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Abstract: Alternative splicing (AS) is an important way to generate notable regulatory and proteomic
complexity in eukaryotes. However, accurate full-length splicing isoform discovery by second-
generation sequencing (SGS) technologies is beset with the precise assembly of multiple isoforms
from the same gene loci. In recent years, third-generation sequencing (TGS) technologies have
been adopted to gain insight into different aspects of transcriptome complexity, such as complete
sequences of mRNA, alternative splicing, fusion transcript, and alternative polyadenylation (APA).
Here, we combined PacBio Iso-Seq and Illumina RNA-Seq technologies to decipher the full-length
transcriptome of peach. In total, 40,477 nonredundant high-quality consensus transcript sequences
were obtained from equally pooled libraries from 10 samples of 6 organs, including leaf, shoot, flower,
fruit peel, fruit mesocarp, and fruit stone, of which 18,274 isoforms were novel isoforms of known
genes and 546 isoforms were novel gene transcripts. We also discovered 148 fusion transcripts,
15,434 AS events, 508 potential lncRNAs, and 4368 genes with APA events. Of these AS events,
the most abundant (62.48%) AS type was intron retention (IR). Moreover, the expression levels
of different isoforms identified in this study were quantitatively evaluated, and highly tissue- or
development stage-specific expression patterns were observed. The novel transcript isoforms and
new characteristics of the peach transcriptome revealed by this study will facilitate the annotation of
the peach genome and lay the foundations for functional research in the future.

Keywords: peach; full-length transcriptome; alternative splicing; APA; Iso-Seq

1. Introduction

Peach (Prunus persica) is one of the most popular fruit trees cultivated in temperate
zones around the world. According to the reports of the Food and Agriculture Organization
(FAO, https://www.fao.org/faostat/, accessed on 1 June 2022), as of 2020, the worldwide
peach harvested area and yield reached 1.5 million hectares and 24.6 million tons, respec-
tively. However, more than 20% of peach is lost at the postharvest stage every year due
to the short fruit shelf life [1]. Peach trees also suffer from attacks by different diseases
and insects, such as gummosis and aphids, and environmental stress, such as chilling and
flooding stresses [2,3]. To breed peach cultivars with high fruit quality and stress tolerance
and extend the shelf life of fruits, extensive research has been conducted at the genetic and
molecular biological levels. Nevertheless, highly efficient genetic and molecular biological
research depends on genomes with high-quality assembly and gene annotation.

Peach belongs to the Rosaceae family, with a base chromosome number of eight and
a small genome size of 265 Mb, as estimated by flow cytometry [4]. The peach reference
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genome (double haploid material of cv. Lovell) was assembled at 224.6 Mb in size (v1.0)
using Sanger whole-genome shotgun methods [5]. Later, the v2.0 peach genome improved
the previous assembly using Illumina sequencing reads, and the final genome assembly
was 227.4 Mb arranged in 191 scaffolds [6]. By integration of de novo prediction and
RNA-Seq data, 26,873 gene models and 47,089 transcripts were included in peach reference
genome annotation v2.1, with an average of 1.75 transcripts per gene model [6]. Similarly,
we performed a meta-analysis of tissue-specific Arabidopsis SGS RNA-Seq libraries from
113 datasets and found 48,359 transcript models, also with an average of 1.75 transcripts
per gene model [7]. As the TGS RNA-Seq (including PacBio, Nanopore direct RNA, and
Nanopore cDNA sequencing) technologies developed, an increasing number of novel
transcripts with accurate sequences were identified [8]. A recent Arabidopsis nanopore
direct RNA sequencing (DRS) study showed that more than half of the unique splice
junctions detected by DRS were absent from the transcript annotation supported by Il-
lumina RNA-Seq data [9]. To date, no TGS-based full-length transcriptomes have been
reported in peach, although several TGS-based genome assemblies with high N50 have
been released [10,11]. Therefore, great improvements would be made to peach transcript
landscapes by conducting TGS-based full-length transcriptome sequencing.

With the rapid development of high-throughput sequencing technology, transcriptome
sequencing has been widely used for gene and transcript discovery [12–14]. SGS platforms,
such as Illumina, have been widely used in the past decade due to their early invention,
high throughput, high accuracy, and low cost. However, SGS usually yields short reads,
which is not an advantage for transcript discovery. In recent years, TGS has been adopted to
gain insight into different aspects of transcriptome complexity, such as complete sequences
of mRNA, alternative splicing, fusion transcripts, and APA, owing to single molecular
real-time sequencing (SMRT) technology (PacBio platform) and Oxford Nanopore Tech-
nologies (ONT)-based nanopore sequencing [15,16]. TGS offers the advantages of no PCR
amplification and long-read reading ability, but their sequencing error rate is high [17].
Therefore, combining TGS and SGS technologies can provide more accurate and intact
transcriptome information and has been used for many plant species, such as Arabidopsis,
rice cotton, and maize [9,18–20].

Here, we combined Pacbio Iso-Seq and Illumina RNA-Seq to analyze the peach tran-
scriptome. Different aspects of transcriptome complexity were revealed, including the
discovery of novel transcripts, identification of fusion transcripts, prediction of lncRNAs,
analysis of AS and APA events, and investigation of transcription factor (TF) families.
The expression levels of different transcripts identified by SMRT RNA-Seq were further
estimated using RNA-Seq data. This is the first report of TGS-based global transcrip-
tome analysis of peach, and the results provide valuable information on new transcript
characteristics and serve as a solid supplement to existing genome annotation.

2. Materials and Methods
2.1. Plant Materials

The peach cultivar “Li Xia Hong” (LXH) was grown in the greenhouse of Anhui
Academy of Agricultural Sciences, Hefei, Anhui, China. The young leaf (YL), mature
leaf (ML), shoot (SH), flower at balloon stage (BF), juvenile peel (JP), maturing peel (MP),
lignified stone (LS), fruit flesh of the first (S1) and the second (S3) exponential expansion,
and maturing (S4) stages were collected with three biological replicates from three trees.
For the fruit epicarp, mesocarp and endocarp, each replicate was derived from 5 mixed
fruits. All the samples were cut into pieces, immediately frozen in liquid nitrogen, and
stored at −80 ◦C until use.

2.2. Illumina RNA-Seq Library Construction

Total RNAs of 30 samples were extracted using the standard TRIzol (Invitrogen
Life Technologies) method from 10 tissues, including YL, ML, BF, JP, MP, SH, LS, S1,
S3, and S4, with three biological replicates for each tissue and the RNA concentration
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was measured using a NanoDrop 2000 (Thermo Scientific, Vacaville, CA, USA). RNA
integrity was assessed using the RNA Nano 6000 Assay Kit of the Agilent Bioanalyzer
2100 system (Agilent Technologies, Santa Clara, CA, USA). Total RNA was purified by
magnetic Oligo(dT) beads (Dynabeads mRNA Purification kit, Invitrogen, Carlsbad, CA,
USA), and approximately 1 µg per sample was used as input material for the library
construction. Sequencing libraries were generated using the NEBNext UltraTM RNA
Library Prep Kit for Illumina (NEB, Beverly, MA, USA) following the manufacturer’s
recommendations. Briefly, after mRNA purification, fragmentation of mRNA was carried
out using divalent cations in NEBNext First Strand Synthesis Reaction Buffer (5X). First-
strand cDNA was synthesized using M-MuLV Reverse Transcriptase and random hexamers,
and then the second strand of cDNA was synthesized according to the base-pairing rule.
The new double-strand cDNA was end-repaired via exonuclease/polymerase activities,
and a single nucleotide “A” was added to the 3′ ends of DNA fragments. To preferentially
select cDNA fragments 240 bp in length, the library fragments were purified with an
AMPure XP system (Beckman Coulter, Beverly, MA, USA), and 3 µL USER Enzyme (NEB,
USA) was used with size-selected, adaptor-ligated cDNA at 37 ◦C for 15 min followed by
5 min at 95 ◦C before PCR. Then, PCR was conducted with High-Fidelity DNA polymerase,
Index (X) Primer, and Universal PCR primers. The PCR products were purified, and library
quality was assessed on the Agilent Bioanalyzer 2100 system. The clustering of the index-
coded samples was performed on a cBot Cluster Generation System (Illumina) according
to the manufacturer’s instructions. After cluster generation, the libraries were sequenced
on an Illumina NovaSeq 6000 platform to generate paired-end reads.

2.3. PacBio Technology-Based Full-Length cDNA Library Preparation and Sequencing

To construct the library for PacBio sequencing, qualified RNA from 10 tissues, includ-
ing YL, ML, BF, JP, MP, SH, LS, S1, S3, and S4, were mixed in equal amounts. The mixed
RNA was reverse transcribed using the SMARTer® PCR cDNA Synthesis Kit (Clontech,
Japan). PCR amplification was then conducted, and the PCR products were purified using
1× and 0.4× AMpure PB beads (Pacific Biosciences, Menlo Park, CA, USA). After the
QC test, the PCR product was end-repaired and ligated with adaptors using a SMRTbell
Template Prep Kit (Pacific Biosciences, Menlo Park, CA, USA), digested by an exonuclease
and purified with AMpure PB beads. After the QC test, the library was sequenced on the
PacBio Sequel II platform.

2.4. Preprocessing of PacBio Reads

Raw PacBio sequencing reads were processed by removing polymerase reads with
lengths shorter than 50 bp and quality lower than 0.80. After removing the low-quality
reads, the subreads were obtained by removing the adapter sequences. Then, the final clean
reads were obtained by removing the subreads that were <50 bp. CCS sequences were
extracted from the clean reads using SMRT Link v7.0 (–min-passes 3). The CCS sequences
containing both the 5′ and 3′ primer sequences and a poly(A) tail were characterized as
full-length nonchimeric (FLNC) reads.

The FLNC reads were clustered into high-quality (HQ) isoforms (with quality ≥ 0.99)
and low-quality (LQ) isoforms (with quality < 0.99) using the IsoSeq module of SMRT
Link v7.0. The LQ isoforms were polished by high-quality Illumina RNA-Seq data using
proovread v2.13.8 [21]. Then, the HQ and the corrected LQ isoforms were combined
into consensus isoforms. Next, consensus isoforms were mapped to the peach reference
genome (v2.0) using GMAP software (v43054,–cross-species –allow_close_indels 0). Finally,
nonredundant high-quality consensus transcript sequences were obtained by removing
the redundant sequences from consensus isoforms using cDNA_Cupcake v6.1 (https:
//github.com/Magdoll/cDNA_Cupcake/wiki, accessed on 1 January 2019).

https://github.com/Magdoll/cDNA_Cupcake/wiki
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2.5. Gene Fusion Characterization

Consensus transcript sequences from PacBio RNA-Seq were selected for fusion tran-
script identification. Fusion transcripts were identified according to the criteria used in a
previous report [19] with minor modifications: (1) full-length transcripts (the redundancy
has not been removed) mapped to 2 or more loci in the peach genome; (2) each mapped
locus must align with at least 5% of the relevant transcript; (3) the total combined alignment
coverage of these mapped loci must be at least 95%; and (4) all mapped loci must be at least
10 kb apart from each other.

2.6. Identification of Novel Genes

The PacBio RNA-Seq data were used to improve the gene annotations of the peach
genome. Cuffcompare (v2.1.1 with default parameters) was used to compare the locations
of the PacBio isoforms with the reference gene annotations (v2.1). The Cuffcompare class
codes used in the categorization of the long-read transcripts were defined as follows: “=”
for “complete match to annotation”, “c” for “transcripts contained in reference transcript
annotation”, and the other code definitions can be found in Table S1.

2.7. Identification of Alternative Splicing (AS) Isoforms and Poly(A) Sites

The alternative splicing landscape was investigated using the Astalavista software
v3.2 [22], and five types of AS events (alternative acceptor site, alternative donor site, exon
skipping, intron retention, and mutually exclusive exons) were examined. The FLNC reads
were used to identify poly(A) sites using the TAPIS pipeline (https://bitbucket.org/comp_
bio/tapis/overview, accessed on 1 January 2019). The conserved motifs 50 bp upstream
of the poly(A) sites were analyzed using MEME suites v5.5.0 (https://meme-suite.org/
meme/, accessed on 1 June 2022).

2.8. Prediction of lncRNAs

Four bioinformatics programs, CPC2 v0.1 (default parameters) [23], CNCI v2 (default
parameters) [24], CPAT v1.2.2 (-cutoff 0.38) [25], and PfamScan v1.6 (-translate orf) [26],
were used to screen nonprotein coding RNA candidates from the FL transcripts. In this way,
RNAs with putatively high protein-coding potentials were removed from the database.
Finally, transcripts with lengths greater than 200 nt and with more than two exons were se-
lected as lncRNA candidates. The putative lncRNAs were classified into 4 types, including
lincRNAs, antisense lncRNAs, intronic lncRNAs, and sense lncRNAs, using Cuffcompare
software v2.1.1 [27].

2.9. Illumina Sequencing Data Analysis

First, adaptors and low-quality reads were filtered from raw data using fastp software
v0.20.1 [28]. Then, the high-quality clean reads were mapped to the peach reference genome
v2.0 (https://www.rosaceae.org/species/prunus_persica/genome_v2.0.a1, accessed on
1 June 2022) [6] using HISAT2 v2.2.1 [29]. Estimation of the expression levels of the
transcripts identified by PacBio sequencing was conducted using Rsubread featureCounts
v2.4.3 software [30]. The transcript expression levels were quantified in transcripts per
kilobase million (TPM). Principal component analysis (PCA) was calculated based on the
expression levels of transcripts using the R package “PCAtools” (https://github.com/
kevinblighe/PCAtools, accessed on 1 June 2021). UpSet plots of different group sets were
generated using the R package “UpSetR” [31]. DETs were annotated according to the
KEGG (http:// www. genome. jp/ kegg/, accessed on 1 June 2021) databases using the
eggNOG-mapper software v2 [32], and KEGG enrichments were performed using the R
package “clusterProfiler” v4.0 [33].

2.10. Real-Time Quantitative PCR (RT–qPCR)

Total RNA was extracted using the RNAprep Pure Plant Kit (Polysaccharides and
Polyphenolics-rich, TianGen, Beijing, China). First-strand cDNA synthesis was performed

https://bitbucket.org/comp_bio/tapis/overview
https://bitbucket.org/comp_bio/tapis/overview
https://meme-suite.org/meme/
https://meme-suite.org/meme/
https://www.rosaceae.org/species/prunus_persica/genome_v2.0.a1
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using the PrimeScript™ RT reagent Kit with gDNA Eraser (Perfect Real Time, Takara Bio,
Dalian, China). RT–qPCR was conducted using AceQ ® qPCR SYBR Green Master Mix
(Vazyme, Nanjing, China), with the following program: one cycle of 5 min at 95 ◦C for
denaturation, followed by 40 cycles of 10 s at 95 ◦C and 34 s at 60 ◦C, and the standard
melting curves step. A peach gene PpTEF2 was set as the internal reference. RT–qPCRs were
performed on StepOne plus (ABI) machine with three independent biological replicates for
each sample. Sequences of the primers used are listed in Table S6.

3. Results
3.1. Peach PacBio Iso-Seq

To explore the landscape of alternative splicing events in peach, equal amounts of total
RNA from 10 samples of six organs, including young leaf (YL), mature leaf (ML), shoot
(SH), flower at balloon stage (BF), juvenile peel (JP), maturing peel (MP), lignified stone
(LS), fruit flesh of the first (S1) and the second (S3) exponential expansion, and maturing
(S4) stages, were pooled to prepare the library for PacBio SMRT technology-based Iso-
Seq. The Illumina RNA-Seq libraries were also separately constructed from these peach
materials, with three biological replicates. For the PacBio sequencing data, 19.53 Gb clean
data comprising 250,803 circular consensuses (CCS) reads with 1–6 kb cDNA size from two
SMRT cells of the PacBio Sequel II platform were obtained (Table 1). Among the CCSs, 89%
(223,186) were identified as FLNC (full-length nonchimeric) reads. The FLNC reads were
then clustered by using the IsoSeq module of SMRTLink software, and 72,175 consensus
isoforms were obtained, including 70,436 high-quality and 1538 low-quality isoforms. After
correction of the low-quality isoforms by Illumina data, all the isoforms were mapped to
the peach v2.0 reference genome using GMAP. A total of 69,719 (96.6%) consensus isoforms
were mapped to the peach reference genome. After the removal of redundant sequences
using cDNA_Cupcake software, 40,477 nonredundant high-quality consensus transcript
sequences were ultimately obtained. Each nonredundant high-quality consensus transcript
sequence was designated “PB.x.x”, in which the first and second “x” represented the locus
and the isoform, respectively. The distribution of genes and isoforms identified by our
Iso-Seq data is shown in Figure 1.

Table 1. Overview of peach Iso-Seq data.

Peach Iso-Seq Data

cDNA size 1–6K
CCS Number 250,803

Read Bases of CCS 552,197,124
Mean Read Length of CCS 2201

Number of FLNC reads 223,186 (88.99%)
Number of consensus isoforms 72,175

Average consensus isoforms read length 2097
Number of polished high-quality isoforms 70,436

3.2. Discovery of Novel Transcripts

The Iso-Seq data were used to improve the gene annotations of the peach genome. All
nonredundant high-quality consensus transcript sequences were compared with the peach
reference genome (v2.0) using Cuffcompare software to identify novel gene transcripts.
The transcript set of “=” and “c” was defined as “known transcripts”, and the other was
considered “novel transcripts”. The genes with code “u” were considered “novel genes”.
In total, 18,820 novel transcripts were obtained, of which 18,274 were novel isoforms of
known genes. The remaining 546 transcripts had no homology with known genes in the
peach genome annotation (v2.1) and were identified as novel gene transcripts.
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3.3. Identification of Fusion Transcripts

Fusion transcripts, usually generated as a result of fusion either at the DNA level or
during splicing events, have been proven to play important roles in promoting hemato-
logical and solid cancers in humans [34]. In total, 148 fusion transcripts were detected
from the SMRT Iso-Seq data in this study. Among them, 32 and 116 fusion transcripts were
intra- and inter-chromosomal, respectively (Table S2). As shown in Figure 1, these fusion
transcripts were distributed over all peach chromosomes.

3.4. Prediction of lncRNAs and Determination of TFs

LncRNAs are a class of transcripts of more than 200 nucleotides in length but without
discernable protein-coding potential [35]. It has been proven that lncRNAs play important
roles in plant growth and development and reactions to biotic or abiotic stresses [36].
Candidate lncRNAs were predicted by evaluating the protein-coding potentials using four
tools, CPC, CNC, CPAT, and Pfam domain analysis. Ultimately, 508 potential lncRNA
transcripts went through selections of all four methods (Figures 1 and 2A). According to
the relative location between lncRNA transcripts and the closest protein-coding genes,
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these lncRNAs were further divided into four types, including 167 lincRNAs, 67 antisense-
lncRNAs, 9 intronic-lncRNAs, and 237 sense-lncRNAs (Figure 2B). In our recent study on
peach fruit lncRNAs, a total of 1500 lncRNAs were reported [37]. We used the sequences of
potential lncRNA transcripts of this study as queries to blast our previous database, and
the results showed that 335 of the 508 potential lncRNA transcripts of this study found
hits (e-value < 1 × 10−5 and identity ≥ 90) in our previously reported 1500 lncRNAs [37].
Moreover, we annotated the TFs from the transcripts. In total, 7603 transcripts in our data
encoding functional TF domains were found (Table S3). The top three TF families with the
most numerous members were the RLK-Pelle_DLSV, bHLH, and NAC families (Figure 2C).

Horticulturae 2023, 9, x FOR PEER REVIEW 7 of 17 
 

 

transcripts were intra- and inter-chromosomal, respectively (Table S2). As shown in 
Figure 1, these fusion transcripts were distributed over all peach chromosomes. 

3.4. Prediction of lncRNAs and Determination of TFs 
LncRNAs are a class of transcripts of more than 200 nucleotides in length but without 

discernable protein-coding potential [35]. It has been proven that lncRNAs play important 
roles in plant growth and development and reactions to biotic or abiotic stresses [36]. 
Candidate lncRNAs were predicted by evaluating the protein-coding potentials using 
four tools, CPC, CNC, CPAT, and Pfam domain analysis. Ultimately, 508 potential 
lncRNA transcripts went through selections of all four methods (Figures 1 and 2A). 
According to the relative location between lncRNA transcripts and the closest protein-
coding genes, these lncRNAs were further divided into four types, including 167 
lincRNAs, 67 antisense-lncRNAs, 9 intronic-lncRNAs, and 237 sense-lncRNAs (Figure 
2B). In our recent study on peach fruit lncRNAs, a total of 1500 lncRNAs were reported 
[37]. We used the sequences of potential lncRNA transcripts of this study as queries to 
blast our previous database, and the results showed that 335 of the 508 potential lncRNA 
transcripts of this study found hits (e-value < 1 × 10−5 and identity ≥ 90) in our previously 
reported 1500 lncRNAs [37]. Moreover, we annotated the TFs from the transcripts. In total, 
7603 transcripts in our data encoding functional TF domains were found (Table S3). The 
top three TF families with the most numerous members were the RLK-Pelle_DLSV, 
bHLH, and NAC families (Figure 2C). 

 
Figure 2. Prediction of lncRNAs and identification of TFs. (A) Venn diagram of lncRNAs filtered by 
CPC, CNCI, CPAT, and Pfam databases. (B) Classification of putative lncRNAs based on their 
relative physical locations with the related genes. (C) Classification of transcription factors. 

Figure 2. Prediction of lncRNAs and identification of TFs. (A) Venn diagram of lncRNAs filtered
by CPC, CNCI, CPAT, and Pfam databases. (B) Classification of putative lncRNAs based on their
relative physical locations with the related genes. (C) Classification of transcription factors.

3.5. Analysis of AS and APA Events

AS events were investigated for the 40,477 nonredundant high-quality consensus
transcripts. A total of 15,434 AS events were detected and were further classified into five
types, intron retention (IR), alternative 3’ splice site (A3′S), alternative 5’ splice site (A5′S),
exon skipping (ES), and mutually exclusive exon (ME) (Figure 3A), representing 62.48%,
19.43%, 9.12%, 8.25%, and 0.72% of the total AS events, respectively (Figure 3B).

APA events were detected using the TAPIS pipeline. In total, 8598 genes with evi-
dence of at least one poly(A) site were detected. Among them, 3944 genes (45.87%) were
found to possess a single poly(A) site (Figure 4A). Among the other genes, 4368 genes
(50.80%) were found to have two to five poly(A) sites, and 286 genes were found to contain
more than five poly(A) sites. As an example, the 3′ downstream structure of a laccase
gene (Prupe.6G271500), containing five distinct APA sites, is illustrated in Figure S1. The
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largest number of APA events identified was 12, found for three genes: Prupe.6G163400,
Prupe.7G174300, and Prupe.8G135300 (Figure S1). Next, the nucleotide sequence compo-
sition in the 50 bp upstream and downstream flanking regions of all polyadenylation
cleavage sites was analyzed (Figure 4B). The results showed that uracil (U) and adenine
(A) were enriched in upstream and downstream regions of the cleavage site, which was in
accordance with previous reports on other plant species [38,39]. To investigate potentially
conserved motifs necessary for polyadenylation, a MEME analysis was conducted using
the sequences of 60 nucleotides upstream from the poly(A) sites of all transcripts. As shown
in Figure 4C,D, the motifs found 25 and 35 nt upstream of the poly(A) site were similar to
the known signals in dicots identified in previous studies [38,39].
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3.6. Estimation of Expression Levels of the Transcripts

To estimate the expression levels of the transcripts identified by PacBio sequencing,
we individually sequenced the samples included in the PacBio mixed samples using the
Illumina platform with three biological replicates. In total, 682 million reads representing
204 billion bases were obtained for 30 libraries, with the Q30 ratio ranging from 90.91% to
95.51% (Table S4). The expression levels of the transcripts identified by PacBio sequencing
were quantitatively estimated in transcripts per kilobase million (TPM). Hierarchical clus-
tering of the samples was conducted, and the results showed that all samples were mainly
divided into two clades, with S3, S4, LS, and MP in one clade and the other tissues in the
other clade (Figure 5A). The hierarchical cluster results were further confirmed by PCA.
PCA using PCA1 and PCA2, accounting for 30.46% and 24.69% variation, respectively,
showed that the 30 libraries were clustered into four groups (Figure 5B). BF, JP, and S1
showed relatively similar expression patterns and clustered together (Figure 5B). S3, S4, LS,
and MP clustered together into a group, and SH, YL, and ML were roughly clustered into
one group (Figure 5B).
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Figure 5. Overall view of transcript expression of each sample. (A) Heatmap analysis of all transcripts.
(B) PCA of gene expression levels of each sample. (C) Expression profiles of randomly selected novel
and alternative transcripts by RT–qPCR and RNA-Seq. Error bars represent the SE of three biological
replicates. R, the Pearson correlation coefficient. *, ** and *** stand for “p < 0.05”, “p < 0.01”, and
“p < 0.001” (Student’s t-test), respectively. (D) Mfuzz clusters of genes showing variable expression
among samples. The colors reflect “Membership” values calculated by Mfuzz software, where red
color corresponds to high membership scores and green or blue colors to low values.
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Eight novel gene transcripts or alternative transcripts were randomly selected, and
the expression levels of these transcripts in different tissues were verified by RT-qPCR
(Figure 5C). Pearson correlation analysis revealed that the correlation coefficient square (R2)
between RNA-Seq and RT-qPCR results were generally high (0.60–0.85 for seven of the eight
tested transcripts), except for PB.5324.1, with a relatively low R2 value of 0.38 due to the
higher variance among the biological replicates (Figure 5C). The above results indicated that
the RT–qPCR results were generally in accordance with the RNA-seq-based quantifications
of transcript levels.

Based on the expression levels in each sample, the transcripts were further classified
into 10 clusters, with the least number of transcripts (1096) in cluster 3 and the maximum
number (2896) in cluster 6 (Figure 5D). Each cluster showed expression bias for one or
several tissues or development stages. In total, 50.1% (20,262) of the transcripts showed
tissue- or development-stage-specific expression patterns, and 3348 genes contained at least
two transcripts distributed in different clusters.

We further investigated the genes containing different transcripts distributed in both
juvenile fruits (cluster 10) and ripening fruits (cluster 2). In total, 100 genes met the filtering
criteria (Table S5). For example, two transcripts of a phosphoribosyltransferase encoding
gene, PB.14148 (Prupe.8G043500), showed a distinct trend of expression levels: one tran-
script, PB.14148.1, was highly expressed in the ripening mesocarp, but another transcript,
PB.14148.2, showed a decreasing trend during fruit development and ripening processes.
Similarly, a “peroxisome biogenesis protein” encoding gene, PB.9021 (Prupe.5G069700), also
contained two transcripts showing opposite expression patterns.

3.7. Analysis of Tissue- or Development Stage-Specific Differentially Expressed Transcripts (DETs)

We compared the transcript expression levels among different samples and found
4055, 3442, 3644, 4419, and 1750 DETs in different group sets, including “JP vs. MP”, “YL vs.
ML”, “S1 vs. S3”, “S1 vs. S4”, and “S3 vs. S4”, respectively (Figure 6A). These group sets
represented “peel development and ripening”, “leaf growth”, “mesocarp development”,
“mesocarp development and ripening”, and “mesocarp ripening” processes, respectively.
Furthermore, an UpSet plot was generated to represent the intersecting sets of these
groups, and the results showed that the numbers of “JP vs. MP”-, “YL vs. ML”-, “S1
vs. S3”-, “S1 vs. S4”-, and “S3 vs. S4”- specific DETs were 882, 1186, 334, 472, and
98, respectively (Figure 6A). We further checked the expression pattern of the transcripts
verified by RT-qPCR in Section 3.6 (Figure 5C). In total, four (PB.2421.1, PB.5324.1, PB.8516.1,
and PB.8516.2) of the eight transcripts were found in the above UpSet plot results. All
four transcripts showed relatively high expression levels, except PB.8516.1. PB.2421.1,
which tended to be expressed in juvenile tissues (young leaf or fruit peel) compared to
adult/maturing tissues. A similar case was found for PB.5324.1, of which the expression
level was significantly higher in the young leaf than in maturing leaf (Figure 5C). In
accordance with the RNA-Seq-based expression pattern, PB.8516.2 showed a significantly
lower expression level in juvenile fruit than in ripening fruits, although it tended to be
constructively expressed in all the tested tissues (Figure 5C). Another two transcripts,
PB.3771.1 and PB.14608.2, showed similar expression patterns between RNA-Seq and RT-
qPCR though they were not present in the UpSet results due to the constructive expression
patterns. Nevertheless, PB.5339.1 was not specifically expressed in the leaf in the RNA-Seq
analysis but showed a relatively high expression level in RT-qPCR (Figure 5C), perhaps
due to the seasonal variation of the leaf samples. Collectively, the above results showed
that the RT–qPCR results were generally in accordance with the RNA-seq-based UpSet
analysis of expression trends.
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groups “YL vs. ML” (B), “JP vs. MP” (D), “S3 vs. S4” (E), and specific DETs of groups “YL vs. ML”
(C), “JP vs. MP” (F), “S3 vs. S4” (G).

When counting the common specific DETs in at least two group sets, it was found that
“S1 vs. S3” and “S1 vs. S4” had the highest number (593) of common specific DETs in two
group set intersections. “S1 vs. S3”, “S1 vs. S4”, and “JP vs. MP” had the highest number
(790) of common specific DETs in three group set intersections. “S1 vs. S3”, “S1 vs. S4”, “JP
vs. MP”, and “YL vs. ML” had the highest number (489) of common specific DETs in four
group sets of intersections (Figure 6A). These results indicated that common gene modules
and biological processes were shared within these group sets.

We also compared the functional annotations between all- and set-specific DETs of
the “YL vs. ML” group set (Figure 6B,C). The top five pathways enriched for all “YL vs.
ML” DETs were “glycolysis”, “glyoxylate and dicarboxylate metabolism”, “tryptophan
metabolism”, “carbon fixation in photosynthetic organisms”, and “flavonoid biosynthe-
sis”. However, only “glycolysis” and “carbon fixation in a photosynthetic organism” were
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included among the top 15 pathways enriched for “YL vs. ML” specific-DETs. These
results are in accordance with elevated photosynthetic efficiency during leaf growth but
not fruit development. Next, a comparison of the functional annotations between all-
and set-specific-DETs of group set “JP vs. MP” was also conducted (Figure 6D,E). The
results showed that the specifically enriched pathways with lower q-values were “fruc-
tose and mannose metabolism”, “alpha-linolenic acid metabolism”, and “sphingolipid
metabolism”, indicating their specific functions in epicarp ripening processes. Finally, a
comparison of the functional annotations between all- and set-specific-DETs of a group
set “S3 vs. S4” (Figure 6F,G) revealed that “cutin, suberin, and wax biosynthesis” and
“glycerophospholipid metabolism” were specifically enriched in “S3 vs. S4”.

4. Discussion

The advent of high-throughput SGS, coupled with rapid advances in computational
algorithms and tools, has enabled genome-wide dissection of transcriptome landscapes of
different species [40]. However, due to the short read length, SGS data are often unable to
accurately assemble multiple isoforms from the same gene locus. In the human genome,
92–94% of genes undergo alternative splicing, and these different isoforms of the same locus
are usually expressed simultaneously [41,42]. In Arabidopsis, 62.2–66.4% of multiexonic
genes are alternatively spliced across tissue and developmental samples or under abiotic
stresses [43]. Under such a background, TGS platforms, including PacBio SMRT technology-
based Iso-Seq and ONT-based sequencing, are expected to be used for accurate isoform
discovery due to long read lengths, up to 10 kb or longer, which eliminates the step
of transcript assembly [15,16]. An application of TGS to the discovery of AS events in
rice showed that 37.9% of AS events identified by the combined use of PacBio Iso-Seq
and Illumina RNA-Seq technologies were not observed in assembled transcripts from
RNA-Seq reads alone [44]. Similarly, 87,150 full-length transcripts of the Populus stem
transcriptome were discovered, with 2.4% novel isoforms and 71.2% novel alternatively
spliced isoforms [45]. These results indicated that TGS technologies are powerful tools for
exploring new transcript isoforms and characteristics. Indeed, our joint Iso-Seq and RNA-
Seq analysis in peach obtained 40,477 nonredundant high-quality consensus transcripts
covering 15,338 gene loci, nearly half of which were novel isoforms, including 574 gene
transcripts and 19,255 new alternatively spliced isoforms, compared to the v2.1 peach
genome annotation. However, the average number of isoforms per gene (2.6) in this
study is much smaller than the average number (4.4) for the Arabidopsis thaliana Reference
Transcript Dataset 3 (AtRTD3), of which most transcripts result from PacBio Iso-Seq [46].
The main reason for this is that the AtRTD3 database records isoform information for all
seedlings, not only in different development stages but also under different biotic or abiotic
stresses [37]. Therefore, to further improve the integrity of the peach transcript database,
more isoform information from broad tissues or organs in different development stages
and under different stresses needs to be obtained in the future.

Alternative splicing (AS) is an important way to generate notable regulatory and
proteomic complexity in metazoans [47]. ES and IR are the most prevalent forms of AS in
animal and eukaryotic groups, including plants [48]. More than half of the AS events in
Arabidopsis and rice belong to IR, and the proportions are approximately 56% and 53.5%,
respectively [49]. Similarly, 62.5% of the AS events in peach belonged to IR, and the ES-type
AS only accounted for 8.25% (Figure 3A,B). It is generally assumed that IR participates in
regulating gene expression by nonsense-mediated decay (NMD), and nearly half of the
IR events in Arabidopsis and rice are related to NMD [50,51]. We checked the 9643 IR
events identified in this study and found that only 3280 (34.0%) of them maintained the
constitutive reading frame, which indicated that most of the peach IR had the potential to
be involved in NMD.

APA sites play important roles in diverse cellular processes, including mRNA stability
and translation, mRNA nuclear export, protein diversification, and gene regulation [52].
In this study, 8598 genes were detected with poly(A) sites, and most of them contained
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two or more poly(A) sites (Figure 4A), which was in line with recent reports regarding
Arabidopsis [53], sorghum [39], and potato [54]. However, in some other reports, such as
those pertaining to Populus alba [38] and wild apple [55], most genes contained only one
poly(A) site, indicating the species or tissue specificity of APA. Moreover, it has been widely
accepted that conserved motifs or near-upstream elements (NUEs) located upstream of
the cleavage site (CS) play critical roles in mRNA polyadenylation [56]. In this study, we
identified two conserved NUEs, (A/U)AUA(A/U/C)A and UGUA (Figure 4C,D), which
are similar to those found in previous reports in Arabidopsis and Populus alba [38,39].
These two NUEs work independently in plants, and the UGUA motif was found to recruit
N6-methyladenosine (m6A) modifications of mRNAs [56]. The canonical AAUAAA and
AAUGAA NUEs rank high in Arabidopsis and rice [57]; however, the AAUGAA motif
seemed to be a minor type of NUE that rarely appeared upstream of the cleavage sites of
mRNAs in this study, which indicated that this motif might scarcely function as an mRNA
polyadenylation signal in peach. Interestingly, a potential link between the absence of an
appended poly(A) tail and a rare polyadenylation signal mutation (AAUAAA→AAUGAA)
was reported in a previous study [58]. Therefore, this NUE usage bias may reshape the
mRNA landscape and have important effects on gene regulation.

The different isoforms generated from the same gene locus sometimes function in
different tissues, organs, or development stages [59]. For example, according to a previous
report, two isoforms of the Arabidopsis auxin biosynthesis gene YUCCA4 were generated
by AS, and one of them was ubiquitously expressed, but another one showed a flower-
specific expression pattern [60]. Similarly, a major facilitator superfamily transporter,
AtZIFL1, has two isoforms expressed mainly in the root and the plasma membrane of leaf
stomatal guard cells [61]. Indeed, in this study, we found that half of the transcripts showed
tissue- or development stage-specific expression patterns, and 21.8% of genes contained at
least two transcripts distributed in different clusters (Figure 5D), which suggests that both
organ-specific gene expression and post-transcriptional modification may be involved in
the formation of organ-specific AS modes [62,63].

5. Conclusions

In this study, we combined PacBio Iso-Seq and Illumina RNA-Seq technologies to
decipher the full-length transcriptome of peach. In total, 40,477 nonredundant high-quality
consensus transcript sequences were obtained, of which 18,274 isoforms were novel iso-
forms of known genes, and 546 isoforms were novel gene transcripts. We also discovered
148 fusion transcripts, 15,434 AS events, 508 potential lncRNAs, and 4368 genes with APA
events. Moreover, the expression levels of different isoforms identified in this study were
estimated, and high tissue- or development stage-specific expression patterns were ob-
served. Our study reveals the complexity of the peach transcriptome and will be helpful
for improved annotation of the peach genome.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/horticulturae9020175/s1, Figure S1: The APA signals of mRNAs;
Table S1: Classification of isoforms by Cuffcompare software; Table S2: A list of peach fusion
transcripts identified by Iso-Seq; Table S3: List of candidate TF transcripts; Table S4: Overview of
Illumina RNA-Seq libraries; Table S5: List of genes containing different transcripts distributed in
both juvenile fruits (cluster 10) and ripening fruits (cluster 2); Table S6: Sequences of primers used for
RT-qPCR.
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