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Abstract

The green sea turtle (Chelonia mydas), a widely distributed species, plays a crucial role
in maintaining the marine ecosystem. However, studies on C. mydas require accurate
and comprehensive genome annotation information. Long-read direct transcriptome
data of C. mydas were obtained using direct RNA sequencing on the Oxford Nanopore
Technologies (ONT) platform from blood tissue of a single captive individual. A total
of 4061 novel transcripts were obtained by comparing long-read direct transcripts with
genome annotation of C. mydas. We also predicted 2402 CDSs on the novel transcripts.
Among them, 1208 (50.29%) had functional annotation information in the databases. In
addition, we predicted and analyzed AS events, fusion transcripts, methylation sites,
poly(A)s, and lncRNAs in the C. mydas long-read direct transcriptome. Overall, our study
provides the a long-read direct blood transcriptome for C. mydas to complement and
improve its genome annotation. This valuable resource will contribute to future research
on C. mydas. Additionally, the analyses of transcriptome structure mentioned above may
provide new insights and ideas for the study of C. mydas.

Keywords: Chelonia mydas; full-length transcriptome; ONT sequencing; novel transcript;
functional annotation

Key Contribution: Considering that the green sea turtle plays a crucial role in maintaining
the marine ecosystem, the present study generated a long-read direct blood transcriptome
dataset that complements existing genomic resources for C. mydas.

1. Introduction
The green sea turtle Chelonia mydas is a species of the genus Chelonia Brongniart, which

belongs to the family Cheloniidae under the order Testudines. In general, C. mydas is
distributed in subtropical, temperate, and tropical seas from 40◦ N to 40◦ S latitude [1].
It has a wide distribution with complex migration routes and numerous habitats [2,3].
C. mydas suffers hypothermia, stunning in seawater below 10 ◦C [4]. In addition to affecting
seagrass ecosystems by grazing and contributing to biotic seed dispersal [5,6], C. mydas
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also has positive effects on the resilience of coral reef ecosystems [7]. Therefore, as a widely
distributed herbivore, Chelonia mydas is crucial to marine ecology.

C. mydas faces many threats such as climate change, marine debris, and fisheries by-
catch [8–10]. This species has been included in “The IUCN Red List of Threatened Species”
since 2004 [11]. Understanding the genetic diversity of C. mydas is critical to developing
conservation strategies [12]. Meanwhile, C. mydas has a complex life history, mainly charac-
terized by migration to different habitats at various life stages [13]. However, a complete
understanding of the turtle’s life history during the marine stage still presents several
knowledge gaps [14]. The longest documented lifespan of C. mydas is 75 years [15–18].
Some anecdotal evidence suggests that certain individuals may live over 100 years [15].
However, the longevity model and related mechanisms of C. mydas have not been fully
elucidated. Moreover, as an ancient species, C. mydas also has great potential for studying
the history and process of biological evolution [19].

High-quality and blood transcriptome data can support research on the above ques-
tions related to C. mydas. Wang et al. (2013) first assembled the genome of C. mydas using
next-generation sequencing (NGS) technology, and the results suggested that turtles have
existed for over 200 million years [20]. The finding is consistent with fossil evidence on
turtles [21]. Unfortunately, the draft genomes contain inaccuracies in gene count [22]. This
makes it difficult to accurately interpret the genetic information. RNA-seq has been used to
improve the genomes of several organisms [23–25]. It has also been used in studies related
to FP tumor infection in C. mydas [26,27]. However, these studies used only short transcripts
obtained through NGS technology. Although short-read sequencing offers advantages
over long-read sequencing in terms of accuracy and point mutation identification [28,29],
it still has limitations in reconstructing and quantifying transcript isoforms [30–32]. In
contrast, the long-read sequencing can improve the detection of transcript isoforms [33,34].
This is because long-read sequencing can sequence long-read direct transcripts and accu-
rately identify splice sites, poly(A) sites, and transcription start sites [35]. So far, long-read
direct transcripts obtained through long-read sequencing have successfully improved
genome annotation in several species, such as Rhincodon typus, Cydia pomonella L., and
Danio rerio [36–38]. Even in organisms without reference genomes, long-read direct blood
transcriptomes can serve as substitute reference databases [39]. Therefore, long-read di-
rect transcripts can be used to improve the C. mydas genome annotation. The Oxford
Nanopore Technologies (ONT) platform, one of the two representative long-read sequenc-
ing technologies [40–42], was used in this study to generate long-read direct transcripts of
C. mydas. The maximum read length can exceed 2 Mb [43]. Direct RNA sequencing using
this platform eliminates amplification bias and accurately identifies transcript boundaries
and structures [44,45]. It can also detect poly(A) lengths and methylation (m5C and m6A)
sites [45,46]. The former is related to mRNA translation efficiency and stability, while the
latter participates in multiple biological processes, including RNA metabolism [47–49].

In this study, the ONT platform was used to generate a long-read direct blood tran-
scriptome of C. mydas from one individual. Blood was selected as the sampling tissue
primarily based on the following key considerations: Firstly, blood samples can be easily
obtained through non-lethal methods that cause minimal harm to individual animals, meet-
ing ethical requirements. Blood has been widely utilized in transcriptomic studies of wild
animals. Secondly, as a core component of the circulatory system, blood provides a com-
prehensive reflection of an organism’s overall physiological state and systemic metabolic
changes, thereby demonstrating high representativeness. However, blood transcriptome
profiles cannot fully represent the transcriptomic landscape of other tissues or the entire
species. Due to read length characteristics (raw read N50 ~600 bp), the term long-read
direct transcript refers to consensus sequences containing identifiable 5′ and 3′ ends with
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poly(A) tails, not necessarily complete coverage of entire coding regions. The ONT plat-
form was used to generate an efficient long-read direct blood transcriptome of C. mydas
from a single individual, and these results yielded a rich and complete dataset, laying
the foundation for discovering novel transcripts and CDSs. This can greatly improve the
genome annotation of the C. mydas. Additionally, analyses of transcriptome structure can
further supplement genome annotation information. The primary purpose of this study
is to provide more comprehensive blood transcriptome annotation information for future
research on C. mydas. In addition, transcriptome structure information may provide novel
insights into the biological study of C. mydas.

2. Materials and Methods
2.1. Sample Collection and RNA Extraction

Blood was collected from a C. mydas at Haichang Ocean Park, Yantai, China. Af-
ter rapid freezing with liquid nitrogen, the blood samples were stored in an ultra-low
temperature freezer for subsequent RNA extraction. The TRNzol Universal Total RNA
Extraction Kit (DP424; Tiangen Biotech Co., Ltd., Beijing, China) was used to extract total
RNA from blood, strictly following the manufacturer’s instructions. Total RNA was treated
with DNase I to remove residual genomic DNA. RNA concentration and integrity were
assessed using a NanoDrop (Thermo Fisher Scientific, Wilmington, DE, USA), Agilent 2100
(Agilent Technologies, Inc., Santa Clara, CA, USA), Agilent RNA 6000 Nano Kit (Agilent
Technologies, Inc., Santa Clara, CA, USA), and 1% agarose gel electrophoresis. The RNA
Integrity Number (RIN) of the sample was 7.8. After meeting the sequencing requirements
for integrity and concentration, the RNA was used for subsequent studies.

2.2. Library Preparation and Oxford Nanopore PromethION Sequencing

RNA purification Kit (DP412; Tiagen Biotech Co., Ltd., Beijing, China) was used to
purify approximately 1.0 µg of poly(A)-tailed mRNA. Subsequently, sequencing adapters
and motor proteins were sequentially added to the purified product for library preparation.
The constructed library was loaded onto the ONT sequencing platform using a flow
cell. PromethION sequencer and PromethION Flow Cells (version 9.4) were then used
for sequencing.

2.3. Sequencing Data Processing

The raw reads obtained from the ONT platform were in “fast5” format. The data
format was converted from “fast5” to “fastq” through base calling using GUPPY soft-
ware (version 3.2.6; http://guppy-pe.sourceforge.net/, accessed on 10 May 2025) with
rna_r9.4.1.1_70bps_hac. The “fastq” file contains sequence information and the corre-
sponding quality values. NanoFilt software (version 2.6.0; https://github.com/wdecoster/
nanofilt, accessed on 10 May 2025), with parameters -q 7 -l 50, was used to filter short
fragments and low-quality reads (length < 50 bp, Qscore < 7) from the raw “fastq” data
and to remove the adaptors, producing clean reads for later analysis. Furthermore, Con-
sensus sequences of the direct RNA error-corrected data were obtained using Flair soft-
ware (version: 1.4.0; https://bioconductor.org/packages/oldstats/bioc/flair/, accessed on
10 May 2025). Meanwhile, GMAP was used to assemble these highly similar clean reads
into consensus sequences [50]. Using GMAP [50], the consensus sequences were obtained
and compared with genome annotation of C. mydas [20]. Based on the comparison results,
the stringTie program (version 2.1.2; http://ccb.jhu.edu/software/stringtie/index.shtml,
accessed on 10 May 2025) was used to remove redundancy with the following parameters:
--conservative -L -R, resulting in non-redundant long-read direct transcripts of C. mydas. In
this study, long-read direct transcripts denote consensus sequences with identifiable 5′ and
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3′ ends and poly(A) tails; they do not guarantee complete coverage of full coding sequences.
Minimap2 software (version 2.17-r941; https://github.com/lh3/minimap2, accessed on
10 May 2025) was used to compare the raw reads in “fast5” format to the C. mydas reference
genome (version 2; https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_015237465.2/,
accessed on 10 May 2025) with the obtained long-read direct transcripts using the follow-
ing parameters: -ax splice–uf-k14 [51]. The number of mapped reads was tallied, and the
mapping rate was calculated. To mitigate the impact of ONT sequencing errors on the
detection of structural variations (AS events, fusions, methylation sites), we required that
all identified structural features be supported by at least 3 high-quality aligned reads.

2.4. Prediction of Novel Transcripts

Due to software or data limitations, reference genome annotations may contain certain
errors. Therefore, optimizing the structure of originally annotated transcripts is necessary to
improve the accuracy of C. mydas genome annotations. Gffcompare software (version 0.11.2;
http://ccb.jhu.edu/software/stringtie/gffcompare.shtml, accessed on 10 May 2025) was
used to compare the known genome transcripts with the long-read direct transcripts, using
the following parameters: -R-C-K-M. Novel transcripts were explicitly defined as sequences
with gffcompare class codes O, J, I, X, or U that were absent from the reference annotation.
J (novel isoforms of known genes) and U (intergenic novel transcripts) were treated sepa-
rately in downstream analyses owing to differences in reliability and interpretation. When
mapped reads supported regions beyond known gene boundaries, UTRs were expanded
upstream and downstream to adjust transcript boundaries. In general, novel transcripts fall
into five categories: other regions overlapping with reference exons on the same strand (O);
one multi-exon matching at least (J); exonic overlaps on the opposite strand (X); transcripts
fully contained within introns of reference genes (I); and unknown novel transcripts (U).
Additionally, the distribution of known and novel transcripts on the chromosomes was
analyzed and plotted.

2.5. CDS Prediction and Annotation

TransDecoder (version: 5.5.0; http://transdecoder.sourceforge.net/, accessed on
10 May 2025) was used to predict CDSs in the novel transcripts. The parameters used
were: -m 50, -single_best_only. Functional annotation of CDSs refers to assigning metabolic
pathways and functions based on existing databases. To obtain comprehensive annotation
information, function annotations using Nr, COG, GO, Uniprot, and KEGG databases
were performed using DIAMOND software (version: 2.6.0; [52]). The parameter used
was “e-value 1e−5”. Domain annotation using the Pfam database was performed using
HMMER (hmmscan, version 3.1; http://hmmer.org/). The parameter used was “e-value
0.01.” The number of annotated CDSs identified from the above databases was visualized
using an UpSet Plot in TBtools software (version 1.087; [53]).

2.6. Structure Analyses of Long-Read Transcriptome
2.6.1. Analysis of Alternative Splicing (AS) Events and Fusion Transcripts

Alternative splicing (AS) refers to post-transcriptional mRNA processing. Precursor
mRNAs transcribed from a single gene can undergo diverse splicing patterns, through
which distinct exons are selectively retained or excluded to generate multiple mature mRNA
isoforms. These varied transcripts are further translated into different protein variants,
thereby driving the diversification of biological functions. In this study, putative alternative
splicing events were predicted from the long-read direct RNA transcriptome of C. mydas
using SUPPA2 (https://github.com/comprna/SUPPA, accessed on 10 May 2025; [54]) with
parameters -f ioe-e SE SS MX RI FL. Fusion transcripts are chimeric RNAs formed by the
end-to-end ligation of coding regions derived from at least two independent genes and
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potentially regulated by shared regulatory elements. Here, only transcripts supported
by a minimum of 10 high-quality aligned reads were retained for downstream fusion
identification to reduce technical bias and improve analytical reproducibility. Fusion
transcripts were detected using Tofu software (v13.0.0; [55]) under default parameters.
The stringent screening criteria were defined as follows: (a) a transcript must uniquely
map to a minimum of two distinct gene loci in the C. mydas genome annotation; (b) each
anchored gene locus covers no less than 10% of the full transcript length; (c) the overall
mapped coverage against the C. mydas reference genome exceeds 99%; (d) the genomic
distance between two matched gene loci is no less than 100 kb [37]. Notably, all identified
AS events and fusion transcripts in the present study are defined as candidate molecular
features. Further biological replicates and experimental validation are required to confirm
their authenticity and functional relevance, and no FDR-based multiple testing correction
was applied in this analysis.

2.6.2. Association Analysis of Poly(A) Length and Transcript Expression

The poly(A) tail is located downstream of the mRNA 3′ untranslated region and con-
tributes to mRNA stabilization. It also facilitates the transport of mRNA into the cytoplasm.
The efficiency of mRNA translation is regulated by poly(A) tail length. Analyzing poly(A)
tail length helps investigate the dynamic regulation process of mRNA degradation and
translation. Therefore, it is important to assess poly(A) tail length. Poly(A) tail length was
calculated using Nanopolish software (version 0.12.5; https://github.com/jts/nanopolish,
accessed on 10 May 2025). The parameter used was “poly(A)”. Additionally, the median
poly(A) tail length of each transcript type was correlated with its expression levels to
analyze the relationship.

2.6.3. LncRNA Analysis

LncRNAs are RNA molecules longer than 200 nucleotides that do not encode proteins.
In this study, CPC2 (version 0.1; [56]), CNCI (version 2.0; http://www.iccnci.org/; [57]),
and the Pfam-A (version 33.1; [58]) database were used to screen for lncRNAs. All afore-
mentioned software were run with default parameters. CPC2 evaluated transcript coding
potential using the CVM model, trained on four intrinsic features: ORF length, ORF in-
tegrity, isoelectric point, Fichett TESTCODE score [56]. By analyzing the spectrum of ANT,
CNCI can effectively distinguish encoding and non-encoding sequences independent of
known annotations [57]. The Pfam-A database contains high-quality structural domains of
most known proteins.

2.7. Analysis of RNA Methylation

Direct RNA sequencing can detect base modifications while reading RNA base se-
quences. In this study, Tombo software (version 1.5; https://github.com/nanoporetech/
tombo, accessed on 10 May 2025) was used to identify m5C methylation sites using “alter-
native_model” mode. The “de novo” mode of Tombo was used to identify m6A methy-
lation sites. The “MINES” process (https://github.com/YeoLab/MINES, accessed on
10 May 2025) was added upstream for methylation site calculation. The m6A and m5C
methylation sites were mapped onto the reference C. mydas genome. The corresponding
site information was then used to plot the methylation site distribution on the reference
genome. Enzymes related to RNA methylation recognize and bind to specific motifs to
carry out methylation, thereby affecting gene expression. Five-base motifs were obtained
by expanding two bases upstream and downstream from the m5C/m6A methylation
sites. Motif sequence characteristics were obtained by using MEME software (version 5.5.3;
http://meme-suite.org/index.html, accessed on 10 May 2025).
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3. Results
3.1. C. mydas Long-Read Blood Transcriptome Sequencing

Nanopore PromethION platform was used to perform the direct RNA sequencing
of C. mydas. The platform totally generated 8,541,562 raw reads, corresponding with
4,209,632,522 bp. The mean length, the N50, and the maximum length of all raw reads
was respectively 492.8 bp, 612 bp, and 262,309 bp. 7,200,345 clean reads with the size
of 3,952,961,215 bp were obtained by the platform after filtering. The mean length, the
N50, and the maximum length of all clean reads was respectively 549 bp, 617 bp and
10,873 bp. By clustering the clean reads, 25,598 consensus sequences were obtained. The
mean length, the N50 and the maximum length was respectively 1052 bp, 1941 bp and
10,856 bp. The redundancy of consensus sequences was removed after comparing with
C. mydas reference genome.

3.2. Comparison with Reference Genome of C. mydas

After comparison with the reference genome, a total of 5,706,030 reads were mapped,
with a mapping rate of 79.25%. Additionally, 4061 novel transcripts were identified by
comparison with known transcripts in the reference genome. Among them, the numbers of
“O”, “J”, “I”, “X”, and “U” types were 17, 734, 1364, 304, and 1642, respectively. Figure 1
shows the quantitative distribution of the five novel transcript types, while Figure 2 shows
the distribution of known and novel transcripts across the chromosomes. It is worth noting
that these distributions are derived from a single individual and cannot be generalized to
the broader C. mydas population.

Figure 1. Quantitative distribution of five types of novel transcripts identified in the blood of a single
C. mydas individual. Note: The horizontal coordinate indicates the type of novel transcript, and the
vertical coordinate indicates the number of each type of novel transcript.

3.3. CDS Information

A total of 2402 CDSs were predicted from the novel transcripts. The predicted N50
of CDSs was 835, and their length distribution was plotted. To improve the genome
annotation of C. mydas, CDSs needed to be annotated. The CDSs predicted from the novel
transcripts were annotated using the aforementioned databases. Of the 2402 CDSs, 1208 had
annotation information in at least one database. The quantitative CDS distribution in the Nr
database reflected the sequence similarity between C. mydas and other species. The results
showed that 1163 CDSs were annotated in the Nr database. Among them, 69.82% of the
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annotated CDSs closely resembled C. mydas sequences, while 10.99% matched Dermochelys
coriacea (Figure 3A). The relatively low match rate to the existing C. mydas genome likely
reflects incomplete reference genome annotation rather than species divergence, supporting
the value of long-read data for improving gene models. The top three most frequently
annotated in the Pfam database were “DDE-TNP-4”, “KH-2”, and “RRM-1” (Figure 3B). GO
classification provides a comprehensive description of gene and gene product properties
within an organism. The results indicated that 790 CDSs had annotation information in
the GO database. “Translation”, “Integral Component of Membrane”, and “Metal Ion
Binding” were dominant in “cell composition”, “molecular function”, and “biological
process”, respectively (Figure 3C). CDSs annotated in the COG database were classified
into orthologous groups. The results showed that the CDSs were divided into 26 groups,
with the three largest being “J”, “O”, and “R”. They represented “Translation, Ribosomal
Structure, and Biogenesis,” “Posttranslational Modification, Protein Turnover, Chaperones”,
and “General Function Prediction Only”, respectively (Figure 3D). Annotation in KEGG
database allows analysis of gene product metabolic pathways. The results showed that
“Signal transduction”, “Translation”, “Global and Overview map”, “Immune System”,
and “Cell growth and death” were respectively dominant in “Environment Information
Processing”, “Genetic Information Processing”, “Metabolism”, “Organismal Systems”, and
“Cellular Processes” (Figure 3E). Figure 4 presents the Upset Plot showing CDSs annotated
across six databases, with105 CDSs annotated in all databases.

Figure 2. Chromosomal distribution of total, known, and novel transcripts in C. mydas. Note:
The outermost ring shows the ID and length of chromosome. The other three rings represent the
distribution of all transcripts, known transcripts, and novel transcripts on the chromosomes from
outside to inside, respectively. Meanwhile, each of these three rings is divided into two parts, with
the outer representing the distribution of positive chains and the inner representing the distribution
of negative chains.
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Figure 3. The annotation information of CDSs in Nr, Pfam, GO, COG, and KEGG database. Note:
(A) The annotation information of CDSs in Nr. (B) The annotation information of CDSs in Pfam.
(C) The annotation information of CDSs in GO. (D) The annotation information of CDSs in COG.
(E) The annotation information of CDSs in KEGG.

3.4. Long-Read Direct Blood Transcriptome Structure Analysis
3.4.1. AS Events and Fusion Transcripts

A total of 2294 AS events were identified. The AS event types included: (I) Alternative
3′ splice site (A3), (II) Alternative 5′ splice site (A5), (III) Alternative First exon (AF), (IV)
alternative last exon (AL), (V) Mutually exclusive exon (MX), (VII) Retained intron (RI),
and (VII) Skipping exon (SE). The quantitative distribution of each AS event type is shown
in Figure 5. Among all AS event types, alternative first exon (AF) was the most common
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(26.6%), while mutually exclusive exon was the least common (1.0%). Additionally, analysis
of the fusion transcripts revealed a total of 376 fusion transcripts.

 

Figure 4. The UpSet plot of annotated genes in each database. Note: The bar chart on the left counts
the number of CDS annotated in each database. The database of CDS annotation is represented by
the points in the lower part, and different occupation and connection of points are categorized. The
number of each category is counted by the bar chart in the upper part.

 

Figure 5. The types and the percentage of AS events in the long-read direct blood transcriptome of
C. mydas.

3.4.2. Poly(A)s

Statistical analysis showed that the mean, Q25, and Q50 lengths of poly(A)s were 67.33,
43.79, and 58.32 bp, respectively. The length distribution of poly(A)s is shown in Figure 6A.
In addition, we analyzed the correlation between the median poly(A)s length of each
transcript type and transcript expression levels. The results showed a negative correlation
between poly(A) length and transcript expression (Figure 6B). It is wort noting that a
negative trend between median poly(A) length and transcript expression was observed,
but this result is based on a single individual and lacks statistical replication support; the
correlation and p-value are for descriptive illustration only.
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Figure 6. The analysis diagram of poly(A) length. Note: (A) The violin plot shows the distribution
of the length of poly(A). (B) The chart shows the correlation between the length of poly(A) and
the expression level of long-read direct transcripts. The horizontal coordinate represents the length
of poly(A), and the vertical coordinate represents the expression of long-read direct transcripts.
Trend line is for descriptive illustration only; no statistical significance is claimed due to the lack of
biological replicates.

3.4.3. LncRNAs

Three different methods were used to screen for lncRNAs, identifying 3289, 3283, and
3153 lncRNAs, respectively. In total, 3507 lncRNAs were predicted, with 2982 lncRNAs
commonly predicted by all three methods. The Venn diagram is shown in Figure 7. The
identified lncRNAs exhibited canonical structural characteristics, with a markedly shorter
median transcript length and fewer exons compared with mRNAs.

 

Figure 7. The Venn diagram of predicted lncRNAs by the Pfam database, CPC2 software and CNCI
software. Note: The intersection of the three circles represents the number of lncRNAs predicted
by the three tools together. The part where the two circles meet together represents the number
of lncRNAs predicted by both tools. The part that has no meeting place represents the number of
lncRNAs predicted by each tool alone.

3.5. RNA Methylation

m6A and m5C methylation sites were mapped to the reference genome. Correspond-
ing site information was extracted to plot the distribution of methylation sites on the
genome. Figure 8 shows the distribution of m5C (Figure 8A) and m6A (Figure 8B) methyla-
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tion sites on the reference genome. Additionally, motifs of m5C and m6A methylation sites
were identified. The results indicated that m5C motifs were irregular, whereas m6A motifs
followed the pattern R (A or G) GACH (A, T, or C). The motif characteristics of m6A sites
are shown in Figure 9.

 

Figure 8. The distribution of methylation sites. Note: (A) The distribution of m5C methylation sites.
The colors from blue to red represent methylation number from low to high. (B) The distribution of
m6A methylation sites. The colors from blue to red represent methylation number from low to high.

 

Figure 9. The motif of the m6A methylation sites. Note: The height represents the relative fundamen-
tal frequency of each site.
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4. Discussion
The primary premise of studying gene function is to detect sequences efficiently and

accurately. Although current short-read sequencing is relatively mature, its disadvantages
are also quite apparent. Due to the short read length, short-read sequencing has diffi-
culty identifying transcript isoforms and structural variants [59]. These issues affect the
integrity and accuracy of the genomic annotation function information. As third-generation
sequencing technology advances, it helps mitigate the shortcomings of NGS technology,
enabling the acquisition of more complete long-read direct transcripts during the sequenc-
ing process [60]. In this study, the ONT sequencing platform was used to sequence the
long-read direct transcriptome of C. mydas. Data analysis after sequencing showed that the
longest length of the consensus sequences reached 10,856 bp, far beyond the read length
range of NGS [61]. We identified 4061 novel transcripts by comparing them to C. mydas
genome. Meanwhile, 2402 potential coding sequences were identified in the above novel
transcripts. Among them, 1208 had annotation information in existing databases. This
can complement and improve the genome annotation of C. mydas. However, we do not
deny that errors associated with ONT technology and limited tissue sample collection may
lead to an inflated number of predicted ORFs. Therefore, functional validation is required
before designating these predicted genes as novel genes.

Pre-mRNA undergoes alternative splicing, leading to the generation of multiple tran-
script isoforms and enhancing transcriptome complexity. Therefore, a single gene can
generate multiple proteins with distinct functionalities, giving rise to a wide array of
proteins and traits [62,63]. Meanwhile, AS events have been reported to be involved in
various biological processes, including immune activation, apoptosis, and germ cell pro-
duction [64–66]. However, due to the limited read length generated, short-read sequencing
struggles to fully reconstruct full-length transcripts and identify transcription isoforms,
thereby impacting the comprehensive identification of AS events [30,31]. While long-read
sequencing improves transcript isoform detection [34], the 2294 AS events identified in this
study enriched the reference annotation, and this number of AS events is similar to that in
other vertebrate transcriptomes. However, since they come from a single specimen, these
events may not represent the complete AS repertoire of the species. AS events are involved
in the responses and tolerance of organisms to changes in the external environment [67–69],
making them useful in understanding the physiological changes in C. mydas under various
threats. In addition, the differences in AS events were hypothesized to be an important
factor affecting longevity [70]. Therefore, we speculate that the detected AS events in
the present may provide insights for uncovering the longevity mechanisms of C. mydas.
However, further functional experiments will still need to be conducted in the future to
verify our hypothesis.

Fusion transcripts are produced by fusion DNA or trans-splicing events [71,72]. The
formation of fusion transcripts may serve as a mechanism for augmenting the functional
genome and enhancing genomic information content [73,74]. In this study, only 376 fusion
transcripts were found. The quantity is substantially lower compared to that of humans,
mice, and Drosophila [75]. This may be due to the limited accuracy of third-generation
sequencing technology [29]. As an important mechanism of generating novel genes, gene
fusion plays a critical role in the genetic and phenotypic evolution of organisms [76]. There-
fore, the fusion transcripts produced by fusion genes may provide valuable insights for
future research on the evolution of C. mydas. Meanwhile, the fusion transcripts generated by
trans-splicing events expand the functional information database of the genome annotation
of C. mydas.

The poly(A) tail is important for mRNA transport, stability, and translation [77]. Mul-
tiple polyadenylation sites can be present in one gene, thus producing different transcript
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isoforms [78]. Long-read sequencing can identify poly(A) sites and the corresponding tran-
script isoforms [35]. Meanwhile, direct RNA sequencing eliminates amplification-induced
bias and generates long reads, enabling the accurate measurement of long poly(A) [79].
The length of the poly(A) tail changes throughout the mRNA lifetime [79]; therefore, the
median length of poly(A)s of each type of transcript was calculated for the correlation
analysis. In this study, the median length of poly(A)s for each transcript type exhibited a
negative correlation with transcript expression levels, aligning with the previously reported
conclusion that short poly(A)s is generally a characteristic of highly expressed genes [80].
Therefore, the length distribution of poly(A)s may reflect the expression levels of various
genes in C. mydas to a certain extent. The mean length of poly(A)s obtained was 67.33 bp.
Previous studies have shown that organisms select different polyadenylation sites on genes
under abiotic stress to produce different transcript isoforms [81]. These results provide a
baseline description of poly(A) tail lengths in blood transcripts, which could be further
explored in future studies investigating responses to environmental stress. However, what
we do not deny is that the negative trend observed here should be treated as preliminary
and descriptive only, statistical significance and biological validation require additional
biological replicates.

LncRNAs refer to RNAs longer than 200 nucleotides that do not encode proteins [82].
LncRNAs play an important role in various essential biological processes, including tran-
scriptional regulation, epigenetic regulation, cellular transport, organ or tissue develop-
ment, and metabolic processes [83–85]. Three methods were used to predict lncRNAs,
and the results were encouraging. On the one hand, the number of lncRNAs predicted by
the three methods, both individually and jointly, exceeded 3000. On the other hand, the
number of lncRNAs predicted by each method accounted for more than 90% of the total
predicted quantity. This indicates that the predicted lncRNAs have high credibility. These
predicted lncRNAs can complement and improve the genomic information of C. mydas.
Meanwhile, although lncRNAs are generally moderately conserved [86,87], some lncRNAs
are strongly conserved [88,89]. This may be valuable for studying the evolutionary history
of C. mydas.

RNA methylation involves the specific addition of methyl groups to RNA methylade-
nine, facilitated by the catalytic activity of methyltransferase. RNA methylation is crucial to
various biological processes, including RNA metabolism [48,49]. In this study, we plotted
the distribution of m5C and m6A methylation sites on the genome annotation of C. mydas,
enriching the genomic information to a certain extent. In recent years, FP benign tumor
has become a focus of biological research on C. mydas. Although the pathogenesis of FP
tumors is not fully understood, a herpes virus is considered the likely etiological agent [90].
Previous research suggested that RNA m6A methylation participates in viral infection reg-
ulation [91]. However, some studies indicated that both m6A and m5C RNA methylations
are implicated in numerous cancers [92]. Based on these findings, we propose that future
studies should investigate the potential involvement of RNA methylation in the regula-
tory mechanisms underlying FP tumors in C. mydas. This hypothesis, though currently
speculative, offers a promising avenue for further research. Meanwhile, we identified a
highly conserved m6A motif (RGACH), which has also been reported in vertebrate (such as
zebrafish), and the RGACH was speculated to be involved in regulating key physiological
processes such as heart development and the cell cycle progression of hematopoietic stem
and progenitor cells [93,94]. Given the current limitations of per-read modification detec-
tion from ONT data and the absence of biological replicates, the methylation calls reported
here should be viewed as candidate sites requiring further validation. Meanwhile, while
we did not examine infected or tumor tissues, the catalog of candidate RNA methylation
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sites established here may serve as a starting point for future work exploring the role of
m6A and m5C in viral infection and tumor biology in C. mydas.

However, several limitations of this study should be acknowledged. First, the study
uses a single biological sample without replicates, which restricts statistical inference and
population-level generalization. Second, only blood tissue was analyzed, which cannot
represent transcriptomic profiles of other organs. Third, all structural features would
benefit from additional experimental validation.

5. Conclusions
In this study, we generated a long-read direct transcriptome resource for C. mydas

using ONT. The data reveal some novel transcripts and structural features that complement
the current genome annotation. However, because these findings are based on a single
sample, they should be considered exploratory. Studies with biological replications and
experimental validation are needed to confirm the biological relevance of these results.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fishes11050269/s1, the supplementary materials file contains the
analysis process of the long-read direct transcriptome data, including expression, enrich, methylation,
poly(A), and structure analyses.
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