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Curraleiro Pé-Duro (CPD) cattle, a Brazilian local breed, are animals that are highly resistant to infectious and parasitic diseases. Strategies for the conservation of the breed and the genetic resistance to diseases should also consider the characteristics of the breed. The objective of this study was to analyze the diversity and population structure of the CPD breed using microsatellite markers and to correlate the serological profiles for causative agents of brucellosis, leptospirosis, neosporosis, leukosis, infectious bovine rhinotracheitis, and bovine viral diarrhea. DNA samples of 608 bovines were amplified and genotyped using 28 microsatellite markers for breed characterization. The genotypes were assigned to three clusters, indicating a substructure population related to the geographic distance. The observed heterozygosity was lower than that expected in most loci, and fixation index (Fst) in the subpopulation values ranged from 0.03073 (ETH3) to 0.402 (INRA63) on cluster 1, from 0.00 (INRA32) to 0.39359 (INRA63) on cluster 2, and from 0.00 (INRA32) to 0.28483 (TGLA53) on cluster 3. The Brucella spp., Neospora caninum, and Bovine Leukemia Virus frequencies were significantly different (p < 0.05) between clusters. The differences between the occurrences of diseases were not sufficient to indicate a genetic subpopulation with increased resistance to infections.
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INTRODUCTION
Local breeds have become a target of interest owing to their ability to live and reproduce in extreme climatic conditions and their adaptation characteristics to local conditions, characterizing them as resilient breeds. These characteristics mean that these breeds have a genetic heritage that should be preserved, especially considering the need for food production in the face of global climate change (FAO, 2011).
During the colonization period, the first cattle were introduced in Brazil from the Iberian Peninsula, which underwent natural selection. They eventually adapted to local conditions and became rustic cattle, tolerant to heat, water, and food stress, with high prolificacy and resistance to diseases and parasites (Fioravanti et al., 2008; Egito et al., 2016). Such animals were not divided into breeds; with the miscegenation and expansion of herds in Brazilian biomes, which have unique characteristics, local Brazilian breeds became differentiated (Egito et al., 2007), although with similar alleles because of their common origin (Martínez et al., 2012).
To prevent commercial breeds from replacing the naturalized Brazilian breed Curraleiro Pé-Duro (CPD), companies and research institutions had initiated plans for the conservation of animal genetic resources. Such initiatives aim to identify populations at risk, characterize them phenotypically and genetically, and evaluate their productive potential, both at in situ conservation centers in the central-west and northeast regions of the country and ex-situ (Albuquerque et al., 2002; Juliano et al., 2011).
There has been concern about the genetic diversity of local breeds, which could be seriously affected, putting these breeds at risk of extinction. The study of this diversity through geographic genetics aids our understanding of the gene flow and the adaptation of species within heterogeneous and fragmented spaces by understanding the geographical distances and how the transmission of genes occurs, making it possible to detect environmental factors that stimulate the adaptation process (Manel and Holderegger 2013).
Animals separated by geographic distances may present different genetic structures, to the extent of leading to subdivisions between breeds and within the same breed (Souza et al., 2022). Geographic isolation, reduced number of individuals, and adaptation to different environments can generate genetic drift, changing the frequency of alleles accumulated over generations. Therefore, genetic characterization allows the identification of groups that were isolated in the environment for a long time and became genetically distinct groups (Egito et al., 2007; 2016).
Genetic characterization is a criterion used to decide which population should be conserved and is especially important to optimize the choice of samples when resources are scarce, ensuring genetic variability. The selection of breeds and individuals that should participate in the conservation program considers economic interests, adaptability, and the presence of unique alleles (Mariante et al., 2009).
The adaptive characteristics of animal genetic resources can be transmitted to other generations. Therefore, the most adapted genotypes need to be identified and managed. The purpose of identifying genotypes and preserving local breeds is for the possible future use of genetic material as a way to introduce their unique characteristics of adaptability in crossbreeding with commercial breeds, making the offspring more efficient conditions (Egito et al., 2002; McManus et al., 2012). In addition, it conserves and promotes the potential and diversified use of Brazilian breeds, avoiding extinction and maintaining production in adverse climate conditions (Egito et al., 2002; McManus et al., 2012).
Given that drug use and vector controls are difficult strategies to implement, and the environmental and food security impacts of these strategies are negative, one of the most valuable features of disease control is exploiting local breeds that are tolerant to infection. Examples are West African N'Dama cattle, which are tolerant to trypanosomosis, and East African Red Maasai sheep, which are resistant to gastrointestinal worms. Adding to the problem are the lack of resources of low-income cattle breeders, which hamper access to treatment and veterinary services, as well as the resistance of pathogens against the inappropriate use of antimicrobials. In this scenario, genetic management of animals is an alternative to increase resistance to diseases by using the most appropriate breeds for each type of production and improving herds by choosing animals with an increased level of resistance, in addition to crossbreeding to incorporate resistance genes in breeds lacking them (FAO, 2007).
The aim of this study was to analyze the diversity and population structure of CPD cattle by evaluating microsatellite markers (STR) of breed characterization. Additionally, STR were associated to animals serological profile of brucellosis, leptospirosis, leucosis, infectious bovine rhinotracheitis (IBR), bovine viral diarrhea (BVD), and neosporosis.
MATERIAL AND METHODS
Sampling and Serology
A total of 1,100 blood samples collected in 2011 from male and female CPD cattle of different age groups were used. The samples were obtained from the project “Central-West Pro Network—Characterization, Conservation, and Use of Local Brazilian Cattle Races: Curraleiro and Pantaneiro,” which also maintains data on the serological profile of herds in the states of Piauí, Tocantins, and Goiás.
The epidemiological profile data were determined by serological results (positive/negative/suspect) and responses to epidemiological questionnaires applied at the time of sample collection. The serological tests and places where they were performed as follows: serum agglutination test with buffered acidified antigen (AAT Tecpar® Brazil) to detect anti-Brucella abortus antibodies (Brasil. Ministério da Agricultura Pecuária e Abastecimento, 2006), performed in the Graduate Multi-purpose Laboratory of the School of Veterinary and Animal Sciences of the Federal University of Goiás (UFG) (EVZ/UFG); indirect enzyme-linked immunosorbent assay (IDEXX Laboratories, Inc.) to determine antibodies against leukosis, IBR, and BVD viruses according to World Organisation for Animal Health recommendations (OIE. World Health Organization, 2015; OIE. World Health Organization, 2017; OIE. World Health Organization, 2018), performed at the Laboratory of Animal Virology of the Institute of Tropical Pathology and Public Health, UFG; microscopic agglutination test (OIE. World Health Organization, 2014) to detect antibodies against 19 serovars of Leptospira spp., using a cutoff of 1:100, performed in the Leptospirosis Laboratory, EVZ/UFG; indirect immunofluorescence for the detection of antibodies against Neospora caninum tachyzoites of the Nc-1 strain, with a cutoff of 1:100 (Alvarez-García et al., 2002), performed in the Protozoology Laboratory of the Veterinary Parasitology Center (CPV), EVZ/UFG.
Genetic Analysis
Total DNA extraction was performed at the Genetics and Biodiversity Laboratory, UFG, from frozen blood samples. The DNA extraction protocol was adapted from Miller et al. (1988).
The short tandem repeat microsatellites were selected from the list of markers recommended by the Food and Agriculture Organization (FAO) and the International Society for Animal Genetics (ISAG) for studying genetic diversity in cattle. Table 1 shows the 28 microsatellites analyzed with the direct and reverse sequences of the primers, the size range of the amplified fragments in base pairs, and their references.
TABLE 1 | Microsatellites used in the breed characterization of Curraleiro Pé-Duro.
[image: Table 1]Polymerase chain reaction (PCR) was prepared and the PCR was performed as recommended with 2 µL of DNA, 3 µL of primer mix (0.2–0.4 µM of each primer), and 5 µL of commercial mix (Taq PCR Master Mix Kit, QIAGEN®, United States).
Primer amplification was optimized in-house by testing the optimal fragment amplification temperatures for multiplex reactions. To standardize the reactions, two positive samples previously genotyped were tested in multiplex PCRs with a temperature gradient between 55 and 62°C. The samples were grouped by amplified fragment size and fluorochrome used to avoid fragment overlapping. The primers from each electropherogram were divided into two multiplex PCRs (M1 and M2), one with an annealing temperature of 55°C and the other with an annealing temperature of 62°C, chosen based on the best amplification signal in each reaction.
The first and second multiplex PCRs of the first electropherogram and the second multiplex PCR of the second electropherogram (Gel1M1, Gel1M2, and Gel2M2) followed the amplification protocol of an initial cycle at 95°C for 5 min; 34 amplification cycles (95°C for 40 s, 55°C for 50 s, and 72°C for 1 min); final extension at 72°C for 30 min, followed by an infinite temperature of 12°C. PCR of the Gel2M1 primers was performed with an initial cycle at 95°C for 5 min; 34 cycles (95°C for 30 s and 62°C for 4 min), final extension at 60°C for 20 min, and infinite temperature of 12°C.
The amplification products of microsatellite loci were genotyped in capillary electrophoresis systems using the ABI3500 automatic sequencer (Applied Biosystems®) at the Replicon/LaGene Research Center of the Pontifical Catholic University of Goiás and the ABI 3130 automatic sequencer (Applied Biosystems®) at the University of Córdoba, Spain. The data were analyzed using the GeneMapper program (v4.0, Applied Biosystems™). The size of the amplified fragments was defined in comparison with the standard Gene Scan LIZ 600® (Life Technologies) and two control samples in each electropherogram. The controls were samples previously genotyped by the company Animal Breeding Consulting, Spain, with known and standardized genotypes.
Filtering of the genotypes was performed to remove samples that failed to amplify half or more of the markers because more genotyping failures mean that more assignment errors can occur. The P6 property was excluded as it had no DNA samples for the genetic analyses. At the end of the quality control, 608 remaining samples were evaluated together, without prior population definition (Table 2). The dataset can be consulted online (https://figshare.com/account/projects/98876/articles/14069039).
TABLE 2 | Collection state, sampled properties, city, number of DNA samples processed, and final number of samples analyzed after filtering of genotypic data.
[image: Table 2]Statistical Analysis
The data obtained were treated in order to eliminate samples with low genotyping quality and monomorphic markers, leaving 608 Curraleiro Pé Duro samples that showed more than 50% of the genotyped loci and, therefore, were selected for the association analyses (Table 2). The dataset can be consulted online (https://figshare.com/account/projects/98876/articles/14069039).
The genotyping data were entered into Structure 2.3.4 software (Pritchard et al., 2000), and the samples were grouped according to the similarity of multilocus genotypes. The program assigned the individuals to the clusters of greatest similarity, determining the k value, that is, the number of populations in which the samples were divided based on Bayesian statistics through the Markov Chains Monte Carlo (MCMC) method (Pritchard et al., 2000).
To estimate population structure in Structure software, runs were conducted using a parameter set of 10,000 burn-in generations followed by 500,000 MCMC iterations. One to 22 populations (k = 1 to k = 22) and five iterations for each k value were assumed in the admixture model (Haikukutu 2018). The results of the cluster determination analyses were processed, and the real k value was determined using the ΔK method proposed by Evanno et al. (2005) using the Structure Harvester software (Earl and vonHoldt, 2012). The k value that best accommodated the allelic diversity, which corresponds to the stabilization point of the curve, was observed in graphical analysis.
The genetic diversity indicators were calculated in the Microsatellite Toolkit for Excel program (Park 2001). The allele frequencies, number of alleles per locus, allele richness, observed and expected heterozygosity, and polymorphic information content (PIC) were obtained (Park 2001). PIC values were used to evaluate the quality of the markers (Botstein et al., 1980) as follows: above 0.5, very informative; from 0.25 to 0.5, moderately informative; below 0.25, poorly informative (McManus et al., 2011).
The deviations in Hardy–Weinberg equilibrium (HWE) were estimated with the software Genepop 4.0.5.3 (Raymond and Rousset 1995) by applying the MCMC method. In the Populations 1.2.28 program (Langella 1999), genetic distance matrices were built using the methodology of Reynolds and Nei’s Da (Nei et al., 1983) and the respective phylogenetic trees. The tree of genetic distances constructed using the neighbor-joining method was graphically plotted using Mega 7.0.26 software (Kumar et al., 2016) to observe associations among populations. Correspondence factor analysis (CFA) was performed in Genetix software (Belkhir et al., 2004) to determine the divergence of the CPD populations.
The F coefficients, namely, Wright’s fixation index (F), which includes Fis (inbreeding coefficient/heterozygosity deficiency coefficient), Fit (inbreeding or fixation index for the total population), and Fst (fixation index in the subpopulation or estimate of genetic differentiation between subpopulations) (McManus et al., 2011) were calculated in Genetix. The method of Weir and Cockerham (1984) was used, estimating a 95% confidence interval with 1,000 bootstraps per locus.
Genetic divergence among populations was assessed based on analysis of molecular variance (AMOVA) (Excoffier et al., 1992) in Arlequin software version 3.5.2.2 (Excoffier and Lischer 2010), using pairwise Fst genetic distances as a method to calculate intra- and inter-group genetic distances.
Association Between Breed Molecular Markers and Disease
Breed characterization markers were associated with the frequency of animals seropositive against infections by pathogens causing brucellosis, leptospirosis, neosporosis, leukosis, IBR, and BVD.
A population study was carried out adopting each genetic cluster as a population. The allele frequencies were observed and compared between groups of sick (positive) and healthy individuals (negative) using Fisher’s exact test. The strength of association was measured using the relative risk (odds ratio), which indicates how frequently a disease occurs in an individual carrying a certain marker.
RESULTS
CPD cattle were assigned to clusters in order to observe subpopulations within the breed, and the results of the first analysis showed that the most appropriate grouping was k = 3.
Figure 1 depicts graphs in which each individual corresponds to a vertical line divided into k genotype segments, according to the number of inferred clusters. Each cluster is represented by a color, and individuals whose genotype is classified in more than one cluster have more than one color, indicating the occurrence of an admixture.
[image: Figure 1]FIGURE 1 | Populations of Curraleiro Pé-Duro cattle detected by the method of clusters with genetic similarity using breed characterization markers.
Figure 2 shows threshold of significant difference between CPD populations, that were best clustering in three groups.
[image: Figure 2]FIGURE 2 | Phylogenetic tree of Da distances of Nei built using the neighbor-joining method for the properties of Curraleiro Pé-Duro cattle.
The populations and the number of individuals in each population assigned to clusters are shown in Table 3. Populations of Piauí have most of the genotypes allocated in cluster 1, while populations of Tocantins are mostly grouped in cluster 3. The properties of the state of Goiás had genotypes grouped in all clusters, indicating the absence of clear differentiation between the alleles present in individuals from this state and those of others.
TABLE 3 | Locality of cattle assigned to clusters 1, 2, and 3 of breed genetic similarity for the Curraleiro Pé-Duro breed.
[image: Table 3]The genetic distances between populations were calculated according to Nei’s Da, and the phylogenetic tree was built using the neighbor-joining method (Figure 3). The grouping by genetic distances showed small differences in comparison to the grouping by Structure software. It is possible to observe three clusters, separating the properties of Tocantins from those of Piauí and the properties of Goiás among the properties of other states.
[image: Figure 3]FIGURE 3 | Graphical representation of the factor analysis of correspondence of Curraleiro Pé-Duro cattle (A). Representation by clusters of genetic similarity (cluster 1 in yellow, cluster 2 in blue, and cluster 3 in white) (B). Representation by state (Goiás in yellow, Piauí in blue, and Tocantins in white).
The genetic diversity indices, described in Table 4, were measured by estimating the levels of expected and observed heterozygosity and the average number of alleles. The expected heterozygosity was higher than that observed in the three clusters, which, however, had high allele richness.
TABLE 4 | Indices of genetic diversity among clusters of breed characterization of Curraleiro Pé-Duro cattle.
[image: Table 4]Higher presence of alleles was observed in breed clusters 2 and 3 (233 alleles in 124 samples and 303 alleles in 163 samples analyzed, respectively) than in cluster 1 (295 alleles in 321 samples analyzed). The markers used were tested using HWE, and all loci in cluster 3 were in disequilibrium (p < 0.05). In clusters 1 and 2, some markers were in equilibrium, i.e., no decrease in heterozygotes relative to homozygotes was observed at these loci. The PIC values per marker are compiled in Table 5.
TABLE 5 | Heterozygosity of microsatellite loci for breed characterization of Curraleiro Pé-Duro cattle.
[image: Table 5]All microsatellite markers evaluated were highly polymorphic and highly informative as they had PIC values above 0.5, with few markers with PIC values above 0.4. Although highly informative, the heterozygosity observed was lower than expected in most loci, suggesting increased homozygosity. The Fis, Fit, and Fst were calculated per marker and per cluster and are shown in Table 6.
TABLE 6 | Results of F statistical analysis by phylogenetic clusters and by loci in the Curraleiro Pé-Duro cattle populations.
[image: Table 6]The results indicated similar values between clusters but differences for each marker. The Fis (fixation index within population) per marker, considering all animals independently of clusters, was similar for all loci. Fis values ranged between −0.70401 (INRA63) and 0.6136 (TGLA53) in cluster 1; 0.46182 (INRA63) and 0.47398 (HAUT24) in cluster 2; and −0.03575 (BM8125) and 0.51811 (HAUT24) in cluster 3. The negative Fis values in some loci indicated that the observed heterozygosity was greater than expected, with no reduction of heterozygotes in comparison with homozygotes.
Fst values ranged between 0.03073 (ETH3) and 0.402 (INRA63) in cluster 1, between 0.00 (INRA32) and 0.39359 (INRA63) in cluster 2, and between 0.00 (INRA32) and 0.28483 (TGLA53) in cluster 3, indicating varying levels of differentiation from markers with little genetic differentiation (Fst 0.25). Fst levels close to zero indicated less genetic differentiation.
CFA (Figure 3A) graphically represented three genetic groups. The same analysis was performed considering the separation by state to observe how the clusters were formed (Figure 3B). Cluster one consisted of herds from the states of Piauí, cluster two of herds from Goiás, and cluster three of herds from Tocantins and Goiás.
The frequencies of infections in the three genetic clusters were compared to the frequencies of diseases in clusters defined by environmental characteristics, according to a study using the same samples (Lobo 2018). Chi-squared analysis, performed to detect associations between genetic and environmental clusters, showed a significant difference (p < 2.2e-16), with 53.45% (325/608) of concordant samples. Moreover, the properties grouped according to environmental characteristics were also grouped according to genetic characteristics (Table 7).
TABLE 7 | Frequency distribution of seropositive individuals against infections according to the classification by genetic and environmental clusters.
[image: Table 7]A significant difference (p < 0.001, Kappa = 0.247) was found between genetic and environmental clusters, with 53.45% of samples in agreement (grouped in genetic and environmental clusters 1, 2, or 3). The percentages of individuals allocated to each cluster in the positive, negative, and suspect groups for each infection were tabulated (Table 8), considering only the genetic clusters.
TABLE 8 | Prevalence of antibodies against microorganisms that cause brucellosis, leptospirosis, neosporosis, leukosis, rhinotracheitis, and viral diarrhea in Curraleiro Pé-Duro cattle by genetic clusters.
[image: Table 8]Cluster 1 had the lowest number of animals positive for Leptospira and IBR. Cluster 3 had a lower frequency of positives against Brucella and Neospora, and cluster 2 had a lower frequency of positives for bovine leukosis, than other clusters. The prevalence by cluster was similar for all infections.
AMOVA considered three groups referring to Goiás, Piauí, and Tocantins states to estimate the amount of total diversity due to variation in populations between and within states (Table 9). The AMOVA provided overall Fit estimate of 0.24491 (p < 0.00001, with 20,000 permutations), meaning that the total variation found among populations was 24.49%. Of this, 5.91% corresponded to the variation in populations between states and 18.57% to the variation between populations of the same state.
TABLE 9 | Results of the analysis of molecular variance for populations of Curraleiro Pé-Duro from three Brazilian states based on microsatellite data.
[image: Table 9]The 19 herds were tested as independent groups by AMOVA. This test indicated that 24.72% of the total variation (Fit) was between herds and 75.51% within individuals. The variation between herds was lower than the variation between individuals of the same herd (Table 10).
TABLE 10 | Results of the analysis of molecular variance for 19 herds of Curraleiro Pé-Duro based on microsatellite data.
[image: Table 10]DISCUSSION
The differentiation of the same breed into three clusters may be explained by the role of the environment in selection. The physical separation of the populations of Goiás, Tocantins, and Piauí caused reproductive isolation, and adaptation to local environmental conditions may have affected the emergence of new phenotypes (Lofeu and Kohlsdorf 2015). The genetic clusters resembled the clusters defined by environmental characteristics (Lobo 2018), corroborating the association of genotype and environment in the formation of the phenotype, which was expressed by the occurrence of antibodies against diseases.
Expected heterozygosity was higher than observed except for loci BM8125 and INRA63 (cluster 1), which may indicate increased inbreeding and reduced genetic variability. The loss of diversity in breed characteristics may also indicate an increase in inbreeding coefficient.
All loci were polymorphic, with a total of 295 alleles in cluster 1, 233 in cluster 2, and 303 in cluster 3. Mean values of 10.54, 8.32, and 10.82 alleles per locus were observed in clusters 1, 2, and 3, respectively, a value lower than the average of 13 alleles per loci previously described in the breed. Although polymorphic, the loci were in HWE imbalance, which was in agreement with the results of Oliveira (2008) n which HWE deviations were observed in nine of 10 loci analyzed in CPD breed.
The increase in the number of homozygotes, observed by the deviation in the HWE, can be explained by the high level of inbreeding due to the small effective number of animals in reproductive age and mating between related individuals. Other factors that can also explain the deviation in the HWE are subdivisions within the population, natural selection, migration, and null alleles (Quiroz 2007).
The Fst values were lower than 0.15, indicating that the two subpopulations share alleles and, therefore, the genetic differentiation is low to moderate. Owing to the geographical isolation of the populations of the states of Piauí, Tocantins, and Goiás, high differentiation between the populations of the states and increased of inbreeding within each state would be expected because the populations do not mate at random (Oliveira 2008; McManus et al., 2011). However, we estimate that exchanging sires between properties to decrease the effect of inbreeding causes different properties to share alleles, reducing the differentiation between properties. The exchange or purchase of animals of the breed is limited by the number of farms, and the replacement of the herd is conditioned to the availability of sires among the properties studied.
Fis ranged from 0.16441 (TGLA53) to 0.19427 (INRA63) and Fit from 0.27191 (TGLA53) to 0.29383 (BM8125). Fis values indicated inbreeding. The loss of genetic variability in CPD herds is a consequence of inbreeding due to the replacement of sires with animals from their own herd. The CPD breed showed higher F indices than other native Brazilian breeds such as Caracu, Pantaneiro, and Mocho Nacional (Egito 2007; Fioravanti et al., 2011).
The number of positive animals was lower than that of negative animals, except for IBR virus infection in all clusters and for Leptospira infection, in cluster 3. The high rate of seropositivity for viral infections in CPD was reported by Juliano (2006) and Amaral (2013), concluding that the viruses are endemically present in the evaluated populations.
It is possible to infer that past environmental changes have triggered phenotypic diversification events that fixed or eliminated alleles (Lofeu and Kohlsdorf 2015) in populations from different geographic regions, influenced by physical distance, causing the three gene clusters to express different disease susceptibility/resistance phenotypes.
In CPD animals, the most advantageous alleles for adaptation to the environmental conditions of Piauí and Tocantins showed increased frequency in each environment and were fixed in the populations, subdividing the breed into three distinct populations. AMOVA findings showed that most of the total genetic variance was due to the difference between alleles within individuals (75.28%), which is a similar result to that described for the local Brazilian breed Crioulo Lageano (Spritze et al., 2003; Carvalho et al., 2012). CPD herds were similarly divided into breed characterization clusters and geographic clusters due to herd isolation. However, since the variation of genotypes was greater among individuals of the same group than between herds or states, individuals from the same property were grouped into different clusters.
CONCLUSION
Diversity and a high number of alleles were detected in the three genetic clusters; however, the deviation from the HWE and the inbreeding coefficient indicated the occurrence of inbreeding in the populations. The difference in antibody detection was significant for Brucella spp., N. caninum, and BLV between clusters. The greatest variation in genotypes related to the BoLA genes occurred at the individual level, and has a high number of alleles that provide varied phenotypes to CPD.
We conclude that the populations are in the process of genetic differentiation. However, this differentiation is more pronounced in the Piauí herds compared to Tocantins and Goias. The results were not sufficient to indicate a genetic subpopulation with increased resistance or susceptibility to infection.
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Infection Result Cluster 1 Cluster 2 Cluster 3 p (Fisher)
BRU Positive 0.31% (1/321) 2.42% (3/124) 00% (0/163) 0.0489
Negative 99.68% (320/321) 97.58% (121/124) 100% (163/163)

LPT Positive 41.32% (131/317) 45.08% (55/122) 52.80% (85/161) Ns
Negative 58.67% (186/317) 54.92% (67/122) 47.20% (76/161)

NEO Positive 48.13% (154/320) 39.34% (48/122) 20.0% (32/160) <0.001
Negative 51.87% (166/320) 60.66% (74/122) 80.0% (128/160)

READ Positive 18.30% (58/317) 9.84% (12/122) 24.84% (39/157) 000728
Negative 81.39% (258/317) 90.16% (110/122) 75.16% (118/157)
Suspect 0.31% (1/317) 0.0% (0/122) 00% (0/157)

BR Positive 64.58% (206/319) 66.67% (82/123) 68.94% (111/161) Ns
Negative 33.54% (107/319) 32.52% (40/123) 26.71% (43/161)
Suspect 1.88% (6/319) 0.81% (1/123) 4.35% (7/161)

BVD Positive 44.97% (143/318) 42.50% (51/120) 41.83% (64/153) Ns
Negative 49.37% (154/318) 50.00% (60/120) 48.36% (74/153)
Suspect 6.60% (21/318) 7.50% (9/120) 9.80% (15/153)

BRU, brucella abortus; LPT, Leptospira sp.; NEO, neospora caninum; LEU, enzootic bovine leukosis; IBR, infectious bovine rhinotracheitis; BVD, bovine viral diarrhea; ns, not significant

© > 0.05).
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State Property Mu

ipality DNA samples genotyped
and evaluated

Tocantins T 1-Guarai 44
T2 2-Porto Nacional 25
T3 3-Sucupira 14
T4 4-Chapada Natividade 10
Piauf P 5-Teresina 82
P2 6-Campo Maior 20
P3 6-Campo Maior 19
P4 7-Palmeiras 16
P5 8-Oceiras 19
P7 9-Elesbéo Veloso 20
P8 6-Campo Maior 5
P9 6-Campo Maior 11
Goids G1 10-Cavalcante 73
G2 11-Monte Alegre 21
G3 12-Planaltina 39
G4 13-Campestre 84
G5 14-Mimoso de Goids 53
G6 15-Pilar de Goids 28
G8 17-Pirendpolis 25

TOTAL: 3 19 17 608
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26.02% (19/73) 0% (0/73) 7.97% (64/73)
71.43% (15/21) 0% (0/21) 28.57% (6/21)
48.72% (19/39) 46.15% (18/39) 5.13% (2/39)
20.24% (17/84) 60.71% (51/84) 19.05% (16/84)
35.85% (19/53) 64.15% (34/53) 0% (0/53)
32.14% (9/28) 42.86% (12/28) 25% (7/28)

72% (18/25) 0% (0/25) 28% (7/25)
93.90% (77/82) 6.00% (5/82) 0% (0/82)
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20.45% (9/44) 4.54% (2/44) 75% (33/44)
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Micros

BM1314
BM1818
BM1824
BM2113
BM8125
CRSM60
CSSM6E6
ETH10
ETH185
ETH225
ETH3
HAUT24
HAUT27
HEL13
HEL9
LSTS11
ILSTS6
INRA23
INRA32
INRA35
INRA37
INRA63
MM 12
SPS115
TGLA122
TGLA227
TGLAS3
TGLA126

BTA

26
23
1
2
17
10
14
5
17
9
19
22
27
1
8
14
7
3
1
16
10
18
9
15
21
18
16
20

Primer forward

TTCCTCCTCTTCTCTCCAAAC
AGCTGGGAATATAACCAAAGG
GAGCAAGGTGTTTTTCCAATC
GCTGCCTTCTACCAAATACCC
CTCTATCTGTGGAAAAGGTGGG
AAGATGTGATCCAAGAGAGGCA
ACACAAATCCTTTCTGCCAGCTGA
GTTCAGGACTGGCCCTGCTGCTAACAACAACA
TGCATGGACAGAGCAGCCTGGC
GATCACCTTGCCACTATTTCCT
GAACCTGCCTCTCCTGCATTGG
CTCTCTCTGCCTTTTTGTCCCTGT
TTTTATGTTCATTTTTTGACTGG
TAAGGACTTGAGATAAGGAG
CCCATTCAGTCTTCAGGT
GCTTGCTACATGGAAAGTGC
TGTCTGTATTTCTGCTGTGG
GAGTAGAGCTACAAGATAAACTTC
AAACTGTATTCTCTAATAGCTAC
ATCCTTTGCAGCCTCCACATTG
GATCCTGCTTATATTTAACCACAC
ATTTGCACAAGCTAAATCTAACC
CAAGACAGGTGTTTCAATCT
AAAGTGACACAACAGCTTCTCCAG
CCCTCCTCCAGGTAAATCAGC
CGAATTCCAAATCTGTTAATTTGCT
GCTTTCAGAAATAGTTTGCATTCA
CTAATTTAGAATGAGAGGCTTCTTCT

Reverse primer

ATCTCAAACGCCAGTGTGG
AGTGGCTTTTTCAAGGTCCATGC
CATTCTCCAACTGCTTCCTTG
CTTCCTGAGAGAAGCAACACACC
GGGGGTTAGACTTCAACATACG
AGGACCAGATCGTGAAAGGCATAG
AATTTAATGCACTGAGGCTTGG
CCTCCAGCCCACTTTCTCTTCTC
GCACCCCAACGAAAGCTCCCAG
ACATGACAGCCAGCTGCTACTACT
ACTCTGCCTGTGGCCAAGTAGG
AATACACTTTAGGAGAAAAATA
AACTGCTGAAATCTCCATCTTA
CCATCTACCTCCATCTTAAC
CACATCCATGTTCTCACCAC
CTAAAATGCAGAGCCCTCTACC
ACACGGAAGCGATCTAAACG
TAACTACAGGGTGTTAGATGAACTC
GCAAGACATATCTCCATTCCTTTTTTT
TTGTGCTTTATGACACTATCCG
AAAATTCCATGGAGAGAGAAAC
AAACCACACAGAAATGCTTGGAAG
ATCGGACTCTGGGGATGATGT
AACGAGTGTCCTAGTTTGGCTGTG
AATCACATGGCAAATAAGTACATAC
ACAGACAGAAACTCAATGAAAGCA
ATCTTCACATGATATTACAGCAGA
TTGGTCTCTATTCTCTCTGAATATTCC

Interval (pb)

143-167
248-278
176-197
122-156
100-123
79-115

171-209
207-231
214-246
131-159
103-133
104158
120-158
178-200
141173
261-271
277-309
195-225
160-204
100-124
112-148
167-189
101-145
234-258
136-184
75-105

143-191
115-131

12
12
13

Micros., microsatelite name; BTA, chromasome location; forward and reverse primers, primer sequence; bp, base pairs; Ref, lterature reference. 1 (Bishop et al. 1994); 2 (Moore et .,

1994); 3 (Barendseetal. 1994); 4 (Toldo et al,, 1993); 5 (Steffen et al,, 1993); 6 (Thieven etal., 1997); 7 (Kaukinen and Varvio 1993); 8 (Brezinsky etal., 1993a); 9 (Brezinsky et al., 1993b); 10
(Vaiman et al., 1994); 11 (Mommens et al. 1994); 12 (Kappes et al., 1997).
Source: Adapted from Queiroz (2007) and FAO (2011).
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Cluster 1 Cluster 2 Cluster 3
Fis Fit Fst Fis Fit Fst Fis Fit Fst

0.1927 0.2545 0.0766 0.1763 0.267 0.1101 0.1867 0.2092 0.0277
0.1478 02128 00762 00369 0.1405 01076 00247 00688 00452
00798 01132 00363 00652 00957 00327 00588 00806 00232
0.4081 04202 00355 03526 0.4059 00823 03723 04344 00989
-0.068 00258 00836 -0.032 0.0639 0093 -0.035 -0.022 00133
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