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Summary



Genetic variability in purebred dogs is known to be highly structured, with differences among breeds accounting for 30% of the genetic variation. However, analysis of the genetic structure in non-cosmopolitan breeds and local populations is still limited. Nine Portuguese native dog breeds, and other peripheral dog populations (five) with regional affinities, were characterized using 16 microsatellites and 225 amplified fragment length polymorphism (AFLP) markers, and the pattern of genetic differentiation was investigated. Although the level of breed differentiation detected is below that of other dog breeds, there is in most cases a correlation between breed affiliation and molecular structure. AFLP markers and Bayesian clustering methods allowed an average of 73.1% of individuals to be correctly assigned to source populations, providing robust genotypic assessment of breed affiliation. A geographical genetic structure was also detected, which suggests a limited influence of African dogs on the Iberian breeds. The sampling effect on the estimation of population structure was evaluated and there was a 2.2% decrease in genetic differentiation among breeds when working animals were included. Genetic diversity of stray dogs was also assessed and there is no evidence that they pose a threat to the preservation of the gene pool of native dog breeds. Keywords amplified fragment length polymorphism, microsatellites, native dog breeds, population genetic structure, stray dogs.



Introduction The presence of the domestic dog in South Western Europe is known to be very ancient. The oldest bones from Portugal date to 6010–5850 cal BC (2d) (Cardoso 2002) and references to dog breeds date back to the 16th century (Frutuoso 1977). Native breeds were developed to perform tasks predominantly associated with a rural context, such as livestock guarding and herding, hunting and fishing. Currently, there Address for correspondence A. E. Pires, Instituto Nacional de Engenharia e Tecnologia e Inovac¸a˜o, Grupo de Biologia Molecular, 1649-038 Lisboa, Portugal. E-mail: [email protected] Accepted for publication 27 November 2008



are 10 established dog breeds registered in the Portuguese kennel club, of which eight are internationally recognized (http://www.fci.be) and three represent important reservoirs for domestic dog mitochondrial diversity (Pires 2006). Based on the current number of potential breeding females and following the Food and Agriculture Organization (FAO) classification, some of the Portuguese native dog breeds are Endangered ( 0.95 and 0.999. The relationship between current population size and genetic diversity of each breed and stray dogsÕ populations was investigated by the PearsonÕs correlation.



Results Molecular markers No microsatellite loci significantly deviated from Hardy– Weinberg expectations and therefore all markers were included in the subsequent analyses. A total of 227 alleles
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Pires et al. were found for the 16 loci across the studied populations; allele number per locus ranged from six (CXX.109 and CXX.225) to 33 (FH2159), with an average of 14.19 ± 7.66 alleles/locus. Thirteen breed-specific alleles (with frequencies >5%) were detected at 12 loci (not shown). Except for the Castro Laboreiro Watchdog and the Portuguese Pointer, all breeds showed private alleles. For the AFLPs, 25 of 225 markers (11.1%) exhibited FST outside the 95% confidence limits of neutral expectation after two checking rounds.



Genetic variation Microsatellite allelic richness ranged from 4.7 in the Portuguese Pointer to 9.4 in Portuguese stray dogs, with an average of 6.8 ± 1.56 alleles/locus/population. The average expected heterozygosity corrected for sample size (HE n.b) over all loci ranged from 0.63 in the Portuguese Pointer to 0.81 in Tunisian dogs, while observed heterozygosity (HO) varied from 0.60 (Portuguese Pointer) to 0.89 (Tunisian dogs) (Table S2). The least diverse breeds were the Portuguese Pointer and the Portuguese Sheepdog, followed by the Castro Laboreiro Watchdog. For AFLPs, genetic diversities across populations (Hs) ranged from 0.09 (Azores Cattle and Portuguese stray dogs) to 0.15 (Estrela Mountain Dog and Sloughi) with an average of 0.13 ± 0.006 (Table S2). Estrela Mountain Dog and Sloughi were the most diverse breeds, followed by the Alentejo Shepherd Dog and Portuguese Warren Hound.



Genetic differentiation The average microsatellite differentiation among all breeds was 0.057, which is significantly different from zero (0.0454–0.0733). For AFLPs, pairwise /ST values ranged from 0.07 (Portuguese Warren Hound and Azores Cattle Dog) to 0.60 (Portuguese Sheepdog and Portuguese Pointer). A concise table for both pairwise populations FST and /ST values is presented (Table S3). The estimated degree of genetic differentiation (h) among only the Portuguese native dog breeds differs according to whether the pedigreed or the pedigreed plus working dogs dataset was used, the first being 0.092 (0.073–0.113) whilst the latter was 0.070 (0.055–0.088). A 2.2% decrease in genetic differentiation (mean h) among breeds was detected when working animals were included. For microsatellites, subdivision among dog breeds was detected with AMOVA (/ST = 4%, P < 0.001) (Table S4). Approximately 92% of the variation can be explained by individual differences, and no geographic structure was detected (/CT = )0.006, NS). The AMOVA analyses for AFLPs also revealed that genetic variance among populations is significant, with a global /ST of 0.32 (P < 0.001) and approximately 36% of the genetic variation observed among individuals; differentiation among breeds within regions



explained 23.20% of the total variance (P < 0.001) and 8.44% of the variance could be attributed to geographic structure (P < 0.05). For the AFLP dataset, the mean value of the Bayesian FST, analogue of hB, was 0.35. For the structure analysis of the microsatellite dataset, the modal value for the distribution of DK (175.45) was at K = 2. The first partition segregated all the Portuguese livestock guarding dog breeds, Castro Laboreiro Watchdog, Estrela Mountain Dog, Alentejo Shepherd Dog and Transmontano Mastiff, from the other breeds (Fig. 1a). Further genetic structure within the first subgroup was detected, corresponding to the Castro Laboreiro Watchdog and Transmontano Mastiff breeds (19.74), whereas the Alentejo Shepherd Dog and Estrela Mountain Dog clustered together. The Transmontano Mastiff showed within-breed sub-structuring related to the time of sample collection (before vs. after official breed establishment). In the second group, the Portuguese Pointer, Water Dog, Sheepdog and Azores Cattle Dog clustered separately (13.51) from the Spanish Mastiff, Aidi, Sloughi, Portuguese Warren Hound, Portuguese stray dogs and Tunisian dogs, whereas the latter six populations were not differentiated from each other. Further sub-structuring (show vs. working dogs) was detected within the Azores Cattle Dog. For the AFLP markers, a modal value for the distribution of DK was also found at K = 2 (165.70). However, with these markers, the partition segregated Castro Laboreiro Watchdog, Portuguese Sheepdog, Portuguese Water Dog, Aidi and Sloughi from all other breeds (Fig. 1b). Further analyses including only the breeds Castro Laboreiro Watchdog, Portuguese Sheepdog, Portuguese Water Dog, Aidi and Sloughi revealed two groups, with Castro Laboreiro Watchdog separated from all other breeds (59.11), and at K = 5 all breeds were differentiated (61.00). For the remaining dog populations, the modal DK value was again obtained at K = 2 (21.48), with Estrela Mountain Dog and Alentejo Shepherd Dog clustering together, independent of other populations. For the Spanish Mastiff, Portuguese Pointer, Azores Cattle Dog, Portuguese Warren Hound, Portuguese stray dogs and Tunisian dogs, further structure was detected, with the first three differentiated and the latter three populations remaining undifferentiated (11.67) (Fig. 1b).



Breed assignment The overall percentage of individuals correctly assigned to their source population based on microsatellite loci was only 13% (P-value = 0.05), with no individuals being classified within the Spanish Mastiff, Aidi, Portuguese Pointer, Sloughi, Portuguese Sheepdog and Tunisia populations (Table S5). The Transmontano Mastiff shows the highest percentage of correctly assigned individuals (67%). In general, misclassified individuals were assigned to the most heterogeneous group: Portuguese Stray dogs. The
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Figure 1 Population partitioning suggested by STRUCTURE based on (a) microsatellites and (b) AFLP markers. Junctions show where the data were split into the K populations and re-run on the sub-dataset until the K-value of all resultant clusters was 1. For breed acronyms, see Table S1.



percentage of individuals with maximum genotype probabilities in the source population was 53 overall and varied between 9% for the Spanish Mastiff and 75% for the Transmontano Mastiff. In stark contrast to the microsatellite analysis, the AFLP results show that the average Q-value (proportion of membership of each pre-defined population in each of the 13 clusters) for these dog populations is high (0.988 ± 0.112), and varied between 0.933 (Sloughi) and 1 (Spanish Mastiff, Portuguese Sheepdog, Portuguese Pointer, Portuguese Waterdog and Aidi) (Table S6).



Depending on the threshold q value (estimated proportion of each individual genotype in each population or cluster) defined, the average percentages of individuals correctly assigned are 93.9 and 73.1% for q > 0.95 and 0.999 respectively. For the Spanish Mastiff, Portuguese Sheepdog, Portuguese Pointer, Portuguese Waterdog, Aidi breeds and Tunisia dogs, all individuals sampled were classified within their source population with high q (>0.999). For the Estrela Mountain Dog, Alentejo Shepherd Dog, Azores Cattle Dog, Portuguese Warren Hound, Sloughi and Portuguese stray dogs, the percentages of individuals correctly assigned
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Pires et al. with q > 0.999 ranged between 46.4 and 70%, and individuals with possible admixed ancestry were detected.



The microsatellite data show no correlation between gene diversity and the effective number of breeding females (NeF) (Pearson correlation coefficient, r = 0.11; P = 0.79) (Fig. 2a). In contrast, AFLP diversity increased significantly with the increase in the effective number of breeding females in each population (r = 0.69, P = 0.056) (Fig. 2b).



the first to be reported for domestic dog breeds, and thus comparisons with other breeds cannot be made. Although values of genetic diversity based on microsatellites and AFLPs cannot be compared directly, breeds did not rank in the same order when comparing variation estimates using these markers. While microsatellites reveal the signature at very recent or ongoing demographic processes, AFLPs, because of their lower evolutionary rate and polymorphism, may differ in their sensitivity to population bottlenecks and demographic recovery, thus retaining the signal of past genetic structure more effectively.



Discussion



Fine-scale population genetic patterning



Gene diversity and effective population size



Genetic diversity Not surprisingly, expected heterozygosity was much higher with microsatellites compared with AFLPs. The low frequencies typically associated with even the commonest microsatellite alleles lead to higher estimates of expected panmitic heterozygosity. The highest expected microsatellite heterozygosities detected in this study (0.63–0.81) are higher than those reported in other studies (0.56–0.72, Koskinen & Bredbacka 2000; 0; 0.45–0.75, Altet et al. 2001; 0; 0.31–0.72; Kim et al. 2001b; 0; 0.39–0.71, Irion et al. 2003; 0; 0.56–0.72, Koskinen 2003; 0; 0.62–0.68, Parra et al. 2008). Heterozygosity values estimated for AFLP are, to our knowledge,
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The Bayesian analysis of AFLP data produced, in general, results similar to those obtained using microsatellites, whilst still allowing higher resolution among breeds, such as Spanish Mastiff, Aidi and Sloughi. There is no evidence of genetic differentiation between Alentejo Shepherd Dog and Estrela Mountain Dog. Historical evidence supports their close genetic relationship, because the Estrela Mountain Dog is the ancestor of the Alentejo Shepherd Dog (Alpoim 1999) and these breeds maintained contact because of transhumance with possible interbreeding. Transhumance, the migration of livestock, shepherds and dogs twice a year observed in Mediterranean areas from plains to mountains, was important up to the 19th century and may have contributed to admixture among Iberian livestock guarding dog breeds. The distinctiveness of Castro Laboreiro Watchdog as indicated by both Bayesian analyses is very well supported by mitochondrial DNA data (Pires et al. 2006). Several individuals of this breed showed exactly the same mtDNA haplotype, which is unique in the context of these native breeds (see van Asch et al. 2005). However, this breed did not show any private microsatellite alleles. The Transmontano Mastiff is also genetically very distinctive, although its morphotype resembles that of the Alentejo Shepherd Dog and thus it has been considered an ecotype of that breed. The Transmontano Mastiff registry was only established in 2004 based on 170 founders, 93 males and 77 females, and the sub-structuring revealed by the Bayesian method within this breed corresponds to samples collected before and after breed registration. The Transmontano Mastiff is nowadays genetically cohesive and if individuals sampled before official breed establishment were among breed founders, they are no longer represented in the current population. In turn, the within-breed genetic structure revealed by microsatellite for the Azores Cattle Dog is most likely because of the fact that breeding between show and working dogs has not been favoured. Pairwise h-values were significantly correlated between markers (not shown); however, h-values obtained with microsatellites were lower than for AFLPs. Genetic differentiation values were also marker dependent: as high as
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Genetic diversity of peripheral dog breeds 5.7% with microsatellites, and 35% with AFLPs. Both datasets concur that there is genetic differentiation among populations. The high evolutionary rate and hence polymorphism of microsatellites may contribute to a homogenizing effect and lower FST values (Balloux & Lugon-Moulin 2002). In contrast, AFLP markers can provide upwardly biased estimates of differentiation because of their dominant inheritance pattern (Gaudeul et al. 2004). However, the different number of loci used in this study prevents straightforward comparisons. Nonetheless, it seems clear that the degree of genetic differentiation among Iberian and North African peripheral dog breeds is below that observed in many other dog populations. The transversal within-breed sampling strategy used in this study is radically different from the sampling designed by other authors, who report very high levels of genetic differentiation among dog breeds (Koskinen 2003; Parker et al. 2004). The degree of breed differentiation decreases by 2.2% when working dogs were included in the dataset. Most of the working dogs sampled were not registered in the Portuguese kennel Club, however, their morphological and behaviour characteristics were carefully evaluated and the animals selected correspond entirely to breed designations (breed standards). Therefore, we consider that working dogs represent additional genetic variability that should be taken into account when characterizing native dogs. Thus, the approximately 30% differentiation determined by Parker et al. (2004) could be regarded as the maximum value found among dog breeds. For Portuguese native breeds, the lower genetic differentiation can be explained by the fact that these breeds are not closed breeding populations. Occasional recruitment of unregistered (non-pedigreed) animals can lead to high levels of genetic diversity, higher breed heterogeneity and thus a lower differentiation. Portuguese native dog breed standards date mostly from the first half of the 20th century, and the short period of time since breed divergence could also account for a lower differentiation. Our results with Portuguese native breeds show how important it is to perform wide sampling within a breed, because working animals that underwent historic selection for a specific task may carry a suite of different genotypes. AFLPs allowed higher resolution of geographical genetic structure and detected significant genetic differentiation among the geographic regions of Portugal, Spain and North Africa (/CT = 8.44%, P < 0.05). Historically, the Iberian Peninsula was in close connection with North Africa mainly because of the Islamic (Arab and Berber) occupation (Ribeiro & Saraiva 2004), which explains the North African mtDNA influence in Iberian people that is not detected elsewhere in Europe (Pereira et al. 2000). During the Islamic occupation, animals were probably also introduced from Africa into Iberia. Cymbron et al. (1999) and BejaPereira et al. (2002) detected admixture among bovines based on mtDNA and casein haplotypes respectively and the gene pool of Iberian sheep was also improved during the



Muslim period (Pereira et al. 2006; Davis 2008). However, this has not been detected for the Portuguese native domestic dogs based on analysis of their mtDNA (Pires et al. 2006), and this is confirmed here. Religious factors may account for such lack of ÔAfrican printÕ in Iberian dog breeds, because dogs are considered impure by Muslims (Coppinger & Coppinger 2002) and are not generally part of households (Gallant 2002).



Breed assignment The low breed assignment rates achieved with microsatellites may result from a combination of factors such as reduced level of breed differentiation (h = 5.7%), relatively small number of sampled individuals for some of the populations and number of loci in the analysis ( 
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