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Abstract

The Tibetan Schizothoracinae fish Gymnocypris przewalskii has the ability to adapt to the ex-

treme plateau environment, making it an ideal biological material for evolutionary biology re-

search. However, the lack of well-annotated reference genomes has limited the study of the

molecular genetics of G. przewalskii. To characterize its transcriptome features, we first used

long-read sequencing technology in combination with RNA-seq for transcriptomic analysis. A to-

tal of 159,053 full-length (FL) transcripts were captured by Iso-Seq, having a mean length of

3,445 bp with N50 value of 4,348. Of all FL transcripts, 145,169 were well-annotated in the public

database and 134,537 contained complete open reading frames. There were 4,149 pairs of alter-

native splicing events, of which three randomly selected were defined by RT–PCR and sequenc-

ing, and 13,293 long non-coding RNAs detected, based on all-vs.-all BLAST. A total of 118,185

perfect simple sequence repeats were identified from FL transcripts. The FL transcriptome might

provide basis for further research of G. przewalskii.
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1. Introduction

Qinghai Lake, located in the northeast of Qinghai–Tibet Plateau
(QTP) with an average elevation of �4,000 m above sea level,1,2 is
the largest inland saline and alkaline lake in China. As a typical salty

lake with unusual high sodium, potassium and magnesium concen-
trations, the pH value of Qinghai Lake is 9.4, and the salinity is
13%.3 Tibetan naked carp (Gymnocypris przewalskii), belonging to
the family Cyprinidae, subfamily Schizothoracinae, is an endangered
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and endemic fish species living in Qinghai Lake with important fish-
ery and ecological significance in the fish–bird–grassland system.4

Gymnocypris przewalskii gradually evolved from the freshwater fish
to tolerate high salinity and alkalinity because of the long-term geo-
graphical isolation in the Qinghai Lake.5 As an anadromous spawn-
ing species, Tibetan naked carp inhabits saline and alkaline lake
(Qinghai Lake) for most of its life history, then returns to freshwater
rivers (such as the Buha River, Shaliu River, Quanji River, Heima
River and Haergai River) during the reproductive season (from April
to August), which indicates its adaptation to both saline and fresh-
water environments.6,7 In addition, both the growth rate and go-
nadal development of this species are slow, gaining approximately
500 g every 10 years,8 and males reach sexual maturity at the age of
3–4 followed by females after 4 years old.7 Due to its unique environ-
mental adaptability and migration reproductive characteristics, G.
przewalskii could be used as an important model species for studies
on adaptive evolution and population genetics of wild animals living
in the plateau environment. Previous studies on Tibetan naked carp
have mainly focussed on life history,9 adaptive evolution,10 physiol-
ogy,11 and immunology,12 reproduction8 and growth.13,14 However,
the genomics and genetic resources of this species are still insufficient,
limiting further research on the molecular mechanism of its physio-
logical response, behavioural patterns and adaptive evolution.

The gene expression, alternative splicing (AS) events and evolu-
tion selection are believed to be closely correlated with physiologi-
cal responses, behavioural patterns and local adaptation.15–17

During the last decade, transcriptomics technologies have been
widely applied to obtain an insight of the organism’s transcrip-
tome, providing valuable information for studying gene expres-
sion and evolution selection, detecting non-coding RNAs
(ncRNAs) and AS events, and developing molecular markers.18

Although most of the transcriptomes of both model and non-
model species are generated using RNA sequencing with short-
read sequencing (RNA-seq), the sensitivity and precision of RNA-
seq have been questioned, especially for transcriptome reconstruc-
tion and alternative spliced isoform detection.19 A newly devel-
oped long-read sequencing technology, named isoform sequencing
(Iso-seq), could contribute to overcoming these limitations by
obtaining sequence information of full-length (FL) cDNA without
further assembly.19 Despite the relatively high cost, Iso-Seq tech-
nology is becoming increasingly popular for in-deep research with
transcriptome data.20

To reveal the complexity of the FL reference transcriptome of
G. przewalskii more comprehensively, PacBio Iso-Seq and
Illumina RNA-seq technologies were performed in the present
study. The main research purposes are as follows: (i) FL reference
transcriptome sequencing and functional annotation; (ii) detection
of alternatively spliced transcript isoforms; (iii) comparison of
gene expression patterns among different tissues; and (iv) develop-
ment of gene-associated microsatellite tag data. This research con-
tributes to unravelling the characteristics of G. przewalskii
transcriptome and provides a valuable genetic resource for further
studies on behaviour patterns, phylogeny, adaptive evolution,
population genetics, conservation and rejuvenation in this species
and other Gymnocypris fishes.

2. Materials and methods

2.1 Sample collection and RNA preparation

Six wild females (body weight ¼ 188.4 6 79.3 g) and three males
(body weight ¼ 92.9 6 37.9 g) of G. przewalskii were collected in

June 2018 (spawning season) from Qinghai Lake, Quanji River and
Erhai (Fig. 1). After euthanization with 200 mg/L MS222 (Sigma,
USA), five tissues (liver, muscle, brain, gill and kidney) of each fish
were sampled and transferred immediately to liquid nitrogen for
RNA extraction.

In this study, efforts were made to minimize suffering as much as
possible, and all animal experiments were conducted in accordance
with the procedures and guidelines of the Animal Ethics Committee
of Yangtze River Fisheries Research Institute of Chinese Academy of
Fishery Sciences. The present study was approved by the Animal
Care and Use Committee of Yangtze River Fisheries Research
Institute, Chinese Academy of Fishery Sciences.

The total RNA of each individual tissue was isolated using TRIzol
Reagent (Invitrogen, USA) in accordance with the manufacturer’s
instructions. Gel electrophoresis, Nanodrop 2000 spectrophotometer
(Thermo Fisher Scientific, USA) and Agilent Bioanalyzer 2100 system
(Agilent Technologies, USA) were used to assess RNA quality and
quantity. All the sequencing operations were conducted at Frasergen
Information Co., Ltd. (Wuhan, China).

2.2 PacBio Iso-Seq library construction and sequencing

The total RNA of each sample was pooled together in equimolar ra-
tios, and approximately 2 lg of the total RNA was subsequently
used for the FL cDNA synthesis by a SMARTerTM PCR cDNA
Synthesis Kit (Takara Clontech Biotech, Dalian, China) according to
the standard protocol. Size fractionation and selection (1–2 kb,
2–3 kb, 3–6 kb and 5–10 kb) of the FL cDNA was carried out using
the BluePippinTM Size Selection System (Sage Science, Beverly, MA),
and a re-amplification was than conducted for the selected FL cDNA
fragments with PCR. The three SMRTbell Template libraries
(1–2 kb, 2–3 kb and >3 kb) were constructed with SMRTBell
Template Prep Kit 2.0 (Pacific Biosciences, USA) following the manu-
facturer’s recommendations. The library quantification was per-
formed using Qubit System,21 and the size range of the library was
detected with Agilent Bioanalyzer 2100 system (Agilent
Technologies, USA). The single-molecule real-time (SMRT) cells for
the three libraries were then sequenced on the Pacific Bioscience RS
II platform using P6-C4 reagent with 4 h sequencing movies (Pacific
Biosciences, Menlo Park, CA, USA).

2.3 PacBio sequencing data processing and error

correction

PacBio raw data were preprocessed and filtered using SMRT Link
v7.0 pipelines (https://www.pacb.com/ support/software- down-
loads/ (21 July 2021, date last accessed)). Briefly, the raw polymerase
reads were filtered and trimmed to generate the Subreads using the
RS_Subreads protocol (parameters: 50 bp � subread length
�15,000 bp, minimum number of passes¼3, minimum predicted
accuracy¼0.8, minimal read score¼0.65, minimum accuracy of
polished isoforms¼0.99). Subsequently, circular consensus sequence
(CCS) reads were generated from the subreads using the P_CCS
model with default parameters. The full-length non-chimeric (FLNC)
reads were identified from CCS reads by searching for the 50/30

cDNA primers and the poly (A) tail in the read of inserts (ROI). An
isoform-level clustering algorithm Iterative Clustering for Error
Correction (ICE) and the Quiver software module were performed to
generate the polished FL consensus isoforms from the FLNC reads.
Furthermore, the high-quality polished isoform sequences (post-cor-
rection accuracy � 99%) were used for the subsequent analysis,
while the low-quality polished isoform sequences (post-correction
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accuracy < 99%) were further corrected by Illumina reads as the ref-
erence using the Proovread v2.13.13 with the default parameters.22

After the combination of the high-quality and low-quality tran-
scripts, CD-HIT 4.6.1 software was applied to remove the redundant
isoforms (parameters: -c 0.99 -T 24 -G 0 -aL 0.90 -AL 100 -aS 0.99 -
AS 30 -M 0).23 Finally, the first high-quality FL transcript data set
for G. przewalskii was obtained in the present study.

2.4 FL transcript annotation

Functional annotation of the FL transcripts of G. przewalskii was
carried out by Diamond 0.8.33 software24 with a series of public
databases including NR (NCBI non-redundant protein sequences),
GO (Gene Ontology), KOG (euKaryotic Ortholog Groups), KEGG
(Kyoto Encyclopedia of Genes and Genomes), KO (KEGG
Orthology Database) and Swiss-Prot (Swiss-Prot Protein Sequence
Database).

2.5 Identification of ORF and LncRNA

Open reading frame (ORF) prediction of the transcripts was per-
formed using TransDecoder software to identify the potential coding
sequences from transcripts. In addition, the protein sequences of the
predicted ORFs were further mapped to Swiss-Prot and Pfam data-
bases using BlastP and Hmmscan, which could contribute to improv-
ing the sensitivity of ORF prediction. Those transcripts containing
complete ORFs, 50-UTR (untranslated regions) and 30-UTR were
considered as FL transcripts.

Based on the transcript annotation results, Coding-Potential
Assessment Tool (CPAT) software was used to evaluate the coding
potential of transcripts without annotation information in the pro-
tein databases.25 The transcripts with coding potential greater than
the cut-off or length less than 200-bp were filtered out, and the rest
could be regarded as the long non-coding RNA (LncRNA) in this
study. The cut-off of coding potential was determined by nonpara-
metric two-graph ROC curves from the known data set of lncRNA
and coding RNA in Danio rerio.

2.6 Detection and validation of AS events

AS event is one of the primary sources of transcript and proteome di-
versity. The annotated reference genome of Tibetan naked carp has
not yet been published; therefore, the de novo AS detection pipeline
described by Liu et al.26 was used to characterize and identify the al-
ternatively spliced transcripts in G. przewalskii without the reference
genome sequences. The validation of AS events was performed with
RT–PCR using 1mg of total mixed RNA extracted from five different
tissues in 20ml reactions, which was the same as that used for the
PacBio Iso-Seq library construction. In an exon skipping event, there
should be two high-scoring segment pairs (HSPs) in the alignment. In
the shorter transcript, the base pair coordinates representing the end
of HSP1 and the start of HSP2 should be sequentially continuous.
And, in the another, the base pair coordinates between the end of
HSP1 and the start of HSP2 should be the skipped exon (recorded
here as ‘AS gap’). The specific primers were designed in the flanking
region of ‘AS gap’ with Primer Premier 6. PCR products were
detected using 2% agarose gel electrophoresis, then isolated and

Figure 1. Sampling points’ diagram of G. przewalskii in Qinghai province. The sampling map was created by the ArcGIS v10.1 (ESRI, CA, USA) and the sample

site represented by the black triangle.
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purified from gels using a gel extraction kit for subsequent cloning
and sequencing. PCR products were subsequently isolated from gels
and purified using a gel extraction kit, cloned and sequenced. The
obtained sequences were aligned with related isoforms to verify the
predicted AS isoforms.

2.7 Illumina short-read sequencing and de novo

assembly of the transcriptome

For Illumina RNA-Seq, an equal amount of total RNA from nine fish
was pooled for each tissue, and the Illumina cDNA libraries were
then prepared for each tissue sample using a NEBNextVR UltraTM

RNA Library Prep Kit (NEB, Beverly, MA, USA) in accordance with
the manufacturer’s instructions. The qualified libraries were subse-
quently sequenced with the paired-end sequencing method (each end
150 bp) on the Illumina HiSeq X Ten System (Illumina, Inc., San
Diego, CA, USA) following the manufacturer’s recommendations.

The quality filtering of raw paired-end reads was performed using
NGS QC Toolkit.27 Briefly, the first five bases from the 5’ end of the
read were trimmed and the reads consisting of the low-quality bases
(quality score �30) >20% or ambiguous bases >1% were removed.
Ends of read were trimmed and the reads consisting of low-quality
bases (quality score �30) >20% or ambiguous bases >1% were re-
moved. The clean paired-end short reads from each library were
mapped to the PacBio Iso-Seq sequences of G. przewalskii using
bowtie2,28 and then used for de novo assembly of transcripts by us-
ing Cufflinks v2.2.129 and Trinity v2.8.4 software30 following the
default parameters.

2.8 Quantification of gene expression levels

The expression level of each transcript for each tissue was quantified
and estimated with Fragments Per Kilobase per Million (FPKM)
bases values, which were calculated and normalized using RNA-Seq
by Expectation-Maximization (RSEM) software.31 The DESeq2 R
package was applied to determine the differential expression,32 and
the false discovery rate (FDR) was controlled by adjusted P-values
according to the method described by Benjamini and Hochberg.33

Transcripts with P-values <0.001 (P<0.001) and fold change
greater than 2 (log2 FC >2) were defined as differentially expressed
transcripts (DETs). MA plot, volcano plot and heat maps were gen-
erated using R package to visualize the differential expression of
transcripts among each tissue. Additionally, gene ontology (GO) and
KEGG pathway enrichment analyses for all DETs were both per-
formed with Phyper of R package. The transcription factors were
detected using Diamond 0.8.33 software24 based on the Animal
TFDB Database.34 To evaluate the accuracy and reliability of the
quantification result, the q-PCR was performed for 10 randomly se-
lected transcripts.

3. Results

3.1 Transcriptome from PacBio isoform sequencing

The mean lengths of subreads from different libraries were 1,722,
3,574 and 2,613 bp, respectively. After the polymerase reads were
obtained from three libraries (Supplementary Fig. S1), we integrated
the data of the three different libraries. Three Iso-Seq libraries were
constructed for the total RNA generating 12,898,077 subreads
(Table 1). A total of 568,004 CCS reads were generated from PacBio
Iso-Seq with a mean length of 3,064 bp (Supplementary Table S1).

CCS reads contained 508,704 FLNC reads (Fig. 2) with a mean
length of 2,864 bp. After clustering (ICE algorithm) and polishing
(Arrow algorithm), a total of 214,911 FL polished consensus iso-
forms were generated from FLNC sequence. The FL polished consen-
sus isoforms had the mean length of 3,208 bp, ranging from 175 to
14,075 bp.

3.2 Error correction with Illumina RNA-seq

The error of single molecule sequencing technology is mainly due to
extra-base insertion and deletion of single bases, which can be effec-
tively corrected by multiple sequencing.35 In addition, polished iso-
forms can be further corrected by proovread error correction
software with the Illumina reads. In this study, a total of 214,911
corrected isoforms with the mean length of 3,029 bp (ranging from
175 to 14,106 bp) were generated (Table 2).

After clustering and removing redundancy from the corrected iso-
forms, a total of 159,053 FL transcripts were generated (Table 1).
The FL transcripts were applied for subsequent analysis. The length
of FL transcripts ranged from 175 to 14,106 bp. The mean length
and N50 value of FL transcripts were 3,445 bp and 4,348, which
were all longer than those of the transcripts captured by Illumina
RNA-seq (Table 1).

3.3 Functional annotation

To predict and analyse the function of the 159,053 FL transcripts,
the FL transcripts were searched against public databases using
Diamond.24 A total of 145,095 (91.22%), 86,225 (54.21%),
100,175 (62.98%), 82,451 (51.84%) and 134,509(84.57%) FL
transcripts were assigned to NR, GO, KO, KOG and Swiss-Prot
databases, respectively (Fig. 3), while 13,884 (8.73%) transcripts
were not assigned to public databases. Through Nr annotation,
91.22% homologous hits were assigned to five fish species, including
Sinocyclocheilus rhinocerous, Sinocyclocheilus angustiporus,
Sinocyclocheilus grahami, Cyprinus carpio and D. rerio (Fig. 4)
(Supplementary Table S2).

Functional classification of the transcripts was carried out through
GO database. The GO-annotated transcripts were mainly assigned to
54 Level 2 GO terms (Supplementary Fig. S2). In the biological process
category, the most abundant term was ‘cellular process’ (53,967), fol-
lowed by ‘single-organism process’ (46,614) and ‘metabolic process’
(37,155). For the cellular component category, ‘cell part’ (48,469) and
‘cell’ (48,463) were the most abundant terms. Within the molecular
function category, ‘binding’ (47,034) and ‘catalytic activity’ (31,054)

Table 1. Description of the transcriptome of G. przewalskii by

PacBio Iso-Seq and Illumina RNA-seq

Parameter PacBio Iso-Seq Illumina RNA-seq

Number of subreads or raw reads 12,898,077 285,490,628
Reads of CCS or clean reads 568,004 281,915,120
Number of FLNC 508,704 –
Full-length transcriptome – –
Number of transcripts 159,053 164,142
Mean length (bp) 3,445 1,426
Smallest length (bp) 175 188
largest length (bp) 14,106 67,560
N50 length (bp) 4,348 2,940
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had the largest number of transcripts. KEGG-annotated transcripts
were classified into 34 Level 2 KEGG groups. Among them, the greatest
number of transcripts was in the signal transduction pathway (19,896),
followed by immune system (11,480), transport and catabolism
(10,247), and endocrine system (8,259) (Supplementary Fig. S3). For
KOG annotation, of the 26 categories, the most annotated were signal
transduction mechanisms (18,563), followed by general function predic-
tion only (14,113) and posttranslational modification protein turnover
(8,605), and intracellular trafficking, secretion and vesicular transport
(6,832) (Supplementary Fig. S4).

Figure 2. The length distribution of FLNC obtained by Iso-Seq. The x-axis represents the FLNC length, and the y-axis represents the number of the FLNC.

Table 2. Comparison of isoforms before and after RNA-seq data

correction

Parameter Before correction by
RNA-seq data

After correction by
RNA-seq data

Isoforms number 214,911 214,911
Average length 3,208 3,209
Maxnum length 14,075 14,106
Minnum length 175 175
N50 4,281 4,281

Figure 3. FL transcripts annotation percentage in NR, GO, KOG and Swiss-Prot databases.
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3.4 ORF and LncRNA prediction

Transcripts with coding potentials greater than truncation or
with length <200 bp were filtered out and verified with the non-
parametric double-graph ROC curve obtained from known D.
rerio lncRNA and coding RNA data sets (Fig. 5). A total of
13,293 potential lncRNAs were detected based on the transcript
annotation results (Supplementary Table S3). The lncRNAs had
lengths ranging from 316 to 10,490 bp, and the mean length of
lncRNAs was 2,486.6 bp. After removing lncRNAs, 134,537
ORFs (ORFs � 100 aa) were detected in the PacBio transcripts by
TransDecoder software accounting for 92.30% of the total iso-
forms (145,760).

3.5 Detection of microsatellite markers

There were 118,185 perfect and 19,221 complicated SSRs identified
from 159,053 FL transcripts in all. Those composed of single-nucleo-
tide repeats, called perfect SSRs, such as (CA)20, and SSRs that are
not pure repeats, called complicated SSRs, such as (CA)4-(T)7-
(CTT)3.36 The perfect SSRs consisted of 60,051 mononucleotide
SSRs, 42,027 dinucleotide SSRs, 14,213 trinucleotide SSRs, 1,605
tetranucleotide SSRs, 221 pentanucleotide SSRs and 68 hexanucleo-
tide SSRs (Fig. 6A). There is a positive relationship between the de-
gree of polymorphism and repeat unit length in SSRs.37 The most
abundant motif in dinucleotide SSRs was AC/GT (22,818, 54.29%),
followed by AT (9,926, 23.62%) and AG/TC (9,204, 21.90%); the
most abundant motifs in trinucleotide, tetranucleotide and pentanu-
cleotide SSRs were AAT/ATT (4018, 28.27%), ATCT/AGAT (327,
20.37%) and TTCTC/GAGAA (48, 21.72%), respectively. Among
the hexanucleotide SSRs, the motifs of AGCCAC, CCCAAC and
CCCAAC were the same (6, 8.82%) (Fig. 6B).

3.6 Detection and validation of AS events

A total of 4,149 pairs of potential AS events were detected from the
FL transcripts by all-vs.-all BLAST with high identity settings (e-
value of 1e-20, pairwise identity of 95%) (Supplementary Table S4).
The mean length of the ‘AS gap’ in AS events was 655.3 bp.

In order to verify the accuracy of the identified splicing isomers
experimentally, three AS events were randomly selected for RT–PCR
and sequencing analysis. Primers were designed and synthesized
(Table 3), and RT–PCR was performed using mixed RNA from five
different tissues. The results showed that the fragment size and the
bands on the agarose gel were consistent with the AS isomers
(Supplementary Fig. S5). In addition, DNA fragments corresponding
to the predicted size were cloned, and their subtypes were verified by
sequencing.

Figure 4.. Homologous species annotation. The species identified by homol-

ogy search against the NCBI NR databases. Note that only the top five for

transcripts are covered in the analysis.

Figure 5.. Determination of cut-off of encoding potential. Performance evaluation using 10-fold.
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3.7 Transcriptional expression level analysis

Transcriptional expression levels in each tissue were analysed
based on Illumina short reads mapping to long reads captured by
PacBio. Most of the detected transcripts showed very low expres-
sion (0-1 FPKM) and low expression (1-3 FPKM) in all tissues,
while only approximately 12.25% and 0.75% of the transcripts
showed high (3-60 FPKM) and very high (>60 FPKM) expression,
respectively (Supplementary Table S5). Of the 159,053 isoforms,
the number of transcripts with a cut-off>0 FPKM detected in
each tissue ranged from 96,395 (60.61%) in the liver to 119,786
(75.31%) in the brain. We identified a total of 19,099 (12.0%)
housekeeping transcripts from 159,053 transcripts that were
expressed in all five tissues with no less than 1 FPKM in each tis-
sue. The level of transcript expression of each of these tissue-spe-
cific transcripts was at least 10-fold higher in one tissue relative to
the others. Different amounts of expressed transcripts were
detected in various tissues, with the highest expression in the brain
(17,059), followed by the muscles (5,252), liver (3,696) and gill
(3,100), and the lowest expression in the kidney (1,157) (Fig. 7).

We randomly selected 10 transcripts from tissue-specific tran-
scripts to verify their expression levels in various tissues. The ex-
perimental results confirmed by q-PCR were consistent with the
transcriptome sequencing results (Fig. 8) (Supplementary
Table S6).

4. Discussion

In recent years, with the development of sequencing technology and
bioinformatics, it has become possible to study the transcriptome of
non-model organisms in the absence of a reference genome.38 To
date, most G. przewalskii transcriptome studies have been based on
next-generation sequencing;5,13 however, the short reads resulting
from this approach have prevented the accurate assembly of FL tran-
scripts in the absence of genomic sequence information.39 By con-
trast, SMRT does not require further assembly, which is particularly
suitable for the transcriptional analysis of non-model organisms
lacking genome sequences. SMRT has the advantage of producing
continuous long-read fragments without PCR amplification.
However, single-molecule sequencing comes with a high error rate.
In this study, after further error correction of polished isoforms se-
quence with Illumina RNA-seq data, the differences between pol-
ished isoforms sequence and before further error correction were
slight, which indicates that after re-sequencing and polishing, effec-
tive error correction has been obtained.

The FL transcripts of G. przewalskii, with mean length and N50
length of 3,445 and 4,348 bp, were obtained by PacBio Iso-seq
firstly, which were longer than G. przewalskii (average length of 875
and 1988 bp, N50 length of 1593 and 3076 bp) captured by the de
novo assembled.7,13 Regardless of N50 length or average length, FL
transcripts were superior to RNA-seq data, although the de novo

Figure 6.. Overview of SSRs isolated from FL transcripts of G. przewalskii. (A) The number of SSRs with different repeats and motifs. (B) The dominant motifs of

dinucleotide, trinucleotide and tetranucleotide SSRs.

Table 3.. Primer sequences used in validation of AS events

Primer Sequences 5’-3’

Gym.prz_8755 F AGGATGATGATGGCGAGGAT
Gym.prz_8755 R CGGATTGCCGTTAGCACTAG
Gym.prz_151000F CAAGTTGAAGGAGCAAGAGTGC
Gym.prz_151000 R CTTCATTAGGAATGGGCTGTGA
Gym.prz_131234 F GGCTGCTCTGTTCGTTAGCC
Gym.prz_131234 R CCTCCTCCTTTCTTTGCGTTAA
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assembled transcripts had a larger number than the FL transcripts.
This phenomenon has also been demonstrated in other fish, such as
Gymnocypris namensis and Gymnocypris selincuoensis.40,41

In this study, with the help of RNA-seq data, the advantages of
single-molecule sequencing, longer length and higher quality, have
been fully demonstrated. To some extent, long reads produced by

PacBio not only improve the transcript accuracy and quality of G.
przewalskii, but also facilitate the identification of gene isoforms and
gene annotation. After modified, long reads captured by PacBio pro-
duced longer ORFs, better predictive results, and better performance
in integrity assessment.42 The results of this study showed that the
percentage of complete ORFs contained in the FL transcript of G.

Figure 8.. Quantitative real-time PCR confirmation of the transcript expression obtained by high-throughput sequencing. According to the housekeeping gene,

the expression amount of the gene in the tissues was normalized, and the liver was homogenized into 1 serve as reference.

Figure 7.. Transcript numbers of tissue-specific genes in various tissues. Brain showed the greatest number of tissue-specific transcripts, and kidney exhibited

the least.
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przewalskii was 92.3%, which was more abundant than that in
other fish with RNA-seq, such as Oncorhynchus mykiss (57.1%)43

and Oreochromis mossambicus (13.6%).44 The ORF is of central
importance to gene identification, and the ORF obtained in this
study would contribute to the discovery of new genes.45

Illumina RNA-seq is now widely used for transcriptome analysis
due to its high reading accuracy and low cost;46 however, short se-
quence splicing cannot provide a large number of long fragments of
transcripts, and some important information may be lost, such as
AS. In the field of variable splicing recognition, the acquisition of
short-read sequences requires additional assembly from scratch, and
the accuracy of the gene model is also questioned.38 In this study, an
all-vs.-all-BLAST pipeline26 was used to identify AS events from
long-read sequences, and 4,149 pairs of AS events were detected
from 159,053 FL transcripts. The AS events we randomly selected
were validated by RT–PCR and Sanger sequencing. In the absence of
a PCR amplification template, a large number of thousand-base
reads were obtained from PacBio Iso-seq. Single-molecule sequencing
demonstrated great potential for AS event recognition.

The flexibility of AS contributes to environmental adaption and
phenotypic plasticity in organisms.47 It has previously been reported
that tropical and polar octopuses differ in RNA editing of voltage-
gated potassium channels, resulting in channels adapted to their
functional characteristics in different habitats.48 We identified a large
number of protein ubiquitination and DNA repair function genes in-
volved in AS events. Ubiquitin protein genes and DNA repair genes
are closely associated with high stress tolerance in grey whales.49

Generally, ubiquitin protein genes and DNA repair genes are upregu-
lated in response to low temperature.48 AS facilitates the adaptation
of G. przewalskii to the environment before genes qualitative change,
but its specific mechanism needs to be further studied.

Long-reads captured by single molecule sequencing not only have
advantages in AS event recognition, but also contribute to SSR iden-
tification. In this study, each FL transcript of G. przewalskii con-
tained 0.74 perfect SSR on average, and the frequency of SSR
detection was much higher than that detected from the transcripts
with RNA-seq in G. przewalskii (0.15),5 Ctenopharyngodon idella
(0.05)50 and Hypophthalmichthys molitrix (0.16).51 Among the per-
fect SSRs, mononucleotide SSRs were the most abundant, and the
motifs of mononucleotide, dinucleotide and trinucleotide SSRs were
A/T, AC/GT and AAT/ATT, respectively. Similar results have been
reported in other fish species.48,51 It was found that SSRs were
mostly located in the non-translated region of mRNA and closely re-
lated to gene expression regulation.52 At present, SSR has been
widely used in the fields of genetic diversity detection, genetic rela-
tionship identification and population genetics, etc.51 The SSRs
obtained in this study contribute to the accumulation of rich biologi-
cal data for the genetic research of G. przewalskii.

In this study, 145,169 (91.27%) out of 159,053 isoforms were
annotated in NR, GO, KO, KOG and Swiss-Prot public databases.
The NR database has the largest annotation ratio (91.22%), proba-
bly because it represents the largest protein database in the world.48

Given the absence of reference genomic information, the remaining
13,884 isoforms, including lncRNAs, may suggest putative novel
genes in G. przewalskii. In the present study, a total of 13,293
lncRNAs were detected. With the development of chip and transcrip-
tome sequencing technology, more and more lncRNAs have been
found in mammals and fish.53,54 For example, in previous neural
studies of the model organism D. rerio, it has been found that two

classes of lncRNA, sox2-ot and cyrano, play active regulatory roles
in the development and growth of nerve cells.54,55 Moreover,
lncRNAs have been applied to the study of immune regulation in D.
rerio, and transcriptomic data analysis has proven that lncRNA-reg-
ulated plk3 and syt10 are related to the immune response.56 The
study of lncRNAs in D. rerio has a certain reference function for
aquatic animals. The lncRNAs obtained in this study are involved in
life activities in G. przewalskii, and their role needs to be further
studied.

By using a combination of Illumina short reads and PacBio cap-
ture long reads, gene expression levels in each tissue were compared
in this study. The percentage of housekeeping transcripts (larger than
1 FPKM in each tissue) (12.0%) was lower than O. mykiss
(17.0%),43 and slightly lower than G. selincuoensis (13.9%).48 This
difference may be due to various factors such as sequencing technol-
ogy, the number of research tissues and different species. For exam-
ple, G. przewalskii and G. selincuoensis belong to the Schizothorax
subfamily, and they were studied through the same method, leading
to little difference in the proportion of housekeeper transcripts. The
housekeeping gene was expressed in all tissues and was affected little
by the environment, so it has often been used as an internal reference
gene for gene expression research. The housekeeper genes obtained
in this study provided a certain reference value for the screening of
the internal reference gene of G. przewalskii. Similar to O. mykiss43

and G. selincuoensis,48 the specific expression of transcription tissue
in G. przewalskii (18,576) was higher than that in gill, kidney, liver
and muscle. On one hand, this phenomenon may occur because of
the special function of the brain, as the nerve centre of the brain per-
forms more complex homeostatic activities. In the brain, genes for
neurokinin, inositol compounds and other signalling substances are
expressed, such as inositol-3-phosphate synthase, which are more
abundant in brain tissue than in other tissues. Inositol 3 phosphate,
the second messenger of lipids, is involved in a series of physiological
activities regulated by ion channels in animal cells. G. przewalskii
lives in Qinghai Lake with high salinity, and good ion regulation
function is needed to maintain homeostasis, which is a significant
strategy for its survival. On the other hand, due to screening criteria,
tissue size and other reasons, we screened out different amounts of
specific genes expressed in each tissue. The expression of antioxida-
tion-related genes (glutathione peroxidase) and immune-related
genes (macroglobulin, complement C3) is specific to liver tissues.
Creatine kinase and troponin C have been detected as specific tran-
scripts with high muscle expression, and they are associated with in-
tracellular energy movement and muscle contraction.56 In addition,
electrogenic sodium bicarbonate cotransporters and structural pro-
teins (keratin) are specifically expressed in the kidney and gill, respec-
tively. Specifically expressed genes are often predictive of tissue-
related functions. The results of tissue-specific expression require fur-
ther work to reveal their expression and regulation patterns in differ-
ent tissues.

In addition, we identified a large number of ion channel genes
(e.g. potassium channel subfamily), transmembrane protein (TM)
family members (TM9, TM6, TM4, TM7) and solute carrier (SLC)
family members among genes from the G. przewalskii transcripts.
Ion channels and transporter genes could help G. przewalskii better
maintain the body homeostasis. In the transcriptome of G. przewal-
skii, we identified an expanded SLC12 family. Previous scholars
have also found the SLC12 family to be expanded in G. przewalskii.7

However, the SLC gene family 12 is critical for cation-coupled
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chloride transport and chloride concentration modulation. This sug-
gests that SLC12 might play a positive role in G. przewalskii to cope
with severe environment stress.

5. Conclusion

In summary, we identified the first FL transcriptome specific to G.
przewalskii in combination with PacBio Iso-seq and Illumina RNA-
seq. A total of 159,053 FL transcripts presented in our study were
identified with average length of 3,445 bp and N50 value of 4,348.
In total, 91.27% were annotated to Nr, GO, KO, KOG and Swiss-
Prot databases. Gene expression profiles were obtained by mapping
RNA-seq short reads to FL transcripts. In addition, a total of 4,149
pairs of AS events, 118,185 perfect SSRs and 13,293 lncRNAs were
identified. Compared with previous reports using RNA-seq, the
length and accuracy of the transcriptome obtained in this study have
been improved. The results of this work provide an important and
valuable basis for further research on the potential genetic mecha-
nism of G. przewalskii to adapt to plateau environment and its popu-
lation genetics, population protection and phylogeny.
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