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Abstract 

Despite the popularity and diversity of domestic cats (Felis catus), the genetic adaptations resulting 

from their domestication remain largely unknown. To address this, we sequenced the complete 

mitochondrial genomes of five Chinese domestic cats and combined them with 126 publicly 

available sequences to create a comprehensive dataset. Phylogenomic analyses revealed significant 

genetic diversity within domestic cat lineages, distinct from their wild relatives (F. silvestris). 

Selective pressure analysis indicated that all 13 mitochondrial protein-coding genes are under 

purifying selection in domestic cats. We identified 16 stable variations differentiating domestic 

cats from wildcats, including a non-synonymous mutation in nad5, which encodes a subunit of 

mitochondrial respiratory complex I and is crucial for energy metabolism. Notably, nad5 is under 

purifying selection in both groups, with domestic cats experiencing stronger selection pressure. 

Our findings illuminate the impact of domestication on mitochondrial genome evolution in cats, 

particularly selection on the respiratory gene nad5, providing insights into adaptive responses to 

human-modified environments. 

Keywords: adaptive evolution, mitochondrial genome, nad5, phylogenomic analyses 

Introduction 

Domestic cats (Felis catus) are among the most cherished companion animals globally. They have 
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coexisted with humans for approximately 10,000 years, distinguished by their unique 

domestication processes (Vigne et al., 2004; Hu et al., 2014; Bouma et al., 2021). These early 

human-cat interactions, particularly within the agricultural hubs of the Fertile Crescent, likely 

facilitated the initial domestication of cats for pest control (Menotti-Raymond et al., 2007). Cat 

breeding has shifted focus in recent years from functional roles to aesthetic traits. This shift has 

resulted in a wide variety of coat colors and patterns in contemporary breeds (Montague et al., 

2014; Yu et al., 2021), showcasing significant phenotypic variation (Menotti-Raymond et al., 

2008). 

Over the course of domestication, cats have undergone significant adaptations, transitioning from 

solitary hunters to companions accustomed to human-provided resources. These shifts are 

reflected in their genetic and morphological traits. Studies comparing domestic cats to wildcats 

have revealed distinct physical differences across traits such as fur patterns, cranial dimensions, 

and intestine lengths. For example, Ragni et al., (1996) identified differences in coat coloration 

between domestic cats and European wildcats in Italy, while Krüger et al., (2009) found variations 

in cranial volume and intestinal morphology. Puzachenko et al., (2002) further demonstrated that 

skull morphology could serve as a useful tool in distinguishing wildcats from their domestic 

counterparts. However, despite these differences, extensive interbreeding and hybridization 

between domestic and wildcats have resulted in significant morphological overlap, complicating 

accurate identification based on physical attributes alone (O'Connor, 2007; Li et al., 2016). This 

observation has highlighted the importance of genetic tools to improve species differentiation and 

to provide deeper insights into the evolutionary adaptations of domestic cats.   

Mitochondrial genes, essential for the electron transport chain and energy production, provide over 

90% of cellular energy in animals (Rackham & Filipovska, 2022). Studies have shown that 

flightless birds, such as Pavo, Gallus, and Numida, experience relaxed selection pressure on their 

mitogenomes compared to flying species, as their reduced energy demands make minor 

mitochondrial mutations less detrimental (Shen et al., 2009). Similar patterns have been observed 

in insects and mammals, where groups with limited locomotion exhibit significantly lower 

evolutionary constraints on their mitogenomes compared to those with high locomotive abilities 

(James et al., 2016; Chang et al., 2020). Previous research has employed mtDNA to study the 

genetic diversity and evolutionary trajectories of cat populations. For example, the cob and nad5 

mitochondrial markers have been utilized to examine Iranian wildcats' genetic structure, while 
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similar markers reveal European wildcats' biogeographic histories (Mousavi et al., 2022; Velli et 

al., 2023). Patterson et al. (2023) utilized next-generation sequencing to reconstruct complete 

mitochondrial genomes of 119 European domestic cats, revealing patterns of tandem repeat 

variation and mitochondrial mutation dynamics. Despite these advances, studies often overlook 

the genetic differentiation between domestic and wildcat lineages. This oversight is especially 

pronounced in Asian populations, where data on mitochondrial diversity in domestic cats remains 

sparse.  

Understanding the genetic variations between domestic and wildcats across different regions is 

vital for unraveling the molecular mechanisms of domestication and the adaptations that have 

enabled cats to thrive in human-dominated environments. This study addresses this gap by utilizing 

next-generation sequencing to map the complete mitochondrial genomes of five Chinese domestic 

cats, integrating these with 121 additional mitochondrial genomes from public databases to 

construct a comprehensive pan-mitochondrial genome, conceptualized as a composite 

representation of mitochondrial genetic diversity within a population or a group of related species. 

This pan-genomic resource encompasses a substantial fraction of observed DNA sequence 

variants. Furthermore, we conducted comparative analyses between domestic and wildcats to 

discern mitochondrial sequence variations and explore their domestication-related adaptations. 

Material and methods 

Sample Collection and DNA Extraction   

We utilized mitochondrial genome data from 126 cats and their close relatives retrieved from 

public databases, predominantly of European origin, particularly from the United Kingdom. To 

improve the geographical representation, we also sequenced five Chinese (Asian) cat samples. In 

total, our analysis encompassed 131 cats and their close relatives (Table S1). The blood samples 

used for sequencing were collected from these five domestic cats during routine clinical 

examinations at a local pet hospital in Weihai, China. The genomic DNA was extracted by the 

DNeasy tissue kit (Qiagen, Beijing, China) following the instruction manual. DNA quality was 

assessed via 1% agarose gel electrophoresis and NanoDrop for subsequent experiments. 

DNA Library Construction and Sequencing   

DNA was sonicated to fragments of 300~500 bp using the Covaris M220 platform. DNA libraries 

were constructed using the DNA Library Prep Kit for Illumina, with 1 μg of DNA per sample. 

Sequencing was performed on the Illumina NovaSeq 6000 platform (Biozeron, Shanghai, China) 
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in paired-end mode. 

Mitochondrial Genome Assembly and Annotation   

The quality of raw sequencing data was assessed using FastQC v0.12.0, and Trimmomatic v0.39, 

was employed to trim low-quality bases, adapters, and short reads (Bolger et al., 2014). The 

preprocessing steps included: (1) removing adapter sequences from reads; (2) trimming non-

AGCT bases at the 5' end; (3) removing read ends with quality scores below Q20; (4) discarding 

reads containing ≥10% Ns; and (5) eliminating fragments shorter than 75 bp after adapter removal 

and quality filtering. Clean reads were assembled using GetOrganelle v1.7.5, which employs a 

seed database to cyclically retrieve target reads and subsequently calls SPAdes to assemble the 

genome (Jin et al., 2020), and scaffolds with high coverage were identified by BLAST against the 

Nucleotide Sequence Database (Camacho et al., 2009). Selected scaffolds were then assembled 

into complete mitochondrial genomes. Annotation was conducted using MITOS (Bernt et al., 

2013) for protein-coding genes (PCGs), tRNA, and rRNA genes, with manual verification of start 

and stop codons. The annotated mitochondrial genome was visualized using Proksee Software 

(Grant et al., 2023). The GC and AT skews were calculated using the following formulas: GC 

skew = (G - C) / (G + C) and AT skew = (A - T) / (A + T) (Nguyen et al., 2017). The complete 

mitochondrial genomes have been submitted to GenBank with accession numbers ranging from 

PP070530 to PP070534 (Table S1).  

Phylogenomic Analyses   

The phylogenetic relationships among Felis species were reconstructed by combining the five new 

mitochondrial genomes with 126 published genomes (Table S1). F. nigripes (GenBank accession 

No. NC_028309.1) was selected as the outgroup based on earlier phylogenetic studies of Felis (Yu 

et al., 2021). Alignment was performed using MAFFT v7 (Nakamura et al., 2018) and BioEdit 

7.0.9.1 (Hall, 1999). Hypervariable regions were removed using Gblocks (Castresana 2000) in 

PhyloSuite (Zhang et al., 2020), yielding a conserved mitochondrial matrix. Maximum likelihood 

(ML) analysis was conducted with RAxML v8.2.12 (Stamatakis, 2014) using the GTRGAMMA 

model and 1000 bootstrap replicates. The phylogenetic tree was visualized with iTOL v6 (Letunic 

& Bork, 2021). 

Selection Analysis Between Domestic Cats and Wildcats   

Selection between domestic cats and wildcats was assessed through analyses of relative 

synonymous codon usage (RSCU), selection pressure, and specific variants using the PhyloSuite 
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software (Zhang et al., 2020). RSCU values were calculated to assess codon preference, where 

RSCU > 1 indicates increased usage, < 1 implies decreased usage, and 1 denotes unbiased usage 

(Sharp et al., 1987). Protein-coding sequences from all 131 cats were extracted, and selection 

pressures were evaluated using the Ka/Ks ratio calculated in Dnasp5 (Librado & Rozas, 2009). A 

Ka/Ks > 1 suggests positive selection, = 1 indicates neutral selection, and < 1 signifies purifying 

selection (Isabelle et al., 2020). SNP-sites were used to analyze DNA variation, identifying SNPs 

and InDels (Page et al., 2016). Mutation rates and nucleotide variation across 13 PCGs were 

visualized using OriginPro 2021 (Stevenson, 2011). Differences in amino acids corresponding to 

codons were identified using the vertebrate mitochondrial codon table. 

Protein structure prediction 

The protein structures were predicted using the SWISS - MODEL online website 

(https://swissmodel.expasy.org; Waterhouse et al., 2018). The process involved identifying a 

suitable template, constructing the optimal model, selecting the model with the highest GMQE 

score, and downloading the PDB format file. Subsequently, analysis was performed using PyMOL 

v3.0.0 (https://pymol.org/). 

Results 

Mitochondrial Genome Characteristics and Base Composition   

The mitochondrial genomes of the five newly sequenced domestic cats from China contained 37 

genes: 13 protein-coding genes (PCGs), 22 tRNAs, and 2 rRNAs (Table S2). The genome sizes 

ranged from 16,977 to 17,048 bp, with an average base composition of 32.65% A, 27.09% T, 

26.23% C, and 14.04% G (Table 1). The AT content was higher than the GC content, varying 

between 59.58% and 59.88%. Base skewness analysis revealed positive AT skew and negative 

GC skew, indicating a higher proportion of A and C bases. Twelve of the 13 PCGs were located 

on the heavy (H) chain with the exception of nad6, which was on the light (L) chain (Table S2). 

All three start codons (ATG, ATC, ATA) were observed across the PCGs, with ATG being the 

most predominant. Most PCGs ended with the stop codon TAA, while cob uniquely ended with 

AGA. Consistent with previous studies (Ojala et al. 1981), five PCGs had incomplete stop 

codons, represented as T-- or TA- (Table S2). 

Table 1 Basic characteristics of five complete mitochondrial genomes of domestic cat in China 

Accession No.  Length(bp) T% C% A% G% AT% GC% AT-skew GC-skew 

PP070530 17026 27.13 26.17 32.67 14.03 59.80 40.20 0.093 -0.302 
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PP070531 16977 27.19 26.13 32.69 14.00 59.88 40.12 0.092 -0.302 

PP070532 17048 26.98 26.33 32.61 14.08 59.59 40.41 0.095 -0.303 

PP070533 16978 27.16 26.16 32.68 14.00 59.84 40.16 0.092 -0.303 

PP070534 17048 26.97 26.34 32.61 14.08 59.58 40.42 0.095 -0.303 

Average 17015 27.09 26.23 32.65 14.04 59.74 40.26 0.093 -0.303 

The 22 tRNAs span a total length of 1,515 to 1,516 bp across the genomes of the five newly 

sequenced cats. The tRNA organization was consistent across all individuals, with 14 tRNAs 

located on the H strand and eight on the L strand. Both rRNAs were encoded on the H strand, 

with rrnS positioned between trnF-tta and trnV-gta, and rrnL located between trnV-gta and 

trnL2-tta. The length of rrnS was 962 bp, while rrnL ranged from 1,576 to 1,577 bp. 

Phylogenomic Analyses   

The phylogenomic analysis of cat species based on mitochondrial genomes revealed five primary 

branches corresponding to F. catus (domestic cat), F. silvestris (wildcat), F. margarita (sand 

cat), F. chaus (jungle cat), and F. nigripes (black-footed cat), highlighting the utility of 

mitochondrial genomes as a powerful tool for species identification (Fig. 1). The newly 

sequenced Chinese cats were distributed across these branches, with individuals PP070530, 

PP070531, and PP070533 clustering together in one subclade, while PP070532 and PP070534 

grouped within other lineages. This distribution indicates diverse origins and substantial lineage 

differences among Chinese cats. Additionally, domestic cats and wildcats were shown to be 

closely related, forming well-supported clusters, reflecting their close evolutionary relationship. 
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Figure 1. The ML tree of Felis inferred from the complete mitochondrial genome. The terminal branch 

numbers represent GenBank accession numbers, while the color blocks designate different species. 

Degree of bootstrap is displayed by color grades from red (low support) to green (high support). 

Nucleotide Variation Between Domestic and Wildcats   

To gain insights into the mitochondrial genome variations between and within domestic cats and 

their wild relatives, we conducted a pan-mitochondrial genome nucleotide variation analysis 

encompassing three wildcat species and 123 domestic cats (Fig. 2). A total of 580 variants were 

identified, comprising 97% single-nucleotide variants (SNVs) and 3% indels (Table S3). Most 

variants were located in PCG regions (72%), followed by control regions and gene spacers 

(16%), rRNA regions (9%), and tRNA regions (3%). Among the individual PCGs, the cob gene 

exhibited the highest mutation rate, while nad6 had the lowest (Fig. S1).  
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Figure 2. Pan-mitochondrion map of Felis silvestris and F. catus. The blue, brown and green blocks in 

the outer two rings represent the regions of protein-coding gene (PCG), tRNA, and rRNA, respectively. 

The three inner rings labelled ➀-➂ indicated the variant information within domestic-wild, domestic cats 

and wildcats, respectively. 

Domestic cats harbored significantly more mutations (337) than wildcats (148), with the majority 

occurring in PCGs. Mutation rates varied across PCGs, with nad5, nad4, cob, and nad2 showing 

high variability, while atp8 displayed fewer variants (Fig. 3A, Table S4). Additionally, domestic 

cats exhibited a substantially higher number of rRNA variants (rrnL and rrnS) compared to 

wildcats. 

Mutation patterns in tRNA regions differed between the two groups. Domestic cats showed 

mutations in nearly all tRNA regions except for trnS1-agc, trnK-aaa, trnI-atc, and trnF-ttc, where 

mutations were only observed in wildcats (Fig. 3B). In contrast, both groups shared similar 

mutation patterns in the trnK-aaa region. These findings highlight the greater mitochondrial 

diversity in domestic cats and the distinct mutational landscapes between domestic and wildcat 

lineages. 
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Figure 3. Comparison the nucleotide variants of the mitochondrial regions between the domestic and 

wildcats. The horizontal coordinate represents the number of variants and the vertical coordinate 

represents the genic regions. 

RSCU, Amino Acid Content, and Selection Pressure Between Domestic Cats and Wildcats 

Mitochondrial PCGs from a representative domestic cat (PP070530) and wildcat (OR095103) 

were analyzed. Most frequently observed codons were CUA (Leu1), followed by AUA (Met), 

AUC (Ile), AUU (Ile), and ACA (Thr) (Fig. 4A, Table S5). RSCU values ranged from 0.11 to 

2.77 in domestic cats and from 0.1 to 2.8 in wildcats, indicating similar codon preference. 

Codons with RSCU > 2 were highly frequent and predominantly ended in adenine. Leu1 was the 

most abundant, while Cys was the least represented (Fig. 4B). Ka/Ks ratios were calculated for 

each PCG to assess selection pressure, yielding values between 0.01 and 0.15. These ratios were 

significantly below 1, indicating pervasive purifying selection in both domestic and wildcats 

(Fig. 5; Table S6).  
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Figure 4. Comparison of codon and amino acid usage in the mitochondrial genome of domestic and 

wildcats. (A) Compares the codon and codon usage for each amino acid, while (B) Compares the amino 

acid content in the two types of mitochondrial genomes. 

 
Table 2. Completely differentiated loci between domestic cats and wildcats 

Codon Gene Site Amino Acid Coding protein 

TAC/TAT nad1 342 Tyr/ Tyr complex Ⅰ 

TAC/TAT nad1 426 Tyr / Tyr complex Ⅰ 

CTA/CTT nad1 729 Leu/ Leu complex Ⅰ 

AAC/AAT nad2 231 Asn/ Asn complex Ⅰ 

TTG/T(C)TA nad4 135 Leu/ Leu complex Ⅰ 

TTA/CTA nad4 790 Leu/ Leu complex Ⅰ 

CTA/CTG nad4 831 Leu/ Leu complex Ⅰ 

ATT/ATC nad5 447 IIe/ IIe complex Ⅰ 

AAT/AGT nad5 1046 Asn/Ser complex Ⅰ 

ATT/AGT nad5 1377 IIe/ IIe complex Ⅰ 

GGT/GGC cox1 1296 Gly/ Gly complex Ⅳ 

GAG/GAA cox1 1497 Glu/ Glu complex Ⅳ 

GAC/GAT cox2 264 Asp/ Asp complex Ⅳ 

CTA/TTA atp6 505 Leu/ Leu ATP synthase 

CTA/CTG atp6 648 Leu/ Leu ATP synthase 

AAC/AAT cob 45 Asn/ Asn complex Ⅲ 
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Variation in Coding Regions Between Domestic Cats and Wildcats 

Our analysis of eight PCGs identified sixteen distinct coding variations between domestic cats 

and wildcats (Table 2). Ten of these variations were found in the nad1, nad2, nad4, and nad5 

regions, which are crucial for the synthesis of NADH dehydrogenase (complex I). The remaining 

variations were found in the cox1, cox2, atp6, and cob genes, which are involved in the synthesis 

of complexes IV, ATP, and III. Notably, we discovered only one non-synonymous mutation: a 

codon-change from AAT to AGT in the nad5 region, resulting in an amino acid substitution from 

Asparagine (Asn) to Serine (Ser). Selection pressure analysis revealed that the Ka/Ks value of 

nad5 in domestic cats was approximately one-third of that in wildcats, indicating that nad5 is 

under stronger purification selection in domestic cats (Fig. 5B, Table S7). Despite this, both Asn 

and Ser are hydrophilic, and the overall structure of the protein subunit encoded by the nad5 

gene remains largely unchanged (Fig. 6). 

 

Figure 5. Comparative analysis of selective pressures exerted on coding genes between domestic and 

wildcats. (A) Ka/Ks value for all 13 PCGs. The blue histogram represents Ka values, while the orange 

histogram corresponds to Ks values. The solid green circle with gray denotes the Ka/Ks ratio. (B) 

Comparative analysis of Ka/Ks value for the non-synonymous mutation in nad5 between domestic and 

wildcats. 
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Figure 6. Predictive three-dimensional structure of the protein encoded by the nad5 gene in domestic and 

wildcats. (A) wildcat (B) domestic cat. Regions with amino acid changes highlighted in red. 

 

Discussion 

Cats have lived with humans for around 10,000 years. Once valued for pest control, they are now 

mainly bred for aesthetic traits, leading to diverse coat patterns and significant phenotypic 

variation. This study presents a mitochondrial pangenome of domestic cats, highlighting genetic 

divergence between domestic and wildcats. On the phylogenomic tree, our newly sequenced 

Chinese cats clustered within European cats and were close to F. silvestris (Fig. 1), supporting the 

hypothesis of a shared ancestry of domestic cats with wildcats (Yu et al., 2021; Patterson et al., 

2023). 

The domestication of cats from wild to human-dominated environments has been accompanied by 

shifts in energy acquisition and metabolism. Given that mitochondria are the primary energy 

suppliers (Rackham & Filipovska, 2022), we hypothesize that the mitochondrial genome of 

domestic cats may reflect their domestication process. Our analysis of the mitochondrial 

pangenome shows that the Ka/Ks values for all 13 protein-coding genes are consistently below 1, 

indicating purifying selection. Interestingly, we found higher mutation rates in respiratory-related 

genes, such as nad4, nad5, and cob, in domestic cats compared to wildcats (Fig. 3). These findings 

suggest possible adaptations associated with the transition from wild habitats to human-dominated 

environments, where metabolic demands and energy utilization may have shifted due to changes 

in behavior, diet, and activity levels. 

To explore genetic differences between domestic cats and wildcats, we identified 16 distinct 

differentiation sites in the mitochondrial genome—regions uniform within each group (domestic 
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vs. wild) but divergent between them. Of these, 15 sites had synonymous mutations, which do not 

alter protein structures but may indicate neutral evolution or regulatory adaptations. Notably, one 

site in the nad5 gene had a non-synonymous mutation, changing asparagine to serine. This 

mutation affects NADH dehydrogenase, a key component of complex I in the mitochondrial 

electron transport chain, essential for aerobic respiration and ATP production (Wirth et al., 2016). 

The nad5 mutation provides insights into how domestication may have influenced mitochondrial 

function. Previous studies showed that nad5 gene expression is crucial for respiration regulation; 

mouse cells with nad5 nonsense mutations exhibited impaired mitochondrial function compared 

to wild-type (Bai et al., 2000). Our selection pressure analysis indicates that both domestic and 

wildcats undergo purifying selection on nad5, with domestic cats experiencing stronger purifying 

selection. One explanation for increased purifying selection on nad5 in domestic cats is their 

distinct ecological niches. Wildcats live in unpredictable environments, requiring high metabolic 

flexibility to cope with challenges like food scarcity and predation. In contrast, domestic cats rely 

on stable, human-provided resources and face fewer environmental stressors. This reduced 

ecological pressure may have led to fine-tuning of respiratory efficiency, as reflected in the nad5 

mutation and other genes. These differences highlight the divergent evolutionary paths of domestic 

cats, shaped by dependence on humans, versus the adaptive resilience of wildcats in natural 

habitats. The observed hypervariability in domestic cats, especially in nad5, is likely due to a 

complex interplay of factors. This includes substantial post-domestication population expansion, 

extensive admixture with wildcats introducing diverse haplotypes, and potential shifts in selective 

pressures. While domestication facilitated these conditions, the observed diversity is better 

explained as the combined outcome of demography, hybridization, and selection. Future 

comprehensive studies, integrating population genetics, ecological, and functional analyses, are 

therefore essential to disentangle the specific contributions of demographic history, admixture, and 

selective forces in shaping domestic cat mitochondrial diversity. 
 

Conclusion 

In summary, domestication has significantly influenced mitochondrial genome evolution in cats, 

particularly in respiratory-related genes like nad5. The interplay between purifying selection and 

mutation rates in these genes sheds light on how domestic cats have adapted to human-altered 

environments. Future research should investigate the functional effects of these genetic changes 

on mitochondrial efficiency and energy metabolism, and examine their relationship to traits 
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specific to domesticated lifestyles. Additionally, comparative studies across diverse populations 

will clarify global patterns of cat domestication and the interaction between natural and artificial 

selection. 
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