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Abstract 24 

Domestic dog breeds show extensive phenotypic diversity shaped by recent breed 25 

formation, closed breeding, founder effects, genetic drift, and artificial selection. 26 

However, how these processes have contributed to genomic differentiation among 27 

modern breeds remains incompletely characterized. Here, we integrated genome wide 28 



SNP genotype data from more than 5,000 dogs as a global reference dataset and newly 29 

genotyped approximately 300 dogs from eight focal breeds to investigate population 30 

structure, genomic inbreeding, and breed group differentiation. Genome wide 31 

dimensionality reduction and ADMIXTURE analyses revealed clear genetic structuring 32 

among modern breeds, with newly genotyped populations clustering with their 33 

corresponding public reference breeds. Genomic inbreeding analyses showed that 34 

modern purebred dogs generally exhibited elevated FROH compared with village dogs 35 

and wolves, and population level FROH was positively correlated with mean pairwise 36 

FST. Window based FST scans across selected FCI breed group comparisons identified 37 

highly differentiated genomic regions. Functional annotation of candidate genes 38 

revealed comparison specific enrichment patterns, including muscle and cytoskeletal 39 

terms in some French Bulldog related comparisons, but no uniform functional profile 40 

across all breed group contrasts. Finally, we developed compact ancestry informative 41 

SNP panels for genetic breed assignment among the eight focal breeds, with the 200 42 

SNP panel providing clear resolution of breed structure in the present dataset. Together, 43 

these findings provide a genome wide overview of differentiation among selected dog 44 

breeds and identify candidate regions and marker sets for future studies of canine breed 45 

history, breed associated morphology, and genotype-based breed assignment. 46 

 47 
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Introduction 50 

Human-dog coexistence can be traced back approximately 14,000-32,000 years, 51 

representing one of the earliest and longest-standing relationships between humans and 52 

animals 1-4. During the domestication process, dogs (Canis lupus familiaris) 53 

experienced extensive diversification under long-term human-mediated selection. 54 

Today, more than 450 breeds are officially recognized by major kennel organizations 55 

such as the American Kennel Club and the Fédération Cynologique Internationale 5. 56 



This remarkable phenotypic diversity has made dogs an important model for 57 

comparative genomics and studies of phenotypic evolution. Genome-wide association 58 

studies have identified the genetic basis of numerous canine traits, including body size, 59 

coat color, limb length, skull morphology, and lifespan, highlighting the power of the 60 

dog model for dissecting genotype-phenotype relationships 6-9. Additionally, the dog 61 

model has been utilized to identify genes with translational potential for human health 62 

and biology, including both rare and common human disorders, such as autoimmune 63 

disease, neuromuscular disorders, and cancer 10-15. 64 

Recent ancient genomic studies further suggest that dogs and humans dispersed 65 

together across Eurasia, indicating a long history of co-dispersal between the two 66 

species 16-18. In some cases, dogs possessing valuable working or physical traits were 67 

exchanged among human populations, facilitating the spread of functionally specialized 68 

lineages. However, most modern dog breeds emerged relatively recently, primarily 69 

during the mid-19th century, when deliberate reproductive isolation and intensive 70 

artificial selection led to the establishment of standardized breeds 19-22. These processes, 71 

often accompanied by strong population bottlenecks and closed breeding systems, 72 

generated pronounced population structure and genetic differentiation among breeds 73 

23,24. 74 

Selective breeding has contributed substantially to the remarkable phenotypic and 75 

genetic diversity observed among modern dog breeds 8. Different breeds have 76 

historically been developed for a wide range of purposes, including hunting, guarding, 77 

herding, retrieving, scent detection, and companionship 22,25,26. These breeding 78 

practices have resulted in distinct breed lineages that differ in morphology, behavior, 79 

and genetic composition. However, despite extensive research on canine population 80 

structure and breed history, the genomic basis of breed differentiation among many 81 

modern dog breeds remains incompletely understood. In particular, widely used 82 

working associated breeds, including German Shepherd Dog (GS), Belgian Malinois 83 

(BM), Kunming Dog (KM), Bloodhound (BH), Labrador Retriever (LR), Rottweiler 84 

(RT), and English Springer Spaniel (SS), together with the French Bulldog (FB), 85 



provide an opportunity to investigate patterns of genomic differentiation among 86 

representative dog breeds. 87 

In this study, we analyzed genome wide SNP genotypes from a large canine dataset to 88 

characterize population structure, genetic relationships, and genomic differentiation 89 

among dog breeds. We identified highly differentiated genomic regions through 90 

genome wide FST analyses and explored the biological functions of genes located 91 

within these regions. In addition, we developed compact ancestry informative SNP 92 

panels for breed assignment among eight focal breeds. These analyses provide insights 93 

into patterns of breed differentiation in domestic dogs and contribute genomic resources 94 

that may support breed assignment, population genetic studies, and breeding 95 

management. 96 

Material and methods  97 

Sample Collection 98 

Newly collected blood samples from the eight focal breeds were used for SNP array 99 

genotyping, including German Shepherd Dog (GS), Belgian Malinois Shepherd Dog 100 

(BM), Kunming Dog (KM), Bloodhound (BH), Labrador Retriever (LR), Rottweiler 101 

(RT), English Springer Spaniel (SS), and French Bulldog (FB). According to the 102 

Fédération Cynologique Internationale (FCI) classification, GS and BM belong to 103 

Group 1 (Sheepdogs and Cattle Dogs), RT to Group 2 (Pinscher and Schnauzer - 104 

Molossoid and Swiss Mountain and Cattledogs), BH to Group 6 (Scent hounds and 105 

related breeds), LR and SS to Group 8 (Retrievers - Flushing Dogs - Water Dogs), and 106 

FB to Group 9 (Companion and Toy Dogs). KM is a Chinese native breed that is not 107 

recognized by the FCI. Samples were obtained from the Nanjing Police Dog Research 108 

Institute, Kunming Police Dog Base, and Nanchang Police Dog Base. A total of 312 109 

individuals were included: 36 BM, 20 BH, 71 GS, 46 FB, 27 KM, 25 SS, 42 LR, and 110 

45 RT (Supplementary Table S1). All sampled dogs were unrelated for at least two 111 

generations. 112 



Blood samples were collected by routine venipuncture performed by trained personnel 113 

under veterinary supervision. No animals were anesthetized, euthanized, or killed for 114 

the purposes of this study. All methods were carried out in compliance with institutional 115 

and national animal welfare regulation and guidelines. 116 

DNA Extraction 117 

Genomic DNA was extracted from peripheral blood samples using the DNeasy Blood 118 

& Tissue Kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. 119 

Briefly, three 3×3 mm blood spot punches were incubated with lysis buffer and 120 

Proteinase K until fully solubilized. DNA was then bound to the column in the presence 121 

of ethanol, followed by sequential washes to remove impurities and residual salts. 122 

Columns were air-dried to eliminate residual ethanol, and DNA was finally eluted in 123 

20-50 µL elution buffer for downstream analyses. 124 

SNP Genotyping and Quality Control 125 

Genomic DNA was genotyped using the Illumina Canine 230K SNP array following 126 

the manufacturer's protocol. DNA concentrations were measured and normalized to 50 127 

ng/µL, with 200 ng used for the Infinium HD Assay. As part of the standard Illumina 128 

Infinium HD Assay workflow, genomic DNA was denatured and subjected to the 129 

manufacturer specified amplification step before enzymatic fragmentation and array 130 

hybridization. Amplified DNA was enzymatically fragmented in a controlled end-point 131 

reaction, precipitated with isopropanol, and resuspended in hybridization buffer. DNA 132 

samples were hybridized to the bead-based array overnight, allowing 50-base site-133 

specific probes on each bead to anneal to the complementary DNA fragments. Non-134 

specifically bound DNA was removed, followed by single-base extension and 135 

fluorescent labeling. Arrays were scanned using an Illumina scanner, and fluorescence 136 

intensities were converted to SNP genotypes using BeadStudio software. Genotyping 137 

quality was high, with a mean call rate of 96.57%. Ten individuals with call rates below 138 

90% were excluded from further analyses. After applying additional filtering, a total of 139 



290 individuals (34 BM, 15 BH, 68 GS, 39 FB, 23 KM, 25 SS, 42 LR, and 44 RT) and 140 

196,125 markers were retained for downstream analyses. 141 

Integration of Modern Genomic Data 142 

We further integrated publicly available genotype data from a global canine dataset 27. 143 

For population structure analyses (Dimensionality Reduction, and ADMIXTURE 144 

Analysis), only breeds represented by more than 10 individuals were retained (Table 145 

S2, total 95 breeds, 5,145 dogs). For FST, FROH, and TreeMix analyses, a 146 

representative subset of breeds was selected based on both geographic origin and FCI 147 

classification. Specifically, breeds from Africa, America, the Middle East, Australia, 148 

Central Asia, East Asia, Europe, and the Arctic were included, together with 149 

representatives from multiple FCI groups (28 breeds). This sampling strategy was 150 

designed to maximize geographic and breed diversity while maintaining balanced 151 

population representation. Details of the breeds included in each analysis are provided 152 

in Supplementary Table S2. Only SNPs genotyped on both arrays and passing quality 153 

control were included (99,018 SNPs).  154 

Population genetic analysis 155 

Dimensionality Reduction 156 

Principal component analysis (PCA) of unrelated modern dogs was performed using 157 

the smartpca program implemented in EIGENSOFT v3.0 28. The two-dimensional 158 

PHATE embedding was generated using the first 20 PCs as input with phate 159 

(pca_matrix, ndim=2, knn=80, gamma=0, decay=100) 29. Slingshot v1.4.0 was used for 160 

identifying lineages using PHATE coordinates as input and clusters defined using 161 

kmeans (centers=40) 30. 162 

ADMIXTURE Analysis 163 

To estimate the ancestry of dogs, SNPs were pruned for linkage disequilibrium (LD) 164 

using PLINK v1.9 (--indep-pairwise 50 5 2) 31. ADMIXTURE v1.3.0 was run on the 165 

pruned dataset for K = 2-20 with 10-fold cross-validation and 100 bootstrap replicates 166 



32. Cross-validation (CV) errors were calculated for each K to determine the optimal 167 

model, and the best-supported K was identified based on the lowest CV error. Ancestry 168 

proportions were visualized using AncestryPainterV2 33. 169 

Runs of Homozygosity 170 

We used PLINK v1.9 to identify individual-level ROHs and calculated the population 171 

average level among geographically different dogs 31. Following the parameter settings 172 

described by Sams et al. 34, ROHs were identified using a minimum ROH length of 500 173 

kb (--homozyg-kb 500), a maximum SNP density of 5000 kb per SNP (--homozyg-174 

density 5000), a maximum gap of 1000 kb between consecutive homozygous SNPs (--175 

homozyg-gap 1000), a sliding window of 41 SNPs (--homozyg-window-snp 41), and 176 

no heterozygous sites allowed per window (--homozyg-window-het 0).For each 177 

detected ROH segment, physical length (in kilobases) was converted to megabases 178 

(Mb). For each individual, the total length of ROH segments was calculated by 179 

summing all ROH segments across autosomes. Genomic inbreeding coefficients based 180 

on ROH (FROH) were calculated as: 181 

FROH=
Total ROH length

L  182 

where L=2203.76Mb corresponds to the total length of the CanFam3.1 autosomal 183 

genome. 184 

Pairwise Fixation Index (FST) Estimation and Treemix Analysis 185 

We calculated pairwise fixation indexes (FST) among representative dog populations 186 

selected from the public dataset using PLINK v1.9 with the --fst flag 31,35. These 187 

populations were selected to represent broad geographic regions, including Africa, 188 

America, the Middle East, Australia, Central Asia, East Asia, Europe, and the Arctic, 189 

and to include multiple FCI groups while avoiding overrepresentation of closely related 190 

breeds. Population trees and historical gene flow were inferred using Treemix v1.13 36. 191 

Population allele frequencies were then estimated using PLINK and converted into 192 

TreeMix input format. TreeMix was performed as an unrooted analysis with the number 193 

of migration edges ranging from 0 to 7. For each migration model, five independent 194 



replicates were conducted using 500-SNP blocks (-k 500), bootstrap resampling (-195 

bootstrap), standard errors of migration edges (-se), and global optimization (-global).  196 

The optimal number of migration edges was determined using OptM. 197 

Identification and functional characterization of highly differentiated loci 198 

Eight focal breeds (BM, BH, GS, FB, KM, SS, LR, and RT) were assigned to breed 199 

groups according to the FCI classification system (Table S1). GS, BM, and KM were 200 

assigned to FCI “Sheepdogs Group 1”. RT was assigned to FCI “Molossoid dogs Group 201 

2”. BH was assigned to FCI “Scent Hounds Group 6”. LR and SS were assigned to FCI 202 

“Retrievers Group 8”. FB was assigned to FCI “Companion and toy dogs Group 9”. 203 

Because of its close genetic relationship with GS and its similar historical working 204 

roles, KM was grouped with the Group 1 breeds in subsequent analyses. 205 

To investigate genomic differentiation among the selected FCI breed groups, pairwise 206 

FST analyses were performed among the five breed groups using PLINK v1.9. A total 207 

of ten pairwise comparisons were conducted: Group 1 versus Group 2, Group 1 versus 208 

Group 6, Group 1 versus Group 8, Group 1 versus Group 9, Group 2 versus Group 6, 209 

Group 2 versus Group 8, Group 2 versus Group 9, Group 6 versus Group 8, Group 6 210 

versus Group 9, and Group 8 versus Group 9. Genome wide FST values were 211 

summarized using a sliding window approach with a window size of 200 kb and a step 212 

size of 100 kb. Only windows containing at least one SNP were retained for 213 

downstream analyses. For each sliding window, the mean FST was calculated as the 214 

arithmetic average of all SNP specific FST values located within the window. 215 

𝐹ௌఠ் = 1݊ఠ ∑ 𝐹ௌ்,௜௡ഘ
௜=1  216 

݊ఠ represents the number of SNPs within window ߱. 217 

Genomic regions within the top 1% of the empirical FST distribution were defined as 218 

highly differentiated loci. Genes located within these candidate regions were annotated 219 

based on the Ensembl gene annotation database (CanFam3.1, release 104). Functional 220 

enrichment analyses, including Gene Ontology (GO) analyses, were conducted using 221 



the R package clusterProfiler (v4.0) 37. Gene annotation and identifier conversion were 222 

performed using the org.Cf.eg.db database. Significantly enriched GO terms were 223 

identified using a Benjamini-Hochberg adjusted P value threshold of 0.05. In addition, 224 

gene-concept network visualization was performed using the cnetplot function to 225 

illustrate the relationships between enriched functional categories and the associated 226 

genes. Finally, to identify recurrently differentiated candidate genes associated with 227 

each FCI breed group, candidate gene sets from all pairwise comparisons involving the 228 

same group were intersected. For example, Group 1 related recurrent candidate genes 229 

were defined as genes shared across the Group 1 versus Group 2, Group 1 versus Group 230 

6, Group 1 versus Group 8, and Group 1 versus Group 9 comparisons. The same 231 

strategy was applied to Groups 2, 6, 8, and 9. UpSet plots were generated using the R 232 

package UpSetR to visualize 38. 233 

Identification of ancestry-informative SNP panels and breed classification using 234 

population structure and machine learning analyses 235 

Allele frequencies and pairwise linkage disequilibrium for each SNP were calculated 236 

using PLINK v1.9. Before marker selection, the dataset was stratified by breed and 237 

randomly divided into a training set comprising 70% of the individuals and an 238 

independent test set comprising the remaining 30%. All marker selection and model 239 

fitting procedures were conducted exclusively using the training set. AIM-generator39 240 

was applied to the training data to identify ancestry-informative markers capable of 241 

discriminating among the eight breeds, and panels containing 10, 100, and 200 SNPs 242 

were selected. For each panel, PCA was fitted using the training individuals, and the 243 

test individuals were projected onto the corresponding principal component space. 244 

ADMIXTURE was fitted to the training data assuming K = 8 ancestral populations, and 245 

ancestry proportions for the test individuals were estimated using the allele-frequency 246 

parameters inferred from the training set. Random Forest and XGBoost classifiers were 247 

then constructed using the PCA coordinates and ADMIXTURE ancestry proportions 248 

derived from the training data. Model hyperparameters were optimized by grid search 249 



with cross-validation conducted within the training set. The final models were applied 250 

once to the independent test set, and classification performance was evaluated using 251 

overall accuracy, breed-specific classification metrics, and confusion matrices. 252 

 253 

Results 254 

Genome-wide Dimensionality Reduction Identifies Dog Lineages Shaped by 255 

Divergent Working Roles 256 

All breed dogs in this study were categorized according to the Fédération Cynologique 257 

Internationale (FCI) classification system, with additional stratification based on their 258 

documented geographic origins to facilitate biologically meaningful comparisons. 259 

To investigate genetic relationships among individuals, we performed PCA using 260 

genome-wide SNP data. The first two principal components revealed clear genetic 261 

structuring among dog breeds (Fig. 1A). A star-like configuration was observed in the 262 

two-dimensional projection, with gray wolves positioned near the center of the plot and 263 

multiple breed groups distributed along distinct trajectories. Most European breeds 264 

were distributed along three well-defined clines extending outward from the wolf 265 

cluster, indicating directional divergence along partially independent genetic axes. 266 

Among the eight focal dog breeds, GS, BM, KM, LR, RT, and FB were distinctly 267 

separated from gray wolves along the primary axis of variation, forming a tightly 268 

grouped cluster. The KM occupied an intermediate position along one of the European-269 

associated clines, consistent with its breeding history, which involved admixture 270 

between German Shepherd Dogs imported from the Soviet Union and indigenous 271 

village dogs from Kunming in the 1950s 40. In contrast, BH and SS were positioned 272 

closer to the wolf cluster, reflecting reduced genetic differentiation relative to other 273 

breeds. 274 

To capture global relationships beyond discrete breed clusters, we applied potential of 275 

heat diffusion for affinity-based transition embedding (PHATE). PHATE preserves 276 

both local and global structure in high-dimensional data and models pairwise 277 



relationships among samples as diffusion probabilities. The PHATE embedding also 278 

displayed a star-like configuration, with gray wolves located near the center and 279 

multiple breed groups distributed along distinct trajectories.  280 

Mapping breeds according to the ten FCI groups revealed that breeds from different 281 

functional or geographic categories generally followed distinct trajectories within the 282 

PHATE manifold (Supplementary Fig. S1). For example, Sighthounds Group breeds 283 

aligned along one trajectory, Spitz and primitive types Group along another, and freely 284 

breeding village dogs clustered near the center, consistent with lower differentiation. 285 

To formally characterize these patterns, we applied pseudotemporal reconstruction, 286 

which orders clusters of individuals along branching trajectories in high-dimensional 287 

space. Clusters were defined using k-means clustering, with gray wolves serving as a 288 

central reference. In this unsupervised framework, nine major lineages were identified, 289 

whereas breeds in Dachshunds Group and Scent hounds Group remained near the 290 

central region, reflecting their relatively low genetic differentiation compared to other 291 

modern breeds (Fig. 1B). 292 

To further investigate genetic composition, we performed ADMIXTURE analysis at K 293 

= 15, which minimized the cross-validation error. The results showed that GS, RT, LR, 294 

and FB were each characterized by a predominant inferred ancestry component (Fig. 295 

1C). In contrast, KM, BH, BM, and SS exhibited more admixed genetic profiles, with 296 

contributions from multiple inferred ancestry components. Notably, the Kunming Dog 297 

genome contained a substantial proportion of the ancestry component that was also 298 

predominant in German Shepherd Dogs. Similarly, Bloodhounds, Belgian Malinois, 299 

and English Springer Spaniels shared varying proportions of the ancestry component 300 

that was most common in English Springer Spaniels. These patterns are consistent with 301 

the genetic relationships observed in the PCA analyses. 302 

Genomic Inbreeding and Genetic Drift Reinforce Breed Differentiation 303 

To investigate the demographic and evolutionary processes underlying the lineage 304 

structure identified above, we examined patterns of runs of homozygosity (ROH) 305 



within breeds, genome-wide genetic differentiation among breeds, and historical gene 306 

flow using TreeMix. Modern purebred dogs exhibited markedly elevated genomic 307 

inbreeding coefficients (FROH) compared with village dogs and wolves (Fig. 2A). 308 

Breeds such as English Setter, BH, Irish Wolfhound, and GS showed the highest mean 309 

FROH values, frequently exceeding 0.30-0.40. In contrast, village dogs and several 310 

indigenous or indigenous populations displayed substantially lower genomic 311 

inbreeding coefficients, often below 0.10. The distribution of FROH within breeds was 312 

generally tight, suggesting breed-specific demographic constraints and closed breeding 313 

structures. Pairwise FST analysis revealed pronounced genetic differentiation among 314 

modern dog breeds (Fig. 2B). Most breed pairs exhibited moderate to high levels of 315 

differentiation (FST = 0.20-0.30), with several comparisons exceeding 0.30, indicative 316 

of strong population structure. FST values within FCI-defined groups are consistently 317 

lower than those observed between groups. For instance, Maltese and Havanese, both 318 

classified in “Companion and Toy dogs Group”, display closer genetic affinity despite 319 

originating from distinct geographic regions. Importantly, breeds characterized by 320 

elevated genomic inbreeding (high FROH) tended to exhibit greater average pairwise 321 

FST values. Pearson correlation analysis confirmed a strong positive association 322 

between population-level FROH and mean pairwise FST (r = 0.762, p = 9.28 × 10-21), 323 

suggesting that increased genomic homozygosity is tightly coupled with enhanced 324 

between-breed genetic divergence. To further investigate the evolutionary processes 325 

underlying breed differentiation, we inferred population splits and migration events 326 

using TreeMix (Fig. 2C). The optimal number of migration edges was determined to be 327 

m = 1 based on the Δm statistic. The resulting tree topology revealed pronounced 328 

branch elongation among modern purebred dogs, consistent with substantial genetic 329 

drift following breed formation. Most breeds belonging to the same FCI group clustered 330 

together within the tree. Notably, newly genotyped populations clustered with their 331 

corresponding public reference breeds, including LR with Labrador Retriever, GS with 332 

German Shepherd Dog, and SS with English Springer Spaniel. Together with the strong 333 

positive association between FROH and mean pairwise FST, the TreeMix analysis 334 



supports a model in which intensive artificial breeding has simultaneously increased 335 

within-breed homozygosity and amplified between-breed genetic divergence. 336 

Identification of Highly Differentiated Genomic Regions Across Breed Comparisons 337 

To characterize genomic differentiation among the selected FCI breed groups, we 338 

performed pairwise window based FST scans among five breed groups, including 339 

Group 1, Sheepdogs and Cattle Dogs, Group 2, Pinscher and Schnauzer, Molossoid and 340 

Swiss Mountain and Cattle Dogs, Group 6, Scent Hounds and Related Breeds, Group 341 

8, Retrievers, Flushing Dogs and Water Dogs, and Group 9, Companion and Toy Dogs. 342 

A total of ten pairwise comparisons were conducted (Supplementary Tabel S3-S12). 343 

For each comparison, genomic windows within the top 1% of the empirical FST 344 

distribution were defined as highly differentiated regions, and genes overlapping these 345 

regions were considered candidate genes (Supplementary Fig. S2 and S3). The top 1% 346 

FST thresholds varied across comparisons, ranging from 0.3777 in the Group 1 versus 347 

Group 8 comparison to 0.7217 in the Group 2 versus Group 6 comparison. This 348 

variation indicates different levels of genomic differentiation among the selected breed 349 

groups. The number of candidate genes identified in each comparison ranged from 345 350 

to 455. Comparisons involving French Bulldogs showed different enrichment patterns. 351 

The Group 1 versus Group 9 comparison identified 385 candidate genes but showed no 352 

significant Gene Ontology enrichment after multiple testing correction. In contrast, the 353 

Group 2 versus Group 9 comparison identified 364 candidate genes and showed 354 

significant enrichment of muscle and contractile structure related categories, including 355 

myofibril, myosin filament, contractile muscle fiber, myosin II complex, myosin 356 

complex, and ESCRT complex (Fig. 3A). The Group 6 versus Group 9 comparison 357 

identified 455 candidate genes and was enriched mainly for dioxygenase activity, 358 

oxidoreductase activity, purinergic nucleotide receptor activity, and nucleotide receptor 359 

activity (Fig. 3B). The Group 8 versus Group 9 comparison identified 389 candidate 360 

genes and showed enrichment of myosin filament, myosin II complex, myosin complex, 361 

centrosome, myofibril, contractile muscle fiber, dioxygenase activity, and 362 



microfilament motor activity (Fig. 3C). Pairwise comparisons among non Group 9 363 

breed groups further revealed heterogeneous enrichment patterns. The Group 1 versus 364 

Group 2 comparison identified 382 candidate genes but showed no significant GO 365 

enrichment. The Group 1 versus Group 6 comparison identified 379 candidate genes 366 

and showed enrichment of serine type peptidase activity, serine hydrolase activity, and 367 

serine type endopeptidase activity (Fig. 3D). The Group 1 versus Group 8 comparison 368 

identified 397 candidate genes and was enriched for chemokine activity (Fig. 3E). The 369 

Group 2 versus Group 6 comparison identified 364 candidate genes and was enriched 370 

for calmodulin binding (Fig. 3F), whereas the Group 2 versus Group 8 and Group 6 371 

versus Group 8 comparisons identified 345 and 369 candidate genes, respectively, with 372 

no significant GO enrichment. To further illustrate the relationships between enriched 373 

functional categories and their associated genes, we constructed a gene–concept 374 

network using cnetplot (Fig. 3G). The network revealed that multiple candidate genes 375 

were shared among several muscle-related functional terms, forming a highly 376 

interconnected module centered on myofibril and contractile muscle fiber. Notably, 377 

several members of the myosin gene family, including MYH1, MYH2, MYH3, MYH4, 378 

MYH8, and MYL1, were linked to multiple enriched categories, highlighting their 379 

central roles in muscle structure and contraction. Additional genes such as TNNI1 and 380 

LMOD1 were also connected to key muscle-related terms, suggesting coordinated 381 

genetic differentiation in pathways related to skeletal muscle organization and 382 

contractile function. These results indicate that functional annotations of highly 383 

differentiated regions varied substantially among breed group comparisons. 384 

To further identify candidate genes repeatedly detected in comparisons involving the 385 

same FCI group, we intersected candidate gene sets across all pairwise comparisons 386 

involving each group (Fig. 3H, Supplementary Table S13). Five genes, B3GALNT2, 387 

GNG4, LEMD3, TBCE, and WIF1, were repeatedly detected in all Group 1 related 388 

comparisons. Among them, WIF1 has been reported to be related to the ear morphology 389 

of canines 41. Two genes, BAZ2B and NOL4L, were repeatedly detected in all Group 2 390 

related comparisons and were located on chromosomes 36 and 24, respectively. Seven 391 

genes, CAMSAP2, CDK8, CETN3, GPR25, INAVA, RNF6, and TFEC, were repeatedly 392 



detected in all Group 6 related comparisons. The largest recurrent gene set was 393 

observed for Group 9 related comparisons. A total of 66 candidate genes were shared, 394 

with most of these genes located on chromosomes 5 and 26. Chr5 region may reflect 395 

breed specific morphological differentiation, particularly craniofacial morphology 396 

associated with French Bulldog brachycephaly 42. Among these, 10 genes were 397 

annotated in the GO database as being associated with ATP related pathways 398 

(GO:0016887 and GO:0005524). 399 

Development of a genetic breed assignment SNP panel for dog breeds 400 

To develop a compact SNP panel for breed assignment and genetic management of 401 

police dogs, the dataset was first stratified by breed and divided into a training set 402 

comprising 70% of the individuals and an independent test set comprising the 403 

remaining 30%. All marker selection and model development procedures were 404 

restricted to the training set. Allele frequencies and linkage disequilibrium patterns 405 

were calculated in the training individuals using PLINK, and AIM-generator was then 406 

used to rank ancestry-informative SNPs according to their discriminatory ability among 407 

the eight breeds. Based on these rankings, panels containing 10, 100, and 200 SNPs 408 

were constructed. PCA fitted to the training data showed that the 10-SNP panel 409 

provided limited separation among several breeds, whereas breed clustering became 410 

progressively clearer with the 100-SNP and 200-SNP panels. The 200-SNP panel 411 

provided the clearest separation of the training individuals along the first two principal 412 

components (Fig. 4A; Supplementary Fig. S4). Test individuals were subsequently 413 

projected onto the corresponding principal component spaces. ADMIXTURE analysis 414 

was fitted to the training data at K = 8, and ancestry proportions for the independent 415 

test individuals were estimated using the parameters inferred from the training set (Fig. 416 

4B). Random Forest and XGBoost models were trained using PCA coordinates and 417 

ADMIXTURE ancestry proportions derived from the training data, with 418 

hyperparameters optimized by cross-validation within the training set. When applied to 419 

the independent test set, all three panels achieved 100% classification accuracy with 420 



both Random Forest and XGBoost, with no misclassified individuals in the 421 

corresponding confusion matrices (Fig. 4C and 4D). These results demonstrate that the 422 

selected markers retained high discriminatory performance in individuals that were not 423 

used for marker selection or model development. Although the three panels showed 424 

identical classification accuracy in the present test set, the 200-SNP panel provided 425 

clearer separation in PCA and more distinct ancestry profiles at K = 8. It therefore 426 

offered a more complete representation of genetic differentiation among the eight focal 427 

breeds. 428 

Discussion 429 

In this study, we provide a comprehensive genomic characterization of eight target dog 430 

breeds, integrating genome-wide SNP data, demographic inference, and functional 431 

analyses. We show that modern dog breeds form distinct lineages radiating from an 432 

ancestral gray wolf-like gene pool, with clear patterns of genomic differentiation 433 

reinforced by intensive artificial breeding. Our analyses demonstrate that FCI-defined 434 

breed groups largely correspond to genomic trajectories, while breeds with complex 435 

admixture histories occupy intermediate positions. Pairwise FST scans further showed 436 

that the functional annotations of candidate genes varied across comparisons, indicating 437 

that genomic differentiation among the focal breed groups is heterogeneous rather than 438 

explained by a single shared pattern. In addition, the ancestry informative SNP panels 439 

showed strong breed assignment performance within the eight focal breeds, providing 440 

a potential tool for genetic breed assignment when phenotypic information is 441 

unavailable. 442 

Population structure and genomic differentiation among dog breeds 443 

Breed classification systems, such as those used by kennel clubs, are largely based on 444 

the historical working functions of breeds 43, providing an ecologically meaningful 445 

framework for investigating behavioural and genetic differentiation among dog breeds. 446 

The star-like pattern observed in PCA and PHATE embeddings reflects rapid 447 

divergence of modern breeds from a common ancestral pool. Modern standardized 448 



breeds generally occupied distinct regions of the PCA and PHATE embeddings, 449 

consistent with the effects of recent breed formation, closed breeding, founder events, 450 

and artificial selection. In contrast, village dogs and certain indigenous populations 451 

remain near the central cluster, consistent with limited human intervention and reduced 452 

divergence 44,45. FROH in modern breeds, combined with high pairwise FST values, 453 

indicates that closed breeding structures amplify both within-breed homozygosity and 454 

between-breed divergence 46. The strong positive correlation between FROH and FST 455 

underscores that inbreeding and genetic drift are closely linked processes driving the 456 

reinforcement of breed boundaries. TreeMix analysis further revealed that most gene 457 

flow occurs within closely related breeds or within functional FCI groups, rather than 458 

across major breed categories, consistent with deliberate human management of mating 459 

practices to preserve breed identity. These results indicate that breed membership and 460 

recent breeding history are the major determinants of genome wide similarity, whereas 461 

broad functional categories alone do not fully explain the observed genetic relationships 462 

among breeds 47,48. 463 

Highly differentiated regions across FCI breed group comparisons 464 

Window based FST scans were used to evaluate regional patterns of genomic 465 

differentiation among the selected FCI breed groups. This approach reduces the 466 

influence of stochastic variation at individual SNPs and summarizes differentiation 467 

across neighbouring markers, which are often correlated through linkage disequilibrium. 468 

The pairwise scans revealed marked heterogeneity in the magnitude of differentiation 469 

among the selected FCI breed groups. The top 1% FST thresholds varied substantially 470 

among comparisons, ranging from 0.3777 for Sheepdogs and Cattle Dogs versus 471 

Retrievers and Flushing Dogs to 0.7217 for Molossoid dogs versus Scent Hounds. This 472 

variation indicates that genomic differentiation was not uniform across breed group 473 

pairs. Such heterogeneity is expected in domestic dogs, because modern breeds were 474 

formed through recent breed creation, founder effects, closed breeding, and selection 475 

for breed defining traits 49-51. Previous canine genomic studies have shown that 476 



demographic history and breed formation can generate signals that resemble selection, 477 

especially in small or subdivided populations 49,52-55. Accordingly, the highly 478 

differentiated regions identified here provide a framework for comparing how genomic 479 

differentiation varies across FCI breed group contrasts. The functional enrichment 480 

results showed that the biological annotations of candidate regions differed among 481 

comparisons. In comparisons involving French Bulldogs, the Molossoid dogs versus 482 

French Bulldog and Retrievers versus French Bulldog comparisons were enriched for 483 

muscle and cytoskeletal terms, including myofibril, myosin filament, myosin complex, 484 

myosin II complex, contractile muscle fiber, and microfilament motor activity 56,57. 485 

These terms were connected to a cluster of muscle associated genes, including MYH1, 486 

MYH2, MYH3, MYH4, MYH8, MYL1, TNNI1, and LMOD1. MYL1 links this 487 

differentiated module to previous canine studies of musculoskeletal traits and supports 488 

further investigation of these regions in relation to breed specific morphology and 489 

locomotor biology 58,59. 490 

The recurrent candidate genes identified by intersection analysis provide a 491 

complementary view of breed group differentiation. Five gene regions were shared 492 

across all comparisons involving Sheepdogs and Cattle Dogs, including B3GALNT2, 493 

GNG4, LEMD3, TBCE, and WIF1. Among these, WIF1 has been reported in relation 494 

to canine ear morphology (chr10: 8027948) 60. The largest recurrent signal was 495 

observed in comparisons involving French Bulldogs, with 66 genes shared across all 496 

four comparisons with the other selected FCI breed groups. Most of these genes were 497 

located on canine chromosomes 5 and 26, indicating that this signal was regionally 498 

concentrated. The chromosome 5 signal (chr5: 29243555-34607475, CFA5.32359028) 499 

is particularly relevant in light of previous canine genetic studies showing that skull 500 

shape variation, including the brachycephaly to dolichocephaly continuum, is 501 

influenced by major genomic regions and developmental genes 42,61. 502 

Ancestry informative SNP panels for genetic breed assignment 503 



Genetic breed assignment can provide useful information in settings where phenotypic 504 

information is unavailable, incomplete, or unreliable. This includes biological trace 505 

analysis, degraded DNA samples, pedigree verification, ancestry assignment, detection 506 

of unintended admixture, and genetic monitoring in breeding programs. In this context, 507 

we developed compact ancestry informative SNP panels for assigning individuals 508 

among the eight focal breeds included in this study. The performance of the SNP panels 509 

depended on both the number of markers and the analytical framework used for 510 

classification. PCA based on the 10 SNP panel showed partial overlap among several 511 

breeds in two dimensional space, indicating that visual inspection of PCA alone was 512 

insufficient for confident breed separation. However, when PCA coordinates and 513 

ADMIXTURE derived genetic component proportions were used as input features, 514 

both Random Forest and XGBoost achieved 100% accuracy in the present internal 515 

validation set. Compared with the smaller marker sets, the 200 SNP panel provided 516 

clearer PCA clustering and more distinct genetic component profiles, suggesting 517 

greater robustness for representing breed structure. These panels offer cost-effective 518 

tools for pedigree validation, breed verification, and genetic monitoring in breeding 519 

programs. Importantly, precise breed assignment also facilitates the detection of 520 

unintended crossbreeding and the monitoring of inbreeding levels, both of which are 521 

critical for maintaining healthy breeding populations 62-64.  522 

Limitation 523 

Several limitations should be considered when interpreting these results. First, the 524 

analyses of highly differentiated regions were based on a limited number of focal breeds 525 

within each FCI breed group. The use of SNP array data also limits the resolution of 526 

the analyses. Second, FST measures allele frequency differentiation between groups 527 

but does not determine the direction of allele frequency change. Therefore, the observed 528 

signals cannot by themselves distinguish selection from demographic processes such as 529 

drift, bottlenecks, or founder effects. Third, the ancestry informative SNP panels were 530 

evaluated for breed assignment among the eight focal breeds in the current dataset. 531 



Their performance in closely related breeds, admixed dogs, village dogs, and 532 

independent populations remains to be tested. 533 

Future studies combining larger and more balanced breed sampling, within breed 534 

comparisons of working, show, and pet lines, whole genome sequencing, and detailed 535 

phenotypic records will be necessary to clarify the genetic basis of breed related 536 

morphology, behavior, and performance traits. 537 

Conclusions 538 

This study provides a genome wide assessment of population structure, genomic 539 

inbreeding, and breed group differentiation among selected dog breeds. Together, these 540 

findings provide a genome wide overview of differentiation among selected dog breeds 541 

and identify candidate regions and marker sets that may support future studies of canine 542 

breed history, breed associated morphology, and genotype-based breed assignment. 543 
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 759 



 760 

Fig. 1. Dimensionality reduction and genetic ancestry of dogs. A: Principal 761 

component analysis based on genome wide SNP data. Newly genotyped focal breeds 762 

are highlighted in red. Publicly available reference populations are labeled according 763 

to geographic origin and FCI group classification when applicable. The numbers 764 

following geographic labels indicate the corresponding FCI group. The full list of 765 

population labels, geographic origins, FCI group assignments, and sample sizes is 766 



provided in Table S2. B: PHATE plot delineating paths of 9 dog lineages originating 767 

from the gray wolf. Points are colored by maximum pseudotime in any lineage and 768 

plotted lines are principal curves generated with Slingshot. C: ADMIXTURE result 769 

(K=15) illustrating inferred genetic components of dogs. The numbers following 770 

geographic labels indicate the corresponding FCI group. FCI Group 1, Sheepdogs and 771 

Cattle Dogs; Group 2, Pinscher and Schnauzer, Molossoid and Swiss Mountain and 772 

Cattle Dogs; Group 6, Scent Hounds and Related Breeds; Group 8, Retrievers, Flushing 773 

Dogs and Water Dogs; Group 9, Companion and Toy Dogs. 774 

 775 



 776 

Fig. 2. Genomic homozygosity, population differentiation, and historical gene flow 777 

of dogs. A: Genome-wide inbreeding coefficients estimated from runs of homozygosity 778 

(F_ROH). B: Heatmap of pairwise genome-wide FST among dog breeds. C: 779 

Maximum-likelihood population tree inferred using TreeMix with one migration edges 780 

(Δm = 1). The numbers following geographic labels indicate the corresponding FCI 781 

group. FCI Group 1, Sheepdogs and Cattle Dogs; Group 2, Pinscher and Schnauzer, 782 

Molossoid and Swiss Mountain and Cattle Dogs; Group 6, Scent Hounds and Related 783 

Breeds; Group 8, Retrievers, Flushing Dogs and Water Dogs; Group 9, Companion and 784 

Toy Dogs. 785 

 786 

 787 



 788 

Fig. 3. Functional enrichment and intersection analysis of candidate genes 789 

located in highly differentiated genomic regions across FCI breed group 790 

comparisons. A to F show significantly enriched Gene Ontology terms for candidate 791 

genes identified from pairwise FST comparisons. A: Molossoid dogs versus 792 



Companion and Toy Dogs Group. B: Scent Hounds versus Companion and Toy Dogs 793 

Group. C: Retrievers versus Companion and Toy Dogs Group. D: Sheepdogs versus 794 

Scent Hounds Group. E: Molossoid dogs versus Scent Hounds Group. F: Sheepdogs 795 

versus Retrievers Group. Bar length indicates the number of candidate genes 796 

annotated to each GO term, and color indicates the Benjamini Hochberg adjusted P 797 

value. G: Gene concept network showing relationships between muscle related GO 798 

terms and candidate genes detected in the Molossoid dogs versus Companion and Toy 799 

Dogs Group comparison. Node size indicates the number of connected genes or GO 800 

terms. H: UpSet plot showing intersections of candidate genes across the ten pairwise 801 

FST comparisons. The vertical bars indicate the number of shared candidate genes in 802 

each intersection, and the horizontal bars indicate the total number of candidate genes 803 

detected in each comparison. Only GO terms with adjusted P values below 0.05 are 804 

shown. FCI Group 1, Sheepdogs and Cattle Dogs; Group 2, Pinscher and Schnauzer, 805 

Molossoid and Swiss Mountain and Cattle Dogs; Group 6, Scent Hounds and Related 806 

Breeds; Group 8, Retrievers, Flushing Dogs and Water Dogs; Group 9, Companion 807 

and Toy Dogs. 808 

 809 



 810 

Fig. 4. Evaluation of ancestry informative SNP panels for breed assignment 811 

among the eight focal breeds. 812 

A: PCA of eight dog breeds based on 200-SNP panel.  813 

B: ADMIXTURE analysis based on the 200 SNP panel with K = 8  814 

C: Confusion matrix for the Random Forest model based on the 10 SNP panel.  815 

D: Confusion matrix for the XGBoost model based on the 10 SNP panel. 816 

0=BH, 1=BM, 2=GS, 3=FB, 4=KM, 5=LR, 6=RT, 7=SS. 817 



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

Supplementarymaterial.docx

SupplementaryTable.xlsx

https://assets-eu.researchsquare.com/files/rs-11356138/v1/130b942edf3a175aa9016d30.docx
https://assets-eu.researchsquare.com/files/rs-11356138/v1/22b7fec6bafc03996ff8864a.xlsx


   F  ROH =   Total ROH length L


  L=2203.76


    F  S T  𝜔 =  1    n  𝜔   ∑  i = 1    n  𝜔    F  S T , i


    n  𝜔  


  𝜔

