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EPIGEN-Brazil is one of the largest Latin American initiatives at the interface of human genomics, public health, and com-
putational biology. Here, we present two resources to address two challenges to the global dissemination of precision med-
icine and the development of the bioinformatics know-how to support it. To address the underrepresentation of non-
European individuals in human genome diversity studies, we present the EPIGEN-5M+IKGP imputation panel—the fusion
of the public 1000 Genomes Project (IKGP) Phase 3 imputation panel with haplotypes derived from the EPIGEN-5M data set
(a product of the genotyping of 4.3 million SNPs in 265 admixed individuals from the EPIGEN-Brazil Initiative). When we
imputed a target SNPs data set (6487 admixed individuals genotyped for 2.2 million SNPs from the EPIGEN-Brazil project)
with the EPIGEN-5M+1KGP panel, we gained 140,452 more SNPs in total than when using the IKGP Phase 3 panel alone and
788,873 additional high confidence SNPs (info score > 0.8). Thus, the major effect of the inclusion of the EPIGEN-5M data set
in this new imputation panel is not only to gain more SNPs but also to improve the quality of imputation. To address the lack
of transparency and reproducibility of bioinformatics protocols, we present a conceptual Scientific Workflow in the form of
a website that models the scientific process (by including publications, flowcharts, masterscripts, documents, and bioinfor-
matics protocols), making it accessible and interactive. Its applicability is shown in the context of the development of our
EPIGEN-5M+IKGP imputation panel. The Scientific Workflow also serves as a repository of bioinformatics resources.

[Supplemental material is available for this article.]

The EPIGEN-Brazil Initiative (https://epigen.grude.ufmg.br/) is
one of the largest Latin American initiatives at the interface of hu-
man genomics, public health, and computational biology. Here,
we present how we are addressing two challenges to global dissem-
ination of precision medicine and to the development of the bio-
informatics know-how to support it. These challenges are (1) the
persistent and severe underrepresentation of non-European indi-
viduals in human genome diversity studies and well-designed ge-
netic epidemiology studies (Alexander et al. 2009; Bustamante
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et al. 2011; Check Hayden 2016; Popejoy and Fullerton 2016);
and (2) the lack of transparency and reproducibility in the entire
scientific process, including bioinformatics protocols (Igbal et al.
2016).

The underrepresentation of globally diverse individuals in
genomic studies is not simply due to lack of their enrollment in
these studies. Much more compelling is the need for a more global
distribution of research groups with a strong background in geno-
mics and bioinformatics, leading and performing this kind of
study. In this context, the overarching goal of the EPIGEN-Brazil
Initiative is to study the genomic diversity and its effects on
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EPIGEN-Brazil Initiative resources

complex phenotypes in Brazil, the most populous Latin American
country (Borges et al. 2016; Lima-Costa et al. 2016; Marques et al.
2017). Brazil’s more than 200 million inhabitants are the
product of admixture that occurred during the last 500 years be-
tween Amerindians, Europeans, Africans, and their descendants.
Interestingly, Brazil was the largest destiny of the African diaspora,
and we have recently shown that Brazilians host on their genomes
the diversity of African groups that have not yet been included
in population genomics studies, such as Bantu Angola and
Mozambique populations, two sources of the slave trade that orig-
inated in territories controlled by the Portuguese Crown (Kehdy
et al. 2015).

The EPIGEN-Brazil Initiative is studying 6487 Brazilians from
the three largest population-based cohorts of the country (Fig. 1;
Supplemental Table S1; Supplemental Material Sections 1, 2.1):
(1) Salvador-SCAALA in northeast Brazil, with predominant
African ancestry (18 years of follow-up) (Barreto et al. 2006); (2)
the Bambui Cohort Study of Aging in Minas Gerais in the south-
east of the country (15 years of follow-up) (Lima-Costa et al.
2011); and (3) the 1982 Pelotas Birth-Cohort Study in southern
Brazil (30 years of follow-up) (Victora and Barros 2006).

The EPIGEN-Brazil Initiative is a strategic project funded by
the Brazilian Ministry of Health, and it integrates research areas
well established in the country, such as epidemiology, public
health, and human genetics (Salzano and Freire-Maia 1967;

Figure1. Continental admixture of the EPIGEN-Brazil population-based cohorts. Ancestry was estimat-
ed using the ADMIXTURE software (Alexander et al. 2009), as in Kehdy et al. (2015). European, African,
and Native American ancestry are, respectively: 42.8%, 50.8%, and 6.4% in Salvador; 78.5%, 14.8%,
and 6.7% in Bambui; and 76.1%, 15.9%, and 8% in Pelotas. Figure adapted from Kehdy et al. (2015).

Ancestry
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B African
. Native American

Barreto 2004; Salzano 2018) with bioinformatics, that is a vigorous
emerging area in Brazil. To address the need for more global re-
search groups, one of the main goals of the EPIGEN-Brazil
Initiative is to strengthen research capabilities in these research ar-
eas in Brazil, and we are training dozens of graduate students and
postdoctoral researchers from Brazil and other Latin American
countries. In Latin America, we are collaborating with the Na-
tional Institute of Health from Peru to study the genomic diversity
of the Peruvian population (Harris et al. 2017), which differs from
the Brazilian population in having a predominant Native Ameri-
can ancestry.

The failing on diversity of human genomics and the
EPIGEN-Brazil imputation panel

Imputation is the prediction of missing genotypes based on the
pattern of linkage disequilibrium of a reference panel. For GWAS
and fine-mapping studies, cosmopolitan public panels for imputa-
tion exist, such as the 1000 Genomes Project (1KGP) Phase 3
(Sudmant et al. 2015), based on whole-genome sequencing
(WGS) data. In addition to the 1092 individuals from Phase 1,
Phase 3 of the 1KGP panel has incorporated 1412 new individuals,
including four new populations from Africa, one from admixed
Latin America, two from East Asia, and five from South Asia,
each with 61-113 individuals (Supplemental Table S3; Sup-
plemental Material Section 2.2.2). Not-
withstanding this improvement in the
coverage of global genetic diversity, stud-
ies continue to show that imputation ac-
curacy may be improved by using WGS
or high-density SNP data from individu-
als with similar genetic background to
the target population (Thornton and Ber-
mejo 2014; Ahmad et al. 2017; Mitt et al.
2017). However, for studies performed
in non-European populations, WGS or
high-density array data are still rare. Next
we present a new imputation panel spe-
cific for admixed Brazilian and Latin
American populations and show that
the inclusion of high-density array data
from the Brazilian population improve
imputation quality in respect to the use
of the 1KGP (Phase 3) panel alone.

Addressing lack of transparency and
reproducibility of genomic studies

A second challenge faced by global dis-
semination of bioinformatics and the
know-how to support precision medicine
is the lack of transparency and reproduc-
ibility of the entire scientific process
(Igbal et al. 2016). This limits the world-
wide flow of bioinformatics knowledge
necessary to build and train research
groups with a solid bioinformatics back-
ground. Although there are several claims
for more transparency and reproducibili-
ty of all the scientific process in biomed-
ical literature (Sandve et al. 2013; Kolker
et al. 2014; Igbal et al. 2016), advances
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from genomic initiatives to share bioinformatics protocols are
still rare.

A still valid and compelling claim and concept were formulat-
ed by Bourne (2010), proposing to move away from the classical
scientific articles to a more interactive publication of Scientific
Workflows. Bourne defined a Scientific Workflow as “part process
and part container for content (or pointers to that content), that is
significantly broader and more integrated than what is sent for
publication today, namely, a manuscript and supplemental infor-
mation in an essentially computationally unusable form.” Thus,
a Scientific Workflow is a more complex concept than, and should
not be confused with, a bioinformatics Workflow/Pipeline Man-
agement System such as Taverna (Wolstencroft et al. 2013) or
Galaxy (Afgan et al. 2016), although the latter may be used to im-
plement Scientific Workflows.

Here, we present the EPIGEN-Brazil Scientific Workflow
(http://www.ldgh.com.br/scientificworkflow), a tool for transpar-
ent and reproducible bioinformatics analyses, and exemplify it in
the context of our EPIGEN-5M+1KGP imputation panel. Our
Scientific Workflow includes four self-contained components—
scientific publications, flowcharts, masterscripts, and docu-
ments—that represent different stages of the scientific process.
The scientific publications include both the final research products
and the scientific hypotheses. The flowcharts are conceptual visual-
izations of research tasks performed as part of scientific publica-
tions, and the masterscripts are the operational computational
execution (programs) of tasks represented by the flowcharts.
Documents comprise other information such as technical reports,
workshop presentations, and intermediate results.

Results and discussion

Imputation experiments

We genotyped 4.3 million SNPs in 265 admixed individuals from
the EPIGEN-Brazil Initiative (90, 88, and 87 individuals randomly
selected from the Salvador, Bambui, and Pelotas cohorts, respec-
tively) (Fig. 1; Supplemental Table S2; Supplemental Material
Section 2.2.1). We present a new imputation reference panel (here-
after, the EPIGEN-5M+1KGP panel), which is the fusion of the
haplotypes derived from the EPIGEN-5M data set with the public
1KGP Phase 3 imputation panel (Supplemental Table S4; Sup-
plemental Fig. S1; Supplemental Material Sections 2.3, 2.4, 2.5.
1). Hereafter, the 1KGP Phase 3 panel will be simply called
1KGP. In the context of GWAS and fine-mapping studies in
Brazilian and other Latin American populations with a predomi-
nant mix of European and African ancestries, we tested whether
using the EPIGEN-5M+1KGP imputation panel improves imputa-
tion in respect to the 1KGP imputation panel alone.

The EPIGEN-5M+1KGP and the 1KGP imputation panels
have a similar number of variants and allele frequency spectra
(Fig. 2A; Supplemental Fig. S2), although the EPIGEN-5M+1KGP
has 14,970 more SNPs and 530 (~10%) more haplotypes than
the 1KGP imputation panel (5538 versus 5008 haplotypes, respec-
tively) (Supplemental Table S4). More importantly, after phase in-
ference (Supplemental Tables S5, S6; Supplemental Material
Section 2.5.2), when we imputed a target SNPs data set (the 6487
admixed individuals genotyped for 2.2 million SNPs from the
EPIGEN-Brazil project) (Fig. 1; Kehdy et al. 2015) with the
EPIGEN-5M+1KGP panel, we gained 140,452 more SNPs in total
and 788,873 additional high confidence SNPs (info score >0.8)
than when using the 1KGP panel alone (Fig. 2B; Supplemental

Tables S7, S8; Supplemental Material Section 2.5.3). Thus, the ma-
jor effect of the inclusion of the EPIGEN-5M data set in a new im-
putation panel is not only to gain more SNPs but also to improve
the quality of imputation. Particularly, the EPIGEN-5M+1KGP
panel improves imputation quality in respect to 1KGP across a
wide range of allele frequencies (Fig. 2C; Supplemental Figs. S3—
S6). Therefore, imputation quality (i.e., info score) improves with
the inclusion of the EPIGEN-5M data set even if it derives from
high-density array data, rather than from WGS (which would be
optimal). Imputation quality improves whether we input the en-
tire EPIGEN-Brazil target data set or each of the cohorts separately.
This suggests that the assembled EPIGEN-SM+1KGP imputation
panel performs better than the 1KGP panel for a variety of study
sizes, admixture levels, and post-Columbian demographic histo-
ries. Moreover, because high-density array data improve imputa-
tion quality, the 2.2 million SNPs data set previously published
by Kehdy et al. (2015) may also be used for imputation for
GWAS performed in Latin American populations with lower-den-
sity arrays.

The case of the EPIGEN-5M+1KGP imputation panel exempli-
fies the applicability of the Scientific Workflow (Supplemental
Material Section 3). All methodological steps to obtain the panel
are delineated in Methods and are also visualized as a Scientific
Workflow flowchart in http://www.ldgh.com.br/scientificworkflow/
flowcharts.php (Fig. 3). The corresponding masterscripts that
computationally operationalize the flowchart are available at
http://www.ldgh.com.br/scientificworkflow/master_scripts.php
(Supplemental Material Section 3; Supplemental Figs. S7, S8).

In conclusion, although high-coverage WGS data from popu-
lations underrepresented in genomic studies are the optimal
source of haplotypes to be used for imputation in genome-wide/
fine-mapping association studies, we show here that, in the ab-
sence of this kind of data, high-density array data from a few hun-
dreds of individuals from the same populations, used together
with the public 1KGP data set, is an alternative to improve impu-
tation quality. Therefore, we expect that the EPIGEN-5M+1KGP
imputation panel will allow for better GWAS, admixture map-
ping/fine-mapping studies in Latin American populations with
ancestries that are similar to the Brazilian population studied by
the EPIGEN-Brazil Initiative. We also use the EPIGEN-5M+1KGP
imputation panel to exemplify our implementation of the concept
of Scientific Workflow, in sensu Bourne (2010), which has the goal
of making publicly available as much of the scientific process as
possible. Since the Scientific Workflow represents different steps
of the scientific process, from project development to publication,
and with different levels of abstraction and detail, it emerges as a
concrete initiative that moves us toward more transparency and re-
producibility in bioinformatics analyses.

Methods

Imputation overview

Target data set

The EPIGEN-2.5M data set comprises 2,235,109 SNPs for 6487
Brazilians from three population-based cohorts (1309, 1442, and
3736 individuals from Salvador, Bambui, and Pelotas, respectively)
(Supplemental Table S1, published in Kehdy et al. 2015). EPIGEN-
Brazil genome-wide data genotyped for the Illumina Omni 2.5M
array are available in the European Nucleotide Archive under
EPIGEN Committee Controlled Access mode.
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Figure 2. Comparison between the 1000 Genomes Project (1KGP) and EPIGEN-5M+1KGP imputation
reference panels for autosomal chromosomes. The EPIGEN-5M+1KGP panel is the fusion of the haplo-
types derived from the EPIGEN-5M data set (the genotyping of 265 EPIGEN-Brazil individuals for 4.3 mil-
lion SNPs) with the public TKGP Phase 3 imputation panel. (A) Allele frequency spectrum of variants by
their minor allele frequency (MAF) in each imputation reference panel. The number of SNPs is described
in each category, and the percentages are calculated dividing the number of SNPs in each MAF class by
the total number of SNPs of each imputation reference panel (top). (B) Distribution of the info score quality
metric for imputation results. The dashed vertical line indicates the 0.8 threshold info score value, and the
horizontal line indicates the highest number of SNPs info score >0.8 achieved by a reference panel.
(C) Imputation quality (mean info score) as a function of MAF for the target data set after imputation
with each of the tested reference panels (MAF bin sizes of 0.01).

Reference panels

We used two reference panels: (1)
the public 1000 Genomes Project Phase
3 haplotypes, version 20130502,
(1KGP) (Sudmant et al. 2015); and (2)
The EPIGEN-SM+1KGP reference panel,
which is the merge of the 1KGP panel
and our unpublished EPIGEN-5M panel,
bearing 14,970 more SNPs than the
public panel solely. The EPIGEN-SM
data set was genotyped with the Illu-
mina HumanOmni5-4v1l array. After
quality control, the data set comprises
4,102,271 SNPs for 265 Brazilians from
the three cohorts (90, 88, and 87 individ-
uals from Salvador, Bambui, and Pelotas,
respectively) (Supplemental Table S2).
We used SHAPEIT2 (Delaneau et al.
2013) to infer the chromosome phase of
the EPIGEN-5M data set (Supplemental
Tables S4-S8).

Pre-phasing between the target and
reference panels

We used SHAPEIT2 (Delaneau et al.
2013) to check the consistency of the
SNP’s strand of the target and the refer-
ence panels with the human genome ref-
erence sequence (GRCh37/hgl9), and
PLINK software (Purcell et al. 2007) to
flip the strands in case of inconsistencies.
Because our data are genotyped with the
highest-density array (Omni 5.0) and
not NGS-based, a new alignment to
GRCh38 would not significantly affect
the conclusions.

Haplotype phase inference of the target data set

We phased the target EPIGEN-2.5M data
set using (1) the 1KGP haplotypes as
phasing references, for the imputation
with the 1KGP reference panel; and
(2) the EPIGEN-SM data set as phasing
reference, for the imputation with the
EPIGEN-5M+1KGP reference panel.

Imputation

We performed the imputation using
IMPUTE2 v.2.3.2 (Howie et al. 2009) on
chromosome chunks of 7 Mb, with addi-
tional 250 kb of buffer on both sides
(these were used for imputation infer-
ence but omitted from the results). We
used the effective size parameter (Ne)
set to 20,000 and the IMPUTE2 info
score as a metric of imputation quality
(Supplemental Fig. S1).

Data access

The data generated in this study have
been submitted to the European
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A Imputation Overview
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Figure 3. Flowchart of the whole imputation process (see the EPIGEN-Brazil Scientific Workflow: http://www.ldgh.com.br/scientificworkflow/flowcharts.
php). (A) Overview of the complete imputation process. (B,C) Two previous tasks may be required for imputation if it is necessary to create or merge ref-
erence panels. The Reference Panel Creation task (B, and orange color process in A) converts a data set of unphased genotypes into a reference panel, pro-
ducing the EPIGEN-5M Reference Panel of haplotypes from the EPIGEN-5M data set. The Merge Reference Panels task (C, and pink color process in A)
produces combinations of two different panels using IMPUTE2 software, generating the EPIGEN-5M+1KGP Reference Panel. The imputation process itself
consists of three main tasks: pre-phasing, haplotype phase inference, and imputation. The pre-phasing task (D, and green color processes in A) performs
strand alignment between target and reference panel using software SHAPEIT2, PLINK, and the scripting language AWK. Haplotype phase inference task
(yellow color processes in A) of the target data set uses the methodology implemented in the software SHAPEIT2, generating .haps and .sample files (target
data set aligned and phased with the Reference Panel). The latter files serve as input for the imputation task (red color processes in A) conducted with soft-
ware IMPUTE2, following the “best practices” guidelines in the software documentation.
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EPIGEN-Brazil Initiative resources

Nucleotide Archive (ENA; https://www.ebi.ac.uk/ena) under acces-
sion number PRJEB9080 in EPIGEN Committee Controlled Access
mode. All imputation tasks were performed using our Perl master-
script available as Supplemental Material (Supplemental Scripts)
and also at our Scientific Workflow website (http://www.ldgh.
com.br/scientificworkflow/master_scripts.php). The EPIGEN-5M
+1KGP imputation panel in haplotype format is freely available
at http://www.ldgh.com.br/scientificworkflow/documents.html.
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