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ABSTRACT. The Brazilian cattle population is mainly composed of 
breeds of zebuine origin and their American derivatives. Comprehensive 
knowledge about the genetic diversity of these populations is 
fundamental for animal breeding programs and the conservation 
of genetic resources. This study aimed to assess the phylogenetic 
relationships, levels of genetic diversity, and patterns of taurine/
zebuine admixture among 9 commercial cattle breeds raised in Brazil. 
Analysis of DNA polymorphisms was performed on 2965 animals 
using the 11 microsatellite markers recommended by the International 
Society of Animal Genetics. High genetic diversity was detected in all 
breeds, even though significant inbreeding was observed within some. 
Differences among the breeds accounted for 14.72% of the total genetic 
variability, and genetic differentiation was higher among taurine than 
among zebuine cattle. Of note, Nelore cattle presented with high levels 
of admixture, which is consistent with the history of frequent gene flow 
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during the establishment of this breed in Brazil. Furthermore, significant 
genetic variability was partitioned within the commercial cattle breeds 
formed in America, which, therefore, comprise important resources of 
genetic diversity in the tropics. The genetic characterization of these 
important Brazilian breeds may now facilitate the development of 
management and breeding programs for these populations.

Key words: Brazilian cattle; Genetic diversity; American cattle breeds; 
Population structure; Microsatellite markers

INTRODUCTION

Cattle are key domestic livestock species introduced in the Neotropics during coloniza-
tion. These animals fulfill important roles in agriculture, economy, and culture. Taurine cattle 
(Bos taurus) were brought from Spain and Portugal to the American continent from the early 
16th century (Jaeger, 1943) to the late 18th century (Salazar and Cardozo, 1986). In the course 
of a few years, these animals were taken to the south of North America, as well as to Central 
and South America, comprising the so called Creole cattle breeds. During the 19th and 20th 
centuries, zebu cattle (Bos indicus) and crossings were imported from India, especially to Brazil 
(Santiago, 1985). Since then, several breeds were formed through crossings in the American 
continent, e.g., the American zebuine breeds Brahman, Indubrasil, Nelore, and Tabapuã, the 
American taurine breed Senepol, and the zebuine/taurine synthetic breed Girolando.

Brazil holds the world’s largest commercial cattle herd, estimated to be composed of 
210 million animals in 2012 (IBGE, http://www.ibge.gov.br). Currently, the majority of the 
herd comprises exotic breeds of both taurine and zebuine origins and their American deriva-
tives that were imported during the last 100 years (Cervini et al., 2006). The improvement of 
cattle in Brazil has frequently involved crossings between zebu and taurine cattle as well as 
between different zebu breeds (Dani et al., 2008). This occurred due to the better adaption of 
zebuine breeds to tropical ecological settings than taurine breeds. Since the second half of 
the 20th century, Brazil has been the center for zebu cattle distribution in Central and South 
America; thus, Brazil plays an important role as a resource of cattle genetic diversity in the 
tropics (Lirón et al., 2006).

Recent studies evaluated the genetic structure and diversity of locally adapted Creole 
cattle and some commercial breeds in Brazil and other Latin American countries (Cervini et 
al., 2006; Lirón et al., 2006; Egito et al., 2007; Dani et al., 2008; Delgado et al., 2012). The 
data reported indicate that variable patterns of breed admixture have occurred since colonial 
times that have shaped the current genetic status of the local breeds. These studies, together 
with data reported from cattle herds from different parts of the world (Tapio et al., 2006; Li et 
al., 2007; Li and Kantanen, 2010), provide valuable large datasets for several applications in 
animal breeding and conservation.

Despite the studies conducted in Eurasian cattle (B. taurus) and the growing body of 
data for Creole breeds, there remain gaps in our knowledge about the genetic diversity and 
population structure of economically important zebu and taurine cattle raised in Brazil. Espe-
cially, data related to conspicuous breeds developed in America during the 20th century, e.g., 
Nelore, Brahma, and Senepol, are scarce. In addition, strong directional selection has shaped 
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commercial bovine populations in Brazil for decades, possibly leading to significant reduc-
tions in the effective population size (Egito et al., 2007; Dani et al., 2008).

Microsatellite markers have been widely used for population genetic analyses of live-
stock species. These markers are informative and can successfully elucidate the migration and 
admixture patterns of cattle breeds during their domestication. In addition, these markers are 
useful to assess intrapopulation diversity, genetic differentiation, and the relationships among 
modern cattle populations (Tapio et al., 2006; Li et al., 2007; Ginja et al., 2010).

In the present study, we used microsatellite markers to characterize the genetic diver-
sity of 9 commercial breeds raised in Brazil. The survey mainly focus on five breeds formed 
on the American continent: Brahman, Nelore, Tabapuã, Senepol, and Girolando. The patterns 
of gene admixture and the phylogenetic relationships among these breeds and European and 
Indian cattle breeds were also evaluated.

MATERIAL AND METHODS

Animals

Nine Brazilian bovine commercial breeds were analyzed, involving 2965 animals. 
The studied breeds can be classified into American zebuine breeds (Brahman, Nelore, and 
Tabapuã), American taurine breed (Senepol), American zebuine/taurine (Gyr crossed with 
Holstein) crossbreed (Girolando), Indian zebuine breeds (Gyr and Guzerat), and European 
taurine breeds (Holstein and Jersey). Total genomic DNA was extracted using a standard 
salting-out protocol (Miller et al., 1988).

This study was approved by the Ethics Committee of the Universidade Federal de 
Minas Gerais and followed the legal requirements set by the Genetic Heritage Management 
Council of the Brazilian Ministry of the Environment.

Microsatellite marker typing

Fluorescently labeled primers for 11 dinucleotide microsatellites (TGLA227, 
BM2113, TGLA53, ETH10, TGLA126, TGLA122, INRA23, ETH3, ETH225, BM1824, and 
SPS115) were used. These markers are recommended by the International Society for Animal 
Genetics (ISAG)/Food and Agriculture Organization of the United Nations (FAO) working 
group (FAO, 2011) to carry out tests for genetic diversity and parentage in bovines.

Polymerase chain reaction (PCR) was carried out using 5 µL Finnzymes/Phusion 
Flash master mix (Vantaa, Finland), 2.5 µL multiplexed primers (as recommended by ISAG/
FAO), 1.5 µL ultrapure water, and 1.0 µL purified DNA. The amplified products were sepa-
rated using capillary electrophoresis in an ABI Prism 3130 Genetic Analyzer (Applied Biosys-
tems, California, USA). The results of the electrophoresis were analyzed using the GeneMap-
per software (Applied Biosystems, USA). The allele names were assigned using the reference 
samples of the ISAG inter-laboratories test 2010.

Data analysis

Calculations of allele frequencies, total number of alleles (NA), effective number of 
alleles (NE), observed number of alleles (HO), and unbiased expected (HE) heterozygosity per 
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locus were calculated using the EXCEL MICROSATELLITE TOOLKIT (Park, 2002). The 
amount of inbreeding within a population (f) and the amount of differentiation among popula-
tions (θ) per locus, as well as the total deficit of heterozygotes (F) were estimated according to 
Weir and Cockerham (1984). The FSTAT package (Goudet, 1995) was used to perform these 
calculations, with corresponding P values obtained based on 10,000 randomizations.

Within-breed diversity was ascertained by measuring the mean number of alleles, 
average gene diversity, and observed and unbiased expected estimates of heterozygosity per 
population (Nei, 1973). The parameters and their standard deviations were calculated using the 
ARLEQUIN package (Excoffier et al., 2005). Deviations from Hardy-Weinberg equilibrium 
(HWE) were also assessed. The within breed inbreeding coefficient (FIS) was estimated with a 
95% confidence interval, determined by 10,000 permutations using the ARLEQUIN package 
(Excoffier et al., 2005). The effective number of alleles per population (NE) was calculated 
using FSTAT (Goudet, 1995) as a measure of the number of equally frequent alleles needed to 
achieve a given level of genetic diversity. This estimate allows the comparison of populations 
in which the number and distributions of alleles differ drastically. Average gene diversity 
was estimated as a measure of the number of alleles independently of the sample size, hence 
allowing comparisons among different sample sizes.

A hierarchical analysis of variance was carried out, which allowed the partitioning of 
the total genetic variance into components due to inter-individual and inter-breed differences. 
Variance components were used to compute fixation indices. The interpretation of population 
structure by F-statistics was tested using a non-parametric permutation approach (Excoffier 
et al., 1992). Computations were carried out using analysis of molecular variance (AMOVA) 
procedure within the ARLEQUIN package (Excoffier et al., 2005). Genetic divergence among 
breeds was estimated through 2 commonly used genetic distance measures: the Nei DA (Nei 
et al., 1983) and pairwise FST genetic distances using the GENECLASS 2.0 (Piry et al., 2004) 
and the ARLEQUIN (Excoffier et al., 2005) software, respectively. A NeighborNet was 
constructed from the Nei DA genetic distances to represent the relationships between breeds 
graphically using the SPLITSTREE 4 software (Huson and Bryant, 2006).

The genetic structure of the 9 cattle populations was investigated to identify population 
substructure and admixture. The grouping of individuals was tested assuming an increasing 
number of clusters (K) and assigned probabilistically to clusters inferred with a Bayesian 
approach implemented using the STRUCTURE software (Pritchard et al., 2000). Runs of 
500,000 iterations after a burn-in period of 200,000 iterations were performed for each K. Five 
independent simulations for K equal to 1-10 were performed to identify the most probable K 
by determining the modal distribution of ΔK (Evanno et al., 2005). The proportion of each 
individual genotype (q) in the predefined populations in each cluster was also estimated. Tests 
for the assignment and exclusion of populations as the original one for a given individual were 
performed using Bayesian methods (Rannala and Mountain, 1997) and were computed using 
the GENECLASS 2.0 software (Piry et al., 2004).

RESULTS

Genetic diversity and HWE

In the present study, the genetic polymorphisms, structure, and relationships among 
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9 commercial cattle breeds raised in Brazil were analyzed. For the survey, we used a set of 
11 microsatellite markers recommended by ISAG (FAO, 2011). A group of 2965 animals 
belonging to the breeds Brahman, Nelore, Tabapuã, Senepol, Girolando, Gyr, Guzerat, 
Holstein, and Jersey was analyzed.

The genetic parameters per locus analyzed in this study are shown in Table 1. It was 
detected 144 alleles over all loci surveyed, giving an average number of 13.1 alleles per lo-
cus. The NA per locus varied from 9 at BM1824 and SPS115 to 22 at TGLA122 and TGLA53 
(Table 1). All markers showed high levels of heterozygosity (> 0.60), except for ETH3, which 
generated HO and HE values of 0.57 and 0.58, respectively. The overall mean inbreeding within 
populations (FIS) over all loci was not significantly different from zero (0.003 ± 0.012). None-
theless, the amount of differentiation among the populations, as estimated both under the 
infinitesimal model (FST) and the step-wise mutation model (RST), was significant (P < 0.01), 
with an overall mean of 0.147 and 0.161, respectively. Only five markers (BM2113, ETH10, 
SPS115, TGLA122, and TGLA53) contributed significantly to breed differentiation, as sug-
gested by the FST. The BM1824 locus deviated from HWE in only two populations (P < 0.05), 
whereas both SPS115 and TGLA126 deviated from HWE in eight populations.

Locus	 NA	 HO	 HE	 HWE	  FIT (SD)	  FST (SD)	 FIS (SD)	 RST

BM1824	   9	 0.64	 0.65	 2	 0.08 (0.03)	 0.08 (0.03)	  0.01 (0.03)	 0.08
BM2113	 12	 0.64	 0.70	 7	   0.15 (0.04)*	   0.13 (0.04)*	  0.03 (0.01)	 0.14
ETH10	 10	 0.62	 0.61	 5	   0.29 (0.05)*	   0.27 (0.05)*	  0.02 (0.02)	 0.47
ETH225	 12	 0.61	 0.62	 4	   0.28 (0.07)*	 0.18 (0.09)	  0.13 (0.07)	 0.20
ETH3	 12	 0.57	 0.58	 3	 0.18 (0.11)	 0.17 (0.09)	  0.01 (0.05)	 0.43
INRA23	 12	 0.70	 0.71	 3	 0.09 (0.05)	 0.10 (0.04)	 -0.01 (0.02)	 0.06
SPS115	   9	 0.70	 0.67	 8	   0.10 (0.03)*	   0.11 (0.03)*	 -0.01 (0.03)	 0.14
TGLA122	 22	 0.82	 0.79	 7	 0.06 (0.03)	   0.10 (0.03)*	 -0.04 (0.01)	 0.09
TGLA126	 11	 0.70	 0.70	 8	 0.70 (0.05)	 0.11 (0.04)	   -0.05 (0.02)*	 0.17
TGLA227	 13	 0.61	 0.61	 4	 0.19 (0.07)	 0.18 (0.07)	  0.00 (0.02)	 0.59
TGLA53	 22	 0.80	 0.76	 7	   0.08 (0.02)*	   0.09 (0.02)*	 -0.01 (0.01)	 0.03

Parameters estimated per microsatellite locus across nine Brazilian cattle breeds. NA = number of alleles; HO = 
observed heterozygositiy; HE = expected heterozygosity; HWE = number of breeds showing deviations from 
Hardy-Weinberg equilibrium; FIT (F) = global deficit of heterozygotes; FST (theta) = amount of differentiation 
among populations; FIS (f) = amount of inbreeding within populations; SD = standard deviation; RST = population 
differentiation detected by the marker locus under the step-wise model. *P < 0.05.

Table 1. Genetic parameters measured per microsatellite locus.

Measures of genetic variability within the breeds are shown in Table 2. The mean 
allelic richness per locus corrected for the sample size of each breed (R) ranged from 5.27 
(Jersey) to 8.29 (Girolando). All breeds showed high levels of heterozygosity (> 0.60), 
except for Jersey, which showed HE and HO values of 0.58 and 0.59, respectively. The FIS 
values indicated that 3 breeds (Holstein, Guzerat, and Nelore) presented with a significant 
deficit of heterozygotes. Conversely, 4 breeds (Brahman, Girolando, Senepol, and Tabapuã) 
presented with a significant excess of heterozygotes when compared to the expected values. 
Nine loci presented with significant deviations, as determined from the exact tests, from the 
expected Hardy-Weinberg proportions (P < 0.05) in 4 breeds (Gyr, Girolando, Nelore, and 
Senepol). Meanwhile, only 2 loci deviated significantly from HWE in the breeds Jersey and 
Tabapuã.
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Genetic distances and relationships among populations

Allele frequencies were used to calculate pairwise FST values and the Nei DA genetic 
distances for each pair of the nine cattle populations (Table 3). All FST values were signifi-
cantly different from zero (P < 0.05), ranging from 0.042 in the Tabapuã/Nelore pair to 0.312 
between the Jersey and Guzerat breeds. A good correlation between pairwise FST values and 
the Nei DA genetic distances was observed. As expected, higher differentiation was observed 
between pairs of European taurine and Indian zebuine breeds.

Breed	 N	 MNA (SD)	 NE (SD)	 R (SD)	 HE (SD)	 HO (SD)	  FIS	 HWE

Brahman	   466	   7.82 (3.19)	 3.50 (0.50)	 5.90 (2.07)	 0.66 (0.13)	 0.68 (0.14)	   -0.02*	 7
Gyr	   423	   8.09 (2.81)	 3.13 (0.37)	 5.87 (1.92)	 0.63 (0.15)	 0.64 (0.16)	 -0.01	 9
Girolando	     66	   8.82 (2.18)	 5.29 (0.45)	 8.29 (2.07)	 0.80 (0.07)	 0.86 (0.08)	   -0.07*	 9
Guzerat	   371	   8.18 (2.44)	 3.49 (0.35)	 6.43 (1.82)	 0.67 (0.14)	 0.65 (0.15)	    0.03*	 6
Holstein	   169	   8.36 (2.29)	 3.95 (0.35)	 6.78 (1.84)	 0.71 (0.10)	 0.67 (0.11)	    0.05*	 5
Jersey	     38	   5.27 (1.01)	 2.65 (0.29)	 5.27 (1.01)	 0.58 (0.17)	 0.59 (0.20)	 -0.01	 2
Nelore	 1095	 10.00 (4.12)	 3.00 (0.26)	 6.39 (2.08)	 0.64 (0.90)	 0.63 (0.12)	    0.02*	 9
Senepol	   299	   6.91 (2.02)	 3.15 (0.34)	 5.91 (1.62)	 0.63 (0.17)	 0.65 (0.19)	   -0.03*	 9
Tabapuã	     38	   6.73 (2.28)	 3.83 (0.39)	 6.73 (2.28)	 0.72 (0.09)	 0.74 (0.13)	   -0.02*	 2

Parameters estimated using 11 microsatellites in 9 Brazilian commercial breeds. N = number of individuals per 
population; MNA = mean number of alleles/locus; NE = mean effective number of alleles/locus; R = mean allelic 
richness per locus corrected for sample size and breed corresponding to a minimum sample size of 38 individuals; 
HE = mean expected heterozygosity; HO = mean observed heterozygosity; FIS = within-population inbreeding 
coefficient and its confidence interval; HWE = number of loci with Hardy-Weinberg equilibrium deviations; SD = 
standard deviation. *P < 0.05.

Table 2. Genetic parameters measured per population.

Breeds	 Brahman	 Gyr	 Girolando	 Guzerat	 Holstein	 Jersey	 Nelore	 Senepol	 Tabapuã

Brahman	 -	 0.150	 0.271	 0.122	 0.487	 0.512	 0.127	 0.412	 0.142
Gyr	 0.090	 -	 0.221	 0.117	 0.492	 0.505	 0.151	 0.411	 0.166
Girolando	 0.131	 0.115	 -	 0.245	 0.112	 0.333	 0.268	 0.299	 0.267
Guzerat	 0.060	 0.067	 0.123	 -	 0.456	 0.483	 0.106	 0.341	 0.121
Holstein	 0.239	 0.257	 0.048	 0.222	 -	 0.276	 0.440	 0.333	 0.445
Jersey	 0.274	 0.305	 0.151	 0.312	 0.134	 -	 0.483	 0.406	 0.502
Nelore	 0.088	 0.112	 0.139	 0.080	 0.221	 0.260	 -	 0.354	 0.099
Senepol	 0.233	 0.252	 0.173	 0.208	 0.207	 0.270	 0.220	 -	 0.383
Tabapuã	 0.060	 0.084	 0.088	 0.051	 0.187	 0.254	 0.042	 0.208	 -

Nei Da distances (Nei et al., 1983) are shown above diagonal. Pairwise FST values are shown below diagonal. All 
estimates of FST were significant (10,000 permutations; P < 0.05).

Table 3. Pairwise population genetic distance values among 9 Brazilian cattle breeds.

A phylogenetic construction based on the Nei DA genetic distance using the Neigh-
bor-Net method was also constructed (Figure 1). Notably, genetic differentiation among the 
zebuine breeds was lower than among the taurine breeds. The Jersey and Holstein European 
taurine breeds clustered together in a separate clade. This also occurred for the Indian zebuine 
breeds Gyr and Guzerat. Close to the Indian zebuine breeds, we found the American zebuine 
derivatives Nelore, Tabapuã, and Brahman, which were placed in neighboring branches. Con-
versely, the American taurine breed Senepol and the American taurine/zebuine crossbreed 
Girolando were allocated separately in distinct branches.
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Population genetic structure and admixture patterns

AMOVA showed that 14.72% (P < 0.01) of the genetic variability was distributed 
among the breeds, while 85.28% was found within the breeds (Table 4). In addition, we 
performed a structural analysis using a Bayesian method to assign individuals to groups based 
on their genetic similarity. This approach was performed with increasing numbers of inferred 
populations (Figure 2). The membership of individual genotypes for K = 2 separated the 
taurine and zebuine breeds into 2 different clusters. Clear patterns of admixture were observed 
in the Girolando taurine/zebuine synthetic crossbreed. With K = 3, i.e., the most likely number 
of ancestral populations, the Nelore breed formed an independent cluster. Directional mating 
between Nelore and other Zebuine breeds also contributed to the formation of the Tabapuã 
breed. With K = 9, most of the breeds clustered separately, except for Holstein and Jersey. 
In addition, signs of genetic introgression were observed among several breeds, especially 
those with a zebuine origin. Of note, the Nelore breed showed the most heterogeneous pattern 
of admixture, with contributions of at least 3 major groups. The assignment test using the 9 
breeds yielded an average of 95.44% (N = 2830) frequency of correctly assigned animals 
(Table 5). Only the synthetic crossbreed Girolando presented with frequencies lower than 90% 
of correctly assigned animals. Brahman, Gyr, Holstein, and Jersey breeds showed more than 
95% of correctly assigned animals.

Figure 1. Neighbor-Net dendrogram constructed from the Nei DA genetic distances among 9 Brazilian cattle 
breeds. Nei DA (Nei et al., 1983) genetic distance measures were obtained using the GENECLASS 2.0 (Piry et al., 
2004) and subsequently loaded into SPLITSTREE 4 software (Huson and Bryant, 2006) to graphically represent 
the relationships between breeds.

Source of variation	 d.f.	 Sum of squares	 Variance components	 Percentage of variation	 Fixation index

Among populations	       8	   2940.142	 0.62251	 14.72	 FST: 0.14723*
Within populations	 5921	 21348.831	 3.60561	 85.28	 -

Genetic variation was partitioned in hierarquical groups by an analysis of molecular variance (AMOVA). *P < 0.01 
(10,000 permutations). d.f. = degrees of freedom. FST = amount of differentiation among populations.

Table 4. Partitioning of genetic variability among 9 Brazilian cattle breeds.
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DISCUSSION

European cattle were introduced to Brazil ~500 years ago. Nonetheless, large-scaled 
commercial production systems were established only after the importation of zebuine breeds 
from India in the late 19th and 20th centuries (Cervini et al., 2006). Adapted to the tropical 
ecological settings found in Brazil, zebuine cattle rapidly became prominent in most herds and 
contributed to the development of new American breeds such as Nelore, Tabapuã, Indubrazil, 
and Girolando (Dani et al., 2008). Other conspicuous commercial breeds raised in Brazil, such 
as Brahman and Senepol, were also formed during the last century, although in other coun-
tries of the American continent (Novoa and Usaquén, 2010). In recent years, few reports have 
comprehensively detailed the genetic variability of the recently formed important commercial 
breeds (~100 years) in the Americas described in this study.

The high genetic variability found in recently developed American breeds (Table 2) 
may reflect the contributions of cattle from distinct origins to the breed composition. These 
animals resulted, in the large part, from absorbing crossbreeding between zebuine bulls 
imported from different regions of India and local taurine dams (Mariante et al., 1999). 
Furthermore, Brazilian Creole cattle also contributed to the formation of some American 
derivatives of zebuine breeds (such as Tabapuã) (Mariante et al., 1999; Dani et al., 2008). It 
has been shown that Latin American Creole breeds may carry either European- or African-
originated taurine DNA (Lirón et al., 2006; Ginja et al., 2010).

The global deficit of heterozygotes (FIT) was significantly high for 5 markers, mostly 

Breed	 Frequency of correctly assigned (N)	 Frequency of incorrectly assigned (N)

Brahman	     96.78% (451)	     3.22% (15)
Gyr	     95.98% (406)	     4.02% (17)
Girolando	   87.87% (58)	 12.12% (8)
Guzerat	     93.53% (347)	     6.47% (24)
Holstein	   97.6% (165)	 2.4% (4)
Jersey	   97.36% (37)	   2.64% (1)
Nelore	       94.42% (1034)	     5.57% (61)
Senepol	     99.33% (297)	   0.67% (2)
Tabapuã	 92.1% (35)	 7.9% (3)
Total	       95.44% (2830)	       4.56% (135)

Assignment test estimated using the Bayesian method (Rannala and Mountain, 1997) implemented in the 
GENECLASS 2 software (Piry et al., 2004).

Table 5. Population assignment analysis.

Figure 2. Population structure of 9 cattle populations using the model-based STRUCTURE software. Each animal 
is represented by a single vertical line divided into K colors, where K is the number of clusters assumed and the 
colors show the estimated individual proportions of cluster membership. Results are shown for K = 2, K = 3, and 
K = 9.
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due to breed genetic differentiation than to inbreeding (Table 1). The deviations from HWE 
also appear to be due to limited gene flow among breeds rather than to inbreeding. This evi-
dence suggested that the effective population number of the analyzed breeds might be con-
siderably large. The highest FIS values observed for the specialized exotic breeds Guzerat and 
Holstein (Table 2) were consistent with the history of intense artificial selection within these 
populations (Mariante et al., 1999).

The dendrogram based on the Nei DA genetic distance measures (Figure 1) presents 
the Senepol breed in an isolated clade among taurine populations. This probably reflects its 
unique origin among the populations analyzed. This breed was formed through crossings 
between the African taurine breed N’Dama with the European taurine breed Red Poll (www.
senepolcattle.com). The development of this breed was favored by isolation, since it took 
place on the Caribbean Island of St. Croix during the early 20th century. Analysis of variance 
also reflected the origin of the Girolando population. In the dendrogram, this breed appears 
halfway between the European taurine and Indian zebuine breeds instead of being observed in 
a separate branch (Figure 1). However, this was not unexpected since the Girolando breed is 
derived from matings of Holstein with Gyr animals, usually at an admixture proportion of 5:8, 
respectively (Bicalho et al., 2006).

The data also show greater genetic differentiation among taurine cattle than among 
zebuine cattle raised in Brazil. This pattern probably reflects the way these 2 groups were in-
troduced and are currently managed in the country. No specific breed classification was used 
during the first decades of the introduction of zebuine cattle, and all animals coming from 
India were generically classified as zebu (Santiago, 1985). The racial standards for zebuine 
breeds were only described and implemented in 1938 (Josahkian, 2000). Therefore, genetical-
ly pure herds directly descended from imported animals of both genders and without taurine 
gene introgression are very rare nowadays (Mariante et al., 1999). This last hypothesis was 
corroborated by the melted pattern of admixture observed for the zebuine breeds in Bayesian 
analysis conducted using STRUCTURE (Figure 2). This pattern was also reported for several 
Latin American Creole cattle breeds (Egito et al., 2007; Delgado et al., 2012).

Zebuine breeds display complex admixture patterns (Figure 2), particularly the Nelore 
and Tabapuã breeds. They were identified as a separate cluster from the other zebuine breeds 
(Figure 2, K = 3) and presented with significant contributions from several ancestral groups 
(Figure 2, K = 9). This was expected for the Tabapuã breed since it was developed at the 
beginning of the 20th century from crossings of a Creole taurine population called Mocho 
Nacional with zebuine breeds, mostly Nelore.

Conversely, Nelore is descended from animals of the Ongole breed imported from 
different parts of India during the 19th and 20th centuries. Once in Brazil, these animals received 
varying degrees of gene introgression from other local breeds at several farms, giving raise 
to distinct Nelore lineages (www.nelore.org.br). Additionally, a possible explanation for the 
complex admixture pattern of the Nelore population is a phenotype bias. White-coated, short-
eared cattle have frequently been regarded as Nelore cattle by breeders in Brazil, regardless 
of their different geographic origins in India or their diverse genetic background (Dani et al., 
2008). As a result, traditional selection based on phenotype alone is likely to have contributed 
to a significant melting among these different cattle over time. The significantly positive FIS 
values observed for the Nelore breed (Table 2) might also point to the contribution of more 
than one population within this breed. The observation that gene flow and gene segregation still 
play a major role in maintaining genetic variability within the Nelore population in Brazil is in 
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accordance with the study of Dani et al. (2008). These authors proposed that the classification 
of this breed should be reviewed and at least two major sub-groups created.

Interestingly, the Brahman breed, which was formed in the south of the USA with pa-
rental breed contributions from Nelore, Gyr, and mainly Guzerat (Novoa and Usaquén, 2010), 
presented with lower levels of admixture when compared to other zebuine breeds (Figure 2).

Despite the significant gene introgression observed, especially among the zebuine 
breeds, Bayesian population assignment analysis correctly identified most groups with more 
than 90% accuracy (Table 5).

Taken together, the data presented here show that significant diversity has been par-
titioned among the breeds developed in the American continent during the last 100 years. 
This shows that, despite their relatively recent formation, these breeds comprise distinct cattle 
subpopulations and therefore act as important resources of genetic diversity in the tropics. 
In addition, the gene flow and gene segregation observed among the zebuine breeds raised 
in Brazil, especially in the Nelore and Tabapuã populations, might constitute major barriers 
to genetic improvement programs, since these phenomena favor random variability instead 
of standardization. Therefore, this study reinforces the importance of the systematic use of 
molecular markers to guide comprehensive management, genealogic records, and breeding 
programs for these populations.
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