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ABSTRACT

Mitochondrial genomes (mitogenomes) play a crucial role
in species adaptation to diverse evolutionary pressures.
Although adaptive changes in mitochondrial genes have
been reported under extreme conditions, large-scale
analyses of mitogenomic evolution across ecologically
diverse habitats are still limited. The Eurasian tree sparrow
(Passer montanus), one of the most widely distributed
avian species, occupies variable habitats, providing an
ideal model for investigating mitochondrial responses to
environmental heterogeneity. This study examined
mitogenomic variation in tree sparrow populations sampled
across China, revealing pronounced mitochondrial
divergence in geographically isolated populations,
particularly those in southern Xizang on the Qinghai-
Xizang Plateau and the continental islands of Hainan and
Taiwan. In the high-altitude population of southern Xizang,
non-synonymous substitutions in COX2 and COX3 may
enhance protein stability, potentially facilitating adaptation
to cold and hypoxic conditions. In contrast, substitutions in
ATP6 (Hainan) and ND5 (Taiwan) may reduce protein
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stability, implying distinct mitogenomic responses to local
environmental constraints. Moreover, distinct tRNA
mutations in the Hainan populations may confer increased
structural flexibility, potentially contributing to island-
specific adaptation. These findings highlight the role of
mitochondrial genomes in responding to ecological
variation and geographic barriers, underscoring the
prospective functional consequences of mitogenomic
evolution.
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INTRODUCTION

Mitochondria serve as bioenergetic hubs in eukaryotic cells,
orchestrating oxidative phosphorylation, metabolic integration,
and stress response signaling (Shen et al., 2022). Given their
critical cellular functions (Roger etal., 2017), mitochondria
have become a focal point in evolutionary biology and
biomedical science. Mitochondrial DNA (mtDNA), in particular,
is now widely used as a molecular marker for reconstructing
phylogenetic relationships, tracing evolutionary processes,
and investigating the etiology of various human diseases
(Powell, 1994; Stewart & Chinnery, 2015; Wang et al., 2017).
Beyond its utility in molecular systematics, the evolution of
mitochondrial genomes (mitogenomes) has been increasingly
associated with adaptive responses, especially in extreme
environments under elevated energetic demand such as
hypoxia or thermal stress (Ballard & Whitlock, 2004; Wallace,
2015).

Evidence from human populations has underscored the
functional relevance of mitogenomic variation in
thermogenesis and environmental adaptation. In high-altitude
Sherpa populations from the southern mountainsides of the
Himalayas, sequence variants in ND17 (full gene names in
Supplementary Table S1) have been implicated in
physiological adjustments to chronic hypoxia (Kang etal,
2013). Similarly, associations between mitochondrial
haplogroups and enhanced non-shivering thermogenesis in
northern European populations (Wallace, 2015), along with
temperature-associated mutations in ND3 and ATP6 (Balloux
etal.,, 2009), suggest potential selective advantages for
survival in cold environments. These findings establish a
framework for broader exploration of mitogenomic adaptation
across taxa exposed to harsh ecological pressures.

Mitogenomic adaptation to extreme environments has been
documented across a range of vertebrate lineages. In high-
altitude mammals, such as the Tibetan antelope (Pantholops
hodgsonii), yak (Bos grunniens), Tibetan horse (Equus
caballus), and golden snub-nosed monkey (Rhinopithecus
roxellana), signatures of positive selection in COX7, ND2, and
ND6 suggest enhanced oxidative phosphorylation efficiency
under hypoxic stress (Xu et al., 2005, 2007; Yu et al., 2011).
Similarly, high-altitude Phasianidae birds show evidence of
adaptive changes in ND2, ND4, and ATP6, which may support
cold and oxygen-limited adaptation (Zhou et al., 2014). In the
greater white-toothed shrew (Crocidura russula), variations in
ATP6, COX1, and ND1 have been linked to non-shivering
thermogenesis in cold habitats (Fontanillas et al., 2005).

Despite these advances, most mitogenomic studies have
focused on taxa inhabiting environmental extremes, such as
high altitudes or cold regions, while species persisting across
more ecologically variable or moderate habitats are
comparatively understudied. This narrow taxonomic and
environmental focus has created a significant knowledge gap
in understanding how mitogenomes evolve under broader
ecological contexts. Furthermore, cross-species comparisons,
though informative, can be confounded by phylogenetic
divergence and ecological differences (Monsanto et al., 2022;
Ramos etal., 2018). In contrast, intraspecific analyses
spanning wide geographic and environmental gradients offer a
more direct framework for resolving the ecological and
geographic drivers of mitogenomic divergence (Cheviron &
Brumfield, 2009; Morales et al., 2015, 2018). However, such
studies remain limited in scope and scale, particularly among
non-model organisms with wide distributions and
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heterogeneous habitats (Vieira etal., 2024; Zhang etal.,
2025).

The Eurasian tree sparrow (Passer montanus, hereafter
referred to as “tree sparrow”) provides a powerful system for
investigating mitogenome evolution across environmental
gradients. As one of the most widespread and abundant avian
species globally, the tree sparrow occupies a broad spectrum
of habitats, including high-altitude plateaus, lowland plains,
coastal basins, continental islands, forested mountains, and
arid deserts, demonstrating remarkable ecological plasticity
(Barlow etal.,, 2020). Taxonomically, tree sparrows are
classified into nine subspecies (Clements et al., 2024), seven
of which are present in China (Zheng, 2023). Populations
across these regions exhibit pronounced variation in habitat
type, which is reflected in differences in physiological traits,
morphometric measurements (Sun et al., 2016; Xiong et al.,
2020), and genetic structure (Qu etal.,, 2020), indicating
ongoing environmental adaptation.

Although several studies have explored physiological and
genomic responses to extreme environments in tree sparrows
(Ding et al., 2021; Li et al., 2022; Qu et al., 2020), few have
examined mitogenomic evolution across large geographic
scales. The present study investigated mitogenomic diversity
in tree sparrow populations spanning a wide range of habitats
across China, aiming to identify signatures of population-
specific adaptation. Two central questions were addressed:
(1) Does mitogenomic divergence occur among
geographically structured populations? (2) Do specific
mitogenomic variants exhibit population specificity, and could
these changes contribute to functional or evolutionary
differentiation? Analyses focused on complete mitogenomes,
complemented by comparison with two nuclear loci. This work
contributes to a broader understanding of mitochondrial
evolution and establishes a framework for future evolutionary
and conservation research.

MATERIALS AND METHODS

Sample collection and data preparation

Blood and tissue samples were collected from tree sparrow
populations spanning a wide range of geographic and
ecological regions across China (Supplementary Tables S2,
S3; Figure 1). Two house sparrows (Passer domesticus) from
Xinjiang and Qinghai were included as outgroups. Genomic
DNA was extracted using a TIANamp Genomic DNA Kit
(TIANGEN Biotech, China) and stored in 120-150 uL of
double-distilled water at —20°C.

Four-gene dataset for broad-scale geographic
analysis: To  characterize  genetic  structure  across
populations, two mitochondrial gene fragments (CYTB and
ND2) were amplified from 208 individuals representing 33
populations (4—6 individuals per population; Supplementary
Table S2). In parallel, two nuclear introns (FGB5 and PSMAZ2;
Supplementary Tables S1, S4) were amplified for comparative
analysis. Polymerase chain reaction (PCR) amplifications
were performed using a touchdown cycling protocol following
Wang et al. (2016). Amplified products were purified using a
QIAquick® PCR Purification Kit (QIAGEN N.V., Germany) and
bidirectionally sequenced by BGI Genomics (Shenzhen,
China). The resulting sequences provided a large-scale
overview of genetic diversity and phylogeographic structure.
Whole mitogenomic data for fine-scale analysis: To enable
detailed evolutionary inference, complete mitogenomes were
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Figure 1 Sampling locations of Eurasian tree sparrows across China

Location names are indicated in the map legend. C" denotes location outside main cities. Subspecies (six of seven recognized in China; Zheng,

2023) associated with each region are indicated by different colors. Inset shows the distribution map of tree sparrows, downloaded from the IUCN
Red List (https://www.iucnredlist.org/species/22718270/119216586#geographic-range).

obtained from 37 individuals representing 14 geographically
diverse populations (Supplementary Table S3). Two house
sparrows (GenBank: PQ783074 and PQ783112) served as
outgroups. Entire mitogenomes were amplified using two
overlapping long-range PCR fragments with primer sets listed
in Supplementary Table S4 (Wang & Liang, 2016). This dual-
fragment approach reduces the likelihood of nuclear
mitochondrial (numt) sequence amplification (Liang etal,
2018), ensuring the integrity of the mitogenome assembly.
PCR was carried out in a 40 pL system containing 20 pL of
premix (Hi-performance Taq DNA polymerase, buffer, and
dNTPs), 0.8 pL of forward and reverse primers (10 pmol/L
each), 2 pyL of DNA template (~100 ng/uL), and 16.4 uL of
distilled water. Thermal cycling used a touchdown protocol
with initial annealing at 58°C, decreasing by 0.5°C per cycle,
followed by 10 cycles at 48°C.

Amplified fragments were sequenced on the lllumina
HiSeq2000 platform (USA) at WX’'s laboratory (Tsinghua
University, China), generating paired-end reads. Mitogenomes
were assembled using Velvet (Zerbino & Birney, 2008) and
Geneious Prime v.2019.2.1. All gene alignments were
manually verified to confirm sequence integrity and the
absence of unexpected stop codons. Final mitogenome
assemblies were deposited in GenBank (Supplementary Table
S3), GenBase (GB0006596), and the Science Data Bank
(SDB, Data DOI: 10.57760/sciencedb.j00139.00252).

Four-gene dataset analysis
Summary statistics: For the two mitochondrial genes (CYTB,

ND2) and nuclear introns (FGB5, PSMA2), the number of
haplotypes (N), haplotype diversity (Hd), and nucleotide
diversity (1) were calculated using DnaSP v.6 (Rozas etal.,
2017). Nuclear sequences were phased prior to analysis
(Stephens et al., 2001). Tajima’s D (Tajima, 1989) and Fu and
Li's D" (Fu & Li, 1993) were calculated to test for selective
neutrality.

Population differentiation: Population  structure  was
evaluated using hierarchical analysis of molecular variance
(AMOVA) in Arlequin v.3.5.2.2 (Excoffier & Lischer, 2010) with
10 000 permutations. Fixation indices (Fsy, Hudson etal.,
1992) were estimated using the Weir & Cockerham (1984)
method. Pairwise genetic differences, defined as the average
number of base substitutions per site across sequence pairs,
were calculated for concatenated mitochondrial (MT2) and
concatenated nuclear (NUC2) datasets using MEGA11
(Tamura et al., 2021) with the Maximum Composite Likelihood
model (Tamura et al., 2004) and gamma distribution of rate
variation among sites.

To examine isolation-by-distance (IBD) and isolation-by-
environment (IBE), partial Mantel tests (Smouse et al., 1986)
were performed to assess correlations between genetic
divergence and either geographic or environmental distances,
controlling for the effect of the other factor. Population genetic
distances were calculated as Fs/(1-Fs7) (Rousset, 1997) for
MT2 and NUC2 in Arlequin v.3.5.2.2. Geographic distances
between populations were approximated as the shortest linear
distances between sampling locations. Environmental
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variables, including elevation and 19 bioclimatic factors, were
retrieved from WorldClim v.2.0 (Cerasoli etal., 2022).
Principal component analysis (PCA) was conducted using the
‘prcomp’ function in R to derive environmental distances
(ENVALL) between sampling localities based on positions
along the PC axes (Wang, 2013). For IBE, partial Mantel tests
with 1 000 permutations were conducted using the "vegan"
package in R, conditioning on geographic distance.
Conversely, for IBD, ENVALL was used as the conditioning
factor.

To reduce multicollinearity among environmental variables,

ENMTools (Warren et al., 2010) was used to cluster the 20
variables based on predictors with absolute correlation
coefficients greater than 0.8 (|r|>0.8), resulting in six groups.
Maxent v.3.4.3 (Phillips et al., 2006) was then applied to select
the top-contributing variable from each group based on its
importance to the geographical distribution of tree sparrows.
Six representative predictors were retained: elevation, Bio3
(isothermality), Bio4 (temperature seasonality), Bio12 (annual
precipitation), Bio15 (precipitation seasonality), and Bio17
(precipitation of driest quarter) (Supplementary Tables S5,
S6). Standardized Euclidean distances were computed among
populations for each variable, and IBE was reassessed using
the same procedures described above.
Genetic network and phylogenetic reconstruction:
Individual-based, multilocus genetic networks were generated
using the phased NUC2 dataset to visualize genetic structure.
Pairwise distances were calculated under the HKY85 model,
and networks were constructed using the Neighbor-
Net algorithm (Bryant & Moulton, 2004) implemented in
SplitsTree (Huson, 1998). Mitochondrial haplotype networks
for CYTB, ND2, and MT2 were constructed using the TCS
algorithm (Templeton etal., 1992) in PopART v.1.7 (Leigh
et al., 2015).

Maximum-likelihood (ML) phylogenies were inferred for
individual mitochondrial (CYTB, ND2) and nuclear (FGBS,
PSMA2) gene segments, as well as the concatenated
datasets (MT2 and NUC2), using RAXML v.7.2.6 (Stamatakis,
2006) under the GTR+I" model, with 1 000 bootstrap replicates
for node support. Bayesian phylogenetic trees for the
concatenated datasets were generated using MrBayes v.3.1.2
(Ronquist & Huelsenbeck, 2003), with gene-specific
substitution models selected using jModelTest v.2.1.10
(Darriba et al., 2012) based on Akaike Information Criterion
(AIC; Supplementary Table S7). Each analysis consisted of
two independent runs of four Monte Carlo Markov chains
(MCMCs) for 100 million generations, with trees sampled
every 10 000 generations. The initial 25% of samples were
discarded as burn-in, and all-compatible consensus trees
were constructed with posterior probability (PP) support
values. Samples from Taiwan (n=4) and southern Qinghai
(Yushu and Zhiduo, n=2) were collected exclusively for whole
mitogenome sequencing; their CYTB and ND2 gene segments
were thus extracted and incorporated into the mitochondrial
network and phylogenetic analyses.

Mitogenome data analyses

Genetic differentiation and phylogenetic inference: Whole
mitogenome sequences from 37 individuals were analyzed as
two datasets: the complete mitogenome and a reduced
dataset comprising 15 genes (13 protein-coding genes
(PCGs) and two rRNA genes; MT15). For both datasets,
pairwise genetic distances, defined as the number of base
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substitutions per site, were calculated using the Maximum
Composite Likelihood model in MEGA11 (Tamura et al., 2004)
and visualized as heatmaps. AMOVA was performed
separately for each of the 15 genes using Arlequin v.3.5.2.2,
and a haplotype network based on the MT15 dataset was
constructed in PopART v.1.7. Phylogenetic trees for the entire
genomes and concatenated MT15 dataset were reconstructed
using both ML and Bayesian methods, following the
procedures described above.

Divergence time  estimation and demographic
history: Bayesian Coalescent Skyline plots and time
calibration were conducted in BEAST v.2.5.3 (Bouckaert et al.,
2019) using the MT15 dataset to infer divergence times and
historical population dynamics. Each gene was assigned its
best-fit or closely related substitution model, and a strict
molecular clock was applied with a mean substitution rate of
1.6x107° substitutions/site/year, averaged across the 15
mitochondrial genes (Arcones etal.,, 2021). Divergence
between the tree sparrow and house sparrow was constrained
using a secondary calibration of 5 million years ago (4—6 Ma)
(Packert et al., 2021). Three independent MCMC runs were
conducted for each analysis, each exceeding 3x107
generations. Convergence and effective sample sizes
(ESS>200) were assessed using Tracer v.1.7.2 (Rambaut
et al., 2018).

Selection and structural analysis
Site-level variation: To investigate mutational patterns
potentially contributing to population divergence, variation
across all 13 PCGs, 22 tRNAs, and two rRNAs was analyzed.
For each gene alignment, ancestral sequences were
reconstructed using RAXML-NG (Kozlov et al., 2019) with the
‘--ancestral’ option, designating P. domesticus as the
outgroup. Substitution models were set to GTR for tRNAs and
selected based on model testing (Supplementary Table S7).
Substitutions were identified by comparison with the inferred
ancestral sequences, and the proportions of transitions and
transversions were calculated for each population. For PCGs,
synonymous (Kg) and nonsynonymous (K,) substitutions were
distinguished. Following Zhang etal. (2014), population-
specific sites (PSSs) were defined as substitutions fixed within
a population but absent from others. In addition, non-perfect
population-specific K, sites were identified as K, substitutions
present in all individuals of a population but also present in a
single individual outside that population.
Selection detection: Populations from Xizang (Dangxiong,
Lhasa), Hainan (Benhao, Lingshui), and Taiwan (Taipei)
formed distinct clusters in MT15 analyses and were selected
as focal groups for detection of adaptive evolution. To
evaluate potential selection across the 13 mitochondrial
PCGs, codeml from PAML v.4.9 (Yang, 2007) was used to
estimate the ratio of nonsynonymous to synonymous
substitution rates (w=d\/ds), a standard metric of selective
pressure, with w<1, =1, and >1 indicating purifying selection,
neutral evolution, and positive selection, respectively.
However, average w across all sites and lineages is rarely
greater than 1, as positive selection typically acts on a subset
of sites or lineages (Yang, 2007). Accordingly, branch and
branch-site models were applied to detect localized signals of
positive selection.

For the branch models (Yang, 1998), the null hypothesis
(Ho) assumed a uniform w value across all clades, while the
alternative hypothesis (H;) allowed different w values for the
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foreground branch (one of the focal Xizang, Hainan, or Taiwan
populations) and  background branches (remaining
populations). Positive selection was then inferred when
Wrereground™ 1 @nd the likelihood ratio test (LRT; df=1) supported
H; (P<0.05). For the branch-site models (Nielsen & Yang,
1998), w varied among protein sites and across branches.
The null hypothesis fixed w at 1 along the foreground
branches (Xizang, Hainan, or Taiwan), while the alternative
allowed a subset of sites to evolve under w>1. Both
hypotheses have background branches modeled under two
site classes: purifying selection (O<wy<1) or neutral evolution
(w4=1) (Yang et al., 2005). Analyses were conducted using the
rooted Bayesian species tree inferred from the concatenated
MT15 dataset (Alvarez-Carretero et al., 2023).

Given the potential for reduced statistical power of LRT in
branch-site models due to complex parameterization (Yang &
dos Reis, 2011), Bayes Empirical Bayes (BEB) inference was
also used to identify codon sites with elevated posterior
probabilities of positive selection. Sites with BEB posterior
probabilities >0.95 were considered strong candidates, while
those >0.5 were considered suggestive (Alvarez-Carretero
et al., 2023).

To assess whether mitochondrial PCGs experienced shifts
in selective pressure associated with population occupying
distinct environmental conditions, RELAX analyses were
performed in HyPhy (Wertheim et al., 2015; Kosakovsky Pond
etal., 2020). This method evaluates whether selective
pressure is relaxed or intensified along designated foreground
branches by estimating the parameter k, which reflects a
contraction (k<1) or expansion (k>1) of the w distribution
toward or away from neutrality (w=1). Each focal group
(Xizang, Hainan, or Taiwan) was tested as the foreground
against the remaining populations as background, and
significance was evaluated via likelihood ratio tests.
Structural prediction and functional assessment: Several
nonsynonymous substitutions and candidate sites under
potential positive selection were identified as population-
specific in Hainan, Taiwan, or Xizang populations. To evaluate
their potential contribution to population differentiation, protein-
level impacts of these variants were examined through
comparative structural analyses. Subunits associated with the
COX complex were all included in the structure prediction to
examine the effect of site variation on subunit interactions.
Protein structures were predicted using AlphaFold2 (Jumper
etal.,, 2021) and AlphaFold2-multimer (Evans et al., 2021),
with homologous sequence alignments generated via
MMseqs2 (Mirdita etal., 2019) and HHsearch (Steinegger
etal., 2019). PyMOL v.1.2 (Delano, 2002) was used for
visualization and calculating polarity and bond lengths.
Electrostatic surface potentials near the mutation site were
also predicted using the Adaptive Poisson-Boltzmann Solver
(APBS) plugin (Jurrus et al., 2018).

In parallel, population-specific changes in tRNAs were

Table 1 Summary of four genes across all tree sparrow samples

analyzed at both secondary and tertiary structural levels.
Secondary structures were predicted using the MXfold2 server
(Sato etal., 2021), while 3D structures were modeled with
3dRNA v.2.0 (Zhang etal.,, 2022). Electrostatic surface
potentials of RNA 3D structures were also calculated using the
APBS plugin in PyMOL.

RESULTS

Genetic diversity and population structure across
mitochondrial and nuclear loci

Two mitochondrial gene segments (CYTB and ND2, totaling
1534 bp) and two nuclear introns (FGB5 and PSMA2, totaling
733 bp) were analyzed to assess genetic variation across
populations. All loci exhibited high haplotype diversity (>0.5),
while nucleotide diversity () was relatively low in the
mitochondrial genes (Table 1). Neutrality tests based on
Tajima’'s D and Fu and Li's D suggested contrasting
evolutionary patterns: nuclear loci conformed to expectations
under neutral evolution, whereas significantly negative values
in mitochondrial genes indicated possible selective or
demographic influences (Table 1).

AMOVA revealed that most genetic variation occurred within
populations for all four genes. However, mitochondrial loci
exhibited substantially higher among-population differentiation
(Fs7>0.15) compared to nuclear loci (Fs7<0.05; Table 2). This
disparity suggests that mitochondrial divergence among
sparrow populations may be more pronounced than nuclear
divergence, although the short lengths of nuclear sequences
may limit their resolution. Further analysis using the MT15
dataset revealed consistently elevated among-population
variation and Fgr values across all mitochondrial genes,
reinforcing the presence of pronounced mitogenomic
divergence among populations (Table 2).

Genetic structure and divergence patterns across data
types

Patterns of population structure in tree sparrows varied
markedly between mitochondrial and nuclear datasets.
Mitochondrial data (MT2) revealed greater population-level
divergence (Supplementary Figure S1A), with haplotype
networks highlighting the distinctiveness of the Hainan and
Xizang populations (Supplementary Figure S2). However,
mitochondrial genetic distance showed no significant
correlation with geographic distance (IBD: r=-0.04, P=0.63)
but was significantly associated with overall environmental
variation (IBE-ENVALL: r=0.201, P=0.007). Among individual
environmental variables, elevation showed a significant
correlation with mitochondrial divergence (r=0.4, P=0.025). In
contrast, nuclear divergence exhibited no significant
relationship with either geographic distance (IBD: r=0.095,
P=0.160) or overall environmental variation (IBE-ENVALL:
r=0.114, P=0.114), although isothermality (Bio3) and elevation
had significant individual effects (Supplementary Table S6).

Type Gene N4 N, Nh Hd m k S Tajima’'s D Fuand Li's D
MT CYTB 205 589 44 0.795 0.003 1.356 38 -2.308" -4.044"
ND2 203 945 96 0.969 0.004 3.491 97 -2.442" -6.322"
NUC FGB5 207 403 34 0.596 0.006 2.355 25 -1.047 -0.993
PSMA2 206 330 43 0.889 0.015 5.036 33 -0.137 -1.879

N;: Number of individuals; N,: Total number of sites; Nh: Number of haplotypes; Hd: Haplotype diversity; : Nucleotide diversity; k: Average number

of nucleotide differences; S: Number of segregating sites. ": P<0.05; ™: P<0.01.
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Table 2 AMOVA results for geographic populations of tree sparrows

Among populations

Within populations

Gene/pop. - — - —Fqr
Sum of squares Variance components Percentage of variation Sum of squares Variance components Percentage of variation
For MT2 and NUC2 datasets
CYTB/33% 39.81 0.11 15.90 98.48 0.57 84.10 0.16"
ND2/33 103.74 0.29 16.51 248.83 1.46 83.49 017"
FGB5/33 42.31 0.01 1.04 436.99 1.17 98.96 0.01
PSMAZ2/33 125.56 0.12 4.59 909.38 2.40 95.41 0.05"
For MT15 dataset
125/14®  6.82 0.16 55.63 2.86 0.12 44.37 0.56"
16S/14 14.34 0.34 59.39 5.33 0.23 40.61 0.59"
ATP6/14  21.34 0.41 41.38 13.42 0.58 58.62 0.417
ATP8/14  4.24 0.09 48.56 2.19 0.09 51.44 0.49°
COX1/14 33.79 0.65 40.94 21.50 0.93 59.06 0.417
COX2/14 34.16 0.79 56.35 14.00 0.61 43.65 0.56"
COX3/14 16.45 0.37 53.60 7.33 0.32 46.40 0.54"
CYTB/14 36.29 0.81 53.80 16.08 0.69 46.20 0.54"
ND1/14 17.79 0.18 16.20 21.02 0.91 83.80 0.16"
ND2/14 49.64 1.15 57.52 19.61 0.85 42.48 0.58"
ND3/14 9.89 0.18 38.29 6.75 0.29 61.71 0.38"
ND4/14 44.08 0.95 49.63 22.08 0.96 50.37 0.49"
ND4L/14  8.41 0.17 46.01 4.67 0.20 53.99 0.46"
ND5/14 44.23 0.68 29.40 37.79 1.64 70.60 0.29"
ND6/14 14.93 0.33 52.60 6.86 0.29 47.40 0.53"

2: 33 and 14 denote number of tree sparrow populations sampled for each dataset. MT15 dataset, comprising two rRNAs and 13 mitochondrial
protein-coding genes, was collected from 14 Eurasian tree sparrow populations. MT2 dataset (CYTB and ND2) and NUC2 dataset (FGB5 and
PSMA?2) were sampled from 33 populations. Fgr: Fixation Index. ": P<0.05; ™: P<0.01.

Moreover, the NUC2 dataset failed to resolve discrete
population clusters (Supplementary Figure S3), possibly due
to the limited resolution of the two short nuclear introns
analyzed.

Analysis of the expanded MT15 dataset revealed
pronounced genetic divergence across individuals, with
Taiwan in addition to Xizang and Hainan forming distinct
lineages (Supplementary Figure S1B). The MT15 haplotype
network reinforced these patterns, showing well-defined
clades corresponding to each of the three populations
(Figure 2A).

Phylogenetic
divergence
Phylogenetic reconstructions based on mitochondrial markers
revealed pronounced population structure, in contrast to
patterns inferred from nuclear loci. Specifically, Bayesian and
ML trees constructed from the concatenated nuclear dataset
(NUC2) showed no clear population structure (Supplementary
Figure S4; tree file). Conversely, mitochondrial trees based on
the MT2 dataset resolved distinct clades for the Hainan and
Xizang populations, although support for the Hainan clade
was weaker (PP=0.95, BS=59) than for the Xizang clade
(PP=0.98, BS=89; Supplementary Figure S5; tree file).
Mitogenome-wide analyses further reinforced this pattern.
Bayesian phylogenies derived from the MT15 dataset
recovered three strongly supported clades corresponding to
Hainan, Xizang, and Taiwan (PP>0.95). In this tree, the
Hainan clade diverged earliest, followed by Xizang, while the
Taiwan clade was nested within the remaining populations
(Figure 2B). The ML tree based on MT15 recovered the same
focal clades, although the branching order differed and node
support was weaker (Supplementary Figure S6A). Similarly,
the ML and Bayesian trees based on the complete

analysis  highlights  population-level
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mitogenome strongly supported the focal clades, with some
topological variations observed among weakly supported
branches (Supplementary Figure S6; tree file). Given the
congruence across datasets, subsequent interpretation
focused on results from the MT15 analyses.

Bayesian divergence time estimates based on MT15
indicated that the crown clade diversified approximately 0.2
Ma (95% HPD: 0.15-0.26), with population-specific
divergence events for Hainan, Xizang, and Taiwan dated to
approximately 0.024 Ma (95% HPD: 0.0074-0.0442), 0.022
Ma (95% HPD: 0.0105-0.039), and 0.028 Ma (95% HPD:
0.0137-0.0475), respectively (Supplementary Figure S6B).
These divergence times coincide with the Last Glacial
Maximum (LGM; Clark etal.,, 2009). Despite glacial-era
climatic instability, tree sparrow populations remained stable,
with no evidence of recent expansions or bottleneck events
(Supplementary Figure S7).

Mitogenomic variation and
substitutions
Genetic variation across all mitochondrial genes (13 PCGs,
two rRNAs, and 22 tRNAs) was examined relative to
reconstructed ancestral sequences. Among the PCGs, 294
nucleotide substitutions were identified, comprising 279
transition sites and 15 transversion sites. Of these, 31 were
nonsynonymous (K,;) and 263 were synonymous (Kj).
Substitution rates, defined as the average number of
substitutions among populations, were highest in COX3,
CYTB, and ND2, while ATP8, ND3, and ND4L displayed the
most heterogeneous substitution patterns across populations
(Figure 3A).

In non-coding RNA genes, 28 variable sites were detected,
including two transversions, 20 transitions, four insertions, and
two deletions, with an uneven distribution across rRNA and

population-specific
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Figure 2 Network and species tree based on 15 concatenated mitochondrial genes (MT15 dataset)

A: Haplotype network. “Hap” refers to haplotype. Hap_15 (Zhiduo) and Hap_17 (Yushu) originated from South (S) Qinghai population; Hap_19,

Hap_20, and Hap_21 were from Xining in northeastern (NE) Qinghai. B: Bayesian species tree. ML tree using the same dataset showed a similar

divergence pattern (Supplementary Figure S6). Hainan (Benhao), Taiwan (Taipei), and Xizang (Lhasa) populations formed distinct clades, as
highlighted in the figure. Samples from Zhiduo, Yushu (S Qinghai), and Xining (NE Qinghai) are also highlighted. Posterior probabilities (PP)>0.95
are indicated at corresponding nodes. House sparrow (Passer domesticus), collected from Xining and Urumgqi, served as an outgroup.

tRNA loci (Figure 3B).

Distinct population-specific substitution patterns were
observed in the Hainan, Taiwan, and Xizang populations
(Figure 3C), with multiple variants shared among all sampled
individuals within each group (Supplementary Table S8). In
Hainan, 18 PSSs were identified across nine PCGs and three
tRNAs (tRNAAP, tRNA®S, and tRNAP"™). The Taiwan
population was characterized by four population-specific K
sites distributed across four PCGs. In Xizang, 13 PSSs were
detected in eight PCGs, 16S rRNA, and tRNA*, including
population-specific K, sites in COX2 and COX3
(Supplementary Table S8; Figure 3D).

Mitogenomic selection patterns across focal populations

Branch model analyses indicated putative signals of positive
selection in ATP6 (Hainan, P=0.01), COX3 and ND1 (Xizang,
P=0.03), and ND5 (Taiwan, P=0.04) (Supplementary Table
S9), with COX3 exhibiting population-specific K, in Xizang,
and ATP6 and ND5 harboring non-perfect population-specific
K, variants (Figure 3C). Although these P-values did not meet
the threshold for significance following stringent Bonferroni
correction (Shaffer, 1995), the biological relevance of these
genes—given their functional roles and population-specific
patterns—warrants further consideration. The branch-site
model did not yield significant evidence of positive selection
based on the LRT results. Nevertheless, BEB analysis
identified several amino acid (aa) residues with evidence of
selection  (Pri,»11>0.5), including  ATP8-aa46  (Ser,
Pri»>1=0.751) in Hainan; COX2-aa74 (Thr, Pry,;,1;=0.637),

COX3-aa135 (Thr, Pry,»4=0.944), and ND1-aa270 (Thr,
Prw»-1=0.547) in  Xizang; and CYTB-aa331 (Thr,
Priw»1=0.833), ND5-aa44 (Ala, Pry,.;=0.829), and ND5-aa193
(Tyr, Priy»-4=0.552) in Taiwan (Supplementary Table S10).
However, some of these substitutions were found in only a
single individual (e.g., CYTB-aa331; Figure 3D) or
corresponded to non-perfect population-specific K, sites (e.g.,
ATP8-aa46; Figure 3D). RELAX analysis revealed significant
relaxed selection in CYTB in the Taiwan population (k=0;
P<0.05), while no significant relaxation or intensification was
detected for other genes or populations (Supplementary Table
S11).

Structural and functional consequences of population-
specific mutations

Impact of mutations on protein-coding genes: To assess
the evolutionary significance of PCGs in focal populations,
structural analyses were conducted for ATP6, ATP8, COX2,
COX3, and ND5 harboring population-specific K, sites. All
protein structures predicted by AlphaFold exhibited high
reliability, with local distance difference test (LDDT) scores
exceeding 80%. In the Xizang population, aa substitutions in
COX2 (aa74: Met—Thr) and COX3 (aa135: Ala—Thr) were
predicted to increase protein stability through the formation of
additional hydrogen bonds with adjacent residues (Balcdo &
Vila, 2015; Figure 4A). In contrast, substitutions in ATP6
(aa195: Val—Ala, Hainan) and ND5 (aa193: Cys—Tyr;
Taiwan) were predicted to reduce structural stability by
disrupting hydrogen bond interactions, such as the loss of
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Figure 3 Evolutionary patterns of mitochondrial genes across tree sparrow populations

A: Average number of substitutions (per individual per site) in each population for the 13 protein-coding genes compared to reconstructed ancestral

sequences. B: Average number of substitutions (per individual) in rRNAs and tRNAs. Only genes with variable sites are shown. C: Description of
population-specific sites. D: K, (non-synonymous substitution) sites in each population. Perfect (red) and non-perfect (blue) population-specific K,
sites are indicated for Hainan, Taiwan, and Xizang populations. Sample sizes are shown next to each population.

hydrogen bonding between 195Val and 198Phe in ATP6
(Figure 4B) or the elongation of the bond between 193Tyr and
190Trp in ND5 (Supplementary Figure S8A). The substitution
in ATP8 (aa46: Asn—Ser; Hainan), located within an
intrinsically disordered region, was not predicted to affect
overall protein structure (Supplementary Figure S8B).

Impact of mutations on tRNAs: Population-specific
mutations in tRNAs, particularly in tRNA*, were predicted to

108 www.zoores.ac.cn

exert structural and functional effects. In the Hainan
population, the insertion of a U at site 18 in tRNAP" expanded
the D loop and shortened the D arm (Supplementary Figure
S9A), while a G-to-A substitution at site 29 in tRNACYs
enlarged subloops on the T arm and anticodon arm
(Supplementary Figure S9B). A U-to-C substitution at site 5 in
tRNAA  disrupted base pairing in the acceptor stem
(Supplementary Figure S9C), increasing steric hindrance and
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Figure 4 Prediction of protein structures in COX complex and ATP6

A: Structural variations in COX complex at the 74" amino acid (aa) position of COX2 (Thr) and 135" aa position of COX3 (Thr) in the Xizang
population compared to the ancestral states (74Met and 135Ala, respectively). Change in COX2 forms an additional 3.2 A hydrogen bond
connecting 74Thr to 70Met; change in COX3 forms an extra 3.2 A hydrogen bond connecting 135Thr to 132Leu. B: ATP6 structural variation at the
195" aa site in the Hainan population (Ala) compared to the ancestral sequence (Val). 195Ala loses a 3.2 A bond with 198Phe compared to the

ancestral state.

reducing electrostatic potential along the major groove
(Figure 5A), thereby likely impairing tRNA recognition and
altering functionality (see Discussion). In contrast, the Xizang
population carried an A-to-G substitution at site 35 in tRNAASP,
forming a G-U wobble pair (Figures 5B, C; Supplementary
Figure S9D) predicted to enhance electrostatic potential and
bond flexibility (McClain, 2006).

DISCUSSION

Understanding the drivers of genetic divergence across
populations remains fundamental in evolutionary biology.
Although species often diverge through well-characterized
patterns such as allopatric or ecological speciation (Coyne &
Orr, 2004), distinct populations may accumulate unexpected
genetic differences due to geographic isolation, demographic

shifts, or region-specific selective pressures (e.g., Funk et al.,
2012; Hewitt, 2000). The present study integrated
mitochondrial and nuclear data from Eurasian tree sparrows to
elucidate the extent and origins of population-level genetic
differentiation. Analyses of mitogenomes and population-
specific substitutions revealed that both geographic isolation
and local environmental pressures contribute to shaping
genetic structure across populations.

Mitochondrial divergence shaped by geographic and
environmental context

Sampling across 36 locations spanning the full ecological and
geographic breadth of China yielded the most comprehensive
mitogenomic dataset for Eurasian tree sparrows to date
(Figure 1). Although generally considered resident birds with
constrained dispersal over small ranges (Wang et al., 2020),
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Figure 5 Structural variations of tRNA”sP

A: Hainan population exhibits a U-to-C mutation at site 5, resulting in a 5C-64A pair. This creates greater steric hindrance and reduces electric
potential (dark red) in the major groove. B: Xizang population exhibits a population-specific A-to-G change at site 35, forming a G-U Crick wobble
pair. C: G-U pair reduces the electrostatic potential (darker red) and facilitates adjustment of the third codon position to accommodate nucleotide

binding, thereby enhancing protein synthesis efficiency.

limited but non-negligible gene flow across mainland
populations appears plausible, particularly given the partial
migration observed in northern latitudes (Barlow et al., 2020).
Our results indicated that mitochondrial divergence among
most mainland populations was limited, but significant
mitogenomic differentiation was observed in geographically
isolated regions such as Hainan, Xizang, and Taiwan, as
reflected by their elevated Fgr values (Table 2), distinct
haplotype assemblages, and well-resolved phylogenetic
clades (Figure 2). The lack of IBD patterns in the MT2
dataset also suggested that spatial distance alone does not
fully account for the observed mitogenomic structure. Instead,
a combination of geographic barriers and environmental
gradients—supported in part by significant patterns of isolation
by environment—likely underlies the divergent mitochondrial
lineages detected.

The Xizang population from Dangxiong, Lhasa, occupies a
high-altitude environment exceeding 4 000 m a.s.l. on the
southern Qinghai-Xizang Plateau. This region acts as a
geographic “island”, separated from the mainland by extreme
environmental conditions, including hypoxia and pronounced
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temperature fluctuations (Che et al., 2014; Yao et al., 2000).
These stressors impose strong selective pressures on
mitochondrial function, favoring mutations that enhance
oxidative phosphorylation efficiency (Li et al., 2018). Distinct
mitogenomic signatures were detected in the Xizang
population (Figure 2), including unique K, substitutions in
COX2 and COX3 (Supplementary Table S8), consistent with
localized adaptation. Despite occupying similar high-altitude
environments and belonging to the same subspecies (Passer
montanus tibetanus) (Zheng, 2023), tree sparrows from
southern Qinghai exhibited relatively limited mitogenomic
differentiation compared to lowland populations (Figure 2).
These individuals were sampled from Zhiduo and Yushu,
regions situated near the plateau margin with direct
connectivity to adjacent lowlands. This geographic continuity
likely facilitates ongoing gene flow that mitigates mitochondrial
divergence (Lopez-Goldar & Agrawal, 2021). In contrast,
southern Xizang populations are geographically isolated by
extremely high mountain ranges—including the Tanggula,
Nyenchen Tanglha, and Himalayas—that act as substantial
barriers to dispersal. Reduced connectivity in these areas may
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restrict gene flow and amplify local adaptation under
migration-selection dynamics (Cheviron & Brumfield, 2009).

Genetic drift and demographic dynamics likely contributed
to the emergence of population-specific mutations in Xizang,
as evidenced by limited within-population divergence and the
presence of shared haplotypes across individuals (Figure 2A).
Only two individuals from southern Qinghai were available,
highlighting a potential sampling limitation. Interestingly, these
individuals displayed distinct genetic profiles and clustered
with separate lowland clades rather than the high-altitude
Xizang group (Figure 2). Expanded sampling across the
southern plateau may help clarify the extent of divergence and
disentangle the relative influence of geographic isolation and
gene flow.

Both Hainan and Taiwan represent continental island
systems exhibiting distinctive mitogenomic signatures
(Figures 1, 2). Geographic isolation likely played a central role
in shaping the evolutionary trajectories of these populations
(Avise, 2000; Zink & Barrowclough, 2008), albeit through
divergent mechanisms. The Hainan population formed a
deeply divergent mitogenomic lineage (Figure 2) relative to all
other sampled populations in China, carrying unique mutations
across multiple PCGs and tRNAs (Supplementary Table S8).
This pattern may reflect a history of long-term isolation and
habitat fragmentation (Li etal., 2006), consistent with
expectations for island populations experiencing reduced gene
flow and smaller effective population sizes (Ne), conditions
that intensify the effects of genetic drift (Grant & Grant, 2002;
Lamichhaney etal., 2018). Tree sparrows in Hainan are
currently classified within Passer montanus malaccensis
(Figure 1), a subspecies distributed across central Myanmar,
Malaya, Vietnam, and western Indonesia (Clements et al.,
2024). This broader biogeographic range suggests possible
historical connectivity between Hainan population and
Southeast Asia. Our molecular dating estimates placed the
diversification of the Hainan population at approximately 0.024
Ma, coinciding with the final land bridge between Hainan and
the Indochina Peninsula during the LGM (ca. 0.026 Ma, Clark
et al., 2009). This temporal concordance supports a scenario
of historical connectivity followed by isolation, which may have
driven the observed genetic distinctiveness of the Hainan
population. Additional sampling across Southeast Asia may
help reconstruct the divergence history and test for shared
ancestry across the broader range.

Taiwan Island experienced a geological history analogous
to that of Hainan, with intermittent connection to the mainland
during glacial periods, such as the LGM, and sharing the
same taxonomic subspecies with adjacent continental
populations. Despite this shared ancestry, individuals sampled
from Taiwan exhibited distinct mitochondrial haplotypes
relative to mainland populations, although the differentiation
was less pronounced than that observed in Hainan and
Xizang (Figure 2). The reduced number of PSSs in Taiwan
may reflect greater historical gene flow—potentially mediated
by repeated land connections—or a weaker role of ecological
isolation in driving divergence. Comparable patterns of
reduced divergence under sustained mainland connectivity
have been documented in other island bird systems (e.g.,
Ballard & Whitlock, 2004).

Numerous non-overlapping population-specific Ks
substitutions were detected across mitogenomic genes,
particularly in Hainan and Xizang (Supplementary Table S8),
underscoring the combined influence of geographic isolation

and genetic drift in promoting lineage-specific fixation events
(Excoffier et al., 2009).

In contrast, nuclear markers revealed no clear population
structure in either the multilocus genetic network or
phylogenetic reconstructions (Supplementary Figures S3, S4).
Although isothermality (Bio3) and elevation exerted potential
influence, nuclear divergence did not correlate with patterns of
IBD or IBE (Supplementary Table S6). These results suggest
that historical gene flow may have sustained nuclear
connectivity across populations, thereby masking clear signals
of local differentiation. Alternatively, the absence of structure
may reflect insufficient resolution in the available nuclear
dataset, as broad single-nucleotide polymorphism (SNP)-
based datasets often detect finer-scale population structure
than mtDNA (e.g., Toews & Brelsford, 2012). Nevertheless,
even large-scale nuclear genomic analyses have revealed
only shallow divergence between highland and lowland tree
sparrow  populations, despite substantial phenotypic
differences (Qu etal.,, 2020). Thus, the pronounced
mitochondrial divergence observed in certain populations may
also reflect the higher sensitivity of mtDNA to demographic
and evolutionary processes, potentially linked to its maternal
inheritance and smaller Ne (Ballard & Whitlock, 2004).

Mitogenomic variation and signatures of population
adaptation

Mitogenomic variation contributes to population divergence
and may underlie adaptive processes (Ruiz-Pesini etal.,
2004; Tomasco & Lessa, 2011), particularly in extreme
environments such as high-altitude habitats. Unique mutations
in both protein-coding and tRNA genes were identified in
geographically isolated tree sparrow populations. Structural
modeling indicated that these variants could alter protein
stability and function, consistent with earlier findings linking
mtDNA mutations to changes in oxidative phosphorylation
efficiency (da Fonseca et al., 2008; Scott et al., 2011).
Potential high-altitude adaptation: In the genetically
divergent Xizang population, multiple population-specific K,
sites were identified in COX2 and COX3 (Figure 3), with
several sites showing putative evidence of positive selection
(Supplementary Tables S9, S10; P<0.05 or BEB>0.5).
Structural modeling suggested that these substitutions may
enhance protein rigidity by introducing additional hydrogen
bonds at the mutation sites (Sljoka, 2022; Figure 4A).
Enhanced rigidity within mitochondrial proteins may improve
thermogenic efficiency in cold environments, as mitochondria
serve as primary sites of heat production (Midtgard, 1989;
Zheng et al.,, 2014). Furthermore, a specific Ala substitution
located within the v-cleft of COX3 may facilitate oxygen
channeling into the catalytic core of the COX complex,
potentially enhancing aerobic metabolism under hypoxic
conditions (Leeuwis & Gamperl, 2022). Similar mechanisms
have been reported in high-altitude taxa such as the bar-
headed goose (Anser indicus), where mutations in COX
increase enzyme kinetics and oxygen transport capacity,
enabling efficient energy production and sustained flight under
hypoxic conditions (Scott et al., 2011).

In addition to PCG mutations, a population-specific tRNAAP
mutation was also detected in the Xizang population
(Supplementary Table S8). This A-to-G substitution at position
35 in the anticodon arm generated a G-U wobble pair
(Figure 5B, C), predicted to enhance flexibility of the ribose-
phosphate backbone (Varani & McClain, 2000). Increased
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structural flexibility may facilitate improved decoding dynamics
and translational efficiency under variable environmental
pressures (McClain, 2006; Varani & McClain, 2000). Given the
central role of tRNAs in mitochondrial protein synthesis, such
mutations may exert a more profound influence on
mitochondrial  function than isolated PCG mutations
(Ottenburghs et al., 2021; Schon etal., 2012), potentially
driving functional differentiation across populations.

Collectively, mitochondrial mutations in the Xizang
population, including substitutions in COX and tRNA genes,
may represent candidate adaptations to cold and hypoxic
stress at high altitudes. However, experimental validation is
required to determine the physiological relevance of these
substitutions and their mechanistic roles in thermogenesis and
oxygen utilization.

Putative mitochondrial adaptations in tropical and

subtropical island populations: Island populations
occupying thermally stable yet ecologically distinct
environments may undergo divergent selective and

demographic processes affecting mitochondrial function.
Hainan experiences a persistently humid tropical climate, with
annual mean temperatures between 23-25°C and relative
humidity exceeding 80%, whereas Taiwan features a
subtropical, mountainous landscape with mean temperatures
ranging from 16-25°C. These environmental conditions may
impose distinct metabolic demands, potentially shaping
mitogenomic evolution.

Within the Hainan population, candidate adaptive
substitutions were identified in ATP6 (Figure 4B), while the
Taiwan population harbored non-perfect population-specific
variants in ND5 (Supplementary Table S9 and Figure S8).
Structural modeling indicated that these mutations may
enhance molecular flexibility by reducing local hydrogen
bonding or increasing bond lengths (Dereka etal., 2021;
Fersht et al., 1985), a shift potentially favoring mitochondrial
efficiency under environmental fluctuation (e.g., Dhar et al.,
2021). However, given the limitations of homology-based
modeling and lack of experimental validation within the scope
of the current study, the functional interpretation of these
mutations remains tentative. Moreover, although IBE analyses
identified correlations between mitogenomic divergence and
environmental factors—with elevation showing some effect
(Supplementary Table S6)—pinpointing the  specific
environmental pressures driving this divergence remains
challenging given the complex interplay of environmental
variables across locations.

Relaxed purifying selection was detected at CYTB in the
Taiwan population (Supplementary Table S11), suggesting a
reduction in selective constraint that may contribute to
mitochondrial divergence. Such relaxation—defined by
diminished efficacy of natural selection—has been linked to
the evolutionary loss of complex traits, such as flight in insects
and birds (Li etal., 2018; Shen et al., 2009), vision in cave-
dwelling fish (Darwin, 1895), and pseudogenization of the
SWS1 gene in cave-roosting and echolocating bats (Wertheim
etal.,, 2015). Relaxed selection can also permit the
accumulation of neutral or slightly deleterious mutations,
contributing to the gradual decay of nonfunctional traits and
population divergence over time (Lahti etal., 2009), as
possibly reflected by the mitogenomic divergence between the
Hainan and Taiwan populations (Figure 2).

Population specific tRNA variants in the Hainan population
further supported its distinctiveness, with predicted structural
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modifications including loop enlargement (Supplementary
Figure S9A, B) and disruption of pairing interactions
(Figure 5A; Supplementary Figure S9C). Although many tRNA
mutations remain functionally “tolerated” (Schon et al., 2012),
others have been linked to pathophysiology (Goodarzi et al.,
2016; Jones et al., 2008). In this case, the population-specific
tRNA changes in the Hainan population may reflect functional
relaxation. However, in small populations (e.g., island
populations), diminished Ne weakens purifying selection,
enabling the persistence of neutral or mildly deleterious
variants (Grant & Grant, 2002; Ohta, 1973; Romiguier et al.,
2014; Woolfit & Bromham, 2005). Thus, the tRNA divergence
in Hainan could also arise from genetic drift-driven fixation of
variants rather than adaptive relaxation.

Demography of tree sparrows in China

The demographic history of Eurasian tree sparrows across
China reflects a complex interplay between ecological
opportunity and anthropogenic influence. As a synanthropic
species closely tied to the expansion of agriculture and
permanent human habitation (Barlow etal., 2020), tree
sparrows have long been presumed to have colonized the
Qinghai-Xizang Plateau approximately 2 600 years ago,
coinciding with the introduction of cold-adapted crops such as
wheat and barley (Chen et al., 2015; Lu, 2016). In the present
study, the mitogenomic analyses (MT15) revealed a markedly
deeper evolutionary history. Notably, the crown lineage of the
tree sparrow was estimated to have originated 0.2 Ma, with
diversification within the Xizang population beginning
approximately 22 000 years ago (Supplementary Figure S6),
predating the onset of permanent human settlement and more
closely aligning with archaeological evidence of early human
presence on the plateau (Aldenderfer, 2011; Brantingham
et al., 2007).

The discrepancy between current and previous time
estimates likely stems from methodological and sampling
differences. Mitogenomes, while informative, may not fully
capture the demographic complexity detectable with genome-
wide nuclear data. Moreover, mtDNA-based time estimates
are sensitive to substitution rate assumptions and may
predate actual population splits due to incomplete lineage
sorting (ILS; Ballard & Whitlock, 2004). Nonetheless, the
smaller N, of mtDNA may reduce the extent of this
confounding. The shallow divergence inferred by Qu etal.
(2020) may also reflect sampling limitations. Their highland
samples were collected from Heimahe in northeastern
Qinghai, a region located outside the core region of the
Qinghai-Xizang Plateau. In the current study, samples from
Xining, which is geographically close to Heimahe, clustered
with lowland lineages in mitochondrial phylogenies (Figure 2),
implying limited divergence in this region. The absence of
individuals from the southern plateau in earlier studies may
have masked deeper population structure, leading to an
underestimation of highland-lowland differentiation. Notably,
archaeological and genetic evidence supports human
presence in the high-altitude interior of the plateau as early as
30 000 years ago (Qi etal, 2013; Zhang etal., 2018),
indicating that tree sparrow colonization of these environments
may have occurred much earlier than previously inferred.

Population dynamics inferred from Bayesian Skyline Plot
(BSP) analyses showed only minor fluctuations in the N, of
tree sparrows over time (Supplementary Figure S7),
consistent with long-term demographic stability. While BSP is
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effective for reconstructing extended historical dynamics, it
lacks the sensitivity to resolve recent population changes
(Heled & Drummond, 2008). Future studies incorporating high-
density SNP datasets with high-resolution methods, such as
genetic optimization for N, estimation (GONE; Santiago et al.,
2020) may better capture recent demographic shifts, including
signals potentially associated with historical ecosystem
disturbances, such as the late-1950s "Smash Sparrows
Campaign" in China (Chen, 2009).

CONCLUSIONS AND IMPLICATIONS

Mitogenomic analyses revealed pronounced regional
differentiation in tree sparrows from geographically isolated
regions, including southern Xizang on the Qinghai-Xizang
Plateau and the continental islands of Hainan and Taiwan.
These patterns emphasize the critical role of mitogenomic
analyses in resolving fine-scale population structure.
Additionally, population-specific mutations in mitogenomes
may reflect responses to localized environmental pressures.
For instance, Xizang-specific substitutions in COX2 and COX3
may stabilize protein conformation through enhanced
hydrogen bonding, while structural variations in ATP6 and
tRNAA® in the Hainan population may potentially influence
molecular function. Nonetheless, the limited power of selection
analyses and limitations in sampling leave open the possibility
that these patterns reflect stochastic processes such as
genetic drift.

While previous research has predominantly focused on
mitogenomic adaptation in extreme environments, such as
high-altitude or polar regions (Scott etal., 2009; Xu et al.,
2005), the current findings point to a broader role of
mitogenomes in mediating responses to both geographic
isolation and diverse ecological contexts, providing new
insights into the potential functional consequences of
mitogenomic variation. Although population-specific mutations
were identified and their potential selective significance was
inferred, further validation is required to confirm their adaptive
significance. For instance, protein structure modeling only
offers preliminary insights into the structural impacts of
mitogenomic  variation. To validate the functional
consequences of these changes—particularly their effects on
mitochondrial efficiency and protein function—comprehensive
follow-up analyses, such as biochemical and physiological
experiments, will be essential. Additionally, integrating
genome-wide nuclear analyses with demographic modeling
will yield a more comprehensive understanding of the
evolutionary mechanisms shaping the divergence and
adaptation of tree sparrow populations.
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