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The tea aphid, Aphis aurantii, has become one of the destructive pests in tea plantations
in the tropics and subtropics. Very few functional studies have so far focused on the
developmental and reproductive biology at a molecular level, because of the lack of
comprehensive genetic information. Full-length transcriptomes represent a very highly
efficient approach to obtain reference gene sequences in non-model insects. In the
present study, the transcriptome of A. aurantii was comprehensively sequenced using
PacBio Iso-Seq technology. A total of 46.8 Gb nucleotides and 15,938 non-redundant
full-length transcripts were obtained, 13,498 (84.69%) of which were annotated into
seven databases. Of these transcripts, 2,029 alternative splicing events and 15,223
simple sequence repeats were detected. Among these transcripts, 4,571 (28.68%) and
11,367 (71.32%) were long non-coding RNAs (lncRNAs) and protein-coding genes,
respectively. Five hundred and ninety transcription factors were detected. The first full-
length transcriptome represents a significant increase in the known genetic information
of A. aurantii. It will assist the future functional study of genes involved in its development
and reproduction.

Keywords: Iso-seq, SMRT sequencing, Aphis aurantii, reference resource, long non-coding RNA, simple
sequence repeat

INTRODUCTION

The tea aphid, Aphis aurantii (Boyer de Fonscolombe), was first described in 1841 in citrus fruit
in France, but has since expanded to many other countries in the tropics and subtropics, even to
a cold northern region (Piron et al., 2019). It is prevalent in tea plantations and has become the
most destructive pest (Han et al., 2012). A. aurantii is a polyphagous aphid, it is also known as black
citrus aphid, destroying fruit in citrus orchards (Wang and Tsai, 2001). It can damage the tips of
shoots or new fresh leaves by feeding on their phloem sap and injecting its saliva into the plants
which causes phytotoxicity (Sarac et al., 2015). This pest has high fecundity and reproduces quickly
in large numbers, making it difficult to control in tea and citrus orchards (Wang and Tsai, 2001).
Similar to other aphid vectors transmitting plant virus diseases (Pinheiro et al., 2017; MacKenzie
et al., 2018), A. aurantii also transmits viruses, resulting in reduced production due to smaller trees
and fruits (Rao and Capoor, 1976; Allan, 1980). Moreover, A. aurantii secretes honeydew on which
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sooty molds frequently grow, decreasing photosynthetic activity
(Piron et al., 2019).

Transcriptome represents a highly efficient approach
to obtaining the reference gene sequences of non-model
insects. Quantitative and qualitative transcriptomes reflect
comprehensive physiological processes at a molecular level. This
technique has been frequently used in non-model insects without
available genomes (Morandin et al., 2018; Zhang et al., 2018),
in addition to insects where the genomes are available, e.g.,
Zeugodacus cucurbitae (Wei et al., 2020). Illumina sequencing
based on next-generation sequencing (NGS) technology has
limitations to the complete and accurate assembly of transcripts,
recognition of alternative splicing (AS) isoforms or homologous
genes families. The full-length transcriptome sequencing
approach is an alternative method for obtaining complete
and accurate transcripts (Wang X. et al., 2019). Currently,
full-length transcriptome sequencing mostly uses PacBio
single-molecular real-time (SMRT) sequencing technology with
long-read sequencing characteristics (Rhoads and Au, 2015).
It minimizes low-quality assembly of short reads, and directly
produces single complete transcripts, and is advantageous for the
identification of gene/isoform. This new technique is well-suited
for unsolved problems in genome, transcriptome, and epigenetics
research. This technique provides more reliable evidence for
the qualitative analysis of AS transcripts and improves genome
annotation (Wang X. et al., 2019; Yin et al., 2019).

Very few studies have focused on the functional analysis of the
development and reproduction of A. aurantii, possibly because
of the limited reference sequences. The transcriptomes of an
increasing number of species have been deposited and accessible
in public databases, such as the National Center of Biotechnology
Information (NCBI) Sequence Read Archive (SRA) database,
which is the most popular repository of RNA-Seq data. No
such data for A. aurantii is available in that database, as the
majority of the published studies have focused on its ecology
or control (Aslam et al., 2015; Zekri et al., 2016; Gholamzadeh-
Chitgar and Pourmoradi, 2017; Alizadeh Kafeshani et al., 2018;
Li L. et al., 2019). In addition to protein-coding genes, non-
coding genes also play important roles in insects, e.g., long
non-coding RNAs (lncRNAs), defined as transcripts longer than
200 nucleotides that do not show any protein-coding capability
(Legeai and Derrien, 2015). More and more studies focus on
the lncRNAs identification and their roles in insects (Legeai
and Derrien, 2015; Chen M. Y. et al., 2019; Li S. et al., 2019;
Li et al., 2020). While no lncRNAs were identified by far
in A. aurantii.

In the present study, 4th instar nymph and adult A. aurantii
were sampled and pooled using the same quantities of total
RNA from each for transcriptome sequencing and analysis.
Complete long-read transcriptomic sequencing was conducted
using the PacBio Sequel platform with the SMRT sequencing
method. This full-length transcriptome contributes to the first
comprehensive dataset of genetic information for this species,
including protein-coding genes, lncRNAs, and microsatellites.
The data represent an important reference for future functional
studies involving development and reproduction. It will also
assist in future evolutionary studies of aphids.

MATERIALS AND METHODS

Insect Collection and RNA Sampling
Adults of the aphid A. aurantii were collected from a tea
plantation in Xinyang, Henan Province, China, 2019. Stock
aphids were maintained in a versatile environmental chamber
(MLR-352H-PC, Panasonic, Ehime, Japan) at 25◦C, relative
humidity of 75 ± 5%, and photoperiod of 14 h light: 10 h
darkness. The insects were reared with fresh young tender
tea shoots. Four batches of newborn nymphs were collected
within 4 h and cultured separately. Wingless 4th instar nymphs
were collected on day seven and wingless adults collected
on day nine. Two biological replicates were collected at each
stage, and each sample contained 20 individuals. The total
RNA was isolated from each using TRIzol reagent (Invitrogen,
Carlsbad, CA, United States), in accordance with the protocol
described previously (Wei et al., 2020). The RNA samples
were qualitatively and quantitatively evaluated using 1% agarose
gel electrophoresis and a NanoDrop One spectrophotometer
(Thermo Fisher Scientific, Madison, WI, United States).

Library Construction
Prior to library construction, the high-quality RNA samples at
each stage were pooled in the same quantities. RNA samples
were re-checked using a Qubit fluorometer (Life Technologies,
Carlsbad, CA, United States) and a Bioanalyzer 2100 (Agilent
Technologies, Palo Alto, CA, United States). The Iso-Seq library
was prepared in accordance with standard PacBio Iso-Seq
sequencing protocol. Oligo (dT) primers were used to enrich
mRNA molecules in each sample. A SMARTer PCR cDNA
synthesis kit (Clontech, Palo Alto, CA, United States) was
used to reverse-transcribe the complementary strand (cDNA) in
accordance with standard protocol and then re-amplified using
PCR. All cDNAs were end-repaired, connected with adaptors
using a hairpin loop, followed by conversion into blunt ends
via exonucleases. The quality of the library was re-assessed
using an Agilent Bioanalyzer 2100 system. SMRT sequencing
was then performed using a PacBio Sequel platform (Novogene,
Beijing, China).

SMRT Sequencing and Preprocessing
The raw data were initially processed using the Iso-seq standard
pipeline technique using SMRTlink V7.0 to obtain subreads
>50 bp. Circular consensus sequences (CCSs) were generated
from the subreads. The CCSs were classified into full-length and
non-full-length reads depending on the adapters at the 5′ and
3′ ends, in addition to poly(A) tails at the 3′ ends. Subreads
containing adaptors and 3′ poly(A) tails were considered
full-length subreads. Non-chimeric full-length subreads were
termed full-length non-chimeric (FLNC) sequences. Iterative
clustering for error correction (ICE) was conducted to cluster
the FLNC subreads based on pairwise alignment and reiterative
assignment using the hierarchical algorithm: n∗log(n). The
clustered consensus subreads were polished with non-full-length
fragments to obtain high-quality FLNC isoforms using Arrow
software. NGS RNA-Seq data sequenced using an Illumina
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NovaSeq platform from wingless adults were downloaded
from the NCBI SRA database: SRR11285614, SRR11285615,
SRR11285616, and SRR11285617, for mismatche correction.
Nucleotide mismatches were corrected in the consensus subreads
using LoRDEC V0.7 software. Redundancy in the corrected
consensus fragments was removed using CD-Hit V4.6.8 software
to obtain full-length final unigenes (Li and Godzik, 2006).

Prediction and Functional Annotation
All unigenes produced as described above were annotated to
the NCBI NR, KOG, SwissProt, and KEGG databases using the
BLAST tool and the NCBI NT database by BLASTx (McGinnis
and Madden, 2004) using a Diamond V0.8.36 tool. These
sequences were also functionally annotated to the Pfam database
using HMMER v3.1 software, and to the GO database using
Metascape (Zhou et al., 2019). Annotation was confirmed based
on the most appropriate match between query transcripts and
known sequences from accessible databases.

Alternative Splicing and Simple
Sequence Repeat Detection
The non-redundant full-length transcripts were firstly mapped
to UniTransModels using gmap software. Splicing junctions for
transcripts mapped to the same UniTransModels were examined;
these transcripts with the same splicing junctions were screened
out. Collapsed transcripts with different splicing junctions
were identified as transcriptional isoforms of UniTransModels.
Finally, the AS events were detected using SUPPA1 software with
default settings.

Simple sequence repeats (SSRs), also known as microsatellites,
are short repeating DNA motifs (1–6 bp) arranged in tandem.
SSRs are widely distributed throughout the genomes of
eukaryotic organisms (Sharma et al., 2007), and were identified in
this transcriptome using MISA tool with the default parameters
(Thiel et al., 2003).

Analysis of Gene Type
Coding Potential Calculator 2 (CPC2) (Kang et al., 2017),
Coding-Non-Coding Index (CNCI) (Sun et al., 2013), PfamScan
(Finn et al., 2016), and PLEK SVM (Li et al., 2014) are the most
widely used methods to predict the function of long non-coding
RNA. The protein-coding potential of all identified full-length
transcripts was predicted by screening the coding potential of
transcripts using those tools. Firstly, PLEK and CNCI were used
to predict coding potential according to full-length sequence
characteristics. The sequences were then compared with the
known protein databases using CPC2. Subsequently, the coding
potential was predicted more accurately after mapping homologs
to Pfam-A and Pfam-B databases. Non-coding transcripts
identified by all software tools were considered lncRNAs. All
remaining transcripts were considered to be protein-coding
transcripts (mRNA). The open reading frames (ORFs) of all full-
length transcripts of coding sequences (CDSs) were predicted
using ANGLE V0.7 pipeline with default parameters (Shimizu
et al., 2006). Transcription factor analysis was performed using

1https://github.com/comprna/SUPPA

the hmmsearch mapping technique against the animalTFDB 2.0
database (Zhang et al., 2015).

Code Availability
The Iso-Seq library was constructed in accordance with
the Iso-Seq protocol. Sequenced raw data were processed
using SMRTlink v7.0. CCSs were generated from subreads
with the parameters: min_length 50, max_drop_fraction
0.8, no_polish TRUE, min_zscore −9999.0, min_passes 1,
min_predicted_accuracy 0.8, max_length 15000. CCSs were
then classified into full length or non-full length reads. Full-
length reads were isoform-level clustered using the algorithm:
n∗log(n), followed by polishing using Arrow software with the
parameters: hq_quiver_min_accuracy 0.99, bin_by_primer false,
bin_size_kb 1, qv_trim_5p 100, qv_trim_3p 30. Nucleotide
errors in consensus reads were corrected using Illumina RNAseq
data using LoRDEC version 0.7 with the parameters: -k 23, s 3.
Removal of redundancy of the corrected consensus reads was
conducted using CD-HIT (-c 0.95, -T 6, -G 0, - aL 0.00, -aS 0.99,
-AS30) to obtain final transcripts. Functional annotation was
conducted based on seven databases.

Annotation was achieved using BLAST version 2.7.1 with
E-value < 10−5 in the NCBI NT database, and Diamond version
0.8.36 software with E-value < 10−5 in the NCBI NR, KOG,
Swiss-Prot and KEGG databases. HMMER v3.1 with hmmscan
was used: -acc for the Pfam annotation.

For lncRNA prediction, CNCI version 2 and PLEK version
1.2 were used with default parameters. CPC2 version 0.1
based on the NCBI eukaryotes protein database was used
with E-value < 10−10. A search of Pfam was performed
using PfamScan version 1.6 with default parameters. Coding
sequence prediction was performed using ANGEL version 2.4
with the parameter: -min_angel_aa_length 50. TF families in the
animalTFDB 2.0 database were searched using the hmmsearch
with default parameters. SSRs were identified using MISA version
1.0 with the default parameters: “1–12, 2–6, 3–5, 4–5, 5-4,
and 6-5”2.

RESULTS AND DISCUSSION

Sequencing and Data Processing
A total of 82.0 Gb of raw data were obtained from Iso-
Seq sequencing using the PacBio SMRT sequencing method,
containing 46.8 Gb nucleotides. Raw sequencing data were
deposited into the NCBI SRA database with the accession number
of PRJNA609058. After initial quality control by removal of
the adaptor reads and subreads <50 bp, a total of 37,497,943
subreads (44.0 Gb nucleotides) were produced with a mean
length of 1,174 bp (Supplementary Figure S1A, B). All subreads
were thereafter used for CCS analysis. A total of 683,614 CCSs
were produced (Supplementary Table S1 and Supplementary
Figure S1C), in which 163,640 non-full length and 519,974
full-length subreads were produced, respectively. Among these
full-length subreads, 485,881 (93.44%) were non-chimeric, with
a mean length of 1,579 bp (Supplementary Table S1). After

2http://pgrc.ipkgatersleben.de/misa/misa.html
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correction using next-generation sequenced short reads, 44,855
reads with a mean length of 1,595 bp were screened out
(Supplementary Figure S1D). From the frequency of subreads
prior to the removal of redundant data, the frequency of subreads
of between 1,300–1,400 bp and 1,600–1,700 bp were the most
prominent, indicating the relative abundance of expression of
these transcripts. High-quality consensus reads were polished
using Arrow software, with 69.00% of consensus reads ranging
from 500 to 3000 bp (Supplementary Figure S1E). Finally, a total
of 15,938 full-length non-redundant transcripts were produced
after correction and redundancy removing by CD-HIT. Eighty
percent of the full-length isoforms ranged from 500 to 4,000 bp,
with only 984 isoforms longer than 4,000 bp (Supplementary
Figure S1F). Only 8,959 transcripts were non-redundant (single
copy) in the consensus reads. Significantly decreased numbers of
non-redundant full-length transcripts exhibited good depth and
high integrity using the SMRT long-read sequencing.

Transcriptomes comprehensively reflect the expressions of
intracellular genes to reveal the physiological and biochemical
processes at a molecular level. As a non-model insect without
a known genomic sequence, NGS sequencing with de novo
assembly is incapable of obtaining full-length transcripts.
Iso-Seq has been used in Agasicles hygrophila to explore deep
genetic information, in which 28,982 transcripts were obtained

(Jia et al., 2018). This long-read sequencing resulted in fewer
unigenes than the de novo transcriptome in brown citrus aphid
(Shang et al., 2016), in which 44,199 unigenes were assembled.
Aphids are cosmopolitan pests that attack a wide range of fruits
and vegetables (Chaieb et al., 2018; Mohammed et al., 2018; Hong
et al., 2019; Ullah et al., 2019; Ye et al., 2019; Shang et al., 2020).
This was the first full-length transcriptomic sequencing in these
multitudinous aphid pests.

Gene Annotation
The identified full-length transcripts were annotated in seven
databases, and a total of 13,498 (84.69%) were annotated in
at least one database, and 6,467 were annotated in all seven
databases. Prediction and functional annotation of the coding
transcripts were performed (Hong et al., 2020). Predictions
indicated that 12,168 (76.35%), 12,581 (78.94%), 9,801 (61.49%),
and 8,045 (50.48%) full-length transcripts were annotated in the
NCBI non-redundant (NR), nucleotide sequence (NT), SwissProt
and Pfam databases, respectively. According to the annotations
in the NCBI NR database, the species were homologous
in the majority of transcripts (11,216, 70.37%), which were
annotated to two aphids, Acyrthosiphon pisum 7596 (47.66%)
and Diuraphis noxia 3620 (22.71%) (Figure 1A). Ac. pisum is an
important model organism for developmental and reproductive

FIGURE 1 | Species distribution annotated from the NCBI NR database (A), and functional annotation using the GO database (B).
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study in aphids, and the genome is also available (Richards
et al., 2010). Similarly, the D. noxia genome is also available
(Nicholson et al., 2015).

Regarding functional annotation, 8,045 (50.48%) transcripts
were annotated against the Gene Ontology (GO) database,
including 50 subcategories (Figure 1B). Similar to transcriptome
analysis as described above, the most abundant GO terms in
the biological processes category were “cellular process” (3,838),
“metabolic process” (3,469), “single-organism process” (2,887).
In the cellular component category, “cell” (1,760) and “cell part”
(1,760) were the most common terms. “binding” (4,874) and

“catalytic activity” (3,186) were the most common terms in the
molecular function category.

In euKaryotic Ortholog Groups (KOG) annotation analysis,
8,835 (55.43%) transcripts were classified into 26 subcategories
(Figure 2A), the highest percentage of which were in general
function. This is consistent with the results of de novo
transcriptome of A. citricidus (Shang et al., 2016). A total
of 11,372 transcripts were annotated in 349 pathways in the
Kyoto Encyclopedia of Genes and Genomes (KEGG) database.
These pathways were included in six level-one categories and
45 level-two subcategories (Figure 2B). The most prominent

FIGURE 2 | Functional annotation using the KOG (A) and KEGG databases (B).
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subcategory was “signal transduction.” The pathway analysis will
help understand the high-level functions and utilize the biological
systems, such as the cell, the organism, and the ecosystem
(Kanehisa et al., 2008).

Alternative Splicing and SSR Detection
RNA alternative splicing is widely existed in organisms. It occurs
after a pre-mRNA transcript formed from template DNA, which
results in multiple proteins from a single protein-coding gene.
In this study, a total of 2,029 alternative splicing events were
identified (Figure 3A). All the AS transcripts were deposited
in figshare repository (Hong et al., 2020). Most of the AS
events (1362, 67.13%) contained two isoforms. Since no reference
genome is available in tea aphid, only 282 events including 1,480
transcripts were classified into five types of AS events in this
SMRT sequencing (Figure 3B). The most prominent AS type
was the skipping exon, but no mutually exclusive exons and
alternative last exons AS were detected.

In order to study genetic diversity, evaluate quality and
facilitate heredity studies, simple sequence repeats (SSRs)
identified in the Iso-Seq library were analyzed. Excluding the

complex SSRs, a total of 15,223 simple sequence repeats were
detected (Figure 3C); all the SSRs predicted in A. aurantii
were deposited in figshare (Hong et al., 2020). In these SSRs,
9,471 (62.22%) were mono-nucleotide repeats, and most of them
were 9–12 repeats. Besides, there were 2,758 SSRs were Tri-
nucleotide repeats with 5–8 repeats, and 1,617 SSRs were Di-
nucleotide repeats with 5–8 repeats (Figure 3D). SSRs are co-
dominant, hyper variable, neutral and reproducible molecular
markers, and SSRs are now widely used in population genetic
and conservation studies in many insects (Jing et al., 2012;
Wang X. T. et al., 2019).

LncRNA Prediction, Coding Sequence,
and Transcription Factor Analysis
Long non-coding RNAs constitute a major component of the
transcriptome, which are defined as transcripts longer than
200 nt (nucleotides) in length without protein-coding potential
(Yang et al., 2014). In this study, lncRNAs with a poly “A”
tail were also sequenced using Iso-Seq. Following annotation,
all full-length transcripts were predicted by mapping onto
four databases. A total of 4,571 transcripts were identified as

FIGURE 3 | Alternative splicing (AS) events (A,B) and single sequence repeat (SSR) identification (C,D). SE, skipping exon; MX, mutually exclusive exons; RI,
retained intron; A5, alternative 5′ splice sites; A3, alternative 3′ splice sites; AF, alternative first exons; AL, alternative last exons; c, combined SSR; c*, combined and
overlapping SSR; p1, mono-represent mononucleotide repeats; p2, di-represent dinucleotides repeats; p3, tri-represent trinucleotides repeats; p4, tetra-represent
tetranucleotides repeats; p5, penta- represent pentanucleotides repeats; p6, hexa- represent hexanucleotides repeats.
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lncRNAs (Figure 4A). The exons of each lncRNA were not
evaluated due to the lack of genome, while the expression
densities of the lncRNAs and protein-coding RNAs were
analyzed, which showed a high expression of short lncRNAs
and low expression of long lncRNAs (Figure 4B). The lncRNAs
identification was widely reported in eukaryote mammals
(Kaushik et al., 2013; Zhan et al., 2016), plants (Lv et al.,
2016), and microorganisms (Wang Z. et al., 2019). In insects,
lncRNAs have been investigated in many species (Zhu et al.,
2016), e.g., Drosophila Melanogaster (Wen et al., 2016), Apis
mellifera ligustica (Chen D. et al., 2019), and Nilaparvata lugens
(Chen M. Y. et al., 2019). In this study, only the lncRNAs
with a poly “A” tailed were sequenced, so the number of the
lncRNAs was less than that in other insects. For example,
8,096 putative lncRNAs were identified in Plutella xylostella
(Wang et al., 2018).

Protein-coding transcripts were identified from the mRNA
transcripts used for coding sequence (CDS) prediction by
ANGEL. A total of 10,893 (95.83%) protein-coding transcripts
were predicted (Figure 4C). The majority of these CDSs were
shorter than 2,500 bp. In the present study, the number of

coding transcripts was much less than other aphids (Richards
et al., 2010; Nicholson et al., 2015). Transcription factor
prediction in all unigenes was performed by Hmmsearch,
from which 590 transcription factor transcripts were
identified. The top three common families were zf-C2H2
(141), ZBTB (80), and Homeobox (55) (Figure 4D). The
identification will be of convenience for further elucidation of
transcriptional regulation.

In this study, we performed the full-length transcriptome
sequencing using SMRT sequencing method, and 15,938 non-
redundant full-length transcripts were obtained. All transcripts
were annotated to seven databases, and 13,498 (84.45%) were
functionally annotated. In addition, 4,571 (28.68%) transcripts
were predicted as lncRNAs, and 590 were predicted as
transcription factors. A total of 2,029 AS events and 15,223
simple sequence repeats were detected. This is the first Iso-
Seq transcriptome of A. aurantii, and represents a significant
increase in the known genetic information of A. aurantii. The
data will assist in the future functional studies of genes involved
in its development and reproduction, as well as the evolutionary
studies of aphids.

FIGURE 4 | Long non-coding RNA (lncRNA) prediction (A), expression density of lncRNAs and protein-coding RNAs (mRNAs) (B), length distribution of
protein-coding sequences (CDSs) (C), transcription factor (TF) family statistics (D). LncRNAs were predicted using CNCI, Pfam, PLEK, and CPC2 computational
approaches.
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