A. thaliana, moso bamboo
and Oryza sativa. We downloaded the protein sequences
of O. sativa and A. thaliana from RAP-DB [61] (https://
rapdb.dna.affrc.go.jp/download/irgsp1.html) and TAIR
[62] (https://www.arabidopsis.org/), respectively. The top
three hits of each RBH were identified as the best ortho-
logous pairs. The pairs of e-values less than the peak of
the e-value distribution of all the best hits were identi-
fied as the secondary orthologous pairs in orthologs
identification.

Differentially expressed lncRNAs analysis
We using limma v3.40.6 with default parameters [63] to
conduct differentially expressed lncRNAs (DElncRNAs)
analysis. The criteria of DElncRNAs are logFC > 2 and
adj.P.Val < 0.001.

Comparative analysis of lignin and flavonoids
biosynthesis
We identified lignin- and flavonoid-related genes in the
co-expression genes of PAL/C4H/4CL genes using
flavonoid-related GO terms (GO:0009812: flavonoid
metabolic process, GO:0009813: flavonoid biosynthetic
process, GO:0009962: regulation of flavonoid biosyn-
thetic process, GO:0009963: positive regulation of fla-
vonoid biosynthetic process, GO:0009964: negative
regulation of flavonoid biosynthetic process, GO:

1,903,415: flavonoid transport from endoplasmic
reticulum to plant-type vacuole) and lignin-related GO
terms (GO:0009808: lignin metabolic process, GO:
0009809: lignin biosynthetic process, GO:0046274: lignin
catabolic process, GO:1,901,141: regulation of lignin bio-
synthetic process). Then, we compared these two path-
ways based on lignin- and flavonoid-related co-
expression genes of PAL/C4H/4CL genes.

Abbreviations
DElncRNAs: Differentially expressed lncRNAs; GABR project: Genome Atlas of
Bamboo and Rattan project; GSEA: Gene set enrichment analysis;
incRNAs: Intronic ncRNAs; Iso-Seq: Single-molecule real-time isoform sequen-
cing; lincRNAs: Long intergenic ncRNAs; lncRNAs: Long non-coding RNAs;
NATs: Natural antisense transcripts; NGS: Next-generation sequencing; RBH
BLAST: Reciprocal best hit BLAST; RD: Rapid division; RE: Rapid elongation;
SCW: Secondary cell wall; SD: Start of division; TFs: Transcript factors;
TSI: Tissue specificity index

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12864-021-07953-z.

Additional file 1. Below is the link to the electronic supplementary
material.

Acknowledgements
We wish to acknowledge the GABR Consortium members, partners, advisors,
and supporters who have helped the GABR project run smoothly.

Authors’ contributions
Conceptualization, Jiongliang Wang, Hansheng Zhao; Data curation,
Hansheng Zhao; Formal analysis, Jiongliang Wang; Funding acquisition,
Hansheng Zhao; Investigation, Jiongliang Wang, Hansheng Zhao; Project
administration, Jiongliang Wang; Resources, Hansheng Zhao, Yinguang Hou,
Yu Wang; Supervision, Hansheng Zhao; Visualization, Jiongliang Wang;
Writing - original draft, Jiongliang Wang; Writing - review & editing,
Jiongliang Wang, Hansheng Zhao, Yinguang, Hou. All authors have read and
approved the manuscript.

Funding
This work was supported by the Fundamental Research Funds for the
International Centre for Bamboo and Rattan (No. 1632021015). The funding
numbers provided the financial support to the research programs, but didn’t
involve in work design, data collection, and preparation of the manuscript.

Availability of data and materials
The data-sets analysed during the current study are available in the SRA
database (https://www.ncbi.nlm.nih.gov/sra) of NCBI repository. The SRA ac-
cession numbers can be found in Supplementary Table S1.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Wang et al. BMC Genomics          (2021) 22:638 Page 11 of 13

http://planttfdb.gao-lab.org/
http://planttfdb.gao-lab.org/
https://rapdb.dna.affrc.go.jp/download/irgsp1.html
https://rapdb.dna.affrc.go.jp/download/irgsp1.html
https://www.arabidopsis.org/
https://doi.org/10.1186/s12864-021-07953-z
https://doi.org/10.1186/s12864-021-07953-z
https://www.ncbi.nlm.nih.gov/sra


Received: 8 May 2021 Accepted: 29 August 2021

References
1. Kopp F, Mendell JT. Functional classification and experimental dissection of

long noncoding RNAs. Cell. 2018;172(3):393–407.
2. Chekanova JA. Long non-coding RNAs and their functions in plants. Curr

Opin Plant Biol. 2015;27:207–16.
3. Waseem M, Liu Y, Xia R. Long non-coding RNAs, the dark matter: an

emerging regulatory component in plants. Int J Mol Sci. 2020;22(1):86.
4. Wang H, Chekanova JA. Long noncoding RNAs in plants. Adv Exp Med Biol.

2017;1008:133–54.
5. Iyer MK, Niknafs YS, Malik R, Singhal U, Sahu A, Hosono Y, Barrette TR,

Prensner JR, Evans JR, Zhao S, et al. The landscape of long noncoding RNAs
in the human transcriptome. Nat Genet. 2015;47(3):199–208.

6. Zhao X, Li J, Lian B, Gu H, Li Y, Qi Y. Global identification of Arabidopsis
lncRNAs reveals the regulation of MAF4 by a natural antisense RNA. Nat
Commun. 2018;9(1):1–12.

7. Zhao M, Wang T, Sun T, Yu X, Tian R, Zhang W. Identification of tissue-
specific and cold-responsive lncRNAs in Medicago truncatula by high-
throughput RNA sequencing. BMC Plant Biol. 2020;20(1):99.

8. Tian Y, Bai S, Dang Z, Hao J, Zhang J, Hasi A. Genome-wide identification
and characterization of long non-coding RNAs involved in fruit ripening
and the climacteric in Cucumis melo. BMC Plant Biol. 2019;19(1):369.

9. Ding Z, Tie W, Fu L, Yan Y, Liu G, Yan W, Li Y, Wu C, Zhang J, Hu W. Strand-
specific RNA-seq based identification and functional prediction of drought-
responsive lncRNAs in cassava. BMC Genomics. 2019;20(1):214.

10. Wang T, Wang H, Cai D, Gao Y, Zhang H, Wang Y, Lin C, Ma L, Gu L.
Comprehensive profiling of rhizome-associated alternative splicing and
alternative polyadenylation in moso bamboo (Phyllostachys edulis). Plant J.
2017;91(4):684–99.

11. Ramakrishnan M, Yrjl K, Vinod KK, Sharma A, Zhou M. Genetics and
genomics of moso bamboo ( Phyllostachys edulis ): current status, future
challenges, and biotechnological opportunities toward a sustainable
bamboo industry. Food Energy Secur. 2020;9:e229.

12. Mellerowicz EJ, Sundberg B. Wood cell walls: biosynthesis, developmental
dynamics and their implications for wood properties. Curr Opin Plant Biol.
2008;11(3):293–300.

13. Xue L, Sun M, Wu Z, Yu L, Yu Q, Tang Y, Jiang F. LncRNA regulates tomato
fruit cracking by coordinating gene expression via a hormone-redox-cell
wall network. BMC Plant Biol. 2020;20(1):162.

14. Novačić A, Vučenović I, Primig M, Stuparević I. Non-coding RNAs as cell wall
regulators in Saccharomyces cerevisiae. Crit Rev Microbiol. 2020;46(1):15–25.

15. Held MA, Penning B, Brandt AS, Kessans SA, Yong W, Scofield SR, Carpita
NC. Small-interfering RNAs from natural antisense transcripts derived from a
cellulose synthase gene modulate cell wall biosynthesis in barley. Proc Natl
Acad Sci U S A. 2008;105(51):20534–9.

16. Uszczynska-Ratajczak B, Lagarde J, Frankish A, Guigó R, Johnson R. Towards
a complete map of the human long non-coding RNA transcriptome. Nat
Rev Genet. 2018;19(9):535–48.

17. Chen X, Sun Y, Guan N, Qu J, Huang Z, Zhu Z, Li J. Computational models
for lncRNA function prediction and functional similarity calculation. Brief
Funct Genomic. 2019;18(1):58–82.

18. Manoj K, Liam C, Simon T. Secondary cell walls: biosynthesis and
manipulation. J Exp Bot. 2016;67(2):515–31.

19. Zhang J, Xie M, Tuskan GA, Muchero W, Chen J. Recent advances in the
transcriptional regulation of secondary cell wall biosynthesis in the woody
plants. Front Plant Sci. 2018;9:1535.

20. Wang Y, Gao Y, Zhang H, Wang H, Liu X, Xu X, Zhang Z, Kohnen MV, Hu K,
Wang H. Genome-wide profiling of circular RNAs in the rapidly growing
shoots of Moso bamboo (Phyllostachys edulis). Plant Cell Physiol. 2019;60(6):
1354–73.

21. Lee C, Teng Q, Zhong R, Yuan Y, Haghighat M, Ye Z. Three Arabidopsis DUF579
domain-containing GXM proteins are methyltransferases catalyzing 4-o-
methylation of glucuronic acid on xylan. Plant Cell Physiol. 2012;53(11):1934–49.

22. Yuan Y, Teng Q, Zhong R, Ye Z. TBL3 and TBL31, two Arabidopsis DUF231
domain proteins, are required for 3-O-monoacetylation of xylan. Plant Cell
Physiol. 2016;57(1):35–45.

23. Yokoyama R, Rose JK, Nishitani K. A surprising diversity and abundance of
xyloglucan endotransglucosylase/hydrolases in rice. Classification and
expression analysis. Plant Physiol. 2004;134(3):1088–99.

24. Manabe Y, Nafisi M, Verhertbruggen Y, Orfila C, Gille S, Rautengarten C,
Cherk C, Marcus SE, Somerville S, Pauly M, et al. Loss-of-function mutation
of REDUCED WALL ACETYLATION2 in Arabidopsis leads to reduced cell wall
acetylation and increased resistance to Botrytis cinerea. Plant Physiol. 2011;
155(3):1068–78.

25. Tao G, Ramakrishnan M, Vinod KK, Yrjl K, Ying F. Multi-omics analysis of
cellular pathways involved in different rapid growth stages of moso
bamboo. Tree Physiol. 2020;40(11):1487–508.

26. Cui K, Wang H, Liao S, Tang Q, Li L, Cui Y, He Y. Transcriptome sequencing
and analysis for culm elongation of the world’s largest bamboo
(Dendrocalamus sinicus). PLoS One. 2016;11(6):e0157362.

27. Gamuyao R, Nagai K, Ayano M, Mori Y, Minami A, Kojima M, Suzuki T,
Sakakibara H, Higashiyama T, Ashikari M. Hormone distribution and
transcriptome profiles in bamboo shoots provide insights on bamboo stem
emergence and growth. Plant Cell Physiol. 2017;58(4):702–16.

28. Li Xu, Bonawitz Nicholas D, Weng J, Chapple Clint. The growth reduction
associated with repressed lignin biosynthesis in Arabidopsis thaliana Is
independent of flavonoids. Plant Cell. 2010;22(5):1620–32.

29. Zhao H, Zhao S, Fei B, Liu H, Yang H, Dai H, Wang D, Jin W, Tang F, Gao Q,
et al. Announcing the Genome Atlas of Bamboo and Rattan (GABR) project:
promoting research in evolution and in economically and ecologically
beneficial plants. Gigascience. 2017;6(7):1–7.

30. Xiaolan R, Dixon RA. Current models for transcriptional regulation of
secondary cell wall biosynthesis in grasses. Front Plant Sci. 2018;9:399.

31. Zhao K, Lin F, Romero-Gamboa SP, Saha P, Goh HJ, An G, Jung KH, Hazen
SP, Bartley LE. Rice genome-scale network integration reveals transcriptional
regulators of grass cell wall synthesis. Front Plant Sci. 2019;10:1275.

32. Cui X, Zhang Z, Wang Y, Wu J, Han X, Gu X, Lu T. TWI1 regulates cell-to-cell
movement of OSH15 to control leaf cell fate. New Phytol. 2019;221(1):326–
40.

33. Wei Q, Guo L, Jiao C, Fei Z, Chen M, Cao J, Ding Y, Yuan Q. Characterization
of the developmental dynamics of the elongation of a bamboo internode
during the fast growth stage. Tree Physiol. 2019;39(7):1201–14.

34. Wang Y, Sun X, Ding Y, Fei Z, Jiao C. Cellular and molecular characterization
of a thick wall variant reveal a pivotal role of shoot apical meristem in
bamboo culm transversal evolution. J Exp Bot. 2019;70(15):3911–26.

35. Guo L, Sun X, Li Z, Wang Y, Fei Z, Jiao C, Feng J, Cui D, Feng X, Ding Y.
Morphological dissection and cellular and transcriptome characterizations of
bamboo pith cavity formation reveal a pivotal role of genes related to
programmed cell death. Plant Biotechnol J. 2019;17(5):982–97.

36. Kai C, Wang H, Liao S, Qi T, He Y. Transcriptome sequencing and analysis for
culm elongation of the world’s largest bamboo (Dendrocalamus sinicus).
PLoS ONE. 2016;11(6):e0157362.

37. Bai Y, Xiao L, Shi Z, Sun R. Structural variation of bamboo lignin before and
after ethanol organosolv pretreatment. Int J Mol Sci. 2013;14(11):21394–413.

38. Scurlock J, Dayton D, Hames B. Bamboo: an overlooked biomass resource?
Biomass Bioenergy. 2000;19:229–44.

39. Ehlting J, Büttner D, Wang Q, Douglas CJ, Somssich IE, Kombrink E. Three 4-
coumarate:coenzyme A ligases in Arabidopsis thaliana represent two
evolutionarily divergent classes in angiosperms. Plant J. 1999;19(1):9–20.

40. Gui J, Shen J, Li L. Functional characterization of evolutionarily divergent 4-
coumarate:coenzyme a ligases in rice. Plant Physiol. 2011;157(2):574–86.

41. Hu W, Kawaoka A, Tsai CJ, Lung J, Osakabe K, Ebinuma H, Chiang VL.
Compartmentalized expression of two structurally and functionally
distinct 4-coumarate: CoA ligase genes in aspen (Populus tremuloides). Proc
Natl Acad Sci U S A. 1998;95(9):5407–12.

42. Baldi P, Moser M, Brilli M, Vrhovsek U, Pindo M, Si-Ammour A. Fine-tuning of
the flavonoid and monolignol pathways during apple early fruit
development. Planta. 2017;245(5):1021–35.

43. Lavhale SG, Kalunke RM, Giri AP. Structural, functional and evolutionary
diversity of 4-coumarate-CoA ligase in plants. Planta. 2018;248(5):1063–78.

44. Bolger Anthony, Lohse Marc, Usadel Bjoern. Trimmomatic: a flexible trimmer
for Illumina sequence data. Bioinformatics. 2014;30(15):2114–20.

45. Zhao H, Gao Z, Wang L, Wang J, Wang S, Fei B, Chen C, Shi C, Liu X, Zhang H,
et al. Chromosome-level reference genome and alternative splicing atlas of
moso bamboo (<bi>Phyllostachys edulis</bi>). Gigascience. 2018;7(10):1–12.

46. Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner with low
memory requirements. Nat Methods. 2015;12(4):357–60.

47. Pertea M, Kim D, Pertea GM, Leek JT, Salzberg SL. Transcript-level expression
analysis of RNA-seq experiments with HISAT, StringTie and Ballgown. Nat
Protoc. 2016;11(9):1650–67.

Wang et al. BMC Genomics          (2021) 22:638 Page 12 of 13



48. Peng Z, Lu T, Li L, Liu X, Gao Z, Tao H, Yang X, Qi F, Guan J, Weng Q.
Genome-wide characterization of the biggest grass, bamboo, based on
10,608 putative full-length cDNA sequences. BMC Plant Biol. 2010;10(1):1–13.

49. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local alignment
search tool. J Mol Biol. 1990;215(3):403–10.

50. Trapnell C, Roberts A, Goff L, Pertea G, Kim D, Kelley DR, Pimentel H,
Salzberg SL, Rinn JL, Pachter L. Differential gene and transcript expression
analysis of RNA-seq experiments with TopHat and Cufflinks. Nat Protoc.
2012;7(3):562–78.

51. Liaw A, Wiener M. Classification and regression by randomForest. R News.
2002;2(3):18–22.

52. Chang C, Lin C. LIBSVM: A library for support vector machines. ACM Trans
Intell Syst Technol. 2011;2(3):1–39.

53. Kong L, Zhang Y, Ye Z, Liu X, Zhao S, Wei L, Ge G. CPC: assess the protein-
coding potential of transcripts using sequence features and support vector
machine. Nucleic Acids Res. 2007;35(Web Server issue):W345.

54. Wu TD, Watanabe CK. GMAP: a genomic mapping and alignment program
for mRNA and EST sequences. Bioinformatics. 2005;21(9):1859–75.

55. Antonio PC, Adrielle AV, Mateus BF, Gonçalo AGP, Marcelo FC. tspex: a
tissue-specificity calculator for gene expression data. Res Square. 2021.
https://www.researchsquare.com/article/rs-51998/v1.

56. Langfelder P, Horvath S. WGCNA: an R package for weighted correlation
network analysis. BMC Bioinformatics. 2008;9(1):1–13.

57. Yu G, Wang L, Han Y, He Q. clusterProfiler: an R package for comparing
biological themes among gene clusters. OMICS. 2012;16(5):284–7.

58. Jin J, Tian F, Yang DC, Meng YQ, Kong L, Luo J, Gao G. PlantTFDB 4.0:
toward a central hub for transcription factors and regulatory interactions in
plants. Nucleic Acids Res. 2017;45(D1):D1040–5. https://doi.org/10.1093/nar/
gkw982. Epub 2016 Oct 24.

59. Bailey TL, Boden M, Buske FA, Frith M, Grant CE, Clementi L, Ren J, Li WW,
Noble WS. MEME SUITE: tools for motif discovery and searching. Nucleic
Acids Res. 2009;37(Web Server issue):W202-208.

60. Moreno-Hagelsieb G, Latimer K. Choosing BLAST options for better
detection of orthologs as reciprocal best hits. Bioinformatics. 2008;24(3):
319–24.

61. Hiroaki S, Shin LS, Tsuyoshi T, Hisataka N, Jungsok K, Yoshihiro K, Hironobu
W, Ching-Chia Y, Masao I, Takashi A. Rice annotation project database (RAP-
DB): an integrative and interactive database for rice genomics. Plant Cell
Physiol. 2013;54(2):e6–e6.

62. Garcia-Hernandez M, Berardini TZ, Chen G, Crist D, Doyle A, Huala E, Knee E,
Lambrecht M, Miller N, Mueller LA, et al. TAIR: a resource for
integrated Arabidopsis data. Funct Integr Genomics. 2002;2(6):239–53.

63. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, Smyth GK. limma
powers differential expression analyses for RNA-sequencing and microarray
studies. Nucleic Acids Research. 2015;43(7):e47.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Wang et al. BMC Genomics          (2021) 22:638 Page 13 of 13

https://www.researchsquare.com/article/rs-51998/v1
https://doi.org/10.1093/nar/gkw982
https://doi.org/10.1093/nar/gkw982

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Genome-wide identification and functional annotation of lncRNAs
	Uncovering the relationship between lncRNAs and coding genes in SCW biosynthesis
	Identification of differentially expressed lncRNAs in a fast-growing model of moso bamboo shoots
	Comparative analysis of lignin and flavonoids biosynthesis within the PAL/C4H/4CL gene families

	Discussion
	Conclusions
	Methods and materials
	Datasets collecting and processing
	Genome-wide identification of lncRNAs
	Functional annotation of LncRNAs from three aspects
	Identification of TFs binding sites and orthologs
	Differentially expressed lncRNAs analysis
	Comparative analysis of lignin and flavonoids biosynthesis
	Abbreviations

	Supplementary Information
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

