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ABSTRACT. The aim of this study was to access the genetic diversity 
and relatedness between Canindé and British Alpine goat breeds in the 
States of Piauí and Ceará using microsatellite markers. Genomic DNA 
was isolated from hair samples of 99 goats belonging to six different 
flocks. A panel of polymorphic heterologous microsatellite loci was 
used to genotype individuals. The microsatellite markers resulted in a 
total number of 145 alleles, with an average of 8.5 alleles per locus. 
The observed and expected heterozygosities were ≥0.687 and ≥0.627, 
respectively, for all loci. The polymorphic information content showed 
that all loci were highly informative with an overall mean of 0.757. 
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Overall FST across all populations and loci was 18%, which was 
consistent with the coefficient of gene differentiation (GST = 0.104). 
AMOVA revealed that 12.8% of the variation was captured between 
breeds. The Bayesian STRUCTURE clustering detected the maximum 
likelihood for a model of two genetically distinct groups, in agreement 
with the number of predefined studied breeds and the two-dimensional 
plot from the PCoA analysis. The exotic British Alpine breed and the 
naturalized Brazilian Canindé breed were clearly differentiated by the 
microsatellite markers, indicating that these two breeds have distant 
genetic identities, despite the phenotypic similarity.
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INTRODUCTION

Portuguese and Spanish settlers introduced many livestock breeds in Brazil shortly 
after discovery. These farm animals have been submitted to a long process of natural selection 
over many generations that produced locally adapted population of goats that showed, for 
example, high survival capacity associated with a high prolificity, even under the adverse 
climatic conditions of Northeastern Brazil (McManus et al., 2010).

The major naturalized goat breeds and locally adapted ecotypes raised in the Northeast 
region are Moxotó, Canindé, Marota, Repartida, Gurguéia, Azul, and Nambi (Lôbo et al., 
2010). Among these, the Canindé goat stands out for being one of the two recognized breeds 
in Brazil, according to the Brazilian Ministry of Agriculture (Santos, 2003). These animals are 
rustic and well adapted to harsh environment, show desirable traits such as disease resistance 
and fecundity and a significant potential for milk production (McManus et al., 2010). Therefore, 
naturalized goats play an important socio-economic role for the low-income population with a 
strong rural background in the Northeast region. This Brazilian region, currently concentrate 
90.3% of the national caprine herd (IBGE, 2012).

Undesigned crossbreeding involving exotic breeds or even other naturalized breed is 
threatening the goat genetic diversity and, consequentially, leading to the Brazilian local breed 
extinction (Araújo et al., 2006). As a result, the conservation of naturalized breeds and locally 
adapted ecotypes has been defended not only because of the important genetic variability of 
these animals, but also due to its contribution to rural development, especially for smallholder 
goat farmers (Lôbo et al., 2010). Therefore, a considerable effort focused on conservation studies 
is being devoted to these animals (Ribeiro et al., 2004; Menezes et al., 2006; Rocha et al., 2016).

In this context, molecular markers are essential as a tool in conservation and genetic 
improvement programs, assisting in the estimation of genetic distances between populations 
and among individuals and in the genetic diversity and relatedness analysis within and between 
naturalized, exotic purebreds, and crossbred goats (Dixit et al., 2012).

Due to the great phenotypic similarity, it is hypothesized that British Alpines have 
given rise to Canindé goats (Nunes et al., 1997). Despite to their importance within rural 
smallholder farming systems in the Northeast region, little is still known about the genetic 
relationships between these two breeds, and therefore, the objective of this study was to 
determine the genetic diversity and relatedness between herds of Canindé and British Alpine 
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goats in the States of Piauí and Ceará using heterologous microsatellite loci. The results from 
this study would also provide valuable information for the Ministry of Agriculture, in the 
sense that additional knowledge support will be added to the phenotypic survey previously 
conducted (Santos, 2003) for recognition of Canindé goats as a naturalized breed.

MATERIAL AND METHODS

Sampling and DNA extraction

A total of 99 goats were randomly sampled from two different breeds: British Alpine 
(N = 46) and Canindé (N = 53) (Figure 1). Animals were collected from farms located in the 
Brazilian Northeast region in the States of Piauí and Ceará (Figure 2 and Table 1). Ethical 
approval (No. 6305558/2014) for the study was obtained from the Ethics Committee for 
Animal Research of the Federal University of Ceará, Brazil.

Figure 1. Representative animals of the British Alpine (left) and Canindé (right) breeds (from personal photo collection).

Figure 2. Map of sampling sites for goat breeds in Brazil.
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Genomic DNA was extracted from hair bulbs (10-15) following the standard HotSHOT 
protocol as described by Truett et al. (2000). Alkaline lysis buffer was heated to 95°C for 20 
min; then, samples were cooled to 4°C and pH adjusted to 5 with 40 mM Tris-HCl. DNA was 
quantified using a NanoDrop 1000 Spectrophotometer (Thermo Scientific) and quality was 
checked using electrophoresis on 1% agarose gels.

Microsatellite genotyping

A set of 20 microsatellite loci (Table 2) was selected based on the guidelines of 
ISAG/FAO’s Domestic Animal Diversity Information System - Measurement of Domestic 
Animal diversity (DADIS-MoDAD) programmed to generate genotype data of 99 animals. 
Microsatellite loci were amplified via polymerase chain reaction (PCR), which was carried 
out in about 25 ng genomic DNA in a 10-µL reaction volume. The reaction mixture consisted 
of 1.85-3.0 mM MgCl2, 0.8 mM dNTPs, 0.5 µM (each primer) and 1 U Taq DNA polymerase. 
All amplifications were run in a Veriti 96-well Thermal Cycler (Applied Biosystems) using 
the PCR temperature profile indicated in Table 2. The amplification products were screened 
by silver nitrate detection on denatured 6% polyacrylamide gels. A 10-bp ladder (Invitrogen) 
was used as a size standard for sizing PCR products.

Statistical analysis

The genotype data were initially analyzed using Micro-Checker v. 2.2.3 (Van 
Oosterhout et al., 2004) to test for the presence of null alleles, large allele dropout, and scoring 
errors by stuttering. Observed and expected heterozygosities (HO and HE) and the polymorphic 
information content (PIC) were determined using Cervus v. 3.0.3 (Marshall et al., 1998). 
Allelic richness (AR) was calculated by Fstat v. 2.9.3.2 (Goudet, 2002). Deviations from 
Hardy-Weinberg equilibrium (HWE) and tests for linkage disequilibrium were conducted 
using the Genepop web-based software v.4.0.10 (Raymond and Rousset, 1995). Sequential 
Bonferroni adjustments were applied when multiple-pairwise tests were performed to assess 
statistical significance (P < 0.05).

Fixation indices were estimated using GenAlEx v. 6.5 (Peakall and Smouse, 
2012) and Arlequin v.3.5.2.2 (Schneider et al., 2000). Analysis of molecular variance 
(AMOVA) was performed using Arlequin at two hierarchical levels of structure including 
all populations as a single group, at first, and then grouping populations according to the 
belonging breeds. Confidence intervals for fixation indices were generated by bootstrapping 
over loci (20,000 replicates).

Table 1. List of the goat populations studied with total number of individuals collected in parentheses and their 
respective location coordinates.

Breed (N) Brazilian state City (Code) Geographic location Number of genotypes 
Canindé (53) Ceará Fortaleza (UECE) 3°78'56''S; 38°55'33''W 3 

Ceará Fortaleza (UFC) 3°75'49''S; 38°55'54''W 8 
Piauí Elesbão Veloso (ELV) 6°24'44''S; 42°15'27''W 42 

Alpina Britânica (46) Ceará Eusébio (EUS) 3°89'88''S; 38°45'21''W 9 
Ceará Quixadá (QUI) 4°96'43''S; 39°01'12''W 20 
Ceará Jaguaribe (JAG) 5º89'72''S; 38°62'98''W 17 
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A Bayesian clustering analysis, admixture model, was performed to infer possible 
differentiation between goat breeds using the Structure v.2.3.4 software (Pritchard et al., 
2000). The program was set up for 1,000,000 Markov chain Monte Carlo repetitions after 
an initial burn-in of 500,000 steps. The estimate of the best K was calculated based on 10 
replications for each K (from 1 to 6) as described by Evanno et al. (2005) using Structure 
Harvester v.0.6.1 (Earl and VonHoldt, 2012). The Clumpp v.1.1.2 program (Jakobsson and 
Rosenberg, 2007) was used to align the 10 repetitions of the best K. The Distruct v.1.1 
program (Noah, 2004) was applied to graphically display the results produced by Clumpp. 
The genetic relationship between breeds and populations was also analyzed using principal 
coordinate analysis (PCoA) and a genetic distance matrix using GenAlEx.

The genetic relationship between Canindé and British Alpine goat breeds and among 
populations was also investigated by an unweighted pair-group method using arithmetic 
averages (UPGMA) of Nei’s genetic distance. The Past v.3.11 software (Hammer et al., 2001) 
was used to construct the tree based on the genetic relationships generated in the distance 
matrix. To examine the confidence level of nodes (topology tree) derived from the phylogenetic 
analysis, 1000 bootstrap replications of the original set of data were performed.

RESULTS

Genetic diversity and polymorphism among loci

All twenty pairs of microsatellite primers amplified consistent and well-defined 

Table 2. Markers and chromosome (chr.) location, primer sequence, experimental parameters used for the 
amplification of 20 microsatellite loci, allele size range (bp) detected, and their GenBank accession number.

Locus Chr. location Primer sequence (5’-3’) MgCl2 (mM) Buffer (10X) PCR profile Allele size 
range (bp) 

GenBank 
accession No. 

*ILSTS087a BTA6 F: CTGCCTCTTTTCTTGAGAGC 
R: AGGAATATCTGTATCAACCGCAGTC 

1.875 1.25 94°C-3’; 35X (94°C-40”; 55°C-40”; 72°C-40”); 
72°C-7’; 12°C 

135-153 L37279 

INRA 172a BTA26 F: CCACTTCCCTGTATCCTCCT 
R: GGTGCTCCCATTGTGTAGAC 

1.875 1.25 94°C-3’; 35X (94°C-40’’; 55°C-40’’; 72°C-40’’); 
72°C-7’; 12°C 

136-152 X74205 

OarFcb48a OAR17 F: GAGTTAGTACAAGGATGACAAGAGGCAC 
R: GACTCTAGAGGATCGCAAAGAACCAG 

1.875 1.25 94°C-3’; 35X (94°C-40’’;55°C-40’’; 72°C-40’’); 
72°C-7’; 12°C 

152-164 M82875 

INRA35c 16 F: TTGTGCTTTATGACACTATCCG 
R: ATCCTTTGCAGCCTCCACATTG 

2.0 1.25 94°C-3’; 30X (94°C-40’’; 46°C-40’’; 72°C-40’’); 
72°C-7’; 12°C 

100-124 X68049 

INRA005c 12 F: CAATCTGCATGAAGTATAAATAT 
R: CTTCAGGCATACCCTACACC 

2.0 1.25 94°C-3’; 30X (94°C-40’’; 46°C-40’’; 72°C-40’’); 
72°C-7’; 12°C 

125-155 X63793 

HAUT27c 26 F: AACTGCTGAAATCTCCATCTTA 
R: TTTTATGTTCATTTTTTGACTGG 

2.0 1.25 94°C-3’; 30X (94°C-40’’; 40°C-40’’; 72°C-40’’); 
72°C-7’; 12°C 

125-160 X89252 

INRA023a 3 F: GAGTAGAGCTACAAGATAAACTTC 
R: TAACTACAGGGTGTTAGATGAACTC 

1.875 1.25 94°C-3’; 35X (94°C-40’’; 55°C-40’’; 72°C-40’’); 
72°C-7’; 12°C 

197-215 X67830 

*ILSTS011a OAR 9 F: GCTTGCTACATGGAAAGTGC 
R: CTAAAATGCAGAGCCCTACC 

1.875 1.25 94°C-3’; 35X (94°-40’’; 55°C-40’’; 72°C-40’’); 
72°C-7’; 12°C 

262-280 L23485 

ILSTS019c Ann F: AAGGGACCTCATGTAGAAGC 
R: ACTTTTGGACCCTGTAGTGC 

2.0 1.25 94°C-3’; 30X (94°C-40’’; 46°C-40’’; 72°C-40’’); 
72°C-7’; 12°C 

144-156 L23492 

ETH225c 9 F: GATCACCTTGCCACTATTTCCT 
R: ACATGACAGCCAGCTGCTACT 

3.0 1.25 94°C-3’; 40X (94°C-40’’; 48°C-40’’; 72°C-40’’); 
72°C-7’; 12°C 

135-250 Z14043 

INRA63a 18 F: ATTTGCACAAGCTAAATCTAACC 
R: AAACCACAGAAATGCTTGGAAG 

2.0 1.25 94°C-3’; 30X (94°C-40’’; 50°C-40’’; 72°C-40’’); 
72°C-7’; 12°C 

153-185 X71507 

HEL9c 8 F: CCCATTCAGTCTTCAGAGGT 
R: CACATCCATGTTCTCACCAC 

3.0 1.25 95°C-15’; 40X (94°C-40’’; 46°C-40’’; 72°C-40’’); 
72°C-7’; 12°C 

90-110 X65214 

CSRM60c 10 F: AAGATGTGATCCAAGAGAGAGGCA 
R: AGGACCAGATCGTGAAAGGCATAG 

2.0 2.0 94°C-5’; 10X (94°C-40”; 56°C[-1.0°C/cycle]-40”; 72°C-40”); 
30X (94°C-40”; 46°C-40”; 72°C-40”); 72°C-7’; 12°C 

75-110 AF232758 

ILSTS005a 10 F: GGAAGCAATGAAATCTATAGCC 
R: TGTTCTGTGAGTTTGTAAGC 

2.0 1.25 94°C-5’; 10X (94°C-40’’; 56°C [-1.0°C/cycle]-40’’; 
72°C-40’’); 30X (94°-40’’; 46°C-40’’; 72°C-40’’); 
72°C-7’; 12°C 

176-194 L23481 

*BM1824b 1 F: GAGCAAGGTGTTTTTCCAATC 
R: CATTCTCCAACTGCTTCCTTG 

2.0 1.25 94°C-5’; 10X (94°C-40’’; 56°C [-1.0°C/cycle]-40’’; 72°C-
40’’); 30X (94°C-40’’; 46°C-40’’; 72°C-40’’); 72°C- 7’; 12°C 

170-218 G18394 

ILSTS030d 2 F: CTGCAGTTCTGCATATGTGG 
R: CTTAGACAACAGGGGTTTGG 

1.5 1.25 94°C-5’; 10X (94°C-40’’; 59°C [-1.0°C/cycle]-40’’; 72°C-
40’’); 40X (94°C-40’’; 49°C-40’’; 72°C-40’’); 72°C- 7’; 12°C 

146-158 L37212 

ILSTS006c 7 F: TGTCTGTATTTCTGCTGTGG 
R: ACACGGAAGCGATCTAAACG 

3.0 1.25 94°C-5’; 10X (94°C-40’’; 56°C [-1.0°C/cycle]-40’’; 72°C-
40’’); 40X (94°C-40’’; 46°C-40’’; 72°C-40’’); 72°C-7’; 12°C 

277-309 L23482 

ETH10a 5 F: GTTCAGGACTGGCCCTGCTAACA 
R: CCTCCAGCCCACTTTCTCTTCTC 

3.0 2.0 94°C-5’; 10X (94°C-40’’; 56°C [-1.0°C/cycle]-40’’; 72°C-
40’’); 40X (94°C-40’’; 46°C-40’’; 72°C-40’’); 72°C- 7’; 12°C 

200-230 Z22739 

INRA006c CH3 F: TGAGCTGGGGTGGGAGCTATAAATA 
R: AGGAATATCTGTATCAACCGCAGTC 

3.0 1.25 94°C-3’; 40X (94°C-40’’; 46°C-40’’; 72°C-40’’); 
72°C-7’; 12°C 

87-120 X637951 

ETH185c 17 F: TGCATGGACAGAGCAGCCTGGC 
R: GCACCCCAACGAAAGCTCCCAG 

2.0 2.0 94°C-5’; 10X (94°C-40’’; 65°C [-1.0°C/cycle]-40’’; 72°C-
40’’); 30X (94°C-40’’; 55°C-40’’; 72°C-40’’); 72°C-7’; 12°C 

110-130 Z14042 

 
aMicrosatellite locus markers developed for caprine; bovine; cbovine; dbubaline. *Microsatellite primers were 
optimized and are also listed, but excluded from subsequent analyses.
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bands across all populations. Three loci (ILSTS011, ILSTS087, and BM1824) showed strong 
evidence of null alleles with frequencies of 0.227, 0.110. and 0.323, respectively, and therefore, 
excluded from further analysis (Table 3).

Table 3. Sample size (N), number of alleles per locus (NA), allelic richness (AR), observed (HO) and expected 
heterozygosities (HE), polymorphic information content (PIC), within population fixation index (FIS), total fixation index 
(FIT), genetic divergence among populations (FST), and its analogue GST (Nei, 1973) obtained for each individual locus.

*All loci showed evidence of departure from Hardy-Weinberg equilibrium after sequential Bonferroni adjustment.

Locus* N NA AR HO HE PIC FIS FIT FST GST 
ILSTS019 82 8 6.9 1.000 0.769 0.734 -0.323 -0.284 0.029 0.015 
Oarf48 73 10 9.0 0.918 0.844 0.820 -0.167 -0.019 0.126 0.068 
INRAbern172 75 11 10.6 1.000 0.874 0.856 -0.228 -0.072 0.127 0.068 
ILSTS005 74 5 4.7 0.838 0.627 0.553 -0.387 -0.294 0.067 0.035 
CSRM60 89 9 8.7 0.798 0.870 0.850 0.018 0.139 0.123 0.066 
ILSTS030 87 11 9.1 0.897 0.769 0.734 -0.352 -0.027 0.240 0.133 
ETH225 94 9 8.4 1.000 0.829 0.803 -0.318 -0.115 0.154 0.084 
HEL9 68 9 7.4 1.000 0.828 0.798 -0.354 -0.093 0.192 0.107 
ILSTS006 82 6 5.5 0.793 0.768 0.728 -0.413 0.056 0.175 0.096 
INRA005 72 12 11.0 1.000 0.880 0.861 -0.200 -0.073 0.105 0.057 
INRA006 81 13 10.1 0.901 0.844 0.821 -0.134 -0.010 0.109 0.058 
INRA23 67 6 4.9 0.687 0.698 0.631 -0.510 0.279 0.523 0.364 
INRA35 80 9 8.7 1.000 0.833 0.808 -0.324 -0.110 0.169 0.094 
INRA63 64 8 6.7 0.984 0.775 0.736 -0.304 -0.241 0.048 0.025 
ETH10 83 7 5.4 1.000 0.771 0.726 -0.871 0.000 0.465 0.304 
HAUT27 73 8 7.7 0.822 0.840 0.813 -0.035 0.071 0.103 0.055 
ETH185 96 4 4.0 1.000 0.653 0.595 -0.805 -0.337 0.259 0.148 
Total/mean - 8.5 7.6 0.920 0.785 0.757 -0.320 -0.066 0.180 0.104 

 

The microsatellite panel resulted in a total number of 145 alleles, with an average 
of 8.5 alleles per locus. The most polymorphic loci were INRA006 (13), INRA005 (12), 
ILSTS030 (11), INRAbern172 (11), and ETH10 (4) was the least polymorphic locus. Allelic 
richness, a measure of genetic diversity that takes account of sample size, was in the range of 
4 (ETH185) to 11 (INRA005), with an average for each locus of 7.6.

The HO and HE, commonly used measures of genetic diversity at a single locus, were 
>0.687 and >0.627, respectively, for all markers. The average HO (0.920) was higher than the 
HE (0.785), indicating an excess in heterozygosity.

HE was highest for INRA005 (0.880), which was in accordance with the results for 
allelic richness (11) and PIC (0.861). Least HE was shown by ILSTS005 (0.627), which showed 
the least PIC value (0.553) also. All loci showed statistically significant deviations from HWE.

The PIC showed that all loci were highly informative (PIC > 0.500) indicating the high 
level of polymorphism across the loci with an overall mean of 0.757. The Wright’s fixation 
index (FIS) was negative for all markers across populations, except CSRM60 that showed a 
value close to zero (0.018). FIS varied from -0.035 (HAUT27) to -0.871 (ETH10). This result 
corroborates the higher HO levels (HO > HE) across most loci. FIT ​​was also negative for 12 of 
17 loci with an average of -0.066.

The genetic differentiation statistics for each locus ranged from 0.029 to 0.523 for 
FST and from 0.015 to 0.364 for GST. Overall FST across all populations and loci was 18%, 
which was consistent with the coefficient of gene differentiation (GST = 0.104), both showing 
pronounced differentiation among populations (Table 3).

Genetic diversity between breeds

When genetic diversity parameters were compared between individual breeds 
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separately (Table 4), the lowest means for number of alleles and for allelic richness were 
found in British Alpine, 5.5 and 5.4, respectively. A total of 94 alleles were obtained for 
British Alpine and 105 alleles for Canindé. Alleles varied from 2 to 10 in British Alpine and 
in Canindé breeds.

Table 4. Sample size (N), number of alleles per locus (NA), allelic richness (AR), observed (HO) and expected 
heterozygosities (HE), within population fixation index (FIS) and polymorphic information content (PIC) 
obtained for each individual locus for breeds separately.

*All loci showed evidence of departure from Hardy-Weinberg equilibrium after sequential Bonferroni adjustment.

Locus* British Alpine Canindé 
N NA AR HO HE FIS PIC N NA AR HO HE FIS PIC 

ILSTS019 41 8 7.6 1.000 0.781 -0.284 0.742 41 5 5.0 1.000 0.736 -0.364 0.686 
Oarf48 37 6 5.9 1.000 0.756 -0.329 0.707 36 9 8.4 0.833 0.821 -0.015 0.786 
INRAbern172 40 6 5.9 1.000 0.780 -0.287 0.736 35 9 8.5 1.000 0.858 -0.168 0.827 
ILSTS005 36 2 2.0 1.000 0.507 -1.000 0.375 38 5 5.0 0.684 0.702 0.025 0.647 
CSRM60 45 7 6.9 0.867 0.809 -0.071 0.774 44 7 6.6 0.727 0.815 0.108 0.778 
ILSTS030 39 10 9.5 0.769 0.864 0.110 0.836 48 2 2.0 1.000 0.505 -1.000 0.375 
ETH225 44 5 4.9 1.000 0.716 -0.404 0.657 50 7 6.9 1.000 0.801 -0.251 0.763 
HEL9 31 5 4.6 1.000 0.684 -0.473 0.607 37 7 6.4 1.000 0.791 -0.269 0.746 
ILSTS006 42 5 4.8 0.738 0.751 0.017 0.696 40 5 4.6 0.850 0.635 -0.344 0.560 
INRA005 26 6 6.0 1.000 0.765 -0.315 0.708 46 10 9.8 1.000 0.875 -0.144 0.851 
INRA006 38 7 6.3 1.000 0.789 -0.271 0.743 43 10 8.6 0.814 0.801 -0.015 0.764 
INRA23 27 5 4.9 0.222 0.333 0.336 0.314 40 3 3.0 1.000 0.542 -0.864 0.427 
INRA35 35 3 3.0 1.000 0.611 -0.652 0.523 45 8 8.0 1.000 0.872 -0.148 0.847 
INRA63 26 7 7.0 1.000 0.750 -0.342 0.693 38 5 5.0 0.974 0.764 -0.278 0.713 
ETH10 42 3 2.9 1.000 0.550 -0.837 0.439 41 4 3.3 1.000 0.530 -0.906 0.410 
HAUT27 36 6 5.9 0.806 0.776 -0.038 0.733 37 7 6.9 0.838 0.812 -0.032 0.774 
ETH185 46 3 3.0 1.000 0.617 -0.633 0.534 50 2 2.0 1.000 0.505 -1.000 0.375 
Mean - 5.5 5.4 0.906 0.696 -0.322 0.636 - 6.2 5.9 0.925 0.727 -0.333 0.666 

 

The mean HO over the 17 loci was 0.906 for British Alpine and 0.925 for Canindé, 
which were higher than the mean HE (0.696 and 0.727, respectively) for both breeds. HO 
values were higher than 0.700 in 16 of the 17 genotyped loci (94.11%), with the exception of 
ILSTS005 (0.684) for Canindé and INRA023 (0.222) for British Alpine.

For the Canindé goat breed, HO was larger than HE in 15 of the 17 loci (76.47%), 
except loci ILSTS005 (0.684 < 0.702) and CSRM60 (0.727 < 0.815). For the British Alpine, 
HO was higher in 14 loci. HE was higher in loci ILSTS030 (0.78 < 0.864), ILSTS006 (0.738 
< 0.751), and INRA023 (0.222 < 0.333). The HE was higher than 0.500 for both goat breeds, 
exception made for Canindé goats in locus INRA023 (0.333). All 17 loci showed significant 
departures from HWE for the investigated breeds (Table 4).

As expected, PIC values remained as an indicative of the high polymorphic nature of the 
genotyped microsatellite loci in both breeds, with mean values higher than 0.636 (highly informative).

Within-population inbreeding estimate FIS was significantly negative in 15 of 17 loci, 
and mean values were of similar magnitude for British Alpine (-0.322) and Canindé (-0.333), 
in agreement with the observed excess of heterozygotes.

AMOVA indicated that almost 18.4% of the variation was accounted for by variation 
among the populations, while -23.88% of the variation was due to among individuals within 
populations (Table 5). From components of AMOVA across all populations only FST was 
found to be highly significant (P < 0.01). Interspecific variability indicated that 12.8% of the 
variation was captured between breeds.

Variability was partitioned among different hierarchical levels. The covariance between 
breeds (ϕCT) was estimated at 0.128 (0.07104 to 0.19279 95%CI over 20.000 bootstrap replications), 
covariance among populations within breeds (jSC) at 0.11757 (0.09228 to 0.14333 95%CI), and 
covariance among individuals within populations (jST) at -0.370 (-0.45746 to -0.29326 95%CI). 
Global estimations for ϕCT and jSC were statistically significant (P < 0.05).
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The ad hoc statistic ∆K, used to infer the true number of clusters (K) that capture 
the major structure of the dataset, revealed that the best K value was K = 2, with very 
strong signal (∆K > 1500), as seen in Figure 3. Therefore, using the model-based Bayesian 
clustering analysis, the two breeds could be assigned separately in very distinct clusters and 
did not share any significant common genetic pattern (Figure 4). AMOVA results provided 
the highest among population variance component for the two-breed partition in support of 
the STRUCTURE analysis, although FST values differed little among the two-breed grouping 
tested here (Table 5).

Table 5. Global locus-by-locus analysis of molecular variance (AMOVA) as a weighted average over all 
polymorphic loci.

Group of samples Source of variation SS VC Variation (%) Fixation index 
Non-grouped Among populations 110.474 1.36160 18.37 FST = 0.18374* 

(0.11746 to 0.26968 99%CI) 
Among individuals within populations 326.244 -1.76943 -23.87716 FIS = -0.29252 

(-0.41951 to -0.18898 99%CI) 
Within individuals across all populations 617.500 7.81836 105.50336 FIT = -0.05503 

(-0.13891 to 0.03232 99%CI) 
Canindé vs British Alpine Between breeds 110.474 0.95082 12.81681 FCT = 0.12817* 

(0.07104 to 0.19279 95%CI) 
Among populations within breeds 67.684 0.76039 10.24993 FST = 0.11757* 

(0.09228 to 0.14333 95%CI) 
Among individuals within populations 258.560 -2.11104 -28.45635 FSC = -0.36988 

(-0.45746 to -0.29326 95%CI) 
 SS, sum of squares; VC, variance components; FST, variance among populations; FST, fixation index within 

populations; FSC, fixation index among populations within groups; FCT, fixation index between groups. *Significant 
at P < 0.05 after a random permutation test (20,000 permutations).

Figure 3. Determination of the best number of clusters from STRUCTURE analysis for microsatellite loci in goat 
populations.
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PCoA was also applied using allele frequencies of all the variable loci to represent the 
individual relationships between populations, as shown in Figure 5. As can be seen, there is a 
neat separation of the two breeds, and only one outlier, an individual that moved away from 
the ideal grouping area, was observed for the British Alpine breed. All Canindé goats clustered 
in a very homogeneous area, forming a tight cluster with no scatter.

Figure 4. Bar plots from inferred population structure using the Bayesian grouping admixture model-based 
program STRUCTURE (K = 2).

Figure 5. Scatter-plot of the principal coordinate analysis (PCoA) based on allele frequency of goat populations. 
Canindé genotypes (closed squares); British Alpine genotypes (empty squares).

An UPGMA phenogram generated by a matrix of Nei’s genetic distances corrected for 
small populations is presented in Table 6. Distances between populations in the same breed 
ranged from 0.289 (UFC x UECE) to 0.578 (ELV x UECE) for Canindé and 0.249 (JAG x QUI) 
to 0.522 (JAG x EUS) for British Alpine. The less divergent population from British Alpine in 
relation to the Canindé breed (UECE) was that from QUI (DC = 0.101). QUI (British Alpine) and 
UFC (Canindé) were the most genetically distant populations between these breeds.

The tree from inter-population genetic distance using UPGMA algorithm displayed 
two well-defined clusters, obtained at a distance of 2.22, for the investigated breeds (Figure 6), 
which highlights that British Alpine and Canindé are characterized by homogeneous genetic 
patterns each. The populations belonging to the different breeds were placed accordingly 
within each clade with high bootstrap support values for the nodes.
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DISCUSSION

The conservation of flanking regions of microsatellite sequences between 
phylogenetically related species allowed the use of heterologous primers to amplify markers 
for estimating the genetic diversity and relatedness between the Canindé and British Alpine 
goat breeds. Cross-species transfer of microsatellite markers has been reported in several 
animal domestic species. For instance, Rocha et al. (2016) found a cross-amplification rate 
around 70% for sheep and cattle microsatellite markers in goats. In our study, 60% of all 
markers used to amplify goat microsatellites were from different Bovidae species, which also 
showed high-quality cross-amplification and polymorphism.

The overall mean number of alleles per locus for Canindé (5.9) and British Alpine 
(5.5) breeds obtained from genotyping was within the ISAG/FAO recommendations (FAO, 
1993) to characterize genetic diversity, which is suggested to be at least four alleles per 

Table 6. Nei’s genetic distance between Canindé and British Alpine populations.

Breed Population Canindé British Alpine 
UFC ELV EUS QUI JAG 

Canindé UECE 0.289 0.578 0.971 0.101 0.151 
UFC  0.372 1.147 1.154 1.469 
ELV   0.872 0.803 1.145 

British Alpine EUS    0.236 0.522 
QUI     0.249 

 

Figure 6. Unrooted UPGMA tree constructed from microsatellite loci for Canindé and British Alpine goat 
populations from Piauí and Ceará according to Nei (1972)’s genetic distance. Numbers represent the percentage of 
times that a node occurred in 1000 bootstrap replicates.
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locus. According to Barker (1994), fewer alleles (<4) could reduce the effect on standard 
error for genetic distance calculations between populations. Previous studies of indigenous 
Brazilian breeds showed large variation in numbers of alleles, with averages varying from 3.5 
to 9.6 (Araújo et al., 2006; Menezes et al., 2006). For Britsh Alpine goats, mean number of 
microsatellite alleles was earlier found to be 6.84 ± 2.08 (Bosman et al., 2015).

Highly polymorphic microsatellite markers are critical for genetic variation analysis in 
conservation genetic studies, as the presence of multiple alleles within a locus is an indication 
of variation, which in turn ensures a set of representative data. A locus is considered highly 
polymorphic if its heterozygosity is greater than 0.70 (Ott, 1992). In this study, the majority 
(94.11%) of microsatellite loci were highly polymorphic (HO/HE > 0.7) in the whole population 
composed by the pooled samples.

The mean observed heterozygosity estimation in this study for both Canindé and 
British Alpine (0.925 and 0.906, respectively) is higher than reported in Brazilian naturalized 
and exotic purebred domestic goats, from 0.320 to 0.460 (Oliveira et al., 2007), probably due to 
the fact that the choice for microsatellite markers was substantially different, which produced 
different results, and/or the presence of non-amplified alleles, as no test for the presence of 
nulls or scoring errors was performed in their study. Nevertheless, high HO values (i.e., 0.880 
< HO < 0.980) are also reported in the literature for other goat breeds at different microsatellite 
loci (Araújo et al., 2006; Oliveira et al., 2010; Bulut et al., 2016). The mean values of observed 
and expected heterozygosities in the breeds analyzed were high (≥0.696; Table 4), suggesting 
a high genetic variability.

The differences between observed and expected heterozygosities, giving negative 
or close to 0, FIT and FIS values are often explained by balancing selection at a locus, 
operating through overdominance, negative assortative mating, and/or as an asymmetrical sex 
migration that produced an outbreeding effect in the progeny (Parreira and Chikhi, 2015). As 
overdominance is usually locus-specific, it is unlikely to explain the excess of heterozygotes 
across most microsatellite loci in the present study. Most microsatellite loci, except CSRM60, 
INRA23, and HAUT27, contributed to the overall global excess of heterozygotes within 
pooled populations of the studied breeds. Therefore, the introduction of genotypes from other 
goat populations with divergent allele frequencies in male and female parents as a specific 
management system or translocation, with the intent to improve the productive indexes of 
the herds or, when is the case, to reduce inbreeding avoiding mates between closely related 
animals is a more likely explanation. Male and female breeder allele frequency differences 
in small randomly mating populations can also be due to binomial sampling error (Allendorf 
and Luikart, 2007). The negative values of mean FIS in British Alpine (-0.322) and Canindé 
(-0.333) goats, supported by the high levels of average observed heterozygosity exhibited by 
both breeds, is an evidence that mating between less closely related individuals is common.

Most of the loci in this study were significantly deviated from HWE across all 
individuals (Table 3) and within studied goat breed (Table 4). In order for a population to be 
in HWE this population should be very large in size, with random mating or no preference 
for particular genotypes, and in the absence of migration of breeding individuals among 
populations, of mutation and natural selection (Hardy-Weinberg law). Consequently, both allele 
and genotype frequency will become constant from one generation to the next. Violations of 
HWE assumptions are likely to occur in molecular marker studies when it comes to domestic 
livestock breeds where artificial selection, via the process of breeding, is common. Breeding 
programs aimed to maximize genetic variability in the herd and the introduction of individuals 
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belonging to other genetically close breeds for the reproduction might also play an important 
role in departures from HWE, as changes in heterozygosities would be detected over time.

HWE deviations have also been reported in other population genetic studies on goats 
(Menezes et al., 2006; Oliveira et al., 2007; Dixit et al., 2012).

Similarly, average PIC estimates for all pooled loci (0.757) and for each individual 
breed (>0.636) was high, indicating adequacy for analyzing genetic diversity within and 
between populations. This value was comparable with the PIC of the Brazilian Moxotó and 
the Portuguese Serpentina breeds (0.720; Oliveira et al., 2010). Menezes et al. (2006) also 
found PIC estimates of similar magnitude (0.635) for Moxotó, Canindé, Serrana Azul, Marota, 
Repartida, and Graúna breeds using 27 microsatellite loci.

Despite the criticism in that FST and GST statistics may underestimate differentiation at 
high levels of heterozygosity measured by microsatellite loci (Wang, 2015), these indices are 
still considered useful measures of genetic differentiation (Whitlock, 2011). In our study, FST 
(0.18) and GST (0.10) imply a considerable degree of differentiation among goat populations 
(Table 3). FST values between 0.05 and 0.3 are typical of differentiated livestock breeds 
(Frankham et al., 2002).

Differences between goat breeds from Portugal (Serpentina) and Brazil (Moxotó) 
assessed by microsatellite markers (Oliveira et al., 2010) was estimated by an FST of 0.16, 
which is comparable to the level of differentiation obtained in our study (FST of 0.18). These 
estimates, however, are higher than what has been reported between Alpine and Saanen dairy 
goats and the naturalized Brazilian Moxotó breed (Araújo et al., 2006), between Brazilian 
naturalized, exotic purebreds and crossbred goats (Oliveira et al., 2007), and between locally 
adapted Crespa goats and the phenotypically similar Angora breed (Lopes et al., 2016).

The genetic differentiation was further confirmed by AMOVA (Table 5), which 
revealed to be significant (P < 0.05) among populations (without predefined groups) and 
between breed variation (with a hierarchical structure), and therefore, an evidence of genetic 
distinctness in the studied goat breeds. AMOVA on unstructured populations indicated that 
18.4% of the total variation could be attributed to differences among populations (AMOVA 
FST = 0.184), which corroborates the FST value (0.18) detected for all pooled populations 
(Table 3). When populations were grouped according to breeds, AMOVA attributed 12.8% 
of the total variation by differences between breeds and 10.2% among populations within 
breeds, once again, providing an additional clue for the assumed differentiation between 
British Alpine and Canindé. Among individuals within populations, variation was negative for 
the variance components and its corresponding percent variation because these estimates are 
rather covariances. Biologically this may occur, for instance, in outcrossing individuals, where 
a strong correlation can be observed between genes from different populations compared with 
genes from the same population (Schneider et al., 2000). A negative variance component 
for among individuals within populations indicated the absence of genetic structure within 
population suggesting single local populations. The high P value (P = 1.0000) for this source 
of variation indicated non-statistically significant differences in the frequencies of the marker 
examined between the targeted populations. In addition, the negative within-population 
variance components may also reflect the heterozygote excess observed in all populations 
(Table 3), which can occur in small populations and following population bottleneck events 
(Falconer, 1989).

The differentiation observed between British Alpine and Canindé was also confirmed 
by Nei’s unbiased genetic distance among populations (Table 6) and a well-supported tree 
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topology on the basis of microsatellite genotyping with two clusters clearly defined for the two 
investigated breeds (Figure 6). This graphical representation of population distances highlights 
that British Alpine and Canindé goats are characterized by contrasting genetic patterns. Our 
results are in close agreement with findings from Ribeiro et al. (2012) who separated the 
Alpine goat outgroup from the Portuguese and Brazilian breeds.

The genotypic data also revealed that within Canindé goats the sites UECE and UFC 
are the closest populations. Similarly, for British Alpine breed, the populations from QUI and 
EUS have the smallest genetic distance for all of the comparisons. This within-breed scenario 
of population distribution may be influenced by the trade of animals among farms/populations 
useful for breeding, which in turn, is facilitated by the geographical distance from nearest 
neighbor populations (Figure 2). The manipulation of herds by farm owners can result in 
distinct distribution patterns of these populations. A clear distinction was observed between 
herds from UECE and ELV for Canindé and from EUS and JAG for British Alpine, probably 
due to the fact that these populations are in rapid process of genetic dilution caused by directed 
matings inducing future genetic isolation with the purpose of increasing the production rates 
of livestock (Ribeiro et al., 2004). It is valid to mention that differences in management 
conditions and geographic peculiarities may gradually lead to genetic differentiation, and in 
Northeast Brazil, management of herds are rather different and opportunity for admixing is 
less frequent (Oliveira et al., 2010). Another fact that should be also added into this discussion 
is the local existence of a crossbreed goat commonly called Canindé that is not the same as the 
naturalized Canindé (Lôbo et al., 2010) sampled in this study.

As the effects of admixing may be overlooked in the reconstruction of phylogenetic 
relationships between breeds, we further assessed the genetic differentiation between British 
Alpine and Canindé goats with a Bayesian analysis of a classical admixture model (Figure 
4) and a principal component analysis (Figure 5). The Bayesian STRUCTURE clustering 
detected the maximum likelihood for a model of two genetically distinct groups (K = 2), in 
agreement with the number of predefined studied breeds. This result reflects what we found 
with the two-dimensional plot from the PCoA analysis in which the different individuals were 
assigned to a graphical representation. The two breeds were clearly differentiated by the first 
two coordinates, which illustrates the distinctness of the breeds. These analyses, once again 
were consistent with the results obtained with the pattern of UPGMA clustering for each 
population within breeds, confirming the expected relationship among populations from same 
breed (Figure 6). The observed congruence among the results from different strategies for 
studying the genetic differentiation between Canindé and British Alpine goats highlights the 
robustness of these results. Even though some degree of crossbreeding would be expected 
between these two phenotypically similar breeds, the idea of two evolutionary lineages is 
reinforced by these microsatellite data.

In summary, our results further support cross-species transferring of nuclear 
microsatellite markers in inferring the degree of divergence and genetic relationships of goat 
breeds, and therefore, could be useful for future breeding and conservation programs with 
the studied breeds. The microsatellite data revealed that genetic diversity is high and great 
variability exists within individuals across populations. Additionally, the imported British 
Alpine and the naturalized Brazilian Canindé have distant genetic identities, in spite of the 
great phenotypic similarity. These conclusions were supported by individual (STRUCTURE 
analysis, PCoA), and population level (FST and GST statistics, AMOVA, Nei’s D value, 
UPGMA distance tree) analyses. Further studies, however, with additional molecular markers 
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of mitochondrial origin, as well as continued sampling of additional populations would help 
understanding the distribution and origin of present-day genetic diversity and demographic 
history of these breeds.
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