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Genetic diversity and patterns of population structure in Creole goats
from the Americas
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Summary Biodiversity studies are more efficient when large numbers of breeds belonging
to several countries are involved, as they allow for an in-depth analysis of
the within- and between-breed components of genetic diversity. A set of 21
microsatellites was used to investigate the genetic composition of 24 Creole
goat breeds (910 animals) from 10 countries to estimate levels of genetic
variability, infer population structure and understand genetic relationships
among populations across the American continent. Three commercial
transboundary breeds were included in the analyses to investigate admixture
with Creole goats. Overall, the genetic diversity of Creole populations (mean

number of alleles = 5.82 * 1.14, observed heterozygosity = 0.585 * 0.074)
was moderate and slightly lower than what was detected in other studies
with breeds from other regions. The Bayesian clustering analysis without

prior information on source populations identified 22 breed clusters. Three
groups comprised more than one population, namely from Brazil (Azul and
Grauna; Moxotd and Repartida) and Argentina (Long and shorthair Chilluda,
Pampeana Colorada and Angora-type goat). Substructure was found in Criolla
Paraguaya. When prior information on sample origin was considered, 92% of the
individuals were assigned to the source population (threshold g = 0.700).
Creole breeds are well-differentiated entities (mean coefficient of genetic

differentiation = 0.111 + 0.048, with the exception of isolated island
populations). Dilution from admixture with commercial transboundary breeds
appears to be negligible. Significant levels of inbreeding were detected
(inbreeding coefficient > 0 in most Creole goat populations, P < 0.05). Our

results provide a broad perspective on the extant genetic diversity of Creole
goats, however further studies are needed to understand whether the observed
geographical patterns of population structure may reflect the mode of goat
colonization in the Americas.
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Introduction

Goats arrived in America during the second
Columbus trip in 1493 (Rodero et al. 1992). Due to
the adaptability of this species, they were
promptly spread throughout the entire continent
and easily integrated into the farming activities
of native civilizations, which wuntil then were
rearing mostly South American camelids. Natives
and colonizers jointly contributed to the spread
of goats throughout the continent, and there are
now approximately 36 million goats in Latin
America and the Caribbean and about 3 million in
North America, representing about 3.5% of the world

census (FAO 2007). Over time, several new goat
populations were established in very distinct
ecosystems on the American continents. This
probably represented the major evolution- ary

event for the species subsequent to their
domestication in the Middle East, approximately 10
000 years ago (Naderi et al. 2008). Goats in the
Americas belong to mostly native breeds broadly
called Creole, presumably with origins in the
Iberian goats that arrived in the continent
since the 15th century, during the period of
European conquest and colonization (Rodero et al.
1992).

In spite of the social and economic relevance of

American goats, these animals are poorly
characterized. According to FAO, there are only
about 28 breeds recognized in the region

(Boettcher et al. 2014). The vast majority of
native American goats are referred to as Creole,
a reservoir of genetic diversity that has not

been characterized. Creole goats are important
resources available for endogenous rural
development, especially in marginal areas and under
a climatic change scenario, but they may be
threatened by crossbreeding with and/or

replacement by commercial transboundary breeds.
Molecular biology provides tools for the study of
within- and between-population genetic diversity.
As with other 1livestock species, short tandem
repeats (i.e. microsatellites) have thus far been
the markers of choice for genetic diversity
studies (Groeneveld et al. 2010; Lenstra et al.
2012). Several results concerning the survey of
goat genetic diversity based on microsatellites
have been published, including those surveying
breeds from Asia (Li et al. 2002; Fatima et al.
2008; AWaoylu & Ertuyrul 2012; Sulabda et al. 2012),
Europe (Iamartino et al. 2005; Serrano et al.
2009; Bruno-de-Sousa et al. 2011; Martinez et al.
2015) and Africa (Traor'e et al. 2009; Missohou et
al. 2011), and also breeds from Latin American
countries such as Brazil (Menezes et al. 2006),
Colombia (Calvo et al. 2012) and Cuba (Chacdn et
al. 2012). The recent development of a SNP array
for goats (Tosser-Klopp et al. 2014) will probably
lead to the replacement of microsatellites by
these markers in the future, as discussed in a
comprehensive review of genetic diversity studies
in goats (Ajmone-Marsan et al. 2014). The use of
SNP arrays and genome-wide next- generation
sequencing methodologies are becoming more common.
Nonetheless, microsatellites seem to be adequate

for estimating genetic diversity
breed relationships (Bruford

and depicting
et al. 2015), and

more so when a large number of animals and
populations are genotyped to allow for more
comprehensive inferences regarding their genetic
composition.

Few studies with microsatellites concerning the
genetic relationship among goat breeds from more
than one country and across different climatic
regions have been published thus far (Oliveira et

al. 2010; Ribeiro et al. 2012). Nevertheless,
biodiversity studies are more efficient when a
large number of breeds belonging to several

countries is involved, as this allows for an in-
depth analysis of the within- and between-breed
components of genetic diversity and inference on
phylogenetic relationships. One example 1is the
study by Canon et al. (2006), who carried out a
broad microsatellite-based analysis of European and
Middle East- ern goat breeds within the ECONOGENE
consortium and detected an East—West «cline in
genetic diversity along the Mediterranean.

This study was carried-out in the framework of
the CONBIAND Network
(http://www.uco.es/conbiand/Bienve nida.html),
which is an international scientific association

dedicated to the characterization and
conservation of zoogenetic resources from
Iberocamerica. Within this net- work, several

studies have been conducted to assess the
genetic diversity of farm animals of the American

continent, including cattle (Ginja et al. 2010,
2013; Delgado et al. 2012) and pigs (Revidatti et
al. 2014). In the context of the BioGoat
Consortium (http://biogoat.jimdo.com/), we
designed a sampling strategy to capture
historical signa- tures of goat introductions
into the Americas, including populations from
the Caribbean Islands (Cuba), which represents the

point of arrival of European settlers in the 15th
century, and North America (United States) as well

as South America (Colombia, Venezuela, Ecuador,
Peru, Bolivia, Brazil, Paraguay, Argentina),
following the routes of goat dissemination

throughout the Americas (Primo 1992; Rodero et al.
1992; vVvillalobos Cort'es et al. 2011). As a first
approach, we used microsatellites to investigate
the genetic composition of 24 goat breeds from 10
American countries, with the aims to: (i)
characterize their levels of genetic variability
and population structure and (ii) under- stand the
patterns of genetic relationships among goat
populations across the American continent.

Material and methods
Sampling and DNA extraction

Blood or hair samples were collected from a total
of 910 animals of 24 Creole goat populations from
the Americas (breed acronym, sample size):
Argentina — Angora-type goat (TAN, 14), Chilluda
longhair (CHL, 12), Chilluda shorthair (CHC, 11),
Criolla del Nordeste (NEA, 39), Neuquina (NUQ, 50)
and Pampeana Colorada (PCA, 14);
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Figure 1 Contour graphics of
geographical coordinates of
Creole goat populations in
relation to the estimated (a) He
and (b) Fis

values. Green areas correspond
to the lower He and Fis values;
pink areas correspond to the
higher He and Fis values.
Abbreviation of breed names and
sample sizes are as follows:
Argentina — Angora-type Goat
(TAN, 14), Chilluda longhair
(CHL, 12), Chilluda shorthair
(CHC, 11), Criolla del Nordeste
(NEA, 39), Neuquina (NUQ, 50), (=
and Pampeana Color-

ada (PCA, 14); Bolivia — Criolla
Boliviana (BOL, 40); Brazil —
Canindé (CND, 40), Grauna (GRN,
40), Marota (MRT, 40), Moxoto
(MOX,

40), Repartida (REP, 40), Azul
(SAZ, 40) and undefined Creole
(SRD, 36); Colombia — Cri- olla
Colombiana (COL, 24); Cuba —
Criolla Cubana (CUB, 40); Ecuador
— Criolla del o
Ecuador (ECU, 11) and Galapagos ﬂ'_
Goat (GAG, 23); Paraguay —

Criolla Paraguaya (PGY, 84); Peru -120
— Criolla Peruana (PER, 61);

United States of America —

Myotonic Goat (MYO, 43), San

Clemente Goat (SCL, 58), and

Spanish Goat (SPA, 64); Venezuela

— Criolla Venezolana (VEN, 46).

Bolivia — Criolla Boliviana (BOL, 40); Brazil -—
Canind'e (CND, 40), Grauna (GRN, 40), Marota (MRT,
40), Moxotd (MOX, 40), Repartida (REP, 40), Azul
(SAZ, 40) and undefined Creole (SRD, 36); Colombia

— Criolla Colombiana (COL, 24); Cuba — Criolla
Cubana (CUB, 40); Ecuador — Criolla del Ecuador
(ECU, 11) and Galapagos Goat (GAG, 23); Paraguay
— Criolla Paraguaya (PGY, 84); Peru — Criolla

Peruana (PER, 61); United States of America -—
Myotonic Goat (MYO, 43), San Clemente Goat (SCL, 58)
and Spanish Goat (SPA, 64); Venezuela — Criolla
Venezolana (VEN, 46). Geographic locations of each
population are shown in Fig. 1. Most of these
populations are 1local breeds raised by small
farmers, sometimes in family herds used for home
con- sumption; but many are partially feral
indistinct popula- tions 1living free, as is the
case of isolated GAG and SCL goat populations from
Galapagos and San Clemente Islands

-100

Genetic diversity and structure of Creole
goats

Brazilian goats
CND
GRN

Argentinean goats
PCA
TAN
CHC
CHL

Brazilian goats
CND

respectively. The SRD is a poorly defined population
of goats from Brazil resulting from admixture
among several local breeds, possibly with
influence from exotic germplasm. Samples were also
collected from 112 animals of three commercial
transboundary goat breeds, with samples collected
in Brazil - Alpine (ALP, 35) and Anglo-Nubian
(ANG, 41), and Spain — Saanen (SAAN, 36), to
investigate admixture with local Creole goats. To
minimize the degree of relationship among
individuals, unrelated animals were selected
whenever possible. For a broad representation of
the genetic variability, samples were collected
from several herds per breed. Biological samples
were collected by qualified veterinarians during

their routine practice in the framework of
official health control programs. Therefore, no
ethical approval was required for sampling of

biological material. Genomic DNA was extracted from
whole blood or
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hair roots following the methodology described by
Walsh

et al. (1991).

STR genotyping

We analyzed a set of 21 short tandem repeat (STR)
markers, selected following the recommendations of
the ISAG-FAO Advisory Group on Farm Animal Genetic
Diversity for studies in goats (Hoffmann et al.
2004; Hoffmann 2010), as follows: BM1329, BM6506,

BM6526, BM8125, CRSM60, CSRD247, ETH010, ETH225,
HAUT27, ILSTS011, INRAO63, MAF065, MAF209, McM527,
MM12, 0arFCB01l, 0arFCB048, 0arFCB304, SPS115,
SRCRSP08,

and TGLAl22. STR markers were amplified in
multiplex polymerase chain reactions (PCRs) using
fluorescence- labeled primers as described by
Bruno-de-Sousa et al. (2011). PCR fragments were

separated by capillary elec- trophoresis on ABI
377XL instruments (Applied Biosystems), according to
the manufacturer’s recommendations. Allele sizes
were determined using the internal size
standard

GeneScan-400HD ROX (Applied Biosystems), and
genotypes were called using GENOTYPER® 2.5.1

software. Reference samples were included in each
run for consistency of allele assignments.

Statistical analyses

Allele frequencies, effective number of alleles
(ne) and number of population-specific alleles
(private alleles, PA) were determined with

GENALEX v. 6.5 (Peakall & Smouse 2006) for each
locus and breed. The frequency of null alleles (r)
per locus within each breed was estimated with
FREENA software (available at
http://wwwl.montpellier.inra. fr/URLB/; Chapuis &
Estoup 2007) following Dempster et al. (1977).
Deviations from Hardy-Weinberg equilibrium (HWE)
were assessed with GENEPOP v. 4 software (Raymond

& Rousset 2003). Both global tests across
populations and loci and tests per locus per
population were carried out using the method of

Guo & Thompson (1992), and the P- values were
obtained using a Markov chain of 10 000
dememorization steps, 500 batches and 5000

iterations. Genotypic linkage disequilibrium (LD)
was also calculated using this software and the
same Markov chain settings. FSTAT v. 2.9.3
(Goudet 2001) was used to estimate the F
statistics per locus according to Weir & Cockerham
(1984), and P-values were obtained based on 1000
randomizations. Allelic richness (Rt) over all
loci for each breed was also calculated using
this software, assuming a minimum of three animals
per breed.

The software GENETIX v. 4.05 (Belkhir et al.
1996—2004) was used to estimate observed (Ho) and
within- breed expected (He)
heterozygosities and mean number of alleles per

unbiased

breed (MNA) and to calculate the inbreeding
coefficient (Fis) in each breed, with P-values
obtained based on 1000 permutations. The

‘plot.membership’ function

(Olivier Franyois; http://membres-
timc.imag.fr/Olivier.Fra ncois/index.html) was
used in R software v. 3.2.4 (1999— 2016, R
Foundation for Statistical Computing) to obtain
contour graphics of geographical coordinates in
relation to He and Fig values estimated for each
Creole goat population. A principal components
analysis was carried out in PCAGEN v. 1.2
(available at http://www2.unil.ch/popgen/
softwares/pcagen.htm; Goudet 1999) to
represent breed relationships based on allele
frequencies, assuming P-values for the axes
obtained from 1000 randomizations of geno- types.
Population pairwise Da distances of Nei et al.

(1983) were calculated in POPULATIONS (Langella

1999—-2002) and used to obtain a network of breed
relationships following the Neighbor-Net method in

SPLITSTREE4 v. 4.13 (Huson &
Bryant 2006).

Genetic structure and the degree of admixture of
Creole native goats were investigated using the
Bayesian clustering procedure of STRUCTURE V. 2.3.4
(Pritchard et al. 2000). The most probable number
of ancestral populations (K) given the observed
genotypic data was estimated by performing six
independent runs for each K (1< K < 30) with
burn-in lengths and Markov chain Monte Carlo (MCMC)
iterations of 50 000 and 300 000 respectively. The
alpha (degree of admixture) parameter was inferred
from the data using the default settings and an
admixture model with correlated allele
frequencies (Falush et al. 2003). Assessment of
the change in the log of the likelihood function
and the method of Evanno et al. (2005) were used to
identify the most probable K by determining the
modal distribution of AK. The STRUCTURE analysis
was repeated for some subsets of the data to assess
within-breed substructure. Assignment tests were
performed with STRUCTURE using prior information
of source breeds and the settings described above
for the MCMC. The proportion of each individual
genotype in each cluster or breed (gq) and the
probability of ancestry in other breeds were
estimated. The percentage of individuals assigned
to source breeds was calculated for distinct
threshold g values.

Results
Molecular markers

Among the 21 markers, there was no evidence for
null alleles at important frequencies (r > 0.2)
across various breeds, and a total of 236 alleles
were detected at all loci across the various goat
populations. Measures of genetic variability as well
as F-statistics for each STR are shown in Table SI1.
The total number of alleles per locus ranged from 3
for MAF209 to 21 for OarFCB304, and the mean number
of alleles per 1locus ranged from 2.22 for MAF209
to 9.52 for BM6506. The effective number of alleles,
i.e. the number of alleles that if equally frequent
would result in the observed homozygosity, was about
four for most loci (BM1329, CRSM60, CSRD247,
OarFCB011, OarFCB048,

© 2017 Stichting International Foundation for Animal Genetics, doi: 10.1111/age.12529



OarFCB304, SRCRSP08 and TGLA1l22), and ranged from

one for MAF209 to five for BM6526, MAF065 and
MM12. Allelic richness per locus, i.e. the number
of different alleles independent of sample size, was
also about four for most loci (BM1329, BM6506,
BM8125, CRSM60, CSRD247, ILSTS0l1l, MAF065, McM527,
OarFCB011, OarFCBO0438,

OarFCB304, SRCRSP08 and TGLAl122) and ranged from

two for ETH225, MAF209 and SPS115 to five for
BM6526 and MM12. Private alleles (i.e., an allele
at a given locus found exclusively in one
population) were detected in 10 of the 21 loci
studied; however, only for ETH225, MAF065 and
MM12 were these private alleles detected in
frequen- cies = 0.05. The highest heterozygosity
was found for MM12 (Ho = 0.760 and He =
0.768) and BM6526

(Ho = 0.746 and He = 0.793) and the lowest for
MAF209

(Ho = 0.224 and He = 0.244) and ETH225 (Ho =
0.273 and

He = 0.319). The Fjis value per locus had an

overall mean of

0.083 + 0.058 and ranged from —0.012 for BM8125
to

0.204 for SPS115.
means of

Fit and Fgt per locus had overall

0.211 * 0.058 and 0.134 * 0.033 respectively. Out
of the

21 STRs analyzed in each breed, BM6506, MAF065,
SPS115 and SRCRSP08 showed significant (P < 0.05)
HWE deviations across 10 or more breeds. The LD was
significant (P < 0.0001) for 20 STR pairs; however,

only the following three pairs appear to correspond

to loci located in the same chromosome:
BM1329/SRCRSP08, BM8125/MAF209 and
BM8125/0arFCB048.

Genetic diversity within populations

Estimates of within-breed genetic diversity are
summarized in Table 1 and in the contour
graphics shown in Fig. 1. Overall, the genetic
diversity of the 24 Creole goat popu- lations
analyzed here (MNA = 5.82 + 1.14, ne = 3.30 ¢
0.67, Rt = 3.01 = 0.36, Ho = 0.585 * 0.074
and He =

0.638 * 0.079) was moderate and slightly lower
than that

detected with a similar panel of STRs in their
European counterparts (see Canon et al. 2006;
Bruno-de-Sousa et al. 2011). Isolated Creole goat
populations from Galapagos and San Clemente Islands
had the lowest diversity with respec- tively 3.05

+ 1.24 and 4.14 * 1.39 for MNA, 1.98 * 0.69

and 2.10 * 0.89 for ne, 2.12 * 0.64 and 2.24 *
0.65 for

Rt, 0.411 + 0.258 and 0.389 + 0.183 for
Ho, and

0.433 * 0.243 and 0.452 * 0.208 for He (green

areas in Fig. la). The highest genetic diversity
was found in PGY from Paraguay and SPA from North
America with respec- tively 8.71 * 3.32 and 7.81
+ 2.98 for MNA, 5.19 + 2.02 and 4.24 * 1.71 for

ne, 3.73 * 0.68 and 3.43 t 0.77 for Rt, 0.677 %
0.132 and 0.678 + 0.168 for Ho, and 0.777
0.101 and 0.717 * 0.153 for He respectively

(pink areas in Fig. la). Despite their low sample
size, the Argentinean longhair goat populations
TAN and CHL had high genetic diversity: Ho =

0.668 *+ 0.173 and Ho = 0.669 * 0.160, and He =
0.711 + 0.124 and He = 0.720

+ 0.130 respectively. Also, the crossbred
SRD goat

Genetic diversity and structure of Creole

goats
population from Brazil showed high genetic
diversity (MNA = 6.33 + 2.83, ne = 3.87 * 1.47,

Rt = 3.28 + 0.79,
Ho = 0.640 + 0.182 and He = 0.697 * 0.178).

three commercial transboundary breeds analyzed,
ALP had the highest diversity (MNA = 6.76 * 2.72,

Among

ne = 4.08 +* 1.65, Rt = 3.37 = 0.83, Ho =
0.674 * 0.205 and He =
0.701 +* 0.198). Overall, the genetic diversity

estimates for this breed group were similar to

those observed for Creole goats (MNA =
6.43 + 0.50, ne = 3.55 + 0.53,

Rt = 3.15 + 0.22, Ho = 0.634 = 0.036

He =

0.664 * 0.033). Private alleles were detected in
14 breeds (Argentinean CHC and NUQ; Brazilian GRN,
MRT, MOX and SAZ; Ecuadorian ECU and GAG;
Paraguayan PGY; Peruvian PER; North American MYO;

Venezolana VEN; and transboundary ALP and SAAN);
however, only three out of 17 PAs were detected in
frequencies = 0.05 (one each in MYO, ECU and

CHC). The number of loci that had a significant
heterozygote deficit (P < 0.05) ranged from 0
(PCA) to 14 (PGY). The HWE deviations detected are

most probably due to inbreeding, as the within-

breed Fis esti- mates were significantly (P <
0.05) higher than zero in all populations, except
in Argentinean TAN, NUQ and PCA; Brazilian GRN;
and Galapagos Goat (depicted in green in Fig. 1b).

For 13 Creole goat populations, the Fis > 0 was
highly significant (P < 0.001). Heterozygote excess
was not significant for any of the locus/breed
combinations tested.

Genetic relationship among populations

Pairwise population Fst values, as shown in Table

S2, were mostly significant for P < 0.05. The
lowest Fst values were found among Argentinean
goat populations (overall mean of 0.041 * 0.025;
Table S3), particularly between CHL and CHC (—
0.008), PCA (0.017) and TAN (0.020), CHC and

TAN (0.021) and PCA and TAN (0.027), which were
not significantly differentiated (P < 0.05). 1In
spite of being significant, Fst values among
Brazilian breeds were also low (0.079 * 0.022),
namely of MOX with CND (0.038) and REP (0.046),
SAZ with GRN (0.040) and CND with REP (0.050). The

highest Fst value was observed between Creole goat
populations from Galapagos and San Clemente Islands

(0.391). The overall Fst value among the 24
Creole and three commercial
transboundary breeds was

0.134 +* 0.071 (Table S3). The lowest Fgt values
between Creole and commercial transboundary goats
were found for SPA/SAAN (0.054) and SPA/ALP
(0.055), whereas the highest was observed for

GAG/ANG (0.299).
Breed relationships based on allele frequencies
are depicted in the principal components analysis

graph in Fig. 2. The island breeds GAG and SCL
were the most distant, together with BOL and the
commercial Anglo- Nubian goats. Based on axes 1
and 2, Brazilian breeds clustered together
(shaded area in gray) and split from all other
goat populations, which had a more central
position. The Argentinean breeds also grouped

together such that,

© 2017 Stichting International Foundation for Animal Genetics, doi: 10.1111/age.12529
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Table 1 Mean number of alleles (MNA), effective number of alleles (ne), allelic richness (Rt), number of private alleles (PA), observed (Ho) and
expected (He) heterozygosities, inbreeding coefficient (Fis), number of loci showing heterozygote deficit (HWEd) estimated with 21 STRs in 24
Creole and three commercial transboundary goat breeds.

Country Breed Abr. n MNA * SD ne * SD Rt * SD PA Ho * SD He * SD Fis HWE
Creole
Argentina  Angora TAN 14 5.62 % 3.74 # 3.28 ¢ 0.668 = 0.711 # 0.062 2
Argentina Chilluda longhair CHL 12 ggg + é;g + 326 + 6%%; + 0.720 * 0.073* 2
Argentina  chilluda CHC 11 5.43 # 3.73 ¢ 3.29 ¢ 1 0.650 * 0.696 * 0.069% 2
Argentina Cr. del Nordeste NEA 39 6.43 + 3.77 ¢ 3.24 ¢ 0.596 * 0.690 * 0.138%*x* 9
Argentina Neuquina NUQ 50 6.76 * 3.32 ¢ 3.09 # 1 0.643 ¢ 0.648 ¢ 0.008 5
Argentina Pampeana PCA 14 4.86 + 3.28 ¢ 3.09 + 0.643 0.664 0.032 0
Bolivia Cr. Boliviana BOL 40 5.24 # 3.21 # 2.97 # 0.570 ¢ 0.648 ¢ 0.121%%%* 9
Brazil Canindé CND 40 5.52 % 3.11 % 2.94 % 0.589 # 0.634 # 0.071%*% 3
Brazil Gratna GRN 40 6.24 + 3.07 # 2.92 # 1 0.603 ¢ 0.620 ¢ 0.027 4
Brazil Marota MRT 40 5.24 # 2.75 # 2.73 # 1 0.555 ¢ 0.590 * 0.061%* 6
Brazil Moxotd MOX 40 5.52 % 2.93 ¢ 2.79 * 1 0.524 0.604 * 0.133%%%* 6
Brazil Repartida REP 40 6.14 + 3.10 # 2.97 ¢ 0.589 ¢ 0.632 ¢ 0.068*%%* 3
Brazil Azul SAZ 40 5.52 % 2.61 * 2.61 * 1 0.517 * 0.547 * 0.056%%* 2
Brazil Undefined Creole SRD 36 6.33 % 3.87 * 3.28 * 0.640 # 0.697 # 0.082*** 6
Colombia Cr. Colombiana coL 24 5.90 + 3.63 ¢ 3.24 ¢ 0.592 0.680 * 0.132%%% 6
Cuba Cr. Cubana cuB 40 6.00 * 3.03 # 2.92 # 0.574 ¢ 0.629 ¢ 0.088*%%* 5
Ecuador Cr. Del Ecuador ECU 11 4.57 * 2.79 * 2.84 t 1 0.542 # 0.587 # 0.081%* 3
Ecuador Galapagos goat GAG 23 3.05 # 1.98 + 2.12 + 1 0.411 # 0.433 ¢ 0.053 3
Paraguay Cr. Paraguaya PGY 84 8.71 * 5.19 + 3.73 ¢ 3 0.677 # 0.777 # 0.130*** 14
Peru Cr. Peruana PER 61 6.86 * 3.45 # 3.05 # 1 0.561 ¢ 0.642 ¢ 0.126%%* 11
UsA Myotonic goat MYO 43 6.33 ¢ 3.31 ¢ 3.06 + 1 0.580 * 0.661 0.124%%%* 7
UsA San Clemente SCL 58 1.14 + 2.10 * 2.24 # 0.389 ¢ 0.452 ¢ 0.139%%%* 4
usa Spanish goat SPA 64 7.81 % 4.24 + 3.43 ¢ 0.678 # 0.717 # 0.056%%%* 6
Venezuela Cr. Venezolana VEN 46 5.38 % 3.15 + 2.93 ¢ 1 0.591 # 0.623 # 0.053** 3
Means 910 5.82 t 3.30 ¢ 3.01 * 0.585 0.638 0.083 121
Commercial transboundary S o o T -
Brazil Alpine ALP 35 6.76 + 4.08 ¢ 3.37 ¢ 1 0.674 % 0.701 % 0.040% 3
Brazil Anglo-nubian ANG 41 5.86 * 3.01 * 2.94 0.604 * 0.640 * 0.057% 2
Spain Saanen SAAN 36 6.67 t 3.57 ¢ 3.15 * 2 0.624 # 0.650 # 0.041% 3
Means 112 6.43 t 3.55 + 3.15 + 0.634 0.664 0.046 8
overall 1022 5.88 # 3.32 ¢ 3.02 # 17 0.591 ¢ 0.640 ¢ 0.083 129
1 08 N 4 N 4 N 071 N 074

6TSTI'O8¥/TTTT°0T :TOp ‘SOPAUID) [EWIUY 0] UONEPUNO,] [FUONBUIANU] SUNYONS L10T O

Breeds are grouped according to geographic area.

Abr., breed abbreviation; n, sample size; SD, standard deviation; PA, private alleles, frequency >5% in bold; HWE, Hardy-Weinberg equilibrium for P
< 0.05.

*P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 2 Analysis of principal
components graph depicting breed
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relationships among 24 Creole goat populations and three commercial
transboundary goat breeds based on allele frequencies. Breed codes are def:
in

Table 1. Shaded areas in gray depict groups of more closely related breeds.
Axis 1: 25.15%

inertia, P = 0.001; Axis 2: 15.86% inertia,

P = 0.001; Axis 3: 8.91% inertia, P = 0.01.
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based on axes 1 and 3, they had a close genetic
relationship with the Creole CUB, PER and VEN and
the commercial Saanen goats (shaded area in gray)
and split from MYO, SPA, COL, PGY and ECU.

The Neighbor-Net of Da genetic distances is
shown in Fig. 3, and pairwise population distance
values are shown in Table S2. The Brazilian goat
breeds formed a tight net (supported by a high

bootstrap value of 94%; result not shown) and
were somewhat genetically close to the
transboundary ALP and SAAN breeds. The

Argentinean Creole goats formed another breed group
(bootstrap value of 75%; result not shown) somewhat
related to the PER, VEN, GAG, BOL and CUB. Criolla
del Ecuador clustered with the commercial ANG breed
and close to COL, PGY and SPA and, to a lesser
extent, with the MYO breed. The San Clemente
population split from the center as an independent
and more distant branch.

Genetic structure and admixture analysis

For the STRUCTURE analysis done without
including prior information on sample origin and
following Evanno et al. (2005), the highest AK
values were found for K = 4 (AK = 91.1) and K =
21 (AK = 74.3) (Fig. Sl). The structure detected at
K = 4 corresponds to the lowest variance of the
likelihood of the data estimated over six
independent runs, whereas the highest likelihood of
the data was obtained for K = 21. The graphical
representation of individual genotype

Figure 3 Neighbor-Net graph of
DA genetic distances depicting
breed relationships among 24
Creole goat populations and

GAG three com- mercial transboundary
goat breeds.

membership coefficients (gq) in each cluster is
shown in Fig. 4. Based on individual g values and
at K = 4, the Brazilian breeds grouped together

(except for SRD, which showed influence of the
commercial breeds, as expected), as did the
Argentinean breeds, which were grouped with other
more closely related Creole breeds (CUB, VEN, GAG,
PER, BOL; Fig. 4a), in agreement with the results
of the Neigh- bor-Net (Fig. 3). Influence of the
commercial transboundary breeds in Creole goats
could be inferred for SPA, MYO, COL, ECU and PGY,
whereas the isolated SCL goat population formed an
independent cluster. The breed groups at K = 21
(Fig. 4b, Table 2) indicate that most breeds
formed inde- pendent clusters, whereas PGY split
into two groups and the following breeds were
grouped together: Brazilian SAZ and GRN; Brazilian
MOX, CND and REP; Argentinean CHL, CHC, PCA and
TAN; Ecuadorian ECU; and the North American SPA.
Further analyses were carried out with subsets of
the data to determine if individuals of the
Brazilian and Argentinean breed groups could be
distinguished. The highest values of
AK were obtained at K = 3 (AK = 287.7) and
K = 5 (AK = 72.2) for the analysis of the Brazilian
breeds SAZ, MOX, MRT, CND, REP and GRN (SRD was not
included because it is a poorly defined and highly
crossbred popu- lation). ALP was included as a
reference breed for this analysis because it is a
well-differentiated population and thus useful for
determining the most probable K value of this
data subset. Based on individual g values and at K
= 3,

© 2017 Stichting International Foundation for Animal Genetics,
doi: 10.1111/age.12529

© 2017 Stichting International Foundation for Animal Genetics, doi: 10.1111/age.12529



SPA MYO  SCL CUB COL VEN ECUGAG PER SAZ

() k=21

MOX MRT CND REP GRN SRD BOL PGY

Genetic diversity and structure of Creole

NEA NUQ cHLCHCPCA TAN SAAN ALP ANG
\ il :
|

i

© k=22

Figure 4

Graphical representation of individual genotype membership coefficients (gq) in each cluster

obtained with STRUCTURE software without prior information on sample origin for (a) K = 4 and (b) K = 21
and (c) considering prior information on source breeds for K = 22.

the SAZ, MRT and GRN breeds formed one group; MOX,
CND and REP another; and ALP an independent
cluster (Fig. S2). At K = 5, MRT and CND formed
independent clusters, whereas MOX and REP were in
the same group as were SAZ and GRN. For the subset
of Argentinean goats, the modal value of AK =
129.8 was obtained at K = 4 with breeds NEA, NUQ
and the reference ALP each in a separate cluster
and CHL, CHC, PCA and TAN in the same group (Fig.
S3).

The results of the Bayesian analysis carried out
with STRUCTURE are summarized in Table 2, where the
mean membership coefficients and percentages of

animals assigned to each cluster are shown for
scenarios without and with prior information on
sample origin (K = 21 or K = 22 respectively).
When  prior information on sample origin was
ignored, and assuming K = 21, the average
membership proportions in each cluster (Q)

ranged from

0.447 t 0.208 in ECU to 0.937 * 0.0.035 in GAG
with an overall average of 0.735 +* 0.207.
Approximately 63% of the individuals were
classified within their source cluster assuming a
threshold of q = 0.700, whereas for more
stringent threshold g values, only ~25% (g =
0.900), ~7% (g = 0.950) and 0% (g = 0.999) of
the animals were correctly assigned (result not
shown). There were several heterogeneous breeds
(SPA, COL, ECU, PER, GRN, REP, CND, SRD, PGY, NEA,
CHC and TAN) with less than 60% of the individuals
assigned to their source cluster (for q =
0.700) and/or over 30% of crossbred animals (i.e.
with individual genotype membership g values <
0.700 but maximum in the source cluster). Also,
the relatively high percentage of crossbred
animals observed in the ALP breed (~29%) appears to
reflect the influence of this breed in some
Brazilian Creole goats (10 ALP animals showed g =
10% within the Brazilian breed group). Likewise,
six ANG animals had g = 10% in the SPA/ECU cluster
(and the ECU breed had ~13% of its mean
genotype membership

coefficient in the ANG cluster), which indicates some
level of admixture between these breeds. For
a threshold of g =2 0.700, approximately 2% of
the animals were misclas- sified to a cluster
other than their source, with SAZ from Brazil
showing 10% of the animals assigned to a different
breed. The highest percentage of animals assigned
to the source cluster (100% with g = 0.700) was
observed in the GAG population, followed by six
other breeds (SCL, VEN, MOX, MRT, BOL and PCA)
with >78% of individuals assigned for the same
stringency threshold.

When prior information on source breeds was
considered in the analysis (i.e. assuming the 22
breed clusters obtained in STRUCTURE without
priors), the overall Q was 0.919 * 0.212 and
ranged from 0.605 * 0.464 in GRN to 0.998 ¢t
0.004 in GAG (Table 2). Individual g values for K =
22 are depicted in Fig. 4c. The overall
percentage of individuals assigned to the source
cluster or breed was about 92% for g = 0.700 and 81%
for g =z 0.950, but this value fell considerably
with the highest stringency (~17% with g =
0.999). The percentage of animals assigned to the
source cluster with g = 0.950 was greater than

70% in all breeds except GRN (50%), REP (65%)
and CHL (67%). Among the group of Creole goats
analyzed, GAG (100%), SCL (97%), VEN (94%), PCA

(93%), ECU (91%) and MOX

(90%) had the highest percentage of individuals
assigned with g = 0.950. In fact, for the GAG and
SCL populations, there were about 78% of animals
with g = 0.999. Several of the animals that showed
evidence of admixture were assigned to their
source cluster (g = 0.950) when prior information
was considered. However, and particularly in the
case of SAzZ, REP, MRT and GRN, admixture was
detected within the Brazilian breed group
(including SRD goats) even when the source clusters
were predefined. In the case of GRN, there were 14
individuals that showed ancestry across several
source populations, including other Creole and
commercial transboundary breeds (SAAN and ALP).



Table 2 Summary results of the Bayesian cluster analysis done with STRUCTURE both with and without prior information on sample origin. Average
genotype membership proportions (Q), the percentage of animals assigned to each cluster considering various threshold g values, crossbred (Cross.)
and misclassified (Miscl.) individuals at the lowest stringency (g values of 0.700) are shown for each breed and overall.

>JOUD) [BWIUY I0j UONEPUNo,] [euoneutoju] Sunyons 102 O

Without prior information on sample origin With prior information on sample origin
% assigned to each cluster % assigned to each cluster
% Cross.l %
Miscl.2
Breeds Cluster Q * SD q = q = q = q < q =z Cluste Q % SD q = q = q = q =
n_ 700 n_ann Nn_aQsn n_ 700 n_700 r n_ 700 n_ann Nn_asn Nn_qQqaq
Creole
SPA 11 0.595 # 42.2 3.1 0.0 25.0 4.7 1 0.960 98.4 90.6 85.9 0.0
MYO 9 0.714 * 74.4 25.6 2.3 18.6 2 0.898 * 93.0 83.7 76.7 14.0
SCL 6 0.920 ¢ 98.3 77.6 46.6 1.7 3 0.980 98.3 98.3 96.6 77.6
CUB 15 0.778 * 75.0 27.5 7.5 15.0 4 0.888 90.0 82.5 82.5 25.0
coL 7 0.602 * 33.3 29.2 12.5 12.5 4.2 5 0.891 # 83.3 79.2 75.0 12.5
VEN 20 0.822 # 84.8 32.6 0.0 15.2 6 0.983 = 100.0 95.7 93.5 8.7
ECU 11 0.447 + 9.1 0.0 0.0 54.5 7 0.977 # 100.0 100.0 90.9 9.1
GAG 5 0.937 # 100.0 87.0 47.8 0.0 8 0.998 # 100.0 100.0 100.0 78.3
PER 8 0.690 * 55.7 9.8 0.0 37.7 9 0.947 # 95.1 90.2 82.0 1.6
SAZ 1 0.794 # 67.5 35.0 12.5 12.5 10.0 10 0.825 # 77.5 72.5 72.5 32.5
GRN 1 0.662 * 47.5 30.0 10.0 30.0 5.0 10 0.605 * 60.0 55.0 50.0 30.0
MOX 21 0.812 # 82.5 40.0 5.0 10.0 2.5 11 0.935 % 92.5 90.0 90.0 15.0
REP 21 0.693 + 57.5 7.5 0.0 32.5 11 0.853 % 82.5 77.5 65.0 5.0
MRT 14 0.852 * 87.5 37.5 2.5 5.0 12 0.899 * 90.0 90.0 85.0 17.5
CND 21 0.677 * 52.5 0.0 0.0 40.0 13 0.929 # 92.5 87.5 80.0 7.5
SRD 12 0.650 * 44.4 8.3 0.0 36.1 14 0.956 * 97.2 94.4 88.9 0.0
BOL 18 0.837 ¢ 87.5 42.5 2.5 12.5 15 0.928 # 92.5 92.5 87.5 22.5
PGY 19; 16 0.669 * 36.9 2.4 0.0 27.4 1.2 16 0.959 # 97.6 91.7 79.8 0.0
NEA 13 0.644 * 43.6 7.7 0.0 41.0 17 0.940 # 94.9 92.3 89.7 2.6
NUQ 2 0.747 # 66.0 26.0 4.0 32.0 18 0.934 % 94.0 84.0 78.0 14.0
CHL 17 0.710 # 66.7 8.3 0.0 16.7 19 0.933 ¢ 91.7 83.3 66.7 8.3
cHC 17 0.664 * 36.4 0.0 0.0 45.5 19 0.959 # 100.0 90.9 72.7 0.0
PCA 17 0.809 # 78.6 35.7 7.1 14.3 19 0.988 100.0 100.0 92.9 14.3
TAN 17 0.671 * 42.9 0.0 0.0 42.9 7.1 19 0.946 * 92.9 85.7 71.4 0.0
Transboundary - S
SAAN 4 0.678 * 50.0 25.0 5.6 8.3 8.3 20 0.935 * 94 .4 83.13 75.0 11.1
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Discussion

This study covered a wide representation of goat

genetic diversity in the Americas, and it
represents the first comprehensive analysis of the
five-century history of Creole goats. The

microsatellite-based analysis adopted here accounts
for the direct influence of genetic drift and
migration in the evolution of Creole goat
populations. Indirectly, it could also reflect
the effects of natural and human selection in
shaping the genetic composition of these local and
well-adapted breeds. Our results depict the genetic
diversity and population structure of 24 Creole
goat populations from 10 countries and also the

possible influence of three commercial
transboundary breeds of worldwide distribution,
which is relevant for the manage- ment and
conservation of these important farm animal
genetic resources. The genetic markers chosen

follow FAO recommendations for genetic diversity
studies, with a total number of alleles greater
than four (except for ETH225, MAF209 and SPS115)
and no null alleles detected at significant
frequencies. The 21 STR markers used detected high
levels of genetic diversity, with a total of 236
alleles observed across the 27 goat populations
analyzed, and proved efficient for investigating
the genetic relationships and population structure
of Creole goats.

We observed an important level of within-breed
genetic diversity in the Creole goats tested
(means for Ho = 0.585 and He = 0.638). Although
it is difficult to make compar- isons with other
studies that wused different STR markers, the
overall genetic diversity of Creole goats was
analogous to that of their Central and North
European counterparts (Ho = 0.594 and He = 0.654)
but lower than that estimated for East and Central
Mediterranean goats (Ho = 0.663 and He = 0.737),
as reported by Canon et al. (2006). When compared
to the presumed ancestral goat breeds of the
Iberian Peninsula (Ho = 0.610 and He = 0.650),
Creole populations show slightly lower levels of
genetic diversity than do their Western European
counterparts (Martinez et al. 2015). The somewhat
low mean values of parameters assessing the
overall diversity of Creole goats, particularly
for allelic richness (Rt = 3.01) can be explained,
in part, as the repercussion of the extremely
low diversity found in breeds from San Clemente
and Galapagos islands (Rt € 2.1 and Ho € 0.400),
which is undoubtedly a consequence of genetic
drift and inbreeding. But it can be expected that
for other Creole breeds a strong founder effect
and subsequent bottleneck events may have
occurred, as few animals originating from the
Iberian Peninsula reached the Antilles in the 15th
century and had an exponential growth afterwards.
Subsequent founder effects can probably be
associated with the selection of some of these
animals to colonize the continent in three
directions (Primo 1992): to Veracruz (Mexico) and
from there towards the north of the continent; to
Panama and then towards Central America and the
northern region of the Vice Kingdom of Peru; and

© 2017 Stichting International Foundation for Animal Genetics, doi: 10.1111/age.12529
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from southern Peru towards R'io de ©La Plata
(although an alternative route of goat
introduction in Patagonia by sea through Valdivia
in Chile is considered; see Bandieri et al. 1993).
Also, the Portuguese used the so-called capitanias
to introduce goats in Brazil along the coast.
Despite the heterogeneous origins of Creole goats,
over time a few founder animals dispersed and
were used to create new breeds well adapted to
the distinct and often extreme environments of the
Americas. Since the 19th century, the replacement
of some Creole goat populations by trans- boundary
commercial breeds, following model breeding

programs developed in Europe, resulted in the
current threatened status of many populations.
This scenario can further explain the lower
diversity detected here when compared to goats

from other regions, such as the Middle East
(Canon et al. 2006; Agha et al. 2008; AWao¥lu &
Ertuyrul 2012; Mahmoudi et al. 2014), Asia (Li et
al. 2002; Fatima et al. 2008; Dixit et al. 2012)
and West Africa (Traor'e et al. 2009; Missohou et
al. 2011). The few studies on Latin American goats
reported similar overall values for the diversity
parameters estimated in our study (Menezes et al.
2006; Oliveira et al. 2010; Calvo et al. 2012;
Chacén et al. 2012; Ribeiro et al. 2012;
Aranguren-M'endez et al. 2013). We observed that,
for several Creole goat popula- tions, there was
a large number of loci showing deviations from HWE
(i.e. heterozygote deficit) along with significant
Fis estimates (in some cases >12%) which can be
due to inbreeding and/or within-breed
substructure, i.e. a Wahlund effect (Hartl & Clark
1997) associated with subdivided populations (for
example, in some Creole breeds it is common to
find large isolated herds).

Our results provide a broad perspective on the
extant genetic diversity and population structure
of Creole goats and to some extent can be
interpreted as reflecting the mode of goat
colonization in the Americas and the subsequent
dilution resulting from crossbreeding with
transboundary commercial breeds observed in a few
Creole populations. We found some patterns of
clear geographical structure, with strong
consistency between genetic distances among breeds
and the Bayesian STRUCTURE analyses. For example,
the Neighbor-Net graph showed a clear separation
of the Brazilian and Argentinean breed groups
relative to the remaining populations, which was
supported by the clusters defined with STRUCTURE.
The average Fgt estimates also support a high
level of breed differentiation among Creole goat
populations, even when the highly divergent San
Clemente and Galapagos island goats are excluded
from the analyses, with an estimated Fgt = 11%,
which is larger than the overall Fgt value of 7%
reported by Canon et al. (2006) for Northern
European, Mediterranean and Middle Eastern goat
breeds.

The observed level of genetic differentiation
among goat populations from the various Latin
American regions could possibly be associated with
the two distinct colonization routes of the
Spanish (Rodero et al. 1992) and the
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SNP arrays have been
developed for several

inAlinAdin~ ~AD

autosomal and Y-chromosomal

livestock species,
(Tosser-Klopp gt al.
d;sgped significantly, making it possible to carry
;n;l;;:gLat the population level with a large
EEEESVQEZﬂ;Eknome markers as well as next-

~anavatian

2014), and the genotyping

genome sequencing will allow for more refined
analyses in
QQEESS et al. 2014) to investigate adaptation traits
é2"3f7v5015) and to disclose evolutionary signatures
EBSErYELLe to a better understanding of their
ﬁI§§S§1§§f1ES goats, SNP arrays have been used for

testlng (Talentl et al. 2016), to investigate

farm animals (Lenstra et al. 2012;

~AmAr i~ AdtrAared b

and population structure (Nicoloso et al. 2015;
7icear at+ al

2016) and to detect selection signatures

[ Dirvrran at+ a2l

2016; Kim et al. 2016). However, whole-genome

aND
analysis in Creole goats is still lacking.

This study is the first attempt towards a
genetzénkEE;;acterlzatlon of
E;;dingsnlndlcate that the observed levels of
S?énEbl'ﬁigﬁmﬁﬁéh compared with breeds from other
SEFEhe world, possibly as a consequence of Creole
ESEEﬁe;"éﬁéy from the domestication center and

ing the last stages of dispersal and evolution but

American Creole

alen Ana +A

founder effects related to the
colonization process
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underlying their origin. In general, Creole breeds Bruford M.W., Ginja C., Hoffmann I. et al. (2015)
represent well-differentiated entities and require Prospects and challenges for the conservation of
measures aimed at their conservation and sustainable farm animal genomic resources, 2015—-2025.
utilization. Dilution from admixture with commercial Frontiers in Genetics 6, 314.
transboundary  breeds appears to be negligible in Bruno-de-Sousa C., Martinez A.M., Ginja C., Santos-
most Creole breeds, but the majority of them Silva F., Carolino M.I., Delgado J.V. & Gama L.T.
displays significant levels of inbreeding. The (2011) Genetic diversity and population structure
genetic relationships among Creole breeds and the in Portuguese goat breeds. Livestock Science 135,
geographical patterns of genetic structure observed 131-9.
could reflect the effects of the alleged routes of Burren A., Neuditschko M., Signer-Hasler H.,
expansion throughout the American continent during Frischknecht M., Reber I., Menzi F., Drogemuller
the colonization process, but a comprehensive study C. & Flury C. (2016) Genetic diversity analyses
that includes goat breeds of Iberian and African reveal first insights into breed-specific selection
origin 1is necessary to clarify the influence that signatures within Swiss goat breeds. Animal Genetics
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