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BACKGROUND

The White Cloud Mountain minnow (Tanichthys albonubes Lin, 1932) is a native freshwater fish of
Southern China and Northern Vietnam that belongs to the family Tanichthyidae, under the order of
Cypriniformes (Mayden and Chen, 2010). This colorful species was selected as pet fish shortly after
its discovery at the brooks of White Cloud Mountain (Guangzhou city, Guangdong province) in
1932 and soon became a worldwide popular aquarium fish species due to its low demand for care
and captive breeding (Li et al., 2020a). While being introduced to many countries and has
established stable hatchery populations by ornamental aquaculture, the White Cloud Mountain
minnow was considered to be extinct in its natural distribution as a consequence of habitat loss
since the 1960s and hence the species is classified as a second-class state-protected animal in China
(Harris, 2008). Fortunately, wild populations were rediscovered in Guangdong (Yi et al., 2004),
Guangxi (Li and Li, 2011) and on Hainan Island (Chan and Chen, 2009) in the last two decades,
which marks the milestone of its conservation and address the urgent necessity of conducting
scientific researches on this endangered species.

To date, most of the attention from the academic world has been given to the phylogenetic status
of the White Cloud Mountain minnow and its sister species. The White Cloud Mountain minnow
was considered as a member of the subfamily Danioninae (Chen, 1998), and used to be the only
species in the genus Tanichthys for more than 50 years, until two new species T. micagemmae
(Freyhof and Herder, 2001) and T. thacbaensis (Nguyen and Ngo, 2001) were reported fromMiddle
and North Vietnam in 2001. Based on molecular evidence, Mayden and Chen proposed that the
genus Tanichthys should be elevated to the family level (Mayden and Chen, 2010) and this was then
confirmed by Tan and Armbruster (2018). Subsequently in 2019, the fourth valid species T. kuehnei
was described by Bohlen et al. (2019).
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Besides discussions on the phylogenetic status of this species,
cryptic species were also found from its previous identified
populations. A recent study examined the genetic relationship
of eight wild populations crossing its range using multilocus
molecular (one mitochondrial gene, two nuclear genes and 13
microsatellite loci) and morphological data (Li et al., 2020b). Li
et al. revealed deep hidden genetic divergence among these
populations with subtle morphological disparity, which was
mainly in the number of branched anal-fin rays. Therefore
they proposed the existence of at least seven cryptic species in
the T. albonubes complex and highlighted the need for further
evaluation of the species complex using genomic tools (Li
et al., 2020b).

Although several studies have investigated the population
genetics and gene expression of T. albonubes (Chen et al., 2009;
Liu et al., 2011; Jing et al., 2013; Luo et al., 2015; Zhao et al., 2018),
there are not any genomic-level resources available for this species.
In the present study, we aimed to obtain the full-length
transcriptome data for White Cloud Mountain minnow using
long-read Pacific Biosciences (PacBio) isoform sequencing (Iso-
seq) technology. This method is ideal for generating a reference
transcriptome for species without whole-genome sequencing data
(Workman et al., 2018). In addition, full-length transcriptomic
method can obtain more accurate sequences of transcripts
compared with common RNA-seq. We believe that the full-
length transcriptome data reported here could be helpful for
future studies related to various topics, including conservation
biology, comparative transcriptome and phylogeny studies related
to White Cloud Mountain minnow.
DATA DESCRIPTION

Sample Collection
Fish of the White Cloud Mountain minnow (Tanichthys
albonubes) were collected from Guangzhou Conghua Nature
Reserve for T. albonubes with approval from its management
council (Liangkou, Conghua, Guangzhou, Guangdong, China).
One juvenile (sex information unknown) and two adult
individuals (one female and one male) were caught on May 5
2020 using a hand net. Body weight of these fish ranged from
0.083 to 0.169 g with body length from 1.75-2.27 cm. Their
physical conditions were examined by eye to avoid any body
damage and disease.

RNA Extraction and Single-Molecule
Real-Time Sequencing
All experimental protocols and animal welfare were approved by
the Animal Care and Use Committee of South China Normal
University. The five tissues (liver, muscles, skin, brain and gills)
were frozen in liquid nitrogen immediately after collection, and
stored at −80°C in a refrigerator before further use. We mixed the
frozen tissues and RNA was isolated using Trizol (Invitrogen,
CA, USA) following the manufacturer’s protocols. One mg of
total RNA extracted from each of the three individuals was
equally pooled together. The RIN value of the extracted RNA was
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≥ 8.0. The extracted RNA was used for cDNA synthesis using a
SMARTer PCR cDNA Synthesis kit (Clontech, USA). PCR cycles
were optimized by setting 10-14 cycles and 12 PCR cycles were
finally selected as the cycle parameter for large-scale PCR
amplification using PrimeSTAR GXL DNA Polymerase
(Clontech, USA). PCR products were purified using 1* and
0.4* AMPure PB Beads. Corresponding PCR products were
mixed equally for downstream library preparation. After
purification, the cDNA products were then subjected to the
construction of SMRTbell template libraries using the
SMRTbell Template Prep Kit 1.0 (PacBio). DNA damage and
end of cDNA were repaired, which followed by ligation of
adapters. Finally, SMRT cells were sequenced on a PacBio
Sequel platform using sequencing kit 2.1 with 10 h
movie recordings.

Full-Length Transcriptome Assembly
Raw sequencing reads were first processed using the SMRTlink
version 6.0 (PacifificBiosciences, Menlo Park, CA, USA) and
CCSs (circular consensus sequences) were generated from
subread BAM files with the following parameters: pbccs.
task_options.max_length=20000, pbccs.task_options.
min_length=300. The CCSs were then trimmed and clustered
to obtain FLNC (full-length non-chimeric) reads. These reads
were further classified into high-quality FLNC reads (predicted
accuracy > 99% and supported by at least two full-length reads)
and low-quality FLNC reads. Finally, Unigenes were obtained by
clustering isoform sequences (identify=98%) using CD-HIT
version 4.6.7 (parameters: -c 0.98 -T 6 -G 0 -aL 0.90 -AL 100
-aS 0.98 -AS 30 -M 0 -d 0 -p 1). The dataset of Unigenes (full-
length transcripts) was used for the downstream analysis. The
completeness of the assembly was assessed using BUSCO version
3.0.1 (Simão et al., 2015) with default parameters.

Functional Annotation
To annotate the full-length transcriptome, the Unigenes sequences
were searched in six public databases, including the NCBI non-
redundant protein (NR) (http://www.ncbi.nlm.nih.gov), the Swiss-
Prot protein (http://www.expasy.ch/sprot), the Kyoto Encyclopedia
of Genes and Genomes (KEGG) (http://www.genome.jp/kegg), the
Clusters of Orthologous Groups (COG)/EuKaryotic Orthologous
Groups (KOG) (http://www.ncbi.nlm.nih.gov/COG) and the
evolutionary genealogy of genes: Non-supervised Orthologous
Groups database (http://eggnog.embl.de/version_3.0/) and Gene
Ontology (GO) (http://geneontology.org/) using the Diamond
program version 0.9.7 (Buchfink et al., 2015) (parameters: –more-
sensitive -k 10 -e 1e-5). We set an E-value threshold of 1e-5 to
match the protein sequences with the highest similarity in
the databases.

Prediction of Protein-Coding sequences
and Long Non-Coding RNA
The protein-coding sequence (CDSs) of the full-length
transcriptome was predicted by BLAST (parameters:
-max_target_seqs 1 -evalue 1e-10) search against the NR, KOG
and the SwissProt protein databases one by one. If transcripts
could be mapped to any one of these three databases, then they
April 2022 | Volume 9 | Article 831148

http://www.ncbi.nlm.nih.gov
http://www.expasy.ch/sprot
http://www.genome.jp/kegg
http://www.ncbi.nlm.nih.gov/COG
http://eggnog.embl.de/version_3.0/
http://geneontology.org/
https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Li et al. Full-Length Transcriptome of Tanichthys albonubes
will be translated to protein sequences according to standard
genetic codes. For those transcripts that failed to match any
sequences in the three databases, we used the ESTscan program
version 3.0.3 to predict their protein-coding regions (Iseli et al.,
1999) with default parameters. To predict long non-coding RNA
(lncRNA), CNCI version 2.0 (parameters: -m ve) was used to
identify lncRNA and CPC2 version 0.92r2 with default
parameters was used to access the protein-coding potential of
transcripts. Transcripts with protein-coding potential will then
be excluded. PLEK version 1.2 and Pfam version v2015-06-02
(parameters: -e_seq 0.001) were also performed to facilitate
exclusion of protein-coding transcripts. Transcripts that were
not predicted as CDSs and had length > 200bp were used in the
lncRNA analysis. Transcription factors (TFs) and TF families
were annotated by comparing transcripts against the Animal
Transcription Factor Database version 2.0 (Zhang et al., 2015).
To facilitate the use of the full-length transcriptome, we also
annotated microsatellites (Simple Sequence Repeats, SSRs) in the
transcriptome using the MIcroSAtellite server (http://pgrc.ipk-
gatersleben.de/misa/) (MISA, version 1.0) with default
parameters. Primer3 version 2.4.0 (parameters: -default_
version=2 -io_version=4) was used to design primer pairs for
subsequent SSRs validation (Rozen and Skaletsky, 2000).
RESULTS

PacBio Sequencing Data and Full-Length
Transcriptome Assembly
We obtained a total of 32,184,170 reads (68,982,207,492 nt in
total) from the PacBio Sequel platform, read length ranging from
51 nt to 238,624 nt with mean length of 2,143 nt (Supplementary
Figure 1A). Raw sequencing data have been submitted to the
NCBI under the project number PRJNA786952. All subreads
were then transferred and 789,451 CCS reads were generated
(Table 1). Of these CCS reads, 547,718 were filtered as FLNC
reads and finally 41,577 CCS reads were obtained as high-quality
FLNC reads. After clustering, 34,012 high-quality FLNC reads
(87.93 Mb of nucleotides) were retained and considered as
Unigenes, which had a size ranging from 70 nt to 11,138 nt
with a mean length of 2,585 nt (Supplementary Figure 1B).
BUSCO analysis showed that the completeness of the White
Cloud Mountain minnow full-length transcriptome was 75.60%,
i.e., of the 4,584 conserved eukaryotic genes searched, 3,462 were
found as “complete” in the transcriptome (Supplementary
Figure 2). Our full-length transcriptome had a higher
proportion of “missing” orthologs (22.40%) than those
reported in other ful l- length transcr iptomes from
Cypriniformes fishes (e.g., 10.02% in Ictiobus cyprinellus, Ge
et al., 2021a; 11.25% inMyxocyprinus asiaticus, Ge et al., 2021b).

Functional Annotations
The full-length transcriptome of the White Cloud Mountain
minnow was annotated in six databases. 33,238 full length
transcripts (97.72%) were successfully annotated (Table 1 and
Supplementary Table 1). Of these annotated transcripts, 31,690
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(93.17%), 20,539 (60.39%), 25,443 (74.81%), 32,283(94.92%) and
29,273(86.07%) transcripts were found in the Swissprot, KEGG,
KOG, eggNOG and GO databases, respectively (Supplementary
Table 1). In the NR database annotation, the top ten species of the
annotated results were Sinocyclocheilus rhinocerous (6,776,
20.49%), Sinocyclocheilus anshuiensis (6,181, 18.69%), Carassius
auratus (4,929, 14.91%), Cyprinus carpio (4,806, 14.5%), Danio
rerio (3,930, 11.89%), Sinocyclocheilus grahami (3,670, 11.1%),
Ctenopharyngodon idella (556, 1.68%), Tanichthys albonubes (193,
0.58%), Pygocentrus nattereri (184, 0.56%) and Megalobrama
amblycephala (167, 0.51%) (Supplementary Figure 3A).

In the KOG database annotations, transcripts annotated (25,443)
were classified into 25 categories, of which “General function
prediction only” showed the highest proportion and “Cell
motility” had the lowest percentage (Supplementary Figure 3B).
Function annotations in the eggNOG database revealed that the
majority of transcripts were functionally unknown and three
categories had no annotation results (Supplementary Figure 3C).

GO function annotations showed that 25,396, 28,100 and
25,033 transcripts were divided into Biological Process, Cellular
Component and Molecular Function, respectively. Among the
Biological Process category, cellular process accounts for the
highest annotations (Figure 1A). Annotation results from
the KEGG database could be divided into five main classes,
including 34 secondary classes (Figure 1B). Most of the
transcripts assigned were involved in signal transduction.

Prediction of Protein-Coding sequences
(CDSs) and Long Non-Coding RNA
33,724 transcripts were predicted as CDSs, of which 33,244
transcripts were predicted by BLAST-based method and 480
transcripts were predicted by ESTscan program (Supplementary
Figure 4). Analysis of lnRNA based on four software showed 317
TABLE 1 | Assembly statistics for Tanichthys albonubes transcriptome.

PacBio Iso-seq

Number of reads 32,184,170
Number of total bases (nt) 68,982,207,492
Number of CCS reads 789,451
Number of FLNC reads 547,718
Number of high-quality FLNC reads 41,577
Number of Unigenes 34,012
Total bases of Unigenes 87,931,358
Mean length of Unigenes (nt) 2,585
Minimum length of Unigenes (nt) 70
Maximum length of Unigenes (nt) 11,138
BUSCO
% complete 75.60
% fragmented 2.00
% missing 22.40
Transcriptome annotation
% of transcripts annotated 97.72
% of transcripts with Nr annotations 97.72
% of transcripts with Swissprot annotations 93.17
% of transcripts with KEGG annotations 60.39
% of transcripts with KOG annotations 74.81
% of transcripts with eggNOG annotations 94.92
% of transcripts with GO annotations 86.07
April 2022 | Volume 9
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transcripts were lnRNA (Supplementary Figure 5A), with a length
range from 203 nt to 5524 nt (mean: 899 nt) (Supplementary
Figure 5B) and GC content frequency distribution around 40
(Supplementary Figure 5C). A total of 4,878 TFs and 66 TFs
families were obtained in the annotation (Supplementary
Figure 6). The top species annotated to was Danio rerio (1,853,
37.99%) (Supplementary Figure 6A) and the first three TFs
families were zf-C2H2 (844), Homeobox (401), bHLH (361)
(Supplementary Figure 6B). The results of TFs may be useful in
researches analyzing gene regulations. Analyses of SSRs revealed
that there were six SSRs types in the full-length transcriptome of the
White Cloud Mountain minnow (Supplementary Figure 7). The
most frequent type was the one unite size and the number of SSRs
contained more than two unite size was 16,968. This kind of
information will guide marker selection in future population
genetic studies of the White Cloud Mountain minnow.

Reuse Potential
We reported the first full-length transcriptome for the White
Cloud Mountain minnow (Tanichthys albonubes) using PacBio
Frontiers in Marine Science | www.frontiersin.org 4
long-read single molecule real-time (SMRT) sequencing. Our
data of assembly and annotation results could benefit future
studies regarding comparative transcriptome and whole-genome
sequencing of the White Cloud Mountain minnow and its
relatives. In addition, this study provides transcriptomic
resources of species in the family Tanichthyidae for the first
time. Therefore, phylogeny inferences involving this important
fish taxon will greatly benefit from the full-length transcriptome
we reported. Further studies of gene expression of this species
such as analyzing the events of alternative splicing (AS) isoforms
could also be achieved by reusing our data.
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FIGURE 1 | Functional classification of Tanichthys albonubes transcriptome. (A) Two level of GO functional annotations of full-length transcripts. (B) KEGG
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Supplementary Table 1 | Annotation results of the White Cloud Mountain
minnow full-length transcriptome based on six databases.

Supplementary Figure 1 | (A) Length distribution of raw reads from PacBio
Sequel platform. (B) Length distribution of high-quality FLNC reads.

Supplementary Figure 2 | BUSCO assessment results of the White Cloud
Mountain minnow full-length transcriptome.

Supplementary Figure 3 | Annotation of the White Cloud Mountain minnow full-
length transcriptome in three databases. (A) Top ten species distribution annotated
in NR database. (B) Statistics of KOG function classification. (C) Barplot of eggNOG
function classification.

Supplementary Figure 4 | Sequence length distribution of protein-coding
sequences. (A) Sequence length distribution of CDSs based on BLAST method.
(B) Sequence length distribution of CDSs based on ESTscan program.

Supplementary Figure 5 | Analysis of lnRNA. (A) Venn diagrams of non-coding
RNA predicted by four software. (B) Length distribution of lncRNA. (C) GC content
frequency distribution.

Supplementary Figure 6 | Analysis of Transcription factors (TFs) and TF families.
(A) Top ten species distribution of TFs annotated. (B) TFs families distribution.

Supplementary Figure 7 | SSR type statistics.
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