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Simple Summary


Raccoon dogs have been farmed for economic purposes for ~100 years, and white raccoon dogs are among the most famous breeds of farmed raccoon dogs. However, white raccoon dogs are weaker in fitness than normal raccoon dogs. Purging potentially deleterious mutations while maintaining a white coat is the goal for breeders. For the first time, we performed whole-genome sequencing of a white raccoon dog population and performed a comparative analysis with normal raccoon dogs. We found a smaller effective population size for the white raccoon dogs within the last 100 years. The overall inbreeding in the two types of raccoon dogs was found to be very similar, but recently occurring inbreeding was found to be more extensive in white raccoon dogs. Interestingly, the total number of deleterious mutations in the white raccoon dogs is comparable to that in the normal raccoon dogs. However, the proportion of homozygous missense mutations in white raccoon dogs is greater than that in normal raccoon dogs, indicating that the accumulation of small-effect deleterious mutations may be facilitated during the development of white breeds.




Abstract


The formation of animal breeds usually begins with a small subsample from their ancestral population. Deleterious mutations accumulate in the population under genetic drift, inbreeding, and artificial selection during the development and maintenance of traits desired by humans. White raccoon dogs are among the most popular breeds of farmed raccoon dogs, but white raccoon dogs are more susceptible to disease and have a lower reproductive ability. However, the accumulation of deleterious mutations in this white breed is largely unknown. By analyzing and comparing whole-genome sequencing data from 20 white raccoon dogs and 38 normal raccoon dogs, we detected an increased occurrence of loss-of-function (LoF) mutations in white raccoon dogs compared with normal raccoon dogs. With the finding of a significantly higher dosage of homozygous missense mutations in the white raccoon dog genome, we detected a greater fitness cost in white raccoon dogs. Although a much higher FROH level for ROH fragments longer than 1 Mb has been reported in white raccoon dogs, we did not detect a genetic signal of genetic purging in white raccoon dogs. This study provides valuable genomic resources and new insights into the accumulation of mutation loads in farmed raccoon dogs.
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1. Introduction


Deleterious variants in a population are constantly created with the process of mutation occurring across the genome. These deleterious mutations usually change the function of proteins and further reduce the fitness of species [1]. The burden of deleterious mutations in a population has attracted increasing interest since the middle of the last century and is referred to as the mutational load [2,3]. Many of these deleterious mutations are weakly deleterious but may persist in a population and reduce fitness [4,5]. In contrast, some of these deleterious variants can be quickly eliminated under purifying selection if exposed by homozygosity, particularly mutations with severely damaging effects on fitness in small wild populations [6,7,8,9].



For domesticated animals, the initial founder population usually consists of a small subsample of wild progenitor populations [10]. This domestication bottleneck therefore resulted in a drastically reduced effective population size (Ne), and the Ne further decreased under subsequent artificial selection for the desired traits [11,12]. The reduced Ne could result in a rapid increase in the frequency of deleterious mutations in a population due to strong genetic drift [13]. The artificial selection of favorable human characteristics in domestic animals could also increase the mutational load via the hitchhiking effect [14,15,16]. In addition, relaxed purifying selection under human management could also contribute to the excess accumulation of deleterious mutations, even for large-effect damaging alleles [17,18]. This phenomenon is more significant in some breeds and is usually facilitated by inbreeding. The high frequency of heritable disease in dogs could reflect the increased mutational load due to domestication and the formation of new breeds [19,20]. An excess mutational load in domesticated animals has also been reported in horses, rabbits and cultivated crops [12,21,22]. Purging these deleterious mutations while accelerating breeding is an important goal for breeders [23]. Understanding the mutational load across the genome of a population is vital for the breeding and management of farmed animals.



The raccoon dog (Nyctereutes procyonoides) is a typical canid species belonging to the genus Nyctereutes, with a number of species-specific biological characteristics, including a diverse diet, high reproductive capacity, winter sleep, and a potentially diverse immune system [24]. The raccoon dog is an omnivore with a very diverse diet, ranging from plants to animals (insects, birds and mammals) [25,26]. This species usually has a large average litter size, with up to 8–10 individuals, and its age at sexual maturity is relatively young [26,27,28,29]. The winter sleep of raccoon dogs can protect the them from cold weather and food deprivation [30]. Unlike hibernation, the body temperature of a raccoon dog is close to normal during winter sleep [30]. Although the racoon dog is distributed across most of Eurasia and is considered a prominent invasive species in Europe, its native distribution is in East Asia [31,32]. Additionally, the raccoon dog is a typical farmed animal and is a famous fur-bearing animal that has been farmed worldwide for ~100 years [26,33]. The winter fur of a raccoon dog is long and thick, and the coat color is usually brownish-gray with black guard hairs, forming a dark stripe on the back (wild-type). Coat color is one of the most important factors contributing to the economic value of the fur coat.



During the long-term breeding of raccoon dogs, several color types other than the wild type have emerged and have been bred on farms. The white coat mutant (white-type) raccoon dog was first identified in the 1970s and was favored the most by people among the different derived color types [34] (Figure 1). Moreover, the quality of the white coat is comparable to that of the coat from wild-type raccoon dogs, making it stand out even more [35]. Therefore, it has a much larger population size and is more common than black-type and yellow-type raccoon dogs. White racoon dogs occur in China and Japan, and are rarely found in the wild. Notably, mating between white-type raccoon dogs is likely to result in stillbirth, and almost all white-type raccoon dogs are hybrids of wild-type raccoon dogs and white-type raccoon dogs, which supports a dominant mode of inheritance for the formation of the white coat in raccoon dogs [36]. In addition, white-type raccoon dogs still have relatively lower reproductive ability [37] and are more susceptible to disease. We hypothesized that the poor fitness of white-type raccoon dogs may stem from the accumulation of deleterious mutations across the genome during the development of this breed, but this phenomenon has never been investigated. Whether inbreeding contributes to the accumulation of mutational load is also unknown. In this study, we performed a population genomic analysis to comprehensively screen the mutational load in white-type raccoon dogs and compared it with that in wild-type individuals, which aimed to improve the breeding of white-type racoon dogs.




2. Materials and Methods


2.1. Samples and Sequencing Data


Blood samples from a total of 20 white-type raccoon dogs were collected from Harbin Hualong Farm, Harbin, Heilongjiang, China, between 2019 and 2023. These blood samples were collected during routine physical examination and promptly placed into BD Vacutainer Blood Collection Tubes (BD, Franklin Lakes, NJ, USA) for transfer to the laboratory on dry ice. In addition, we downloaded whole-genome resequencing data for 38 wild-type raccoon dogs (collected between 2018 and 2022) from the CNGB Sequence Archive (CNSA) under accession number CNP0002053.




2.2. DNA Isolation, Library Preparation, and Sequencing


DNA was extracted from blood samples by using the HiPure Blood DNA Mini Kit (catalog no. D3111) (Magen, Guangzhou, China), according to the manufacturer’s procedures. Qubit 4.0 (Invitrogen, Carlsbad, CA, USA) and agarose gel electrophoresis were used to measure DNA quantity and quality. Qualified DNA (amounts > 300 ng) was then used for DNA library preparation using the MGIEasy Universal DNA Library Preparation Kit (MGI, Shenzhen, China). The libraries with an insert size of ~300 bp to ~500 bp were then subjected to the DNBSEQ T7 sequencer (MGI, Shenzhen, China) for paired-end (100 bp) whole-genome sequencing.




2.3. Genome-Wide Variant Calling


We first removed the adapter sequences and low-quality bases from the raw sequencing reads via Trimmomatic [38] (v0.33.0) (Table S1). The filtered clean reads were subsequently aligned to the raccoon dog reference genome [24] via the Burrows–Wheeler Aligner [39] (BWA, version 0.7.10-r789) mem algorithm with default parameters. Next, the BAM format alignment files were sorted and deduplicated via Picard tools (http://picard.sourceforge.net) (accessed on 4 March 2016) (version: 2.1.1). A raw variant set was called for each individual by HaplotypeCaller implemented in the Genome Analysis Toolkit [40] (GATK, version: 4.0.3.0), and a Genome Variant Call Format (gVCF) file for each individual was generated. Then, variant joint calling was carried out by combining all gVCF files into a population-based variant call format (VCF) file, which contained both SNPs and InDels. SNPs were then selected for subsequent analysis via GATK with the parameter “SelectVariants–select-type-to-include SNP”.



The SNP set was filtered in a series of steps: (1) Hard filtering was first performed with the parameters “QUAL < 30.0 || QD < 2.0 || FS > 60.0 || MQ < 40.0 || MQRankSum < −12.5 || ReadPosRankSum < −8.0”; (2) SNPs with a sequencing depth in the top and bottom 0.25% were filtered; and 3) those with a missing rate greater than 10% were filtered using VCFtools [41] (version: 0.1.13). This filtered high-quality SNP set was used for population genomic analysis [9].



Before the downstream analysis, we inferred the family relationships among all 58 raccoon dog individuals with KING [42] (version: 2.2.7) to remove potentially closely related individuals (parent–offspring, monozygotic twins, and full siblings). We ultimately retained 34 unrelated individuals, including 21 wild-type individuals and 13 white-type individuals (Table S2). The Perl script “annotate_variation.pl” in ANNOVAR [43] (version: 2015-12-14) software was used for annotating SNPs to identify exotic, nonsynonymous, synonymous, UTR, intronic, intergenic, splicing, and noncoding RNA (ncRNA).




2.4. Genetic Structure, Linkage Disequilibrium (LD) Decay, and Genetic Diversity


Here, we performed principal component analysis (PCA), phylogenetic tree construction, and admixture analysis to explore the potential genetic structure of the wild-type and white-type raccoon dog populations. Before this analysis, the SNP set was pruned with VCFtools with the parameter “–thin 1000”. PCA was subsequently carried out by the Genome-wide Complex Trait Analysis [44] (GCTA, version: 1.91.4beta3) software. For the phylogenetic tree, we first converted the VCF file into PHYLIP format by using vcf2phylip [45] (v2.7). We subsequently constructed a maximum-likelihood (ML) phylogenetic tree via IQ-TREE [46] (v 2.3.6) with default parameters. ModelFinder Plus (MFP) was used to identify the best substitution model automatically. Admixture analysis was performed with K values ranging from 2 to 5 via ADMIXTURE [47] (version: 1.3.0). LD decay was inferred for both the white-type and wild-type raccoon dog populations via PopLDdecay (v3.43) software with default parameters. Genome-wide genetic diversity (π) was computed via VCFtools (v 0.1.16) in a nonoverlap 500 kb window with the parameters “vcftools –gzvcf vcf.gz –window-pi 500000 -out result”.




2.5. Estimation of Inbreeding by Screening ROHs


ROH fragments in both white-type and wild-type raccoon dogs were detected via PLINK [48] (v1.90b6.10) with the following parameters: “–homozyg –homozyg-window-snp 20 –homozyg-kb 10 –homozyg-density 50” [49,50]. We did not consider ROH fragments shorter than 10 kb in this study. The FROH was calculated by dividing the total length of ROHs across the autosomes by the total length of the autosomes.




2.6. Screening of Genome-Wide Mutational Load


SnpEff [51] (v.5.0e) software was used to identify the mutational load in protein-coding genes. Missense variants annotated by SnpEff [51] were identified as missense variants. Splice acceptors, stops gained, and splice donors annotated by SnpEff [51] were predicted as loss-of-function (LoF) mutations. Deleterious nonsynonymous SNPs (dnsSNPs) with Grantham scores ≥150 were identified [52]. To determine the derived alleles, we downloaded reference genomes for four species from the NCBI: Vulpes vulpes (GCF_003160815.1), Vulpes lagopus (GCF_018345385.1), Canis lupus familiaris (GCF_011100685.1), and Canis lupus dingo (GCF_003254725.2). The ancestral allele was determined as the majority allele (occurring at least three times) in the five-species (V. vulpes–V. lagopus–C. lupus familiaris–N. procyonoides) alignment file. The occurrence of mutational load inside ROH and outside ROH regions was estimated by dividing the total number of deleterious mutations in ROH or non-ROH regions by the total number of synonymous mutations in the same genomic regions.




2.7. Historical Population Dynamics


We first infer the population history by using MSMC2 [53] with the parameters “-R -i 20 -t 6 -p ‘10*1  +  15*2’”. We randomly selected four individuals from each population for this analysis. Before MSMC computation, we phased the VCF files using BEAGLE (version 5.0) [54] with default parameters, and bamCaller.py was subsequently used to mask the uncovered regions. The final result was visualized with a mutation rate of 1.0 × 10−8 substitutions per site per generation and a generation time of 3 years [24]. The change in Ne within the most recent 100 generations was analyzed using GONE [55] software (available at https://github.com/esrud/GONE) (accessed on 8 July 2020) with the following parameters: hc = 0.01, NBIN = 667, and cMMb = 1.554.





3. Results


3.1. Genome-Wide Variant Calling and Identification of Deleterious SNPs


The average sequencing depth of the whole-genome sequencing (WGS) data generated for 20 white raccoon dogs in this study reached 13.9 ± 1.52-fold, and the coverage of the reference genome (Raccoon_dog.p1, CNSA: CNP0002053) reached 97.8% ± 0.23%, which is similar to that of the WGS data for the 38 wild-type raccoon dogs in our previous study [24], with a 13.5 ± 1.18-fold and 98.1 ± 0.41% sequencing depth and coverage, respectively (Table S3). The high-coverage sequencing data [56], associated with the same sequencing platform we used for both the white-type and wild-type samples, could support the subsequent population genomics analysis. By combining sequencing data from all white-type and wild-type raccoon dogs, we detected a total of 8.14 million high-quality SNPs for subsequent analysis after a series of filtering steps. Among these SNPs, 99.3% were distributed in noncoding regions; thus, we focused on the remaining 56,923 SNPs in the coding region to identify deleterious mutations across the genome (Table S4).



We focused on missense, dnsSNP, and LoF mutations in this study to present the small-effect, moderate-effect, and large-effect mutational loads, respectively. Finally, we identified 23,303 missense mutations, 1379 dnsSNPs, and 561 LoF mutations in the whole population we studied (Table 1). In general, the deleterious mutations in a population usually persist at a relatively low frequency, either for the ancestral or for the derived alleles. In this study, we found that all three types of potentially deleterious mutations maintained a much lower frequency than did the synonymous mutations, with the lowest allele frequency found for LoF mutations followed by dnsSNP and missense mutations (Figure 2A). Compared with mutations in noncoding regions, these deleterious mutations are rarely fixed in the population, and a large proportion of these mutations have a minor allele frequency of less than 0.05 (Figure S1). These characteristics indicate that the three types of mutations identified in this study are truly deleterious [57], which could support the downstream analysis.




3.2. Genetic Structure and Kinship Analysis


Although these 58 raccoon dog individuals were collected from a single farm, the origins of these individuals may be very different because the raccoon dogs on a farm are frequently exchanged between different farms to avoid inbreeding depression or to introduce high-quality individuals. Therefore, we first investigated the genetic structure of these individuals to facilitate the subsequent population genomic analysis. The PCA results suggested that the white raccoon dogs did not distinctly separate from the wild-type raccoon dogs, with some individuals overlapping together in the PCA plot (Figure 2B). However, we could still find a blurred border between the two types of raccoon dog populations. The subsequent phylogenetic tree and admixture analysis also revealed similar results, with a blurred border between these two types of raccoon dogs (Figure S2). Although the wild-type raccoon dog population appeared more diverse with a more scattered distribution in the PCA plot, the genetic diversity across the genome was comparable between the two types of raccoon dogs (Figure 2C), largely due to the breeding management at the farm involving importing individuals from other farms worldwide for mating to maintain the health and diversity of the white-type raccoon dog population. Furthermore, we found that 48 pairs of individuals were closely related (Figure 2D), and we removed one individual from each pair to keep unrelated individuals for downstream analysis.




3.3. The Accumulation of Deleterious Mutations in White Raccoon Dogs


LD decay was obviously faster in the wild-type raccoon dogs than in the white-type racoon dogs, indicating that stronger hitchhiking may occur in white raccoon dogs (Figure 3A). To explore whether the breeding process of white-type raccoon dogs influences the accumulation of deleterious mutations in the genome, we compared the three types of deleterious mutations across the genome between white-type and wild-type raccoon dogs. Overall, for the total number of deleterious mutations, we did not find a significantly greater mutational load in white-type raccoon dogs than in wild-type raccoon dogs (Figure 3B). We further focused on the occurrence of the mutational load (the number of deleterious mutations divided by the number of synonymous mutations) to reduce the bias introduced from the different genetic backgrounds between these two populations. We found a significantly elevated occurrence of LoF mutations in the white raccoon dog population, although this obvious difference was not found for the missense and dnsSNP mutations (Figure 3C). This finding indicated that the proportion of large-effect deleterious mutations in white raccoon dogs was much greater than that in wild-type raccoon dogs. The homozygous deleterious mutation usually represents the exposed mutational load that has a direct negative impact on fitness. In this study, we did not find a significant difference in the number of homozygous genotypes with different mutational loads between white-type raccoon dogs and wild-type raccoon dogs (Figure S3). However, white raccoon dogs presented a significantly elevated allele dosage of homozygous missense mutations but not dnsSNP or LoF mutations (Figure 3D).




3.4. Inbreeding Facilitated the Accumulation of Deleterious Mutations


Although the genetic diversity of wild-type raccoon dogs was comparable to that of white-type raccoon dogs (Figure S4), we explored whether repeated mating among white raccoon dogs results in an elevated inbreeding level by screening for ROHs across the genome and comparing the results with those of wild-type raccoon dogs. Overall, genome heterozygosity was negatively related to FROH in both types of raccoon dogs (Figure 4A), indicating the contribution of inbreeding to the decrease in genome-wide genetic diversity. By further examining the ROH distribution, we found that the lengths of most of the ROHs were restricted to less than 1 Mb in the raccoon dog population (Figure S5), which accounted for 92.03% of the total number of ROH fragments. This finding indicated that recent inbreeding events (the most recent 3–5 generations) in farmed raccoon dogs may not have been frequent. Nonetheless, the overall FROH for ROH greater than 100 kb in the farmed raccoon dog population still reached 18.38%, and no significant differences were found between white-type raccoon dogs (FROH = 18.91%) and wild-type raccoon dogs (FROH = 18.11%) (Figure 4B). Interestingly, we detected a significantly lower inbreeding level in white racoon dogs when ROH fragments shorter than 1 Mb were considered. However, a significantly greater level of inbreeding in white-type raccoon dogs was detected when we focused on ROH fragments longer than 1 Mb and 5 Mb (Figure 4B).



We subsequently explored the impact of recent inbreeding on the accumulation of deleterious mutations across the genome in white racoon dogs. We found a very significantly elevated occurrence of missense mutations in the ROH regions in both the wild-type and white-type individuals, but the occurrence was greater in the white racoon dogs (Figure 4C). However, the occurrence of LoFs and dnsSNPs in the ROH region presented a decreasing trend inside the ROH regions compared with outside the ROH regions (Figure 4D,E). This may be explained by the fact that large-effect deleterious mutations are much easier to purge by purifying selection when exposed by inbreeding; therefore, the increasing trend of the accumulation of deleterious mutations could hardly be detected.




3.5. Population Dynamics Analysis


Historical population dynamics are also key factors that impact the accumulation of deleterious mutations. Here, we first examined the dynamics of the effective population sizes of these two types of raccoon dogs over their entire evolutionary history. As we expected, we found a very similar population history for white-type raccoon dogs to that of the wild-type population from 100 thousand years ago (kya) to 1 kya (Figure 5A), which was very consistent with our previous findings of two population contraction events and one population expansion event [24]. Considering the short breeding history of raccoon dogs (~100 years and ~50 years for wild-type and white-type raccoon dogs, respectively), we focused on their population history within the most recent 100 years (Figure 5B). Both types of raccoon dogs presented an overall decreasing trend during this period; however, white raccoon dogs had a much smaller effective population than the wild-type raccoon dogs did during this period, which might be explained by the limited number of founders of white-type racoon dogs.




3.6. Potentially Deleterious Mutations Associated with the Formation of White Coat Color


Considering that the overall accumulation of deleterious mutations was similar between the two types of raccoon dogs, we focused on private deleterious mutations in white raccoon dogs to explore the functional impact of these mutations on their survival. Unfortunately, we cannot find a genotype that is completely exclusive to white raccoon dogs, indicating that the formation of the white breed has not widely influenced the genetic background of the population or that repeat mating with wild-type raccoon dogs does not allow for the fixation of complete white raccoon dog genotypes.



It was supposed that many deleterious mutations arise with the pursuit of breeding for the white coat phenotype. We screened deleterious mutations that were distributed within and around the genes related to the white coat. Here, we selected 40 genes that were reported to be responsible for the formation of coat color, including the migration of melanocytes, the formation of melanosomes, the synthesis of eumelanin and pheomelanin, and other processes related to the formation of coat color (Table S5). In total, we discovered 25 deleterious mutations in these regions, including 24 missense mutations and one dnsSNP (Table S6). However, none of these mutations had an allele frequency higher than 0.5, indicating that hitchhiking does not significantly influence the accumulation of deleterious mutations during the breeding of white-type breeds, or that the white coat in raccoon dogs may be caused by mutations in more than one gene and that some genes are included in these 40 genes. These 25 deleterious mutations were distributed in four gene regions, including the AHCY, RALY, OCA2, and TRPM7 genes, and 13 missense mutations were distributed in the AHCY gene. All four genes are responsible for the formation of hair or skin color in domesticated animals (Table S7).





4. Discussion


In domesticated animals, the initial population usually originates from a small number of individuals from their wild progenitor populations [10]. Different breeds are formed from a further small subsample of the domesticated animals. The white-type raccoon dog is a different breed of farmed raccoon dog [34], which is expected to have a smaller effective population size. In this study, the Ne values of the two types of raccoon dogs presented very similar dynamic histories from 100 kya to 1.0 kya, and the difference in the Ne values could be detected only between the two types of racoon dogs until the last 100 years. This is consistent with the fact that white raccoon dogs were produced several decades ago and originated from wild-type raccoon dogs. Although the same ancestry was shared by these two types of raccoon dogs, the white-type and wild-type raccoon dogs in this study presented a low level of separation (Figure 2B and Figure S2), which could be explained by the fact that the white-type raccoon dog originated from a subsample of the wild-type raccoon dog population, and this drift resulted in genetic differentiation at the beginning of the formation of this breed; however, repeated mating with the wild-type breed, to some extent, eroded this genetic differentiation. Notably, the limited sample size in this study may have generated a biased structural analysis due to the limited statistical power to detect subtle genetic differences between populations, which could lead to an underestimation of the genetic divergence between white-type and wild-type raccoon dogs.



For domesticated animals, inbreeding seems to be inevitable [14] and would be even more serious for some breeds [58,59]. The inbreeding level (FROH ≈ 19%) of farmed raccoon dogs is even higher than that of some endangered species [7,60,61] and could be explained by selective mating for the breeding of phenotypes desired by humans. ROH fragments longer than 1 Mb accounted for an extremely small proportion (less than 2%) of the raccoon dog genome (Figure 4A), which was far less than that of other domesticated mammals, such as dog [62], pig [63], and cattle [64] breeds. The total number of breeding generations is no more than 40 generations, considering a generation interval of 3 years for raccoon dogs. The breeding history of raccoon dogs is far shorter than that of other domesticated animals, which could explain the large proportion of ROH fragments shorter than 1 Mb. This is also a genetic signal that 100 years of breeding does not lead to serious inbreeding in farmed raccoon dogs. In contrast, for other long-term domesticated animals, the proportions of ROH longer than 1 Mb are much higher than that in raccoon dogs [62,63,64]. Interestingly, we still detected an obviously elevated inbreeding level for ROHs longer than 1 Mb in white-type racoon dogs (Figure 4A). This is not surprising because (1) the domestication bottleneck for white-type raccoon dogs is much more severe than that for wild-type populations, with only several founders at the beginning of breeding; (2) repeated mating with white-type raccoon dogs is needed to maintain the white coat in offspring; and (3) the breeding history of white-type raccoon dogs is much shorter than that of wild-type raccoon dogs.



The number of de novo deleterious mutations is expected to be almost equal to the number of deleterious mutations purged from the population by purifying selection under population genetics theory [65]. For the breeding of farmed animals, particularly for the maintenance of breeds for desired human phenotypes, however, the frequency of deleterious mutations could be elevated by genetic drift, inbreeding, and artificial selection [22]. Here, we revealed a greater occurrence of LoF across the genome in the white raccoon dogs than that of the wild-type raccoon dogs. This is well in line with many domesticated animals under the theory that the domestication process results in strong genetic drift and the relaxation of purifying selection, generating an elevated accumulation of deleterious mutations in the population, which is also called the “cost of domestication” hypothesis [66]. Whole-genome sequencing analysis revealed a significantly elevated mutation load in domesticated yaks than in wild yaks [57]. An increased proportion of nonsynonymous mutations was also found in dog, rabbit, pig, silkworm, and chicken, as well as in some crops (soybean and rice) [22,57]. However, the occurrence of LoF mutations in the white-type raccoon dogs was lower inside ROH regions than that outside ROH regions, indicating the possible purging of deleterious large-effect LoF mutations. Interestingly, we detected an increased frequency of missense mutations inside ROH regions in white-type raccoon dogs compared with wild-type raccoon dogs. One possibility could explain this phenomenon: purifying selection against deleterious mutations has been relaxed during the formation of white-type raccoon dogs, and the frequency of small-effect deleterious mutations, such as missense mutations, could increase with increasing frequency facilitated by inbreeding under the hitchhiking effect but could not be effectively purged from the population under human care. In wild animals, the accumulation of mutational load is usually negatively related to the inbreeding level (FROH) [6,9], because these homozygous deleterious mutations could be quickly purged in the wild environment. For farmed animals, even these small-effect deleterious mutations could be amplified if these animals are exposed to the wild environment or subjected to poor human care, increasing the potential risk of the survival of raccoon dogs. Intriguingly, we did not find any high-frequency (>50%) deleterious mutations in 40 coat color formation-related genes, which suggests that the deleterious mutations did not increase simultaneously with the artificial selection of the white coat. However, another possibility is that the genetic basis for coat color in raccoon dogs may not stem from currently known genes [67,68], which requires further research for confirmation.



The elevated inbreeding level during the recent breeding history of the farmed raccoon dogs is associated with the increased accumulation of deleterious mutations in the ROH genomic regions, suggesting that breeders should begin to pay attention to balancing inbreeding with the maintenance of excellent fur phenotypes in future breeding programs. Although the large-effect deleterious mutations could be purged from the population, the purging effect has been largely discounted under artificial selection, and the accumulation of small-effect and moderate-effect mutations is also a potential risk for the survival of raccoon dogs. Therefore, purging potentially deleterious mutations while maintaining the human-desired phenotypes in the coat could be a long journey for breeders to pursue.




5. Conclusions


A comprehensive investigation of genome-wide inbreeding and accumulation of deleterious effects in domesticated animals is vital for breeding. Balancing the trade-off between the accumulation of deleterious alleles and the pursuit of phenotypes desired by humans is an important task for breeders. In this study, we found similar but different genetic backgrounds between white-type and wild-type raccoon dogs, which could be explained by drift and repeated inbreeding during the formation of the white breed. We further detected more severe inbreeding in white raccoon dogs when ROH fragments longer than 1 Mb were considered, indicating more intensive recent inbreeding in the white breed. We did not find a significant difference in the total number of deleterious mutations between the white-type and wild-type raccoon dogs. However, an increased occurrence of LoF mutations and an increased dosage of homozygous missense mutations were detected in the white racoon dog. In addition, we did not find a favorable accumulation of deleterious mutations in genes that are currently known to be responsible for the formation of coat colors.



The inescapable limitation of this study is the small sampling size, which may influence our results in several aspects, e.g., unbalanced sampling may result in the absence of some representative individuals, which could further lead to biased analysis results; the small sample size could lower the power to detect the fine-scale genetic structure by missing large amounts of low-frequency variants in the population, and then bias the detection of the genome-wide distribution of deleterious mutations. In particular, the small sample size has very limited power in the GWAS analysis, which makes it difficult to detect the genuine causal variants of white coat formation in raccoon dogs. Exploring the genetic basis of coat color beyond the currently known genes in the raccoon dog genome, which would be based on a large sample size, is an interesting direction for future research.
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Figure 1. The images of wild-type (A) and white-type (B) raccoon dogs. 
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Figure 2. Genetic structure and kinship analysis. (A) Comparisons of the frequency of mutational loads for missense, LoF, and dnsSNP in wild-type and white-type raccoon dogs. (B) PCA clustering of wild-type and white-type raccoon dogs. (C) Genome-wide genetic diversity (π) in nonoverlapping 500 kb windows across the genomes of wild-type and white-type raccoon dogs. (D) Relationships among the raccoon dog samples in this study (the inferred relationship types include FS (full siblings), 2nd (2nd-degree relatives), 3rd (3rd-degree relatives), 4th (4th-degree relatives), and UN (unrelated individuals)). 
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Figure 3. The accumulation of deleterious mutations in raccoon dogs. (A) LD decay for the two types of raccoon dog populations. (B) Comparisons of the number of mutational loads for missense, LoF, and dnsSNP in wild-type and white-type raccoon dogs. (C) Comparisons of the number of mutational loads for missense, LoF, and dnsSNP in wild-type and white-type raccoon dogs, normalized by the number of synonymous mutations in the same region for each individual. (D) The ratio of homozygous missense, LoF, and dnsSNP mutations in each individual. “ns” indicates no significant difference, with a p-value greater than 0.05. * p < 0.05, ** p < 0.01. 
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Figure 4. ROH and mutational load in two raccoon dog populations. (A) Relationships between the FROH and heterozygosity in wild-type and white-type raccoon dogs. (B) Distribution of FROH for different ROH lengths in wild-type and white-type raccoon dog populations. (C) The distribution of missense mutations in ROH regions and outside ROH regions, normalized by the number of synonymous mutations in the same region for each individual. (D) The distribution of dnsSNP mutations in ROH regions and outside ROH regions, normalized by the number of synonymous mutations in the same region for each individual. (E) The distribution of LoF mutations in ROH regions and outside ROH regions, normalized by the number of synonymous mutations in the same region for each individual. The blue triangles represent “outside ROH regions” and the red circles represent “inside ROH regions” in (C–E). “ns” indicates no significant difference, with a p-value greater than 0.05. ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Figure 5. Population history of the two raccoon dog populations. (A) Recent effective population size (Ne) changes inferred by the GONE. (B) The dynamic trajectory of the Ne of the two types of raccoon dogs inferred by MSMC2. 
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Table 1. Distribution of SNPs within the genomic regions of raccoon dog.
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	SNP Type
	SNP Count in Wild-Type Raccoon Dogs
	SNP Count in White-Type Raccoon Dogs





	Intergenic region
	2,248,754 ± 65,291
	2,245,684 ± 36,736



	Intron variant
	888,747 ± 26,938
	882,183 ± 14,448



	Upstream gene variant
	108,076 ± 3393
	106,533 ± 1856



	Downstream gene variant
	105,060 ± 3222
	104,215 ± 1583



	Synonymous variant
	12,825 ± 404
	12,560 ± 234



	Missense variant
	8375 ± 247
	8295 ± 137



	LoF variant
	174 ± 10
	177 ± 8



	dnsSNP variant
	480 ± 19
	471 ± 15



	Splice acceptor variant
	38 ± 3
	41 ± 4



	Splice donor variant
	48 ± 4
	49 ± 5



	Splice region variant
	2007 ± 67
	1994 ± 31



	Start lost
	8 ± 2
	8 ± 2



	Stop_lost
	6.76 ± 1.63
	7 ± 1



	Stop gained
	77 ± 6.41
	76 ± 7



	Stop retained variant
	4.92 ± 1
	5 ± 1
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2025 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file4.png
Total Derived alleles ® ] ] E
" Relationship Level i
60 ) e FS :
= 0.4 o W
2nd Sl
.H1 3l'd uaE EEE E
ath £ § ML)
Q <) UN . ] :
= 40 =0.2. i BEEETE - B
Ty 4 | § EmmmEs
c = Ha4 TR
g N [ ) ° 0 ] I
g o H2 .H33 W3 H35 WH18 [ 58 | Eum
- 0.0- Ho .: 0=H32 | | OH
20 i T B3 @ s e ﬁ i | | : lax
® H26 whs .I-ﬂ(Nszm nui R gas X mnfaialans
HI1 WH19 WH14 u ] a |
WHQ ] || 1]
H19. H18 .WH3 WH13 | ] I_ .# ] I = ‘E;_
-0.2 o oo H N | | ] I &
- [ ) [ | [ 1]
o _ WH11 " RAgEEEREy | | FH
01 - .H16 u EEEEEEEEEE | %m——\rf
T T T T || | [
\~\ ? o\l (\5 \~\? 0? -0.4 -0.2 0.0 0.2 —
\J‘“ 5$e “55 \Jﬂ‘ 155° 55 \ OO e o
2“0‘\ N\ S\J oM™ W P1(11.46 %) :nﬁgﬁﬁﬂmnnﬁggggggg;ﬁ%%
0004 | _
g | Wild-type
\ .
£0.003 ~ White-type
o
>
© 0.002
o
)
0
2 0.001]
S
2
0.000

1 2 3 4 5 6 7 8 C?I 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 0 250 500 750 1000 1250
romosome density





nav.xhtml


  biology-14-00030


  
    		
      biology-14-00030
    


  




  





media/file11.png





media/file2.png





media/file5.jpg





media/file3.jpg
Toar

Somasion

< Relatonship Level

Avabim

B ot

]

Rty TR

S g





media/file1.jpg





media/file7.jpg
S| rove | e £
E|E = % o4
o UL I [P 4 3
onf $ AR, g
Wﬂ 00| X é%’
e T S T W W W
c o . D ~ . E B n
[ o £ ‘ o & .
£ Foou L
wl ; Foos b= 3
i : H
[1is s 4 (1

[ -~ [T~ Ty





media/file10.png
>

Effective population size

1000

500 1

— Wild-type
— White-type

25 50 75 100
Time in past (years)

Effective population size (104)

25

1.5

0.5

— Wild-type
— White-type

I I I
10 50 100

Time in past (kya)

! I
500






media/file9.jpg
>

Efiective popuisionsizo
3

B
<
I
HER
H
]
Rl s—

— ' 5 w0 @ 10
et “Time in past lys)





media/file0.png





media/file8.png
FroH

O

Missense/synonymous variant ratio

>100Kb 100Kb-1MB >1MB