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Abstract
The population of Brazil, formed by extensive admixture between Amerindians,
Europeans and Africans, is one of the most variable in the world. We have recently
published a study that used ancestry-informative markers to conclude that in Brazil, at
an individual level, color, as determined by physical evaluation, was a poor predictor of
genomic ancestry, estimated by molecular markers. To corroborate these findings we
undertook the present investigation based on data from 12 commercially available
forensic microsatellites that were utilized to estimate the personal genomic origin for
each of 752 individuals from the city of São Paulo, belonging to different Brazilian
color categories (275 Whites, 192 Intermediates and 285 Blacks). The genotypes
permitted the calculation of a personal likelihood-ratio estimator of African or European
ancestry. Although the 12 markers set proved capable of discriminating between
European and African individuals, we observed very significant overlaps among the
three color categories of Brazilians. This was confirmed quantitatively using a Bayesian
analysis of population structure that did not demonstrate significant genetic
differentiation between the three color groups. These results corroborate and validate
our previous conclusions using ancestry-informative markers that in Brazil at the
individual level there is significant dissociation of color and genomic ancestry.
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Introduction
Brazilians are one of the most heterogeneous populations in the world, the result of 5
centuries of interethnic crosses between peoples from three continents: Europeans,
Africans and Amerindians. When the Portuguese arrived in 1500, there were
approximately 2.5 million indigenous people living in the area of what is now Brazil [1].
The Portuguese-Amerindian admixture started soon after the arrival of the first
colonizers and later became commonplace, being after 1755 even encouraged as a
strategy for population growth and colonial occupation of the country [2]. From the
middle of the 16th century, Africans were brought to Brazil to work on sugarcane farms
and, later, in the gold and diamond mines and on coffee plantations. Historical records
suggest that between 1551 and 1850 (when the slave trade was abolished), around 3.5
million Africans were brought to Brazil [3]. As to the European immigration, it is
estimated that about 500,000 Portuguese arrived in the country between 1500 and 1808
[1]. From then on, after the Brazilian ports were legally opened to all friendly nations,
Brazil received approximately 4 million other immigrants from several parts of the
world. Portugal remained by far the most important source, followed by Italy, Spain, and
Germany.
In 2003 we published a study in which the objective was to ascertain to what extent the
physical appearance of a Brazilian individual was predictive of the degree of genomic
African or European ancestry [4]. We used a panel of 10 ancestry-informative markers
(AIMs), i.e. genetic polymorphisms that display large differences in allelic frequencies
(> 0.40) between Europeans and Africans [5] to estimate, on an individual level, the
ancestry of 173 Brazilians from a Southeastern rural community. When we compared
these molecular results with the individual color classification of the same subjects, we
observed that the correlation was very poor. In other words, at the individual level,
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color, as determined by physical evaluation, was a poor predictor of genomic European
or African ancestry, estimated by molecular markers. We confirmed these results with
200 unrelated Brazilian white males who originated from cosmopolitan centers of the
four major geographic regions of the country. There were, however, questions raised
about the size and nature of the populations studied. We thus felt that there was the need
to confirm the findings of the previous study.
Bydlowski et al. [7] published the allelic frequencies for 12 microsatellites
commercially available for forensic studies (F13A01, F13B, FESFPS, LPL, CSF1PO,
TPOX, TH01, vWA, D16S539, D7S820, D13S317 and D5S818) in a sample of 916
unrelated Brazilian subjects classified by joint phenotypic and genealogical criteria into
four groups that they called European-derived (Whites), African-derived (Blacks),
Brazilian Mulattos (Intermediates) and Asian-derived (Orientals). Knowing that others
had already been successful with the use of such forensic microsatellites in the inference
of human biogeographical ancestry [8-11], we felt that the data of Bydlowski et al [7]
might provide us with the opportunity to verify, in a much larger sample, our results
described above. We here report that the genotyping of the 12 forensic microsatellite
loci did not show statistically significant degrees of genetic differentiation between
White, Intermediate and Black Brazilian individuals, thus corroborating and validating
our previous results [4].

Material and Methods
Populations Studied
Seven hundred and fifty two unrelated healthy volunteer blood donors of the city of São
Paulo were studied after a written informed consent, as previously described by
Bydlowski et al [7]. All individuals were classified by joint phenotypic and genealogical
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criteria as follows: subjects were asked about their color group and those of their parents
and grand-parents, according to their own definition. Phenotype analysis (facial
characteristic and skin pigmentation in the axilla, a body region not exposed to the sun)
was performed by the interviewer. Subjects were then classified accordingly into three
groups: Whites, Intermediates and Blacks. For instance, subjects were classified as
Black when the characteristic phenotype was present and subjects described themselves,
their parents and all their grand-parents as Blacks. We feel that with this methodology,
color classification became as free as possible from subjective biases. The same
procedure was followed for the classification of individuals into the other groups. In this
study we only analyzed data of 752 individuals classified as Whites (275),
Intermediates (192) and Blacks (285), which are the three main Brazilian color groups.
Additionally, we typed with the same 12 microsatellites two samples of populations
considered representative of major ancestral groups of Brazil. The first included 20
individuals randomly drawn from a previously described [12] sample of 93 unrelated
Portuguese men from the Porto District in Northern Portugal (41.11 N; 8.36 W). The
second, representing Africa, comprised 20 individuals from the village of Santana in
São Tomé Island in the West coast of Africa (1.00 N; 7.00 E). The population-based
estimate of European genetic contribution to the Santana population was only 0.074 ±
0.015 [6].
DNA analysis
PCR amplification and STR genotyping were performed using multiplex systems kindly
provided by Promega Corporation (Madison, WI, USA) and Dialab Diagnósticos (Belo
Horizonte, Brazil): CTTv Multiplex (CSF1PO, TPOX, TH01 and vWA), Gamma STR
Multiplex (D16S539, D7S820, D13S317 and D5S818) and FFFL Multiplex (F13A01,
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F13B, FESFPS and LPL). Amplified products were detected in silver nitrate stained 7
M urea–polyacrylamide denaturing gels.
Based on these results we assigned to each subject an individual "African Ancestry
Index" (IAA) that was calculated as the logarithm of the ratio of the likelihood of a
given multilocus genotype occurring in the African population to the likelihood of it
occurring in the European population. Thus, the IAA represents a personal geographical
ancestry estimate [4]. For the likelihood ratio calculations we pooled the African and
European allele frequencies of each locus available for each at the DNA PCR Database
of the Institut für Rechtsmedizin of the University of Düsseldorf (www.uniduesseldorf.de/WWW/MedFak/Serology/database.html). The table is available in
Supplemental data.

Data Analysis
Allele frequencies were estimated by the gene counting method. Fst values were
calculated as described by Weir [13]. To estimate the distance between probability
distributions we used the Kullback-Leibler divergence, which was calculated according
to the original formulation [14]. Bayesian analysis of genetic differentiation between the
color groups was performed as described by Corander et al. [15] using their BAPS
software. To calculate admixture at an individual level we have also used the Structure
program version 2.1 [16].

Results
Discrimination between Europeans and Africans
We first examined the discrimination power of the 12 microsatellite loci using samples
of 20 males from Northern Portugal and 20 males from São Tomé Island in the Gulf of
Guinea, West coast of Africa. These population sources were chosen because they are
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geographically related to the European and African population groups that participated
in the peopling of Brazil. The box plot obtained from the data is shown in Fig. 1. For the
12 microsatellites there was good discrimination - five logs separated the two medians
(2.35 and -2.65, respectively), but a small overlap occurred. We then compared these
results with those utilizing a 10-allele set of ancestry-informative markers that had been
previously typed in the same individuals [4]. With the latter, discrimination was much
better, with no overlap between the two groups and more than 20 logs separating the
two medians (9.75 and -11.93, respectively). To quantify the difference between the two
analytical systems, we applied the Kullback-Leibler divergence (K-L distance), which is
a measure of the distance between two probability distributions [14]. The K-L distance
between the individuals from Portugal and São Tomé was 11.88 when measured with
the AIMs, but only 1.29 for the microsatellites. We conclude that the set of 12 forensic
microsatellite loci is useful in discriminating between Europeans and Africans, although
with a much smaller efficiency (~10%) than AIMs.

White, Intermediate and Black Brazilians
Using the genotypes of the 12 forensic microsatellites we calculated the Index of
African Ancestry (IAA) for 752 individuals from São Paulo initially described by
Bydlowski et al. [7]. Using a methodology that minimized subjectivity by combining
self-assessment, family history and phenotypical observation, the subjects were
classified by color in three groups: 275 Whites, 192 Intermediates and 285 Blacks.
When we compared the IAA values for these individuals, we observed that the groups
had much wider ranges than those of Europeans and Africans (Fig. 2) and that there was
very significant overlap between them. The medians were -1.52 for Whites, -0.54 for
intermediates and -0.07 for Blacks. As previously [4] we additionally used the software
Structure [16] to calculate the inferred proportion of African ancestry of each individual
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in our sample. There was a highly significant correlation between the two admixture
estimates (data nor shown).

Level of genetic structure among the different color groups
All loci of the 12-STR set studied in Brazilian Whites, Intermediates and Blacks had
been previously shown by Bydlowski et al [7] to be in Hardy-Weinberg equilibrium.
Thus, we could calculate the degree of genetic differentiation between the three groups
using the Fst statistic. Because microsatellites evolve by stepwise mutations rather than
according to an infinite allele model [17], special measures of genetic distance have
been proposed for them (e.g., Rst; 18). However, other authors [19, 20] have shown that
the Fst statistic, which does not consider different mutational relationships among
alleles and has a known relationship to differentiation by drift, actually reflects reality
better than a mutation-based distance such as Rst. This occurs presumably because
genetic drift has played the main role in generating the present distributions of
microsatellite alleles and their variation among human populations; the role of mutation
must have been less important owing to the time constraint imposed by the small
timescale in which most human differentiation has occurred [19]. Our results showed a
very small amount of genetic differentiation as measured by the Fst values of -0.008 for
White-Black comparison, 0.009 for White-Intermediate and -0.004 for BlackIntermediate, none of them different from zero at the 0.05 level of significance.
This absence of significant genetic differentiation was confirmed by analysis of our data
with the program Bayesian Analysis of Population Structure [15]. A major advantage of
this software is that the number of distinct populations is treated as an unknown
parameter. That means that if the program perceives that two populations, because of
high degree of gene flow or recent foundation, can be considered a single panmitic
population it will then combine them [15]. We entered in BAPS the allele distributions

9
of Whites, Intermediates and Blacks from São Paulo at al 12 loci and also the African
and European allele frequencies of each locus available at the DNA PCR Database of
the Institut für Rechtsmedizin of the University of Düsseldorf (www.uniduesseldorf.de/WWW/MedFak/Serology/
database.html). The program identified with a probability of 1 the presence of three
clusters, as follows, cluster 1 – Europeans, cluster 2 = Africans and cluster 3 = Whites,
Intermediates and Blacks from São Paulo together. The Fst values for differentiation of
the clusters were 0.042 for Europeans versus Africans, 0.009 for Europeans versus
Brazilians and 0.021 for Africans versus Brazilians. When we ran the Bayesian analysis
(BAPS program) on the three Brazilian groups only, a single cluster was identified with
probability 1.

Discussion
Microsatellites are highly polymorphic due to variation in the number of repeating units
between alleles and this is believed to be primarily the result of frequent strand slippage
during replication [17]. The high mutation rate of microsatellites [21] and the stepwise
nature of their mutation process lead to frequent homoplasy in population studies.
Indeed, if one takes into account the possibility of size constraints for their growth,
different populations would tend to approach a common allelic distribution for these
markers [22]. However, microsatellites can be useful in studies of human evolution and
the genetic structure of human populations [23] especially if large numbers of loci are
examined [24, 25].
Because of their high informativity, microsatellites have become markers of choice for
forensic studies. Due to a series of factors that include considerations of intellectual
property, commercial interests, convenience and the need for validation and uniformity,
a relatively small number of microsatellites have been elected for use by the forensic
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community. An example of this is the CODIS (Combined DNA Index System) criminal
database in the United States, for which 13 commercially available microsatellite loci
were selected by the FBI, as reviewed by Budowle and Moretti [26]. The choice of few
“forensic microsatellites” by the crime and paternity testing community has led to a
wealth of information on their allele frequencies in populations all over the globe as
available in different databases (for instance, the DNA PCR Database, www.uniduesseldorf.de/WWW/MedFak/Serology/database.html and the Short Tandem Repeat
DNA Internet DataBase, http://www.cstl.nist.gov/biotech/strbase/ ). These data have
been used to show that forensic microsatellites can useful in population genetics and in
the estimation of the probable biogeographical origin of a given DNA profile [e.g. 8-11,
27]. The realization that allele frequencies of forensic microsatellites are sensitive to
geographical origin have led to the common practice of having different databases for
"Caucasians", "Blacks", "Orientals" and "Hispanics" in the United States and Europe
[28].
In the present study we used 12 commercially available forensic microsatellites to
estimate the personal genomic origin for each of 752 individuals belonging to different
Brazilian color categories, encompassing 275 Whites, 192 Intermediates and 285 Blacks
(N=752). Our work differs from past admixture studies of Brazilians because our focus
was the individual, and not the population as a whole. Since color is the main criterion
used for racial categorization and prejudice in society, we wanted to ascertain to what
degree it was correlated with genomic ancestry, and this could only be accomplished at
a personal level. Each individual was first classified as White, Black or Intermediate, on
the basis of both self-classification, family data and a multivariate phenotypic
evaluation. The later is a fundamental component of the evaluation, since, as mentioned
above, racial discrimination is mostly exerted on the basis of phenotype. The second
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component of the study was the calculation of a personal likelihood-ratio estimator of
African or European ancestry [summarized in the individual Index of African Ancestry
(IAA)] based on genotypes at 12 forensic microsatellite loci. We observed large
variances and very significant overlaps among the three color categories (Fig. 2). In
other words, at the individual level, it was not possible to obtain a reliable color
classification on the basis of the genomic analysis of the 12 microsatellite loci. This was
confirmed quantitatively using a Bayesian analysis of population structure [15] which
did not demonstrate genetic differentiation between the three color groups. In other
words, according to the analysis of the BAPS program the three color groups were
considered a single panmitic population. These results corroborate and validate our
previous study using ancestry-informative markers [4] that concluded that in Brazil, at
an individual level, color, as determined by physical evaluation, was a poor predictor of
genomic ancestry, estimated by molecular markers. An important corollary to this
conclusion is that in forensic practice in Brazil one can dispense with the common
American and European practice of having different microsatellite databases for
"Caucasians" and "Blacks".
In conclusion, our two studies are concordant and illuminate the hazards of trying to
equate color or "race" with geographical ancestry and of using interchangeably terms
such as White, Caucasian and European in one hand, and Black, Negro or African in the
other.
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Figure 1 – Box plot showing the distribution of values of the Index of African Ancestry
(IAA) calculated using forensic microsatellites or ancestry-informative markers (AIMs)
in samples of the Northern Portuguese population (Europeans; n = 20) and Africans
from São Tomé Island (Africans; n = 20). Each group is represented as a box whose top
and bottom are drawn at the lower and upper quartiles, with a horizontal line at the
median. Thus, the box contains the middle half of the scores in the distribution. Vertical
lines outside the box extend to the largest and the smallest observations within 1.5
interquartile ranges from the box[30].
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Figure 2 - Slot plot of the Index of African Ancestry (IAA) from 752 individuals from
São Paulo, Brazil, separated according to their color groups (White, Intermediate and
Black). Each symbol indicates the IAA value from one individual. The horizontal line
indicates the median.

