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Goats have played a key role as source of nourishment for humans in their expansion all over the world in long land and sea trips.
This has guaranteed a place for this species in the important and rapid episode of livestock expansion triggered by Columbus’ arrival in
the Americas in the late 1400s. The aims of this study are to provide a comprehensive perspective on genetic diversity in American goat
populations and to assess their origins and evolutionary trajectories. This was achieved by combining data from autosomal neutral
genetic markers obtained in more than two thousand samples that encompass a wide range of Iberian, African and Creole goat breeds.
In general, even though Creole populations differ clearly from each other, they lack a strong geographical pattern of differentiation, such
that populations of different admixed ancestry share relatively close locations throughout the large geographical range included in this
study. Important Iberian signatures were detected in most Creole populations studied, and many of them, particularly the Cuban Creole,
also revealed an important contribution of African breeds. On the other hand, the Brazilian breeds showed a particular genetic structure
and were clearly separated from the other Creole populations, with some influence from Cape Verde goats. These results provide a
comprehensive characterisation of the present structure of goat genetic diversity, and a dissection of the Iberian and African influences
that gave origin to different Creole caprine breeds, disentangling an important part of their evolutionary history. Creole breeds constitute
an important reservoir of genetic diversity that justifies the development of appropriate management systems aimed at improving
performance without loss of genomic diversity.
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Implications

A better understanding of the genetic diversity and structure
of Creole goat populations is crucial for disentangling their

evolutionary history and define adequate conservation
priorities to maintain the vast genetic legacy that we have
inherited. The hardiness and adaptiveness that goats display
in harsh environments, where other livestock species find it
difficult to adapt, make the genetic reservoir of locally
adapted Creole breeds a valuable source of diversity to
maintain and improve caprine performance and welfare
under expected climatic change models.

Introduction

The domestic goat (Capra hircus) was one of the earliest
animals to be domesticated and remains a species of major
importance in poorly developed rural areas. Given their small
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size and high versatility, goats were extensively transported
among continents, weakening their phylogeographic structure
at a worldwide level, such that most genetic variation is
currently found at the within-population level (Cañón et al.,
2006; Naderi et al., 2007; Ginja et al., 2018). Columbus’ arrival
in the Americas triggered a major change, with the expansion
of European and African livestock species in the New World,
starting from a limited number of animals brought around
the beginning of the 16th century (Rodero et al., 1992). The
development of goat populations in the American continents
has thus been shaped by founder effects, genetic drift, and
natural and artificial selection, leading to a progressive
divergence from their original founder populations.
The study of goat genetic diversity can bring insights into

their evolutionary history, and can explain the present geo-
graphical distribution and genetic structure of this species.
Although several studies have been carried out to characterise
the genetic diversity of European, African, and South and
Central American goats at the continental level (e.g. Cañón
et al., 2006; Naderi et al., 2007; Ginja et al., 2017), a com-
prehensive joint analysis of breeds from the various continents
has not been accomplished so far. Some research on New
World goats has relied on mitochondrial DNA sequences
(Amills et al., 2009), which reflect only the history of female-
mediated gene flow and thus lack the power to track complex
histories of introgression and admixture. Despite other studies
with samples of Portuguese and Brazilian origin (Ribeiro et al.,
2012), the likely influence that the other Iberian breeds, as well
as African populations, may have had on the current genetic
structure of Creole goats has not been investigated so far.
The aims of this study are to provide a comprehensive

assessment of the genetic diversity, origins and evolutionary
trajectories of American goat populations by combining data
from autosomal neutral genetic markers collected in >2000
samples that include a wide range of Iberian, African and
Creole caprine breeds. The populations sampled cover a large
geographical distribution (Figure 1) and encompass the
majority of the extant caprine breeds from the Americas and
Iberia, and 13 African local breeds spanning from Egypt to
South Africa. Using a set of 20 microsatellite markers, we
show that some of the diversity displayed by Creole populations
derives from admixture between Iberian and African linea-
ges. On the other hand, Creole goat breeds reveal their
unique identity, making them an important reservoir of
genetic diversity for selection and conservation programmes.

Methods

Sampling and microsatellite analyses
Biological samples (blood or hair roots) were collected from
a total of 2395 unrelated purebred goats registered in
Herdbooks (whenever available) of 71 populations from diverse
geographic origins and belonging to 69 recognised breeds.
The whole sample included (Figure 1, Supplementary Table
S1): 23 populations belonging to 21 local breeds from Spain,
with duplicated samples representing the Blanca Celtibérica

and Celtibérica, two well-differentiated varieties of the same
breed, and Tenerife Norte and Tenerife Sur, which are eco-
types of the Tinerfeña breed (Martínez et al., 2015); six
breeds from Portugal; 13 breeds from Africa; two breeds
from New Zealand; the Golden Guernsey breed from the
United Kingdom, sampled in United States; three cosmo-
politan breeds, that is, Saanen from Switzerland (sampled
in Spain), Alpine from France and Anglo-Nubian from the
United Kingdom (both sampled in Brazil); and 23 Creole
breeds distributed throughout the Americas, from the United
States to Argentina. The number of samples per breed ran-
ged between 11 and 40, with an average of 34 individuals.
Samples were collected by qualified veterinarians through
their routine practice, in the framework of official programs
aimed at identification, health control and parentage con-
firmation. Therefore, no ethical approval was required for
sampling biological material. Genomic DNA was isolated as
described by Walsh et al. (1991). A set of 20 microsatellite
markers was selected (Supplementary Table S2) according to
the recommendations of the Food and Agriculture Organi-
zation of the United Nations (FAO) and the International
Society for Animal Genetics (FAO, 2011), and amplified in
multiplex PCRs as described in Martínez et al. (2015).

Statistical analyses
The MICROSATELLITE TOOLKIT software (Park, 2001) was
used to calculate allele frequencies for each locus, total
number of alleles per locus (NA), observed (Ho) and expected
(He) heterozygosities, and mean number of alleles per
population. Weir and Cockerham (1984) estimates of
F-statistics and allelic richness (Ar) over all loci per breed
were estimated with FSTAT (Goudet, 2001). The mean
F-statistics and their 95% confidence interval over loci after
1000 bootstraps were calculated using the GENETIX 4.05
software (Belkhir et al., 2004). Compliance to Hardy–
Weinberg (HW) equilibrium was analysed using Fisher’s
exact test with GENEPOP 1.2 (Raymond and Rousset, 1995).
Factorial correspondence analysis (FCA) using the function

‘AFC 3D by populations’ was performed with GENETIX.
Genetic relationships among populations and breed groups
were analysed using Reynolds genetic distances imple-
mented in PHYLIP 3.69 (Felsenstein, 2004). The neighbour-
net method, as implemented in SPLITSTREE software (Huson
and Bryant, 2006), was used to compute a network based on
Reynolds distances to graphically represent breed relation-
ships and to depict evidence of admixture.
The model-based clustering software STRUCTURE 2.2

(Pritchard et al., 2000) was used to infer genetic contribu-
tions from ancestral populations and population substructure
in each goat breed with the admixture model and uncor-
related allele frequencies. For each value of the putative
number of genetic clusters (K) ranging between 2 and 35,
five independent runs were performed with Monte-Carlo
Markov-Chain iterations ranging from 250 000 (50 000 burn-
in length) for K= 2 to 10 to 500 000 (150 000 burn-in length)
for K= 11 to 35, and the results were visualised with the
DISTRUCT software (Rosenberg, 2004). The most probable
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number of genetic clusters was assessed by both the method
of Evanno et al. (2005) and the plots of the likelihood of the
data for different K-values (i.e. plot of mean ln Pr(X/K) and its
variance v. K). Genetic landscape analyses were carried out
to produce synthetic contour maps built using the graphical
library of the statistical software R (http://www.r-project.org)
with spatial interpolation of the admixture coefficients
(Q matrix) obtained with STRUCTURE for K= 4 on a world-
wide map (http://membres-timc.imag.fr/Olivier.Francois/
admix_display.html), considering the centre of geographical
dispersion of each breed.
The influence of breed ancestry diversity (admixture) on

the level of genetic diversity was also investigated. The
degree of ancestry diversity of each breed was calculated as
1−Σ(qk)2, where qk is an average fraction of the breed’s
genetic ancestry from the k separate genetic clusters at the
optimal K, as identified with the STRUCTURE program (Tapio
et al., 2010). The significance of admixed ancestries as
sources of within-breed diversity was analysed by means of
the comparison between the obtained ancestry and the
within-breed diversity estimates.
Admixture proportions in Creole populations, that is the

proportion of the contemporary gene pools derived from
different parental clusters, were analysed using the
likelihood-based method implemented in the software
LEADMIX (Wang, 2003), which takes sampling variance,

genetic drift and genetic differentiation between the parental
populations into account. Analyses were run considering
Creole breeds as a whole and by grouping populations
according to the breed relationships obtained with both
STRUCTURE and the Neighbour-net.

Results

Genetic diversity
In total, 71 goat populations distributed throughout the
world (Figure 1) were analysed using 20 microsatellite mar-
kers, which were highly variable and allowed the detection of
a mean number of about six alleles per locus per breed, with
global He and Ho of 0.64 and 0.60, respectively, and a total of
263 alleles across all populations and loci (Supplementary
Table S1). Genetic parameters and distances were computed
for the main groups of breeds, defined according to their
geographical location, that is, Iberian, Canarian, African and
Creole breeds (Table 1). Among the four defined clusters, the
African caprine populations were the most variable in terms
of Ar (5.00) and He (0.67). Positive within-breed inbreeding
coefficient (FIS) values were obtained for all breed groups,
with the highest values displayed by Creole (0.08) and
Canarian (0.07) groups (Table 1).
The individual analysis of breeds showed that the smallest

Ar (⩽3.0) was found in Golden Guernsey, Galapagos Goat,

Spanish

Pirenaica
Moncaína
Azpi Gorri
Blanca de Rasquera
Guadarrama
Blanca Celtibérica

Formentera
Pitiusa
Mallorquina

Retinta
Verata
Blanca Andaluza
Celtibérica
Malagueña
Murciano-Granadina
Florida
Payoya
Negra Serrana

Ajuí
Majorera
Palmera
Tenerife Norte
Tenerife Sur

Portuguese

Bravia
Serpentina

Algarvia
Charnequeira

Serrana
Preta de Montesinho

Criolla del Nordeste
Neuquina

Chilluda
Pampeana Colorada

Angora

Argentinian

Azul
Moxotó
Marota

Canindé
Repartida
Graúna

Sem PadraoRacial

Brazilian
Criolla Boliviana

Criolla Paraguaya

Criolla Peruana

Galapagos Goat

Criolla del Ecuador

Criolla Venezolana

Criolla Colombiana

Criolla Cubana

San Clemente Island Spanish Goat

Anglo-Nubian

Myotonic

Alpine

Saanen

Arapawa goat

Rawhiti

Golden Guernsey

Kalahari Goat

Boer

Maradi

Bushguinder

West AfricanDwarf

Tunisian Local Goat

Sahel

Gwembe Dwarf Goat

Barki
Baladi

Morocco Goat

Saidi

Cape Verde Goat

Figure 1 (colour online) World-spanning geographic distribution of the 71 caprine populations included in the study.
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Arapawa Goat and Rawhiti breeds, and the highest Ar (>5.6)
in Saidi, Criolla Paraguaya and Baladi populations (Supple-
mentary Table S1). The He per breed ranged between 0.37
(Golden Guernsey) and 0.77 (Criolla Paraguaya). The Spanish
Verata and the Portuguese Preta de Montesinho breeds had
the highest within-breed significant FIS value, with estimates
around 0.17 (Supplementary Table S1).
At the locus level, the number of alleles ranged between

3 (MAF209) and 23 (OarFCB304), with an average of 13.2 alleles
per locus (Supplementary Table S2). The He and Ho per locus
over all breeds ranged from 0.27 (ETH225) to 0.81 (MM12),
and from 0.25 (ETH225) to 0.77 (MM12), respectively
(Supplementary Table S2). Five microsatellite markers were
in HW disequilibrium in more than six breeds (P< 0.001)
(Supplementary Table S2).

Genetic distances and clustering
Reynolds genetic distances estimated for the various pairs of
breed groups ranged from 0.027 to 0.095 for the African–
Creole and Iberian–Canarian groups, respectively (Supple-
mentary Figure S1). A strong level of genetic differentiation
was observed for the Canarian breeds relative to the other
groups, with a mean breed distance of 0.078 (Supplementary
Figure S1). African and Creole populations displayed the
lowest level of genetic divergence when compared with
the other breed groups (0.044 and 0.045, respectively). The
mean genetic distance among breeds of the same group was
0.16 for Creole, 0.11 for African and 0.05 for Iberian breeds
(results not shown). The global mean value for FST across
breeds was 0.13, which indicates that 87% of the total
variability can be ascribed to within-breed variation.
The Neighbour-net dendrogram supported the existence of

three major clusters, that is, Iberian, Canarian and Brazilian
breeds (Figure 2), while the other breeds were not so
closely grouped. Most Creole populations grouped around
Iberian breeds, consistent with a close genetic relationship
among all these goats, with the exceptions of the Brazilian,
Colombian and Cuban breeds. The Cuban breed grouped
close to the Canarian and West African populations
(Bushguinder from the Saharawi Camps, Maradi, West
African Dwarf and Sahel from Nigeria, Moroccan and Tunisian
goats), whereas the Brazilian breeds are in a separate cluster,
together with goats from Cape Verde. The Myotonic
and Spanish Goat breeds from the United States, the Criolla
Paraguaya and the Argentinian breeds Neuquina, Chilluda,
Angora type and Pampeana Colorada, clustered at the centre

of the graph, with influences from Iberia, Egypt, Zambia and
South Africa. Another Creole group comprising Criolla
Venezolana, del Ecuador, Peruana, Boliviana and the Argenti-
nian del Nordeste breeds, was placed nearby Iberian popula-
tions, reflecting the influence that this ancestral group has had
on their autosomal genetic pool. Isolated island (San Clement
Island, Galapagos Goat, Rawhiti and Arapawa populations) and
rare (Golden Guernsey) breeds showed greater genetic dis-
tances, reflected by their long branches. Regarding Iberian
breeds and in accordance with previous results reported by
Martínez et al. (2015), populations from Spain (with the
exception of Canary Island breeds) and Portugal showed a
weak population structure, with a strong degree of inter-
spersing regardless of their geographical distribution.
Results from STRUCTURE are shown in Figure 3. The most

likely number of genetic clusters was observed for K= 20
(Supplementary Figure S2). Setting K at 2 split the genetic
origins into the Iberian and African components. K= 3
separated the group of Brazilian populations, which divided
into two groups at higher K-values (Figure 3, Supplementary
Table S3), indicating their high level of differentiation. The
genetic structure detected for the remaining Creole breeds
corroborated the major relationships highlighted by the
Neighbour-net clustering, with slight differences resulting
from imposing a tree-like structure on populations that are
the result of complex admixture events.
The spatial interpolation of the genetic contributions to

goat populations at K= 4 reflected geographical patterns of
genetic dispersion underlying the formation of current breeds
(Rosenberg et al., 2002) and identified various groups
(Supplementary Figure S3): Cluster I encompassing all Iberian
breeds and depicting their relationship with the Creole
breeds San Clemente Island, Galapagos Goat, Criolla
Venezolana, Colombiana, Peruana, Boliviana and del Noroeste;
Cluster II including Cape Verde Goat, Bushguinder, Nigerian
and Canary Island populations, along with their Creole
counterparts Criolla Cubana, Venezolana, Peruana and
Boliviana; Cluster III comprising Egyptian, Tunisian,
Moroccan, Zambian and South African breeds, as well as the
Creole Myotonic, Spanish Goat, Criolla del Ecuador and
Paraguaya, Neuquina, Chilluda, Pampeana Colorada and
Angora type; and Cluster IV exclusively composed by
the Brazilian breeds. In the analyses done with STRUCTURE,
from K= 6 onwards Cluster III split into its North and
South African components, and only the main relationship
between the North African breeds (Barki, Baladi, Saidi,

Table 1 Genetic diversity indicators across 20 microsatellite loci for four geographic groups of worldwide goat breeds

Breed group n Ar ± SE He ± SE Ho ± SE FIS ± SE

Iberian 775 4.76 ± 0.10 0.653 ± 0.009 0.611 ± 0.009 0.065 ± 0.010
Canarian 200 4.52 ± 0.13 0.637 ± 0.010 0.592 ± 0.011 0.072 ± 0.015
African 441 5.00 ± 0.17 0.673 ± 0.015 0.634 ± 0.014 0.059 ± 0.009
Creole 786 4.36 ± 0.15 0.629 ± 0.016 0.578 ± 0.015 0.082 ± 0.009

n= sample size; Ar= allelic richness; He= expected heterozygosity; Ho= observed heterozygosity; FIS=within-breed inbreeding coefficient.
Full details on breed groups given in Supplementary Table S1.
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Morocco Goat and Tunisian Local Goat) and the Creole
populations remained.
Although the representation of STRUCTURE outputs helps

to visualise the different genetic origins implicated in the
formation of Creole breeds, it must be kept in mind that
these results are highly sensitive to the model assumptions
and the breeds included in the analysis, which is reflected in
the erratic cluster assignment shown by some populations
for different runs at the same or different K-values (Figure 3),
for example, the case of the Galapagos Goat.
When the most likely number of inferred genetic origins is

assumed (K= 20), only 26 out of the 71 analysed breeds had
a contribution from one of the clusters above 0.7 (Supple-
mentary Table S3), which suggests the existence of impor-
tant levels of admixture or an incomplete divergence of
populations. Breed He and the level of admixture based on
STRUCTURE results for K= 20 (Supplementary Table S3)
were positively correlated (r= 0.7, P< 0.0001), indicating
that the level of admixture of a breed may explain a high
proportion of its estimated genetic variability (i.e. around
50% of the expected genetic variability can be ascribed to
the level of ancestry diversity resulting from admixture).
FCA clustering methods were used to further analyse the

genetic structure of the 71 caprine breeds. The first two axes
explained 15.3% of the variability, contributing with 8.3%

and 7% of the total inertia, respectively (Figure 4a). The first
axis clearly separated Brazilian populations from the
remaining breeds, such that the Brazilian group accounted by
itself for 71.9% of the total inertia in this axis. In axis 2, all
breeds accounted for <10% of inertia, with the two South
African populations being the most differentiated (16.2%).
When Brazilian goats were excluded in a second analysis
(Figure 4b), axes 1 and 2 contributed with a similar percen-
tage of the total inertia as before (8.3% and 7.2%, respec-
tively), but the relationships among the remaining breeds
could be better assessed. In this case, all Iberian breeds
grouped in a tight cluster whereas Creole and African
populations appeared mixed, with the major exceptions of
South African breeds, the Barki breed from Egypt and the
Canary Island populations. As previously shown, the Criolla
Cubana had a closer proximity to the Canary Islands, Cape
Verde and Nigeria populations, and the position of the
remaining Creole breeds reflected different influences from
African and Iberian groups.

Ancestral genetic contributions to Creole goats
LEADMIX was used for estimating the genetic contributions
to and degree of admixture of the Creole populations.
The model underlying this method assumes that a distant
ancestral population split into the different parental

Figure 2 (colour online) Neighbour-net dendrogram constructed from the Reynolds genetic distances among 71 goat populations. For more information
on breeds, see Supplementary Table S1.
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populations, which diverge for some period of time and then
converge once to form the admixed population. The goal in
our analyses was to estimate the genetic contribution from
various parental populations to the Creole gene pool, which
was considered either as a whole group or as various
subgroups. Based on the results from the spatial interpolation of
the Q matrix obtained with STRUCTURE for K= 4 (Supplemen-
tary Figure S3) and the Neighbour-net (Figure 2), three potential
ancestral population groups were defined (Figure 5): (i) Cluster
I, including the Iberian breeds; (ii) Cluster II, encompassing
the breeds from Cape Verde, Saharawi Camps, Nigeria and

Canary Islands; and (iii) Cluster III, which gathers the Egyptian,
Tunisian, Moroccan, Zambian and South African breeds. The
admixture estimates indicated that the whole group of
Creole goat populations, including Brazilian breeds, had
average ancestral contributions of 40%, 26% and 34% from
Clusters I, II and III, respectively (Figure 5).
The STRUCTURE and Neighbour-net analyses supported

the existence of various Creole groups, which may reflect
variable proportional contributions from the different
ancestral genetic groups. Therefore, estimations with LEADMIX
for each of the three main Creole groups, as well as for
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Figure 3 (colour online) Estimated membership coefficients (q) of goat populations assuming K-values from 2 to 20 as inferred with STRUCTURE. For
more information on breeds, see Supplementary Table S1.
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the Criolla Cubana, were also performed (Figure 5). Brazilian
breeds were excluded from this analysis given their lack of
consistent relationships with any of the ancestral origins
analysed. Although our admixture estimates could be dis-
torted by admixture from other genetic origins that may have
not been included in this study, generally speaking the
results indicated that 55% of the autosomal gene pool of
Group 1 (San Clemente Island, Criolla Colombiana, Galapagos
goat and Criolla del Nordeste populations) was of Iberian
origin and about 45% was contributed by Cluster II. In Group
2 (Spanish Goat, Myotonic, Criolla del Ecuador, Criolla
Paraguaya, Neuquina, Chilluda, Pampeana Colorada and
Angora type), contributions from all parental origins could be
identified, with nearly the same influence from Cluster I and
III (40%) and a lower contribution from Cluster II (20%).
Group 3 (Criolla Venezolana, Peruana and Boliviana) also
displayed a major Iberian influence (56%), with the other
major contribution to their genetic pool from Cluster II (44%).

Criolla Cubana showed a clear predominance of Cluster II
genetic contribution (78%) and a minor influence from
Iberian breeds (22%).

Discussion

The low phylogeographic structure of goat populations
observed in our study is a recurring theme when analysing
genetic variation of caprine populations, where genetic vari-
ation at the within-population level usually ranges between
85% and 93% (Li et al., 2002; Cañón et al., 2006; Ribeiro
et al., 2012; Wei et al., 2014). In agreement with this general
trend, our results showed that 87% of the genetic variation
corresponds to the within-population component, meaning
that the breeds included in this study are poorly differ-
entiated at the genetic level. However, the mean genetic
distances among goat breeds of the Creole group (0.16) are
higher than those obtained among breeds of the Iberian (0.05)

Figure 4 (colour online) Graphical representation of the tridimensional factorial correspondence analysis. (a) 71 goat populations, (b) 64 goat breeds after
removing the Brazilian populations. For more information on the groups of breeds, see Supplementary Data S1.
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and African (0.11) groups, which may reflect a different
history in American goats, with genetic contributions from
several parental populations and genetic drift, as well as
admixture with other breeds over time.
In general, Creole populations lack a clear geographical

pattern of genetic diversity, with populations of different
admixed ancestry sharing relatively close locations all over
the large geographical range of the Creole samples included
in this study. Thus, we find breeds of mainly Iberian and
Cluster III African origin (San Clemente Island, Criolla
Colombiana, Galapagos Goat and Criolla del Nordeste)
interspersed with populations of Iberian and Cluster II
African origin (Criolla Venezolana, Peruana and Boliviana),
or with breeds displaying signatures of admixture from these
three ancestral origins (Spanish Goat, Myotonic, Criolla del
Ecuador and Paraguaya, Neuquina, Chilluda, Pampeana
Colorada and Angora type). This contrasts with the results
obtained for European, African and Asian goat breeds
(Cañón et al., 2006; Pereira et al., 2009; Wei et al., 2014).
However, the lack of a clear geographical pattern in American
populations could be anticipated, given the different model
of breed expansion that took place in this continent. Whereas
in the Old World the dissemination of livestock species has,
with some exceptions, been slow, continuous and mostly by
geographical proximity (Pereira et al., 2009), the introduc-
tion of different domesticated species in America is believed
to have followed a rapid and discontinuous progression,
with multiple waves of restocking introductions from Iberia
and the Atlantic archipelagos that have disseminated
and admixed breeds randomly (Rodero et al., 1992; Amills
et al., 2009).
The lack of a remarkable genetic signature from the occi-

dental Old World in Brazilian goats is in strong contrast with
the distinctive Iberian and African footprints found in the
remaining American goat populations. Nevertheless, some
influence of Cape Verde goats was detected in Brazilian

breeds, which would reflect the importance of this archipe-
lago as a layover port in the journey of Portuguese between
the Iberian Peninsula and the Americas (Primo, 2004).
Opposed to the minor genetic signatures of admixed

ancestry between African and Creole cattle (Gautier and
Naves, 2011; Martínez et al., 2012), the large contribution of
the African gene pool to nearly all Creole goat populations
revealed in our study (Figures 2 to 5) does not seem to be
entirely explained by the existence of migration between
Northwest Africa and Iberia, as the impact of African
introgression into Iberian breeds seems to be quite limited
(Pereira et al., 2009; Martínez et al., 2016). Even though a
scenario of multiple introductions of goats from the Atlantic
archipelagos may be plausible based on historical and
genetic evidences, it does not explain the ancestry compo-
nent from breeds originating in other African regions
detected in our study. Alternatively, livestock could have
been brought directly from Africa in slave trade ships or via
the ships of the ‘Carreira da India’, which allowed a con-
tinuous trade flow from India to the East Coast of Africa and
then to Brazil (O’Flanagan, 2008). The important contribu-
tion of the African gene pool is particularly patent in the
Criolla Cubana breed, and if we consider it as a remnant
of the first goats brought from Spain, a predominant West
African influence is still visible, which might have been
exported to the rest of the Americas by these populations.
Regarding the Iberian ancestry of Creole goats, we find an

important autosomal Iberian component in nearly all Creole
populations studied, with the exception of Brazilian breeds.
This result is in contrast with the one reported by Amills et al.
(2009), who assessed mitochondrial DNA in various goat
populations and failed to find a clear Iberian signature in
some Creole populations, probably because this marker
reflects only the history of female-mediated gene flow and
does not predict nuclear genetic diversity. As previously
reported by Martínez et al. (2015), the gene pool of Spanish

Cluster I

Cluster III

Cluster II

All Creole breeds

0.34
(±0.06)

0.40
(±0.08)

0.26
(±0.06)

Group 2

0.40
(±0.08)

0.20
(±0.06)

0.40
(±0.07)

Group 3

0.44
(±0.08)

0.56
(±0.10)

Criolla Cubana

0.78
(±0.17)

0.22
(±0.20)

San Clemente Island
Criolla Colombiana

Galapagos goat
Criolla del Nordeste

Spanish Goat
Myotonic

Criolla del Ecuador
Criolla Paraguaya

Neuquina
Chilluda

Pampeana Colorada
Angora

Criolla Venezolana
Criolla Peruana
Criolla Boliviana

Group 1

0.45
(±0.12)

0.55
(±0.11)

Figure 5 (colour online) Ancestral genetic contributions from clusters I, II and III to Creole goats. Creole breeds were considered as a whole as well as
grouped in four different clusters. SD (between brackets) obtained from 1000 bootstraps over loci. For more information on the ancestral populations, see
Supplementary Data S1.
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and Portuguese goats cannot be separated nowadays, and
even less in the 16th century, when the two countries were
under the same rule and selective breeding and breed dif-
ferentiation were absent from caprine herds. This is reflected
in the mainly equidistant relationships of Creole breeds
relative to Iberian populations, regardless of their Spanish or
Portuguese origin.
As expected, there was a close genetic relationship between

the Canary Island breeds and West African goats, supporting
the idea that Canary goats have suffered an important founder
effect nearly 2200 years ago when the first goat flock of
African roots was brought to the archipelago by Berber
populations (Rodero et al., 1992; Ferrando et al., 2015). This
would explain the high differentiation of Canary populations
relative to the continental Iberian goat breeds. We have also
found some degree of genetic affinity between caprine
populations from Northwest Africa (Morocco and Tunisian
Local goats) and the Middle East goats represented by Egyp-
tian breeds, in agreement with Pereira et al. (2009) and
Martínez et al. (2016), whereas Bushguinder from the Sahar-
awi Camps seems more related to West African populations.
The Cape Verdean goats displayed a close proximity to Canary
Island breeds, both in STRUCTURE and FCA analysis, which is
consistent with previous genetic studies (Pereira et al., 2009)
and historical records that report the introduction of goats
from the Canary Islands, Africa and Portugal in Cape Verde in
the 15th century (Rodero et al., 1992).
In conclusion, the genetic relationships between Creole

goats and their main presumed genetic origins were
investigated with data on neutral autosomal genetic markers
from >2000 samples representing a wide range of Iberian,
African and Creole breeds. Most of the genetic diversity
observed in Creole goat populations derives from admixture
between Iberian and African lineages, making them an
important reservoir to be managed and improved. The main
insights that summarise this work are: (i) the lack of geo-
graphical patterns in the American distribution of goat genetic
diversity; (ii) the wide differentiation among various Creole
breeds; (iii) the confirmation of the important autosomal
Iberian signatures in nearly all Creole populations studied;
(iv) the surprisingly high contribution of the African gene pool
to Creole breeds, especially to Criolla Cubana; and finally
(v) the particular genetic isolation of Brazilian breeds, with
some influence from Cape Verde goats. These results provide a
comprehensive characterisation of goat genetic diversity in the
Americas, and a dissection of the Iberian and African compo-
nents that gave origin to different Creole caprine breeds, which
will be useful for the recognition of these breeds and the
development of appropriate selection and conservation pro-
grammes aimed at their sustainable use, thus preventing the
loss of genetic diversity.
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