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Abstract: The availability of SNP chips for mas-
sive genotyping has proven to be useful to genetically 
characterize populations of domestic cattle and to assess 
their degree of divergence. In this study, the Illumina 
BovineHD BeadChip genotyping array was used to 
describe the genetic variability and divergence among 7 
important autochthonous Spanish beef cattle breeds. The 
within-breed genetic diversity, measured as the marker 
expected heterozygosity, was around 0.30, similar to 
other European cattle breeds. The analysis of molecular 
variance revealed that 94.22% of the total variance was 
explained by differences within individuals whereas 
only 4.46% was the result of differences among popula-
tions. The degree of genetic differentiation was small 
to moderate as the pairwise fixation index of genetic 
differentiation among breeds (FST) estimates ranged 
from 0.026 to 0.068 and the Nei’s D genetic distances 
ranged from 0.009 to 0.016. A neighbor joining (N-J) 

phylogenetic tree showed 2 main groups of breeds: 
Pirenaica, Bruna dels Pirineus, and Rubia Gallega on 
the one hand and Avileña-Negra Ibérica, Morucha, and 
Retinta on the other. In turn, Asturiana de los Valles 
occupied an independent and intermediate position. A 
principal component analysis (PCA) applied to a dis-
tance matrix based on marker identity by state, in which 
the first 2 axes explained up to 17.3% of the variance, 
showed a grouping of animals that was similar to the 
one observed in the N-J tree. Finally, a cluster analy-
sis for ancestries allowed assigning all the individuals 
to the breed they belong to, although it revealed some 
degree of admixture among breeds. Our results indicate 
large within-breed diversity and a low degree of diver-
gence among the autochthonous Spanish beef cattle 
breeds studied. Both N-J and PCA groupings fit quite 
well to the ancestral trunks from which the Spanish beef 
cattle breeds were supposed to derive.
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Introduction

European cattle breeds derive from the migration 
of cattle from the Near East. When this expansion 
reached the Iberian Peninsula, new crosses took place 
with animals from the African continent (Ammerman 
and Cavalli-Sforza, 1984; Decker et al., 2014). The 
formation of the autochthonous cattle breeds in Spain 
went through different stages. Initially, they were used 
as triple purpose (draft, milk, and beef) animals; then, 
depending on the region, their characteristics, and the 
geographical boundaries, they began to diverge to the 
present breeds. In a more recent era, the systematic ap-
plication of modern breeding techniques led to the dif-
ferentiation of the breeds and set each racial biotype 
(Sánchez-Belda, 1984) by isolation, drift, selection, 
and adaptation to their particular habitat.

Initially, the breeds were genetically characterized 
through immunogenetic markers and/or biochemical 
polymorphisms (Kidd et al., 1980; González et al., 1987; 
Blott et al., 1998). Later on, the genetic relationships 
among breeds have been studied through the use of mic-
rosatellite markers (MacHugh et al., 1997; Beja-Pereira 
et al., 2003; Martín-Burriel et al., 2011). However, mi-
crosatellite markers do not occur throughout the whole 
genome and, compared with SNP, have relatively high 
mutation rates per generation, what would misperceive 
the population history which would misinterpret the 
population history (Brumfield et al., 2003). On the other 
hand, SNP are biallelic, what facilitates high-throughput 
genotyping and minimizes recurrent substitutions at a 
single site because multiple mutations at a single site are 
unlikely. The availability of SNP has been particularly 
useful to genetically characterize populations of cattle 
and estimate phylogenetic relationships (Gautier et al., 
2007; The Bovine HapMap Consortium, 2009; Decker 
et al., 2014). Therefore, the objective of this study was 
to reassess the genetic diversity, the degree of divergence, 
and the relationships of 7 autochthonous Spanish beef 
cattle breeds using a high-density SNP chip.

Material and Methods

Animals and Sampling
The breeds, acronyms, and sample sizes were as fol-

lows: Asturiana de los Valles (AV; n = 50), Avileña-Negra 
Ibérica (ANI; n = 48), Bruna dels Pirineus (BP; n = 50), 
Morucha (Mo; n = 50), Pirenaica (Pi; n = 48), Retinta 
(Re; n = 46), and Rubia Gallega (RG; n = 44). The ani-
mals studied, both males and females in equal numbers, 
were chosen from different and separated geographical 
areas, taking care to avoid known relationships. The ani-
mals were the parents of trios used in a study aimed at es-

timating linkage disequilibrium (LD) and effective popu-
lations sizes (Cañas-Álvarez, 2015). The blood samples 
were collected from the caudal vein of animals in tubes 
with EDTA as anticoagulant, following the recommenda-
tions of the Joint Working Group on Refinement (1993).

Single Nucleotide Polymorphism Genotyping,  
Data Pruning, and Genetic Diversity Assessment

The samples were processed following the protocol 
described in the PrepFiler Forensic DNA Extraction 
Kit of Applied Biosystems (Foster City, CA), using 
MagMAX Express-96 Magnetic Particle Processor 
automated equipment of Applied Biosystems (Foster 
City,  CA). High-density SNP genotyping was per-
formed according to the protocol of the manufactur-
er by using the BovineHD BeadChip (Illumina Inc., 
2012) designed to genotype 777,962 SNP, at a com-
mercial laboratory (Xenética Fontao, Lugo, Spain). 
The SNP mapped to the UMD3.1 assembly (Zimin 
et al., 2009). Only SNP mapped to autosomal chro-
mosomes were used in this study. The SNP that have 
the same genomic location (3,014 SNP, 0.387% of the 
total, the same number for all breeds) and those with 
Mendelian error rates greater than 5% were removed. 
These initial quality controls retained 735,239 SNP for 
each breed. To assess the genetic diversity, we com-
puted the following statistics: 1) percentage of mark-
ers genotyped in more than 95% of the samples, 2) 
percentage of markers with a minor allele frequency 
(MAF) > 0.05, 3) expected heterozygosity, 4) mean 
number of alleles, and 5) percentage of loci in Hardy–
Weinberg equilibrium (P > 0.01) using an exact Hardy–
Weinberg equilibrium test (Wigginton et al., 2005).

Before analyzing the divergence among breeds, we 
made an additional pruning of the marker data set ac-
cording to the following criteria. First, an individual call 
rate ≥ 0.95 and a SNP call rate ≥ 0.95 were required. 
Next, considering that the SNP in strong LD can affect 
both principal component analysis (PCA) and clustering 
analysis, we thinned the marker set by excluding SNP in 
strong LD (pairwise genotypic correlation r2 > 0.1) in 
a window of 50 SNP, sliding the window by 5 SNP at a 
time as in Moorjani et al. (2013). As a result of this data 
pruning, the same 57,674 SNP were left for the analysis 
of divergence among populations. After pruning, all in-
dividuals were kept in the study. The average distance 
between markers was 43.5 kb and the average r2 was 
0.025, ranging from 0.023 (AV and BP) to 0.03 (RG). 
All quality controls and data pruning were performed 
using PLINK software version 1.07 (Purcell et al., 
2007). Nevertheless, in addition to the analyses based in 
pruned data, we perform a sensitivity analysis with the 
complete data set to check for potential differences.
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Analysis of Molecular Variance

Levels of genetic variation within and among pop-
ulations were estimated using an analysis of molecular 
variance (AMOVA; Excoffier et al., 1992). The analy-
sis was performed with Arlequin software version 3.5 
(Excoffier et al., 2005), where significance levels for 
variance components were tested using nonparametric 
permutation procedures (1,000 permutations). To convert 
files between PLINK and Arlequin formats, PGDSpider 
2.0.5.1 software (Lischer and Excoffier, 2012) was used.

Distance Measures

To assess the divergence among breeds, we com-
puted 2 measures of distance using breed allele frequen-
cies. First, genetic differentiation among breeds (FST) 
fixation indices were calculated through the Arlequin 
software version 3.5 (Excoffier et al., 2005), by us-
ing 20,000 permutations and with a significance level 
of 0.05. Next, Nei’s D genetic distances (Nei, 1972) 
between all pairs of breeds were estimated by means 
of the PHYLIP software version 3.69 (Felsenstein, 
1989). A neighbor joining (N-J) tree (Saitou and Nei, 
1987) was built from Nei’s D genetic distances, us-
ing the packages seqboot, gendist, neighbor, and con-
sense from the PHYLIP software (Felsenstein, 1989). 
To evaluate the robustness of the phylogenetic tree, a 
bootstrap from 1,000 replicates was performed. This 
bootstrapping approach implied generating a tree for 
each replicate and then computing the percentage of 
trees repeated for each node. The tree was plotted in 
an R environment (R Core Team, 2014) with the APE 
R package (Paradis et al., 2004).

Principal Components and  
Multidimensional Scaling Analysis

To achieve a different approach to characterize di-
vergence, a PCA was applied to the relationship ma-
trix, built up from the pairwise identity by state (IBS) 
between all individuals using PLINK (Purcell et al., 
2007). Each entry of this relationship matrix relates 
any 2 individuals genotyped and is computed as 1 
minus the pairwise IBS, averaged across markers. In 
addition, a multidimensional scaling (MDS) plot on 
the same relationship matrix was also performed to 
complement the PCA. All estimates and plots were 
performed using self-written code developed under an 
R environment (R Core Team, 2014).

Genetic Structure and Levels of Admixture

Finally, a cluster analysis using the ADMIXTURE 
software version 1.23 (Alexander et al., 2009) was 

performed to characterize genetic structure across all 
breeds. The program implements a maximum likeli-
hood method to infer the genetic ancestry of each 
individual from a mixture of K predefined ancestral 
groups. The number of clusters (K) tested ranged from 
2 to 7. A preferable value of K will exhibit a low cross-
validation error compared with other K values.

Results and discussion

Genetic Diversity Analysis
Genetic diversity across breeds was assessed 

through several statistics computed from 735,239 SNP 
in autosomal chromosomes after eliminating the SNP 
having Mendelian error rates greater than 5%. The pro-
portion of markers genotyped on 95% of the samples 
was around 97 to 98% in all breeds, which suggests the 
suitability of the chip to genotype the breeds studied 
(Table 1). The proportion of SNP with a MAF > 0.05 
ranged between 86 (Pi) and 89% (AV), indicating that 
most SNP are segregating in all breeds. In fact, the mean 
number of alleles was similar among breeds, ranging 
from 1.87 (Pi and Re) to 1.89 (AV). To have further in-
sight on the degree of polymorphism observed across 
breeds, we represented the average proportion of SNP 
for different ranges of MAF (Fig. 1). The spectrum of 
MAF was very similar among breeds. The percentage 
of monomorphic loci varied between 11 (RG) and 15% 
(Re). In general, these results suggest similar within-
breed variability, an observation also reinforced by the 
similar expected heterozygosity across breeds (Table 1).

The degree of polymorphism observed in this sam-
ple was greater than that obtained from a sample of sev-
eral European (73–83%) and African (47–71%) cattle 
breeds using 696 SNP (Gautier et al., 2007). It was also 
greater than the average 83% reported by Salomon-
Torres et al. (2014) for bovine breeds using the same 
BovineHD chip with MAF > 0.01. In addition, Edea et 
al. (2013) found a similar degree of polymorphism in 
Ethiopian and Hanwoo cattle populations, ranging from 
81.63 to 95.21%, using the Illumina’s Bovine 8K SNP 
chip (MAF > 0.05; Boichard et al., 2012). The differenc-
es between estimates could be due in part to ascertain-
ment bias, that is, the low amount of polymorphic mark-
ers found in these breeds due to the relationship between 
the breed assayed and the ones used in the design of the 
chip (Matukumalli et al., 2009). Porto-Neto et al. (2014) 
studied different breeds in Australia and compared them 
with those involved in the bovine HapMap (Gibbs et al., 
2009). They found that similarly to what happens in the 
bovine HapMap populations, Indicine breeds as well as 
composite breeds showed a greater level of polymor-
phism than taurine breeds. The level of polymorphisms 
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found in the Spanish breeds was similar to Australian 
taurine breeds (0.85–0.90).

In general, no significant departures from the Hardy–
Weinberg equilibrium were observed among the poly-
morphic markers in any breed, and the percentage of 
markers in Hardy–Weinberg equilibrium (P > 0.01) was 
always over 98%. Therefore, the expected and observed 
heterozygosities were similar, what may suggest a lack 
of stratification within breeds (Fernández et al., 2008). 
However, the analysis performed in these breeds based 
on the pedigree books showed a different picture (Cañas-
Álvarez et al., 2014). The rate of coancestry by year of 
birth among individuals in the populations, except in 
one, was smaller than the rate of inbreeding, pointing to 
hidden structures in them (Cañas-Álvarez et al., 2014). 
Depth of pedigrees trace back a limited number of gen-
erations (between 3 and 6); therefore, an excess of IBS 
that could not be identified as identical by descent has 

been detected because the SNP chip mostly recalls an-
cestral events (Lachance and Tishkoff, 2013). Expected 
heterozygosity across breeds averaged 0.307, with esti-
mates ranging from 0.299 in Pi to 0.319 in AV, indicating 
that high within-breed diversity exists. Our results were 
fairly close to those observed in European breeds by 
Gautier et al. (2007), who found average percentage of 
markers in Hardy–Weinberg equilibrium, expected het-
erozygosity, and mean number of alleles of 82.89%, 0.30, 
and 1.85, respectively. In turn, expected heterozygosity 
values around 0.35 in Bos indicus and 0.4 in Bos tau-
rus were reported in indigenous cattle from Ethiopia and 
Korea (Edea et al., 2013) and about 0.4 in 2 Bangladeshi 
zebu cattle populations with a 80K SNP chip (GeneSeek, 
Lincoln, Nebraska). All these estimates (including our 
own) are potentially biased upward due to the ascertain-
ment of SNP markers that tend to be at intermediate al-
lele frequencies (Lachance and Tishkoff, 2013).

Table 1. Genetic diversity within 7 Spanish beef breeds
 
Breed1

Markers genotyped  
on >95% of the samples, %

Markers 
with MAF2 > 0.05, %

Mean number  
of alleles

Markers  
in HWE3 (P > 0.01), %

Expected heterozygosity 
(SD)

AV 97.74 89.28 1.89 99.27 0.319 (0.172)
ANI 97.94 87.17 1.88 99.05 0.306 (0.177)
BP 97.05 88.17 1.88 99.20 0.309 (0.175)
Mo 97.60 87.72 1.88 98.70 0.310 (0.176)
Pi 98.03 86.65 1.87 99.32 0.299 (0.180)
Re 97.74 87.18 1.87 98.77 0.304 (0.178)
RG 97.97 87.79 1.88 99.28 0.308 (0.176)

1AV = Asturiana de los Valles; ANI = Avileña-Negra Ibérica; BP = Bruna dels Pirineus; Mo = Morucha; Pi = Pirenaica; Re = Retinta; RG = Rubia Gallega.
2MAF = minor allele frequency.
3HWE = Hardy–Weinberg equilibrium.

Figure 1. Average proportions of SNP within minor allele frequency ranges by population. mono = monomorphic; AV = Asturiana de los Valles; 
ANI = Avileña-Negra Ibérica; BP = Bruna dels Pirineus; Mo = Morucha; Pi = Pirenaica; Re = Retinta; RG = Rubia Gallega. 
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Analysis of Divergence among Breeds

Before analyzing the divergence among breeds, we 
thinned the marker set by excluding SNP in strong LD 
(pairwise genotypic correlation r2 > 0.1). As a result of 
this data pruning, the same 57,674 SNP were left for the 
analysis of divergence among populations, and the aver-
age r2 was 0.025, ranging from 0.023 (AV and BP) to 
0.03 (RG). This average value is close to the background 
LD level estimated from nonsyntenic markers, which 
was around 0.01 across breeds (Cañas-Álvarez, 2015).

The pattern of divergence among the 7 Spanish 
beef cattle breeds was studied following 4 different ap-
proaches: 1) AMOVA and fixation indices, 2) distance 
measures and phylogenetic trees, 3) PCA on molecular 
relationship matrices, and 4) genetic structure and lev-
els of admixture. All the measures of divergence were 
based on a pruned subset of 57,674 autosomal SNP, 
with a LD lower than 0.1 among any of them.

1. �Analysis of Molecular Variance and Fixation 
Indices. The genetic variation was partitioned by 
means of an AMOVA. The most important part 
of the variation (94.22%; P < 0.001) was attrib-
utable to the variation within individuals (Table 
2). The variation between populations accounted 
for just 4.46% (P < 0.001), and the variation 
among individuals within populations was even 
lower (1.32%; P = 0.078). Our results indicate 
that the Spanish breeds have low levels of be-
tween-population genetic variation, pointing to-
ward a higher common genetic background and 
probably some admixture between populations.

The fixation indices FIT, FIS, and FST across 
all loci, estimated from the AMOVA, were also 
examined (Table 2). We found a total inbreeding 
(FIT value) of 0.058, within-population inbreed-
ing (FIS value) of 0.014 (nonsignificant), and a 
genetic differentiation among breeds (FST value) 
of 0.044. The low and nonsignificant FIS value 
confirms that the allele frequencies of the popula-
tions are in the expected Hardy–Weinberg propor-
tions. The population-specific FIS indices in each 
breed also showed values close to 0, ranging from 
–0.012 to 0.052 (Supplementary Table S1; see 

the online version of the article at http://journalo-
fanimalscience.org). The FST value of 0.044 in-
dicated the existence of limited population struc-
turing among the studied breeds, according to the 
rating of Wright (1965). This low differentiation 
among breeds could be attributed to a lack of se-
lection pressure or the existence of a moderate 
gene flow (migration) among these populations. 
Gautier et al. (2007), studying a limited panel of 
SNP, observed average values of FST of 0.099 in 
European breeds, including both beef and dairy 
breeds. Meanwhile, Edea et al. (2013) observed a 
low level of differentiation between the Ethiopian 
cattle populations (FST = 0.01). In the context of 
Iberian breeds, we found a lower value than the 
one reported by Martín-Burriel et al. (2011) us-
ing a panel of 30 microsatellites, who found an 
FST value of 0.086. However, Martín-Collado et 
al. (2013) obtained the same magnitude of FST 
estimates between clusters of individuals in the 
ANI populations. Estimates obtained with micro-
satellites could not be strictly compared with ours 
because the range of FST estimates depends on the 
frequency of the most frequent allele, and this is 
always higher for biallelic SNP than for multial-
lelic microsatellites. Therefore, the use of SNP 
should provide higher FST estimates (Jakobsson 
et al., 2013). Given that our estimate is clearly 
lower than the one obtained in Martín-Burriel et 
al. (2011), it is suggested that the whole set of 
Iberian breeds are much more differentiated, prob-
ably due to genetic drift because small effective 
sizes, than the subset of breeds we are studying 
in this work. It should be noted that, in this study, 
the populations were chosen as the most repre-
sentative and with a higher census among the au-
thochtonous Spanish beef cattle populations. On 
the other hand, the study of Martín-Burriel et al. 
(2011) uses up to 27 Spanish and 13 Portuguese 
populations, some of them with a very limited 
census. Nevertheless, the differences also can be 
attributed to a scale effect due to the density and 
the way the sampling was done in both studies.

Table 2. Analysis of molecular variance in the 7 populations
Source of variation df Variance components Percentage of variation Fixation indices1

Among populations 6 258.165 4.46 FST = 0.044**
Among individuals within populations 329 76.543 1.32 FIS = 0.014 NS2

Within individuals 336 5,456.510 94.22 FIT = 0.058**
Total 671 5,791.218

**P < 0.001.
1FST = genetic differentiation among breeds; FIS = within population inbreeding; FIT = total inbreeding.
2NS = not significant.
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2. �Distance Measures and Phylogenetic Trees. The 
pairwise FST statistic among populations is also a 
measure of the genetic distance among subpopu-
lations (Excoffier et al., 2005). The pairwise FST 
estimates between breeds showed values that 
ranged from 0.026 to 0.068 (Table 3). The lowest 
pairwise FST estimates were observed between 
AV and the rest of the breeds, whereas the highest 
were between Pi and both ANI and Re (>0.06). In 
addition to pairwise FST, we estimated the Nei’s 
D genetic distance (Nei, 1972) among all popu-
lations. The pairwise Nei’s D genetic distance 
showed a pattern similar to the one obtained with 
the FST statistics, with values ranging from 0.009 
to 0.016. Analyzing European breeds with SNP, 
Gautier et al. (2007) found pairwise FST values 
ranging from 0.035 (French breeds Salers and 
Aubrac) to 0.132 (Normande and Holstein). Our 
higher FST distances were closer to the lower 
bound found by these authors.

A phylogenetic tree was constructed from 
Nei’s D genetic distances (Nei, 1972), using the 
N-J method (Saitou and Nei, 1987; Fig. 2). It 
is worth mentioning that bootstrap percentages 
computed to assess the robustness of the phy-
logenetic tree, depicted in the internal nodes of 
Fig. 2, showed values of 100% except for the 
classification of RG, which showed a bootstrap 
value of 65%. These values clearly support the 
classification represented in the tree, compared 
with the low to moderate bootstrap percentages 
reported in previous studies (Martín-Burriel et al., 
1999; Beja-Pereira et al., 2003; Martín-Burriel 
et al., 2011). In those studies, a limited set of 
markers were analyzed, and this might have af-
flicted the percentages obtained (Soltis and Soltis, 
2003). The tree shows 2 main groups of closely 
related breeds. The first of these groups includes 
ANI and Mo breeds, sharing the same node, with 

the Re breed located very close to them. These 
breeds are raised in Mediterranean forest char-
acterized by oak trees (“dehesas”) of central and 
southwestern Spain (Milán et al., 2006). Breeds 
living in Pyrenean mountain areas, BP and Pi, 
and a breed living in the northwestern Spain, RG, 
formed the second group in the opposite side of 
the tree. In turn, AV occupied an intermediate 
position. The Mantel test (Mantel, 1967) did not 
revealed significant correlation between genetic 
and geographical distances (not shown in tables).

Our results were not entirely consistent with 
the classification of Iberian cattle in 3 different 
morphological trunks proposed by Sánchez-Belda 
(1984) but fitted quite well with the observations 
of Jordana et al. (1991), who analyzed 29 mor-
phological traits. According to the last authors, BP, 
Pi, and RG breeds are classified within the Red 
Convex (Turdetanus) trunk, Mo and ANI breeds 
are placed in the Black Orthoid (Iberian) trunk, 
and the AV breed belongs to the Brown Concave 
(Blond-brown Cantabrian) trunk. The Re breed, 
having a red coat, occupied an intermediate po-
sition between the Iberian and the Turdetanus 
trunks. The relationship of the Re breed to the ANI 
and Mo breeds found in this study was consistent 
with that observed by Martín-Burriel et al. (2011). 
These 3 breeds are subjected to fully extensive 
production systems and have similar breeding ob-
jectives. Incidentally, these last 3 breeds showed 
the highest oxidative activity and average intra-
muscular fat contents of the Spanish breeds (Gil et 
al., 2001), which might suggest some proximity in 
physiological and genetic backgrounds.

3. �Principal Component Analysis of Populations. In 
a different approach to characterize divergence, a 

Table 3. Estimates of the pairwise genetic differen-
tiation statistic (FST statistics; below the diagonal) 
and the Nei’s D genetic distance (above the diagonal) 
among populations
Breed1 AV ANI BP Mo Pi Re RG
AV 0.0105 0.0086 0.0092 0.0120 0.0109 0.0095
ANI 0.0345 0.0140 0.0092 0.0159 0.0119 0.0132
BP 0.0257 0.0529 0.0131 0.0123 0.0145 0.0116
Mo 0.0284 0.0299 0.0481 0.0150 0.0110 0.0121
Pi 0.0427 0.0644 0.0452 0.0588 0.0165 0.0144
Re 0.0375 0.0436 0.0563 0.0391 0.0680 0.0137
RG 0.0290 0.0481 0.0401 0.0419 0.0552 0.0509

1AV = Asturiana de los Valles; ANI = Avileña-Negra Ibérica; BP = Bruna dels 
Pirineus; Mo = Morucha; Pi = Pirenaica; Re = Retinta; RG = Rubia Gallega. Figure 2. Neighbor joining representation of the pairwise Nei’s D ge-

netic distances among populations. The numbers at the nodes are the per-
centage of bootstrap replicates that resulted in the depicted topology. AV = 
Asturiana de los Valles; ANI = Avileña-Negra Ibérica; BP = Bruna dels 
Pirineus; Mo = Morucha; Pi = Pirenaica; Re = Retinta; RG = Rubia Gallega.
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PCA was applied to a distance matrix built up from 
the marker IBS relationship matrix (Fig. 3). This 
analysis allows us to represent each particular ani-
mal on the basis of the PCA coordinates. The first 
and second PCA axis accounted for 11.9 and 5.4% 
of the variance, respectively. In general, the PCA 
groupings suggested a classification pattern simi-
lar to that observed in the N-J tree. Several features 
of the PCA results, however, must be highlighted. 
First, the animals from Pi are distanced from other 
populations, confirming the high FST and Nei’s 
distances values. Second, the plot shows a cen-
tral placement of AV and RG with some degree of 
mixture of individuals between these populations, 
indicating its genetic closeness to the other breeds. 
Third, there is a clear dispersion of the relation-
ship values of the Re breed. Finally, the mixing of 
some animals between ANI, Mo, and Re breeds 
suggests a certain gene flow among these breeds 
that have had a geographic proximity during their 
history and share a similar production system. 

For large-scale SNP data, the PCA and MDS 
plots have been widely used to summarize the 
structure of genetic variation (Wang et al., 2012). 
For this reason, in addition to the PCA analysis, 
a MDS was also performed to determinate some 
differences between both methods. In general, 
the groups of populations showed the same dis-
tribution in both methods (Fig. 3; Supplementary 
Fig. S1; see the online version of the article at 
http://journalofanimalscience.org) as each of 
them represent a sampled individual as a point 

in a Euclidean vector space in such a manner that 
the placement of points carries information about 
the similarity of the genotypes in the underlying 
individuals or populations (Wang et al., 2010).

4. �Genetic Structure and Levels of Admixture. As 
an ultimate approach to characterize the diver-
gence among the Spanish cattle breeds, we per-
formed a cluster analysis by means of a maximum 
likelihood method that infers the genetic ancestry 
of every individual from a mixture of predefined 
ancestral groups. Clustering by ADMIXTURE 
relies on a likelihood function that assumes ab-
sence of LD and nonrelated individuals. The av-
erage LD in the pruned data set was low (0.025) 
and close to the background LD. In turn, the with-
in-breed average genomic relationships among 
individuals were, in general, also low across the 
breeds studied. Supplementary Table S2 (see the 
online version of the article at http://journalof-
animalscience.org) shows a number of statistics 
on the genomic relationship among individuals 
of the same breed by using VanRaden’s method-
ology (VanRaden, 2007). The averages ranged 
from 0.0129 (AV) to 0.1388 (Pi). These statistics 
probably reflect the limited effective population 
sizes of the breeds (Cañas-Álvarez et al., 2014). 
The genetic relationship can add a covariate term 
to the likelihood function, but we suspect that the 
low average relationship among individuals and 
the low LD among markers can only cause a non-
relevant distortion in the clustering process.

The ancestral groups tested ranged from K = 
2 to K = 7. The lowest cross validation errors ob-
tained were 0.39894 for K = 6 and 0.39907 for K = 
7, indicating that these were the most parsimoni-
ous numbers of clusters. For both K = 6 and K = 7, 
the maximum likelihood estimation of ancestries 
assigned all individuals to clusters that coincide 
with the population of origin, although some ad-
mixture among populations was also revealed 
(Fig.  4). The most striking difference between 
both clusterings was related to the AV breed. For 
K = 6, AV appears as a mixture of other breeds, 
mainly of RG, Mo, and BP and of ANI and Re 
to a lower extent. This confirms the PCA results, 
where the AV breed was placed in a central lo-
cation, closer to the other breeds (Fig. 3). For K 
= 7, AV presents its own identity with signals of 
admixture with other breeds. For the rest of the 
breeds, the results are similar for both K = 6 and 
K = 7. The contribution of ANI to Mo and Re is 
important, possibly related to transhumance (sea-
sonal migrations) of the ANI breed. Almost 20% 
of ANI breeders have adopted transhumance 

Figure 3. Population groups defined by principal component analy-
sis. PC1 and PC2 correspond to principal components 1 and 2, respectively. 
AV = Asturiana de los Valles; ANI = Avileña-Negra Ibérica; BP = Bruna dels 
Pirineus; Mo = Morucha; Pi = Pirenaica; Re = Retinta; RG = Rubia Gallega.
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as a system of production to take advantage of 
the seasonal lag between regions. In this way, 
ANI breeders who do not own land or breeders 
who own land in different geographic locations 
(Martín-Collado et al., 2014) diminish the cost 
of feeding, maximizing the pasture availability. 
With regard to the Pi breed, most individuals were 
unequivocally assigned to 1 cluster, with some 
exchange of genes with AV and BP breeds, the 2 
breeds more closely related to the Pi breed. The 
contributions between BP and Pi breeds could be 
explained by interchanges due to their geographi-
cal proximity in the Pyrenean Mountains. In turn, 
the admixture with AV confirms a previous result 
for Spanish beef cattle breeds (Martín-Burriel et 
al., 2011) that detected the contribution of Brown 
Swiss cattle, from which the BP breed originated, 
to the AV breed. In comparison with this latter 
study (Martín-Burriel et al., 2011), based on a 

microsatellite analysis, our clusters appear more 
clearly defined, suggesting that high-density ge-
notyping is a more powerful tool to unravel the 
relationship among breeds.

Sensitivity Analysis

Given that many population-level statistics assume 
independence of loci, the divergence analyses were per-
formed using a pruned data set (57,674 SNP), to elimi-
nate the bias in the test statistics that may result from sub-
stantial breed-specific differences in LD (Petersen et al., 
2013). However, we repeated the analyses of divergence 
characterization with the whole data set after pruning for 
an individual call rate ≥ 0.95 and a SNP call rate ≥ 0.95 
(717,172 SNP), to check for the potential differences. 
The results for the N-J tree and the PCA are included 
in Supplementary Fig. S2 and S3 (see the online ver-
sion of the article at http://journalofanimalscience.org), 

Figure 4. Estimated membership coefficients for each individual for K = 4 through 7. AV = Asturiana de los Valles; ANI = Avileña-Negra Ibérica; 
BP = Bruna dels Pirineus; Mo = Morucha; Pi = Pirenaica; Re = Retinta; RG = Rubia Gallega.
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respectively. We found slight increases in the values of 
Nei’s D genetic distances among breeds, with a higher 
range from 0.013 between AV and BP to 0.026 between 
Pi and Re. The N-J phylogenetic tree was rotated with-
out suffering changes in the distribution of the groups 
previously shown in the data pruned for LD. Bootstrap 
reached levels of 100% for all nodes (Supplementary Fig. 
S2; see the online version of the article at http://journalo-
fanimalscience.org). In the PCA, the variance explained 
by the first and second axis increased in a relatively small 
proportion from 11.9 to 12% and from 5.4 to 7.3%, re-
spectively, due to covariances among SNP. The Pi breed 
remained differentiated from other populations and some 
separation of individuals between populations of AV and 
RG occurred as well as among ANI, Mo, and Re popu-
lations (Supplementary Fig. S3; see the online version 
of the article at http://journalofanimalscience.org). For 
another analysis of divergence, higher variations were 
not observed. In general, the results did not suffer major 
changes and the classification of the populations did not 
differ between pruned and whole databases.

Conclusions

High-density SNP markers were used to describe 
the genetic variability and divergence among autoch-
thonous Spanish beef cattle breeds. Our results indicate 
a large degree of diversity among individuals within 
populations, as assessed by the BovineHD BeadChip. 
In turn, the global FST value and the low genetic dis-
tances observed reveal the existence of limited popula-
tion structuring. Signals of admixture among all breeds 
were also detected. Both N-J trees and PCA analy-
sis show defined clusters representing the ancestral 
trunks from which the breeds are supposed to derive: 
the Turdetanus trunk, including Pirenaica, Bruna dels 
Pirineus, and Rubia Gallega breeds; Asturiana de los 
Valles as representative of the Cantabrian trunk, occu-
pying an intermediate position; and the Iberian trunk, 
which includes Avileña-Negra Ibérica and Morucha, 
with Retinta breed in a different but close node.
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