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SUMMARY

Moso bamboo (Phyllostachys edulis) represents one of the fastest-spreading plants in the world, due in part

to its well-developed rhizome system. However, the post-transcriptional mechanism for the development of

the rhizome system in bamboo has not been comprehensively studied. We therefore used a combination of

single-molecule long-read sequencing technology and polyadenylation site sequencing (PAS-seq) to re-

annotate the bamboo genome, and identify genome-wide alternative splicing (AS) and alternative

polyadenylation (APA) in the rhizome system. In total, 145 522 mapped full-length non-chimeric (FLNC)

reads were analyzed, resulting in the correction of 2241 mis-annotated genes and the identification of 8091

previously unannotated loci. Notably, more than 42 280 distinct splicing isoforms were derived from 128

667 intron-containing full-length FLNC reads, including a large number of AS events associated with rhi-

zome systems. In addition, we characterized 25 069 polyadenylation sites from 11 450 genes, 6311 of which

have APA sites. Further analysis of intronic polyadenylation revealed that LTR/Gypsy and LTR/Copia were

two major transposable elements within the intronic polyadenylation region. Furthermore, this study pro-

vided a quantitative atlas of poly(A) usage. Several hundred differential poly(A) sites in the rhizome-root

system were identified. Taken together, these results suggest that post-transcriptional regulation may

potentially have a vital role in the underground rhizome-root system.

Keywords: Phyllostachys edulis, rhizome system, single molecular real-time (SMRT) sequencing, alternative

splicing, alternative polyadenylation.

INTRODUCTION

Moso bamboo (Phyllostachys edulis) is one of the most

important non-timber rhizomatous forestry plants in the

world, sustaining the livelihood of approximately 2.5 bil-

lion people (Peng et al., 2013). Lateral buds on moso bam-

boo rhizome form new shoots which grow rapidly after

emerging from soil and achieve an average culm height of

13 m within 38 days (Li et al., 1998; Song et al., 2016). The

fast growth of the new shoots is entirely dependent on the

well-developed rhizome-root system, which has very wide

horizontal spread and connects the young culms with

other mature bamboo plants (Li et al., 2000; Embaye et al.,

2005; Zhou et al., 2005; Song et al., 2016). The rhizome

system has important functions in energy storage, trans-

portation and vegetative reproduction (Li et al., 1998). The

roots of bamboo are also generated from the nodes of the

rhizome system (Isagi et al., 1997). However, the mecha-

nisms underlying this complex underground rhizome-root

system in moso bamboo are not well understood at the

whole transcriptome level.

Alternative splicing (AS) and alternative polyadenylation

(APA) are two common ways for post-transcriptional

regulation to generate a transcriptome and subsequently
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proteomic diversity in eukaryotic organisms (Kalsotra and

Cooper, 2011; Elkon et al., 2013; Reddy et al., 2013). Multi-

ple transcripts are generated from a single gene locus via

AS (Nilsen and Graveley, 2010). Analysis of short-read

RNA sequencing (RNA-seq) has shown that about 40–60%
of intron-containing transcripts are alternatively spliced in

different tissues and developmental stages, linking AS with

the regulation of development in Arabidopsis thaliana,

Oryza sativa, Zea mays and Glycine max (Zhang et al.,

2010, 2017; Marquez et al., 2012; Shen et al., 2014b;

Thatcher et al., 2014; Deng and Cao, 2017). Alternatively,

transcripts with a diverse 30 end can be generated by APA

(Di Giammartino et al., 2011; Proudfoot, 2011; Tian and

Manley, 2013). More than 70% of Arabidopsis, yeast and

mammalian genes contain multiple APA sites (Ozsolak

et al., 2010; Wu et al., 2011; Derti et al., 2012; Hoque et al.,

2013). The Pacific BioSciences (PacBio) sequencing plat-

form, a single-molecule sequencing technology, offers

great improvement over current second-generation

sequencing (SGS) technologies on read lengths (Rhoads

and Au, 2015) and avoids the transcriptome assembly that

is required for SGS (Steijger et al., 2013). Recently, single-

molecule sequencing technology has been used to charac-

terize the complexity of transcriptome in Salvia miltiorrhiza

(Xu et al., 2015), Z. mays (Wang et al., 2016), Fragaria

vesca (Li et al., 2017) and Sorghum bicolor (Abdel-Ghany

et al., 2016), but not yet in bamboo (Zachariah et al., 2016).

The draft genome of bamboo has been built and 31 987

protein-coding genes have been annotated (Peng et al.,

2013), which makes it an ideal system for investigating the

mechanism of fast growth in the plant. Taking advantage

of RNA-seq, bamboo transcriptome dynamics have been

investigated for flowering (Gao et al., 2014; Ge et al.,

2016), internode elongation (He et al., 2013) and shoot

development (Peng et al., 2013; Li et al., 2016). However, it

is still difficult to obtain full-length cDNA to annotate the

transcriptome because SGS only generates an incomplete

profile of the transcriptome due to the limitation of read

length. Compared with other members of Poaceae, the

transcriptome diversity due to both AS and APA in particu-

lar remains largely unclear in bamboo.

Here, we adapted single-molecule long-read sequencing

to generate full-length non-chimeric (FLNC) reads that sig-

nificantly improved current annotations. Compared with

previous annotations, we identified 8091 novel transcribed

regions and corrected 2041 mis-annotated gene models of

the bamboo genome, demonstrating that single-molecule

long-read sequencing is superior for investigating poorly

assembled loci or novel genes. Moreover, the genome-

wide identification of multiple AS events and APA genes

generated a comprehensive map of the post-transcriptional

regulation network, which will facilitate future research

towards elucidating the mechanisms underlying the fast

growing rhizome-root system in bamboo.

RESULTS

General properties of single-molecule long-read

sequencing

In this study, we combined in equal amounts total RNA

from five tissues including underground rhizome tip, lat-

eral rhizome bud, new shoot tip, root initiated from rhi-

zome and leaf to acquire accurate full-length transcripts for

single-molecule long-read sequencing (Figure 1). In total,

three cDNA libraries of different sizes (1–2 kb, 2–3 kb and

>3 kb) were constructed and sequenced using a PacBio

RSII sequencing system. Seven single molecular real-time

(SMRT) cells generated 122 787, 116 762 and 48 763 reads

of inserts (ROIs) from three libraries, respectively (Table 1).

In total, 288 312 ROIs were generated and more than 50%

(147 362) of them were FLNC reads with the entire tran-

script region from the 50 to the 30 end based on the inclu-

sion of barcoded primers and the 30 poly(A) tails. The

distribution of PacBio read lengths was consistent with the

size of the three libraries (see Figure S1 in the online Sup-

porting Information). To avoid and correct the high error

rates compared with the Illumina platform (Abdel-Ghany

et al., 2016), we therefore generated 198 827 816 paired-

end (PE) reads using the Illumina platform to correct the

single-molecule long-reads (Figure 1). In total, we obtained

146 225 error-corrected FLNC reads. These FLNC reads

cover 52% of annotated genes and 11 902 genes were sup-

ported by at least two PacBio reads (Figure S2).

In order to compare the expression level using PacBio

reads with that by RNA-seq, we first calculated the frag-

ments per kilobase of exons per million fragments mapped

(FPKM) values for rhizome tip, new shoot tip and lateral

bud using Illumina short read sequencing data. Hierarchi-

cal clustering analysis of RNA-seq data from different sam-

ples and biological repeats clustered together as expected

(Figure S3). Real-time PCR (qPCR) and RNA-seq results fur-

ther showed a high correlation (Figure S4). Primer infor-

mation is listed in Data S1. Compared with RNA-seq, we

found that the gene expression level determined by PacBio

long reads was comparable to that quantified with FPKM

of Illumina short reads (Figure S5), which suggested that

with large numbers of PacBio FLNC reads it is possible to

quantify gene expression with statistical confidence to

sequence much deeper.

Correcting previous mis-annotated gene models

We compared mapped FLNC reads with previous annota-

tions (Peng et al., 2013) and revealed some adjacent anno-

tated genes overlapping single contiguous FLNC reads,

referred to here as mis-annotated genes (Figure 2a). In

total, 2241 genes were mis-annotated as multiple split

genes, which could be merged into 1092 new loci accord-

ing to FLNC reads (Data S2). In order to further validate the

observation, we performed RT-PCR with primers crossing
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Figure 1. Flowchart of the experimental design and analysis for PacBio sequencing and RNA sequencing.

Schematic graph of tissues collected for PacBio sequencing and Illumina sequencing. Both PacBio and RNA-seq libraries were constructed and PacBio long

reads from Pacific BioSciences were corrected by Illumina reads using LSC 1.alpha. In total, 145 522 mapped full-length non-chimeric (FLNC) reads were used

for the downstream analysis, including identification of miss-annotated split genes, novel genes, alternative splicing (AS) and alternative polyadenylation (APA).

Finally, all the datasets were visualized using Jbrowse. QC, quality control.

© 2017 The Authors
The Plant Journal © 2017 John Wiley & Sons Ltd, The Plant Journal, (2017), doi: 10.1111/tpj.13597

Alternative splicing and polyadenylation in bamboo 3



the mis-annotated split gene pairs, and the results were

consistent with those based on FLNC reads (Figures 2b

and S6). Given that mis-annotated split genes originated

from the same loci, they should have the same promoter

and similar expression profiles due to coordinate expres-

sion in different tissues. In agreement with this hypothesis,

Pearson’s correlation coefficient (PCC) for each pair of mis-

annotated split genes has a strong bias to a positive corre-

lation, which strongly supports that they indeed originated

from one locus (Figure 2c). More interestingly, mis-anno-

tated split genes are much longer than other genes, mak-

ing them more difficult to reconstruct using transcriptome

assembly by SGS technologies (Figure 2d).

Discoveries of unannotated transcripts

We further assessed the completeness of current gene

annotation. In total, 35 447 FLNC reads have no overlap

with any annotated regions, which indicates that these

unannotated transcripts might come from novel loci due to

the lower expression level. These FLNC reads were com-

bined into 8091 consensus clusters (Data S3). Because the

reads were longer than SGS lengths, we generated an atlas

of previously inaccessible bamboo transcripts. Though the

expression level of these unannotated loci was low, RT-

PCR did validate these new loci based on FLNC reads, indi-

cating that they were bona fide loci (Figure 3a). Analysis of

FPKM values of these novel loci based on Illumina short

read sequencing indicated a bimodal profile, suggesting

that the low expression of these novel loci might be one of

the reasons that why these transcripts were excluded from

previous annotation (Figure 3b). These novel transcripts

displayed fewer introns than other transcripts (Figure 3c).

Among the 8091 new loci, 3740 did not match any entry in

SWISSPROT (Figure 3d). In total, there were 1989 loci

showing homology with plant long non-coding RNA

(lncRNA) databases. Non-coding prediction software pre-

dicted 3096 loci as being from the non-coding region,

which further suggested that some of these new loci origi-

nate from non-coding regions. Cluster analysis of these

new loci showed that these loci exhibited a tissue-specific

expression pattern, which was consistent with a previous

report (Derrien et al., 2012), and might be another reason

why these novel genes were not distinguished before (Fig-

ure 3e). These results revealed that PacBio sequencing

was reliable for identification of novel loci due to the

advantage of sequencing FLNC reads.

Identification of full-length splicing isoforms and

differential AS events

At present, reconstructing full-length splice isoforms using

an Illumina-based transcriptome assembly is still a chal-

lenge (Au et al., 2013; Sharon et al., 2013), thus the study

of the bamboo transcriptome is far from complete, in par-

ticular the annotation of full-length splice isoforms in bam-

boo. We obtained a total of 128 667 intron-containing

FLNC reads that collapsed into 42 280 distinct full-length

splice isoforms representing 135 372 unique introns. The

consensus donor sites and acceptor sites of bamboo are

(A)nG|GTAAG(T)n and (T)nGCAG|GTTTGTT, respectively

(Figure 4a). The consensus donor and acceptor sites were

consistent with those in rice (Campbell et al., 2006). The

median number of introns in intron-containing genes in

Arabidopsis is four (Reddy, 2007), whereas that for each

unique splicing isoform in bamboo is seven.

In order to assess whether SGS reads could reconstruct

these full-length isoforms, we assembled 161 379 311

aligned PE reads from our RNA-seq by genome-based

assembly. In total, 110 006 (81%) unique introns based on

FLNC reads could also be identified by assembling SGS

reads. Surprisingly, only 10 471 (25%) distinct splice iso-

forms with multiple introns can be reconstructed by Cuf-

flinks-based assemblies, suggesting that PacBio-generated

long reads produce more comprehensive annotation of

splicing isoforms with superior contiguity (Figure 4b). Iso-

forms with large number of introns are more difficult to

reconstruct by Cufflinks-based assemblies as they are con-

strained by short read lengths. Specifically, transcriptome

assembly rarely reconstructed splicing isoforms with more

than 30 introns.

In total, 21 154 AS events were identified without tran-

scriptome assembly, so any possible artificial result can be

avoided (Data S4). AS genes showed higher abundance

than non-AS genes (Figure 4c), which is consistent with

our previous results from other species (Wu et al., 2014).

Gene Ontology (GO) enrichment analysis showed that

these AS genes are highly enriched in cellular carbohy-

drate metabolic process, microtubule-based process, blue

light signaling pathway, post-translational protein modifi-

cation, chromatin modification and so on. All the enriched

GO terms are listed in Data S5. Among these AS events

9848 have multiple AS types, suggesting that the complex-

ity of AS types could be identified using PacBio reads. We

further classified the remaining 11 306 AS events into four

Table 1 Summary of PacBio single-molecule long-read sequenc-
ing

1–2 kb 2–3 kb >3 kb

No. of reads of insert 122 787 116 762 48 763
No. of 50 reads 76 844 70 226 29 666
No. of 30 reads 80 191 73 977 29 518
No. of poly(A) reads 78 192 73 008 28 595
No. of filtered short reads 7965 4138 590
No. of non-full-length reads 50 472 52 911 23 955
No. of full-length reads 64 350 59 713 24 218
No. of full-length non-chimeric reads 63 846 59 471 24 045
Average full-length non-chimeric
read length

1717 2719 3710
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distinct types: 6300 intron retention, 1427 alternative 50

donor, 2902 alternative 30 donor and 677 exon skipping

events. Consistent with a previous study, intron retention

comprised the majority of AS events (Campbell et al.,

2006). Since AS is a highly tissue-specific regulation, we

quantified differential splicing events by pair-wise compar-

isons of, respectively, rhizome tip, new shoot tip and

lateral bud combining Illumina sequencing data. In total,

820, 503 and 729 differential AS events, respectively, were

identified (Figure 4d, Data S6). Differential AS events could

be validated by RT-PCR (Figures 4e and S7). For the pair-

wise comparison of new shoot tip and lateral bud, differen-

tially spliced genes were enriched in RNA 30-end
processing (correction P = 6.1835 9 10�3, hypergeometric
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Figure 2. Identification of mis-annotated split genes.

(a) Gene structure shown mis-annotated split genes. The blue box indicates exons and the solid lines represent introns.

(b) Mis-annotated split genes are validated by RT-PCR.

(c) The distribution of Pearson’s correlation coefficients by pair-wise mis-annotated split genes together with random sampling. FPKM, fragments per kilobase

of exon per million fragments mapped.

(d) The length distribution of mis-annotated split genes and all genes.
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test), suggesting that AS might be involved in the regula-

tion of 30-end processing during the fast growth of new

shoot tips compared with lateral buds.

Profiling of global APA sites and differential APA

Establishment of the exact polyadenylation cleavage sites

to define the 30-end position for each gene will definitely

improve gene annotation. Polyadenylation site sequencing

(PAS-seq) has been used to specifically sequence and

define the 30 end of plant genes (Wu et al., 2011; Fu et al.,

2016). However, the PAS-seq strategy has an internal prim-

ing issue since the oligo (dT) primer can mispair with the

A-rich regions and produce fake 30 ends, as reported previ-

ously (Nam et al., 2002; Sherstnev et al., 2012). Since Pac-

Bio sequencing of full-length of cDNA is suitable for

identifying APA events (Abdel-Ghany et al., 2016), here we

applied single-molecule long-read sequencing to report

the first genome-wide map of global polyadenylation

events at single-nucleotide resolution. A total of 25 069

polyadenylation sites from 11 450 genes were profiled

(Figure S8, Data S7). Motifs near bamboo polyadenylation

locations included UGUA and AAUAAA (Figure S9), similar

to previous reported patterns in Sorghum bicolor (Abdel-

Ghany et al., 2016).

We next sought to identify APA events, which are

among the most important types of post-transcriptional

regulation. In total, 6311 genes were identified with two or

more polyadenylation sites (Figure 5a, Data S8). APA

events were validated by RT-PCR and 30 rapid amplification

of cDNA ends (30-RACE) (Figure S10). Nucleotide composi-

tions around proximal and distal poly(A) cleavage sites

were consistent with previous reports (Sherstnev et al.,

2012; Abdel-Ghany et al., 2016). Proximal and distal poly

(A) cleavage sites showed a very similar distribution, indi-

cating that proximal sites are genuine poly(A) cleavage

sites and therefore single-molecule long-read sequencing

allowed us to facilitate comprehensive profiling of APA in

bamboo (Figure 5b). Thus the PacBio full-length-reads

reflected genuine cleavage sites and provided a combined

regulation of AS and APA by sequencing full-length cDNA.

The length and expression level of APA genes were corre-

lated with the number of poly(A) sites (Figure S11). A total

of 19 cellulose synthase (CesA) and 38 cellulose synthase-

like (Csl) genes have been identified in the bamboo gen-

ome (Peng et al., 2013). Among these genes, there were 11

CesA, 11 Csl and two lignin genes regulated by APA. This

result suggests that APA might be involved in regulating

the formation of the cell wall structure and the secondary

cell wall. Enrichment of GO terms for APA genes also

included cellulose biosynthetic process (Figure 5c), sug-

gesting a potential regulation network between APA and

the fast growth of woody bamboo.

To further identify the pattern of APA-containing genes,

we evaluated APA in autonomous factor FPA

(PH01000191G0930). FPA is a well-known flowering path-

way gene and shows a striking similarity to other species

in its use of poly(A) sites (Hornyik et al., 2010; Xing and Li,

2011). It has two major poly(A) sites, with the proximal

poly(A) sites being located in the last intron of the longer

transcripts; this can be validated by 30 RACE (Figure 5d).

We performed genome-wide investigation of FPA-like

intronic APA. A total of 362 intronic polyadenylation sites

were identified. Interestingly, these introns were longer

than that without polyadenylation sites (Figure 5e). We

then identified the transposable elements (TEs) from the

319 introns. The 328 intronic TEs including retrotrans-

posons, transposons and miniature inverted-repeat trans-

posable elements (MITEs) inside these long introns

(Figure 5f). Gypsy and Copia are two major retrotrans-

posons found in intronic TEs. DNA/MuDR comprises the

majority of transposons. Ten of the MITEs are Tourist ele-

ments. These TEs located at the long intron-containing

polyadenylation cleavage sites might regulate intronic

heterochromatin and thus influence the choice of

polyadenylation site.

At present, it is still difficult to quantify APA in the differ-

ent growth stages by single-molecule long-read sequenc-

ing due to the low sequencing depth. Thus, we quantified

differential poly(A) sites by combining the strength of Pac-

Bio-generated full-length reads for definition of poly(A)

sites with the advantage of SGS for quantification due to

the high depth, using the recent development of strand-

specific PAS-seq in plants to reveal differential poly(A)

sites in the rhizome-root system in bamboo (Ma et al.,

2014b; Zhang et al., 2015). In total, 1224 differential poly(A)

genes were identified by pair-wise comparisons of rhizome

tip, new shoot tip and lateral bud, respectively (Data S9,

Figure 6a, b). For the pairwise comparison of new shoot

tip and rhizome tip, there were 590 differential poly(A)

genes (Figure 6a). Of these, 197 differential poly(A) genes

Figure 3. Summary of unannotated loci.

(a) The expression of new loci among leaf, root, rhizome tip and bud was validated by RT-PCR.

(b) Comparison of the distribution of fragments per kilobase of exon per million fragments mapped (FPKM) values from novel genes (blue line) and annotated

genes (red line).

(c) Intron distribution among novel transcripts and all the transcripts.

(d) Venn diagram illustrating the overlap between the long non-coding RNA (lncRNA) database, the number of BLAST hits in the SWISPROT database and Cod-

ing–Non-Coding Index (CNCI) non-coding prediction.

(e) Heat map showing expression changes (false discovery rate <0.01 and fold change >2) in rhizome tip, new shoot tip and bud by hierarchical clustering. Three

major clustering groups were identified.
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can also be identified between new shoot tip and lateral

bud (blue dot in Figure 6a). As shown in the Figure 6(c),

the use of the proximal poly(A) site was apparently pro-

moted in new shoot tip compared with other tissues.

Among 770 differential poly(A) genes in the comparisons

of lateral bud and rhizome tip (Figure 6b), 295 were also

identified in the comparison between new shoot tip and

rhizome tip (green dot in Figure 6b). GO analysis showed

that these genes were involved in the categories molecular

transducer, transcription regulator, translation regulator

and transporter (Figure 6d). Take together, these PAS-seq

results provides a quantitative atlas of poly(A) sites in the

rhizome system of bamboo.

DISCUSSION

Our current knowledge about the bamboo transcriptome is

mainly based on gene expression from SGS technologies.

Thus the bamboo transcriptome had not been fully

characterized due to lack of full-length cDNA. In this work

we re-annotated bamboo using PacBio third-generation

sequencing and identified 2241 loci that were mis-anno-

tated as multiple genes based on FLNC reads spanning

long distances. Also, 8091 previously unannotated tran-

scripts might derive from low-abundance transcripts or

lncRNA that exhibited highly tissue-specific expression.

Those new loci might play an important role during the

development of rhizome tip, new shoot tip and lateral bud.

Previous studies used seven bamboo tissues to annotate

the bamboo genome, which may be one of the reasons

why these novel genes were not previously distinguished

as the rhizome system was not used (Peng et al., 2013).

The bamboo annotation was significantly refined based on

FLNC reads, highlighting the potential of single-molecule

long-read sequencing for genomic annotation.

The bamboo transcriptome is complex due to post-tran-

scriptional regulation. Though Cufflinks could perform

transcript model reconstructions, our results showed that

it was difficult for transcript assembly to detect transcripts

possessing multiple introns. Thus these complex tran-

scripts were missing from current annotation due to the

intractable problem of assembly of short reads from SGS

technologies. Here, PacBio sequencing has enabled the

identification of the complexity of AS in bamboo at a gen-

ome-wide level because FLNC reads were superior to those

from Cufflinks-based assemblies and could required the

accurate identification of AS. In this study we detected sev-

eral hundred differential splicing events in the rhizome-

dependent system. Core proteins (Sm) (Kambach et al.,

1999) encoded by LSM8, Prp43-1 and SmD3-b showed

obvious upregulation at the new shoot tip. RNPA/B-6,

belonging to the hnRNP A/B family, showed upregulation

at the rhizome tip and RBP47c, hnRNP-G2 and RBP45b

encoding classic hnRNP proteins showed strong upregula-

tion at the lateral bud (Figure S12). It was possible that

these differential splicing-related genes took part in splic-

ing regulation in the rhizome-dependent system.

Common RNA-seq cannot provide sufficient resolution

to profile polyadenylation sites (Nagalakshmi et al., 2008).

Recently, PAS-seq has been developed to detect APA

(Shepard et al., 2011); however, the method may introduce

artifacts due to potential internal priming issues (Nam

et al., 2002; Sherstnev et al., 2012). Comprehensive anno-

tation of the PAS has been conducted in yeast and human

by using direct RNA-seq (DRS) technology (Ozsolak et al.,

2009). However, DRS reads cannot represent the full struc-

tures of transcripts (Sherstnev et al., 2012). PacBio

sequencing allowed the identification of cleavage sites for

polyadenylation, which is important for gene annotation

(Abdel-Ghany et al., 2016). Thus, in this study, PacBio

sequencing was used to obtain long reference sequences

and profiling of APA from 6311 genes in bamboo. Com-

pared with PAS-seq and DRS, single-molecule long-read

sequencing generated full-length structures of each splic-

ing isoform and defined exact polyadenylation sites. Our

data present a comprehensive view of APA at genome-

wide level.

The present total of 6311 APA genes might be an under-

estimate of the true number due to the low expression of

part proximal poly(A) sites. For example, we could not

detect the proximal poly(A) for FCA (PH01002230G0270),

which could be detected in Arabidopsis (Wu et al., 2011).

One possibility is that the abundance of proximal poly(A)

was low or the proximal poly(A) showed tissue-specific

expression. Two PAP genes showed upregulation at the

new shoot tip (Figure S13). CPSF100 and CFlm25 showed

upregulation and CPSF73-I indicated downregulated

expression at the lateral bud (Figure S13). These poly(A)

factors might take part in the regulation of poly(A) cleavage.

In total, 362 introns from 319 genes included intronic

polyadenylation which may encode shorter proteins

Figure 4. Genome-wide identification of splicing isoforms.

(a) The nucleotide distributions flanking the donor or acceptor sites are shown as a pictogram. The sequence logo shows the frequency distribution of nucleo-

tides at the 50 donor site and 30 acceptor sites.
(b) The percentage of splicing isoforms reconstructed by Cufflink assembly with different intron numbers.

(c) Distribution of expression levels between alternatively spliced (AS) genes and non-AS genes.

(d) Distribution of Gene Ontology (GO) terms (the second level) including the percentage of the differentially spliced genes and the numbers of genes attributed

to the GO terms.

(e) Wig plots of the differential splicing events. The y-axis represents the normalization value (reads per 10 million). The right panel presents the validation of

differential AS events using RT-PCR.
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(Ozsolak et al., 2010). Previous studies showed that associ-

ation of intronic repeat elements with epigenetic regulation

affects the intronic polyadenylation within long introns in

Arabidopsis (Wang et al., 2013; Lei et al., 2014). As the

intronic polyadenylation site is located within the TE-con-

taining region, the modification of TE elements might con-

trol the use of such intronic polyadenylation and therefore

regulate the choice of polyadenylation site. In this study

we investigated all intronic polyadenylation and found that

Gypsy/Copia from retrotransposons and MuDR from trans-

posons made up the majority of TEs located in the long

intron, including polyadenylation; this might be related to

DNA methylation, as previously reported (Wang et al.,

2013; Lei et al., 2014; Ma et al., 2014a). More DNA methyla-

tion and histone modification data from bamboo will

reveal the interplay between epigenetics and polyadenyla-

tion in future.

In this study there were 1224 genes that showed a

differential poly(A) site, suggesting that differential poly(A)

sites might potentially contribute to the regulation of the

fast-growing rhizome-root system. In total, there were 31

splicing-related genes that showed differential poly(A),

suggesting that APA might be involved in the regulation of

splicing factors (Data S9). At the same time differential AS

genes were enriched in RNA 30-end processing (Data S6),

suggesting that AS might be involved in the regulation of

APA. In addition to splicing factor and poly(A) factors,

there were 21 transcription factors that showed differential

poly(A) (Data S9) and 20 with differential AS (Data S6).

Transcription was coupled to pre-mRNA splicing and

polyadenylation. It may be expected that APA and AS are

also regulated by transcription factors to form a feedback

loop. Together, this work provides useful information for

future studies of the interplay between APA and AS, which

should help to fully reveal the molecular mechanism of the

fast-growing rhizome-root system in bamboo.

EXPERIMENTAL PROCEDURES

Plant materials

The underground rhizome tip, lateral bud, new shoot tip and root
initiated from rhizome, and leaf of moso bamboo (P. edulis) were
collected from the botanical garden of bamboo at Fujian Agricul-
ture and Forestry University (E119°140; N26°050) in late November.
The sampled plants originated from the same rhizome system.
After peeling off the shoot sheath leaves and cutting off the

radical part, the tips of each bud were quickly frozen in liquid
nitrogen and stored at �80°C. Tips from three buds with similar
growth vigor were combined to form a sample and three biologi-
cal replicates were used for each tissue. Total RNA was extracted
using an RNAprep Pure Plant Kit (Tiangen, cat. no. DP441, http://
www.tiangen.com/en/) with DNase I treatment to remove genomic
DNA contamination. The concentration and integrity of total RNA
were assessed with Quant-IT RiboGreen (Invitrogen, cat. no.
R11490, http://www.invitrogen.com/) and an Agilent 2200 TapeSta-
tion (Agilent Technologies, http://www.agilent.com/), respectively.
Total RNAs with an RNA integrity number (RIN) value larger than
8 were mixed equally from different tissues.

Construction of a PacBio library with different library sizes

The isoform sequencing (Iso-seq) libraries were constructed using
1 lg of equally mixed RNAs. First-strand cDNA was synthesized
using a Clontech SMARTer PCR cDNA synthesis Kit (cat. no.
634926, http:/www.clontech.com/) with anchored oligo(dT)30 as
the primer. Double-strand cDNA was amplified by long-distance
PCR (LD-PCR) using an Advantage 2 PCR kit (Clontech, cat. no.
639206). The 1–2-, 2–3- and >3-kb cDNA fractions were generated
with a BluePinppin size selection system (Sage Science, http://
www.sagescience.com/). The three libraries were constructed with
a Pacific Biosciences SMRTbell Template Prep Kit 1.0 (part 100-
259-100, http://www.pacb.com/) following the vendor’s protocol.
The libraries were subsequently sequenced on the PacBio RS II
real-time (RT) sequencer platform using SMRT Cell 8 Pac v3 (part
100-171-800) with a total of seven SMRT cells: the 1–2- and 2–3-kb
libraries were sequencing using three SMRT cells, respectively;
while the >3-kb library used one SMRT cell.

Analysis of PacBio single-molecule long-reads

Bamboo genome sequences and annotated gene models were
downloaded from NCGR (Peng et al., 2013). ConsensusTools from
the smrtanalysis_2.3.0 (Pacific Biosciences) was used from the
command line to get reads of the insert. Then, the command-line
wrapper script pbtranscript.py from smrtanalysis_2.3.0 was used
for identification of the full-length read. The 50 and 30 primers
observed with the Clontech kit as well as a poly(A) tail signal
preceding the 30 primer were used to produce strand-specific
full-length reads (https://github.com/PacificBiosciences/cDNA_
primer/wiki/RS_IsoSeq-(v2.3)-Tutorial-%231.-Getting-full-length-
reads). Then SMRT long reads from Pacific BioSciences were
corrected by Illumina reads using LSC 1.alpha with Bowtie 2
v.2.2.1 alignment (Au et al., 2012). Then, PacBio sequencing was
mapped to the bamboo genome using GMAP with the following
option: -B 5 -K 8000 -t 40 -f 2 -n 1 (Wu et al., 2016). The above
GFF3 format was transferred into GTF format using gffread – one
of the Cufflinks tools (Trapnell et al., 2012). Then AS events were
identified based on the above GTF file using the ASTALAVISTA
algorithm (Foissac and Sammeth, 2007). New genes and APA sites
were identified by TAPIS (Abdel-Ghany et al., 2016). Since we
removed non-full-length reads, we thus regarded the terminal

Figure 5. Characteristics of alternative polyadenylation (APA) in bamboo.

(a) Concentric circles diagram illustrating the genome-wide profile of novel genes, alternative splicing (AS) and APA. The largest 50 scaffolds are plotted at the

outer circles. Outer to inner circles display GC content, gene density, mis-annotated split genes, novel genes, AS and APA, respectively. (b) The nucleotide com-

position profile around proximal and distal poly(A) sites. (c) Significantly enriched Gene Ontology (GO) terms for APA genes involving a cell wall-related func-

tion. The x-axis indicates the locations relative to middle polyadenylation cleavage sites and the y-axis represents the nucleotide composition percentages. (d)

Schematic representation of gene structure for FPA which included distal poly(A) sites in the 30-untranslated region and proximal poly(A) sites within the last

intron in a strand-specific manner. The blue box indicates exons and the solid lines represent introns. (e) Length distribution introns with polyadenylation cleav-

age sites and all the introns. The x-axis is intron length and the y-axis density. (f) Plot diagram presents the distribution of transposable elements located in

introns including polyadenylation cleavage sites. MITE, miniature inverted-repeat transposable element.
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sites of single reads as genuine poly(A) sites. When many reads
occurred at one poly(A) site, a short sequence window of 20
nucleotides (nt) was used to cluster micro-heterogeneity sites
according to the default option of TAPIS (Abdel-Ghany et al.,
2016). MEME was used for motif searches on the upstream and
downstream sequences of polyadenylation sites (Bailey et al.,
2009). Sequences of new genes were used to search the homolog
with the plant lncRNA database GreeNC (Gallart et al., 2016) and
CANTATAdb (Szcze�sniak et al., 2016) using NCBI blast-2.2.27 +
with a threshold E-value of <1 9 10�6.

Preparation and sequencing of the RNA-seq library

The Illumina HiSeq 2500 platform was used to generate paired-
end (PE) reads to correct PacBio reads and quantify splicing. Total
RNA quality was assessed using an Agilent 2100 with an RIN
value greater than 8. Strand-specific RNA-seq libraries were con-
structed using 5 lg of total RNA from the rhizome tip, lateral bud
and new shoot tip with three replicates by a dUTP strand-specific
library protocol (Levin et al., 2010), which was described in our
previous study (Wu et al., 2014). Then dUTP strand-specific
libraries were sequenced using the HiSeq 2500 sequencing system
as 125-nt paired-end reads.

Preparation and sequencing of the strand-specific PAS-seq

library

The PAS-seq libraries were constructed using total RNA with a
modified protocol based on our previous studies (Ma et al., 2014b;
Zhang et al., 2015). Briefly, 2 lg of total RNA was fragmented
using SMARTscribe reverse transcription reaction buffer at 94°C
for 6 min. the polyadenylated mRNA fragments were separated
using a NEBNext� Poly(A) mRNA Magnetic Isolation Module (New
England Biolabs, cat. no. E7490L, https://www.neb.com/). The
cDNA fragments were then synthesized using a Clontech SMARTer
cDNA synthesis Kit (Clontech, cat. no. 634926) with primers HITS-
30 and HITS-50 (Data S1). The fragments were further size-selected
using AMPure XP beads (Beckman Coulter, cat. no. A63880,
https://www.beckmancoulter.com/) using the recommended selec-
tion condition for 150-bp insertion size form the vendor’s protocol
for the NEBNext� Ultra™ DNA Library Prep Kit (NEB.E7370L). The
fusion DNA polymerase (ThermoFisher, cat. no. F-530L, https://
www.thermofisher.com/) was used to amplify fragments for 16
cycles with PA1.0 and indexed PA primers (Data S1). The frag-
ments were size-selected again with AMPure XP beads to reach a
library size range of 200–400 bp. The qualifying libraries for rhi-
zome tip, lateral bud and new shoot tip were sequenced using the
Illumina HiSeq 2500 sequencing system to generate 50-nt single-
end reads for quantification of polyadenylation sites.

Identification of differential alternative splicing

The raw RNA-seq reads generated from the Illumina sequence
platform were filtered using the ht2-filter from the HTQC package

(1.92.1) with the default parameters to remove low-quality reads
(Yang et al., 2013). Then filtered reads were aligned to the bam-
boo genome using Tophat (v.2.0.11) with options ‘-r 50 -a 8’ (Trap-
nell et al., 2009). The gene expression levels were measured and
normalized as FPKM. Mapped reads were assembled with Cuf-
flinks v.2.1.1 using the option -F 0.05 -A 0.01 -I 100000 –min-
intron-length 30, to generate a genome-based Cufflinks assembly
(Trapnell et al., 2012). The differential alternative splicing events
were identified by rMATS.3.2.2 using the option -t paired -len 125
-a 8 -c 0.0001 -analysis U (Shen et al., 2014a). In total, AS events
with a false discovery rate (FDR) < 0.05 were regarded as differen-
tial AS events.

Identification of differential alternative polyadenlation

The bioinformatics analysis of PAS-seq followed our previous
studies (Zhang et al., 2015). Briefly, PAS-seq reads were reverse-
complemented and aligned using Tophat (v.2.0.11) with option ‘-a
8’ to the bamboo genome (Trapnell et al., 2009). The abundance
of genuine poly(A) sites based on PacBio FLNC transcripts was
calculated according to each PAS-seq library and Fisher’s exact
test was used for differential APA sites among rhizome tip, lateral
bud and new shoot tip (P < 0.001).

GO enrichment analysis

The GO terms of bamboo were assigned to each gene based on
BLAST2GO (Conesa et al., 2005). GO enrichment analysis was per-
formance using BINGO 3.0.2 with Benjamini–Hochberg multiple
testing using P < 0.05 as the cutoff (Maere et al., 2005).

Data presentation

All the statistical analyses and plots were carried out using R pack-
ages. Heat maps were generated by the gplots R package. All the
genome features with PacBio tracks can be viewed at http://www.f
orestrylab.org/db/PhePacBio/.

Experimental validation of mis-annotated, novel genes, AS

and APA

First-strand cDNA from different tissues was synthesized using
the SMART cDNA library construction kit manual (Clontech, cat.
no. 634901) with 1 lg total RNA and oligo (dT)30 primers. The AS,
mis-annotated and novel genes were separately validated by RT-
PCR using PrimerSTAR GXL DNA Polymerase (Takara, cat. no.
R050Q, http://www.takara-bio.com/) with 5 9 diluted cDNA as the
template. The PCR products were visualized in 1% agarose gel
stained by GelStain (TransGen, cat. no. GS101-1, http:/www.tra
nsbionovo.com). Gene expression from the RNA-seq result was
validated by quantitative real-time RT-PCR (qPCR) with GoTaq
qPCR Master Mix (Promega, cat. no. A6002, http://www.promega.c
om/). The APA events were validated using a SMARTer RACE 50/30

Kit (Clontech, cat. no. 638459) with two-step 30 RACE methods.

Figure 6. Quantitative maps of differential poly(A) sites.

(a) Scatterplots showing the pairwise comparison of new shoot tip and rhizome tip. The y- and x-axes are log2(new shoot tip/rhizome tip) values for distal and

proximal poly(A) sites, respectively. Those that also were regulated in the comparison of new shoot tip and lateral bud are shown in the blue plot.

(b) Scatter plots representing pairwise comparison of lateral bud and rhizome tip. The y- and x-axes are log2(lateral bud/rhizome tip) values for distal and proxi-

mal poly(A) sites, respectively. Those that are also regulated in the comparison of new shoot tip and rhizome tip are shown in the green plot.

(c) One example (PH01000600G0130) showing differential alternative polyadenylation sites. Annotated untranslated regions (UTRs) and coding sequences (CDS)

are denoted by grey and black rectangles, respectively. PacBio transcripts are represented as blue rectangles. Wiggle plots represent the distribution of

polyadenylation site sequencing (PAS-seq) reads for new shoot tip, rhizome tip and lateral bud, respectively.

(d) Distribution of Gene Ontology (GO) terms (the third level) including the percentage of the differentially poly(A) genes and the numbers of genes attributed to

the GO terms.
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Briefly, 1 ll of cDNA was amplified with gene-specific primer and
CDS III primer for 20 cycles. The PCR products were diluted 50
times and 5 ll of diluted products was amplified with gene-speci-
fic and a modified CDS III primer without oligo (dT). The RACE
products were analyzed as previously described. Primer lists used
in the validation are listed in Data S1.

ACCESSION NUMBERS

Illumina HiSeq 2500 data have been submitted to GEO under
accession number GSE90517. PacBio SMRT sequencing data have
been submitted to the Sequence Read Archive (SRA) of NCBI
under accession number SRP093919.

ACKNOWLEDGEMENTS

The authors thank Dr Michael Hamilton for advice on TAPIS. This
work was supported by the National Key Research and Develop-
ment Program of China (grant no. 2016YFD0600106 to LG), the
National Natural Science Foundation of China Grant (grant no.
31570674 to LG and 31500258 to LM) and the Natural Science
Foundation of Fujian Province of China (2015J01078 to LM).

AUTHOR CONTRIBUTIONS

CL LM and LG conceived and designed the study. LM, TW

and DC performed most of the experiments. High-through-

put sequencing data were analyzed by HW, YG, HZ and

YW. LG analyzed the data as a whole and wrote the manu-

script. All authors have read and approved the final

version.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article.
Figure S1. Distribution of reads length from three libraries with
different insert sizes.

Figure S2. Number of genes with supported PacBio genes.

Figure S3. Hierarchical cluster RNA-seq samples of rhizome tip,
new shoot tip and lateral bud based on the fragments per kilobase
of exon per million fragments mapped (FPKM) value, which were
quantified as described in the Experimental Procedures.

Figure S4. Scatterplot showing the correlation coefficients
between RNA-seq and qPCR. Fold changes based on RNA-seq and
qPCR were plotted on the x-axis and y-axis, respectively. The size
of each point is proportional to the abundance of gene expres-
sion.

Figure S5. Density of fragments per kilobase of exon per million
fragments mapped (FPKM) value for genes with different PacBio
reads supported. The FPKM values were quantified using mean
values from all the samples.

Figure S6. Validation of mis-annotated split genes. Left panel: the
results of RT-PCR; right panel: the gene structures. The blue boxes
indicate the exons and the black lines represent introns.

Figure S7. Validation of differential splicing events by RT-PCR.

Figure S8. Number of genes with different numbers of poly(A)
sites.

Figure S9. Identification of motifs around polyadenylation sites
and the distribution of two motifs around the poly(A) site. The

AAUAAA motif is located around the poly(A) site. However, the
second UGUA motif is located upstream from poly(A) site.

Figure S10. Validation of alternative polyadenylation by rapid
amplification of cDNA ends (RACE).

Figure S11. Density of length and fragments per kilobase of exon
per million fragments mapped (FPKM) values for genes with dif-
ferent number of poly(A) sites.

Figure S12. Heatmap of splicing factors in bamboo.

Figure S13. Heatmap of poly(A) factors in bamboo.

Data S1. Primers used for validation of mis-annotated genes,
novel genes, alternative splicing, alternative polyadenylation, RNA
sequencing and construction of polyadenylation site sequencing.

Data S2. The mis-annotated genes with supported PacBio SMRT
reads.

Data S3. The coordinate information for all the novel loci.

Data S4. The AS events supported by PacBio single molecular
real-time reads.

Data S5. Enriched Gene Ontology terms for the alternatively
spliced genes.

Data S6. The differential alternative splicing events among rhi-
zome tip, lateral bud and new shoot tip.

Data S7. All the poly(A) sites identified by the PacBio single
molecular real-time reads reads.

Data S8. The alternative polyadenylation sites from the PacBio
single molecular real-time reads.

Data S9. The differential alternative polyadenylation sites among
rhizome tip, lateral bud and new shoot tip.
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