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Abstract 

 

Background 

Evolution has resulted in large repertoires of olfactory receptor (OR) genes, forming the 

largest gene families in mammalian genomes. Knowledge of the genetic diversity of olfactory 

receptors is essential if we are to understand the differences in olfactory sensory capability 

between individuals. Canine breeds constitute an attractive model system for such 

investigations. 

Results  

We sequenced 109 OR genes considered representative of the whole OR canine repertoire, 

which consists of more than 800 genes, in a cohort of 48 dogs of six different breeds. SNP 

frequency showed the overall level of polymorphism to be high. However, the distribution of 

SNP was highly heterogeneous among OR genes. More than 50% of OR genes were found to 

harbour a large number of SNP, whereas the rest were devoid of SNP or only slightly 

polymorphic. Heterogeneity was also observed across breeds, with 25% of the SNP breed-

specific. Linkage disequilibrium within OR genes and OR clusters suggested a gene 

conversion process, consistent with a mean level of polymorphism higher than that observed 

for introns and intergenic sequences. A large proportion (47%) of SNP induced amino-acid 

changes and the Ka/Ks ratio calculated for all alleles with a complete ORF indicated a low 

selective constraint with respect to the high level of redundancy of the olfactory combinatory 

code and an ongoing pseudogenisation process, which affects dog breeds differently. 

Conclusions 

Our demonstration of a high overall level of polymorphism, likely to modify the ligand-

binding capacity of receptors distributed differently within the six breeds tested, is the first 
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step towards understanding why Labrador Retrievers and German Shepherd Dogs have a 

much greater potential for use as sniffer dogs than Pekingese dogs or Greyhounds. 

Furthermore, the heterogeneity in OR polymorphism observed raises questions as to why, in a 

context in which most OR genes are highly polymorphic, a subset of these genes is not? This 

phenomenon may be related to the nature of their ligands and their importance in everyday 

life. 

 

Background 

 

Olfactory receptors (OR) are expressed on the cilial membranes of olfactory sensory neurons 

embedded in the olfactory mucosa [1-3]. OR are transmembrane G-protein-coupled receptors 

and constitute the first element in a biochemical cascade leading to the perception and 

recognition of an odorant. OR genes constitute the largest mammalian gene family, with 

several hundred genes in the human genome and up to 1550 in the rat genome [4-8]. 

Comparisons of the amino-acid sequences deduced from orthologous and paralogous OR 

genes have shown a large number of positions to be highly conserved and others to be 

variable. The conserved residues are thought to be involved in signal transduction, whereas 

the variable residues are thought to be involved in binding thousands of odorant molecules in 

specific interactions [7, 9-11]. 

 

Mammals have evolved sophisticated systems for sensing the outside world and, in particular, 

for sensing odorant molecules indicating danger or the presence of a mate or food. Dogs are 

particularly interesting in this respect. They were domesticated from wolves some 15,000 

years ago and have since undergone extensive breeding and selection, resulting in 400 or so 

different breeds, some of which were developed specifically for hunting, in which olfaction 
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plays a central role [12-15]. The astounding ability of dogs to detect an odorant molecule and 

follow its trace results from the interaction of several brain functions. The first step in this 

process involves the efficient binding of an odorant molecule to a given set of OR. The 

absence of a particular OR or the presence of alleles giving rise to OR with a low binding 

efficiency would lead to poor downstream processing or the complete absence of such 

processing. As a case in point, links between nucleotide polymorphisms in two OR genes in 

humans (OR7D4 and OR11H7P) and the perception of specific odorants — androstenone and 

isovaleric acid, respectively — have recently been demonstrated [16-18]. 

 

We therefore wondered whether breeds or individual dogs known to be particularly skilled at 

odorant detection have different gene alleles encoding OR with a higher affinity for their 

ligands or more efficient at initiating the signal transduction cascade. In a preliminary study 

on a subset of 16 OR genes, we showed the rate of polymorphism to be high, with all genes 

having at least one SNP in their open reading frame (ORF) [19]. This finding led us to analyse 

the DNA sequences of a larger number of OR genes (109 OR genes) in a cohort of 48 dogs 

from six breeds known to differ in their ability to detect odorants: four breeds known for their 

strong sense of olfaction (German Shepherd, Belgian Malinois, English Springer Spaniel, and 

Labrador Retriever) and two breeds known to have a weak sense of olfaction (Greyhound and 

Pekingese).  

 

We show here that OR genes are generally highly polymorphic, with a mean of one SNP per 

577 nucleotides. However, the degree of polymorphism observed is highly variable, with 

some OR genes having few if any SNP and others being highly polymorphic (1 SNP /122 nt). 

This high level of genetic polymorphism, resulting in a large number of amino-acid 

substitutions in all parts of the OR, strongly suggests that a large proportion of the mutations 
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occurring during DNA replication are not counter-selected, facilitating the evolution of the 

OR repertoire and increasing its potential to recognise odorants. 

 

Methods 

 

DNA samples 

DNA was obtained from 48 dogs from six breeds: German Shepherd Dog (GSD), Belgian 

Malinois (BM), Labrador Retriever (LR), English Springer Spaniel (ESS), Greyhound (Grey), 

Pekingese (Pek). In addition, blood samples from 8 Boxer (Box) dogs were processed for the 

analysis of a subset of OR genes. 

 

Most of the DNA samples were obtained from the caniDNA bank [20] and were selected from 

dogs with no family links up to grandparental level. We also selected dogs from different 

breeders from different regions or countries, to minimise possible links between animals. 

When necessary, the panel was completed with additional samples provided by Gary S. 

Johnson (Department of Veterinary Pathobiology- University of Missouri, USA) and Paul G. 

Jones from Masterfoods (England).  

 

DNA was extracted with the Nucleospin Blood L kit (Macherey Nagel). For samples with low 

DNA concentrations, whole genome amplification was carried out with the Illustra 

GenomiPhi V2 DNA Amplification Kit (GE Healthcare). 

 

PCR amplification and OR gene sequencing  

Pairs of specific primers (20-30 bp) were designed with Primer3 [21], for binding outside the 

reading frame, for amplification of the whole OR ORF. Primers were also designed to bind to 
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regions with a unique sequence, to ensure that paralogous genes were not amplified. The 

nomenclature and sequences of OR genes were extracted from the paper by Quignon et al. [7] 

and can be obtained from [22]. PCR amplification was carried out in a final volume of 10 µl, 

containing 35 ng of dog DNA, GeneAmp 1 x PCR Gold Buffer, 2 mM MgCl2 (Applied 

Biosystems), 250 µM dNTP (GE Healthcare), 0.5 U AmpliTaq Gold DNA Polymerase 

(Applied Biosystems) and 0.3 µM of each specific primer. PCR conditions were as follows: 

initial denaturation at 95°C for 7 min, 20 cycles of 94°C for 30 s, 61°C for 30 s with a touch-

down process (-0.5°C per cycle) and 72°C for 1 min, 15 cycles of 94°C for 30 s, 51°C for 30 

s, 72°C for 1 min, and a final extension at 72°C for 3 min. Aliquots of PCR products were 

subjected to electrophoresis in 1% agarose gels in 0.5 x TBE. We then purified 2.5 µl of PCR 

products from faithful amplifications using 1 µl of ExoSAP-IT (USB). The purified PCR 

products were incubated at 37°C for 15 min and then at 80°C for 15 min. Pairs of specific 

internal primers (18-21 bp) designed with Primer3 [21] were used for sequencing PCR 

products with the BigDye V3.1 Cycle Sequencing Kit (Applied Biosystems), used according 

to the manufacturer's instructions. Sequencing products were fractionated on a 3130xl genetic 

analyser from Applied Biosystems.  

 

SNP identification 

Sequences were aligned and analysed with SeqScape software V2.5 (Applied Biosystems), 

using the CanFam2 DNA sequence as a reference [23]. Only SNP corresponding to nucleotide 

sequence of the highest quality, as determined by the Phred algorithm [24], were retained.  

 

 

Data analysis 
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Haploview software v4.0 [25] was used to calculate the SNP MAF (minor allele frequency) 

and LD values. We calculated r
2
 values for OR genes and D’ values for clusters, making it 

possible to compare our results with those of previous studies [23, 26].  

 

Haplotypes 

Haplotypes were inferred using fastPHASE software v 1.0.1 with the default settings [27]. 

This software estimates the missing genotypes and reconstructs haplotypes from unphased 

genotype data from unrelated individuals. 

 

N value calculation 

As an index of the level of OR polymorphism, a mean distance N between SNP was 

calculated, based on the number of SNP detected through the pairwise comparison of all OR 

sequences and the occurrence of the two alleles of each SNP. Thus, the smallest N value 

denotes the highest level of polymorphism. 

The N value for individual OR genes was calculated as follows: 

N OR = (ORF size x pairwise comparison) / ∑
=

n

i 1

ai.bi 

where n is the number of SNP per OR gene and a and b the occurrences of the two alleles. 

The N value for the complete set of OR genes was calculated with the same formula, in which 

n is the total number of SNP and the individual ORF size is replaced by the sum of individual 

ORF sizes. 

 

Ka/Ks 

Ka/Ks was calculated for each OR gene, as described by Goldman and Yang [28], using the 

CODEML program (model=0) from the PAML package [29]. Ka/Ks for the whole set of OR 

genes was obtained by determining mean Ka/ mean Ks.  
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Results and Discussion 

 

SNP number and distribution 

We analysed the nucleotide sequences of 109 OR genes (102 genes and seven pseudogenes, 

as defined in the genome sequence [23]) selected from the entire OR repertoire of 872 genes 

and 222 pseudogenes [7, 30]. These OR genes were selected to be representative of a large 

number of families (the five class I families and 15 of the 18 class II families), subfamilies 

and clusters (33 of 54) located on 20 chromosomes (Additional file 1). They were also 

selected as representative of genomic regions very rich in OR genes, as for cluster @40-44 on 

canine chromosome 18 (CFA18), or with a lower density of OR genes, as for cluster @3 on 

CFA15. We also studied five isolated OR genes. We determined the nucleotide sequences of 

PCR fragments amplified from DNA purified from a cohort of 48 dogs of six breeds: German 

Shepherd Dog (GSD), Belgian Malinois (BM), Labrador Retriever (LR), English Springer 

Spaniel (ESS), Greyhound (Grey) and Pekingese (Pek). We also analysed a subset of 27 OR 

genes in eight Boxers (Box).  

 

Visual inspection of all sequencing traces obtained with the cohort of 48 dogs led to the 

identification of 710 SNP, corresponding to 549 transitions and 161 transversions. We also 

observed 17 short insertions/deletions (indels, 1 to 3 nt) and five longer indels of 6 to 74 

nucleotides. As the occurrence of each indel probably corresponded to a single mutational 

event, these 732 mutations (SNP + indels) were combined for further analysis. Figure 1 shows 

the distribution of SNP within the 109 OR genes. It shows that all but four of the OR genes 

are polymorphic, with one to 22 SNP per OR gene. 
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When analysed at the breed level, the total number of SNP differed significantly (chi
2
, P < 10

-

3
) between breeds, whereas their distribution did not (Wilcoxon-Mann-Whitney)(Figure 2). 

However the numbers of OR genes without SNP differed markedly between breeds (chi
2
, P < 

0.05), with 24 and 21 OR genes with no SNP for German Shepherd Dog and Greyhound, 

respectively, 14 for Labrador Retriever and only 10 for each of the three other breeds. The set 

of OR genes with no SNP was either breed-specific or shared by only a few breeds, in 

different combinations (Table 1).  

 

At the whole-population level, most OR genes tended to be either weakly (such as CfOR2171 

and CfOR08C09 with 0 or one SNP per breed) or highly (such as CfOR0007 with 18 or 19 

SNP and CfOR0034 with 14 to 22 SNP depending on breed) polymorphic (see additional file 

2). However, there were several notable exceptions, with some OR genes weakly polymorphic 

or not polymorphic in one breed and highly polymorphic in the other five breeds. This was the 

case for CfOR0527 (no SNP in Pekingese but seven or eight SNP in each of the other five 

breeds), CfOR0390 (six SNP in Greyhound, one SNP in Pekingese and none in the other 

breeds) and CfOR08A02 (10 SNP in Pekingese, six SNP in Belgian Malinois and no SNP in 

the other breeds; Table 1). 

 

We investigated the possible correlation between OR gene polymorphism and the 

organization of these OR genes into clusters of different sizes, by ranking the 109 OR genes 

according to SNP content. We selected the 22 OR genes with no more than two SNP and the 

27 OR genes with 10 or more SNP and compared the sizes of the clusters harbouring these 

OR genes. As shown in Figures 3.1 and 3.2, the least polymorphic OR genes were 

preferentially localised in small clusters (median cluster size 4.5 OR genes) and the highly 

polymorphic OR genes, in large clusters (median cluster size 240 OR genes). Mann-Whitney 
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test showed this relationship to be significant (P < 10
-3

). In addition, the 109 OR genes were 

ranked according to cluster size and we selected the 20 OR genes located in clusters 

containing five or fewer OR genes and the 18 OR genes present in the largest cluster 

(containing 243 OR genes). Again, OR genes in small clusters tended to be less polymorphic 

than OR genes in large clusters (median SNP numbers of 2 and 8 for the smallest and largest 

clusters, respectively, Mann-Whitney test; P < 10
-3

) (Figures 3.3 and 3.4). Interestingly, the 

OR genes with the highest number of SNP tended to have paralogous genes with higher 

sequence homology (> 90%) than OR genes devoid of SNP or harbouring a small number of 

SNP. 

 

Allele frequency 

SNP minor allele frequency (MAF) ranged from 1% to 50% (see additional file 3). However, 

MAF within breeds might differ considerably from MAF across breeds, with some alleles 

absent in all but one breed, in which they could be the major allele (see for example, SNP 78 

and 189 in gene CfOR16HO4 and SNP 530 in gene CfOR0135). Other examples are provided 

by SNP 294, 518 and 295 (of CfOR0297, CfOR5413 and CfOR10F04 respectively), for 

which the minor alleles at the whole population level are the major alleles in one breed (Table 

2). 

 

We found that 193 of the 732 SNP (26.4%) identified in this study were restricted to a single 

breed and that their breed distribution differed significantly (chi
2
, P <10

-3
), with 10 private 

SNP for German Shepherd Dog, 26 for Belgian Malinois, 47 for English Springer Spaniel, 18 

for Greyhound, 8 for Labrador Retriever and 84 for Pekingese. Conversely, 199 SNP (27.2%) 

were common to all breeds, whereas 79 were common to two breeds and 50 were common to 

three breeds (Tables 3, 4 and 5). 
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Assuming, as is most likely, that each SNP appeared once in the evolutionary history of the 

dog, it follows that the 199 SNP common to all breeds probably arose before the separation of 

the six breeds and that most of the private SNP arose following breed separation. Based on the 

same rationale, it could be hypothesised that SNP common to two or three breeds arose before 

the separation of these breeds. Although the number of pairs in common differed significantly 

(chi
2
, P <10

-3
), the use of HCLUST [31] to construct dendrograms did not result in any 

clusters matching breed history. This is probably because the number of SNP common to 

pairs of breeds with a MAF > 10% was too small. 

 

Polymorphism level 

Nucleotide polymorphism level reflects the number of differences between two sequences. It 

can be represented by N, the mean distance, expressed in nucleotides, between two SNP. OR 

genes are generally highly polymorphic, but the distribution of SNP is far from even (Figure 

4). CfOR0034, in which 22 SNP were detected, was the most polymorphic OR gene studied, 

with an N of 98 for the whole population, ranging from 89 for Pekingese to 293 for German 

Shepherd Dog (see additional file 2). At the other extreme, CfOR08C09 and CfOR0525 were 

the least polymorphic genes after the four genes with no SNP (CfOR16F03, CfOR0317, 

CfOR0166 and CfOR0154). CfOR08C09 has one SNP, detected only once, in one Pekingese. 

This would give a theoretical N value of 7920 for Pekingese and 47520 for the whole 

population. Another example is provided by CfOR0525, for which we found 2 SNP. Each of 

these two SNP was detected only once, in two different Belgian Malinois, and one of these 

two SNP was detected in three English Springer Spaniels and two Labrador Retrievers (data 

not shown). This gives N values of 3780, 2908 and 4050, respectively, for these three breeds 

(see additional file 2). 
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Calculation, at the whole-population level, of N for the 109 OR genes gave a mean value of 

577. Comparison at the breed level indicated that the English Springer Spaniel was the most 

polymorphic breed, with an N value of 594, whereas the German Shepherd Dog was the least 

polymorphic breed, with an N value of 926 (chi
2
, P < 10

-3
) (Table 6).  

 

Only 27 OR genes were analysed in Boxer, and we obtained an N value of 1728. We therefore 

wondered whether the large differences in N values between the other six breeds and Boxer 

were due to the 27 OR genes selected for study in Boxer or whether they reflected a truly 

lower level of polymorphism in Boxer. However the N values for these same 27 OR genes 

calculated for each of the six breeds were not statistically different (Mann-Whitney test) from 

those calculated for the whole set of 109 OR genes (Table 6). This last finding ruled out the 

possibility of a bias due to the sampling of this subset of OR genes and indicated that the level 

of polymorphism really was lower for Boxer OR genes — this finding is relevant to the 

choice of the Boxer Tasha DNA sample (less polymorphic than the other DNA samples 

tested) for determination of the dog genome sequence [23]. 

 

We compared the level of OR gene polymorphism with that of non-coding regions and coding 

regions devoid of OR, by sequencing a series of exons, introns (only regions close to splice 

sites) and intergenic sequences with no known coding function. We obtained N values of 

8631 for exons, 1992 for introns and 732 for anonymous intergenic sequences (Table 6). 

These values are consistent with previous reports [23]. A comparison of these values indicates 

that the coding regions of OR genes are more polymorphic than most exon sequences and 

more polymorphic than the non-coding DNA (chi
2
, P <10

-3
). 

 



 13

In a similar study, Sutter et al. [26] sequenced five non-coding regions of the dog genome in a 

cohort of 95 dogs of five breeds and detected 201 SNP and 19 indels. These results, indicating 

a lower level of genetic diversity than that observed in OR genes, confirm the high level of 

genetic diversity of the OR coding exons. The isolated OR genes and genes belonging to 

small clusters analysed in this study were overrepresented among the 109 OR genes as with 

respect to their presence in the whole repertoire. As these OR genes tended to be less 

polymorphic than the OR genes from large clusters, their presence increases the value of N, 

and the actual difference between OR genes and intergenic sequences should thus be even 

greater.  

 

Ka/Ks and protein sequence polymorphism 

We noted that 152 of the 732 SNP identified within the 109 OR genes led to pseudoalleles 

(alleles with an interrupted coding frame). Theoretical translation of intact OR genes showed 

that 307 of the remaining 580 SNP were silent mutations. Of the 273 missense mutations 

(47% of the total), 130 would result in the incorporation of an amino acid of a different 

chemical group (Table 7). 

 

Calculation of the Ka/Ks ratio, where Ka is the number of non-synonymous substitutions 

(missense mutations) per non-synonymous site and Ks is the number of synonymous 

substitutions (silent mutations) per synonymous site between two closely related species, is 

the traditional method of assessing the strength of selection affecting proteins during 

evolution. In a recent study, it was shown that the A/S ratio calculated from the SNP content 

of the human genome is equivalent to the Ka/Ks ratio for the assessment of selective pressure 

[32]. 
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Using the SNP detected in this study, a Ka/Ks value of 0.37 was obtained for the 95 OR genes 

analysed here (109 minus pseudogenes and non-polymorphic genes). Similar values were 

obtained at the breed level (from 0.31 for Labrador Retriever to 0.37 for Pekingese). A Ka/Ks 

value of 0.098 has been reported for a large set (n=13,816) of canine genes [23]. Comparison 

of these two values (0.37 and 0.098) indicates an absence of strong selective constraint, 

resulting in greater diversification for the OR genes, as already observed for a small subset of 

human and chimpanzee OR genes and for the gene encoding the human bitter taste receptor, 

than for most other genes [33, 34]. As isolated OR genes tended to be less polymorphic than 

OR within large clusters, we wondered whether the Ka/Ks ratio might differ with cluster size. 

A Pearson correlation test on the 95 OR genes analysed (all OR genes minus the pseudogenes 

and genes devoid of SNP) gave a value of -0.05059135, indicating this was not the case. 

Similarly the Ka/Ks values of the 11 OR genes within small clusters (≤ 5 OR genes) and the 

values for the 15 OR genes present in the largest cluster (243 OR genes) were not 

significantly different (Student's t-test P = 0.78). 

 

We also analysed the distribution of SNP within codon positions and found that 161, 130 and 

289 of the 580 SNP were located at the first, second and third codon positions, respectively. 

This distribution, with 50% of mutations affecting one of the first two positions, at which 

nearly all mutations induce an amino-acid change, and 50% affecting the third position, at 

which half of all mutations induce an amino-acid change, is consistent with many mutations 

(75%) randomly affecting the DNA sequence being retained and not counter-selected. 

 

SNP were found throughout the OR gene sequences, resulting in amino-acid substitutions 

evenly distributed along the length of corresponding proteins, in the transmembrane, inner 

and outer parts of the receptors (Table 7). 
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However, if we take into account the respective sizes of the various domains, the number of 

missense mutations is significantly larger in intracellular (IC) than in extracellular (EC) and 

transmembrane (TM) domains (chi², P < 10
-3

), whereas the number of silent mutations does 

not appear to differ significantly between domains (chi², P> 0.7). These results were obtained 

for the whole set of data considered together, or when OR belonging to small clusters (≤ 5 OR 

genes) and OR belonging to the large cluster (243 OR genes) were considered independently. 

This indicates the existence of stronger selective pressure to maintain the structural 

conformation of the parts of the OR related to ligand binding (TM 3, TM5 and EC3 [9]) than 

to maintain the structure of the part of the protein involved in signal transduction and 

processing. This finding, which conflicts with those of Buck and Axel [1], should be 

interpreted taking into account the fact that we compared the sequences of the same gene in 

different breeds, whereas Buck and Axel [1] compared paralogous OR genes from a single rat 

and thus compared OR with different binding properties. It would thus be of interest to 

determine whether the amino-acid changes within IC domains affect the efficiency of the 

transduction pathway and, in turn, odorant sensing properties. The distributions of missense 

and silent mutations for the 136 SNP present in only one breed (private SNP) and for the 168 

SNP shared by all six breeds indicate a significant bias, with missense mutations more 

frequent among private SNP (chi², P < 10
-2

), suggesting selection pressure related to breeding 

practices. 

We used the CORP program to determine the effects, if any, of the 273 missense mutations 

[35]. Of the 83 OR genes with missense mutation(s), 44 conserved the same ΨL value, 

whereas changes < 0.3 were observed for 20 OR and changes > 0.3 for 19 OR. Variations of 

this type were also associated with higher or lower functionality as defined by the CORP 

program. As concerns a putative decrease in functionality, only 14 of the 273 SNP leading to 
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an amino acid changes affect the 22 most highly conserved positions [9]. In addition, five 

missense mutations involved the arginine of the MAYDRY conserved motif. 

 

Pseudogene formation 

Mammalian OR repertoires contain a large number of pseudogenes — up to 60% for the 

human repertoire and around 20% for the rodent and dog OR repertoires [4-8]. These 

pseudogenes are not retrogenes and have resulted from nonsense mutations or short indels 

occurring during evolution. Of the 109 OR genes analysed in this study, seven were strictly 

pseudogenes, 86 were intact in all breeds and 16 OR genes had both intact and interrupted 

ORF (pseudoallele). In each breed, a subset of 10 to 13 of these 16 OR have been identified as 

having one or more pseudoalleles (Table 8). The frequency of SNP closing the frame varies 

across breeds (Table 8). For example, CfOR08G02 has an SNP 360 (360 indicates the 

nucleotide position) that closes the frame. It is present in all six breeds, but at very different 

frequencies: 0.812 in German Shepherd Dog, 0.375 in Belgian Malinois, 0.125 in English 

Springer Spaniel, 0.188 in Greyhound, 0.438 in Labrador Retriever and 0.062 in Pekingese. 

Other examples, such as the SNP 362 of CfOR14A11 or SNP1 of CfOR12F06, are provided 

in Table 8. More extreme distributions exist, with SNP closing the frame in one or more 

breeds, but not all, such as the SNP 84 of CfOR0821 or SNP 49 of CfOR0401, which close 

the frame only in Pekingese and English Springer Spaniel, respectively. Genotype analysis 

(data not shown) indicates that the distribution within breeds is not homogeneous, with dogs 

having zero, one or two alleles with an interrupted ORF. These results indicate that the status 

of a gene as active or inactive (pseudogene) does not necessarily apply to the whole dog 

population, depending instead upon breed or even the individual dog. These observations 

suggest that pseudogene formation is still an active process, as previously reported [18, 36], 

related to the acceptance of a large proportion of mutational events to the probable continuing 
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diversification of the OR repertoire — the risk attached to deleterious mutations being 

counter-balanced by the highly combinatory nature of the OR repertoire [37, 38], partly 

accounted for by gene redundancy. 

 

Haplotype structures and distribution 

We used the Fast Phase algorithm [27] to identify a total of 809 haplotype structures for all 

OR genes with more than two SNP (see additional file 4). We found that the mean number of 

haplotypes per gene and per breed varied between 2.83 for German Shepherd Dog and 3.73 

for English Springer Spaniel. Not surprisingly, the number of haplotypes per gene increased 

with the number of SNP. However this relationship is not simple and many exceptions were 

noted .We plotted the haplotype/SNP number ratio against the number of SNP (Figure 5). We 

calculated the Manhattan distances between the points and generated four groups of OR genes 

by agglomerative hierarchical clustering, with the two extreme groups having 11 OR and 5 

OR genes. As examples of these two extreme groups, CfOR12A07 has 4 SNP and 11 

haplotypes and DOPRH07 has 21 SNP and 4 haplotypes (see additional file 4). 

 

The existence of the two extreme groups (Figure 5) suggests two different evolutionary 

processes. However, comparisons of gene status (family, subfamily, CFA position, cluster 

position for OR genes belonging to these two extreme groups) identified no specific feature.  

 

As pointed out above, most of the SNP common to all six breeds had different MAF. Not 

surprisingly, this leads to very different haplotype patterns in different breeds, with some 

breed-specific haplotypes, such as the GCAGAGGTAAT haplotype (CfOR5413), which was 

found in 11 of the 16 Pekingese haplotypes but was absent from the other breeds (see 

additional file 4). 
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In total, we identified 332 breed-specific haplotypes (41%). Many (205) were found only 

once, but some (38) accounted for 25% or more of the 16 possibilities per OR gene per breed 

and might even be the most frequent haplotype in the breed concerned (Table 9). The 

combination of a small number of haplotypes may result, for each breed, in a haplotype 

signature. This signature could be used to certify that a given animal does or does not belong 

to a specific breed, based on the analyses of limited numbers of OR genes. For example, the 

haplotype structure of CfOR0050 and CfOR16H04, deduced from the analysis of 11 SNP, 

would be sufficient to identify a dog as a German Shepherd Dog. 

 

Linkage disequilibrium (LD) 

Linkage disequilibrium indicates an association between two polymorphic markers, for which 

pairs of alleles are inherited together. Previous studies have shown that dogs display higher 

levels of LD than humans. However, LD has also been shown to be heterogeneous, with 

alternating genomic long and short regions of LD [23]. This pattern of alternating long and 

short LD regions, which differs between breeds, has been attributed to the history of the dog 

population, which has been characterised by two bottlenecks and expansion periods [23, 26]. 

We investigated the evolution of the OR gene repertoire by calculating LD both within and 

between OR genes. 

 

LD within OR genes 

All pairs of SNP (MAF >0.05) within each OR were used to calculate the mean r
2
 per breed 

— range of 0.52 for Pekingese to 0.70 for German Shepherd Dog, with a mean of 0.33 for the 

whole population (Table 10). These values indicate (1) that the extent of LD for OR genes is 

one tenth the mean extent of LD previously reported [23]; (2) the lower r
2
 value (0.33) 
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obtained for the whole population than for individual breeds is consistent with greater 

homogeneity within breeds. This low LD value indicates that SNP alleles within individual 

OR genes are not inherited as a block and suggests an ongoing gene conversion process 

potentially generating many OR genes with higher levels of polymorphism than the bulk 

DNA [39, 40]. 

 

LD within OR clusters 

A number of the sequenced OR genes corresponded to several clusters between 104 kb and 

182 kb in size (see clusters description in additional file 5). We first retrieved SNP with a 

MAF > 0.2 and calculated D’ values for each pair of SNP. The percentage of SNP pairs with a 

D’ value >0.8 varied from 38 to 66% for the five different clusters analysed within the whole 

population (Table 11). Contrasting results were obtained for analyses within breeds. For 

example, Belgian Malinois and Greyhound, in cluster 03, were weakly polymorphic and no 

LD value was calculated, whereas, for German Shepherd Dog and Labrador Retriever, 100% 

of SNP pairs had a D’ value >0.8 and, in Pekingese, only 58% of SNP pairs had a D’ value 

>0.8. These results indicate that the constraints imposed on OR cluster evolution are not 

identically distributed in the different breeds. The LD value calculated per breed was also 

higher than that calculated for the whole cohort (Table 11). This result contrasts with the 

findings of Sutter et al. [26], showing that the LD value calculated at the whole-population 

level for regions devoid of OR genes was similar to that obtained for individual breeds. 

However, our result is consistent with that reported by Menashe et al. [41] for the analysis of 

a human OR cluster in different populations. 

 

Conclusions 
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We have shown here that overall OR gene diversity is very high, with a mean distance (N) 

between SNP of 577 nt, slightly less than that calculated for non-coding sequences and much 

shorter than the distances calculated for exon sequences. However, this diversity is not 

uniformly distributed, some OR genes having few or no SNP, whereas others may have as 

many as 22 SNP in their coding sequence. In addition, individual OR genes may be highly 

polymorphic in one or a few breeds and devoid of SNP in other breeds. Thus, the overall level 

of polymorphism was found to differ between breeds, with a mean distance of 628 for the 

Pekingese and 926 for German Shepherd Dog. An even higher N value was calculated for the 

Boxer, consistent with previous suggestions of a lower level of genetic diversity in this breed 

[23].  

 

As the presence of different alleles of specific OR genes has been shown to affect the 

perception of isovaleric acid and androstenone in humans [16, 17], this OR genetic diversity, 

with 47% of SNP leading to missense mutations, should clearly affect the odorant sensing 

capabilities of dogs. However, as the ligands of most of these OR are unknown, it is not 

possible yet to correlate the OR genetic polymorphism with variation in odorant perception. 

The level of polymorphism for about 50% of the OR genes was found to be higher than that 

for anonymous sequences, for which all, or almost all mutations arising during DNA 

replication are probably conserved. As there is no evidence to suggest that replication is itself 

defective, another mechanism, such as gene conversion, should be considered to account for 

this higher level of polymorphism, as suggested by the low LD values calculated within OR 

genes.  

 

This process, which is of great importance in maintaining sequence homogeneity in genes 

with multiple copies, such as histone genes, has been proposed as a mechanism guiding the 
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evolution of paralogous OR genes [40, 42]. We suggest that this mechanism may be involved 

in the accumulation of SNP, although some of these mutations may lead to a less functional 

OR or may be nonsense mutations.  

 

The accumulation of mutations diversifying OR amino-acid sequences may have two opposite 

effects that must be balanced: an increase in odour pattern recognition and the risk of a loss of 

function. Such losses of function do occur, as indicated by the ongoing pseudogenisation 

observed. However, the risk of losing the ability to sense a particular odorant is minimized by 

the highly combinatory code [37, 38]. Nonetheless, not all OR genes are polymorphic, and up 

to 22% of the OR genes in an individual breed may be entirely non-polymorphic. This raises 

the possibility that these non-polymorphic OR may be involved in recognising odorants of 

particular importance or may have a unique binding specificity not shared by other OR. 

Finally, we observed that, for each breed studied, it was possible to define specific haplotypes 

for a number of OR genes characteristic of the breed, which could be used as a genetic 

signature to determine whether or not a particular dog belongs to a particular breed.  

 



 22

Authors’ contributions 

SR carried out molecular genetic studies, interpreted the data and drafted the manuscript. ST 

carried out molecular genetic studies and participated in sequence alignment. MR carried out 

molecular genetic studies. AV participated in the statistical treatment of the data. SD 

determined the nucleotide sequences. CA provided the DNA samples. CH participated in the 

statistical treatment of the data. FG conceived, designed, coordinated the study and helped to 

draft the manuscript. All authors read and approved the final manuscript. 

 

Acknowledgements 

We would like to thank Dr Gary S. Johnson (Department of Veterinary Pathobiology- 

University of Missouri, USA) and Dr Paul G. Jones from Masterfoods (England) as well as Dr 

Gilles Chaudieu, Dr Philippe Pilorge, Dr Catherine Lefevre and Dr Vincent Biourges for 

generously providing dog blood samples. Marie Avery is warmly thanked for her technical 

contribution during her Masters degree. The Centre National Recherche Scientique, the 

Université de Rennes 1, the Conseil Régional de Bretagne and the Technical Support 

Working Group are acknowledged for their generous support and encouragement to FG. 



 23

References 

1. Buck L, Axel R: A novel multigene family may encode odorant receptors: a 

molecular basis for odor recognition. Cell 1991, 65(1):175-187. 

2. Buck LB: The molecular architecture of odor and pheromone sensing in 

mammals. Cell 2000, 100(6):611-618. 

3. Firestein S: How the olfactory system makes sense of scents. Nature 2001, 

413(6852):211-218. 

4. Glusman G, Yanai I, Rubin I, Lancet D: The complete human olfactory subgenome. 

Genome Res 2001, 11(5):685-702. 

5. Godfrey PA, Malnic B, Buck LB: The mouse olfactory receptor gene family. Proc 

Natl Acad Sci U S A 2004, 101(7):2156-2161. 

6. Malnic B, Godfrey PA, Buck LB: The human olfactory receptor gene family. Proc 

Natl Acad Sci U S A 2004, 101(8):2584-2589. 

7. Quignon P, Giraud M, Rimbault M, Lavigne P, Tacher S, Morin E, Retout E, Valin 

AS, Lindblad-Toh K, Nicolas J, Galibert F: The dog and rat olfactory receptor 

repertoires. Genome Biol 2005, 6(10):R83. 

8. Zhang X, Firestein S: The olfactory receptor gene superfamily of the mouse. Nat 

Neurosci 2002, 5(2):124-133. 

9. Man O, Gilad Y, Lancet D: Prediction of the odorant binding site of olfactory 

receptor proteins by human-mouse comparisons. Protein Sci 2004, 13(1):240-254. 

10. Schmiedeberg K, Shirokova E, Weber HP, Schilling B, Meyerhof W, Krautwurst D: 

Structural determinants of odorant recognition by the human olfactory receptors 

OR1A1 and OR1A2. J Struct Biol 2007, 159(3):400-412. 

11. Shepherd GM: Discrimination of molecular signals by the olfactory receptor 

neuron. Neuron 1994, 13(4):771-790. 



 24

12. Clutton-Brock J: Origin of the dog: domestication and early history. Serpell J, ed 

The domestic dog, its evolution, behaviour and interactions with people New-York: 

Cambridge University Press 1995:7-20. 

13. Savolainen P, Zhang YP, Luo J, Lundeberg J, Leitner T: Genetic evidence for an 

East Asian origin of domestic dogs. Science 2002, 298(5598):1610-1613. 

14. Vila C, Savolainen P, Maldonado JE, Amorim IR, Rice JE, Honeycutt RL, Crandall 

KA, Lundeberg J, Wayne RK: Multiple and ancient origins of the domestic dog. 

Science 1997, 276(5319):1687-1689. 

15. AKC: http://www.akc.org/. 

16. Keller A, Zhuang H, Chi Q, Vosshall LB, Matsunami H: Genetic variation in a 

human odorant receptor alters odour perception. Nature 2007, 449(7161):468-

472. 

17. Menashe I, Abaffy T, Hasin Y, Goshen S, Yahalom V, Luetje CW, Lancet D: Genetic 

elucidation of human hyperosmia to isovaleric acid. PLoS Biol 2007, 5(11):e284. 

18. Gaillard I, Rouquier S, Chavanieu A, Mollard P, Giorgi D: Amino-acid changes 

acquired during evolution by olfactory receptor 912-93 modify the specificity of 

odorant recognition. Hum Mol Genet 2004, 13(7):771-780. 

19. Tacher S, Quignon P, Rimbault M, Dreano S, Andre C, Galibert F: Olfactory 

receptor sequence polymorphism within and between breeds of dogs. J Hered 

2005, 96(7):812-816. 

20. CaniDNA: http://mandrake.med.univ-rennes1.fr/DogBases/caniDNA/index.php. 

21. Primer3: http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi. 

22. http://dogs.genouest.org/ORrepertoire.html 

23. Lindblad-Toh K, Wade CM, Mikkelsen TS, Karlsson EK, Jaffe DB, Kamal M, Clamp 

M, Chang JL, Kulbokas EJ, 3rd, Zody MC, Mauceli E, Xie X, Breen M, Wayne RK, 



 25

Ostrander EA, Ponting CP, Galibert F, Smith DR, DeJong PJ, Kirkness E, Alvarez P, 

Biagi T, Brockman W, Butler J, Chin CW, Cook A, Cuff J, Daly MJ, DeCaprio D, 

Gnerre S, Grabherr M, Kellis M, Kleber M, Bardeleben C, Goodstadt L, Heger A, 

Hitte C, Kim L, Koepfli KP, Parker HG, Pollinger JP, Searle SM, Sutter NB, Thomas 

R, Webber C, Baldwin J, Abebe A, Abouelleil A, Aftuck L, Ait-Zahra M, Aldredge T, 

Allen N, An P, Anderson S, Antoine C, Arachchi H, Aslam A, Ayotte L, Bachantsang 

P, Barry A, Bayul T, Benamara M, Berlin A, Bessette D, Blitshteyn B, Bloom T, Blye 

J, Boguslavskiy L, Bonnet C, Boukhgalter B, Brown A, Cahill P, Calixte N, Camarata 

J, Cheshatsang Y, Chu J, Citroen M, Collymore A, Cooke P, Dawoe T, Daza R, 

Decktor K, DeGray S, Dhargay N, Dooley K, Dooley K, Dorje P, Dorjee K, Dorris L, 

Duffey N, Dupes A, Egbiremolen O, Elong R, Falk J, Farina A, Faro S, Ferguson D, 

Ferreira P, Fisher S, FitzGerald M, Foley K, Foley C, Franke A, Friedrich D, Gage D, 

Garber M, Gearin G, Giannoukos G, Goode T, Goyette A, Graham J, Grandbois E, 

Gyaltsen K, Hafez N, Hagopian D, Hagos B, Hall J, Healy C, Hegarty R, Honan T, 

Horn A, Houde N, Hughes L, Hunnicutt L, Husby M, Jester B, Jones C, Kamat A, 

Kanga B, Kells C, Khazanovich D, Kieu AC, Kisner P, Kumar M, Lance K, Landers 

T, Lara M, Lee W, Leger JP, Lennon N, Leuper L, LeVine S, Liu J, Liu X, Lokyitsang 

Y, Lokyitsang T, Lui A, Macdonald J, Major J, Marabella R, Maru K, Matthews C, 

McDonough S, Mehta T, Meldrim J, Melnikov A, Meneus L, Mihalev A, Mihova T, 

Miller K, Mittelman R, Mlenga V, Mulrain L, Munson G, Navidi A, Naylor J, Nguyen 

T, Nguyen N, Nguyen C, Nguyen T, Nicol R, Norbu N, Norbu C, Novod N, Nyima T, 

Olandt P, O'Neill B, O'Neill K, Osman S, Oyono L, Patti C, Perrin D, Phunkhang P, 

Pierre F, Priest M, Rachupka A, Raghuraman S, Rameau R, Ray V, Raymond C, Rege 

F, Rise C, Rogers J, Rogov P, Sahalie J, Settipalli S, Sharpe T, Shea T, Sheehan M, 

Sherpa N, Shi J, Shih D, Sloan J, Smith C, Sparrow T, Stalker J, Stange-Thomann N, 



 26

Stavropoulos S, Stone C, Stone S, Sykes S, Tchuinga P, Tenzing P, Tesfaye S, 

Thoulutsang D, Thoulutsang Y, Topham K, Topping I, Tsamla T, Vassiliev H, 

Venkataraman V, Vo A, Wangchuk T, Wangdi T, Weiand M, Wilkinson J, Wilson A, 

Yadav S, Yang S, Yang X, Young G, Yu Q, Zainoun J, Zembek L, Zimmer A, Lander 

ES: Genome sequence, comparative analysis and haplotype structure of the 

domestic dog. Nature 2005, 438(7069):803-819. 

24. Ewing B, Green P: Base-calling of automated sequencer traces using phred. II. 

Error probabilities. Genome Res 1998, 8(3):186-194. 

25. Barrett JC, Fry B, Maller J, Daly MJ: Haploview: analysis and visualization of LD 

and haplotype maps. Bioinformatics 2005, 21(2):263-265. 

26. Sutter NB, Eberle MA, Parker HG, Pullar BJ, Kirkness EF, Kruglyak L, Ostrander 

EA: Extensive and breed-specific linkage disequilibrium in Canis familiaris. 

Genome Res 2004, 14(12):2388-2396. 

27. Scheet P, Stephens M: A fast and flexible statistical model for large-scale 

population genotype data: applications to inferring missing genotypes and 

haplotypic phase. Am J Hum Genet 2006, 78(4):629-644. 

28. Goldman N, Yang Z: A codon-based model of nucleotide substitution for protein-

coding DNA sequences. Mol Biol Evol 1994, 11(5):725-736. 

29. PAML: http://abacus.gene.ucl.ac.uk/software/paml.html. 

30. Quignon P, Kirkness E, Cadieu E, Touleimat N, Guyon R, Renier C, Hitte C, Andre 

C, Fraser C, Galibert F: Comparison of the canine and human olfactory receptor 

gene repertoires. Genome Biol 2003, 4(12):R80. 

31. HCLUST: http://cran.r-project.org/. 



 27

32. Liu J, Zhang Y, Lei X, Zhang Z: Natural selection of protein structural and 

functional properties: a single nucleotide polymorphism perspective. Genome Biol 

2008, 9(4):R69. 

33. Gilad Y, Bustamante CD, Lancet D, Paabo S: Natural selection on the olfactory 

receptor gene family in humans and chimpanzees. Am J Hum Genet 2003, 

73(3):489-501. 

34. Kim U, Wooding S, Ricci D, Jorde LB, Drayna D: Worldwide haplotype diversity 

and coding sequence variation at human bitter taste receptor loci. Hum Mutat 

2005, 26(3):199-204. 

35. Menashe I, Aloni R, Lancet D: A probabilistic classifier for olfactory receptor 

pseudogenes. BMC Bioinformatics 2006, 7:393. 

36. Gilad Y, Lancet D: Population differences in the human functional olfactory 

repertoire. Mol Biol Evol 2003, 20(3):307-314. 

37. Benbernou N, Tacher S, Robin S, Rakotomanga M, Senger F, Galibert F: Functional 

analysis of a subset of canine olfactory receptor genes. J Hered 2007, 98(5):500-

505. 

38. Malnic B, Hirono J, Sato T, Buck LB: Combinatorial receptor codes for odors. Cell 

1999, 96(5):713-723. 

39. Newman T, Trask BJ: Complex evolution of 7E olfactory receptor genes in 

segmental duplications. Genome Res 2003, 13(5):781-793. 

40. Sharon D, Glusman G, Pilpel Y, Khen M, Gruetzner F, Haaf T, Lancet D: Primate 

evolution of an olfactory receptor cluster: diversification by gene conversion and 

recent emergence of pseudogenes. Genomics 1999, 61(1):24-36. 



 28

41. Menashe I, Man O, Lancet D, Gilad Y: Population differences in haplotype 

structure within a human olfactory receptor gene cluster. Hum Mol Genet 2002, 

11(12):1381-1390. 

42. Sharon D, Gilad Y, Glusman G, Khen M, Lancet D, Kalush F: Identification and 

characterization of coding single-nucleotide polymorphisms within a human 

olfactory receptor gene cluster. Gene 2000, 260(1-2):87-94. 

43. R: http://www.R-project.org. 

 

 



 29

Figure legends 

 

Figure 1. Distribution profile of the 732 SNP + indels. 

 

Figure 2. Distribution of SNP within the 6 breeds. 

 

Figure 3. Boxplot of cluster sizes (1, 2) and boxplot of SNP contents (3, 4).  

Boxplot 1 shows the cluster sizes of the 22 least polymorphic OR genes (≤ 2 SNP). This 

boxplot should be compared with boxplot 2, showing the cluster sizes of the 27 OR genes 

with the largest number of SNP (≥10 SNP). Boxplot 3 corresponds to the SNP contents of 20 

OR genes located in clusters with up to five OR genes. It should be compared with boxplot 4, 

corresponding to the 18 OR genes located in the largest cluster (243 OR genes). Arrows 

indicate the median values in the four boxplots. 

 

Figure 4. Variability in OR gene polymorphism level.  

Cumulative number of OR genes (y axis) plotted against N values (x axis). The graph shows 

that more than 50% of OR genes are highly polymorphic, with an N value even smaller than 

that for anonymous sequences (see Table 6), whereas ~10% are barely polymorphic (N>5000) 

(see additional file 2). Note that six OR genes with a very high N value were off-scale and 

were not plotted on this graph. 

 

Figure 5. Relationship between SNP and haplotype number.  

Distances between points were calculated with R software (maximum distances) [43] and 

used to cluster OR genes. With k = 4, a group of 5 OR genes (in light blue) with a large 

number of SNP but a small number of haplotypes was identified, together with a group of 11 
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OR genes (in green) with a large number of haplotypes and a small number of SNP. We 

excluded from this last group the 4 OR genes with only one SNP and 2 haplotypes. Note that 

an individual point may correspond to more than one OR gene. 
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Tables 

Table 1. OR genes with no SNP in one or several breeds.  

OR name GSD BM ESS Grey LR Pek Breeds number 

without SNP 

CfOR16F03 0 0 0 0 0 0 6 

CfOR0154 0 0 0 0 0 0 6 

CfOR0166 0 0 0 0 0 0 6 

CfOR0317 0 0 0 0 0 0 6 

CfOR0606 0 0 0 0 0 1 5 

CfOR08C09 0 0 0 0 0 1 5 

CfOR0390 0 0 0 6 0 1 4 

CfOR08A02 0 6 0 0 0 10 4 

CfOR3109 0 0 1 2 2 0 3 

CfOR0525 0 2 1 0 1 0 3 

CfOR0333 1 1 0 0 0 1 3 

CfOR0064 0 1 1 0 1 2 2 

CfOR04C07 0 1 2 0 1 1 2 

CfOR0401 0 1 4 0 1 2 2 

CfOR04A02 0 2 2 0 2 2 2 

CfOR0031 1 0 2 1 0 2 2 

CfOR0050 1 1 2 0 1 0 2 

CfOR1697 2 2 0 0 2 2 2 

CfOR08G01 2 2 2 0 1 0 2 

CfOR04B06 0 1 2 1 2 1 1 

CfOR0568 0 1 5 2 2 3 1 

DTPRH02 0 2 2 2 2 2 1 

CfOR1573 0 2 2 2 2 2 1 

CfOR2510 0 4 3 2 5 3 1 

CfOR04C05 0 4 7 1 4 19 1 

CfOR0130 0 6 6 6 6 6 1 

CfOR16D10 0 7 5 5 7 5 1 

CfOR0276 0 8 7 7 7 8 1 

CfOR0006 0 13 12 3 15 14 1 

CfOR0173 1 1 1 0 1 1 1 

CfOR0426 1 1 1 1 0 2 1 

CfOR0297 2 1 1 0 2 1 1 

CfOR08A12 2 2 2 0 2 1 1 

CfOR12G07 3 2 2 2 0 4 1 

TPCR62 3 2 3 1 0 2 1 

CfOR0438 4 0 4 2 4 3 1 

CfOR0149 4 3 3 2 3 0 1 

CfOR0058 5 5 5 5 0 5 1 

CfOR0407 5 6 3 0 6 3 1 

CfOR0043 6 6 8 0 7 7 1 

CfOR0527 7 7 8 7 7 0 1 

Numbers (0 to 19) refer to the number of SNP per OR gene and per breed. This table also 

highlights the range of polymorphism of certain OR genes within the six breeds (see, for 

example, CfOR0006 or CfOR04C05). This table is a subset of additional file 2. 
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Table 2. Overrepresentation of minor alleles in specific breeds. 

OR name SNP Position GSD BM ESS Grey LR Pek 6 breeds 

CfOR16H04 T/C 78 0.562 0 0 0 0 0 0.096 

CfOR16H04 T/A 189 0 0 0 0 0 0.562 0.096 

CfOR0135 T/C 530 0 0 0 0.688 0 0 0.115 

CfOR0297 A/G 294 0.062 0.125 0.125 0 0.125 0.688 0.188 

CfOR5413 A/G 518 0 0.062 0 0 0.125 0.75 0.156 

CfOR10F04 G/A 295 0.625 0.125 0 0 0 0 0.125 

 

Numbers correspond to the frequency of the allele identified as the minor allele in the whole 

population. The second allele in the SNP column is always the minor allele in the whole 

population. As expected, the minor allele at the whole population level is also the minor allele 

in most breeds. Exceptions in which the minor allele at the whole population level is the 

major allele in one breed are indicated in bold typeface. This table is a subset of additional file 

3. 

 

Table 3. SNP distribution within breeds. 

SNP number Breeds number 

199 6 

120 5 

91 4 

50 3 

79 2 

193 1 

 

 

Table 4. Number of SNP shared by different pairs of breeds. 

 BM ESS Grey LR Pek 

GSD 9 3 0 4 1 

BM  14 1 3 19 

ESS   0 8 4 

Grey    7 5 

LR     1 
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Table 5. Number of SNP shared by different trios of breeds. 

Breeds triplets SNP number 

GSD/BM/LR 9 

GSD/BM/Pek 2 

GSD/BM/Grey 1 

GSD/ESS/Pek 1 

GSD/BM/ESS 1 

BM/ESS/LR 9 

BM/Grey/Pek 3 

BM/LR/Pek 5 

BM/Grey/LR 1 

BM/ESS/Grey 1 

ESS/Grey/LR 8 

ESS/LR/Pek 3 

Grey/LR/Pek 5 

ESS/Grey/Pek 1 

 

Table 6. Mean N values for OR genes and other sequences. 

 Total size 

(bp) 

SNP 

number 

GSD BM ESS Grey LR Pek 6 breeds Box 

109 OR genes 103762 733 926 617 594 778 634 628 577 ND 

27 OR genes 25545 214 746 577 521 656 552 615 515 1728 

Exons  3685 3 29480 29480 9213 5669 10284 8189 8631 ND 

Introns  4766 10 2948 2487 1993 2334 2183 2373 1992 ND 

Intergenic 

sequences 

18716 97 864 943 848 735 878 863 732 ND 

Mean N values were calculated as indicated in the Method section for the complete set of 109 

OR genes and for a subset of 27 OR genes analysed in Boxer. Mean N values for exons 

(outside OR genes), introns (outside OR genes) and for anonymous intergenic sequences were 

calculated on the 48 dogs cohort. ND: not determined. 
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Table 7. Distribution of the 580 SNP (307 silent and 273 missense) between the 

extracellular (EC), transmembrane (TM) and intracellular (IC) domains. 

Domain 

name 

Number of 

missense SNP 

with AA group 

change 

Number of 

missense SNP 

without AA group 

change 

Total number of 

missense SNP 

Total number of 

silent SNP 

EC1 12 7 19 20 

TM1 7 17 24 21 

IC1 8 3 11 8 

TM2 7 8 15 27 

EC2 5 8 13 17 

TM3 4 5 9 7 

IC2 9 5 14 15 

TM4 7 16 23 20 

EC3 13 12 25 45 

TM5 12 6 18 21 

IC3 20 11 31 16 

TM6 5 15 20 35 

EC4 5 9 14 13 

TM7 4 12 16 22 

IC4 12 9 21 20 

Total 130 143 273 307 
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Table 8. Pseudoallele frequency (PAF).  

OR name SNP 

type 

SNP 

position 

GSD BM ESS Grey  LR Pek 6 breeds 

CfOR0004 indel 351 0.062 0.562 0.188 0.438 0.125 0.062 0.24 

 NS 823 0.688 0.312 0.375 0.438 0.562 0.562 0.49 

 indel 468 0.188 0.062 0 0 0 0 0.042 

CfOR0043 NS 737 0.812 0.875 0.812 1 0.938 0.438 0.812 

CfOR0135 indel 27 0 0 0.062 0 0 0 0.01 

CfOR0180 indel 89 0 0.062 0.062 0 0 0 0.021 

CfOR0401 NS 49 0 0 0.062 0 0 0 0.01 

CfOR0438 indel 20 0.625 1 0.875 0.812 0.562 0.938 0.802 

CfOR04C05 indel 70 0 0 0 0 0 0.125 0.021 

CfOR0519 NS 306 1 1 1 0.938 1 1 0.99 

 indel 289 0.062 0 0 0 0.188 0 0.042 

 indel 536 0 0 0 0.188 0 0.062 0.042 

CfOR0565 NS 790 0 0.062 0.062 0 0 0 0.021 

CfOR0821 NS 84 0 0 0 0 0 0.125 0.021 

CfOR08G02  NS 360 0.812 0.375 0.125 0.188 0.438 0.062 0.333 

CfOR12F06 NS 1 0.875 0.5 0.375 0.25 0.75 0.375 0.521 

CfOR14A11 indel 362 0.125 0.75 0.375 0.75 1 0.125 0.521 

 indel 204 0 0.125 0 0 0 0.25 0.062 

CfOR16C11 indel 633 0.125 0.188 0.438 0.25 0.188 0 0.198 

CfOR3109 indel 89 1 1 0.625 0.428 0.75 1 0.798 

 indel 306 0 0 0 0.143 0 0 0.024 

CfOR5912 NS 658 0.25 0.188 0 0.188 0.312 0.062 0.167 

 

PAF was calculated independently for each breed and for the whole population. Pseudoallele 

distribution varies considerably between breeds, with some pseudoalleles present in all breeds 

and some in only one or a few breeds: 9 are common to all breeds, 5 are found in only one 

breed and 8 are shared by two to five breeds, giving 10, 12, 13, 10, 10 and 11 OR 

pseudogenes for GSD, BM, ESS, Grey, LR and Pek, respectively. NS : nonsense, indel : 

insertion/deletion. 
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Table 9. Number of breed-specific haplotypes and number of times represented.  

 GSD  BM ESS Grey LR Pek Time fold /breed 

 11 41 43 24 25 61 1 

 8 14 13 10 9 12 2 

 6 2 2 1 4 8 3 

 3 2 7 2 4 10 4 

 1 0 0 0 0 2 5 

 0 0 0 0 0 2 6 

 1 0 0 2 0 1 9 

 0 0 0 0 0 1 11 

Total number of breed-

specific haplotypes 

30 59 65 39 42 97  

There are 11 specific haplotypes, each present once, in GSD and 1 specific haplotype present 

11 times in Pek. 

 

Table 10. Intra OR r
2 

values. 

 GSD BM ESS Grey LR Pek 6 breeds 

intra-OR r
2
 0.698 0.552 0.559 0.652 0.572 0.525 0.334 

NP pairs number 1027 1701 1557 1181 1447 1903 3368 

 

r
2
 values were calculated for pairs of SNP (MAF > 0.05) located within coding OR exons. 

 

Table 11. Percentage of SNP pairs with a D’ value > 0.8. 

 GSD BM ESS Grey LR Pek 6 breeds 

cluster 01 ND ND 75% 89% 82% 66% 38% 

cluster 02 64% 79% 78% ND 64% ND 66% 

cluster 03 100% ND 78% ND 100% 58% 55% 

cluster 04 89% 76% 69% 87% 61% ND 52% 

cluster 05 ND 73% 82% ND 64% 81% 45% 

5 clusters 94% 75% 78% 85% 70% 78% 48% 

 

These values were identified within 5 clusters of 104 to 182 kb (these clusters are described in 

additionnal file 5). ND : not determined (too few SNP pairs). 
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Additional files 

 

Additional file 1 

File format: XLS 

Title: Analysed OR genes.  

Description: Distribution of analysed OR genes within the canine OR repertoire. 

 

Additional file 2 

File format: XLS 

Title: OR names and numbers per cluster, SNP numbers and N values. 

Description: OR name, size of OR genes clusters, number of SNP and N value for each breed. 

OR are classified by N value increasing. 

 

Additional file 3 

File format: XLS 

Title: MAF (minor allele frequency) of the 732 SNP. 

Description: MAF (Minor Allele Frequency) of SNP within each breed and 6 breeds. 

 

Additional file 4 

File format: XLS 

Title: Haplotype structures. 

Description: List of haplotypes within each breed. 

 

Additional file 5  

File format: XLS 

Title: Cluster description. 

Description: Characteristics of OR clusters used for LD analysis. 
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Labrador  Retr iever
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353 SNP+indels

0

5

10

15

20

25

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

Number of SNP

N
u

m
b

er
 o

f 
O

R
Belgian Malinois 

496 SNP+indels

0

5

10

15

20

25

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

Number  of SNP

N
u

m
b

er
 o

f 
O

R

Figure 2



 

Cluster  size

SNP number

1
2

4
3

Cluster  size

SNP number

Cluster  size

SNP number

1
2

4
3

 
F

igure 3



 

0

20

40

60

80

100

120

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000

N value

N
u

m
b

e
r
 o

f 
O

R

Figure 4



SNP Number

H
a
p
lo

 N
u
m

b
e
r/

S
N

P
 N

u
m

b
e
r

1 2 3 4 5 6 7 8 9

1
0

1
1

1
2

1
3

1
4

1
5

1
6

1
7

1
8

1
9

2
0

2
1

2
2

0.19

0.39

0.59

0.79

0.99

1.19

1.39

1.59

1.79

1.99

2.19

Figure 5



Additional files provided with this submission:

Additional file 1: add1.xls, 17K
http://www.biomedcentral.com/imedia/6062564724785894/supp1.xls
Additional file 2: add2.xls, 160K
http://www.biomedcentral.com/imedia/9879384724785899/supp2.xls
Additional file 3: add3.xls, 216K
http://www.biomedcentral.com/imedia/5698417162478599/supp3.xls
Additional file 4: add4.xls, 118K
http://www.biomedcentral.com/imedia/1511764360247859/supp4.xls
Additional file 5: add5.xls, 9K
http://www.biomedcentral.com/imedia/1851810293247859/supp5.xls

http://www.biomedcentral.com/imedia/6062564724785894/supp1.xls
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http://www.biomedcentral.com/imedia/1511764360247859/supp4.xls
http://www.biomedcentral.com/imedia/1851810293247859/supp5.xls
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