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Abstract

The Amur rat snake (Elaphe schrenckii), a widely distributed colubrid species in Northeast Asia, plays a critical role in control-
ling rodent and mouse populations in the wild. Despite its ecological and evolutionary significance, genomic resources for this
nonvenomous species have been limited. In this study, we present a high-quality, chromosome-level genome assembly
of E. schrenckii, generated by PacBio HiFi long-read sequencing and Hi-C chromatin interaction mapping. The assembled
genome size comprises 1.69 Gb, with a scaffold N50 length of 215 Mb. Hi-C scaffolding anchored the genome into 18 chro-
mosomes, including one that represents the conserved Z chromosome of snakes, consistent with karyotypic observations.
This assembly enables further gene annotation and analysis of chromosomal synteny patterns. Repetitive elements account
for 53.2% of the genome, with long interspersed nuclear element retrotransposons being the predominant class (23.2%).
We identified 18,529 protein-coding genes, with 90.6% functionally annotated through homology-based methods. The
genome assembly is highly complete, with a BUSCO score of 97.4% (tetrapoda_odb10). This resource provides a foundation
for comparative studies of colubrid genome evolution, which also serves as a crucial reference for conservation genomics,
particularly for Asian snake populations facing habitat fragmentation.
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Significance

The Amur rat snake, Elaphe schrenckii, is an ecologically significant species that plays a crucial role in maintaining the
balance of its native ecosystems. However, habitat loss and environmental changes pose substantial threats to its sur-
vival. Despite its ecological importance, our understanding of the genetic basis underlying its adaptation and evolution
remains limited due to a lack of high-quality genomic resources. Here, we present the first chromosome-level genome
assembly of E. schrenckii, featuring high contiguity, exceptional completeness, and comprehensive annotations of
protein-coding genes and repetitive sequences. This high-quality genome provides a valuable foundation for studying
evolutionary dynamics, gene family expansions, and adaptive mechanisms in snakes, and it will facilitate future research
and conservation efforts dedicated to this species and other colubrids.
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Introduction

Elaphe schrenckii, commonly known as the Amur rat snake or
Russian rat snake, is a large, nonvenomous colubrid snake
species that is widely distributed throughout Northeast
Asia, including China, Russia, and the Korean Peninsula
(Utiger et al. 2002). Its diet consists primarily of small mam-
mals, birds, and frogs (Zhou and Zhou 2004), making it an im-
portant species in regulating prey populations within forest
and grassland habitats. Due to its nonvenomous nature,
the Amur rat snake does not pose a direct threat to humans,
but disruptions in its habitat and disturbances from human
activities can affect its population size. These factors, includ-
ing habitat fragmentation and illegal wildlife trade, have led
to population declines across its range, and it has been listed
as an endangered species in regional IUCN assessments
(IUCN 2024). Given the urgent situation, it is imperative to
analyze the genetic diversity of the existing populations of
the Amur rat snake to develop effective conservation
strategies.

A comprehensive understanding of the distribution and
ecological requirements of snakes is imperative for effective
conservation and management strategies. For instance, the
distribution of the hot springs snake (Thermophis baileyi)
on the Tibetan Plateau was influenced by climate change
during the glacial period, resulting in significant genetic dif-
ferentiation due to its isolated habitat (Hofmann 2012). A
similar phenomenon is observed in the yellow-bellied sea
snake (Hydrophis platurus), which utilizes ocean currents
to facilitate its extensive distribution, thereby ensuring the
maintenance of a heterogeneous population within a vast
marine environment (Brischoux et al. 2016).

In contrast to these naturally dispersed species, the Amur
rat snake exhibits remarkable adaptation to captive envir-
onments. This species demonstrates tolerance to a wide
range of climatic conditions, plasticity in habitat preference,
and consistent reproductive success, making it an ideal
model for investigating phenotypic plasticity and environ-
mental adaptability (Koppel et al. 2010). Substantial re-
search has focused on its reproductive biology,
phylogenetic relationships, and morphological characteris-
tics, yielding important insights into its evolutionary trajec-
tory and adaptive mechanisms (Helfenberger 2001; Utiger
et al. 2002; Kim et al. 2012; Lee et al. 2012).

In the broader context of studying the diversity and dis-
tribution of the Elaphe genus, significant disparities in
morphology and genetics among species were reported.
A notable example is the recent research of a new species,
Elaphe druzei, in the Southern Levant. The study demon-
strates that E. druzei exhibits pronounced morphological

differences and genetic divergence from its close relatives,
indicating that the genus may possess a greater degree of
biodiversity than previously estimated (Jablonski et al.
2023).

However, the lack of a high-quality genome assembly
has hindered investigations into its adaptive traits, sex de-
termination mechanisms, and conservation genetics to
monitor genetic diversity or design effective breeding strat-
egies. A chromosome-level genome would address these
gaps, enabling comparative studies on colubrid evolution
and providing tools for population management. Here,
we produced high-coverage PacBio long-read sequences
and assembled them into contigs that were then joined
into scaffolds using the Hi-C chromatin data. The as-
sembled sequence scaffolds were ordered and oriented,
yielding a total of 1.7 Gb in size. Repetitive sequences ac-
count for 53.2% of the total genome, similar to the previ-
ous reports for the other colubrids (Peng et al. 2023). Based
on synteny analysis, the karyotypes of the Amur rat snake
and corn snakes (Pantherophis guttatus) (Peng et al.
2023) are highly conserved. In contrast, multiple structural
variations are evident when compared to the western ter-
restrial garter snake (Thamnophis elegans) (Rhie et al.
2021). Although all these species belong to the subfamily
Colubrinae, they exhibit significant differences in ecological
habits, morphology, distribution, and genomic structure
(Arnold 1977; Ayres and Arnold 1983; Bronikowski and
Vleck 2010). Overall, this work has advanced our under-
standing of the Amur rat snake genome and develops a ref-
erence genome for the Elaphe genus.

Results and Discussion

Genome Estimation

To have a primary assessment of genomic characteristics of
E. schrenckii, we first generated 31.51 Gb of lllumina DNA
reads (supplementary table S1, Supplementary Material
online). Analysis of filtered reads using k-mer distribution
(k=21) estimated the genome size to range from 1,321
to 1,323.26 Mb. Further characterization revealed a heter-
ozygosity rate of 0.47% and a repetitive sequence content
of 26.97% (supplementary fig. S1 and table S2,
Supplementary Material online). These results provide import-
ant baseline data for understanding the genomic organization
of E. schrenckii and lay the foundation for downstream ana-
lyses, including comparative genomics and evolutionary stud-
ies. The relatively low heterozygosity rate [Compared to 0.9%
in Naja naja and 1.2% in Rhabdophis nuchalis (Suryamohan
et al. 2020; Duan et al. 2024)] indicates a moderate level of
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genetic diversity within the sampled population, while the re-
petitive content is consistent with the genome size and organ-
ization typical of colubrid snakes.

Genome Assembly and Assessment

The genome of E. schrenckii was assembled using 66.4 Gb
of PacBio long-read sequencing data, yielding approxi-
mately 53x coverage of the estimated genome size. The
initial assembly resulted in a genome size of 1.7 Gb, com-
prising 578 contigs with a N50 length of 53.2 Mb
(Table 1), exceeding the estimated genome size due to
the inclusion of redundant regions. To improve assembly
accuracy, one round of polishing with long reads and two
rounds with lllumina short reads were conducted, followed
by removals of redundant sequences.

To achieve a chromosome-level assembly, we employed
94.5 Gb of Hi-C sequencing data to anchor and orient con-
tigs into scaffolds. This yielded a final genome assembly of
1.7 Gb, comprising 472 scaffolds with a N50 of 215.2 Mb.
Among these scaffolds, the 18 largest were defined as
pseudo-chromosomes, collectively accounting for 92.3%
of the assembled genome (Fig. 1a and b and Table 1;
supplementary fig. S2, Supplementary Material online).
Chromosome lengths ranged from 10.5 to 351.7 Mb,
with most chromosomes containing (TTAGGG)n repeats
at one or both ends, indicating the telomeric regions
(supplementary tables S3 and fig. S3, Supplementary
Material online). Notably, one chromosome exhibited half
the female DNA depth compared to the others, suggesting
it represents the Z chromosome (Fig. 1b).

Comparative genomic analysis revealed that the chro-
mosomes of P. guttatus (Pgut) and E. schrenckii (Esch)
have undergone multiple rearrangements relative to
T. elegans (Tele), a species within the same family
(Colubridae). In contrast, Esch chromosomes exhibit high
conservation with more distantly related outgroup species,
such as Ahaetulla prasina (Apra) and Cylindrophis ruffus
(Cruf), whose genomes show a certain degree of conserva-
tion with the ancestral snake genome (Peng et al. 2023).
This pattern indicates that while some colubrid species
have experienced extensive chromosomal rearrangement
events, the genera Pantherophis and Elaphe have main-
tained a relatively stable karyotype that closely resembles
that of ancestral snakes (Fig. 1¢).

The quality and completeness of the genome assembly
were evaluated using BUSCO analysis (against tetrapo-
da_odb10 database), which identified 97.4% of single-
copy orthologs as complete (96.6% single-copy and
0.8% duplicated), with 0.7% fragmented and 1.9% miss-
ing (supplementary fig. S2, Supplementary Material online).
Furthermore, mapping rates of 99.6%, 92.6%, and 99.9%
were achieved for lllumina, RNA-seq, and PacBio data, re-
spectively, confirming the high accuracy and integrity of

Table 1 Genome assembly and annotation statistics of E. schrenckii

Elements Value

Contig-level genome assembly statistics

Total number of contigs 578
Contig N50 (Mb) 53.2
Scaffold-level genome assembly statistics
Total number of scaffolds 472
Scaffold N50 (Mb) 215
Final pseudo-chromosome-level genome assembly
statistics
Total number of pseudo-chromosomes 18
Chromosome size range (Mb) 10-352
GC content of pseudo-chromosomes 50%
Total length of pseudo-chromosomes (Mb) 1556.8
BUSCO of genome (tetrapoda_odb10, n=5310)
Complete 97.4%
Single copy 96.6%
Duplicated 0.8%
Fragmented 0.7%
Missing 1.9%
Annotation
Protein-coding genes 18529
Mean protein length (aa) 665
Mean gene length (bp) 34119
Exon/introns per gene 16.37/14.97
Exon (%) 8.1%
Mean exon length 169
Intron (%) 17.4%
Mean intron length 3963

BUSCO of annotated protein-coding sequences
(tetrapoda_odb10, n=5310)

Complete 92.4%
Single copy 91.2%
Duplicated 1.2%
Fragmented 1%

Missing 6.6%

the assembled genome. Interestingly, the assembled gen-
ome size was slightly larger than the estimated size, likely
due to k-mer-based estimation methods that rely on the
frequency distribution of unigque k-mers. These methods
may underestimate highly repetitive sequences, leading to
a discrepancy between estimated and assembled sizes.
Collectively, our high-quality chromosome-level genome
assembly of E. schrenckii provides a robust resource for fu-
ture studies on evolutionary biology and ecology.

Repetitive Elements and Gene Prediction

Repetitive elements account for 53.2% of the E. schrenckii
genome, encompassing approximately 854.8 Mb. Among
these, transposable elements (TEs) constituted the majority
(47.6%), with the remainder consisting of simple repeats
(5.0%), low-complexity regions (0.4%), small RNAs
(0.1%), and satellite sequences (0.1%) (supplementary
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Fig. 1. Chromosome-level genome assembly of E. schrenckii (Esch). a) Hi-C interaction heatmap of Esch. The black squares represent the 18 chromosomes,
with the color bar at the right representing the density of Hi-C interactions. b) Circos plot of the Esch genome assembly. The tracks from outer to inner layers
were chromosomes, depth of female DNA short reads in 1 Mb sliding windows, gene densities in 1 Mb windows while blue dots indicate regions where the
values greater than 25, the densities of four classes of repetitive elements in 100 kb windows, and GC content in 100 kb windows. c) The parallel linked plot
shows the genome synteny between eight published snake genomes [note that the abbreviation of each species and the genome accessions can be found in
supplementary table S6, Supplementary Material online (Peng et al. 2023; Tang et al. 2023; Rhie et al. 2021)] and the newly obtained Esch based on the
genomic coding sequences. Each row represents one genome, with each chromosome displayed in separate blocks. Note that the colored blocks represent
rearrangements (fusions and fissions) between Esch and Tele.

4 Genome Biol. Evol. 17(5) https://doi.org/10.1093/gbe/evaf086 Advance Access publication 7 May 2025


http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evaf086#supplementary-data

Chromosome-Level Genome Assembly of Elaphe schrenckii

GBE

table S4, Supplementary Material online). Notably, a sub-
stantial proportion of the TEs (11.5%) remained unclassi-
fied due to the absence of homologs in known
databases. Among the classified TEs, long interspersed nu-
clear elements (LINEs) were the most abundant (23.2%)),
followed by DNA transposons (7.0%) (Fig. 1b).

After masking repetitive sequences, we predicted a total
of 18,529 protein-coding genes, with an average gene
length of 34,118.7 bp and an average coding sequence
length of 1,169.1 bp. Each gene contained an average of
16.4 exons and 15.0 introns, with mean exon and intron
lengths of 169.1 bp and 3,962.7 bp, respectively (Table 1).

To assess the accuracy of gene annotation, we per-
formed a BUSCO analysis using the longest transcript of
each gene against the tetrapoda_odb10 database, which
identified 92.4% of orthologs as complete, including
91.2% single-copy and 1.2% multicopy orthologs
(Table 1; supplementary fig. S2, Supplementary Material
online). These results further support the high quality of
our gene annotation. In addition, functional annotation re-
vealed that 90.6% (16,792 genes) had at least one tran-
script successfully matched to one or more databases,
including EC, KEGG pathway, KEGG KO, GO, and PFAM.
Among these, 19,881 transcripts were associated with
Gene Ontology (GO) terms, and 10,502 transcripts were
mapped to KEGG pathways. Additionally, our analysis
identified 17,640 KEGG orthologous groups (KO) terms,
5,090 enzyme codes (EC), and 22,763 PFAM categories
(supplementary fig. S4, Supplementary Material online).
These comprehensive annotations highlight the genomic
complexity of E. schrenckii and provide valuable insights
into its gene content and functional landscape, offering a
robust foundation for future evolutionary and ecological
research.

Ortholog identification between E. schrenckii and
other snake species revealed that some orthologous groups
have undergone branch-specific gene family expansions
involved in the immune processes and olfaction
(supplementary fig. S4 and table S5, Supplementary
Material online). These findings underscore the significance
of the E. schrenckii genome as a valuable resource for ad-
vancing our understanding of snake biology and evolution.

Materials and Methods

Sample Collection and Genomic DNA Sequencing

Tissue samples were collected from captive-bred adult
female offspring of E. schrenckii, originally obtained from
the mountainous regions of Liaoning, China, and were
subsequently stored at —80 °C for sequencing. The snake
photo is provided by Dallin Kohler (https:/www.inatur
alist.org/photos/394855658) with license under http:/
creativecommons.org/licenses/by-nc/4.0/. To assemble the

chromosome-level genome of E. schrenckii, we employed
a combination of PacBio long-read sequencing, Hi-C chro-
matin interaction sequencing, and second-generation DNA
sequencing. For Hi-C sequencing, an Mbol digestion library
was constructed.

Library Preparation and Sequencing

High-quality DNA was utilized to construct single-molecule
real-time sequencing libraries with an insert size of 15 kb
using the SMRTbell prep kit 3.0. Long-read sequencing
was performed on the PacBio Revio platform. For short-
read sequencing, paired-end libraries (150 bp insert size)
were prepared using the MGlEasy Universal DNA Library
Prep Kit V1.0 and sequenced on the DNBSEQ-T7RS plat-
form. Hi-C libraries were prepared following standard prox-
imity ligation protocols to capture chromatin conformation
and sequenced on theDNBSEQ-T7RS platform. Quality con-
trol of raw lllumina reads was performed using fastp
(v0.23.4) (Chen et al. 2018), ensuring clean and high-
quality data. PacBio long subreads were directly generated
by the SMRT Link (v13.0) sequencing system. Hi-C sequen-
cing data underwent quality control using Juicer (v1.6)
(Durand et al. 2016a, 2016b).

Genome Size Estimation

Filtered lllumina data were used for genome survey analysis
to estimate genome characteristics with a k-mer length of
21. The characteristics were further visualized and analyzed
using GenomeScope (v2.0.1) (Vurture et al. 2017). The het-
erozygosity ratio was calculated based on the heterozygous
peak value.

Genome Assembly and Assessment

Primary contigs were constructed using Hifiasm (v0.24.0)
(Cheng et al. 2021) with default parameters. Error correction
was performed using Racon (v1.5.0) (Vaser et al. 2017)
and Pilon (v1.24) (Walker et al. 2014), with the combination
of one round of polishing with the third-generation data
and two rounds with the second-generation data. The
chromosome-level genome assembly was achieved using
Hi-C sequencing data, where reads were aligned to the con-
tigs with Juicer (v1.6) (Durand et al. 2016a, 2016b), followed
by anchoring contigs to pseudo-chromosomes through
3D-DNA pipeline (v201008) (Dudchenko et al. 2017) and
manual adjustment with Juicebox (v2.15) (Durand et al.
2016a, 2016b). Genome completeness was evaluated with
BUSCO (v5.8.2) (Simao et al. 2015) against the tetrapo-
da_odb10 database (n=5,310). To validate genome integ-
rity, reads from different sources were mapped to the final
assembly using Minimap2 (v2.23) (Li 2018), yielding high
mapping rates for lllumina DNA reads, PacBio reads, and
RNA-seq reads.
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Repetitive Elements Annotation

The repeats library for E. schrenckii was constructed using
RepeatModeler (v2.0.6) (Li 2018; Flynn et al. 2020) with de-
fault settings, combined with the consensus library from
squamates. The resulting library was then applied for gen-
ome masking using RepeatMasker (v4.1.7) (Smit et al.
2013), employing rmblast (v2.14.1) as the search engine.
The masked genome revealed 0.9 Gb of repetitive se-
guences (52.05%), including short interspersed nuclear
elements at 1.8%, LINEs at 22.7%, long terminal repeats
at 4.8%, DNA transposons at 6.2%, and unclassified re-
peats at 10.6%.

Gene Prediction and Functional Annotation

RNA-seq reads were mapped to the reference genome
using STAR (v2.7.11b) (Dobin et al. 2013) with default para-
meters. In addition, protein sequence data from 11 snake
species, annotated by NCBI RefSeq, along with the out-
group species Gallus gallus, were filtered to remove redun-
dancy, forming a homolog-based data set. Gene prediction
was carried out using BRAKER3 (v3.0.8) (Dobin et al. 2013;
Gabriel et al. 2024).

Synteny Inferring Between Snake Genomes

Synteny blocks among nine snakes were identified using
BLASTP (v2.14.1+4) (Altschul et al. 1990; Gabriel et al.
2024) and MCScanX (v1.0.0) (Wang et al. 2012).
Protein sequences from different species were first
grouped based on phylogenetic relationships. An
all-against-all BLASTP search was conducted with default
parameters (e-value: 1e=5, maximum number of align-
ments: 5) after the makeblastdb step. The BLASTP output
and GFF files were processed using MCScanX to identify
synteny blocks. Visualization of synteny was achieved
using SynVision (https:/synvisio.github.io/#/) (Bandi and
Gutwin 2020) after merging all collinearity and GFF files.

Gene Gain and Loss

Coding sequences from nine snakes were processed with
multiple sequence alignment using OrthoFinder (v2.5.5)
(Emms and Kelly 2019) followed by selecting the longest
transcripts. MCMCTREE (v4.10.7) (dos Reis and Yang
2011; Reis et al. 2018; Alvarez-Carretero et al. 2019) was
then used to infer species divergence time with the stand-
ard parameter settings (use data =3, model =4, alpha=
0.5). Next, CAFE5 (v5.1) (Mendes et al. 202 1) was used to
analyze changes in the size of gene families.

Supplementary Material

Supplementary material is available at Genome Biology and
Evolution online.
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Data Availability

The WGS, RNA-seq, and PacBio HiFi data for the
E. schrenckii genome can be found on NCBI with the acces-
sion numbers SRR31801987 to SRR31801997, respective-
ly, under BioProject accession number PRINA1201621.
The assembled genome is deposited in NCBI under acces-
sion number JBNFMROO0000000 and is also available in
the Genome Warehouse (GWH) wunder accession
GWHFSRJ00000000.1. Annotation files are hosted on
Figshare and can be accessed at https:/doi.org/10.6084/
m9.figshare.28595507.v2. No custom code was used in
this study. The data analyses used standard bioinformatic
tools specified in the methods. And all scripts used for fig-
ure performing are available on GitHub: https:/github.com/
zjuzexian/Rat-snake-genome/.
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