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Abstract
Perennial ryegrass (Lolium perenne), one of the most widely used forage and cool-season turfgrass worldwide, has a breed-
ing history of more than 100 years. However, the current draft genome annotation and transcriptome characterization are 
incomplete mainly because of the enormous difficulty in obtaining full-length transcripts. To explore the complete structure 
of the mRNA and improve the current draft genome, we performed PacBio single-molecule long-read sequencing for full-
length transcriptome sequencing in perennial ryegrass. We generated 29,175 high-confidence non-redundant transcripts from 
15,893 genetic loci, among which more than 66.88% of transcripts and 24.99% of genetic loci were not previously annotated 
in the current reference genome. The re-annotated 18,327 transcripts enriched the reference transcriptome. Particularly, 6709 
alternative splicing events and 23,789 alternative polyadenylation sites were detected, providing a comprehensive landscape 
of the post-transcriptional regulation network. Furthermore, we identified 218 long non-coding RNAs and 478 fusion genes. 
Finally, the transcriptional regulation mechanism of perennial ryegrass in response to drought stress based on the newly 
updated reference transcriptome sequences was explored, providing new information on the underlying transcriptional regu-
lation network. Taken together, we analyzed the full-length transcriptome of perennial ryegrass by PacBio single-molecule 
long-read sequencing. These results improve our understanding of the perennial ryegrass transcriptomes and refined the 
annotation of the reference genome.

Keywords  Perennial ryegrass · PacBio single-molecule long-read sequencing · Alternative splicing events · Alternative 
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ORF	� Open reading frames
PacBio sequencing	� The PacBio single-molecule long-

read sequencing technology
Pfam	� A database of conserved Protein 

families or domains
RT-PCR	� Reverse transcription polymerase 

chain reaction
Swissprot	� A manually annotated, non-redun-

dant protein database

Introduction

Perennial ryegrass (Lolium perenne, 2n = 14), one of the 
most used cool-season turfgrass and forage plants world-
wide, has a breeding history of more than 100 years (Byrne 
et al. 2016; Wang et al. 2017a). Because of its rapid estab-
lishment, long growing season, high yield, and high pal-
atability, perennial ryegrass are important not only in hay 
production, but also in ecosystem services (Huff 1997; Wang 
et al. 2017a). Molecular breeding and traditional hybrid 
breeding approaches increasingly require a high-quality ref-
erence genome to advance the breeding process. The draft 
genome sequence of perennial ryegrass was first reported 
in 2015, covering 1128 Mb of the genome, 28,455 gene 
models, and 11,311 annotated genes (Byrne et al. 2016). 
Although this sequence is a valuable genetic resource for 
genetic breeding, the genome coverage is incomplete and 
the current reference genome is not satisfactory, preventing 
progress in breeding efforts (Shinozuka et al. 2017). Addi-
tionally, most existing gene models were derived from in 
silico prediction and lack reliable annotation on alternative 
isoforms and untranslated regions. Thus, studies are needed 
to improve genome annotation using reliable genome-wide 
full-length transcripts.

The Pacific Biosciences (PacBio; Menlo Park, CA, 
USA) single-molecule long-read sequencing technol-
ogy (PacBio sequencing) can obtain full-length splice 
isoforms directly, without assembly, thus providing the 
opportunity to investigate genome-wide full-length cDNA 
molecules. To date, PacBio sequencing has been success-
fully utilized in various plant species, such as common 
wheat (Triticum aestivum) (Dong et al. 2015), sorghum 
(Sorghum bicolor) (Abdelghany et al. 2016), Arabidopsis 
(Arabidopsis thaliana) (Zhu et al. 2017), red clover (Tri-
folium pretense) (Chao et al. 2018), and alfalfa (Medicago 
sativa) (Chao et al. 2019). In species for which a reference 
genome is available, such as red clover and alfalfa, the 
PacBio sequencing has provided important information for 
improving the draft genome annotation and insight into the 
transcriptome. In 2018, PacBio sequencing was adopted to 
analyze the full-length transcriptome of red clover, iden-
tifying 2194 novel isoforms from novel genes and 29,370 

novel isoforms from known genes. A total of 5492 alterna-
tive splicing events (AS) were predicted, and 8719 genes 
possessed poly(A) site (APA). The full-length transcrip-
tome of alfalfa was first analyzed by PacBio sequencing in 
2018, resulting in the identification of 113,321 transcripts, 
1670 transcription factors, 17,740 lncRNAs, and 7568 AS 
events. Moreover, most AS events in alfalfa were intron 
retention.

For species without an available reference genome, 
PacBio sequencing provides a cost-effective choice for stud-
ies of gene structure and specific gene functions. PacBio 
sequencing was carried out to generate the full-length tran-
scriptome dataset for bermudagrass (Cynodon dactylon), a 
warm-season turfgrass specie, without an available refer-
ence genome (Zhang et al. 2018a). In total, the full-length 
sequences comprised 78,192 unigenes, 66,409 of which 
were functionally annotated. Additionally, 27,946 unigenes 
were found to have at least 2 isoforms. These results facili-
tated future comparative transcriptome and gene functional 
studies in bermudagrass. Using a transcriptome generated 
by PacBio sequencing as a reference sequence, Chen et al. 
(2018) performed a transcriptome-referenced association 
study and identified 22 candidate transcripts responsible for 
the shape of garlic (Allium sativum) clove. Thus, this tool is 
efficient for association studies independent of a reference 
genome. Using next-generation (NGS) sequencing in error 
correction, PacBio sequencing may reveal full-length splic-
ing isoforms with complete 3′- and 5′-ends more accurately, 
better identify differential AS events, and produce more 
accurate profiles of global APA compared to other methods 
(Wang et al. 2017b).

Drought stress is a major factor limiting the growth and 
persistence of plants worldwide (Shinozaki and Yamagu-
chi-Shinozaki 2006). Using the suppression subtractive 
hybridization (SSH) and NGS sequencing techniques, 
the expression profiles of perennial ryegrass and annual 
ryegrass (Lolium multiflorum) under drought stress have 
been reported, improving the understanding of the transcrip-
tional regulation network in response to drought stress in 
ryegrass (Liu and Jiang 2010; Pan et al. 2016). However, the 
transcriptome remains incomplete because of the limitations 
of RNA sequencing and low throughput of SSH. Thus, stud-
ies are needed to investigate the underlying transcriptional 
network by PacBio sequencing.

To improve the transcriptional information and refine the 
current draft genome annotation of perennial ryegrass, we 
generated a full-length transcriptome by PacBio sequenc-
ing. AS and APA events were predicted to investigate the 
structural characteristics of the transcripts. In addition, long 
non-coding RNAs and fusion transcripts were investigated. 
The underlying transcriptional regulation network was 
explored using the re-constructed reference transcriptome 
by PacBio sequencing. The information provides insight into 
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the transcriptional events and refines the genome annotation 
of perennial ryegrass.

Materials and methods

Plant material and growth conditions

Perennial ryegrass seeds of cultivar ‘Accent’ were purchased 
from Jacklin Seed company (Jacklin, WA, USA). The seeds 
were sowed in 12 cm diameter, 15 cm deep plastic pots 
filled with 500 g calcined clay (Profile Products, Chicago, 
IL, USA) at a seeding rate of 30 g m−2. Plants were culti-
vated in a growth chamber (RXZ-380D-LED, Ningbo Jiang 
Nan Instrument Factory, Ningbo, China) at 20/16 °C (day/
night), 65% relative humidity, 14-h photoperiod, and average 
photosynthetic active radiation (PAR) of 600 μ mol m−2 s−1 
for 3 weeks. Plants were trimmed to 10 cm weekly and ferti-
lized with half-strength Hoagland’s solution (Hoagland and 
Arnon 1950). For drought treatment, nine independent plots 
(three biological repetitions for each of the three independ-
ent treatments) were subject to water withholding for 0, 3, 
and 8 days. The whole plants including the leaves, sheaths, 
stems, roots, and tillers were collected for RNA extraction 
on each sampling day.

Physiological measurements

We utilized a Theta Probe soil moisture sensor (ML2; Delta-
T Devices, Cambridge, UK) to monitor the soil moisture 
content (SWC) on each sampling day. The leaf relative 
water content (RWC) was calculated by examining the fresh 
weight, dry weight, and turgid weight. The malondialdehyde 
(MDA) content was determined using the trichloroacetic 
acid method as described in our previous report (Puyang 
et al. 2015). Proline content was examined using the 5-sul-
fosalicylic acid method (Teng et al. 2018). The total soluble 
sugar content was measured using the anthrone colorimetry 
method (Zhang et al. 2018b).

Library preparation and PacBio sequencing

Total RNA was extracted using the Plant RNA Kit (No. 
R6827-01, OMEGA Bio-tek, Norcross, GA, USA,). Equal 
amounts of RNA collected from ‘Accent’ plants on each 
sampling day were pooled. The quantity and integrity of 
RNA samples were assessed with the NanoDrop ND-1000 
spectrophotometer (NanoDrop Technologies, Wilming-
ton, DE, USA) and 2100 Bioanalyzer (Agilent Technolo-
gies, Santa Clara, CA, USA). Qualified RNA samples were 
then used to construct cDNA libraries. The SMARTer PCR 
cDNA Synthesis Kit (TaKaRa, Dalian, China) was uti-
lized to synthesize full-length cDNA, and cDNA fraction 

and length selection (1–2 kb, 2–3 kb, and > 3 kb) was per-
formed using the BluePippinTm Size Selection System (Sage 
Science, Beverly, MA, USA). These three PacBio libraries 
were generated using the Pacific Biosciences DNA Tem-
plate Prep Kit 2.0. (Pacific Biosciences, California, USA) 
according to the standard protocol. PacBio sequencing was 
then performed on the Pacific Bioscience RSII platform at 
Biomarker Technology Co. (Beijing, China) according to the 
manufacturer’s protocol.

Illumina cDNA library construction 
and second‑generation sequencing analysis

Total RNA was extracted from the collected samples 
(whole plants), with three independent biological replicates 
obtained for each sample. Next, nine prepared RNA samples 
(three each from the control, early drought treatment, and 
late drought treatment groups) were evaluated as described 
in the previous section. Strand-specific cDNA libraries were 
constructed using the NEBNext ® UltraTM RNA Library 
Prep Kit (NEB, Ipswich, MA, USA) following the manufac-
turer’s protocol. Qualified libraries were sent to Biomarker 
Technology Co. for second-generation sequencing on an 
Illumina HiSeq 4000 platform (San Diego, CA, USA).

The Illumina clean reads were mapped to the newly con-
structed reference transcriptome using the Bowite2 program 
(Langmead and Salzberg 2012). The expression abundance, 
presented as fragments per kilobase of transcript per million 
mapped reads (FPKM) was calculated using RSEM (Li and 
Dewey 2011). After evaluating the correlation of biologi-
cal replicates based on the Pearson correlation coefficient, 
differential expression analysis was carried out using the 
DESeq2 program (Anders and Huber 2010). The parameters 
adopted in this study were fold change ≥ 2 and FDR < 0.01. 
Then, the functional enrichment analysis including GO 
enrichment analysis and KEGG pathway enrichment analy-
sis were performed using GOseq R package and KOBAS 
software, respectively.

Quality filtering, error correction, and elimination 
of redundancy among PacBio long reads

Reads of inserts (ROIs) were generated from PacBio sub-
reads using standard protocols in the PacBio analysis soft-
ware suit (http://www.pacif​icbio​scien​ces.com). Full-length 
non-chimeric reads (FLNC) and non-full-length (NFL) 
reads were classified using RS-IsoSeq v2.3 by identifying 
poly(A) signals and 5′ and 3′ adaptors. To identify all pos-
sible reads, a relaxed standard with a minimum full pass of 
0 and accuracy of 75% was adopted in the filtering panel. 
The FLNC reads generated from the same isoform were 
clustered into one consensus isoform using the Iterative iso-
form-clustering program (ICE). NFL reads were clustered by 

http://www.pacificbiosciences.com
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the Quiver program. Subsequently, the consensus isoforms 
were polished, resulting in high-quality isoform (HQ) (accu-
racy > 99%) and low-quality isoform (LQ). The raw Illumina 
reads were filtered to remove adaptor sequences, ambiguous 
reads with ‘N’ bases, and low-quality reads. The filtered Illu-
mina data were used to polish the LQ reads using proovread 
213.841 software (Hackl et al. 2014). The polished consen-
sus isoforms were mapped to the perennial ryegrass genomic 
sequence (http://185.45.23.197:5080/ryegr​assge​nome) using 
the Genomic Mapping and Alignment Program (GMAP) 
(Wu and Watanabe 2005) and then the redundant isoforms 
(identity > 0.9, coverage < 0.85) were eliminated using the 
ToFU package without considering the 5′ difference. Finally, 
a high-quality transcript dataset without redundant isoforms 
of perennial ryegrass was constructed.

Functional annotation of transcripts and prediction 
of open reading frames

Functional annotations were conducted using BLAST 
2.2.26 against different protein and nucleotide databases of 
Nr (NCBI non-redundant proteins), Swissprot (a manually 
annotated, non-redundant protein database), COG (Clusters 
of Orthologous Groups), KOG (euKaryotic Orthologous 
Groups), Pfam (a database of conserved Protein families or 
domains), GO (Gene Ontology), and KEGG (Kyoto Ency-
clopedia of Genes and Genomes). For each transcript in each 
database search, functional information for the best matched 
sequence was assigned to the query transcript. TransDecoder 
2.0.1 (https​://trans​decod​er.githu​b.io/) was utilized to define 
the putative coding sequences (CDS) to predict the open 
reading frames (ORFs). The predicted CDS were then anno-
tated and confirmed by BLAST (E-value ≤ 1e−5). Transcripts 
containing complete ORFs as well as 5′- and 3′-untranslated 
regions (UTRs) were considered as full-length transcripts.

Analysis of alternative splicing events

Transcripts were validated against known reference tran-
script annotation with the python library MatchAnnot. AS 
events including intron retention (IR), exon skipping (ES), 
alternative 3′ splice site (Alt.3′), alternative 5′ splice site 
(Alt.5′) and mutually exclusive exon (MEE) were identified 
and classified using MISA (Beier et al. 2017).

Alternative polyadenylation events analysis

The TAPIS pipeline was used to identify poly(A) tails of 
the full-length reads. If there were at least eight adenine (A) 
bases and at most two non-A bases in 3′-region of the full-
length reads, the first base was determined to be a poly(A) 
position of the full-length reads. The poly(A) positions on 

the reference genome were then extracted from the align-
ments of trimmed poly(A)-containing full-length reads.

Identification of fusion transcripts

Non-redundant HQ transcript isoforms were utilized to iden-
tify the fusion transcripts. A single transcript was classified 
as a fusion transcript when it simultaneously satisfied the 
following requirements: (1) mapped to 2 or more loci, (2) 
minimum coverage for each loci of 5% and minimum cov-
erage in bp of ≥ 1 bp, (3) total coverage of ≥ 95%, and (4) 
distance between the loci of at least 10 kb.

Classification of long non‑coding RNAs and their 
target genes

Four computational approaches including the Coding Poten-
tial Calculator (CPC), Coding–Non-Coding Index (CNCI), 
Coding Potential Assessment Tool (CPAT) and Pfam data-
base were combined to sort non-protein-coding RNA candi-
dates from putative protein-coding RNAs in the transcripts. 
Putative protein-coding RNAs were filtered out using mini-
mum length and exon number thresholds. Transcripts longer 
than 200 bp with more than two exons were selected as 
lncRNAs candidates and further screened using CPC/CNCI/
CPAT/Pfam, as these tools can distinguish protein-coding 
from the non-protein-coding genes. Only the transcripts 
identified in the four databases were regarded as lncRNAs. 
To investigate the target genes of the lncRNAs, the LncTar 
tool (Jianwei et al. 2015) was utilized following two strate-
gies: the first was based on the localization of lncRNA and 
mRNA, whereas the second was based on the interactivity 
results of lncRNA and mRNA caused by base pairing.

Results

General properties of PacBio sequencing 
of perennial ryegrass

To provide a collection of transcripts, we combined the total 
RNA extracted from perennial ryegrass grown under three 
different conditions in equal amounts to obtain a full-length 
reference transcriptome by PacBio sequencing. Three cDNA 
libraries of different sizes (1–2, 2–3, and 3–6 kb) were con-
structed and then sequenced using the PacBio RSII sequenc-
ing platform, generating a total of 751,460 raw polymerase 
reads. These reads resulted in 4,554,953 post-filter subreads 
(length > 50 bp and accuracy > 0.75) with a mean length of 
2103 bp and N50 of 2587 bp (Table 1).

Five single molecular real-time cells generated 107,187, 
124,918 and 60,413 ROIs from each of the three libraries, 
respectively (Fig. 1a–c). The mean length of the ROIs was 

http://185.45.23.197:5080/ryegrassgenome
https://transdecoder.github.io/
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2434 bp and the N50 was 3080 bp. The mean numbers of 
passes in the three cDNA libraries were 18, 9, and 7, respec-
tively. The FLNC read-length distribution of each size bin 
agreed with the size of its cDNA library (Fig. 1d–f). In all, 
292,518 ROIs were generated, more than 55.9% (163,660) 
of which were FLNC reads (mean length 2057 bp and N50 
2409 bp) comprising the entire transcript region from the 

Table 1   Summary of reads from PacBio sequencing

Subread ROI FLNC ICE consensus HQ

Number 4,554,953 292,518 163,660 78,417 64,743
Mean length 2103 2434 2057 2190 2192
N50 2587 3080 2409 2547 2550

Fig. 1   Summary of PacBio sequencing. Number and length distribu-
tion of 292,518 ROI sequences from 1 to 2 K a, 2–3 K b and 3–6 K 
c. Number and length distribution of 163,660 FLNC sequences from 

1 to 2 K d, 2–3 K e and 3–6 K f. g Proportion of different types of 
PacBio reads in perennial ryegrass. Number and length distribution of 
78,417 consensus isoforms in 0–2 K h, 2–3 K i, 3–6 K j and > 6 K k 
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5′ to the 3′ end, based on the inclusion of barcoded prim-
ers and 3′-poly(A) tails (Fig. 1g). Short reads with a length 
of < 300 bp (6.2%) and chimeric reads (0.2%) were discarded 
from subsequent analysis.

The 78,417 consensus FLNC reads were first clustered 
using the ICE program and then polished using the Quiver 
program and NFL reads (Fig. 1h–k, Table 1). To correct the 
relative high error rates of single-molecule long reads com-
pared with the Illumina platform, 215,952,015 paired-end 
reads (PE) were utilized to further polish the low-quality 
isoforms. We finally obtained 64,743 high-quality corrected 
isoforms from 78,417 consensus isoforms with a mean 
length of 2192 bp and N50 of 2550 bp.

Comparing perennial ryegrass genome 
and correcting previous mis‑annotated gene models

The 163,660 FLNC isoforms were compared against 
the draft genome sequence of perennial ryegrass using 
GMAP. In general, 134,922 reads (82.44%) were mapped 
to the reference genome (Fig. 2a). Further classification of 
the mapped reads revealed that 4269 reads were multiple 
mapped, 67,362 were mapped to the positive strand (reads 
map to +) of the genome and 63,291 were mapped to the 
opposite strand (reads map to +) of the genome. Next, the 
corrected transcripts were mapped against the reference 
genome. The results showed that 64,743 HQ reads includ-
ing 35,363 reads that were the same in the reference genome, 
20,185 novel isoforms from known genes and 9195 novel 
isoforms from novel genes were successfully mapped to the 
genome (Fig. 2b).

After eliminating of redundancy, the de novo constructed 
transcriptome consisting of 29,175 transcripts (N50 2.53 kb) 
from 15,893 genic loci were finally obtained. Moreover, 
3971 loci of the perennial ryegrass genome have not been 

annotated compared with the reference annotation. In addi-
tion, there were 9664 transcripts with identical intronic 
coordinates as reference annotations, and 2686 transcripts 
were translated from a single exon. Without assembly, these 
PacBio full-length transcripts are ideal resources for opti-
mizing gene models.

Functional annotation of transcripts

To further improve the function annotation of the reference 
transcriptome, the updated transcripts were annotated using 
the Nr, Swissprot, GO, COG, KOG, Pfam and KEGG data-
bases. Overall, 18,327 annotated transcripts were generated 
(Fig. 3a, Table 2). Homologous species were analyzed by 
comparing the transcript sequences to the Nr database; the 
largest number of transcripts was found in Brachypodium 
distachyon (31.57%) (Fig. 3b). GO classification showed 
that ‘Cell’, ‘catalytic activity’ and ‘metabolic process’ were 
ranked as the most enriched items in the ‘cellular compo-
nents’, ‘molecular functions’, and ‘biological process’ cat-
egories, respectively (Fig. 3c). NOG analysis showed that 
18,135 transcripts were assigned to 25 functional clusters, 
and the ‘function unknown’, ‘general function prediction 
only’, and ‘signal transduction mechanisms’ ranked as the 
top three largest categories (Fig. 3d).

TransDecoder program was used to predict ORFs and 
UTRs. These unique full-length transcripts contained 18,651 
CDSs, including 11,738 transcripts with complete ORFs. 
Transcripts consist of 200–300 amino acids were most abun-
dant and corresponded to 20.75% of the identified CDSs 
(Fig. 3e). Furthermore, the number and length distribution 
of the 5′-UTRs and 3′-UTRs were investigated (Fig. 3f–g). 
Transcription factors (TFs) were predicted using PacBio data 
finally obtained in this study. A total of 1439 putative TFs 
from 63 families were identified and the MYB-related, C3H, 

Fig. 2   GMAP analysis of PacBio sequences. a GMAP analysis of FLNC reads to reference genome. b Classification of corrected isoforms 
mapped to reference genome
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Fig. 3   Function annotation of corrected isoforms. a Function annota-
tion of transcripts in all databases. b Nr homologous species distribu-
tion of transcripts. c Distribution of GO terms for all the annotated 

transcripts. D. NOG enriched of transcripts. Length distribution of 
the identified coding sequences e, 5′-UTRs f and 3′-UTRs g. h Pre-
diction of transcription factors
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and AP2/ERF TF families were the most abundant TF fami-
lies in perennial ryegrass (Fig. 3h). Next, the TFs identified 
by PacBio were compared to known TFs from the reference 
genome, which showed that 464 TFs were considered as 
known and 975 of the TFs were recognized as novel.

Analysis of alternative splicing events and splice 
isoforms

One of the most important advantages of PacBio sequenc-
ing is its ability to identify AS events by directly compar-
ing different isoforms of the same gene. Here, we sys-
tematically analyzed AS in perennial ryegrass based on 
high-quality full-length isoforms. This revealed 6709 AS 
events among the transcripts with two or more alternative 

isoforms (Table S1). Specifically, five major AS events 
including Alt.3′, Alt.5′, ES, IR and MEE were classified, 
with retained intron (RI) as the most abundant type show-
ing an occurrence rate of 58.16% (Fig. 4a). In the refer-
ence genome, 4684 AS events were identified which is 
much lower than the number identified by PacBio sequenc-
ing (Fig.  4b). Furthermore, five genes were randomly 
selected to validate the accuracy of AS events by reverse 
transcription polymerase chain reaction (RT-PCR). Iso-
forms of each gene were aligned to design primers that 
could amplify all predicted transcripts at the same time 
(Table S6). The results demonstrated that the size of each 
amplified fragments was consistent with that of the pre-
dicted fragment (Fig. 4c). These amplified fragments were 
then cloned for Sanger sequencing. The results showed 

Table 2   Annotation of the 
transcript datasets to public 
databases

Anno database Annotated number 300 ≤ length < 1000 length ≥ 1000

COG 7278 344 6934
GO 15,437 1051 14,386
KEGG 7711 504 7207
KOG 11,255 573 10,682
Pfam 15,072 961 14,111
Swissprot 13,511 869 12,642
eggNOG 18,135 1285 16,850
Nr 18,286 1324 16,962
All 18,327 1334 16,993

Fig. 4   Transcripts and intron–exon structure in perennial ryegrass. a 
Classification of the AS events identified by PacBio sequencing. b 
The total number of AS events in detected genes by PacBio compared 
with the annotated gene models in reference genome. c RT-PCR 

verification of representative AS events. d Distribution of genes that 
have one or more transcripts from PacBio sequences. e Distribution 
of genes that have one or more introns from PacBio sequences. The 
nucleotide distributions flanking the donor f or acceptor sites (g)
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sequence consistency between the cloned fragments and 
predicted sequences based on the PacBio sequencing data.

Among the genes identified by PacBio, 9605 possessed 
only 1 transcript (Fig. 4d). The other 6363 genes were found 
to have 2 or more transcripts, producing 18,544 transcripts 
in total. Sixty-eight genes had more than 10 transcripts, and 
the victorin-binding protein gene (PB.9371) showed the 
largest number of spliced isoforms. Additionally, 177,489 
introns were identified using the PacBio sequences, and 
26,489 sequences were predicted to have introns. A total of 
2686 genes showed no intron, whereas 797 genes had more 
than 20 introns (Fig. 4e). PB.10454.1 was found to have 41 
introns, which was the largest number among all genes. In 
addition, the consensus donor and acceptor sites of perennial 
ryegrass were analyzed (Fig. 4f–g). The median number of 
introns in the perennial ryegrass genes containing introns 

was 4, whereas the numbers in alfalfa, bamboo (Phyllos-
tachys edul) and Arabidopsis are 6, 7 and 4, respectively.

Alternative polyadenylation events analysis

PacBio sequencing enables investigation of the APA sites 
in perennial ryegrass; 23,789 poly(A) sites were identi-
fied among the 9546 genes in the perennial ryegrass ref-
erence genome, and 3717 genes showed 1 poly(A) sites, 
whereas 666 genes contained at least 6 poly(A) site 
(Fig. 5a, Table S2). The average number of poly(A) sites 
was 2.49, and average sequencing depth was 16.16. Spe-
cifically, the thiamine biosynthesis gene (ThiC, maker-
scaffold_4297|ref0021721-exonerate_est2genome-gene-0.0) 
was found have 25 poly(A) sites, which was the largest num-
ber in this study.

Fig. 5   APA analysis. a Distribution of the number of poly(A) 
sites per gene. b Nucleotide composition around poly(A) cleavage 
sites. The relative frequency of a nucleotide is shown as a function 

of genomic position across all poly(A) cleavage sites detected in 
our data. c MEME analysis of an over-represented motif at 50-nts 
upstream of the poly(A) site in perennial ryegrass transcripts
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Analysis of the upstream and downstream regions of 
all poly(A) sites revealed that nucleotide bias around the 
poly(A) sites in perennial ryegrass with enrichment of U 
upstream and A downstream of the cleavage site in the 
3′-UTRs (Fig. 5b). Using 50 nucleotides upstream of the 
predominant poly(A) site in all transcripts, MEME analysis 
was performed to identify potential cis-elements necessary 
for polyadenylation. The results showed that there were three 
conserved motifs (GGC​UGG​, GUG​GCC​, and GUG​GUG​) 
upstream of the poly(A) cleavage sites (Fig. 5c).

Identification of lncRNAs and fusion genes

Based on the prediction of CPC, CNCI, Pfam, and CPAT, 
4660 transcripts were considered as putative non-coding 
RNAs. Finally, 218 transcripts (with length > 200 bp and > 2 
exons), which could be found in all 4 prediction results, were 
considered as lncRNAs (Fig. 6a; Table S3). Additionally, the 
identified lncRNAs were further classified into four types, 
including 166 lncRNAs, 4 antisense lncRNAs, 8 intronic 
lncRNAs and 36 sense lncRNAs (Fig. 6b). The N50 value 

of these identified lncRNAs was 2.52 kb. Length distribution 
analysis of the lncRNAs revealed that their lengths ranged 
from 0.34 kb (PB.7219.1) to 4.49 kb (PB.15570.2). Com-
pared to the mRNAs, the lncRNAs were predicted to have 
fewer exons and shorter average transcript lengths (Fig. 6c, 
d). Moreover, 158 target genes of the lncRNAs were pre-
dicted (Table S4).

Gene fusion is a common feature in humans; however, 
few studies have been reported in plants. Here, we identified 
478 fusion genes using genic alignments, which were found 
by merging 2 transcripts with different functions (Table S5). 
The major type of fusion transcript was exon fusion, and 
the events were more likely to occur inter-chromosomally 
than intra-chromosomally. The N50 value of these fusion 
genes was 2.58 kb, with the range of 900–1200 bp contain-
ing the most abundant transcripts. The average length of 
the fusion genes was 2.18 kb, and the longest transcript was 
5.58 kb (PBfusion.140), whereas the shortest was 385 bp 
(PBfusion.312). To further investigate the fusion transcripts, 
the transcripts were annotated with the Nr, Swissprot, GO, 
COG, KOG, Pfam, and KEGG databases. Nr annotation 

Fig. 6   Identification of lncRNAs. a Venn diagram of lncRNAs pre-
dicted by CNCI, CPC, CPAT and Pfam methods. b Classification of 
the types of the lncRNAs. c Comparison of exon number of lncRNAs 

and mRNAs in perennial ryegrass. d Density and length distribution 
of lncRNAs and mRNAs identified in this study
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results showed that 95.19% (455/478) of the translated tran-
scripts were annotated. The search results of amino sequence 
homology demonstrated that the largest number (146) of 
fusion genes was distributed in Brachypodium distachyon. 
KEGG enrichment revealed that the fusion genes were most 
abundantly involved in the ‘metabolic’ and ‘biosynthesis of 
secondary metabolites’ pathways.

Drought treatment caused significant physiological 
changes in perennial ryegrass

In this study, water withholding lead to a gradual decrease 
in the soil water content (Fig.S1). On day 3, the SWC was 
decreased to 14.15%, and decreased to 2.9% on day 8. 
Consistent with the SWC, phenotype analysis showed that 
drought stress had different influences on the plants. To 
further investigate the influence of a dramatically decrease 
in SWC on the plant, we measured the changes in the leaf 
RWC, proline, MDA and total sugar contents. The results 
revealed that withholding for 3 days (early drought) and 
8 days (late drought) both decreased the RWC. In detail, 
early and late drought treatment decreased the RWC to 
86.52% and 67.03% (Fig.S2A), respectively. In contrast, 
the MDA, proline and total sugar contents after late drought 
treatment were increased significantly compared to in the 
well-watered groups (control) (Fig.S2B-D). The MDA 
and total sugar contents of the early drought group were 
increased compared to in the control, with the proline con-
tent showing no obvious changes. Analysis of physiologi-
cal indicators supported that early drought and late drought 
altered physiological changes in perennial ryegrass, indicat-
ing that this period is a suitable sampling time for RNA-
sequencing analysis.

Global expression analysis based 
on the re‑constructed reference transcriptome 
revealed the post‑transcriptional responses 
to drought stress of perennial ryegrass

1926, 3142, and 231 DEGs were, respectively, identi-
fied in the early drought stage compared to in the control 
(Drought_0-3d, T01_T02_T03_vs_T04_T05_T06), late 
drought stage compared to in the control (Drought_0-8d, 
T01_T02_T03_vs_T07_T08_T09), and late drought stage 
compared to in the early drought stage (Drought_3-8d, T04_
T05_T06_vs_T07_T08_T09) (Fig. 7, Table S7). In terms of 
DEG numbers, group Drought_0-8d with 1225 up-regulated 
and 1917 down-regulated DEGs ranked as the most abun-
dant group, whereas Drought_3-8d with 104 up-regulated 
and 127 down-regulated ranked as the least abundant group.

GO annotation was performed to identify the putative 
biological processes of DEGs in response to drought stress. 
The top ten most significantly enriched GO terms for each 

group were selected among the enriched GO terms (Fig.
S3). Although 80% of the GO categories were identified 
in all three groups, the enrichment p value showed group-
specific characteristics. The specific biological processes 
responsible for the responses to different drought treat-
ments were also identified. KEGG analysis revealed that 
‘galactose metabolism’, ‘phenylalanine metabolism’ and 
‘nitrogen metabolism’ were the top three most enriched 
pathways in Drought_0-3d (Fig. 7). ‘Nitrogen metabolism’, 
‘phenylalanine metabolism’, and ‘phenylpropanoid biosyn-
thesis’ ranked as the top three most enriched pathways in 
Drought_0-8d (Fig. 7). ‘Galactose metabolism’, ‘starch and 
sucrose metabolism’ and ‘glutathione metabolism’ ranked 
as the top three most enriched pathways in Drought_3-8d 
(Fig. 7).

Discussion

The current knowledge of the perennial ryegrass transcrip-
tome is mainly based on gene expression data obtained by 
NGS sequencing (Studer et al. 2012; Shinozuka et al. 2017; 
Wang et al. 2017a). The perennial ryegrass transcriptome 
has not been fully explored because of a lack of full-length 
transcripts. Although the genome was reported in 2015, 
full-length mRNA, AS events, APA events, and fusion 
transcripts have not been well characterized. In this study, 
we performed PacBio sequencing to generate full-length 
transcripts and refine the genome annotation of perennial 
ryegrass. PacBio generated 163,660 FLNC sequences with 
a mean length of 2057 bp and N50 of 2409 bp, which are 
much longer than the transcripts identified in the refer-
ence genome (mean length 1.66 and N50 2.20 kb, respec-
tively). When the red clover and alfalfa transcriptomes 
were characterized by PacBio sequencing in our previous 
studies, the mean transcript length was 405-bp longer and 
1511-bp longer than those in the reference genome (Chao 
et al. 2018, 2019). These results demonstrate the ability of 
PacBio sequencing to generate longer read lengths compared 
to NGS sequencing. This inherent advantage makes it pos-
sible to refine the reference genome. Based on the PacBio 
full-length sequences, we found that 3,971 loci had not been 
annotated using the current process to identify genes and 
coding regions, and that 19,511 transcripts, including 975 
novel TFs, had not been previously identified. The new loci 
were shown to be useful for exploring perennial ryegrass 
genetic resources. The mis-annotated transcripts may have 
resulted from the assembly of short reads from NGS tech-
nologies used in previous genome sequencing studies. In 
addition, prior studies focused on leaf, pollen, and stigma 
tissues to annotate the perennial ryegrass reference genome, 
which may also explain why these novel transcripts were 
not previously identified. The transcriptome of perennial 
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Fig. 7   Global expression analysis based on the re-constructed reference transcriptome. a–c Volcano plot and KEGG enrichment of the DEGs 
identified in Drought_0-3d, Drought_0-8d and Drought_3-8d, respectively
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ryegrass was significantly refined based on FLNC reads in 
this study, highlighting the potential of PacBio sequencing 
for genome annotation.

Another advantage of PacBio sequencing is its ability to 
detect AS events (Wang et al. 2018; Zhu et al. 2018). We 
found 4684 AS events using the current reference genome; 
however, we found 6709 AS events using PacBio sequences. 
Further classification of the AS types revealed that intron 
retention comprised most of these events. This is consist-
ent with the results obtained using the reference genome, 
indicating that intron retention is important for post-tran-
scriptional regulation in perennial ryegrass. For diverse 
biological responses, AS is an effective mechanism for 
increasing the complexity and flexibility of the transcrip-
tome and proteome (Li et al. 2017). Recent reports suggested 
that 13–18% of intron-containing genes in Arabidopsis are 
regulated by AS and non-sense-mediated decay (Li et al. 
2013). Because of its longer read capacity, PacBio sequenc-
ing facilitates accurate characterization of complex AS at 
the genome-wide level (Robert et al. 2015). We found that 
35.10% (10,239/29,175) of transcripts were alternatively 
spliced, suggesting that AS is very common in perennial 
ryegrass; however, the frequency is still lower than AS 
events in strawberry (Li et al. 2017), bamboo (Wang et al. 
2017b), and Arabidopsis transcripts (Zhu et al. 2017). This 
lower frequency may be partly related to limited reference 
genome assembly, and depth of PacBio sequencing, as well 
as the specific growth conditions used in this study. This 
suggests that other isoforms are expressed under various 
environmental stress conditions.

PacBio sequencing also outperforms NGS for profiling 
poly(A) sites (Ugrappa et al. 2008; Abdelghany et al. 2016; 
Wang et al. 2017b). Our study provides a comprehensive 
genome-wide APA map draft consisting of 23,789 poly(A) 
sites from 9546 genes, and even these results may under-
estimate the true number of APA genes because of the low 
expression of proximal poly(A) sites. We evaluated nucleo-
tide bias and found clear enrichment of uracil (U) and ade-
nine (A) upstream and downstream of the 3’-UTR cleavage 
sites, respectively. These findings are consistent with those 
of previous studies of sorghum (Abdelghany et al. 2016), 
moso bamboo (Wang et al. 2017b) and red clover (Chao 
et al. 2018). Unlike the maize and red clover transcriptomes 
(Wang et al. 2016; Chao et al. 2018), we identified three 
conserved polyadenylation motifs in perennial ryegrass, 
indicating a species-specific character of polyadenylation 
motifs (Li and Du 2014). Previous studies demonstrated that 
alternative polyadenylation of RNA is critical for gene func-
tion by increasing transcriptome complexity and adjusting 
gene expression (Wu et al. 2011; Li and Du 2014; Shen et al. 
2014). For example, thiamine is a vitamin required for plant 
growth, which can be synthesized via the ThiC-mediated 
thiamine biosynthesis pathway (Nagae et al. 2016). The 

ThiC APA sites identified in this study may contribute to the 
regulation of perennial ryegrass development. Moreover, the 
map of global polyadenylation across the perennial ryegrass 
genome will enhance the precision of gene annotation.

LncRNAs, a recently identified class of non-coding 
RNAs, are essential regulators of a wide range of biological 
processes (Heo et al. 2013; Di et al. 2014). Most attempts to 
identify lncRNAs using NGS inevitably generate transcripts 
that lack of poly(A) tails, thereby compromising data accu-
racy (Yang et al. 2011). In our study, 218 lncRNAs (mean 
length 2.17 kb and N50 2.52 kb) and 158 corresponding 
target genes were predicted based on PacBio sequencing 
data, providing additional valid candidates for future func-
tional characterization. Identification of fusion transcripts 
were reported to supplement genetic annotation (Wang et al. 
2017b). In addition, we identified 478 fusion genes, most 
of which were involved in the ‘metabolic’ and ‘biosynthe-
sis of secondary metabolites’ pathways. These fusion genes 
will help refine genetic alignment-based annotation of the 
perennial ryegrass transcriptome, and contribute to studies 
of gene models.

Consistent with the physiological changes among the 
three groups during different drought stages, RNA-sequenc-
ing revealed novel transcriptional regulatory mechanisms 
responsible for drought stress. Frequently, but not always, 
the number of DEGs appeared to reflect increased transcrip-
tional activity which correlated with stress levels, and was 
more prevalent in the late stages of drought. GO enrichment 
analysis revealed that most of the top enriched biological 
processes consistently participated in drought stress, indi-
cating the importance of these biological processes. Addi-
tionally, ‘starch metabolic process’ and ‘pentose-phosphate 
shunt’ biological processes may be crucial in severe drought 
stress of perennial ryegrass. Previous studies reported that 
galactose is involved in the tolerance to drought, high salin-
ity and cold temperatures (Taji et al. 2002), and phenyla-
lanine metabolism and the phenylpropanoid biosynthesis 
pathways modulated salt stress adaption in transgenic Arabi-
dopsis (Teng et al. 2018). Transgenic studies demonstrated 
that nitrogen metabolism enhanced drought tolerance in rice 
(Reguera et al. 2013) and that glutathione helped Tortula 
ruralis adapt to rehydration following rapid desiccation 
(Dhindsa 1991). KEGG enrichment analysis suggested that 
different signaling pathways serve different roles in peren-
nial ryegrass at different drought stages. This is the first 
study to reveal the transcriptional dynamics of early and late 
responses to drought stress in perennial ryegrass based on 
the updated reference transcriptome constructed by PacBio 
sequencing.

Taken together, our study employed PacBio single-mole-
cule long-read sequencing to better characterize full-length 
transcripts of perennial ryegrass. These findings enhance the 
knowledge of perennial ryegrass transcriptomes and refined 
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the annotation of the reference genome. These data will 
facilitate functional genomic studies and provide a founda-
tion for further genetically engineered breeding of perennial 
ryegrass.
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