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This study aimed to report the antigen and haplotype frequencies (HFs) of volunteer bone marrow donors
(VBMDs) from the state of Piauí who were enrolled in the National Volunteer Bone Marrow Donor Reg-
istry (REDOME). The research subjects were 21,943 volunteer bone marrow donors, predominantly young
adult women (53.3%). The most frequent allelic group was HLA-A2, followed by -DRB1�13, -DRB1�04, -
DRB1�07, -B�15, -B⁄35, -B�44, -A�24 and -A�03.

Of the 2,704 haplotypes observed, the three most frequent haplotypes were A�29 B�44 DRB1�07
(1.45%), A�01 B�08 DRB1�03 (1.4%) and A�03 B�07 DRB1�15 (0.92%). These three haplotypes were in link-
age disequilibrium.

PCA showed that 98% of the VBMDs have HLA allele frequencies that are very similar to those from
Teresina, the capital city of Piauí. According to the PCA results, these municipalities are distributed with
a close proximity to Teresina, which in turn has a close genetic proximity to the Hispanic ethnicity, inter-
mediate proximity to Caucasians and Africans and a distant kinship to Amerindians. The hierarchical
proximity of the population of Piauí to the Portuguese and Hispanic populations to shows the strong
influence of the latter on the former.

Crown Copyright � 2013 American Society for Histocompatibility and Immunogenetics. Published by
Elsevier Inc. All rights reserved.
1. Introduction

The transplantation of allogeneic hematopoietic cells is an
effective therapy for the treatment of a large number of high-risk
blood disorders, but donor shortages are difficult to overcome.
The major limitation is finding a suitable match from the pool of
donor cells containing highly polymorphic HLA molecules. To ex-
pand the number of potential allogeneic hematopoietic cell donors
beyond related donors, programs were created that include non-
related bone marrow donor registries (BMDRs) around the world.

Bone marrow donor registries were developed in the late 1980s,
first in Western countries (Europe and North America) and then in
Asian countries (southeast) and Australia. One of the largest
BMDRs in South America is the Brazilian program, National Regis-
try of Volunteer Bone Marrow Donors – REDOME. This program
was launched in 1993 as a private initiative [1]. In 1998, the Min-
istry of Health took over the program, and in 2000, it administered
the bone marrow transplantation process in Brazil. This arrange-
ment was an important step toward strengthening and growing
the registry. As a consequence, REDOME is currently the world’s
3rd largest BMDR, and it reached 3,017,036 donors registered by
2012. The huge size of the Brazilian territory, combined with the
large amount of genetic diversity observed in the Brazilian popula-
tion, makes it difficult to develop a BMDR that represents the en-
tire pool of HLAs for a specific Brazilian subpopulation. Thus, to
reserved.

nrolled

http://dx.doi.org/10.1016/j.humimm.2013.08.283
mailto:marayzacarvalho@yahoo.com.br
mailto:lttsuneto@gmail.com
mailto:lttsuneto@gmail.com
mailto:jmoita@ufpi.edu.br
mailto:claudio.demes@ufpi.edu.br
mailto:claudio.demes@ufpi.edu.br
mailto:hertonluiz@gmail.com
mailto:marinabmacedo@uol.com.br
mailto:jose.renato77@gmail.com
mailto:estermpereira@gmail.com
mailto:sousa.analib@gmail.com
mailto:adalberto@ufpi.edu.br
mailto:semiramis@ufpi.edu.br
http://dx.doi.org/10.1016/j.humimm.2013.08.283
http://www.sciencedirect.com/science/journal/01988859
http://www.elsevier.com/locate/humimm
http://dx.doi.org/10.1016/j.humimm.2013.08.283


2 M.G. Carvalho et al. / Human Immunology xxx (2013) xxx–xxx
improve assistance for patients who are on a waiting list for a bone
marrow transplant (BMT) from an unrelated donor, it is important
to genetically characterize the volunteer bone marrow donors
(VBMDs) that are enrolled in REDOME and their regional
differences.

Brazil is a continental country that has specific regional charac-
teristics and is peopled by the descendants of immigrants from
many countries, who have diverse cultural characteristics and ge-
netic backgrounds. Although there have been studies on the HLA
allele frequencies in Brazil, these studies most often assess states
that are in the south and southeast [2–4], with relatively few stud-
ies on the remaining regions of the country (north, northeast and
central-west) [5,6]. One consequence of this disparity in the num-
ber of studies is a lack of knowledge about the effective represen-
tation of the remaining Brazilian regions in the pool of alleles in the
Brazilian population. Thus, our objective is to describe the allele
and haplotype frequencies of HLA-A, HLA-B and HLA-DRB1 in the
state of Piauí, which is in the Brazilian northeast, and to determine
their representation in REDOME.
2. Materials and methods

2.1. Sample

The current study included a sample of VBMDs who were regis-
tered at the Laboratory of Immunogenetics and Molecular Biology
in Teresina, Piauí, Brazil, from January 2006 to December 2011. The
state of Piauí comprises 224 municipalities, with a territorial area
of 251,576.644 km2. It is situated between the geographical coordi-
nates 2�440 and 10�520 south latitude and 40�250 and 45�590 west
longitude. The estimated population of Piauí is 3,118,360 inhabit-
ants, which corresponds to 16.16% of the population of the north-
eastern region and 2.95% of the entire Brazilian population. All of
the donors provided informed consent [7]. The study was approved
by the University Research and Ethics Committee.

HLA allelic groups were molecularly typed at an intermediate
resolution for the HLA class-I (loci A, B) and class-II (the DRB1 lo-
cus) alleles based upon the Polymerase Chain Reaction-Sequence-
Specific Oligonucleotide Probe Hybridization (PCR-SSOPH) tech-
nique in combination with Luminex using commercial reagents
and following the instructions of the manufacturer (One Lambda
Inc., Canoga Park, CA, USA). The analysis of the allele genotyping
was performed using the HLA Fusion v 1.2.1 Software (One Lambda
Inc., Canoga Park, CA, USA). When necessary, allelic groups were
converted to the most likely high-resolution types based on the re-
ported HLA frequencies within the observed National Marrow Do-
nor Program (NMDP) multiple allele codes, using the EpHLA
converter software (http://ephlaconverter.ufpi.br/) [8].
2.2. Data analysis

Allele frequencies were obtained by direct counting. To calcu-
late the representation of a certain population in REDOME, we used
the equation ip = [(state population/Brazil population)/(state
VBMDs/REDOME VBMDs)], where ‘‘ip’’ is a proportionality index
that evaluates whether the VBMDs from the state are represented
in REDOME proportionally to the state’s contribution to the coun-
try’s population. We estimated the maximum-likelihood (ML) hap-
lotype frequencies from the observed data using an Expectation–
Maximization (EM) algorithm [9] for multi-locus genotypic data
when the gametic phase is not known. Sample haplotype frequen-
cies (hfo) were obtained by an expectation–maximization algo-
rithm. Coefficients of linkage disequilibrium (LD) were obtained
by the following formula: D = hfo � hfe, where D is the value of
absolute linkage disequilibrium, hfo is the sample haplotype fre-
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quency observed and hfe is the expected haplotype frequency,
i.e., the product of the frequencies of alleles or variants in the hap-
lotype. For two-point haplotypes, relative delta values were ob-
tained using the equation D0ij ¼ Dij=jDmaxijj, where Dmaxij takes
one of the following values: min(pi, pj) � pipj, if Dij P 0 and
max(0, pi + pj � 1) � pipj, if Dij < 0 [10]. An exact test was em-
ployed to measure the potential deviations from the expected
Hardy–Weinberg equilibrium genotype frequencies [11]. The
Ewens–Watterson test [12–14] was applied to each locus. The
Arlequin software package [15] was used to calculate allele and
haplotype frequencies and gene heterozygosity, to verify the fit
to Hardy–Weinberg expectations and to perform an Ewens–Watt-
erson’s test of selective neutrality.
2.3. Analysis of principal components for genetically characterizing the
population

The distribution pattern of the allelic groups in the municipali-
ties of Piauí is a reference for both the grouping and segregation of
these subpopulations and for comparison with other populations
described in the literature. Thus, we used principal component
analysis (PCA) and hierarchical cluster analysis (HCA) (SPSS Soft-
ware, version 20.0) (Chicago, IL, USA). Briefly, when applied to a
multi-dimensional set of variables, PCA calculates an orthogonal
basis that is guided by the directions of the maximum variance
of the data analyzed. The projections of the original data on this ba-
sis, called the principal components, accumulate the maximum var-
iance of the data in a decreasing order, thereby making it possible
to make an approximate representation of the data from a reduced
number of dimensions of the basis. The total variance percentage
that is ‘‘explained’’ by a subset of the principal components is given
by the accumulated sum of the self-values that correspond to that
subset of principal components.

For the intrapopulation analysis, the municipalities of Piauí
with more than 10 VBMD were studied and typed for loci A, B
and DRB1 (adding up to 52 municipalities). The allele frequencies
for the three loci were tabled for each municipality and were sub-
mitted to PCA in comparison with population samples from Brazil
– REDOME, REREME [16], REDOME Piauí, REDOME Teresina-PI
[17], REDOME Rio Grande do Norte [18], Minas Gerais [19], Paraná
(Caucasians, Africans, Mulatto and Cafuzo [a mix of African and
Amerindian ancestry] [4]), Terena Indian tribe (Mato Grosso do
Sul) [20], United States (Caucasian, Afro-Americans and Hispanic)
[21], Portugal (Coimbra, Aveiro and Lisboa), France, Italy, Rwanda
[19] and an indigenous population from Peru (Peru Lamas) [22].
Populations with molecular HLA-A, HLA-B and HLA-DRB1 haplo-
type data, cumulative allele frequencies for each locus that were
greater than 90%, and a historical relationship with the genetic ma-
keup of Piauí were included.

The obtained results were used as input parameters to conduct
HCA and to group the populations by genetic proximity in a den-
drogram using the Jaccard similarity index. The resulting HCA den-
drogram consists of diagrams that represent the similarity
between sample pairs or groups in a scale that ranges from identity
to no similarity.
3. Results and discussion

This study was accomplished with 58.08% (21,943 out of
37,780) [16] of the bone marrow donors from Piauí who were en-
rolled on REDOME via the Laboratory of Immunogenetics and
Molecular Biology of the Federal University of Piauí (LIB-PI). The
study subjects were grouped according to their municipalities,
which provided three insights the volunteer bone marrow dona-
tions in the state of Piauí. The first observation concerns the
B1 haplotype frequencies in Piauí’s volunteer bone marrow donors enrolled
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Table 3
The Hardy–Weinberg equilibrium test for the HLA-A, HLA-B and HLA-DRB1 Loci in
VBMDs from Piauí, Brazil.

Locu HeObs HeExp p SD

HLA-A 0.89199 0.89086 0.08863 0.00014
HLA-B 0.93665 0.93814 0.22861 0.00017
HLA-DRB1 0.90216 0.90122 0.06742 0.00018

HeObs = observed heterozygosity; HeExp = expected heterozygosity, p = Hrady-
Weiberg signifance, SD = standard deviation. n = 21,943.

Table 4
Three-locus HLA haplotype frequencies and linkage disequilibrium.

Haplotype hfo D D0 p < 0.0001

A�29 B�44 DRB1�07 0.0145 0.0140 0.3188 Yes
A�01 B�08 DRB1�03 0.014 0.0137 0.3232 Yes
A�03 B�07 DRB1�15 0.0092 0.0087 0.136 Yes
A�02 B�44 DRB1�04 0.0081 0.0046 0.0475 Yes
A�02 B�40 DRB1�04 0.0081 0.0061 0.1055 Yes

Table 2
The HLA-A, HLA-B, and HLA-DRB1 allele frequencies in a sample of 21,943 volunteer
bone marrow donors from Piauí, Brazil that were REDOME registered in the period
from 2006 to 2011.

Alleles Freq (A) Alleles Freq (B) Alleles Freq (DRB1)
HLA-A� N = 21.943 HLA-B� N = 21.943 HLA-DRB1� N = 21.943

A�01 0.0710 B�07 0.0645 DRB1�01 0.0879
A�02 0.2548 B�08 0.0426 DRB1�03 0.0959
A�03 0.0788 B�13 0.0109 DRB1�04 0.1345
A�11 0.0466 B�14 0.0529 DRB1�07 0.1255
A�23 0.0643 B�15 0.1129 DRB1�08 0.0716
A�24 0.0906 B�18 0.0362 DRB1�09 0.0221
A�25 0.0094 B�27 0.0193 DRB1�10 0.0200
A�26 0.0251 B�35 0.1088 DRB1�11 0.0942
A�29 0.0444 B�37 0.0107 DRB1�12 0.0181
A�30 0.0687 B�38 0.0178 DRB1�13 0.1370
A�31 0.0646 B�39 0.0380 DRB1�14 0.0475
A�32 0.0262 B�40 0.0596 DRB1�15 0.0971
A�33 0.0318 B�41 0.0125 DRB1�16 0.0484
A�34 0.0102 B�42 0.0201
A�36 0.0079 B�44 0.1014
A�43 0.0000 B�45 0.0193
A�66 0.0126 B�46 0.0001
A�68 0.0660 B�47 0.0013
A�69 0.0020 B�48 0.0115
A�74 0.0211 B�49 0.0253
A�80 0.0036 B�50 0.0270

B�51 0.0709
B�52 0.0198
B�53 0.0328
B�54 0.0000
B�55 0.0098
B�56 0.0034
B�57 0.0274
B�58 0.0342
B�67 0.0001
B�73 0.0000
B�78 0.0012
B�81 0.0070
B�82 0.0007

The bold values represent the three most frequent specificities by locus.
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national representation of Piauí in REDOME. The proportionality
index of (ip) = 2 suggests that we should have two times more
BMDRs enrolled, so that Piauí is as well-represented on REDOME
as the states of São Paulo and Rio Grande do Sul, which showed
an ip of 1.1 and 1.04, respectively. The second observation is that
there is a differential participation of Piauí municipalities with re-
gard to the volunteer bone marrow donation; of the 224 munici-
palities of Piauí, only 147 have VBMDs enrolled on REDOME, and
from these, 52 (35.4%) show an ip value that is equal to or higher
than 10. The third observation concerns the high degree of popula-
tion admixture found in the studied population, as evidenced by
the heterogeneity of the Caucasoid and African alleles and the
low contribution of Amerindian genes.

The small representation of Piauí’s population on REDOME, to-
gether with the high degree of population admixture observed in
the state, limits the chances that a bone marrow recipient from
Piauí can find a donor in a registry. Here, we showed that the
Piauí-VBMDs presented the same demographic profile (Table 1)
as the overall profile observed for REDOME in Brazil: predomi-
nantly young women [16]. Although at first sight, it appears
encouraging to have young people as the main VBMDs in a state,
a more realistic interpretation of this scenario could frame it as a
concern. This argument is supported by the fact that if it is advan-
tageous for the registry to have a donor with a more lasting dona-
tion potential, then it is required that the donor have a strong
connection because of being in an age group that has a large migra-
tion possibility.

A total of 68 different HLA alleles were found (21 HLA-A, 34
HLA-B and 13 HLA-DRB1). The highest HLA allelic frequencies were
observed for the HLA-A�02 allelic group (Table 2). The data indicate
that there is a greater contribution of the allele groups from Euro-
pean and African origins [23–25], such as HLA-A�02, HLA-A�30,
HLA-B�15, HLA-B�53, HLA-DRB1�13, and HLA-DRB1�15. The HLA al-
leles that are frequently observed in Amerindian populations, such
as HLA-A�02:04, -B�35:04 and -B�35:08, were not observed in the
sample studied, whereas the HLA alleles HLA-A�02:11, -B�15:04, -
DRB1�04:05, -DRB1�08:07, -DRB1�14:02, DRB1�14:13, and -
DRB1�16:02, which are also typical in Amerindian populations,
were observed at frequencies that ranged from 0.0015% to 2.4%.

When the allele frequencies of REDOME-Piauí were compared
to those of REDOME Brazil and REREME, a linear regression analy-
sis revealed an r2 value that was close to 1 (r2 = 0.9406 for REDOME
and r2 = 0.9681 for REREME); this finding indicates a very high le-
vel of correlation between the allele frequencies from Piauí and RE-
DOME Brazil or REREME. Several studies of different markers
indicate that the largest amount of genetic variation occurs in indi-
viduals who are from the same population and not in individuals
who are from different populations [26–29].

With regard to the analysis of haplotype frequencies, 2701 hap-
lotypes were estimated. The most common haplotypes were A�29
B�44 DRB1�07, A�01 B�08 DRB1�03, A�03 B�07 DRB1�15, A�02
B�44 DRB1�04, A�02 B�40 DRB1�04, A�33 B�14 DRB1�01, A�02
B�44 DRB1�07, A�11 B�35 DRB1�01, A�02 B�15 DRB1�04 and A�02
B�48 DRB1�09.

Hardy–Weinberg exact tests were performed on each of the
three loci. We found that the loci HLA-A, -B and -DRB1 were in
Table 1
The distribution of VBMDs enrolled in LIB-UFPI REDOME for the period from January
2006 to December 2011 by gender and age.

Age (years) Gender

Age group % M (%) F (%)

18–27 38.86 43.94 56.06
28–37 34.31 47.92 52.08
38–47 17.49 45.43 54.57
>48 9.34 43.15 56.85

A�33 B�14 DRB1�01 0.0081 0.0079 0.2504 Yes
A�02 B�44 DRB1�07 0.0078 0.0045 0.0461 Yes
A�11 B�35 DRB1�01 0.0071 0.0066 0.1437 Yes
A�02 B�15 DRB1�04 0.0069 0.0030 0.0275 Yes
A�02 B�48 DRB1�09 0.0064 0.0063 0.5566 Yes

hfo: haplotype frequency; D: absolute delta value; D0: relative linkage disequilib-
rium; p: probability.

Please cite this article in press as: Carvalho MG et al. HLA-A, HLA-B and HLA-DR
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Hardy–Weinberg equilibrium (p > 0.05) with an observed hetero-
zygosity of 89%, 93% and 90%, respectively. The significance of
B1 haplotype frequencies in Piauí’s volunteer bone marrow donors enrolled
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Fig. 1. The distribution of municipalities in Piauí in accordance with the values of
the principal components 1 and 2.
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the exact test (p), standard deviation, and expected and observed
heterozygosity values are shown in Table 3. These results tell us
that our population is neither experiencing natural selection nor
being mistyped for HLA antigens.

The LD test indicated that there is a possible association be-
tween the alleles that make up the haplotypes; the results of this
test are shown in Table 4. These results suggest that the strength
of the disequilibrium is largely unrelated to the relative physical
distance between the loci in this small MHC segment and that
functional relatedness has very little, if any, influence on LD. Some
possible explanations for this effect include migrations, mutations,
Fig. 2. Hierarchical clustering analysis (HCA) showing the clustering of VBMD from Piau
Clustering was performed using PCA output for HLA alleles that are important in discrim

Please cite this article in press as: Carvalho MG et al. HLA-A, HLA-B and HLA-DR
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racial admixture, new alleles and positive selection. In fact, the
migrations of Caucasoid people (from the Brazilian southeast), Por-
tuguese people, and the descendants of African as well as the racial
admixture of the latter two ethnic groups are important historical
factors in the formation of the people of Piauí. The high frequencies
of the former two haplotypes suggest a strong European contribu-
tion to the genetic composition of the sample studied.

The low frequencies of HLA alleles and haplotypes of Amerindian
origin suggest that the population of Piauí is represented by a pool of
genes from primarily Caucasoid, Hispanic and African origins.

For a long time, Amerindians prevailed as the only inhabitants
in the state of Piauí. This scenario, however, changed with the ar-
rival of Caucasoid people as from 1571, followed by the Afro-
descendants. The immigrants ousted or exterminated the native
population of the state and became the predominant people; this
is supported by historical population data [30]. The number of
Amerindian tribes in Piauí decreased so drastically that the indig-
enous population of Piauí had essentially disappeared as an ethnic
group by the year 1797, according to a report by the President of
the province in 1867 [31]. This remains the current situation, as
shown by Monte and collaborators in a study of the HLA frequency
in people who are born in Piauí (northeastern descendants) [5].

The analysis by principal components emphasizes these previ-
ous findings. The first two components comprise the most valuable
statistical information of the set on a Cartesian graph, imposing the
reduction of the dimensionality of representative points of the 68
original variables. In the principal component analysis, each axis
can be separately analyzed. Each point on the graph represents a
municipality of Piauí or an ethnic group that is used for compari-
í relative to other Brazilian populations and to other populations around the world.
inating ethnic groups.

B1 haplotype frequencies in Piauí’s volunteer bone marrow donors enrolled
imm.2013.08.283
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son (Fig. 1). We assume that the distance between each point on
the graph is directly proportional to the genetic distance between
the people from the represented municipalities. To improve the
visualization of our data and to clarify our results, we highlighted
some municipalities and ethnic groups on the graph. This strategy
simplified the observation that Teresina (THE) stands out as the
center of a group of municipalities that are genetically close to
the Hispanic ethnic group (HIS) and further away from the Cauca-
soid group (Europeans = CEU, and Americans = CAM), Africans
(AFR = from Africa, and AAM = from America) and Amerindians
(AME and INB). It is interesting to observe that only two municipal-
ities – Brasileira (BRA) (located on the upper part of the graph) and
Corrente (COR) (located on the lower part of the graph) – show an
intermediate distance to the group of municipalities that are
genetically closer to Teresina. The scores for the components
showed that the first principal component was influenced by both
the low frequency of Amerindian alleles (HLA-A�31 and HLA-
DRB1�14) and by the intermediate frequency of African origin al-
leles (HLA-A�30 and HLA-A�34). The variations in the second prin-
cipal component were especially influenced by the low frequency
of the HLA-B�82 allele, which is a characteristic of Afro-descen-
dants, and by the high frequency of the Caucasoid (HLA-DRB1�01,
HLA-A�01), Hispanic (HLA-DRB1�16) and African (HLA-B�57) alleles.

The principal components analysis may indicate how well a
subpopulation genetically represents the population from whence
it is derived. It is interesting to note that all of the cases in which
the populations are well-represented on REDOME (shown here)
indicate a trend in the ip value towards one. Conversely, high ip
values are associated with less-represented subpopulations (Bra-
sileira (BRA) – ip of 11.9 and Corrente (COR) – ip of 38.0). Thus,
it is reasonable to expect that a decrease in the ip is followed by
a simultaneous decrease in the distance between subpopulations
of a state and that this difference is easily visualized in the octag-
onal space circumscribed by the PCA components. If that is true, an
increase in the records of volunteer donors from these places
would reshape the cluster, which would incorporate these munic-
ipalities; therefore, there would not be an HLA phenotype sub-
structure in the population analyzed.

The reliability of the results reported above can be confirmed by
comparing our data obtained using HCA (Fig. 2) with the data re-
ported for other populations. The hierarchical proximity of Piauí
to the Portuguese (on the top of the tree) and Hispanic (nearer to
the base) populations indicates the strong influence of these two
populations on the constitution of the people of Piauí. These results
corroborate the findings of Pimenta and collaborators, who de-
scribed the Brazilian population’s genetic structure as having
65.9% European influence, 24.8% African influence and 9.3% Amer-
indian influence [32]. The segregation of the African and Amerin-
dian ethnic groups in our study samples can be explained by the
history of the settlement of the Brazilian northeast, where, because
of slavery, a stronger influence of Africans and a progressive reduc-
tion of the Amerindian population [33] in the Brazilian territory
due to the settlement process can be observed [30].

In summary, the current study contributes important informa-
tion that is potentially usable as a strategy to establish VBMD
enrollment policies aimed at forming a database that is represen-
tative of the genetic profile of the people of Piauí and that enables
individuals to find matched donors with both frequent and uncom-
mon haplotypes.
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