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 As large-scale genome sequencing becomes more efficient and 

accessible, researchers are now looking for ways to match 

characteristics in an organism’s phenotype to its underlying genotype. 

However, a comprehensive molecular toolkit is still in the process of 

development and refinement. One promising model organism for the 

identification of particular gene function is the domesticated dog. In 

the past decade, researchers have made considerable advances in 

canine genome studies, including a complete genome sequence of the 

Boxer (9), the development of a variety of analysis tools (1, 20, 21), 

and several traits have been mapped to specific genes or gene regions 

(1, 3, 8, 21, 23, 24 27). When the dog genome was first sequenced, it 

provided some much-needed diversity to the full genome sequences 

available. A member of the Laurasiatherian clade, the dog was the only 

species that had been sequenced outside the Euarchontoglires clade, 

which includes primates and rodents (10). Canine genome studies are 

a growing, relevant field of research that promises to make great 

contributions to the world of bioinformatics. 

 What can dogs tell us about evolution and, importantly, about 

the human genome and human disease? Domestic dogs are excellent 
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models for genomic studies for several reasons. 

First, they have a unique evolutionary history 

that makes them particularly interesting case 

studies. Dog populations have undergone at 

least two drastic bottleneck events: one 

occurring at least 15,000 years ago as dogs were 

first domesticated (19) and the second more 

recent event of breed development (8) (Fig. 1). 

There are currently more than 300 distinct dog breeds throughout the 

world (18), and much of the vast phenotypic divergence seen today 

has been achieved in just the past 200 years (21). Breed clubs such as 

the American Kennel Club began registering dogs in the early 1900s 

and required that the parents of a puppy both be registered to the 

same breed for that puppy to then be registered (19). The intense 

selective pressure of the past few centuries has created the most 

morphologically and behaviorally diverse land mammal known (2). 

The domestic dog remains genetically very similar to the ancestral 

wolf, indicating that the wide phenotypic variation comes from a 

fairly small subset of genetic changes (18). Mutations of large effect 

are more prevalent in dog populations than in other domestic animals 

because breeders tended to select for novelties rather than favoring a 

slow accumlation of additively beneficial traits (2). The artificial 

selection exerted by humans on these changes has left distinctive 

Fig. 1 Illustration of two 
bottleneck events in dog 
evolution (9) 
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signatures in the canine genome (21), allowing for a relatively 

straightforward approach to detecting the exact mutations responsible 

for phenotypic divergence. 

Across-species comparison using the dog genome has lead to 

insights into the structure of the human genome. For example, 

Lindblad-Toh et al showed that, while rodents often show higher 

levels of genome arrangement, there are chromosomal 

rearrangements that occurred in the human lineage after the split with 

rodents. The same researchers also found that the dog genome has 

high levels of synteny with human and rodent genomes, with 94% of 

the genome found in these conserved regions. Although the canine 

and human lineages diverged before the mouse and human lineages, 

domestic dogs actually share 650Mb more ancestral lineage with 

humans than mice do (9). This is mostly due to the higher rates of 

deletion. Additionally, mice have a higher rate of nucleotide 

divergence than dogs, which in turn have higher divergence rates than 

humans (9). These cross-species genomic comparisons have shown 

that dogs have the potential to provide much insight into the human 

genome because, despite their earlier divergence than mice (4), they 

share many sequence and compositional similarities. 

 Another important genomic characteristic of dogs is their 

applicability as models for heritable human diseases. Outside of 

humans, dogs have the highest level of health surveillance and the 
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largest number of identified genetic disorders of any species (18). Of 

the more than 215 known disorders in dogs, 58% have human 

homologs and at least 41 involve mutations in the same gene products 

as their human counterparts (18). These canine diseases often 

recapitulate the human diseases so well that they can be used in the 

development of treatments for a variety of ailments (19). Finding the 

underlying mutation at the heart of a disease is also easier in the dog 

model than in other organisms. Forty-six percent of genetic diseases 

in dogs are restricted to one or a few breeds due largely to founder 

effect and random chance (18). Between-breed comparisons can then 

be used to detect the exact region of the genome that causes a given 

disease. Of particular interest to human medicine is the fact that 

many of the most prevalent canine diseases have human disease 

counterparts, including cancer, epilepsy, allergies, heart disease, 

autoimmune disorders, and blindness (25). Whereas tumors often 

have to be induced in order to study cancer within rodent models, 

dogs forms spontaneous tumors much like humans (23), giving them a 

similar disease pathologies that could be more useful in a clinical 

research setting. Studies of the genetic components behind these 

diseases in dogs can directly lead to the development of treatment in 

humans. 
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 Despite the relatively recent artificial selection pressures, dog 

breeds are rigidly defined and show a high level of divergence from 

each other. Twenty-seven percent of the total genetic variation seen in 

dogs can be accounted for by breed differences (25). Parker et al 

conducted an extensive of analysis of microsatellite genotypes in 414 

dogs representing 85 breeds and were able to correctly assign 99% of 

the dogs to the correct breed (20). Microsatellite analysis is an useful 

tool for dog genome analysis, especially when complete sequence data 

is not always 

available. Parker 

and her colleagues 

then assembled a 

phylogenetic tree 

using the 

microsatellite data 

(Fig 2). Although 

there is clear 

resolution among some of the more ancient breeds, the newer ones do 

not resolve as well. This can be attributed to the large amount of gene 

flow that occurred without regard to ancestry as phylogenetically 

distinct breeds were crossed in the development of new breeds (20). 

Microsatellite studies such as this showed that dog breeds are 

genetically distinct populations despite sharing recent common 

Fig 2 – Phylogenetic reconstruction of 85 dog breeds 
using consensus neighbor-joining model. Breeds 
grouped into ‘All other breeds’ did not have enough 
statistical support in their clustering. (20) 
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ancestry, indicating that there will be strong traces of selection left in 

the dog genome. 

 One of the clearest signals indicating recent selective pressure 

is the selective sweep. Selective sweeps are regions of low genetic 

variability caused by the fixation of a specific allele, with variability 

being lowest in close proximity to the gene undergoing selection (12) 

(Fig. 3). Selective sweeps are particularly prevalent in dog genomes 

due to recent selection 

pressure for specific 

traits. Pollinger et al 

proposed a method in 

which selective sweeps 

are detected by genome-

wide scans, allowing the 

selective region to be 

further analyzed 

through fine-scale 

mapping to pinpoint 

precise mutations in the target genes (21). Using this approach, they 

made two discoveries in two different dog breeds. In the first, they 

compared the Large Munsterlander to the German Longhair, two 

breeds known to have derived from black and brown (respectively) 

dogs from the same pool of individuals a century ago. TYRP1, a gene 

Fig. 3 – A diagram of a selective sweep in action. As a desired 
trait is selected and bred for, other genes in its vicinity will be 
swept along with it to fixation, leaving a distinctive fingerprint 
on the genome (12, modified). 
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correlated with a black coat phenotype, had already been indicated by 

past researchers (22). The Pollinger group examined microsatellite 

markers on chromosome 11, home of TYRP1 (22), and chromosome 5 

as a control.  As Figure 4A shows, the observed heterozygosity in the 

black-coated dogs (Large Munsterlander) is dramatically lower in the 

region of the TYRP1 gene as compared 

with the brown variant and a control 

breed. The control chromosome (Fig 

4B) shows little variation in 

heterozygosity among the breeds. The 

large region of markedly low 

heterozygosity is a strong indicator of 

a recent selective sweep. In a similar 

analysis, the authors were able to 

highlight FGFR3 as a likely causative 

gene for limb foreshortening in 

Dachshunds.  

 One difficulty with discovering 

phenotypically significant genes using 

selective sweep mapping is that it is 

only effective if the sweep occurred 

relatively recently. Given enough time, heterozygosity is regained as 

mutations are allowed to accumulate and selection pressure is 

Fig. 4 – Observed heterozygosity in 
Large Munsterlander (black), 
German Longhair (brown) and 
control. (A) Large Munsterlander 
shows significantly lower levels of 
heterozygosity in the region of 
TYRP1, indicating a selective sweep 
for the gene. (B) Control 
chromosome, shoing no significant 
difference in heterozygosity. (21) 
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relieved. This makes it difficult to detect selective sweeps that 

occurred in more ancient breeds (21). Outside the realm of the dog 

genome, analyzing selective sweeps will also be more difficult, which 

will be discussed later in this paper. Breeds that share a phenotypic 

trait, such as a particular fur type, will have sweeps of varying sizes 

reflecting their unique breed histories (21). Aligning these varied 

regions of selective sweep can help more readily pinpoint the gene in 

question. 

 An important concept in genome mapping is linkage 

disequilibrium, or LD. After undergoing founder effects, dog breed 

populations have low variation and tend to have long regions of their 

chromosomes that are similar, called haplotype blocks (10). When this 

occurs, gene linkage is not at equilibrium. The modern domestic dog 

generally has two types of LD detectable in the genome. One is the 

short-range LD that is a relic of original domestication events and the 

other is a long-range LD that corresponds to the population 

bottlenecks that occurred during breed formation (9). Measuring the 

extent of LD can help determine whether there is a selective sweep 

occurring in a given region of the chromosome. Dogs exhibit high 

levels of LD that can be 10-fold greater than what has been detected in 

humans (19). Because there is such a high number of similar 

haplotypes within a dog DNA sequence, relatively few genetic markers 

such as SNPs or microsatellites are needed for an effective genome 
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scan. Lindblad-Toh et al determined that only 15,000 evenly spaced 

SNPs are needed with a sample of 100 affected 100 non-affected 

individuals in order to have a 99% chance of determining the affected 

locus (9). Linkage disequilibrium association studies are therefore 

very powerful tools for detecting genes of interest within the 

domestic dog. 

 Another noteworthy aspect of LD is that the linkage differs 

greatly depending on whether the determination is within breed or 

between breeds. Often, a long LD is found within a breed that is not 

shared with other breeds (2). Additionally, dogs from smaller 

populations have longer LD regions than dogs from larger populations 

(8), giving each breed an even more unique LD signature. By 

comparing their LDs, genetic differences between breeds can be 

resolved. Genome wide scans for linkage disequilibrium allow for the 

detection of genes under selection within a breed, which can be 

narrowed down further by between-breed mapping (7). Over time, the 

haplotypes become smaller and smaller as recombination events lead 

to renewed diversity, making LD more difficult to measure (15). 
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 As researchers improve their skills in detecting signatures of 

selection, they can turn to a whole-genome approach in order to 

determine what regions have been most impacted by artificial 

selection. Scanning an entire genome eliminates the need for prior 

knowledge of potentially significant genes, such as in the Pollinger 

study examined above. Akey et al recently carried out the largest 

genome-wide scan yet in dogs looking for areas strongly affected by 

artificial selection (1). Using an extensive panel of more than 21,000 

SNPs, the research group detected 155 regions that show strong 

indications of selection. Two examples can be seen in Figure 5, which 

shows pairwise comparisons among German Shepherds, Beagles, and 

Jack Russell Terriers. An F
ST
 (fixation index) close to 1 indicates high 

genetic differentiation while a value of 0 indicates identical 

sequences, with an average canine between-breed FST of 0.36 (25). 

The first window on the graph shows high levels of differentiation 

between Beagles and the other two breeds (NB – more dog breeds are 

Fig. 5 – Pairwise F
ST
 (fixation index, a measure of genetic differentiation (6)) values for 

German Shepard/Beagle, German Shepherd/Jack Russell Terrier, and Beagle/Jack Russell 
Terrier comparisons on chromosome 10. (1) 
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included in this analysis but the graph is simplified to three breeds to 

show the basic trends). Possible gene candidates in this region are 

GNS and RASSF3, although the authors do not outline the specific role 

of these genes. The second peak shows high differentiation between 

the smaller breeds and larger breeds. The responsible allele in this 

instance occurs in the HMGA2 gene, which likely plays a role in size 

determination. A large proportion of these 155 genes are involved in 

immunity and defense, while others have putative roles in other 

noticeable phenotypes such as coat color and texture, size and 

behavior. A noteworthy observation is that there are also several 

transcription factors that appear to be under selection. Transcription 

factors can play an important role in the alteration of the phenotype 

and subtle changes in the timing or localized expression of 

developmental genes could be a major contributing factor to the large 

diversity of dog genotypes (1, 8). 

 Akey et al further examined a specific region under selection in 

the Shar-Pei, a breed of dog characterized by incredibly wrinkly skin 

or cutaneous mucionsis (1). The candidate gene, HAS2, encodes for 

hyaluronic acid synthase, which as its name implies is involved in the 

production of the hyaluronic acid that is found in high quantities in 

Shar-Pei skin in comparison to other breeds (16). The Akey lab 

examined 5 SNPs that were found within HAS2, taking advantage of 

the fact that Shar-Pei skin wrinkling varies in intensity. The SNP that 
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best correlated with the phenotype, however, was within an exon, 

indicating that it might be in LD with the causative mutation, most 

likely a regulatory element (1). A subsequent paper by Olsson et al 

found that the cause of skin wrinkling is likely due to a repeated 

element just upstream of HAS2 that only occurs as a single copy in 

other breeds (16). Using genome-wide scans, the researchers in the 

two groups were able to pinpoint the general region and then the 

exact genetic cause of a significant phenotype in dogs, showing that 

the general methods being developed by geneticists are effective 

means of linking genotype to phenotype. 

 An important discovery that researchers have made is the fact 

that many of the mutations that drastically alter phenotype are 

transcription factors or other regulatory elements. In two linkage 

studies performed by Karlsson et al they found that the characteristic 

ridge of the Rhodesian Ridgeback and spotting pattern in Boxers (and 

potentially other breeds) were both caused by mutations in 

transcription factors (8). This is an important lesson to and one that 

highlights the importance of whole-genome scans as opposed to 

scanning known protein-coding libraries. In a genome-wide analysis of 

fur types, Cadieu et al were able to find mutations in three gene 

regions that in varying combinations can explain 95% of coat variation 

seen in the 108 breeds sampled (3). After further fine-mapping of 

these three regions, it was discovered that two were regulatory genes 
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and two had mutations in non-coding regions, one being in the 3’ 

untranslated regions and the other being within an exon (3). These 

examples illustrate the important role of transcriptional regulation in 

phenotype. Through studies involving regulatory genes, dog genome 

analysis has also been able to expose new chemical pathways and 

gene product interactions that were unknown before (19), expanding 

our knowledge of the basic biochemical process underlying the 

manifestation of phenotype. 

 Recent studies in canine genomics have also been able to 

identify genetic causes or contributing factors for several diseases 

relevant to humans. A study by Meurs et al on arrythmogenic right 

ventricular cardiomyopathy in Boxers revealed a small deletion in the 

untranslated region upstream of the striatin gene (11). This deletion 

can now be further examined in humans to see if a similar mutation 

exists. Another study by Oberbaur et al tried to uncover the genetic 

cause for epilepsy in Belgian shepherds, a disease with serious 

consequences in both dogs and humans (13, 14). While the 

researchers were able to narrow down six chromosomal regions, more 

fine-mapping is need before a definitive gene can be pinpointed. 

Additionally, the researchers point out that epilepsy is likely a 

polygenic trait, which further complicates the task (13). One of the 

most difficult tests ahead will be the discovery of such polygenic 

traits or mutations that have a cumulative or additive effect on 
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phenotype or disease. Mendelian traits are much simpler and more 

straightforward to study, so the true challenge in the coming years of 

genomics is polygenic studies (8).  

 Behavior is another complex phenotype that is most certainly 

polygenic. Several breeds have developed distinctive behavioral 

phenotypes such as herding or pointing that are reliably heritable 

(10). Discovering the types of protein products and biochemical 

pathways that govern behavior can be critically important in the study 

and treatment of psychological disorders in humans (25). Some breeds 

exhibit obsessive disorders that in many ways mirror human 

conditions such as OCD (26), which will likely be an early area of 

focus when it comes to mapping behavior (25). Examining the ability 

of dogs to follow human cues may also lead to insights into human 

cognition (5). With their diverse array of specific behavioral traits, 

dogs will likely be useful in the elucidation of complex cognitive 

pathways, although these types of analysis will be difficult due to the 

qualitative nature of behavioral classifications. 

 As with any model, the domestic dog is far from perfect. Many 

of the methods developed for genome-wide association studies within 

dogs will be difficult to implement in other species. This is due to the 

unique evolutionary history of dogs. Because the current dog breeds 

underwent very recent bottleneck events, the signatures of artificial 

selection are particularly strong (8). Far fewer SNPs or microsatellite 
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markers are required for association mapping due to the prevalence of 

long haplotypes and broad selective sweeps (9). In humans, far more 

markers would be necessary to carry out experiments with a similar 

level of power, possibly requiring more than 300,000 SNPs in order to 

have sufficient statistical power (9). Dogs will therefore serve a crucial 

role in detecting genes with homologs in humans, such as those 

contributing to genetic disorders such as cancer or epilepsy, because 

human genome analysis is much more difficult. However, techniques 

for detecting selective sweeps and LD can still be useful when applied 

to relatively recent divergence or speciation events, especially if a 

large number of markers are available. 

 Another difficulty of using dog models is the lack of control 

researchers have over their subjects (25). Although the domestic dog 

population is sizeable, scientists still must rely on the participation of 

owners. Dog breeders are often willing to participate in research, 

especially if it could improve the health of their animals (26), but 

there are few opportunities for direct intervention into breeding 

programs and no way to control for environmental variations. This is 

a particularly important concern in behavioral studies and researchers 

must be sure to control for differences in environment as much as 

possible (5). Whereas rodents are easy model organisms to study in an 

laboratory setting due to their small size, ease of care, and relatively 

short lifespan and gestation periods, dogs would be much less 
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efficient and practical for laboratory use. Despite these problems of 

experimental design, there is still an abundant supply of genomic 

information to study, making complex genetic studies feasible. 

 The domestic dog has been an essential companion to humans 

throughout history, whether helping our ancestors hunt, herd 

livestock, or simply serving as companions. Now, in the era of the 

genome, dogs are proving themselves useful as models for genomic 

studies. Their unique evolutionary history of a distant domestication 

followed by the more recent development of breeds has left a unique 

evolutionary fingerprint on the dog genome. Examining the genome 

for signatures of selection and between-breed differentiation has lead 

to the cataloging of several traits, mapping specific gene changes to 

broader phenotype manifestations. The dog genome promises to 

reveal interesting biochemical pathways the govern appearance, as 

well as provide important insight into genetic diseases that may one 

day lead to novel treatments for previously incurable disorders. As 

Mendelian traits become readily recognizable, researchers must turn 

their efforts to the mapping of more complex polygenic traits. Dogs 

are sure to be man’s best friend when it comes to the complicated 

process of reading and understanding the genome. 
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