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ABSTRACT - The objective of this study was to assess the genetic structure and 
diversity of six Santa Inês sheep flocks from the Central-Northern Brazil. A panel of 
20 highly polymorphic and informative microsatellite loci was selected and amplified. 
The following parameters were obtained: overall mean of number of alleles = 15.4; 
expected heterozygosity (He) = 0.89; polymorphism information content (PIC) = 0.88; 
discriminatory capacity = 0.95; combined probability of identity = 1.50 × 10−34; and 
probability of exclusion = 1.00. The flocks with the lowest and the highest degrees of 
genetic variability were Farm 6 (He = 0.70, PIC = 0.653, and allelic richness [Ar] = 3.76) 
and Farm 1 (He = 0.89, PIC = 0.882, and Ar = 4.39), respectively.  Indications of genetic 
bottleneck were observed in all flocks, as well as moderate genetic differentiation, with 
FST = 0.053, RST = 0.096, and Dest = 0.169. The migration rate in all flocks was high, with 
a trend towards Farm 1. This finding was not in agreement with the substructure found 
with the Bayesian admixture analysis and corroborated the array obtained with the 
principal component analysis and the clustering analysis. The results revealed moderate 
structuring and high genetic diversity in the flocks. However, management strategies 
should be reviewed, as evidence of bottleneck and genetic erosion was observed.
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1. Introduction

Sheep farming is practiced throughout Brazil, especially in the Northeastern and Southern regions of 
the country, with a focus on meat production. Despite the great potential of sheep meat production 
in Brazil, it is not enough to meet the domestic demand, hence requiring importation from different 
countries (Lobo, 2019). The selection of animals with good adaptability and reproductive performance 
is important to increase productivity. In tropical countries, such as Brazil, Santa Inês is one of the main 
options for sheep meat production. This breed has higher growth potential, rusticity, and reproductive 
efficiency, as well as lower susceptibility to parasites, in comparison with other Brazilian sheep breeds 
(Jucá et al., 2016).

Despite that, the Santa Inês is at risk of losing genetic variability and, consequently, some of its main 
characteristics. The Food and Agriculture Organization of the United Nations (FAO) and other important 
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institutions point out that uncontrolled mating without adequate zootechnical control can lead to 
genetic erosion or dilution, thus compromising the development of sheep flocks (Gaouar et al., 2017). 
Therefore, research institutions in Brazil have sought to develop strategies for genetic conservation 
based on population structure, focusing on the preservation of the main characteristics of the Santa Inês.

Genetic markers, such as microsatellites, have been commonly used in conservation and breeding 
programs, because they are widely distributed throughout the genome, highly polymorphic, 
multiallelic, highly informative, and potentially heterologous, making their use more accessible 
(Câmara et al., 2017).

In the present study, we aimed to investigate the genetic structure and diversity of Santa Inês sheep 
flocks to develop a framework for decision-making in conservation and breeding.

2. Material and Methods

Research on animals was conducted according to the institutional Ethics Committee on the Use of 
Animals in Research (register # 337/17).

2.1. Biological material and genomic DNA isolation

Peripheral blood samples were collected from 257 animals raised in six Santa Inês flocks in different 
municipalities of the states of Piauí and Maranhão, in the Central-Northern Brazil, from October 2013 
to April 2018 (Table 1).

Prior to DNA extraction, blood samples were stored at −20 °C, in vacuum tubes containing 1% of EDTA. 
Genomic DNA extraction and purification were performed using a commercial DNeasy® Blood & 
Tissue kit according to the manufacturer’s protocol. After extraction, DNA integrity was checked using 
0.8% agarose gel and ethidium bromide staining.

Table 1 - Location of the six herds where peripheral blood samples were collected in different municipalities in the 
state of Piauí (PI) and Maranhão (MA), from October 2013 to April 2018

Locks Municipality Geographic location Number of animals
Farm 1 José de Freitas – PI 4°39'27.2" S, 42°28'37.8" W, altitude of 140 m 135
Farm 2 Santa Inês – MA 3°42'43.4" S, 45°18'09.3" W, altitude of 24 m 52
Farm 3 José de Freitas – PI 4°39'34.7" S, 42°28'20.1" W, altitude of 140 m 27
Farm 4 Floriano – PI 6°46'19.9" S, 43°03'42.4" W, altitude of 140 m 19
Farm 5 Campo Maior – PI 4°47'58.2" S, 42°08'03.4" W, altitude of 125 m 18
Farm 6 Campo Maior – PI 5°02'50.4" S, 42°01'12.9" W, altitude of 125 m 6

2.2. Amplification of microsatellites

Twenty microsatellite loci were selected from the list of markers recommended by FAO (FAO, 2011). 
Previously, the reactions were tested and optimized in a volume of 16 µL until the following profile 
was achieved: at least 2.5 mM dNTPs, 1 × Tris-HCl/KCl buffer, 1.0–2.0 mM MgCl2 (Table 2), 1.25 μM of 
each primer, one unit of Taq DNA Polymerase, deionized water, and 3 μL of extracted DNA (3 ng/μL).

The thermocycler (Applied Amplifications by Life Technologies) was programmed with the following 
parameters: 94 °C for 5 min, followed by 30 to 35 cycles of denaturation (94 °C,45 s); annealing (50 
to 62 °C, 45 s; see Table 2 for details); and extension (72 °C, 50 s). After the cycles, a final extension 
(72 °C, 7 min) was performed. The amplification products were visualized after electrophoresis in 6% 
non-denaturing polyacrylamide gel stained with silver nitrate solution (0.0015 g/mL) with a 0.4% 
(v/v) formaldehyde solution, followed by NaOH (1.5 mg/mL) with 0.4% (v/v) formaldehyde, using a 
modification of the method proposed by Benbouza et al. (2006). The results were coded according to 
the allele sizes and recorded in a spreadsheet to obtain a database of allele frequencies.
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Table 2 - Experimental parameters used for the amplification of 20 microsatellite loci and allele size range (ASR) 
detected in PCR

Locus Primer sequence Ta (°C) MgCl2 (mM) NC ASR (bp)

MAF065
F: AAAGGCCAGAGTATGCAATTAGGAG

60 1.3 30 100-158
R: CCACTCCTCCTGAGAATATAACATG

MAF209
F: GATCACAAAAAGTTGGATACAACCGTG

62 1.3 30 100-154
R: TCATGCACTTAAGTATGTAGGATGCTG

BM6526
F: CATGCCAAACAATATCCAGC

55 1.3 30 140-180
R: TGAAGGTAGAGAGCAAGCAGC

OarFCB304
F: CCCTAGGAGCTTTCAATAAAGAATCGG 55 1.0 30

160-198
R: CGCTGCTGTCAACTGGGTCAGGG

CSRM60
F: AAGATGTGATCCAAGAGAGAGGCA

55 1.5 30 60-92
R:AGGACCAGATCGTGAAAGGCATAG

CSSM66
F: ACACAAATCCTTTCTGCCAGCTGA

55 1.5 30 12-208
R: AATTTAATGCACTGAGGAGCTTGG

ILSTS11
F: GCT TGC TAC ATG GAA AGT GC

55 1.5 30 254-294
R: CTA AAA TGC AGA GCC CTA CC

INRA23
F: GAGTAGAGCTACAAGATAAACTTC

58 1.0 30 190-296
R: TAACTACAGGGTGTTAGATGAACTC

ETH10
F: GTTCAGGACTGGCCCTGCTAACA

57 1.5 30 200-242
R: CCTCCAGCCCACTTTCTCTTCTC

BM8125
F: CTCTATCTGTGGAAAAGGTGGG

57 1.3 30 108-132
R: GGGGGTTAGACTTCAACATACG

MM12
F: CAAGACAGGTGTTTCAATCT

54 1.3 30 100-144
R: ATCGACTCTGGGGATGATGT

BM1329
F: TTGTTTAGGCAAGTCCAAAGTC

53 1.5 30 146-180
R: AACACCGCAGCTTCATCC

BM1818
F: AGCTGGGAATATAACCAAAGG

55 1.5 30 248-298
R: AGTGCTTTCAAGGTCCATGC

INRA063
F: ATTTGCACAAGCTAAATCTAACC

58 1.5 30 150-184
R: AAACCACAGAAATGCTTGGAAG

ILSTS87
F: AGCAGACATGATGACTCAGC

55 1.5 30 140-182
R: CTGCCTCTTTTCTTGAGAG

INRABERN172
F: CCACTTCCCTGTATCCTCCT

56 2.0 35 132-192
R: GGTGCTCCCATTGTGTAGAC

CSRD247
F: GGACTTGCCAGAACTCTGCAAT

50 1.5 35 200-264
R: CACTGTGGTTTGTATTAGTCAGG

TGLA122
F: CCCTCCTCCAGGTAAATCAGC

52 1.5 30 136-182
R: AATCACATGGCAAATAAGTACATAC

ETH225
F: GATCACCTTGCCACTATTTCCT

50 2.0 35 130-162
R: ACATGACAGCCAGCTGCTACT

OarFCB48
F: GAGTTAGTACAAGGATGACAAGAGGCAC

58 1.5 30 138-170
R: GACTCTAGAGGATCGCAAAGAACCAG

PCR - polymerase chain reaction; Ta - annealing temperature; F - forward; R - reverse; NC - number of cycles; bp - base pairs.
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2.3. Quality control and data analysis

The Micro-Checker software v.2.2.3 (Van Oosterhout et al., 2004) was used to detect possible null 
alleles, allele dropout, and scoring errors due to stuttering. FreeNA (Chapuis and Estoup, 2007) was 
used to assess the effect of null alleles on genetic differentiation estimates. This software calculates the 
genetic distance and the FFST estimates with and without the Excluding Null Alleles (ENA) correction.

The probability of loci being under selection was calculated using Bayescan software v.2.1 (Foll 
and Gaggiotti, 2008), with Bayesian inference. Several runs were performed previously to achieve 
acceptance rates between 0.25 and 0.45. The following parameters were used: prior odds of 10:1 for 
the neutral model; 20 pilot runs each consisting of 5,000 iterations; and 100,000 iterations with 
burn-in of 50,000. According to Jeffrey’s scale of evidence in the manual of Bayescan, loci with a 
posterior probability of ≥ 0.76 were considered as being under “substantial selection” odds.

The R package diveRsity (Keenan et al., 2013) was used to assess genetic variability by calculating 
the following parameters: observed heterozygosity (Ho), expected heterozygosity (He), and number 
of alleles (A). Allelic richness (Ar) and private allelic richness (PvAr) were obtained using the Hp-Rare 
software (Kalinowski et al., 2007). The polymorphic information content (PIC) was estimated using 
the Cervus software (Kalinowski et al., 2007).

The probability of exclusion (PE), the probability of identity (PI), and the combined probability of 
identity (CPI) were obtained using Genalex software (Peakall and Smouse, 2006) to investigate the 
power of markers to assess the kinship among flocks. The discriminatory capacity was estimated using 
the FORSTAT software (Ristow and D’Amato, 2017). Deviations from the Hardy-Weinberg equilibrium 
(HWE) and linkage disequilibrium were tested using the R package Genepop (Rousset, 2008). 
Subsequently, the Bonferroni correction was carried out to prevent false significant estimates (P<0.05).

For the analysis of genetic differentiation among flocks, the parameters FST, RST, and Dest were evaluated 
using the software SPAGeDi (Hardy and Vekemans, 2002) and R package diveRsity. RST is a population 
genetic distance that is analogous to FST, but includes information on allele size. Dest is a parameter of 
real differentiation based on the frequency of unique alleles of each subpopulation (Jost, 2008).

Also using SPAGeDi, allele size permutation test was implemented to assess the level of markers 
that fit the stepwise mutation model (SMM) (RST>pRST, in which pRST represents the mean of RST after 
10,000 permutations).

A Bayesian clustering analysis applying Markov Chain Monte Carlo (MCMC) estimation was 
performed to assess the relationship among flocks using the admixture model implemented in the 
software STRUCTURE v2.3.2 (Pritchard et al., 2000). For the purpose of estimation, in each of the five 
runs performed for each K (20 simulations each), the first 5 × 105 iterations were discarded for the 
burn-in process and the 1 × 106 remaining iterations were used. The ΔK method (Evanno et al., 2005) 
was used to determine the value of K that best fit the data using STRUCTURE HARVESTER v.0.6.1. The 
R package POPHELPER v.2.2.9 was used to calculate the mean of the five replicates of the best K and 
to generate a final barplot of the array among genotypes.

A dendrogram using Neighbor-Joining algorithm based on Nei’s genetic distance was constructed 
using the R packages Poppr, ADEgenet, Ape, Polysat, and Ggplot2. The principal coordinate analysis 
(PCoA) based on shared allele distance matrix was performed using the same packages mentioned 
above to obtain a distribution profile of the genotypes in a 2D plane.

The Wilcoxon sign-rank test was conducted to detect population bottlenecks using the software 
Bottleneck v.2.1.02 (Piry et al., 1999). The genetic bottleneck effect tends to lead to higher HWE 
heterozygosity than heterozygosity under mutation-drift equilibrium. Thus, for these analyses, 
markers were considered following mutational model that aim to determine the expected number of 
alleles based on the observed heterozygosity. Three models were used: stepwise mutation model 
(SMM) (Slatkin, 1995), which assumes that a mutation in a locus will result in the gain or loss of a 
repeat unit; infinite allele model (IAM) (Wright, 1931), in which a new mutation always generates 
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a new allele; and the two-phase mutation model (TPM) (Di Rienzo et al., 1994), which assumes that 
mutations may occur gradually or stepwise. The following parameters were adopted for the TPM: 
95% single-step mutations and 5% multiple-step mutations (with variance among multiple steps of 12).

Network graphs were constructed using the function divMigrate of the R package diveRsity to assess the 
bidirectional distribution of gene flow among flocks based on the following estimators: GST, D’Jost, and Nm.

3. Results

3.1. Performance of microsatellite markers

Possible null alleles were detected for nine of the 20 microsatellite loci used. However, only one locus 
was not included in the analyses (CSRM60) because its null allele frequency was greater than 0.20, 
as suggested by Dakin and Avise (2004). No significant differences (P>0.05) were detected between 
the parameters of global genetic differentiation before (FST = 0.052) and after (FST = 0.049) the ENA 
correction. Thus, further analysis proceeded considering all the 19 loci with null allele frequency < 0.20.

All markers deviated from the Hardy-Weinberg equilibrium and 65% had significant deficit of 
heterozygotes (P<0.001), whereas no markers had significant heterozygote excess. Sixty-six percent 
of the pairwise combinations of loci were not significant for linkage disequilibrium. This suggests that 
most loci are not statistically associated with each other (Table 3).

All 20 loci were polymorphic, totaling 308 alleles, ranging from 9 (ILSTS11) to 36 (INRABERN172), 
with an average of 15.4 alleles. Half of the loci were neutral, and the remaining showed evidence of 
selection ranging from strong (0.91 to 0.97) to decisive (0.99 to 1.00) according to Bayescan estimates 
(Table 3). When all sampled animals were included in the evaluation, markers had high performance, 
high polymorphism, and high discriminatory capacity among individuals, with mean PIC and DC 
values of 0.88 ± 0.05 and 0.95 ± 0.02, respectively (Table 3).

When the 257 animals were included to evaluate the capacity of the 20 markers to infer kinship, PI 
values were between 0.009 (CSRD247) and 0.094 (ILSTS11), whereas PE values were 0.740 (ILSTS11) 
and 0.969 (CSRD247). The combined values of PI and PE were 1.5 × 10−34 and 1.0, respectively (Table 3).

The level of genetic diversity (He) of markers ranged from 0.760 (ILSTS11, Ho = 0.550) to 0.930 
(CSRD247, Ho = 0.900), with a mean of 0.890 ± 0.21 (Ho = 0.780 ± 0.04) (Table 3).

3.2. Genetic structure and diversity of sheep flocks

All flocks deviated from the Hardy-Weinberg equilibrium. Except for Farm 6, all other flocks had 
significant deficit of heterozygotes, without significant heterozygote excess (P>0.05). Farms 2 and 3 
exhibited the greatest number of markers with possible null alleles, when frequencies ≤ 0.20 were 
considered as acceptable (Table 4).

The highest degree of genetic diversity was observed in Farm 1 (Ar = 4.690, He = 0.890, and PIC = 0.882), 
and the lowest in Farm 6 (Ar = 3.760, He = 0.700, PIC = 0.653).  Private allelic richness was highest in 
Farms 1 and 2, with 21 and 13 alleles, respectively (Table 4).

The allele size permutation test detected the influence of the stepwise mutation model on the markers 
used in the current study. RST (0.096) was significantly higher than pRST (0.038) (P-value = 0.005), 
suggesting that mutation is affecting the genetic differentiation among some flocks. Nevertheless, 
when each locus was considered separately, this was not observed for most of the loci. This suggests 
that microsatellite markers could also fit multiple-step mutation models, such as IAM, which 
indicates that gene flow could be also contributing in some extent to differentiation among flocks.

In general, genetic structuring of flocks was moderate according to SPAGeDi results (FST = 0.053, 
RST = 0.096, and Dest = 0.169). This might be due to high gene flow among flocks. High relative migration 
index was observed, especial towards Farm 1 (Figure 1), with bootstrap confidence level higher than 
0.82 (Data not shown).
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Table 4 - Analysis of the profile of genetic variability of Santa Inês sheep flocks from different municipalities of the 
Mid-North sub-region of Brazil

Parameter Farm 1 Farm 2 Farm 3 Farm 4 Farm 5 Farm 6
Ar 4.690 3.990 4.190 4.190 4.170 3.760
Ho 0.810 0.730 0.790 0.750 0.760 0.750
He 0.890 0.790 0.810 0.810 0.800 0.700
PIC 0.882 0.832 0.791 0.785 0.777 0.653
FIS 0.088 0.066 0.029 0.078 0.052 −0.072

Prob 0.000 0.000 0.000 0.000 0.000 0.000
HWE Def 0.000 0.000 0.000 0.000 0.000 0.103

Exc 1.000 1.000 1.000 1.000 1.000 0.897
Null 6 6 4 7 4 Nd
PvAr 20.924 13.474 12.512 10.495 11.087 9.538

Farm 1 - José de Freitas – PI; Farm 2 - Santa Inês – MA; Farm 3 - José de Freitas – PI; Farm 4 - Floriano – PI; Farm 5 - Campo Maior – PI; Farm 6 - Campo 
Maior – PI; Ar - allelic richness; Ho - observed heterozygosity; He - expected heterozygosity; PIC - polymorphic information content; FIS - coefficient 
of inbreeding; Null - frequency of null alleles; PvAr - private allelic richness; HWE - Hardy-Weinberg equilibrium; Prob - probability; Def - deficit of 
heterozygotes; Exc - excess of heterozygotes; Nd - not done.

Farm 1 - José de Freitas – PI; Farm 2 - Santa Inês – MA; Farm 3 - José de Freitas – PI; Farm 4 - Floriano – PI; Farm 5 - Campo Maior – PI; Farm 6 - 
Campo Maior – PI. 
Wider and darker arrows indicate higher relative proportion.

Figure 1 - Estimate of the gene flow among Santa Inês sheep flocks from different municipalities of the Mid-North 
sub-region of Brazil based on the estimators D’Jost (A), GST (B), and Nm (C). 
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Farm 1 - José de Freitas – PI; Farm 2 - Santa Inês – MA; Farm 3 - José de Freitas – PI; Farm 4 - Floriano – PI; Farm 5 - Campo Maior – PI; Farm 6 - 
Campo Maior – PI.

Figure 2 - Bayesian clustering analysis (A), principal coordinates analysis (PCoA) (B), and dendrogram generated 
from Nei’s genetic distance with the unweighted pair group method with arithmetic mean (UPGMA) 
(cophenetic correlation of 85%) of the flocks analyzed (C). 

After several simulations, K = 11 was considered the most likely number of genetic groups. This finding 
contributed to the subdivision of Farm 1 into six different groups, which corroborated the high levels 
of genetic diversity of this flock (He, PIC, and Ar). When other simulations were performed, Farm 2 
began differentiation when K = 3. On the other hand, when K = 4, Farm 1 and 5 had some genotypes 
in common and began distancing from the other flocks. Simultaneously, Farms 4 and 3 shared most of 
their alleles. This corroborates the dendrogram constructed with the unweighted pair group method 
with arithmetic mean (confidence level of knots > 72%, with cophenetic correlation of 0.84) and 
PCoA, despite Farm 6 being different from the other flocks (Figure 2).
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When the stepwise mutation model (SMM) was carried out, evidence of genetic drift was observed only 
in Farm 1.  Based on the TPM, genetic drift was detected in Farms 1, 4, and 6. However, by assuming 
that all markers were under the influence of IAM, all flocks showed signals of genetic bottleneck 
(Table 5).

4. Discussion

According to the performance of the microsatellite markers evaluated, the presence of null alleles in 
some loci was not enough to change the population structure significantly. A high level of polymorphism 
was observed, with elevated values of A, PIC, Ho, and He, above those reported by Petroli et al. (2014) 
(Ho = 0.34, He = 0.63, A = 7.45) and Souza et al. (2012) (Ho = 0.68, He = 0.745, A = 10, PIC = 0.712) 
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for Santa Inês sheep. However, it is important to consider that our results are based on makers 
recommended by FAO, while those authors used different sets of markers. Also, Petroli et al. (2014) 
aimed to analyze markers linked to the Major Histocompatibility Complex (Chromosome 20), while 
FAO markers are randomly distributed in different chromosomes.

Considering comparisons with other breeds, the level of polymorphism observed in the current study 
was lower than that reported in the Turkish sheep breed Savak-Akkaraman (Ozmen et al., 2020). 
This could be due to the similarity of the latter with pre-historic breeds. Furthermore, the Savak-
Akkaraman has been raised by local tribes and nomads for centuries, which might have contributed 
to the conservation and variability of most genes. On the other hand, the results shown in the present 
research indicated higher levels of genetic diversity in the Santa Inês breed compared with the 
Moroccan (Gaouar et al., 2016) and Algerian breeds (Gaouar et al., 2015; Abdelkader et al., 2018).

In a scenario of random mating, the markers evaluated in the current study demonstrated potential 
for kinship evaluation. The probability that two unrelated individuals had the same genotype in 
different flocks was almost null, especially when markers were combined (PI = 1.5 × 10−34). In general, 
the probability of exclusion was high (> 0.74) and reached 100% when all markers were included. 
According to some studies, the required minimum combined probability of exclusion (CPE) for the 
identification of a true parent is 0.9999 (Piry et al., 1999; Ozmen et al., 2020). This indicates that the 
markers used in the present study are suitable for kinship evaluation.

The relative allele frequency of all evaluated flocks was not constant. Except for Farm 6, all the other 
flocks were not on Hardy-Weinberg Equilibrium (P<0.05), possibly due to the Wahlund effect (Yilmaz, 
2016). Despite this, Farm 6 only had a few individuals included in the analysis. Considering the other 
farms, this result might have been intensified by non-random mating and directed selection, resulting 
in the levels of inbreeding (FIS) observed for each flock. This could have also led to genetic bottlenecks, 
which were observed especially when all markers fitted IAM. However, this was not found when TPM 
and SMM models were used. Despite that, the three models revealed signals of genetic bottleneck in 
Farm 1. These findings differed from those reported by Selvam and Kathiravan (2019) and by Radha 
et al. (2011) in the Indian sheep breeds Madras Red, Mecheri, and Kilakharsal. In these studies, the 
authors did not find genetic bottlenecks in any of the mutation models.

In the present study, the high level of genetic diversity of the flocks was, in part, probably due to 
miscegenation in their origin and the system of non-random mating adopted by breeders, in which 
breeding animals acquired from more productive flocks are prioritized. This corroborates the small 
differentiation observed, even among flocks (FST = 0.053 and RST = 0.09), as well as the high flow 
estimated among populations (the highest migrations were observed towards Farm 1) and the 
apparent presence of various genetic subgroups.

In general, the presented results highlight the need for conservation policies that take into account 
technical information for the Santa Inês sheep. However, there is no consensus on the best strategies 
related to breed conservation (Meuwissen, 2009; Caballero et al., 2010). Ginja et al. (2013) emphasized 
that conservation programs should consider strategies based on the specific needs of the species, 
considering the differences in programs that prioritize conservation among breeds or within them. Also, 
strategies should consider whether programs should focus on short-term or long-term conservation. 
For short-term conservation programs, it is recommended to consider high levels of heterozygosity, 
while long-term strategies should take into account allelic richness and differentiation between breeds. 
In this study, only the Santa Inês breed was evaluated, which showed relatively high estimates of 
heterozygosity. However, observed heterozygosity values consistently appeared lower than expected 
estimates in the samples. This pattern was observed as for the entire analyzed sample as for evaluations 
conducted by farm. Despite the high levels of diversity found in the breed, this result and the absence 
of Hardy-Weinberg equilibrium can also have negative implications for long-term conservation. However, 
local breeders usually do not take genomic information into account for management decisions.  

We also highlight the role of mutations on the differentiation among populations, as some genes linked 
to microsatellite markers may be under artificial selection. This could explain the results of marker 
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neutrality tests, in which part of the loci had some effect on the selection of mutations of potential 
microsatellites associated with production-related genes.

Despite having the highest degree of genetic diversity, Farm 1 had the greatest number of private 
alleles, suggesting the beginning of genetic erosion or dilution (Zhang et al., 2018). On the other 
hand, Farm 6 had the lowest number of private alleles, despite its lowest genetic diversity. This 
might indicate that allelic loss has already occurred in this flock, but the small sample size could have 
compromised the results.

Santa Inês sheep farming has been widely spread throughout Brazil, due to its productive capacity and 
adaptability. Nevertheless, institutions like the Brazilian Agricultural Research Corporation (Embrapa) 
have pointed out the risk of genetic erosion of this breed, due to the uncontrolled breeding focusing 
on short-term production increase to meet market demands. The most likely consequences of this 
practice are elevated inbreeding levels, loss of fertility, and disease resistance, as well as frequent 
occurrence of recessive genetic diseases.

The level of differentiation among flocks from Central-Northern Brazil evaluated in this study was 
similar to that reported by Souza et al. (2012), in Santa Inês sheep from farms located in the Central-
Western and Northeastern regions of the country (FST = 0.058). This suggests that sheep farming 
practices adopted in Brazil may be promoting the formation of moderate structuring among sheep 
flocks. Thus, the signs of population substructure found within the farms are also crucial for making 
decisions in conservation programs (Cañón et al., 2011). The differentiation between genotypes within 
farms observed in the analysis is probably due to mating among individuals with different genotypes. 
This corroborates the results generated by STRUCTURE, which revealed the participation of various 
clusters in the structural array of the flocks. This is also the most plausible explanation for most of the 
genetic variability of Farm 1 and for the greater distancing of Farm 6.

5. Conclusions

The microsatellites used in this research played a crucial role in assessing the high genetic diversity 
within sheep populations. Their polymorphic nature allowed the identification of subgroups within 
samples. This information is vital for conservation efforts, helping to identify, preserve, and improve 
unique genetic resources.
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