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Abstract The wild rats in the genus Rattus represent a group of murids characterized by rapid lineage
diversification but limited morphological variation. Within this genus, there are several commensal species with
high invasive capacity, such as Rattus norvegicus and R. rattus, which pose a global threat. Investigating the
mechanisms behind their adaptive evolution is of utmost importance. In this study, we conducted morphological
study and whole-genome sequencing on Rattus species distributed in China and adjacent regions to gain insights
into morphological differentiation, as well as genomic divergence and gene flow using assembled mitochondrion
genome and high-quality single nucleotide polymorphisms. Despite their morphological similarity and large
overlap in morphospace, our analyses revealed significant genetic differentiation at the genomic level among
Rattus species in China and adjacent regions. Specifically, intraspecific differentiation was observed in R. nitidus, R.
norvegicus, and R. tanezumi, which may be related to habitat heterogeneity and geographic isolation. We
hypothesize that as invasive rats expand their habitat, the diversification of ecological environments might lead to
more environmentally adapted evolution and accelerated genetic differentiation. Furthermore, Dsuite and
TreeMix analyses detected substantial introgression among different Rattus species, particularly evident between
R. norvegicus and R. tanezumi. Strong gene flow signals suggest frequent hybridization events among these
species, which may facilitate the acquisition of new environmental adaptability during their expansion into new
territories. This study provides a preliminary analysis that serves as a foundation for a more comprehensive

investigation into the rapid lineage diversification and adaptive introgression among Rattus species.
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1 Introduction

Human activities and climate change have shifted the
ranges of many established invasive species, allowing alien
species that would not otherwise have survived to establish
and spread (Brauer et al., 2023). The geographical and
biological homogenization in the Holocene has occurred as
a result of worldwide invasive events (Simberloff, 2013). As
the most successful invasive mammals, wild rats in the
genus Rattus are excellent models for studying adaptive
radiations and speciation (Verneau et al., 1998). Previous
studies have indicated that Rattus originated in Southeast
Asia during the Late Miocene (~5.5-7.5Ma) (Verneau
et al., 1998). This genus successfully expanded to New

Guinea and Australia (Robins et al., 2014), and is now
widespread throughout all continents (Musser & Car-
leton, 2005). According to the Mammal Diversity Database
of the American Society of Mammalogists (https://www.
mammaldiversity.org/), which provides the most up-to-date
information on global extant mammal species (Burgin
et al.,, 2018), Rattus stands out as the most speciose rodent
taxon with a total of 71 extant species. Previous studies
using cytochrome b (CYTB) sequences have investigated the
presence of eight Rattus species distributed in China (Liu
et al., 2018; Xie et al., 2022). However, there is still a lack of
genome-wide studies that have explored the phylogenetic
relationship and gene flow of this taxon in China and
adjacent regions.
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Although the majority of Rattus species are confined to
their natural habitats within their native ranges (Robins
et al, 2014), many species of this genus demonstrate a
remarkable ability to thrive in disturbed habitats and island
ecosystems (Harper & Bunbury, 2015; Puckett et al., 2016).
Consequently, a considerable proportion of these species
have gained notoriety as invasive pests. The two most widely
distributed commensal species, namely R. rattus (black rat)
and R. norvegicus (Norway rat or brown rat), play a pivotal
role in the transmission and preservation of zoonotic
diseases (Aplin et al., 2011). Additionally, both R. rattus and
R. exulans (Polynesian rat) exhibit ecological invasiveness and
have inflicted devastating impacts on native biota (Harper &
Bunbury, 2015). While previous studies have predominantly
focused on investigating the origins and population
demographic history of invasive species (Matisoo-Smith &
Robins, 2004; Puckett et al., 2016; Yu et al., 2022), there has
been limited exploration into the underlying mechanisms
driving the rapid invasion of these species.

The genus Rattus represents a classic example of recent
and rapid radiations in mammals (Rowe et al., 2011). The
divergence between R. rattus and its sibling species, R.
tanezumi (Asian house rat), has been traced back to
approximately 0.4 Ma (Robins et al., 2008). Rattus norvegicus
and R. nitidus differentiated as recently as approximately
0.6 Ma (Teng et al.,, 2017). However, limited ecomorpho-
logical differences were presented among species within this
genus (Rowe et al., 2011). The diversification of ecological
environments in the habitats of Rattus species has resulted in
the evolution of more environmentally adapted genotypes
and accelerated genetic differentiation among species. The
heterogeneity of human urban habitat environments has a
significant impact on the diversification of rodent species
(Puckett et al., 2020). Genomics research can fundamentally
provide deeper insights into the evolutionary mechanisms.
By analyzing whole-genome data of wild-caught brown rats
in northeast China, researchers have found that recent
evolution in this species is shaped by declining effective
population size (Deinum et al., 2015). Another study
assembled a draft genome of the Asian house rat and
explored the mechanisms of its northward invasion and the
genetic basis underlying plateau adaptation (Chen et al., 2021).
A more comprehensive sampling of the genomic data from
both widespread-winners and narrow-ranged Rattus species
in China and the adjacent region is still lacking.

Hybridization enables alien species to acquire locally
adapted genotypes, while facilitating the evolution of more
adaptive traits in hybrid offspring. This allows them to
expand into new habitats that are not occupied by their
hybrid parents (Huang et al., 2012). The process of natural
hybridization also enhances resilience to climate change and
contributes to the evolutionary rescue of species facing
threats (Brauer et al., 2023). Recent genome-based studies
have provided evidence that hybridization plays a pivotal role
in the invasion of the cotton bollworm, an agricultural pest
(Valencia-Montoya et al., 2020; Jin et al, 2023), yet its
significance in the evolution of rats has been rarely explored.
A recent study has found that genes related to chemical
communications among introgressed regions appeared to
contribute to the population-specific adaptations of the
admixed R. norvegicus (Teng et al, 2017). However, the
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interspecific hybridization amongst species within Rattus has
rarely been investigated in previous studies.

The objective of this study is to investigate the extent of
genomic differentiation among morphologically constrained
species in Rattus and its potential contribution to rapid lineage
diversification. Additionally, we aim to examine the occurrence
of gene flow between wide-spread invasive and narrow-
ranged rat species in China and adjacent regions. To achieve
these goals, a genome-wide single nucleotide polymorphism
(SNP)-based analysis was conducted on 87 individuals from
five Rattus species in China and adjacent regions, providing a
comprehensive reference dataset for interpreting their
phylogenetic relationship and interspecific hybridization.

2 Material and Methods

2.1 Morphological analyses

To demonstrate morphological differentiation among Rattus
species, we provided morphological comparison of five
species within genus Rattus distributed in China, including
R. andamanensis, R. nitidus, R. norvegicus, R. pyctoris, and R.
tanezumi. All these specimens were identified by sequencing
a mitochondrial genome fragment CYTB. The dorsal, ventral,
and lateral views of the skin specimens were photographed
using an Olympus IMoo2 camera (Tokyo, Japan), as were the
dorsal, ventral, and mandible of the skull specimens
(Figs. S1, S2). The body mass (in grams, g), external
measurements (EM; in mm) and craniodental measurements
(CM; in mm) were integrated using vernier calipers and
electronic scales. The mean and standard deviation of the
morphological data were calculated for each species. Linear
discriminant analysis (LDA) and principal component analysis
(PCA) of morphometric linear measurements were per-
formed using PAST version 3.16 (Hammer & Harper, 2001)
to examine external and craniodental differences among
species (Fig. S3). Collection information and original
measurements of these specimens are provided in Tables S1
and S2. Voucher specimens were preserved in the National
Zoological Museum, Institute of Zoology, Chinese Academy
of Sciences (IOZCAS).

2.2 Molecular sampling

We analyzed 91 samples comprising five Rattus species
(n=87) and two Niviventer species (n=4) from China and
Russia. Five Rattus species were included: R. norvegicus
(n=46), R. pyctoris (n =9), R. andamanensis (n = 8), R. nitidus
(n=10), and R. tanezumi (n=14), and two Niviventer species,
N. fengi (n=2) and N. huang (n=2), were used as the
outgroup. Among them, 26 new specimens were collected for
whole-genome resequencing. Wild-caught specimens were
dissected immediately, and the extracted muscle tissues were
stored in 95% ethanol at —80°C. Four specimens of the genus
Niviventer were obtained from a previous study (Wu
et al.,, 2023). The specimens of rats used in this study are
preserved in 10ZCAS and the Zoological Institute, Russian
Academy of Sciences (ZIN). Rattus norvegicus were sampled
from northern to southern China and Russian adjacent
regions, thus providing a broad representation of R.
norvegicus diversity across its geographic range in China and
adjacent regions. Other species were sampled within their
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Fig. 1. Geographical distribution of Rattus samples used in the present study. A, Sample locations of molecular voucher
specimens for whole-genome sequencing. B, Rattus norvegicus, park in Moscow, Russia, 2013. Credit: Sergei V. Kruskop.

natural habitat. The sampling sites for Rattus species were
mapped on a topography map (Fig. 1). Detailed information
for localities of these specimens is provided in Table S3.

2.3 DNA extraction and sequencing

Genomic DNA samples were extracted from muscle tissue
using the Qiagen DNeasy Blood and Tissue Kit (Qiagen China,
Shanghai, China). The extracted genomic DNA was
sequenced by the Beijing Genomics Institute (Beijing, China).
The quality and integrity of the extracted DNA were checked
by measuring the A260/A280 ratio using a NanoDrop ND-
2000 spectrophotometer (Thermo Fisher Scientific, Carlsbad,
California, USA) and by agarose gel electrophoresis. DNBSEQ
whole genome sequencing libraries with insert size of
approximately 350bp were prepared and sequenced on
DNBSEQ T7 platform with 150 bp paired-end reads. Raw
reads were filtered using fastp version 0.20.1 (Chen
et al.,, 2018) to filter out adapter sequences as well as low-
quality reads. FastQC version 0.11.9 (Schmieder & Ed-
wards, 2011) was used to assess the quality of clean reads.

2.4 Single nucleotide polymorphism calling and filtering

We mapped the clean reads of all sequenced individuals to the
R. norvegicus reference genome (GCF_015227675.2_mRatBN7.2
from the National Center for Biotechnology Information
[NCBI]) by BWA version 0.7.17 (Li & Durbin, 2009). In addition
to new data generated in this study, we obtained SRA data of
R. norvegicus, R. nitidus, and R. tanezumi from public
databases, including a total of 61 samples obtained from the
NCBI and National Genomics Data Center databases. The
mapping files were then sorted and filtered by removing
polymerase chain reaction duplicates with SAMtools version
1.12 (Li et al., 2009). After mapping, SNP calling was carried out
using BCFtools version 1.12 (Li, 2011). VCFtools version 0.1.16
(Danecek et al., 2011) was used to filter and obtain high-quality
SNPs for subsequent analysis. The following filtering strategy
was used: (i) genotype quality >30; (i) minimum sequencing
depth = 5, maximum sequencing depth = 50; (iii) missing rates
<30%; and (iv) minor allele frequency >0.05. Data size and
accession numbers of data newly generated in this study are
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given in Table S4. In addition, the accession numbers of
additional SRA data are listed in Table Ss.

2.5 Phylogenetic reconstruction using the mitochondrial
genome

We established a dataset of 263 individuals to reconstruct
the phylogeny of Rattus species: the mitochondrial genome
sequences (MTGs) of 26 individuals that were newly
sequenced in the present study and 211 individuals obtained
from NCBI plus those of Niviventer species available from a
previous study (Wu et al, 2023), and the CYTB for 26
individuals of R. losea available from GenBank. Niviventer
species were used as the outgroup in the phylogenetic
reconstruction.

GetOrganelle-master (Jin et al., 2020) was used to
assemble the MTGs from the clean data. The MTGs from
NCBI and those generated in the current study were
annotated by the MITOS online server (Bernt et al., 2013).
Thirteen mitochondrial protein-coding genes extracted from
MTGs were aligned using Muscte version 3.8.31 (Edgar, 2004)
and concatenated together. We performed a maximum
likelihood (ML) analysis using IQ-TREE version 1.6.12 (Minh
et al., 2020). The mutation model we used was GTR+F +
|+ G4. The ML tree was visualized and edited using iTOL
(https://itol.embl.de/) (Letunic & Bork, 2021). Mitochondrial
genomes obtained in this study were submitted to the China
National GeneBank database with accession numbers
N_001486735 to N_001486760, and detailed information for
data newly assembled in phylogenetic reconstruction is given
in Table S6. Moreover, the accession numbers of samples
from NCBI used for phylogenetic analysis are given in
Table S7.

2.6 Population structure analysis of the nuclear genome

Phylogenetic trees were constructed based on high-quality
SNPs using the ML and neighbor-joining (NJ) approaches,
with the genus Niviventer as the outgroup. The ML tree was
inferred using IQ-TREE version 1.6.12 (Minh et al., 2020) with
1000 bootstraps. The optimal mutation model and tree were
inferred using the “-m MFP” parameter. TVM + F 4+ R3 was
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identified as the fittest model. Next, the NJ tree was
constructed by means of FastMe version 2.0 (Lefort
et al, 2015), with the nucleotide P-distance matrix using
VCF2Dis. The two trees were visualized and edited using iTOL
(https:/[itol.embl.de/) (Letunic & Bork, 2021). Genetic
structure was assessed using PCA with whole-genome SNPs
for all 87 individuals using PLINK version 1.90b6.21 (Purcell
et al., 2007). AbmixTuRE version 1.3.0 (Alexander & Lange, 2011)
was also used to analyze the population structure. First, the
Niviventer species were removed from the SNPs dataset. To
mitigate the effects of linkage disequilibrium (LD) on genetic
structure, we pruned the markers using the “-indep-pairwise
50100.2” option of PLINK version 1.90b6.21 (Purcell
et al.,, 2007). After filtering, 8 613 990 SNPs remained for
analysis. The number of assumed genetic clusters (K) ranged
from two to nine.

2.7 Genetic distance analysis

Sequence genetic distances were calculated for MTGs using
MEGA11 (Tamura et al, 2021) under the Kimura two-
parameter model (Kimura, 1980). The individuals were
grouped using the “Select Taxa and Group” option in the
“DATA” module. The genetic distance was then calculated
using the “Compute Between Group Mean Distance” option
in the “DISTANCE” module. Then, the Kimura two-parameter
model was chosen and the bootstrap value was set to 1000.
In addition, population-differentiation statistics (fixation
index [Fs]) (Weir & Cockerham, 1984) of SNPs were
calculated using VCFtools version 0.1.16 (Danecek et al., 2011)
with a 100 kb nonoverlapping sliding window. Pairwise
comparisons of the Fy between Rattus species were
calculated based on the average value of all sliding windows.

2.8 Overall gene flow analysis

The SNP-based D statistics (also known as ABBA-BABA) were
computed to assess gene flow among a subset of taxa.
According to the species tree topology constructed by using
SNPs, the Niviventer spp. were set as the outgroup, and the
Dtrios module in the Dsuite (Malinsky et al., 2021) was used
to calculate all possible overall D-statistic (Durand et al., 2011)
and f4-ratios (Patterson et al., 2012) in five Rattus species.
The f-branch module was run in Dsuite to map the strength
of gene flow among species, with the species tree and the
output of the Dsuite Dtrios analysis as input (Malinsky
et al., 2018). The results were visualized as heatmaps using
“plot_d.rb”, “plot_f4ratio.rb”, and “dtools.py”.

TreeMix (Pickrell & Pritchard, 2012) was used to infer the
most likely population topology while considering potential
gene flow between the branches. We pruned the filtered
high-quality SNPs in high LD. In addition, sites with missing
values were removed from the analyses. The ML tree of
populations was estimated using the genome-wide allele
frequency data, with Niviventer spp. being used as the
outgroup. We conducted 10 repeats for each m value
(migration edge) from o to 5 and used the R package
OptM (Fitak, 2021) to evaluate the optimal number of
migration edges. The output of TreeMix was treated as the
input file of OptM. The scripts of plotting_funcs. R was used
to plot the results.
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3 Results

3.1 Morphological differentiation

Measurements of external and craniodental data for Rattus
species have been summarized in Table S8, with the
mean + standard deviation indicating the variation within
species. Despite the limited morphological differences
observed among species, it is possible to identify them
based on specific characteristics. For example, R. norvegicus
has shorter ears and tail, R. andamanensis has a distinct
dorsal and ventral color boundary and a pure white belly, and
the ventral surface of R. tanezumi is tawny (Fig. S1). The skull
of R. norvegicus is characterized by the temporal crests being
almost parallel, with the right and left temporal crests
extending backward and parallel without extending outward
(Fig. S2).

In the PCA analysis of CM, the first two principal
components explained 67.01% and 7.57% of the total variance,
respectively (Fig. S3A). The species exhibit considerable
overlap, suggesting that differentiation in skull morphology is
not remarkable (Fig. S3A). The first two axes of the LDA
analysis of EMs explained 76.4% and 21.6% of the variance,
respectively, indicating a high degree of overlap among
species (Fig. S3B). This suggests that divergence in external
morphology was also not significant. Additionally, the LDA
analysis of CM revealed a little more pronounced differ-
entiation among species (Fig. S3C).

3.2 Genome-scale sequencing

This study involved the whole genome resequencing of 26
individuals from three Rattus species. Approximately
1030 Gb of 150 bp paired-end reads were obtained, with an
average sequencing depth of 17.28x per individual. The
average Q20 and Q30 were above 97% and 92%, respectively.
Twenty-six individuals that were newly sequenced in the
present study, four individuals of the genus Niviventer
obtained from a published study, and 61 individuals of the
genus Rattus downloaded from public databases comprised
a dataset of 91 individuals. After performing quality control
and filtering, the paired-end clean reads of 91 individuals
were aligned to the R. norvegicus reference genome,
obtaining a total of 285654586 initial SNPs, which were
filtered using VCFtools version 0.1.16 (Danecek et al., 2011)
to obtain high-quality SNPs of 33036 574 for subsequent
analyses.

3.3 Phylogenetic reconstruction of the mitochondrial genome
Using IQ-TREE version 1.6.12 (Minh et al, 2020), we
performed the phylogenetic reconstruction of the MTGs
dataset of 263 individuals to construct an ML tree. The
results showed species of the genus Rattus were classified
into two clades, Eurasia and Australia, with reliable
confidence (bootstrap value =100); all Rattus spp. distrib-
uted in China were located in the Eurasia clade (Fig. 2). In
addition, R. norvegicus is most closely related to R. nitidus.
Rattus nitidus diverged to two clades that include Xizang and
nominotypical subspecies of this species. Rattus rattus is a
sibling species to R. tanezumi.
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Fig. 2. Phylogenetic tree of Rattus species, constructed based on 13 protein-coding sequences of mitochondrial genome
sequences. Species distributed in China are indicated by red triangles.

3.4 Genomic differentiation inferred using nuclear genome
Phylogenetic trees were constructed using the ML and NJ
approaches based on high-quality SNPs. The NJ tree and ML
tree topology showed similarities, with the outgroup
Niviventer spp. rooting the tree, and the Rattus species
yielding five well-separated branches (Figs. 3A, S4).
Rattus norvegicus and its sibling species, R. nitidus, were
clustered in one large clade, whereas R. tanezumi, R.
andamanensis, and R. pyctoris formed another monophyletic
clade. The ML tree revealed the divergence of R. norvegicus,
with the initial split observed among samples from
Yangzhou, while the populations from the Russian Far East
and Harbin exhibited the most recent divergence (Fig. 3A).
This result indicated a tendency towards expansion from
south to north of R. norvegicus, consistent with previous
studies (Song et al., 2014).

We conducted PCA on five Rattus species by using SNPs.
The PCA results revealed that R. norvegicus was genetically
distinguished from the other species, while the remaining
species formed a cluster with the mosaic distribution (Fig. 3B).
The R. norvegicus populations in China and Russia have
diverged significantly. Samples from the Russian Far East
include samples from Iturup Island (approximately 147-148°E)
and the mainland Far East (approximately 131-135°E), of which
the mainland population was more similar to the Chinese
population. PCA of the remaining four species showed that R.
nitidus and R. tanezumi were further separated, while R.
andamanensis clustered with R. pyctoris, suggesting a close
relationship between these two species.

ApmixTUuRe version 1.3.0 (Alexander & Lange, 2011) was used
to infer the population structure. In addition, the number of
ancestral composition K was predefined from 2-9 (Fig. 3C).
For K =2, R. norvegicus distinguished itself from other species.
For K=6, the minimum coefficient of variation was 0.263,
indicating the best-supported cluster. Rattus norvegicus
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populations were divided into three groups, the Russian Far
East insular population, Russian Far East mainland-Chinese
population, and Nanyang population. Rattus andamanensis
showed a high genetic affinity with R. pyctoris, which was also
consistent with the result of PCA. For K=9, R. tanezumi was
divided into two distinct groups, one group from low-altitude
areas of China and another from Lasa, Xizang, China.

3.5 Genetic distance among species

To measure the degree of genetic differentiation among
Rattus species, we calculated pairwise genetic distances
based on the 13 mitochondrial protein-coding gene
sequences using the K2-P model in MEGA11 (Tamura
et al,, 2021). The K2-P distances among the Rattus species
distributed in China ranged from 0.040 to 0.136, with an
average distance of 0.109, indicating a significant degree of
genetic differentiation among them. The smallest distance
occurred between R. rattus and R. tanezumi, followed by R.
norvegicus and R. nitidus with 0.066, verifying the sibling
species relationship between them. The largest distance was
between R. losea and R. nitidus (Table 1).

We also calculated pairwise Fg between Rattus species
using the SNP dataset (Table 2). The pairwise comparisons of
Fst ranged from 0.123 to 0.242. This suggests that the Rattus
species have undergone a moderate level of differentiation.
The species with the smallest differentiation were clustered
between R. norvegicus and its sibling species, R. nitidus.
Rattus norvegicus had lower differentiation indexes with all
other species, indicating some degree of genetic affinity.

3.6 Overall gene flow analyses

ApmixTURE was also used to assess ancestral mixture
proportion among Rattus species. R. norvegicus shows
evidence of gene flow with other species. In the R.
norvegicus block of apmixture results, there was the presence
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of the mixture of multiple ancestral components (Fig. 3C).
The Russian population, located at Iturup Island within its
range, was relatively homogeneous. TreeMix (Pickrell &
Pritchard, 2012) accurately described the direction and
degree of introgression. The ML species tree for all species
was displayed by TreeMix (Fig. S5). The OptM results
indicated that m =4 was the most statistically parsimonious
(Fig. S6), with R. tanezumi introgression to R. norvegicus and
R. andamanensis, R. nitidus introgression to R. pyctoris, and R.
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andamanensis introgression to R. nitidus (Fig. 4A). To further
explore gene flow across all Rattus species, we performed
the D-statistic, f4-ratio, and f-branch in Dsuite (Malinsky
et al., 2021), which identified significant introgression signals
among three species pairs (Figs. 4B—4D; Table S9g). Overall,
we identified strong gene flow between R. norvegicus and
R. tanezumi, R. nitidus and R. pyctoris, and R. nitidus and
R. andamanensis, with the composition of R. norvegicus
and R. tanezumi showing the strongest signal.
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Table 2 Pairwise comparisons of fixation index (Fs) using single nucleotide polymorphisms between Rattus species

R. andamanensis R. nitidus R. norvegicus R. pyctoris
R. nitidus 0.224
R. norvegicus 0.137 0.123
R. pyctoris 0.235 0.242 0.144
R. tanezumi 0.185 0.228 0.160 0.21
A / R. tanezumi B
) R. norvegicus
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weight R. pyctoris
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Fig. 4. Hybridization among Rattus species. A, Gene flow detected using TreeMix. B, Gene flow determined using D statistics
in Dsuite. C, Gene flow determined using the F4-ratio. D, Gene flow determined using the f-branch method.
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4 Discussion

4.1 High genome-level genetic differentiation among Rattus
species

The evidence of morphological similarity suggests limited
morphological differences among Rattus species (Figs. S1-S3),
which is consistent with a previous study (Robins et al., 2014).
On the contrary, we detected significant genome-level
genetic differentiation among Rattus species. The analyses
of genetic distance can also be utilized for quantifying
species affinities, tracing gene flow patterns, and elucidating
the evolutionary trajectory (Shirk et al., 2017; Mugula
et al., 2023). In our study, the K2-P distances based on 13
mitochondrial protein-coding gene sequences indicate mod-
erate differentiation among Rattus species distributed in
China. Combined with the F results, we hypothesize that
genomic differentiation might play a more important role
than the morphological diversification in Rattus. High genetic
affinities were detected between R. rattus and R. tanezumi, R.
norvegicus, and R. nitidus, which are consistent with their
sibling species relationship. Moreover, in the Fg test, R.
norvegicus showed lower differentiation indexes with all
other species, implying the impact of potential gene flow.

Meanwhile, in the phylogenetic reconstruction of the
mitochondrial genome, the genus Rattus is geographically
compartmentalized into two distinct clades, Eurasian and
Australian. These clades represent discrete biogeographic
regions, suggesting that different branches of Rattus species
have undergone adaptive evolution in response to varying
geographic and climatic conditions. Phylogenetic analyses
also revealed a well-branched structure with high statistical
support for all Rattus spp., which may be influenced by
geographical isolation and historical long-distance migrations
(Aplin et al., 2011). These findings imply that as invasive rats
continue to expand their range, the diversification of
ecological environments has driven environmentally-driven
evolutionary processes, resulting in accelerated genetic
differentiation among species. Further investigations are
warranted to identify highly differentiated genes or regional
signals through functional analysis in future studies.

Rattus norvegicus and R. tanezumi are both invasive
species showing a wide geographic distribution, with the
former having a global presence while the latter is currently
expanding its range from southern Asia to northern China
(Chen et al., 2021). Our samples were collected from diverse
ecosystems, including the Qinghai-Tibet Plateau (QHTP),
spanning from southern to northern China, as well as the
Russian periphery of northeast Asia. The uplift of QHTP and
the distinct climatic ecologies of the continent and islands
may have facilitated divergence among species in Rattus, and
the speciation of R. pyctoris and R. andamanensis, potentially
representing adaptive differentiation in this genus (Favre
et al., 2015). The extensive distribution of R. norvegicus has
been attributed to differentiation among its geographically
diverse populations and human-aided range expansion
(Puckett et al., 2020). In our study, island populations in
the Russian Far East constitute isolated, pure, and
harmonious populations that align with long-term geo-
graphic isolation within island ecosystems. Similarly, R.
tanezumi and R. nitidus from Xizang exhibit notable differ-
entiation compared to those sampled in low-altitude areas of
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China. The mountainous region surrounding QHTP serves as a
cradle for biodiversity, where its unique climate has shaped
highly specialized species (He et al., 2020).

4.2 Strong gene flow signals among Rattus species
Hybridization contributes to the adaptive evolution and
genetic rescue of species, thereby improving their capacity to
adapt and spread (Prentis et al., 2008; Ralls et al., 2020). In
this study, abmixture results revealed that the invasive
species, R. norvegicus, has potential gene flow with native
species. Dsuite and TreeMix analyses detected substantial
introgression signals between different Rattus species.
Complex gene flow may modify the gene pools of species
and contribute to their evolutionary innovation (Tigano &
Friesen, 2016; Greve & Pertierra, 2022). It is possible that
hybridization with allied species has facilitated the northward
expansion of the rat species as well as high-altitude
adaptation. Among these hybridization events, the strongest
introgressive signal was detected between R. norvegicus and
R. tanezumi. In our study, there are multiple overlaps in the
ranges of the widely distributed R. norvegicus and R.
tanezumi, which may have facilitated gene flow between
these two species. Previous studies have shown that chronic
interspecific interactions may have contributed to the
invasion of R. tanezumi, which expanded northward in China
into the range of R. norvegicus by odor suppression in natural
sympatric habitats (Guo et al., 2017). This advantage may
have enabled R. tanezumi to compete with the much larger R.
norvegicus. Meanwhile, the study found that females of R.
tanezumi are more likely to be attracted by the male urine of
R. norvegicus over those of their own males (Guo et al., 2017).
The occurrence of this phenomenon coincides with the
identification of significant hybridization signals between R.
tanezumi and R. norvegicus. We hypothesize that through
hybridization with R. norvegicus, R. tanezumi may have also
acquired advantageous alleles that facilitate rapid adaptation
to changing environments, greater competitiveness, and
expansion of its survival range. For instance, it has been
reported that anticoagulant resistance and chemical
communication-associated genes obtained through hybrid-
ization contribute to the enhanced adaptation and rapid
expansion of invasive rodents (Song et al, 2011; Teng
et al., 2017). However, the genetic background and genomic
effects of high-level introgression remain unclear and are
worthy of further study with more extensive sampling.

Additionally, the R. norvegicus insular population from the
Russian Far East was relatively pure, whereas the mainland
population was more closely related to the populations from
China, suggesting that hybridization of R. norvegicus from
China and other native species might have occurred later,
and that there was a process of two dispersals of this species
to the Russian Far East, the second of which may be a post-
hybridization dispersal.

5 Outlook

The contribution of genomic variation and expression
differences in the adaptive advantages of Rattus species
expansion into diverse novel environments remains to be
elucidated. To achieve this, it is necessary to integrate
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additional genomic and transcriptomic data. The application
of multiple analyses at both the genome and transcriptome
levels is expected to facilitate a more comprehensive
understanding of the genetic nature underlying species
differentiation and adaptive evolution.

The gene flow analyses revealed a significant exchange of
genetic material between R. norvegicus and R. tanezumi,
indicating the occurrence of interspecies hybridization.
Further investigation is required to precisely identify the
specific loci involved in this introgression and elucidate the
functional implications of these genes. Subsequently, we will
explore the role of hybridization events in facilitating species
invasion success and enhancing competitive advantage
acquisition.

We will delve into the origins, proliferation, and evolu-
tionary dynamics of genus Rattus. A broader range of
samples and fossil data will be obtained. Subsequently,
ancient DNA analysis and molecular clock modeling analysis
should be undertaken to resolve the origin and dispersal
controversies of species within the genus Rattus, especially
R. norvegicus.
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The following supplementary material is available online for
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13123/suppinfo:

Fig. S1. Representative skin specimens of the Rattus species
examined in this study.

Fig. S2. Representative skull specimens of the Rattus species
examined in this study.
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Fig. S3. Morphological comparisons of the Rattus examined
in this study.

Fig. S4. Neighbor-joining tree inferred using single nucleotide
polymorphisms.

Fig. S5. TreeMix analysis results highlight the likelihood tree
of Rattus species with the direction and degree of gene flow.
Fig. S6. OptM fit result map, which evaluated different m
results of TreeMix.

Table S1. Origin measurements of the external morphology
of the Rattus species examined in this study.

Table S2. Origin measurements of the craniodental mor-
phology of the Rattus species examined in this study.

Table S3. Detailed information for localities of specimens for
whole-genome sequencing.

Table S4. Collection information and accession number of data
newly generated in this study for whole-genome sequencing.
Table Ss5. Accession numbers of additional SRA data in this
study for whole-genome sequencing.

Table S6. Collection information and accession number of
samples used for mitochondrial genome analysis.

Table S7. Accession numbers of samples from the National
Center for Biotechnology Information (NCBI) used for
mitochondrial genome analysis.

Table S8. Morphological data between species of Rattus in
China: External and craniodental measurements.

Table S9. Gene flow between Rattus species tested by
Dsuite.
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