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SUMMARY

Sea turtles are marine flagship species and most of them are currently in a threatened state. Long-term sur-
viving in the ocean has driven significant morphological and physiological changes for this group, which
makes them an ideal model for studying adaptive evolution of marine environments. Herein, we present a
chromosome-scale genome of Lepidochelys olivacea with a genome size of 2.22 Gb and a contig N50 of
97.3 Mb. Comparative genomic analyses uncovered a suite of adaptive changes in genes related to olfaction,
vision, virus defense, and longevity, which may help explain the genetic underpinnings of its marine environ-
ment adaptation. We also observed that the genome-wide heterozygosity of L. olivacea was low (6.45e-4),
consistent with its prolonged population decline. Overall, our study provides valuable genetic resources
for understanding evolutionary adaptations to aquatic environment and for the conservation of this threat-

ened species.

INTRODUCTION

Sea turtles are the flagship species of marine ecosystems for
their crucial roles in coral reef/seagrass protection, energy
cycling, and maintaining ecological stability.” They also were
referred to as ‘living fossils of the ocean’ with a long evolutionary
history beyond 100 million years.? The ecological shift from land
to the ocean drives a series of adaptive changes in sea turtles.
For example, in terms of morphology, their carapace has evolved
into a streamlined shape, and their limbs have become paddle-
shaped similar to fish,® which is beneficial for their swimming.
In addition, due to spending almost all their lives in the ocean,
except for female adults coming onshore to lay eggs, their
senses such as smell, vision, hearing, and salinity perception
have perfectly adapted to the marine environment.*° Therefore,
sea turtles are a good model for studying adaptive evolution to
marine environments.

The olive ridley turtle (Lepidochelys olivacea) is one of seven
sea turtles globally that belongs to Cheloniidae family, known
for its olive-colored carapace during adulthood.®® It was mainly
inhabited in warm and tropical waters and primarily distributed in

the Pacific, Indian and Atlantic oceans.® Compared to other sea
turtles, L. olivacea has a smaller body with adult weight ranging
from 25 to 46 kg, and displays variable and asymmetrical scute
counts, ranging from five to nine plates on each side, with six to
eight being most commonly observed.’ L. olivacea is chiefly
carnivorous and its prey items mainly include starfish, sea ur-
chins, sea squirts, bivalves, shrimp, and crabs.'® Remarkably,
L. olivacea also exhibits a striking reproductive behavior known
as “arribadas”, whereby thousands of turtles converge on
specific beaches (e.g., Ostional Beach of Costa Rica; Playa
Escobilla of Mexico; and Odisha of India) to lay millions of
eggs,''"® simultaneously. However, the population of L. oliva-
cea was greatly reduced from historical estimates due to egg
harvesting, fisheries bycatch, and pollution.®'* L. olivacea was
listed as ‘Vulnerable’ by the IUCN early in 2008.2 Until now, there
has been no accurate estimation of the population size for this
threatened species globally, except for some famous rookeries
such as Costa Rica, Brazil, Mexico, and Sri Lanka.'>™"”

For decades, genomic data has played an essential role in
uncovering threatened species’ evolutionary adaptations, pop-
ulation histories, and endangered mechanisms, and further
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Table 1. Genome assembly, annotation and genomic diversity
statistics of L. olivacea

Statistic Value
Genome assembly

Genome size (Gb) 2.22
Contig N50 (Mb) 97.3
Scaffolds N50 (Mb) 136
Number of Contigs 190
Number of scaffolds 71
Hi-C anchor percentage (%) 98.63
Chromosome number 28
Genome annotation

Repeat content (%) 56.59
Number of predicted 18,273
protein-coding gene

Functional annotated gene (%) 97.38

BUSCO results for
protein-coding gene

C:98.6% [S:97.6%,D:1.0%],
F:0.0%,M:1.4%,n:7480

GC content (%) 4417
Genomic variation

Number of whole-genome 1,432,715
heterozygotes (SNP)

Genome-wide heterozygosity 0.000644683
Repeat-region heterozygosity 0.000792482
Non-exon-region heterozygosity 0.000648327
Exon-region heterozygosity 0.000400618

applying to species conservation.'®° In this study, we reported
the first high-quality chromosome-scale genome of L. olivacea.
Based on this genome assembly, we investigated its potential
genetic footprint of marine environment adaptation, genomic di-
versity, and demographic history. Altogether, this study provides
valuable genomic resources for studying the genomic evolution
and conservation of this threatened species.

RESULTS

Chromosome-scale genome assembly and annotation
Atotal of 106.49 Gb HiFireads and 373 Gb Hi-C sequencing data
were generated by PacBio Sequel Il and lllumina NovaSeq plat-
form, respectively (Table S1). Based on these sequencing data,
we obtained a chromosome-level genome assembly of L. oliva-
cea, with the genome size of 2.22 Gb and contig N50 length of
97.32 Mb (Table 1). The genome size was similar to that of other
published sea turtles®'>* (Chelonia mydas, GCF_015237465.2;
Dermochelys coriacea, GCF_009764565.3; Eretmochelys imbri-
cata, GCA_030012505.1; Caretta caretta, GCF_023653815.1).
The genome assembly contains 71 scaffolds that comprise 28
pseudo-chromosomes (covering 98.63% of the whole genome)
and 43 unplaced scaffolds (Figures 1A and 1B; Tables 1 and S2).
We identified a total of ~56.59% (1.26Gb) repeat elements in
the assembled genome, with the top three categories being
DNA transposons (21.42%), long interspersed nuclear elements
(LINE, 20.70%) and long terminal repeats (LTR, 14.11%),
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respectively (Figure 1B; Tables 1 and S3). Total of 18,273 pro-
tein-coding genes were predicted in the genome assembly and
97.38% of them were functionally annotated (Table 1). The
BUSCO assessment of protein-coding genes based on Saurop-
sida_odb10 showed that the genome of L. olivacea harbored
98.6% of high conserved orthologues (Table 1), of which
97.6% were classified as “complete and singlecopy”, 1% as
“complete and duplicated” and 1.4% as “missing”.

To further evaluate the completeness of the L. olivacea ge-
nome assembly, whole genome colinearity analyses were per-
formed among five sea turtle species: D. coriacea, C. mydas,
E. imbricata, C. caretta, and L. olivacea. The results revealed a
high degree of sequence consistency across these species,
consistent with findings from a previous study.?' However, one
notable exception was observed in a chromosome fusion/fission
event between C. caretta and L. olivacea, where a portion of
chromosome 13 and chromosome 28 of C. caretta corre-
sponded to the chromosome 28 of L. olivacea (Figure 1C). In
addition, using HiFi reads, we successfully assembled the com-
plete mitochondrial genome of L. olivacea, with a total length of
16,687 bp (Figure S1). Haplotypic analysis of the D loop region
showed that the reference genome individual clustered with hap-
lotypes from individuals in Indonesia and Sri Lanka (Figure S2).

Phylogeny and evolution of protein-coding genes
Comparative genome analyses of 17 species (L. olivacea + 15
turtles +1 outgroup) (Table S4) revealed a total of 19,209 or-
thogroups, 455 species-specific orthogroups, 333,067 genes,
and 7,148 single-copy orthologous genes. Based on these
7,148 single-copy genes, a maximum likelihood divergence-
time tree was constructed. As shown in the phylogenetic tree
(Figure 2A), L. olivacea had a close evolutionary relationship
with C. caretta and the estimated divergence time of both spe-
cies was approximately 11.1 Mya (95% highest posterior density
[HPD] = 6.07-16.9). D. coriacea diverged from the ancestor of
C. mydas, E. imbricata, C. caretta and L. olivacea approximately
58.3 Mya (95% highest posterior density [HPD] = 47.25-72.76).
Overall, the inferred phylogenetic relationship of turtles was
consistent with previous studies.?*~2°

Gene families analyses revealed that L. olivacea has 76 signif-
icantly expanded, 573 significantly contracted, and 56 rapidly
evolving gene families (Figure 2A). Functional enrichment of 76
expanded gene families showed the significant GO/KEGG path-
ways mainly involved to “sensory perception of smell”,
“response to virus”, “regulation of canonical NF-«B signal trans-
duction”, and “inflammatory response” (Figure 2B). Notably, ol-
factory receptor (OR) genes were the largest orthogroups in L.
olivacea genome, accounting for 36.6% (329/900) of the entire
expanded gene families. The number of OR class | genes (hydro-
philic type) was ~3.4 times (254/75) to that of OR class Il genes
(hydrophobic type) (Figure 2C). We also observed that in L. oliva-
cea genome, OR class | genes were only distributed on chromo-
some 1, while OR class Il genes were distributed on chromo-
somes 6, 13, 14, and 28 (Figure 2D), which were similar with
the genomes of D. coriacea and C. mydas.”’ In-depth examina-
tion of expanded gene families also revealed that 11 genes (e.g.,
CALR, GBP1, GBP2, IFIT4, IFIT5, LGALS9, RNASE2, SLFN13,
and TRIM41) are assigned to virus defense (Figure 3A).
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(A) Hi-C map of L. olivacea. A total of 28 chromosomes were anchored in the genome of L. olivacea.
(B) Genome features of L. olivacea. Total of seven features including gene density, GC content, and five repeat element types (DNA, SINE, LINE, LTR, and TR)
were plotted. Overall, the content or percentage of macro-chromosomes (Chr1~Chr11, >70Mb) for most of features was lower than that of micro-chromosomes

(Chr12~Chr28, <70Mb).

(C) Genome collinearity among five sea turtles: D. coriacea (Leatherback turtle), C. mydas (Green turtle), E. imbricata (Hawksbill turtle), C. caretta (Loggerhead
turtle) and L. olivacea (Olive ridley turtle). One chromosome fusion/fission event occurred between C. caretta and L. olivacea. Specifically, a portion of chro-
mosome 13 and chromosome 28 of C. caretta corresponded to the chromosome 28 of L. olivacea.

Additionally, the contracted gene families were mainly enriched
in the “innate immune response” and “response to bacterium”
(Table S5).

To assess the evolutionary selective pressure of L. olivacea,
we calculated the dy/ds ratio based on 7,148 single-copy genes.
As a result, we detected 267 positively selected genes (PSGs)
and 110 rapidly evolving genes (REGs) in the L. olivacea lineage
(Tables S6 and S7). For PSGs, GO enrichment analysis revealed
that they were mainly related to the “cell proliferation”, “head

development”, “monoatomic cation transport”, “response to
xenobiotic stimulus”, and “eye development” (Figures 3B and
S3). KEGG enrichment analysis showed that they were mainly
assigned to the “cell cycle”, “DNA replication”, and “Longevity
regulating pathway” (Figures 3B and S3). Interestingly, we found
that 4 PSGs (ADCY9, STK11, TSC1, and SESNT) are involved
in longevity regulation (Figure 3A). For REGs, GO/KEGG en-
richment analyses indicated that significant terms were ma-
inly involved with “visual system development”, “response to
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Figure 2. Phylogeny, expanded gene families, and expanded olfactory receptor genes of L. olivacea

(A) Phylogenetic relationship and divergence time estimation of 17 species including 16 turtles and 1 outgroup that used for comparative genomics analyses. The
numbers of expanded (red), constructed (blue), and rapidly evolving (purple) gene families were labeled on each lineage/branch.

(B) Functional enrichment of 156 significantly expanded gene families in L. olivacea. The genes of sensory perception of smell (marked in red points) were the
largest gene families in the L. olivacea genome, accounting for 36.6% of the entire expanded gene families.

(C) Phylogenetic tree of 329 expanded olfactory receptor genes (ORs) that composed of 254 hydrophilic class | ORs and 75 hydrophobic class Il ORs in the

genome of L. olivacea.

(D) The chromosome distribution of expanded olfactory receptor genes of L. olivacea. Class | ORs were only distributed on chromosome 1, while Class Il ORs

were distributed on chromosomes 6, 13, 14, and 28.
growth factor”, “hemopoiesis”, “regulation of autophagy”, and
“T cell receptor signaling pathway” (Figure S4). Further inspec-
tion of REGs observed that 8 genes (e.g., CALB1, HIPK2, RAB3-
GAP1, and TGIF2) are related to visual system and 3 genes
(CALB1, CLCN3, and GAD1) are associated with locomotory
behavior (Figure 3A).

Pseudogenes play important biological roles for species’
adaptive evolution.?” Using the TOGA pipeline, a total of 156
pseudogenes were identified in the L. olivacea lineage (Table
S8). Enrichment analyses revealed that these genes were mainly
associated with terms of “sensory perception of smell”, “olfac-
tory transduction”, “defense response to virus/bacterium”, “in-
nate immune response”, and “DNA metabolic process” (Figures
3C and S5). In-depth analysis of pseudogenes revealed 12
genes (e.g., OR2AT4, OR5V1, OR11L1, OR52E4, OR52K1, and
OR52P1) are related to olfactory perception and 11 genes
(e.g., DMBT1, IRF9, MX1, PRF1, ZNFX1, and ZNFX1) are as-
signed to virus defense (Figure 3A).

4 iScience 28, 111776, February 21, 2025

Moreover, in the detection of specific amino acid substitutions
of the sea turtle group, we identified a total of 164 protein-coding
genes comprising 549 substitutions overlapped with PSGs of L.
olivacea. In-depth inspection observed that 3 genes (STK117,
TSC1 and SESNT) were associated with “longevity regulation”
and that 2 genes (HIPK2 and TGIF2) were related to “visual sys-
tem” (Figures 3A and 3D). Notably, most of the amino acid sub-
stitutions of the above 5 genes were located in protein-domain
regions (Figure 3D), suggesting that these genes may play an
important role in the longevity and vision of sea turtles.

Genomic diversity, genetic load, and demographic
history

Genetic variation is essential for the adaptability of a species/
population.?® In this study, a total of 1,432,715 SNP heterozy-
gous sites and 623,810 INDEL heterozygous sites were identified
in the genome of L. olivacea, with corresponding genome-wide
heterozygosity of 6.45e-4 and 2.81e-4, respectively (Table S9).
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We observed that the density pattern of SNP and INDEL for each
chromosome was similar and the heterozygote density of
macro-chromosomes (Chr1-Chr11, >70Mb) for both variant
types was significantly lower than that of micro-chromosomes
(Chr12-Chr28, <70MDb) (Figures 4A and 4B). To detect the neutral
(non-coding region) and adaptive genetic variation (coding re-
gion) of L. olivacea, we further calculated the genomic heterozy-
gosity on different genomic regions and found that for the SNP
variant type, the order of genomic heterozygosity from high to
low was repeat region (7.92e-4), non-exon region (6.48e-4),
whole-genome region (6.45e-4), and exon region (4.01e-4),
respectively (Figure 4C; Table S9). For the INDEL type, the het-
erozygosity pattern of different region was the same as the
SNP variants, with order of repeat region (3.09e-4) > non-exon
region (2.84e-4) > whole-genome region (2.81e-4) > exon region
(8.45e-5) (Figure 4C; Table S9).

To further assess the genetic load of L. olivacea, we quantified
the degree of impact of the mutations for both variant types and
defined them as four levels: high-impact, moderate-impact, low-
impact, and modifier-impact. We found that for SNP type, the or-
der of variant-count ratio percentage from high to low was mod-
ifier-impact (42.3%, 606,138 sites), low-impact (0.51%, 7,310
sites), moderate-impact (0.45%, 6,517 sites), and high-impact
(0.00789%, 113 sites), respectively (Figure 4D; Table S10). For
INDEL type, the order of variant-count ratio percentage from
high to low was modifier-impact (50.7%, 316,127 sites), high-
impact (0.39%, 2,433 sites), low-impact (0.17%, 1,068 sites),
and moderate-impact (0.07 %, 439 sites), respectively (Figure 4D;
Table S10). Furthermore, we checked the high-impact mutations
of both SNP and INDEL and obtained 63 corresponding overlap-
ping genes. The GO enrichment analysis revealed that they were
mainly related to “sensory perception of smell”, “response to
wounding”, and “inorganic ion transmembrane transport” (Fig-
ure 4F). These GO terms were similar with the results of expa-
nded gene families and pseudogenes.

Toreconstruct the demographic history of L. olivacea, pairwise
sequential Markovian coalescent (PSMC) analysis was per-
formed. As showed in Figure 4E, the demographic history of L. oli-
vacea can be traced back to ~5 million years ago (Mya) to 10 Kya
and the effective population sizes (Ne) have been decreasing his-
torically (Figure 4E). The Ne fluctuation of Pacific region olive rid-
leys were similar to that of Atlantic region (Figure 4E). Notably, the
Ne of L. olivacea (both Pacific and Atlantic regions) declined dras-
tically in Plio-Pleistocene Transition and experienced two severe
population bottlenecks in Mid-Pleistocene Transition and Last
Glacial Maximum (Figure 4E). Consulting historical climate data
found that the common features of these three ancient periods
were the significant increase of global ice cover and the decrease
of global temperature,*® % suggesting that the ancient glacial pe-
riods may have a significant impact on the Ne of L. olivacea.

iScience

DISCUSSION

Genetic basis of marine environment adaptation in

L. olivacea

Sea turtles transitioned from the land to the ocean approximately
100 million years ago.?®*® This ecological shift drives a range of
genetic adaptive changes of sensory systems (e.g., olfaction and
vision) and immune system (e.qg., defense of virus and bacterium)
for sea turtles in response to the long-term aquatic environ-
mental stimuli. In this study, genomic analyses of the olive ridley
turtle (L. olivacea) revealed the potential genetic basis underlying
the physiological adaptations to the marine environment and
longevity of this species.

Olfactory perception

The sense of smell plays an important role in foraging, avoiding
predators, and reproduction for most marine species.>* For
sea turtles, their olfactory organs are composed of a lower
chamber epithelium (LCE) and an upper chamber epithelium
(UCE) with associated glands.®® The LCE distributed with Class
I ORs tend to be hydrophilic and mainly used to detect water
odors, while the UCE distributed with Class Il ORs tend to be hy-
drophobic and mainly used to detect air odors.*®> Notably, we
observed that OR genes accounting for 36.6% (329/900) of the
entire expanded gene families were the largest gene families in
the L. olivacea genome, consistent with two previous studies
of other sea turtle species (e.g., C. mydas®® and D. coriacea”").
The expanded 329 OR genes were composed of 254 hydrophilic
class | ORs and 75 hydrophobic class Il ORs (Figure 2C), sug-
gesting that L. olivacea not only can detect the water-soluble
odorants, but also can catch the airborne odorants and indeed,
this ability may play a role in its navigation or foraging under nat-
ural conditions. Furthermore, the number of hydrophilic class |
ORs was significantly higher (~3.4 times) than that of hydropho-
bic class Il ORs (Figure 2C), implying that these expanded class |
ORs may reflect the reliance and adaptation to the long-term
aquatic environment for L. olivacea.

Additionally, we also found that some OR genes have under-
went pseudogenization (Figures 3A and 3C). Similar results
were also found in a previous C. mydas paper.®® Meanwhile,
multiple OR genes mutations were predicted to have a high
impact on gene function (Figure 4F). These results suggested
that natural selection may play multiple roles in the marine envi-
ronment adaptation process for L. olivacea, with some olfactory
genes being advantageous for aquatic adaptation and then ex-
panding, while others are disadvantageous and underwent pur-
ifying selection or pseudogenization.

Visual system

Vision is an essential sensory process for both terrestrial and ma-
rine species.®’*® For sea turtles, visual cues can help for their na-
vigation, nest selection, and determining seaward direction.*®°

Figure 3. Genetic basis of marine environment adaptation of L. olivacea
(A) Genes with signatures of adaptive evolution for olfactory perception, visual system, virus defense, locomotory behavior, and longevity regulation in L. olivacea.

(B) GO/KEGG functional enrichment of positive selected genes in L. olivacea.
(C) GO/KEGG functional enrichment of pseudogenes in L. olivacea.

(D) The specific amino acid substitutions in genes STK11, TSC1, SESN1, HIPK2, and TGIF2 of sea turtle group (marked in red). Each amino acid mutation was
highlighted in a distinct color. The protein 3D structures of 5 genes were plotted using AlphaFold2 and most of the specific amino acid substitutions were located

in domain region.
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Figure 4. Genetic variation, genetic load and demographic history of L. olivacea

(Aand B) SNP and INDEL density of 28 chromosomes in the genome of L. olivacea. The variant ratios of macro-chromosomes (Chr1~Chr11, >70Mb) for both SNP
and INDEL were significantly lower than that of micro-chromosomes (Chr12~Chr28, <70Mb). Data are represented as mean + SEM.

(C) Heterozygosity comparison of both SNP and INDEL in different regions including whole-genome, repeat region, non-exon region, and exon region.

(D) The percentage comparison of four annotated variant types including high-impact, moderate-impact, low-impact, and modifier variants in the genome of
L. olivacea.

(E) Demographic history of Pacific (this study) and Atlantic (SRR15328381) olive ridleys simulated by PSMC with 100 bootstraps.

(F) Go enrichment of genes overlapping with the high-impact variants for both SNP and INDEL.

Comparing to land and/or freshwater turtles, sea turtles have a 620 nm), which can intensively discern relatively small objects
more spherical and rigid lens with a high refractive index, which  within the marine environment.*® Significantly, positively sele-
compensates for the lack of corneal refraction.®®*' The vision cted/rapidly evolving genes (e.g., CALB1, HIPK2, RAB3GAP1,
of sea turtles are primarily in the shorter wave-lengths (450- and TGIF2) of L. olivacea were enriched in the eye development
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pathway (Figures 3A and 3B). In addition, two visual genes
(HIPK2 and TGIF2) have specific amino acid mutation sites in
sea turtle group compared with other turtles (Figure 3D).
HIPK2, an essential protein that promotes Notch signal trans-
duction, plays numerous roles in regulation of eyeball size, lens
formation and retinal morphogenesis during late embryogen-
esis.*?*® Loss-of-function mutations of HIPK2 in Drosophila dis-
played small, rough eyes.*? Knockout of HIPK2 in mice leads to a
greater frequency of small eyes with a deficient lens and abnor-
mally laminated and thickened retinas.”®> A previous study
showed that TGIF2 was highly expressed in the mouse retina
at early stages of development and the knockdown of TGIF2 in
retinal explants resulted in a decreased number of rod photore-
ceptors but an increased number of cone photoreceptors.** In
short, we speculated that mutations of these vision-related
genes may contribute to the differences in the visual organs of
sea turtles compared to land/freshwater turtles, although further
functional experiments are needed for verification.

Virus defense

Viruses are one of the most abundant “lifeforms” in the ocean.*®
Viral infections affect the survival, health, and community
composition of numerous marine organisms.“® For sea turtles,
they have a unique strong immune system that evolved over mil-
lions of years in a persistent process of host-pathogen arms
race.”” In our results, we found that some expanded family
genes (e.g., CALR, GBP1, IFIT5, LGALS9, RNASE2, SLFN13,
and TRIM41) were enriched in the pathway of virus defense
and inflammatory response in the genome of L. olivacea (Figures
2B and 3A). Similarly, multiple pseudogenes (e.g., DMBT1, IRF9,
MX1, OSAS3, PRF1, TLR8, and ZNXF4) also were enriched in the
pathway of virus or bacteria defense and innate immune
response (Figures 3A and 3C). The presence of these innovative
genes may help L. olivacea resist numerous marine viruses dur-
ing its long-term evolutionary process.

Longevity regulation

Turtles are good models for studying longevity due to their slow
and negligible senescence.*®" The estimated lifespan range of
sea turtles is around 50-90 years,” significantly higher than that
of most of other turtles, except for a few cases such as the giant
tortoises.*® Remarkably, four positively selected genes (TSCT,
SESN1, STK11, and ADCY9) related to longevity were identified
in the L. olivacea lineage (Figures 3A and 3B). Three (TSCT1,
SESN1, and STK11) of them have specific amino acid variants
in sea turtle group relative to other turtles (Figure 3D). Moreover,
two mutations (P599S in TSC1, S188G in SESN1) of these gene
will lead to changes in the physicochemical properties of amino
acids. A previous study proved that TSC17 transgenic mice ex-
hibited changes in multiple signaling pathways and biological
processes related to the mTOR-TSC7/2 axis, resulting in
improved overall health status, particularly in female mice with
increased survival rates.”® Over-expression of TSC71 extended
lifespan in Drosophila®”. It is also proved that over-expression
of SESN1 could prolong lifespan in Caenorhabditis elegans by
defense against heat, hydrogen peroxide and the heavy metal
copper.”® STK11 encodes a serine/threonine kinase and its
over-expression increased lifespan by down-regulation of S6K
in Drosophila®®. To sum up, the specific mutations of these
genes may play some roles in lifespan regulation for sea turtles,
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although functional experiments are required in the future to
verify the efficacy.

Low genomic diversity and long-term population decline
of L. olivacea

Genetic variation could to some extent reflect the ability to adapt
to environmental changes for a species/population.”® In our
results, comparing to other sea turtle species except for D. cor-
jacea,”" L. olivacea exhibited a lower level of genome-wide het-
erozygosity (6.45e-4) (Table S9), which was generally consistent
with a previous estimate based on olive ridley resequencing data
mapped to the C. mydas reference genome.?® The genetic diver-
sity of neutral region such as the repeat and non-coding region
was higher than that of coding region in genome of L. olivacea.
Similar patterns were also found in other four sea turtles
(D. coriacea, C. mydas, E. imbricata, and C. caretta)®'2>>°
(Table S9). In addition, we observed that for both SNP and
INDEL variant types, the genomic diversity of macrochromo-
somes was significantly lower than that of microchromosomes
(Figures 4A and 4B). This pattern was also seen in other genetic
indicators, such as gene density, LINE, and TR repeat elements
(Figure 1B). In fact, this is a known pattern observed in non-
avian/avian and reptiles, where microchromosomes recombine
more often and are subject to more rearrangements than macro-
chromosomes.?’**” The underlying biological significance of this
phenomenon deserves further investigation.

The demographic history showed that the population sizes of
L. olivacea have been in a declining state from ~5 million years
ago (Mya) to 10 Kya (Figure 4E), which may explain why
L. olivacea currently harbored a low genomic diversity. Three
ancient glacial events®®=? (Plio-Pleistocene Transition, Mid-
Pleistocene Transition and Last Glacial Maximum) with the
occurrence of increase of global ice cover and decrease of
global temperature further accelerated the population size
reduction for L. olivacea. Besides, for decades, the population
of L. olivacea has been substantially declining by the effect of hu-
man disturbance such as habitat degradation, fisheries bycatch,
and pollution.®'* Therefore, both ancient climate changes and
human disturbance may cause the current low genomic diversity
of L. olivacea and more attention and protection should be
focused in the future for this threatened species.

Conclusions

In this study, we generated a high-quality chromosome-scale
genome assembly of L. olivacea, with contig N50 of 97.3Mb and
protein-coding gene BUSCO of 98.6%. Our findings revealed the
potential genetic footprints of marine environment evolutionary
adaptation for L. olivacea including olfactory perception, visual
system, virus/or bacteria defense, and longevity regulation.
Furthermore, we also found a low genomic diversity in the genome
of L. olivacea, which was consistent with its long-term historically
population size decline. In summary, this study provides valuable
genetic resources for phenotypic/physiological and evolutionary
biology, and conservation studies of L. olivacea.

Limitations of the study
Sea turtles are a distinctive group of large reptiles that have un-
dergone secondary adaptation to the marine environment,
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representing a significant ecological transition from land to sea.
Our study presents a high-quality genome of the olive ridley turtle
and conducts comparative genomic analyses across five known
sea turtle species. However, achieving a comprehensive under-
standing of the evolutionary history of the entire sea turtle lineage
will require further in-depth analyses, particularly with the inclu-
sion of the remaining two sea turtle species. Moreover, the
candidate genes identified in this study—associated with olfac-
tion, vision, and longevity —warrant further functional investiga-
tions and experimental validation to elucidate their roles in ma-
rine adaptation. Given the global distribution and migration of
sea turtles, international collaboration and genomic resources
sharing are critical for the development of effective conservation
and management strategies for this endangered group.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

A sub-adult olive ridley turtle with a fibroadenoma was rescued in 2021 near the National Huidong Nature Sea Turtle Reserve, Guang-
dong Province, China. After a period of care, the individual is now able to feed and move normally. Approximately 10 mL of fresh
blood was collected from its jugular vein and rapidly frozen for further analysis. All experiment procedures including the blood sample
collection of olive ridley turtle were conducted following the approval of the Animal Experiment Ethics Committee in the Southern
Marine Science and Engineering Guangdong Laboratory (Guangzhou), China.

METHOD DETAILS

Genomic DNA extraction

The genomic DNA of blood was extracted by the CTAB method (Cetyl Tri-methyl Ammonium Bromide) and purified with Grandomics
Genomic kit (Wuhan, China). The quality of genomic DNA was assessed using 1% agarose gels, Qubit® 4.0 Fluorometer (Invitrogen,
USA), and NanoDrop™ One UV-Vis spectrophotometer (Thermo Fisher Scientific, USA), of which OD260/280 ranging from 1.8 t0 2.0
and OD 260/230 is between 2.0~2.2.

Library preparation and genomic DNA sequencing

The high-quality genomic DNA was used for PacBio single molecule real-time (SMRT) library preparation. Briefly, the genomic DNA
sample was sheared by g-TUBEs (Covaris, USA) in 15kb fragments. Single-strand overhangs were removed, and DNA fragments
were damage repaired, end repaired and A-tailing. Then, the fragments ligated with the hairpin adaptor for PacBio sequencing.
Genome sequencing was performed on a PacBio Sequel Il instrument with Sequencing Primer V5 and Sequel Il Binding Kit 2.2 in
Grandomics (Wuhan, China).

Hi-C library preparation and sequencing

The experimental procedure of Hi-C library preparation was carried out according to the method described previously.’® Briefly,
crosslinking the blood sample with 1% formaldehyde, digesting by the DNA New England Biolabs (NEB) buffer 3.1 and DPN I
enzyme, making the DNA ends with biotin-14-dCTP, ligating the blunt-end fragments, and shearing the DNA into 400 bp fragments
by sonication. Finally, the constructed Hi-C libraries were sequenced on lllumina Novaseq platform.

Genome assembly

The raw PacBio HiFi reads were first filtered using chopper (v.0.9.0)°® with parameters of ‘-minlength 5000 -maxlength 25000°. The
filtered high-quality HiFi reads were then assembled into contigs using Hifiasm (v.0.15.5-r352)°° with default parameters. Next, the
purge_dups (v.1.2.5)°° was used to remove potential duplication. The Hi-C reads data was used to anchor contigs into chromosomes
with the Yahs pipeline (v.1.2).°" Finally, we used the Juicebox (v.2.15)°? to correct assembly errors and manually adjusted the position
of the scaffolds based on the Hi-C heatmaps.

Repeat annotation

De novo and homology-based prediction methods were used to annotate the repeat sequences of the L. olivacea genome. For de
novo prediction, RepeatModeler (v.2.0.3)%° was used to construct a de novo repeat library and RepeatMasker (v.4.1.4)°* was used to
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align against this library for searching transposon elements. For homologue-based prediction, RepeatModeler and RepeatMasker
were used to predict the homologous transposon elements based on RepBase database (v.20181026).°° TRF (v.4.10.0)°° was
used to predict the tandem repeats with default parameter.

Gene annotation

Base on repeat soft-masked genome, we performed protein-coding genes prediction using a combined method of de novo and ho-
mology-based prediction. First, Augustus (v.3.4.0),°” Genscan (http://genes.mit.edu/GENSCAN.html),*® Glimmerhmm (v.3.0.1)%°
were used to predict protein-coding genes in de novo prediction. Second, for the homology-based prediction, genome annotation
Gff3 files and genome sequences files of closely related species including C. mydas, D. coriacea, C. caretta, Mauremys mutica, Po-
darcis muralis, Sceloporus undulatus, Trachemys scripta elegans were downloaded and used to protein gene prediction using
GeMoMa (v.1.9).7° Finally, all results obtained from both methods were integrated into the final gene set using EvidenceModeler
(v.1.1.1).° The gene functions were further annotated by the SwissProt”' and NR”? databases using Diamond (v.0.9.14).”°

Genome assessment and synteny

The annotation completeness of genome assembly was assessed based on the protein-coding gene set using BUSCO (v.5.4.7)"*
with sauropsida_odb10 gene sets. Circos (v.0.69.8)"° was used to visualize the genome features. We also performed the genome
synteny analysis of olive ridley turtle and its closely related species (D. coriacea, C. mydas, E. imbricata, and C. caretta) using
MCScanX (https:/github.com/wyp1125/MCScanX)’® and we further visualized the collinearity region and detected the potential
chromosome fusion and fission events using ChiPlot (https://www.chiplot.online/).

Mitochondrial genome assembly and haplotype identification

Using HiFi sequencing data, we assembled the complete mitochondrial genome of the olive ridley turtle using the MitoHiFi (v.3.2.2)""~"°
pipeline with default parameters. The mitochondrial genome circle-map was further visualized on Tutools platform (https://www.
cloudtutu.com). Additionally, 97 olive ridley mitochondrial control region sequences (Figure S2) were retrieved from NCBI nucleotide
database (https://www.ncbi.nim.nih.gov/nuccore). All mitochondrial sequences were aligned using MUSCLE (v.3.8.31),%° and the re-
sulting multiple sequence alignments were manually trimmed to 787 bp D-loop regions. These trimmed sequences were then used to
construct a neighbor-joining tree in MEGA (v.10)®" for haplotype identification.

Gene family identification and phylogeny tree construction

We downloaded the protein coding sequences of 15 turtles (Chelonoidis abingdonii, GCF_003597395.1; Chrysemys picta, GCF_
000241765.5; C. mydas, GCF_015237465.2; C. caretta, GCF_023653815.1; D. coriacea, GCF_009764565.3; E. imbricata, GCA_
030012505.1; Gopherus evgoodei, GCF_007399415.2; Gopherus flavomarginatus, GCF_025201925.1; M. mutica, GCF_020497125.1;
Mauremys reevesii, GCF_016161935.1; Malaclemys terrapin, GCF_027887155.1; Platysternon megacephalum, GCA_003942145.1;
Pelodiscus sinensis, GCF_000230535.1; Terrapene carolina triunguis, GCF_002925995.2; T. scripta elegans, GCF_013100865.1) and
one outgroup (Alligator mississippiensis, GCF_030867095.1) from NCBI assembly database (https://www.ncbi.nlm.nih.gov/datasets/
genome/) and performed the comparative genomic analyses. The orthologous gene sets were identified from the protein-coding se-
quences of all 17 species using OrthoFinder (v.2.4.0)°* pipeline with default parameters.

Toreveal the L. olivacea’s phylogeny status in Testudinata, a phylogenetic tree was constructed based on above 7,148 single copy
genes. First, multiple sequence alignment (MSA) was performed with MACSE (v.2.06)%° at the codon level. Poorly alignment regions
with gaps were removed using Gblocks (v.0.91b)%* with parameters of ‘-t = ¢, -b5 =n’. All MSAs were then concatenated to one su-
pergene and 4-fold degenerate synonymous sites (4dtv sites) were extracted based on this super-sequence. Subsequently, a ML
phylogenetic tree was constructed based on 4dtv sites using RaxML (v.8.2.12)%° with 1,000 bootstraps. The divergence time of
each node was estimated using MCMCtree from the PAML package (v.4.9¢).° Six calibrated divergence-time nodes (Table S11)
were obtained from the TimeTree database.®’

Expansion and contraction of gene families

Based on the time-calibrated phylogenetic tree, CAFE (v.4.2.1)¢ was used to investigate the significantly expanded, contracted, and
rapidly evolving genes specific to the L. olivacea branch with the p-value < 0.01. The corresponding gene set of expanded and
contracted gene families were further used for functional enrichment analysis with Metascape (v.1.0).%° 329 expanded OR genes
of L. olivacea were used for further phylogenetic analyses. Specifically, protein sequences of 329 OR genes and 1 outgroup protein
sequences (vomeronasal type-2 receptor 1, VMR2R1) were first aligned using MUSCLE (v.3.8.31). The consensus alignment se-
quences next were used for neighbor-joining tree construction with MEGA (v.10). The location of each expanded OR genes was visu-
alized using RectChr (v.1.3.7) (hitps://github.com/BGl-shenzhen/RectChr).

Positive selected genes and rapidly evolving genes

To explore the selection pressure of L. olivacea, the ratio of nonsynonymous substitutions to synonymous substitutions (dN/dS, w)
was estimated using CODMEL of PAML package. The branch-site model was used to test for positive selected genes (PSGs) iden-
tification with the L. olivacea set as foreground branch and other species as background branch. Briefly, alternative model allows
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several particular sites on the foreground branch to be under positive selection (w > 1), whereas the null model assumes that sites of
all branch evolve either neutrally (v = 1) or under purifying selection (v < 1). The branch model was implemented to test for rapidly
evolving genes (REGs) identification with the L. olivacea set as foreground branch and other species as background branch. Specif-
ically, the null model assuming all branches with the same evolving rate while the alternative model allowing the foreground (L. oli-
vacea) and background branches being with different evolving rates. For both selection analyses, a likelihood ratio test (LRT) was
performed to test whether the alternative model was significant (p-value < 0.05) as compared with null model. The p-value generated
from LRT was further corrected by FDR (adjusted p-value < 0.05).

Pseudogene

We used the TOGA (v.1.0)°° pipeline to identify pseudogenes in the L. olivacea genome with the reference of C. mydas (GCF_
015237465.2). Those genes classified as “‘lost (L)’ were considered the potential pseudogenes. The functional enrichment analysis
of pseudogenes were further performed using Metascape.

Identification of specific amino acid substitutions
On the basis of 7,148 single-copy orthologous genes, we used FasParser2 (v.2.13.0)°" to detect the specific amino acid site changes
of three sea turtles (foreground group) compared with other 12 species (background group). Specifically, the specific amino acid sub-
stitutions should be completely identical within both groups and to differ between groups. The protein 3D structures of candidate
genes were predicted and plotted using AlphaFold2.%

Heterozygosity and genetic load

We performed snp-calling pipeline and obtained high quality SNP/INDEL set followed the methods of Yang et al. (2022)'° based on
the reference genome and HiFi long reads data of L. olivacea. The SNP/INDEL density map was then plotted using RectChr. We
calculated the heterozygosity from four different regions (whole-genome, repeat, non-exon, and exon region) based on the gene
annotation file (GFF).

We further annotated the SNP/INDEL variant dataset using SnpEff (v.5.1d)° and obtained four types of coding variants including
high-impact, moderate-impact, low-impact, and modifier-impact variants. To explore the potential deleterious variants whether
affect the evolutionary adaptation of L. olivacea, we further checked the overlapping genes of high-impact mutations and performed
the corresponding functional enrichment analysis.

Demographic history simulation

On the basis of the reference genome and HiFi long reads data of L. olivacea, whole genome’s consensus sequences were obtained
using BWA (v.0.7.17),%* SAMtools (v.1.6)°° and BCFtools (v.1.17).°° We then used PSMC (v.0.6.5)°” to reconstruct the demographic
history of L. olivacea with 100 bootstrap replicates using the parameters of “-N25 -t15 -r5 -b -p "4+25*2+4+6"”. To compare whether
Pacific and Atlantic olive ridleys show similar variations in past effective population size, one olive ridley individual whole-genome
sequencing data (SRR15328381)?° from the Atlantic Ocean was retrieved from NCBI Sequence Read Archive (https://www.ncbi.
nlm.nih.gov/sra) and analyzed with same pipeline as above. The generation time (g = 20) and mutation rate (u = 7.9e-9) were followed
the previous study.”” Finally, the result psmc files were visualized using easy_psmc_plot (https://github.com/shengxinzhuan/easy_
psmc_plot).

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification and statistical analysis used in this study including the genome assembly, comparative genome analysis and genetic
diversity analysis can be found in the method details.
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