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A new chromosome-level genome assembly
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bellii, a model for extreme physiological
adaptations
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Abstract

The western painted turtle, Chrysemys picta bellii, has the greatest tolerance to anoxia of any tetrapod studied to
date. These turtles reside in the northern United States and southern Canada, and survive months of anoxia while
submerged in ice-locked ponds and bogs. Reference genomes provide an important resource for elucidating the
molecular bases for such unique physiological traits. The initial reference genome for this species, published in
2013, is highly fragmented, thereby limiting downstream analyses and biological interpretation. We created a new
and improved assembly by combining PacBio HiFi, 10x Genomics Chromium, Hi-C sequence data and Bionano
optical mapping derived from a single individual to generate a new haplotype-resolved chromosome-level
reference assembly for C. picta bellii: "SLU_Cpb5.0". The genome size of the primary assembly is 2.372 Gb with a
scaffold N50 of 133.6 Mb, a 6.5-fold improvement over the previous assembly. Annotation of SLU_Cpb5.0 revealed
12,242 novel genes compared to previous assemblies. PacBio Iso-Seq RNA sequencing using twelve tissues
identified more than 100,000 novel transcript isoforms and 3,910 novel genes not previously annotated. This new
genome assembly and annotation will support future comparative genomics studies, and the distinct patterns of
tissue-specific isoform expression create a robust foundation for future characterization of the functions of these
genes. Furthermore, to better understand the genetic basis of C. picta bellii's extreme physiological adaptations and
other aspects of its biology, we utilize existing RNA-seq data to identify dozens of novel, differentially expressed
genes in the heart and brain of anoxic painted turtles.
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Background

Turtles are universally recognized because of their
unique body plan, which results from the development
of the shoulder girdle beneath fused ribs that form the
dorsal carapace, formation of a ventral bony plastron, and
replacement of teeth by a keratinous beak [1-4]. Addi-
tionally, they possess less conspicuous, but important
specializations that make them fascinating and important
research subjects, including long lifespans, temperature-
dependent sex determination, and the ability to tolerate
environmental extremes, especially low oxygen [5-7] and
cold temperatures [8—11]. Notably, the western painted
turtle (Chrysemys picta bellii, family Emydidae, Supple-
mentary Figure S1A) has the greatest tolerance for anoxia
(undetectable oxygen levels) of any tetrapod studied to
date; as adults, they can survive anoxia for at least 30 h at
20 °C [12], and for more than 170 days at 3 °C [5, 7].

Chrysemys (painted) turtles are polytypic, with a very
broad North American distribution (Supplementary Fig-
ure S1B). Until recently Chrysemys turtles were described
as having diversified into four subspecies, but analysis
of mitochondrial DNA supports division of Chrysemys
into two clades, with Southern painted turtles sufficiently
diverged to be considered a distinct species (C. dorsalis),
and with C. picta consisting of three subspecies, East-
ern (Chrysemys picta picta), Midland (C. picta margin-
ata), and Western (C. picta bellii) [13, 14]. The C. picta
bellii range exceeds those of the other Chrysemys taxa
combined; currently it extends from northern Texas
northward into southern Manitoba, and westward into
Oregon, Washington, and southern British Columbia,
with relict populations in New Mexico [15, 16]. Chry-
semys picta bellii’s unique tolerance of anoxia, a critical
adaptation to survive long winters, likely facilitated the
species’ range expansion.

The extreme hypoxia tolerance of painted turtles was
first documented decades ago [5, 17]. Work since then
has shown that survival relies on the avoidance of cellular
ATP depletion during the anoxic bout [18-20], and pre-
venting damage from reactive oxygen species (ROS) dur-
ing reoxygenation (i.e., reperfusion injury; [21, 22]), the
two principal causes of cellular injury in anoxia-sensitive
animals, including humans [23, 24]. The first is achieved
through a temperature-independent metabolic suppres-
sion of more than 90% [25], enabling ATP requirements
to be met entirely through glycolysis, which is supported
by the species’ unusually large tissue glycogen stores [26,
27], and its highly carbonated skeletal mass, which pre-
vents lethal decreases in body fluid pH caused by extreme
lactic acidosis [6, 7]. The second is achieved primarily
through the avoidance of mitochondrial ROS production
[21, 22]. Many of the underlying mechanisms remain a
mystery, and an improved western painted turtle genomic
resource should facilitate their further characterization,
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potentially leading to the identification of new targets for
therapeutic intervention in the treatment of ischemia-
related conditions in humans associated with stroke, car-
diac arrest, and organ transplantation. RNA-seq studies
have examined anoxia tolerance [28], as well as sex deter-
mination [29] and endocrine-disrupting chemicals [30],
but their interpretation depends on the quality of the
genome to which they are aligned.

The genome of the western painted turtle was the
first turtle assembly to be published [31], and despite
attempts to improve it [32, 33], this original assembly
remains highly fragmented. The data were generated
using a combination of 454 technology, and Illumina
short reads, compromising its utility for trait mapping
and gene discovery. Further limitations of this original
assembly include the geographic and individual origins
of material used in the sequencing. Two turtles from
the state of Washington, at the northwestern margin of
the species’ geographic range, were used, with one indi-
vidual used for generating the genome sequencing data,
and a second for assembling a Bacterial Artificial Chro-
mosome (BAC) library. Subsequent Bionano optical
maps were derived from a third turtle of uncertain ori-
gins [33]. These turtles may possess single nucleotide
polymorphism (SNP) or structural differences with each
other, and with turtles from the center of the range. To
address these deficiencies, we generated a completely
new reference genome for this species using tissue from
an individual C. picta bellii turtle collected from McLeod
County, MN near the center of the species’ range (Sup-
plementary Figure S1B). Datasets were generated using
10XGenomics, PacBio HiFi, and Hi-C sequencing, as well
as Bionano optical mapping; all four datasets were used
to generate new genome assemblies (Primary/merged,
haplotypel, haplotype2). To annotate our assembly(ies),
we generated PacBio Iso-Seq transcriptomes from twelve
tissues, to identify as much transcript diversity as prac-
tical [34]. Additionally, we utilized previously generated
Nlumina short-read RNA-seq datasets from brain and
heart of normoxic and anoxic adult and hatchling turtles
acclimated to different temperatures [28, 35]. Collec-
tively, these transcriptomes allow a more complete anno-
tation of our new C. picta bellii reference genome than
those currently available for other turtle genomes. The
chromosomal level assembly and annotations for C. picta
bellii generated in this study will facilitate future studies
on the unique physiology and evolutionary biology of the
western painted turtle, as well as their phylogeny.

Methods

Sample collection and DNA extraction

All genomic DNA used in this study was obtained from
the same male western painted turtle, Chrysemys picta
bellii (notch ID R12L10; Biosample SAMN13293682 (See
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Supplementary Table S1 for NCBI accession numbers),
which was purchased from Niles Biologicals (Sacra-
mento, CA), who procured it from McLeod County, MN
in 2017. RNA was obtained from different turtles: Two
adults, and one hatchling turtle. All procedures involving
turtles were performed in the Warren lab at Saint Louis
University using protocols approved by the Saint Louis
University IACUC. Turtles were euthanized by pheno-
barbital injection into the subcarapacial sinus. Fresh
whole blood for 10x Genomics sequencing was collected
from turtle R12L10 by cardiac puncture; other tissues
were harvested, rinsed in PBS, and snap frozen in alu-
minum freeze-clamps cooled in liquid nitrogen, before
being transferred to dry ice and stored at —80 °C. Frozen
adult liver tissue was used for PacBio HiFi sequencing
and for Bionano optical mapping. Frozen adult skeletal
muscle was used for Hi-C sequencing.

10 X Genomics sequencing

DNA extraction, library preparation, and sequencing
were performed at the McDonnell Genome Institute,
Washington University School of Medicine, St. Louis,
MO. DNA was extracted from fresh, whole blood col-
lected from heart, using Qiagen MagAttract, then used
to prepare a library with 10x Chromium Genome v2,
and sequenced to 74X coverage on the 10x Genomics
Chromium platform. This technology partitions high
molecular weight genomic DNA fragments into drop-
lets, where they are amplified with unique sequence
identifiers (barcodes), to mark closely linked sequences
prior to Illumina “short read” sequencing [36]. Approxi-
mately 150 Gb of sequence was obtained on a NovaSeq
S4 300XP (Sequence Read Archive #SRX7705481; see
Supplementary Table S1 for dataset accession numbers).
The sequence was assembled using the de novo assem-
bly program Supernova v2.1.1, and this genome assembly
was submitted to NCBI, accession #GCA_011386835.1.
Unassembled, barcoded 10 x Genomics reads were used
in subsequent assemblies.

PacBio HiFi sequencing of genomic DNA

Pacific Biosystems (PacBio) HiFi genomic sequenc-
ing was performed by the DNA Sequencing Center at
Brigham Young University, Provo, UT. Briefly, High
molecular weight (HMW) DNA was isolated and cleaned
from turtle liver using a Qiagen Genomic-tip kit and col-
umns. Once isolated, the DNA was sheared on a Mega-
ruptor (Diagenode/Hologic), AMPure cleaned, and made
into a SMRTbell adapted library following PacBio manu-
facturer’s protocol. Library size selection was performed
on a Blue Pippin (Sage Science, Beverly MA), collect-
ing DNA fragments 10 kb and larger. The size-selected
library was prepared to run on a Sequel II using SMRT-
Link recommendations. Three SMRTcells were used
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(Supplementary Table S2, Supplementary Figure S2), and
their datasets were merged. The raw sequencing data has
been submitted to NCBI SRA database (NCBI BioProject
PRJNA589899; Sequence Read Archive #SRX22568648;
Supplementary Table S1).

Hi-C sequencing

A Hi-C library was generated using DNA isolated from
adult male liver tissue by Arima Genomics, Inc., Carls-
bad, CA, using the Arima High Coverage Hi-C kit, part
#A410110, following manufacturer’s protocols. DNA
was crosslinked using the standard input protocol, and
digested with a cocktail of four restriction enzymes. The
Hi-C library was prepared using the Swift Biosciences
Accel-NGS 2S Plus DNA Library kit, and sequenced
on an Illumina NovaSeq (Sequence Read Archive
#SRX22568649; Supplementary Table S1).

Bionano optical mapping

Ultra-high molecular weight DNA was extracted from
liver tissue, and fluorescently labeled using DLE-1. Label-
ing and imaging were performed by McDonnell Genome
Institute at Washington University in St. Louis accord-
ing to manufacturer's protocol (Bionano Genomics, San
Diego CA). DNA molecules greater than 150 kb with a
minimum of 9 labels were collected for Bionano label-
ing and loaded on the Saphyr chip for imaging. These
data were assembled using Bionano Solve v.3.7 software
(Bionano Genomics) with nonhaplotype_noES_DLEI1_
saphyr.xml parameters and placed to the assembled
genome for validation.

Genome assembly

To achieve optimal assembly results, we tested differ-
ent tools at each stage of the genome assembly process
(Supplementary Figure S3). We evaluated the assemblies
using various metrics, including N50, total length, total
sequence number, and BUSCO scores, to determine the
most effective assembly method [37]. Initial de novo
assemblies of the turtle genome were generated by dif-
ferent tools that provide haplotype-resolved assemblies,
including Hifiasm (version: 0.16.1-r375) [38], NextDe-
novo (version: 2.5.0) [39], and Wtdbg2 (version: 2.5)
[40]. Hifiasm, which used both PacBio HiFi data and
Hi-C data, yielded three assemblies (primary, haplo-
typel & 2) that had the best metrics in most categories;
thus, this assembly was selected for further scaffolding.
A first-round scaffolding of the three assemblies was
performed using 10 x Genomics data with tigmint (ver-
sion: 1.2.6) [41, 42] and ARCS (version: 1.2.4) [41, 42]. A
second round of scaffolding for each assembly was com-
pleted using Hi-C data by 3D-DNA (version: 180922)
[43]. This process involved using Hi-C data to order and
orient scaffolds and to fill gaps between the scaffolds.
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Manual curation was performed using Bionano data
with Bionano's official toolkit (Solve & Access [44]) to
further refine the assembly. The final Chrysemys picta
bellii assembly, SLU_Cpb5.0, was deposited to NCBI Bio-
Project PRJNA589899, and was adopted by NCBI as the
reference assembly for western painted turtle (Genome
assembly ASM1138683v2 and RefSeq assembly accession
GCF_011386835.1; Supplementary Table S1).

Estimated genome size and degree of heterozygos-
ity of western painted turtle RI0L12 was inferred using
HiFi reads and 10x Genomics Illumina reads. K-mer
frequency files of the two types of sequencing data were
obtained by Jellyfish (version: v2.3.0) [45] based on a
k-mer size of 21 (k=21). These files were used as input
for GenomeScope 2.0 (version: v1.0.0) [46] to estimate
the genome size and heterozygosity level.

Comparisons of genome assembly and BAC clones

Only the BACs published in [32] were assigned NCBI
Accession numbers, and therefore could be evaluated.
These were queried on the NCBI BLAST site in Janu-
ary, 2024. These BAC sequences were used as queries
for BLASTN searches against whole-genome shotgun
contigs (wgs) of Chrysemys picta bellii (taxid:8478) on
NCBI, optimized for highly similar sequences, typi-
cally with the following algorithm parameters: Max
target sequences=10; Expect threshold=0.001; Word
size =256, Match/Mismatch scores=4,-5; Gap costs=E
xistence:12,Extension:8; Filters: Low complexity regions;
Species-specific repeats for Chrysemys picta bellii; Mask
for lookup table only.

Assembly and comparative analysis of mitochondrial
genome

We used MitoHiFi (version: v3.2.2) [47] to assemble the
mitochondrial genome, with the primary assembly out-
put from Hifiasm as input, the C. picta bellii mitochon-
drial genome NC_023890.1 in FASTA and GenBank
formats as a template, and including the —mitos param-
eter in order to use MITOS2 (version: v2.0.2) [48] for
annotation.

Genome annotation

The Chrysemys picta bellii genome assembly
(GCF_011386835.1) was annotated using the NCBI
Eukaryotic Genome Annotation Pipeline (EGAP, version:
10.2) [49]. In brief, repetitive sequences were masked
using WindowMasker [50]. Gene prediction incor-
porated multiple sources of evidence. RNA-Seq data
were obtained from the NCBI Sequence Read Archive
(SRA) under BioProjects PRJNA589899, PRJNA323738,
PRJNA371383, PRJNA438493, PRJNA526071,
PRJNA594037, PRJNA919086, PRJNA931617,
PRJNA1025287 and PRJNA1025288, comprising 8.6
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billion reads from 48 samples representing diverse tissues
(gonad, liver, ventricle, adrenal-kidney-gonad complex)
and developmental stages (embryonic stages 9-22, hatch-
ling, juvenile, and adult). RNA-Seq reads were aligned to
the genome using STAR mapping to genome with default
parameters [51]. Long-read sequences (SAMN13293682)
were aligned to genome using minimap2 [52] with
default parameters. Transcript evidence from 11 same-
species RefSeq sequences was aligned using Splign [53].
Protein evidence was derived from RefSeq and GenBank
sequences of related reptile species (Malaclemys terrapin
pileata, Emys orbicularis), Xenopus, other Sauropsida
taxa, and Homo sapiens, aligned using ProSplign [49].
Gene models, including alternative splicing isoforms,
were predicted using the Gnomon algorithm, which
integrates aligned evidence with ab initio predictions
[49]. The unmasked RefSeq genome sequence file was
utilized to identify small non-coding RNAs (sncRNAs).
Transfer RNAs (tRNAs) were predicted using tRNAscan-
SE (version: v2.0.12), while ribosomal RNAs (rRNAs),
small nucleolar RNAs (snoRNAs), and small nuclear
RNAs (snRNAs) were annotated through the alignment
of eukaryotic RFAM Hidden Markov Models (HMMs)
against the genome using Infernal's cmsearch tool (ver-
sion: 1.1.5) [54-56]. The genome annotation files are
available on the NCBI FTP server (see Annotation data-
set, Supplementary Table S1). Annotation of transpos-
able elements and repetitive sequences was conducted
using the primary assembly by EarlGrey (version: v5.0.0)
with default parameters [57]. The annotation report is
available at: https://www.ncbi.nlm.nih.gov/refseq/annota
tion_euk/Chrysemys_picta_bellii/GCF_011386835.1-RS_
2024_05/.

PacBio Iso-Seq RNA sequencing and characterization of
tissue-specific transcript isoforms

To obtain more complete genome annotations and to
identify tissue-specific transcript isoforms, we conducted
PacBio Iso-Seq RNA sequencing for 12 tissues: 9 from an
adult turtle and 3 from a hatchling turtle. The adult tis-
sues used were: Testis, liver, kidney, lung, skeletal mus-
cle, spinal cord, sciatic nerve, duodenum, and pooled
thalamus, tectum, cerebellum and remaining hindbrain
tissues, hereafter referred to as “hindbrain” Because of
existing adult forebrain RNA-seq datasets, this tissue was
excluded to maximize novel transcript discovery. Cara-
pace, kidney, and (entire) brain were harvested from a
hatchling turtle. Tissues were snap frozen in liquid N, and
stored at —80 °C prior to RNA extraction. RNA extrac-
tion from these tissues, preparation of Iso-Seq libraries
and sequencing using PacBio SMRT cell (Sequel II) were
performed by the DNA Sequencing Center at Brigham
Young University, Provo, UT. For PacBio Iso-Seq reads,
histograms of subread and HiFi read distributions are
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shown in Supplementary Figure S4, and summary statis-
tics are presented in Supplementary Table S3.

Our Iso-Seq subreads data were first converted into
4,915,864 circular consensus sequences (CCS) using
the ccs software (https://ccs.how/, version: 6.4.0) with
a minimum read quality of 0.9 (—min-rq 0.9) to obtain
more CCS reads. These CCS reads were then processed
to extract full-length (FL) reads using lima (https://li
ma.how/) with the Iso-Seq processing mode (-Iso-Seq
and —peek-guess). To remove chimeric reads, these FL
reads were then used to generate full-length non-chime-
ric (FLNC) reads with the “refine” function of Iso-Seq3
https://Iso-Seq.how/, version: 3.8.0). This procedure
yielded separate FLNC read files for each of the 12 tissues
(a total of 3,822,332 FLNC reads, Supplementary Table
S3).

Each tissue-specific FLNC read file was aligned to the
reference genome (SLU_Cpb5.0) using pbmm2 (v 1.9.0,
https://github.com/PacificBiosciences/pbmm?2) gener
ating 12 BAM files. Redundant transcript models were
collapsed into isoforms using the 'collapse' function in
TAMA (v b0.0.0) [58], producing a BED file that was then
converted to GTF format using the TAMA conversion
script (tama_convert_bed_gtf ensembl_no_cds.py).

To assess the quality of transcript isoforms inferred
using Iso-Seq, including completeness, splice junctions,
and transcript ends, short-read RNA-seq data (Supple-
mentary Table S4) were mapped to the reference genome
(SLU_Cpb5.0) using HISAT?2 [59], and used as input for
“sqanti3_qc.py” in SQANTI3 [60]. Following QC, tran-
scripts were filtered with SQANTI3's filtering module
using a stringent structural category-specific criteria to
minimize the impact of potential internal priming and
incomplete reverse transcription. The filtered transcript
isoforms, consisting primarily of incomplete splice match
isoforms (Supplementary Figure S5), can result from
degraded RNA; they varied from 5 to 18% of the reads
(Supplementary Table S3); indicating that the input RNA
was generally of good quality. Filtered transcript iso-
forms were then classified into three types by compari-
son to reference transcripts: 1) matched transcripts of
annotated genes, 2) novel transcripts of annotated genes,
and 3) novel transcripts of novel genes (Supplementary
Figure S5). Matched transcripts showed a perfect match
of splicing patterns to reference transcripts, with tran-
scription start sites (TSS) and transcription termina-
tion sites (TTS) within 50 bp from annotated positions
(GCF_011386835.1-RS_2024_05). Novel transcripts of
annotated genes displayed alternative splicing patterns
relative to the reference annotations, with all splice junc-
tions canonical or supported by at least 10 RNA-seq
reads, or TSS/TTS located >50 bp from annotated posi-
tions. Novel transcripts from novel genes were identified
if they contained at least two exons, and had all splice
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junctions canonical or supported by >10 RNA-seq reads.
Novel genes were classified as protein-coding if they con-
tained a predicted ORF=>300 bp; otherwise, they were
considered non-coding. SQANTI3 configuration file, tis-
sue-specific GTF annotation files, and translated amino
acid sequences are available on figShare (https://doi.or
g/10.6084/m9.figshare.29402339). Filtered annotation
from all tissues were merged using the “Merge” function
in TAMA [58] to generate single consensus annotation
file. During the annotation merge process, some merged
transcripts displayed different patterns of matching to
the reference annotation or different coding potentials
(classified as "coding" if harboring a predicted ORF>100
amino acids with a positive log-likelihood coding score,
or "'non_coding" otherwise). A transcript was classified as
a known if it exhibited a full splice match to any refer-
ence-annotated transcript in at least one tissue. Similarly,
a gene was designated as protein-coding if at least one of
its isoform transcripts met the criteria for “coding” The
merged annotation file is available on figshare (https://d
0i.org/10.6084/m9.figshare.29402339). Functional enrich
ment analysis was performed using clusterProfiler (ver-
sion: 4.6.0) [61] in R (version: 4.2.0) [62]. Due to the lack
of a species-specific Gene Ontology database for Chrys-
emys picta bellii, gene symbols were mapped to human
orthologs, and enrichment analysis was conducted using
org.Hs.eg.db (version: 3.22.0) [63] as the reference data-
base. The multiple testing enrichGO function was used
with Benjamini-Hochberg correction. The full set of
annotated genes in org.Hs.eg.db was used as the back-
ground gene set.

Evaluations of the impact of new genome assembly on
differential expression analysis using RNA-seq data

We retrieved raw sequencing reads of RNA-seq data
obtained in turtles under anoxia exposure previously
generated by our group [28, 35]. Briefly, western painted
turtles were maintained at 19 °C and subjected to 24 h of
anoxia by submergence in nitrogen-bubbled water. Tel-
encephalon and ventricle tissues were collected for RNA
extraction. Paired-end (2 x 100 bp) reads were generated
on an Illumina HiSeq 2000 platform from poly-A selected
RNA-Seq libraries, with four biological replicates per
tissue under both anoxic and normoxic conditions.
Detailed sample information can be found in Supplemen-
tary Table S4. Quality control and adapter trimming for
aw reads were preprocessed using fastp (version: 0.23.4)
[64] with default parameters. Clean reads were aligned to
the older assembly (CPI3.0.4, GCF_000241765.5) to and
SLU_Cpb5.0 version using HISAT2 (version: 2.2.1) [59]
with default parameters. Gene level read counts were
quantified using featureCounts (version: 2.0.2) [65] with
-p flag for paired-end reads. Differential expression anal-
ysis was performed using DESeq2 (version: 1.48.1) [66].
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Genes with an adjusted p-value <0.05 and absolute log2
fold change>1 were considered differentially expressed.
Volcano plots were generated using the EnhancedVol-
cano package [67]. Scripts used for RNA-seq analysis are
provided on figShare (https://doi.org/10.6084/m?9.figshar
€.29402339) as “turtle_genome_scripts.zip”

Evaluations of the impact of new genome assembly on
small RNA sequencing alignment

Small RNA sequencing data were obtained from
the NCBI Sequence Read Archive under BioProject
PRJNA375813. Raw reads were processed using fastp
(version: 0.23.4) with default parameters to remove
low-quality reads and adapter sequences. To evalu-
ate the improvement of the updated genome assembly,
clean reads were aligned to both the current reference
genome (GCF_011386835.1) and the previous assembly
(GCF_000241765.5) using HISAT2 (version: 2.2.1) with
default parameters [59]. The resulting SAM files were
converted to BAM format using SAMtools (version:
1.18) [68]. Alignment rates were compared between the
two genome versions and visualized alongside RNA-seq
data as violin plots were created using tidyverse [69] with
ggsci [70] color palettes.

Results

De novo assembly of SLU_Cpb5.0, a new Chrysemys picta
bellii genome

Initially we generated a new C. picta bellii genome
assembly from 10 x Genomics linked reads [36] — 572.7
million pairs of Illumina reads (2x150 bp), with a
total length of 171.8 Gb. This 10 x Genomics assembly
(ASM1138683v1; referred as SLU_Cpbl.0 Supplemen-
tary Table S1; Supplementary Figure S3) consisted of
132,827 scaffolds with a Scaffold N50 of 15.9 Mb. This
assembly had 99.4% sequence identity with the original
C. picta bellii reference genome assembly [31, 32] and
98.2% sequence identity with the T. scripta assembly [71],
but unexpectedly, more 10x Genomics scaffolds could
be aligned to the T scripta genome than to the C. picta
genome (L. Hillier, personal communication). Therefore,
we sought to construct an improved, chromosome-level
genome assembly for C. picta bellii. We generated addi-
tional PacBio HiFi long reads, Hi-C conformation cap-
ture sequence data, and Bionano optical genome maps
from the same individual turtle (Supplementary Figure
S3). We obtained a total of 3.48 million HiFi reads from
three PacBio SMRT cells (Supplementary Table S2, Sup-
plementary Figure S2). The average HiFi read lengths
range from 13,876 to 14,024 bp, with median read Phred
quality scores between 34 and 35 (Supplementary Table
S2). The total length of HiFi reads was 48.5 Gb, provid-
ing an average coverage of~20xbased on the previ-
ously assembled genome size of 2.4 Gb [31]. Our Hi-C
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sequencing produced 496.7 million pairs of Illumina
reads (2 x 150 bp) (Supplementary Table S1).

To achieve the best assembly quality, we tried different
de novo genome assembly tools that provide haplotype-
resolved assemblies, including Hifiasm [38], NextDenovo
[39], and Wtdbg2 [40]. We noted that some assemblies
with better contiguity statistics could possess incor-
rectly merged contigs [72]. We found that Hifiasm, with
integration of Hi-C reads for haplotype phasing, yielded
the best metrics in most categories for primary, haplo-
typel, and haplotype2 preliminary assemblies (assembly
version SLU_Cpb2.0, Contig N50 size: primary assem-
bly=28.07 Mb, haplotype 1=3.54 Mb, and haplotype
2=3.57 Mb; Supplementary Table S5, Supplementary
Figure S3). Thus, the assemblies that combined PacBio
HiFi + Hi-C datasets by Hifiasm were used for subsequent
scaffoldings.

The first round of scaffolding for the preliminary
assemblies was performed with the 10x Genomics
linked reads using Tigmint (version: 1.2.6) [41]. The scaf-
fold N50 size for the primary assembly was improved to
42.12 Mb, and 38.31 Mb and 43.67 Mb for haplotype 1
and 2, respectively (assembly version SLU_Cpb3.0, Sup-
plementary Table S5). Hi-C sequencing reads were used
for the second round of scaffolding by 3D-DNA [43],
which linked scaffolds into 25 pseudochromosomes
(assembled sequences that presumably correspond to
actual chromosomes; assembly version SLU_Cpb4.0,
Supplementary Figure S6). Hi-C scaffolding significantly
improved the contiguity of all assemblies, as scaffold
N50 sizes for the primary assembly, haplotype 1 and
haplotype 2 were increased to 133.42 Mb, 132.97 Mb,
and 132.08 Mb, respectively. All these N50 values are a
significant improvement to the 20.68 Mb of the previ-
ous assembly (NCBI RefSeq assembly GCF_000241765.5
“Chrysemys_picta_Bionano-3.0.4", abbreviated as
CPI3.0.4 hereafter) (Table 1). The primary assembly was
aligned with Bionano optical maps, and major discrepan-
cies were corrected manually (Supplementary Figures S3
and S7).

Our final primary assembly version “SLU_Cpb5.0’, has
a total size of 2.372 Gb, which closely matches the esti-
mated genome size of 2.314 Gb based on k-mer analy-
sis usinglOx Genomics Illumina reads (Supplementary
Figure S8A), but is larger than 2.102 Gb inferred using
PacBio HiFi reads (Supplementary Figure S8B). The dif-
ference in estimated genome size based on k-mer analysis
between 10 x Genomics Illumina reads and PacBio HiFi
long reads is likely because our 10 x Genomics data have
a much higher sequencing depth (72.5 x vs 20.5 x), and a
higher sequencing depth generally provides a more accu-
rate estimation of genome size in k-mer analyses [46].
We used our HiFi read data to assemble the mitochon-
drial genome of C. picta bellii with MitoHiFi [47], which
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Table 1 Comparison of summary statistics for previous and new
Chrysemys picta bellii primary and haplotype assemblies

CPI3.0.4 SLU_Cpb5.0 SLU_Cpb5.0 SLU_Cpb5.0
Primary Hap1 Hap2

Assem-  2,481,368,539 2,372,089908 2,336,887,892 2,329,101,047
bly size
(nts)
Total se- 76,388 9,850 5376 9,371
quence
#
Max.se- 163,127,350 360,060,246 360,398,192 362,207,599
quence
length
Scaffold 20,675,201 133,555,881 132,972,522 132,077,892
N50
length
#N50 25 6 6 6
Average 32,484 239,540 434,689 248,543
se-
quence
length
GC% 44.19% 44.88% 44.79% 44.76%
#Ns 309,640,510 541,420 576,246 427,110
Ns% 12.48% 0.02% 0.02% 0.02%

The table compares assembly statistics for the older CPI3.0.4 assembly [31, 32]
and the SLU_Cpb5.0 assembly. PacBio HiFi and Hi-C sequencing generate both
a primary assembly and haplotype-resolved assemblies. #N50 is the number
of scaffolds, starting with the largest, that are required to cover 50% of the
genome. #Ns refer to unknown bases in the assemblies

resulted in a circular sequence with a length of 16,931 bp.
Annotation of the mitochondrial genome using MITOS2
[48] predicted 13 protein-coding genes, 22tRNA genes
and 4 rRNA genes.

The primary and haplotype assemblies consist of 25
nuclear pseudochromosome sequences (placed scaf-
folds), corresponding to the species’ 25 chromosomes. As
chromosomes are conventionally numbered according
to size, the pseudochromosomes from our assembly are
numbered from largest to smallest accordingly (Fig. 1A).
The total number of unplaced scaffold sequences has sig-
nificantly improved, with SLU_Cpb5.0 having only 9,850,
compared to 76,388 in the previous assembly CPI3.0.4.
In addition, the average scaffold sequence length was
increased by 7.4x, the percentage of Ns was reduced from
12.48% to 0.02%, which partially explains the smaller
estimated size of the current assembly (2.372 Gb vs.
2.481 Gb) (Table 1).

To assess the structural and sequence-level consis-
tency between the two haplotypes, we conducted col-
linearity analysis between the haplotype 1 and haplotype
2 assemblies. As shown in Fig. 1B, the two haplotypes
align well with one another and are consistent in terms
of large-scale genomic structure, with 99.85% and 99.44%
reciprocal genome coverage and 99.48% sequence iden-
tity. The mean heterozygosity rate between the two hap-
lotypes is 0.48%, which is consistent with 0.548% based
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on 10xGenomics Illumina reads using k-mer analysis
by GenomeScope 2.0 [46], but is lower than 0.712% esti-
mated using PacBio HiFi raw reads (See Material and
Methods, Supplementary Table S6, and Supplementary
Figure S8). The discrepancy in estimated heterozygosity
between the two types of sequencing data is likely attrib-
uted to their different sequencing depths, or to poorer
alignment of short reads at polymorphic sites. Never-
theless, all these numbers suggest high levels of genetic
diversity in Minnesota western painted turtles when
compared to individuals of different turtle species [75], as
well as to the C. picta bellii individual from Washington
state [76].

The new assembly SLU_Cpb5.0 is a significant
improvement over the previous assembly CP13.0.4 for the
C. picta bellii genome

The completeness of the primary and haplotype assem-
blies was evaluated with the BUSCO v5 using the sau-
ropsida_odb10 dataset [37]. As shown in Fig. 2A, the
primary assembly achieved a BUSCO completeness score
of 99.1%, indicating near-complete recovery of single-
copy orthologs.

The mapping rate of RNA-seq reads can be used as a
useful metric to evaluate the quality of a genome assem-
bly, particularly in terms of completeness. To determine
the extent to which our new assembly improves RNA-seq
mapping rate, we downloaded 59 RNA-seq datasets of C.
picta bellii from the NCBI SRA database (Supplemen-
tary Table S4). These RNA-seq datasets were mapped
to both SLU_Cpb5.0 and the CPI3.0.4 assemblies using
HISAT2 [59]. Our results show that the RNA-seq map-
ping rate using the SLU_Cpb5.0 assembly is significantly
higher than that for the 3.0.4 assembly (median 91.32%
vs. 80.25%, Fig. 2B), demonstrating that our assembly
captures more coding regions in the genome and has a
lower number of assembly errors and misassembled
regions. Interestingly, the improvement in mapping rates
for microRNA sequencing (miRNA-seq) was modest
compared with those for regular RNA-seq data (Fig. 2B),
suggesting that the smaller miRNA genes are less sensi-
tive to fragmented genome assemblies than are the lon-
ger mRNAs.

Aligning assembled sequences to those of a closely
related species also reveals insights into the accuracy,
completeness, and structural integrity of the assembly.
We aligned our assembly to the reference genome of a
closely related deirochelid species Trachemys scripta
(NCBI RefSeq assembly GCF_013100865.1 “CAS_
Tse_1.0”), which also contains 25 chromosomes [71]. As
shown in Fig. 2C, the lengths of 25 chromosomes are
highly similar between SLU_Cpb5.0 and T scripta “CAS_
Tse_1.0" with 95.74% of the SLU_Cpb5.0 assembly align-
ing to the T scripta genome. In contrast, the assembled



Chen et al. BMC Genomics

(2026) 27:375

Page 8 of 19

A.
N
\ A: Chromosome v
\ -
~ S B: GC content e 1
= - C: Gene =X m——
— D: LINE =
= - feaee E: DNA transposon
F:LTR
> G: SINE
e
6 / /////
o
© / i
Jii |
\ j
& |
\, '
> — | /
6 5
B.
Chr. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 1516171819202122232425

Hap. 1 (s agege IIITlllll
Hap.2 (D - --.lllllll

Fig. 1 Structure of primary assembly of the Chrysemys picta bellii genome SLU_Cpb5.0. A Circos plot of the 25 pseudochromosomes of the C. picta bellii
genome. Different genomic features are depicted in seven concentric circles. The outer circle, labeled A, depicts the 25 assembled pseudochromosomes,
which correspond to cytological chromosomes. Circles B-C: GC content and gene density, respectively. GC content increases toward telomeres and
perhaps near some centromeres, and is increased in the smaller microchromosomes. Circles D-G represent densities of repetitive elements: LINEs, DNA
transposons, LTRs and SINEs. Diagram of the assembled genome was generated using Circos [73], B Collinearity between the 25 chromosomal pairs of
haplotypes 1 and 2. Each line between the haplotypes represents a colinear block of 100 kb. The two haplotypes are largely colinear; subtle differences
may reflect heterozygous indels or could be assembly errors. The collinearity plot was created using NGenomeSyn [74]

chromosomes in the CPI3.0.4 assembly are significantly
shorter than the other two assemblies, reflecting the
many unmapped scaffolds in the CPI3.0.4 assembly. In
addition, higher degrees of collinearity are observed in
orthologous chromosomes between SLU_Cpb5.0 and
T. scripta, than between SLU_Cpb5.0 and the CPI3.0.4
assembly, particularly from chromosome 4 to chromo-
some 10 (Fig. 2C). These results demonstrate that the
CPI3.0.4 assembly is not only highly fragmented, but also
misassembled across many chromosomes.

Bacterial Artificial Chromosomes (BACs) can serve
as valuable tools to evaluate genome assembly qual-
ity, and many C. picta bellii BACs have been mapped

to chromosomes by fluorescence in situ hybridization
(FISH; [32, 33]). Therefore, we localized those BACs that
have been assigned NCBI accession numbers to our SLU_
Cpb5.0 assembly, to correlate the chromosomes that
have been labelled by FISH to the pseudochromosomes
that have been generated by our assembly. Cytogenetic
chromosome and sequence-based pseudochromosome
numbers are listed in Supplementary Table S7. Two
BACs, CHY3-12H12 and CHY3-34H12, appear to have
been mis-localized by FISH. [32, 33] list CHY3-12H12
as residing on chromosome 19 of C. picta bellii and
Trachemys scripta, and additionally, [77] lists this BAC
as residing on chromosome 20 of Saurotypus triporcatus,
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figure was generated using NGenomeSyn [74], with a 10 Kb cutoff for homologies

the Mexican musk turtle. However, its sequence (NCBI
accession AC239503.2) resides on pseudochromosome
3 in the SLU_Cpb5.0 assembly. Similarly, BAC CHY3-
34H12 (accession AC238643.2) was listed in [32] as
residing on C. picta bellii chromosome 1p, whereas its
sequence covers 195.9-196.1 M on pseudochromosome
3 in the SLU_Cpb5.0 assembly. BLAST searches of Whole
Genome Sequence datasets for Trachemys scripta, Sauro-
typus triporcatus, and Mauremys reevesi genomes con-
firmed that both AC239503.2 and AC238643.2 sequences
reside chromosome3/linkage group 3. We believe that
our placement of these BACs is correct for two reasons.
First, it is extremely unlikely that independent assemblies
of four different turtle genomes all misassembled this
sequence. Second, our C. picta bellii Bionano optical map
of this region shows no evidence of mis-assembly (data
not shown). These observations demonstrate the utility
of correlating whole genome sequences and FISH results,

and will improve the reliability of future turtle cytological
studies.

Annotation of the C. picta bellii SLU_Cpb5.0 genome
assembly

Annotation of the primary assembly was completed
by the NCBI eukaryotic genome annotation pipeline
(see Materials and Methods) [49]. The final annotation
yielded 35,699 genes, including 25,216 protein-coding
genes and 1,155 pseudogenes. For non-coding RNA, the
annotation identified 219 small nuclear RNA (snRNA)
genes, 283 small nucleolar RNAs (snoRNAs) genes, 1,269
ribosomal RNA (rRNA) genes, 468 transfer RNA (tRNA)
genes, and 6965 long non-coding RNA (IncRNA) genes.
The genome coverage analysis showed that 5.27% of the
assembly is covered by exons, while introns account for
43.51%. Among the protein-coding genes, 20,705 (82.1%)
were assigned to at least one Gene Ontology (GO) term,
suggesting potential function(s). At the transcript level, a
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total of 114,986 transcripts were annotated, with an aver-
age of 3.22 transcripts per gene. Among them, 85,016
are mRNA transcripts, spanning lengths from 156 to
114,607 bp.

Transposable elements and repetitive sequences were
inferred from the primary assembly using Earl Grey with
default parameters [57]. The four largest groups of repeti-
tive sequences are LINE, DNA transposon, LTR and
SINE, which account for 19.07%, 9.58%, 5.2%, 2.01% of
the turtle genome, respectively (Fig. 3A). The proportions
of SINE and LTR sequences we observed are similar to
those observed in several other turtle assemblies, includ-
ing the original assembly of western painted turtle [31],
Table S3 in [71], but we found a higher proportion of
LINE elements, and somewhat lower proportion of DNA
elements. We attribute this observation to improved
genome continuity.

When we compared the annotations between the two
assemblies, the new SLU_Cpb5.0 annotation includes
12,242 genes that are absent in the old CPI3.0.4 (Fig. 3B).
Conversely, 2,991 genes previously annotated in the old
CPI3.0.4 are now absent in the new SLU_Cpb5.0. These
differences likely result from an increase in stringency of
annotation parameters in the last decade, leading to the
exclusion of some previously annotated candidate genes
from our annotation. Among the newly predicted genes,
4,952, (40.5%) are annotated as long noncoding RNAs),
and 4,730 (38.6%) as protein-coding genes (Fig. 3C).
The third largest group of newly annotated genes are
rRNA genes (1,262). This is notable because eukaryotic
genomes typically contain numerous rRNA loci with high
sequence identities, which poses significant challenges
for assembly with short-read sequencing technologies.
By utilizing PacBio long reads, we were able to achieve a
substantial improvement in the assembly of these repeti-
tive rRNA loci.

Identification of tissue-specific transcript isoforms in
western painted turtle using PacBio Iso-Seq data

We generated PacBio Iso-Seq long-read transcript data-
sets using 12 tissues from adult and hatchling western
painted turtles (Supplementary Tables S3 and Figure
S4). These tissues were chosen either because they are
expected to express a large fraction of the genome (tes-
tis), are important for anoxia/cold tolerance (hatchling
shell, adult and hatchling kidney, adult liver, adult skeletal
muscle, adult hindbrain, and hatchling brain), or because
they are underrepresented in other painted turtle tran-
script datasets (adult lung, adult spinal cord, adult sciatic
nerve, adult hindbrain, and adult duodenum) and would,
therefore, expand the completeness of gene identification
in our assembly. Alternative splicing is prevalent in ver-
tebrates, and the expression of many transcript isoforms
is very often restricted to specific tissues [78]. These
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Iso-Seq datasets also allow us to improve the complete-
ness of genome annotation, to identify tissue-specific
transcript isoforms, as well as to identify transcript iso-
forms that may be turtle-specific.

The full-length transcriptome identified by Iso-Seq
data significantly improves the completeness of genome
annotation. The updated annotation, including novel
transcripts and genes identified from our Iso-Seq data, is
available in GTF format at project’s figshare repository (
https://doi.org/10.6084/m9.figshare.29402339). To gener
ate the Iso-Seq-based annotation, we merged transcript
isoforms identified across all tissues and compared them
to the NCBI reference annotation to distinguish anno-
tated from novel isoforms (see Methods and Materials,
Supplementary Figure S5). In total, a total of 164,663
consensus transcript isoforms were identified by our Iso-
Seq data (Supplementary Table S8). The vast majority of
these isoforms (94.7%) were assigned to NCBI-annotated
genes (Fig. 4A). However, only 17,029 (10.3%) showed a
splice junctions match to existing NCBI annotated tran-
scripts (full splice match, allowing <50 bp differences at
5 and/or 3’ends), while 138,949 (84.3%) exhibited alter-
native splicing patterns to annotated transcripts, and
were therefore classified as novel transcripts of known
genes. In addition, we identified 8,685 transcript isoforms
corresponding to 3,910 novel genes that are not present
in the NCBI reference annotation (Supplementary Table
S8). Of these novel gene isoforms, 8,056 (92.7%), which
were assigned to 3,612 genes, contain a predicted ORF
of at least 300 bp and were therefore classified as novel
protein-coding genes. The discovery of these novel tran-
scripts and genes expands the catalog of functional ele-
ments in the turtle genome and provides a valuable
resource for future studies of their novel functions.

The number of expressed genes and transcript iso-
forms that we observed differ significantly between the
12 tissues that we used, likely due to extensive variation
in read depth between them (Fig. 4B, Supplementary
Table S8). In our Iso-Seq datasets, hatchling carapace
has the largest number of expressed genes, followed by
testis, whereas hatchling kidney and adult sciatic nerve
have the least number of expressed genes and transcript
isoforms (Supplementary Table S6). The numbers of
expressed transcript isoforms per gene in our Iso-Seq
data vary from 1.42 per gene in sciatic nerve to 4.51 per
gene in hatchling brain (Fig. 4B). We also examined tis-
sue-specific expression patterns of transcript isoforms
(Fig. 4B). Only 258 transcript isoforms were common
across all 12 tissues (Fig. 4C, Supplementary Table S8).
By excluding the two tissues with extremely low sequenc-
ing depth, 1,949 transcript isoforms are expressed in
the remaining 10 tissues, which likely represent house-
keeping transcripts. Gene Ontology (GO) analysis sug-
gests prominent roles for these shared transcripts in
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cell adhesion (cadherin binding), catalytic activity (ATP
hydrolysis, GTPase), and translational regulation (Sup-
plementary Figure S9A). Interestingly, several similar GO
groups are enriched in tissue specific transcript isoforms
in hatchling brain, hatchling carapace, and testis (Supple-
mentary Figure S9B-D). These results suggest that genes
of these functional categories tend to express multiple
transcript isoforms, with some isoforms shared by all tis-
sues, while other isoforms are expressed only in specific
tissues. The shared- and tissue-specific isoforms that we
have observed may reveal distinct cellular functions that
are controlled by alternative splicing. These results reveal
a distinct transcriptional landscape across tissues in the
western painted turtle.

New hypoxia/anoxia-related transcripts

An important purpose for resequencing and reannotating
the genome of the western painted turtle was to enable
deeper insights into the transcriptomic basis for anoxia
tolerance in this unique species. As described below, we
have reanalyzed the RNA-seq dataset from our previ-
ous study of anoxic stress in telencephalon and ventricle
of western painted turtle that were submerged in anoxic
water for 24 h [28]. At the time of the original study, the
differential expression analysis of these RNA-seq data-
sets used assembly CPI3.0.1 and outdated informatic
tools, which enabled the identification of 19 differentially
expressed genes from adult telencephalon, all of which
increased and 27 differentially expressed genes in ven-
tricle, 23 of which were upregulated and 4 downregu-
lated [28]. Since that time, the C. picta bellii genome has
undergone considerable improvements. A reanalysis of
these original RNA-seq data using the CPI3.0.4 assembly
should yield more differentially expressed genes, and our
aim was to demonstrate how our new assembly, SLU_
Cpb5.0, would reveal additional differentially expressed
genes that are not observed with any previous assembly
version.

To this end, we reanalyzed these 16 RNA-seq datasets
(NCBI SRA: SRS385156-SRS385171) by using genome
assemblies CPI3.0.4 and SLU_Cpb5.0 as reference. Dif-
ferential expression analyses using DESeq2 [66] were
performed for mapped RNA-seq reads in both assem-
blies. Because there was a large difference in the number
of annotated gene features between the two assembles
(26,230 for CPI3.0.4 vs 34,544 for SLU_Cpb5.0), we
selected a raw p-value significance cut-off based on the
adjusted p-values for the DE analysis conducted with the
new assembly, and applied it to the p-values of the DE
analysis data derived from the CPI3.0.4 assembly. This
was the more conservative approach because it led to the
inclusion of many genes from the old assembly analysis
whose adjusted p-values were not significant. Supple-
mentary Tables S9 and S10 provide DESeq2 results for
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telencephalon and ventricle, using both the SLU_Cpb5.0
and CPI3.0.4 assemblies. These datasets were filtered to
retain only those genes with a Padj (FDR) of<0.05 with
the SLU_Cpb5.0 assembly; the filtered results are given
in Supplementary Tables S11 and S12, along with full
gene names and gene types of the retained genes. A sum-
mary of differentially expressed genes that were identi-
fied using the SLU_Cpi5.0 assembly, and a comparison
with the CPI3.0.4 assembly, are given in Supplementary
Table 13. The 100 most abundantly expressed genes in
telencephalon and ventricle that were identified using the
new assembly are listed in Supplemental Tables 14 and
15.

For adult telencephalon, 165 genes were found to be
significantly differentially expressed during anoxia with
SLU_Cpb5.0, 69 (42%) of which were not significant with

the analysis using the CPI3.0.4 (Supplementary Tables
S11, S13). The expression of slightly more than half of
these (33) was unquantifiable using the CPI3.0.4 assem-
bly. The novel genes were mostly protein coding (44;
60%), 15 of which had not been quantified previously.
The remaining were novel non-coding RNAs (24; 38%),
most of which (18) had never been quantified before.
Furthermore, a novel differentially expressed small non-
coding RNA, the U2 spliceosome RNA, was discovered
when these data were reanalyzed with SLU_Cpb5.0 (Fig.
5).

For adult ventricle, 270 genes were significantly dif-
ferentially expressed during anoxia with SLU_Cpb5.0,
110 (41%) of which were unalignable or not differentially
expressed usingCPI3.0.4 (Supplementary Tables S12,
S$13). More than 60% of these novel genes were found
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Fig.5 Impact on new genome assembly and annotation on differential gene expression analysis using RNA-seq data. A Volcano plot showing differential
gene expression analysis results from RNA-seq data in adult telencephalon using the CPI3.0.4 assembly. B Volcano plot showing differential gene expres-
sion analysis results from RNA-seq data in adult telencephalon using the SLU_Cpb5.0 assembly. C Venn diagram showing shared and assembly-specific
DE genes in adult telencephalon. D Volcano plot showing differential gene expression analysis results from RNA-seq data in adult ventricle using the
CPI3.0.4 assembly. E Volcano plot showing differential gene expression analysis results from RNA-seq data in adult ventricle using the SLU_Cpb5.0 as-
sembly. F Venn diagram of differentially expressed genes in ventricle that were identified using the different assemblies. Names of the top 10 differentially

expressed (DE) genes are provided in each plot of A-B, D-E

to be protein coding (66), and 28 of these had not been
previously quantified. The remaining novel genes were
mostly non-coding RNAs (42; 39%), most of which (38)
had not been previously quantified. The U2 spliceo-
some RNA detected in telencephalon was also differen-
tially expressed in ventricle. 60 DE genes are shared in
the filtered telencephalon and ventricle datasets. Taken

together, this analysis shows a significant improvement
in the sensitivity of SLU_Cpb5.0 for detecting changes
in differential gene expression in the tissues of anoxic
turtles.
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Discussion

We have generated a new C. picta bellii reference
genome, SLU_Cpb5.0, that possesses several improve-
ments over the previous reference, CPI3.0.4. First, our
new assembly combined four datasets, 10x Genomics
pseudo-longreads, PacBio HiFi, Hi-C, and Bionano opti-
cal reads, to produce a chromosome-level assembly with
far greater contiguity. A comparison of genome assem-
blies derived from short- and long-reads demonstrates
that the short-read assemblies miss up to 11% of the
genome [79]. Second, our new assembly was assembled
from datasets that were obtained from the same indi-
vidual, eliminating the possibility of errors introduced
by sequence variations between individuals. Third, by
anchoring BACs that have been used for FISH on our
new assembly, we reconcile previous inconsistencies
between painted turtle cytology and genome assemblies
from multiple turtle species. Fourth, our new assem-
bly was annotated using full-length or near full length
transcripts from 12 tissues, as well as published RNA-
seq datasets, providing extensive empirical evidence for
annotation. The result of these efforts is one of the best
assembled and annotated turtle genomes to date, and an
undeniable improvement over the previous C. picta bellii
reference assembly and annotation [80] compared a vari-
ety of genome assembly pipelines, and found no single
assembly approach that lacked errors in scaffold or con-
tig errors. Thus it is likely that some errors remain in our
assembly, and no single reference genome truly reflects
the variability inherent in natural populations [81].
Nonetheless, NCBI has designated our new assembly as
the “reference” for C. picta bellii based on its improved
contiguity and annotation.

Transcriptomics

A major feature of our painted turtle genome assem-
bly is its annotation with full-length or near full-length
transcript sequences obtained using PacBio Iso-Seq data
from 12 tissues. In rainbow trout, another non-model
species, long-read transcripts significantly improved
genome annotation [82], and our Iso-Seq datasets will
similarly advance the characterization of transcript diver-
sity in turtles. Long-read sequencing reveals extensive
variation in transcript start sites, splice junctions, and
polyadenylation, similar to findings from the ENCODE4
RNA-seq datasets in mouse and human tissues [83].
Because splicing can be coupled to transcription [84],
this process could be examined in painted turtle liver
as well, for which both PacBio HiFi genomic methyla-
tion and Iso-Seq data are available. Our data provide an
opportunity to assess the evolutionary conservation of
transcript variation. In the painted turtle, we have iden-
tified over 138,000 novel transcript isoforms of known
genes (Fig. 4A). The proteins that these isoforms encode
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may perform important yet-to-be discovered functions.
Long-read RNA-seq data from turtle will help capture
the full range of transcript structure diversity in verte-
brate genes. As an example, a novel isoform of the sex
determination gene DMRT1 appears to be unique to tur-
tles [85]. Additionally, turtle isoform diversity may reveal
genetic bases for painted turtles’ unique physiology.
Long-read isoform sequencing has uncovered tissue-spe-
cific isoform expression between active and hibernating
brown bears (Ursus arctos; [86]. Moreover, alternative
CDC20 isoforms regulate the duration of mitotic arrest
[87], suggesting potential parallel mechanisms in regulat-
ing mitotic arrest during turtle hibernation. Our Iso-Seq
datasets differ widely in the numbers of reads, and the
numbers of expressed genes. Although we expected that
testes would express the most genes [88], our observation
of slightly more expressed genes in hatchling carapace
was unexpected. Although this data is derived from only
one animal, it strongly suggests that this tissue is one of
the most transcriptionally active tissues in the turtle. The
carapace consists of multiple different tissues, including
blood, muscle, bone, connective tissue, and epidermis
(scutes); additionally, its transcriptional activity could be
related to the fact that the turtle shell is still mineraliz-
ing during the hatchling stage. Far fewer reads and genes
were observed for sciatic nerve and hatchling kidney
because the input total RNA from these tissues was much
less than for the other tissues, resulting in a much lower
Iso-Seq output (Supplementary Table S3). For hatchling
kidney, lower expression could reflect the turtles’ physiol-
ogy: Hatchling painted turtles have little need for urine
formation because they spend their first seven to eight
months of life in their nest cavity before emerging to
begin their semiaquatic lifestyle [89].

Anoxia tolerance

The Western painted turtle is the most anoxia-tolerant
vertebrate known, capable of surviving for more than
30 h at room temperature [12] and 170 days at 3 °C [5, 7].
Because stroke, myocardial ischemia, and cardiac arrest
produce tissue damage resulting from oxygen depriva-
tion, understanding why some vertebrate species, such
as turtles, are better than others at living without oxygen
is medically important [90]. A well-annotated, chromo-
some-level western painted turtle genome should facili-
tate comparative genomics approaches to identify genes,
genetic regulatory pathways, and physiological processes
that enable extreme anoxia tolerance. To demonstrate
the utility of this new genome (SLU_Cpb5.0) in eluci-
dating the mechanisms of anoxia tolerance, we reana-
lyzed the short-read data from the first RNA-seq study
of anoxia from our group [28], which involved Illumina
Hi-seq paired-end sequencing of mRNAs from the tel-
encephalon and cardiac ventricle of adult painted turtles
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subjected to 24 h of anoxia at 19 °C. We have demon-
strated that our further refinement of the painted turtle
genome greatly improved our ability to detect differen-
tially expressed transcripts in both tissues. Specifically,
this amounted to increases in the number of detectable
differentially expressed genes of 38% and 40% in telen-
cephalon and cardiac ventricle, respectively. Many of the
differentially expressed genes express multiple isoforms.
We have not examined individual isoforms for differen-
tial expression in anoxia, but the observation in our data-
sets of genes that encode U2 spliceosome RNA and the
splicing protein SFRS5, suggest the possibility of isoform-
specific responses to anoxia. Notably, the differentially
expressed genes that we have identified using the SLU_
Cpb5.0 assembly are enriched for transcription factors
and signalling proteins. These datasets are an important
resource to identify the genetic mechanisms that control
anoxia tolerance in painted turtles.

Because the purpose of the anoxia data reanalysis was
to demonstrate the utility of the revised assembly for
new discovery, a comprehensive analysis of the anoxia-
responsive genes that we have identified is beyond the
scope of this paper; however, several novel differentially
expressed genes are noteworthy:

In telencephalon, several novel DE genes in telen-
cephalon whose expression increases with anoxia could
be related to regulation of the neuroepithelium and the
blood-brain barrier (BBB). Snail, which encodes Snail
Family Transcriptional Repressor 1, a zinc-finger tran-
scription factor that suppresses E-cadherin [91] and per-
meabilizes the BBB [92].

Snail transcription is increased by Hifla [93], and we
observed increased Snail expression in anoxia both in
telencephalon and in ventricle.

Cfap210 expression increases in anoxia; it encodes
Cilia and Flagella-Associated Protein 210, a little-under-
stood filamentous microtubule inner protein [94]. In the
brain, neuroepithelial cilia circulate cerebrospinal fluid;
if CFAP210 functions to stabilize microtubules within
these cilia, it might preserve neuroepithelial function
during anoxia.

A potentially important adaptive response in telen-
cephalon is increased expression of the gene for Cold-
Inducible RNA-binding Protein (Cirbp, sometimes Cirp).
CIRBP regulates mRNA polyadenylation, stability and
translation through binding on 3’-untranslated regions of
target transcripts [95]. It is induced in cancer cells after
exposure to cold shock, UV radiation, hypoxia, and other
cellular stresses [96], and subsequently was found to be
upregulated during hypothermia in mammalian organo-
typic hippocampal slice cultures [97]. CIRBP may be
anti-apoptotic and potentially neuroprotective following
ischemia due to its upregulation during mild therapeu-
tic hypothermia [98—101]. Interestingly, CIRBP has been
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implicated in temperature-dependent sex determination
in snapping turtles, and its allele frequencies change with
latitude [102]. Therefore, we hypothesize that CIRBP may
play a neuroprotective role during and following anoxia
in turtles.

In ventricle, several newly discovered protein coding
genes may play important roles in preserving cardiac
function during and following anoxia:

Egiln3 (egl-9 family hypoxia inducible factor 3), also
known as prolyl hydroxylase domain-containing 3
(PHD3) is the Egln family member most abundantly
expressed in heart. Egln proteins require oxygen for
activity, and in normoxia, they negatively regulate HIF
pathway(s) by hydroxylating HIF-1a and HIF-2b, which
targets them for degradation [103, 104]. The increased
expression of Egln3 in anoxic turtle heart may compen-
sate for its reduced activity and leads to the novel hypoth-
esis that avoiding overactivation of HIF-dependent
pathways may be a protective mechanism in the heart.

Tiparp (TCDD-inducible poly (ADP-ribose) poly-
merase also called Parp7, which is constitutively
expressed at relatively high levels, is upregulated by
anoxia. PARPs are poly-ADP-ribosyltransferases, which
transfer the ADP-ribose moiety from NAD +onto target
proteins [105]. PARP7 functions as an inhibitor of the
interferon response to cytoplasmic nucleic acids. Recent
work has characterized PARP7 as a cysteine-specific
mono-ADP-ribosyltransferase that targets dozens of
nuclear proteins. For example, PARP7 ADP-ribosylation
inhibits TBK1 and NF-kB that induce proinflammatory
cytokines, but it stabilizes FRA1(Fos/I), an AP-1 tran-
scription factor that represses pro-apoptotic pathways
[106, 107], and also is upregulated by anoxia (Supplemen-
tary Tables 11, 12). Thus, upregulation of PARP7 during
anoxia may enhance survival by preventing inflammation
and anoxia-induced apoptosis.

Urotensin-II receptor (LOC101936734, Uts2r, GPR14)
was found to be significantly elevated during anoxia
in the heart. Urotensin II is a highly conserved peptide
that has strong vasoactive effects when it binds GPR14
[108]. In mammalian heart, GPR14 is localized to cardiac
myocytes with little expression in the vasculature [109].
Urotensin II increases contractile force of rat ventricu-
lar papillary muscles [109] and activates sarcolemmal
Na+/H +exchange in ventricular myocytes [110]. Both
responses would be adaptive during anoxia by defend-
ing contractility against the negative ionotropic effects of
anoxia-induced lactic acidosis.

Txnip which is constitutively expressed at high lev-
els, was also further increased during anoxia. This gene
encodes Thioredoxin Interacting Protein, which binds
and inhibits the activity of thioredoxin [111]. Theoreti-
cally, the inhibition of thioredoxin should increase cel-
lular ROS production, but because anoxic turtle heart
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avoids ROS production altogether [22, 112], the role of
TXNIP may serve functions other than redox balance.
Targeted deletion of Txuip in mammalian heart showed
no effect on thioredoxin or on ROS but, instead, stimu-
lated rates of glucose uptake without changes in GLUT1
and GLUT4 expression, which implies a higher rate of
glucose utilization [113]. Therefore, the role of TXNIP
may be more related to adjusting the balance of glyco-
lytic and oxidative pathways of energy production toward
anaerobic glycolysis.

LOC135976089 (TRPMS8 channel-associated fac-
tor 2-like) No prior RNA-seq studies of anoxic turtles
showed any changes in the expression level of genes
directly associated with cellular excitability or excitation
contraction coupling [28, 35]. However, our reanalysis
of the earlier of these studies with SLU_Cpb5.0 showed
a significant decrease in the expression of a gene orthol-
ogous to mammalian TCAF2, which is a protein that
promotes trafficking of TRPMS8 to the membrane and
negatively regulates it once it is there. TRPMS is a cold-
and menthol-sensitive calcium and sodium channel
[114]. Inactivation of this channel during anoxia should
decrease the excitability of cardiomyocytes, which would
support cardiac functional suppression, preserve ATP,
and also maintain intracellular calcium homeostasis.

Conclusions

Reliably identifying the genes that underlie traits of inter-
est, a major focus of modern biology, requires highly con-
tiguous and well-annotated genome assemblies. Western
painted turtles are highly tolerant of anoxia, a trait with
important ecological and biomedical significance. The
new reference genome assembly and associated long-read
transcriptome datasets are among the most complete for
any turtle. The majority of painted turtle transcript iso-
forms are novel, potentially encoding novel functions
of known genes. Using the new genome assembly, we
identify candidate anoxia-related genes that were missed
using previous assemblies.
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