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A B S T R A C T

HLA-G/E/F genes exhibit immunomodulatory properties and are expressed in placenta. Little attention has been
devoted to the study of these genes in sub-Saharan African populations, which are yet the most diverse. To fill
this gap, we evaluated the complete gene variability, approximately 5.1 kb for HLA-G (n= 149), 7.7 kb for HLA-
E (n=150) and 6.2 kb for HLA-F (n= 152) in the remote Beninese Toffin population, using massive parallel
sequencing. Overall, 96, 37 and 68 variable sites were detected along the entire HLA-G, -E and -F, respectively,
arranged into region-specific haplotypes; i.e., promoter haplotypes (16, 19, and 15 respectively), coding hap-
lotypes (19, 15, and 29 respectively), 3’ untranslated region (3′UTR) haplotypes (12, 7 and 2, respectively) and
extended haplotypes (33, 31 and 32 respectively). All promoter/coding/3’UTR haplotypes followed the patterns
already described in worldwide populations. HLA-E was the most conserved, exhibiting mainly two full-length
encoded-molecules (E*01:01 and E*01:03), followed by HLA-F, three full-length proteins (F*01:01, F*01:02 and
F*01:03) and HLA-G, four proteins: three full-length (G*01:01, G*01:03 and G*01:04) and one truncated
(G*01:05N). Although HLA-G/E/F alleles in the Toffin population were the most frequently observed worldwide,
the frequencies of the coding haplotypes were closely similar to those described for other African populations
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(Guinea-Conakry and Burkina-Faso), when compared to non-African ones (Brazilian), indicating that variable
sites along these genes were present in Africa before human dispersion.

1. Introduction

The human major histocompatibility complex (MHC) comprehends
more than 200 genes, and among them are the histocompatibility
classical class I (HLA-A, -B and -C) and non-classical class I (HLA-E, -F
and -G) genes (Geraghty et al., 1992). Differently from the HLA classical
class I genes, HLA-G, HLA-E and HLA-F show limited genetic and pro-
tein variability. HLA-E and HLA-F are the most conserved ones, ex-
hibiting 27 and 30 alleles, respectively, followed by HLA-G with 60
different alleles (IPD-IMGT/HLA v.3.32.0, 2018-04-16) (Robinson
et al., 2015). In addition, non-classical HLA class I genes show a re-
stricted expression pattern and are important regulators of immune
system cells (Carosella et al., 2015; Persson et al., 2017; Sabbagh et al.,
2018). Since HLA-G, HLA-E, HLA-F and HLA-C molecules are simulta-
neously expressed at the fetal-maternal interface, these molecules have
been associated with immune tolerance towards the semi-allogeneic
fetus (Ishitani et al., 2006, 2003; Kovats et al., 1990).

HLA-G has a well-recognized checkpoint role, inhibiting the func-
tion of several immune cells including monocytes/macrophages, den-
dritic cells (DCs), neutrophils, NK cells, B cells and T cells, by inter-
acting with Ig-like transcript receptor 2 (ILT-2) and/or ILT-4 (Allan
et al., 1999; Baudhuin et al., 2013; Bian et al., 2016; Eguchi et al., 2016;
Fournel et al., 2000; Grange et al., 2015; Huang et al., 2010; Köstlin
et al., 2017; Lila et al., 2001; Morandi et al., 2010; Naji et al., 2014;
Nazari and Farjadian, 2016; Petroff et al., 2002; Rouas-Freiss et al.,
1997; Sampangi et al., 2015). Besides pregnancy, the im-
munomodulatory role of HLA-G has been reported in several disorders
(Carosella et al., 2015; Dias et al., 2015; Donadi et al., 2011; Persson
et al., 2017; Sabbagh et al., 2018). Many studies conducted in several
worldwide populations have evaluated HLA-G variability at the 5’ up-
stream regulatory (promoter), coding and/or 3’ untranslated region
(3′UTR) (Carlini et al., 2013; Castelli et al., 2017, 2011, 2010, Catamo
et al., 2015, 2014; Consiglio et al., 2011; Courtin et al., 2013; de
Albuquerque et al., 2016; Garcia et al., 2013; Garziera et al., 2015;
Gineau et al., 2015; Hviid et al., 2006; Lucena-Silva et al., 2013, 2012;
Martelli-Palomino et al., 2013; Nilsson et al., 2016; Porto et al., 2015;
Sabbagh et al., 2014; Santos et al., 2013; Sizzano et al., 2012; Tan et al.,
2005; Veit et al., 2014, 2012; Zambra et al., 2016). However, with the

exception of a study reporting the HLA-G variability detected at the
1000 Genomes phase 1 data (Castelli et al., 2014a), which is char-
acterized by low depth of coverage, there is no characterization of the
complete HLA-G gene variability in African population samples.

HLA-E was first detected in different lymphoid and malignant cells
(Koller et al., 1988) and, later, its expression was also reported in
placenta and extra-villous membrane at first trimester of gestation and
at term (Wei and Orr, 1990). HLA-E has also been associated with
maternal-fetal tolerance and with pregnancy-related disorders (Persson
et al., 2017). HLA-E binds to the leader self-peptides derived from other
HLA class I molecules (Persson et al., 2017) and binds to the inhibitory
CD94-NKG2A receptor expressed by NK cells. The recognition of HLA-
E-self-peptide complexes by NK cell is a checkpoint for the immune
surveillance to avoid NK cytotoxicity (Borrego et al., 1998; Braud et al.,
1999; Lee et al., 1998). HLA-E is also a ligand for T CD8 cell receptor
(Pietra et al., 2010, 2009), and may present non-self-antigens derived
from cytomegalovirus, human immunodeficiency virus, Epstein-Barr
virus, influenza and hepatitis C viruses (Pietra et al., 2010, 2009;
Sullivan et al., 2008), inhibiting NK cell cytotoxicity, propitiating the
proliferation of viral cells. In addition, HLA-E may activate the adaptive
immune response through the cytotoxic T cell activation (Kochan et al.,
2013; Marchesi et al., 2013), and also plays a pivotal role in chronic
infections and cellular stress contexts (Jørgensen et al., 2012). Cur-
rently, 27 HLA-E alleles encoding 8 full-length proteins and one null
allele (E*01:08N) are officially reported (IPD-IMGT/HLA v.3.32.0,
2018-04-16), but only two full-length proteins (E*01:01 and E*01:03)
are frequently detected worldwide (Arnaiz-Villena et al., 2007;
Carvalho dos Santos et al., 2013; Castelli et al., 2015; Felício et al.,
2014; Liu et al., 2012; Ramalho et al., 2017; Veiga-Castelli et al., 2012).
The E*01:01 protein differs from E*01:03 by the presence of an Argi-
nine, instead of a Glycine, encoded by codon 107 at exon 3, and both
usually occur at similar frequencies. This may suggest that balancing
selection has maintained both alleles (Ramalho et al., 2017; Tamouza
et al., 2007; Veiga-Castelli et al., 2012), but the mechanisms underlying
this phenomenon are unclear. Many studies have explored HLA-E
exonic variability in different population samples, including Brazilians
(Carvalho dos Santos et al., 2013; Felício et al., 2014; Ramalho et al.,
2017; Veiga-Castelli et al., 2016, 2012), Africans (Guinea–Conakry and

Table 1
HLA-G, -E and -F variable sites detected by NGS in entire evaluated segment in Beninese Toffin population.

Variable sites detected in evaluated segment highlighting the segment tracked by IPD-IMGT/HLA v.3.31.0 database

5′ upstream a

Genes Entire evaluated
segment

Distal
promoter b

Proximal
promoter

Exons Introns Downstream the
codon stop c

Region evaluated
by IMGT d

Variable sites with MAF
>1% in region tracked

by IMGT d

% of variable sites with MAF
>1% already described at

IMGT/v.3.31.0 e

HLA-G 96 f _ 29 14 40 16 58 56 95.00 (53)
HLA-E 37 f _ 19 6 5 7 15 10 50.00 (5)
HLA-F 68 f 16 8 10 26 8 44 39 87.18 (34)

MAF: minor allele frequency, UTR: untranslated region.
a All nucleotides upstream the +1 are considered 5′ upstream.
b As the distal promoter was not included in the HLA-F structure previously described (Lima et al., 2016), we considered all nucleotides upstream the nucleotide

−556 as distal HLA-F promoter (Table S3).
c “Region downstream the codon stop’’ encompasses positions (+2798 to +3275 for HLA-G), (+3468 to +4420 for HLA-E) and (+3061 to +3537 for HLA-F)

(Tables S1–S3).
d IMGT coding region: HLA-G (-300 to 2838), HLA-E (-300 to +3522) and HLA-F (-300 to +3250), considering the Adenine of the first translated ATG as +1 (IPD-

IMGT/HLA v.3.31.0 database).
e In brackets the number of variable sites with MAF > 1% identified here that had also been included in IPD-IMGT/HLA v.3.31.0 database.
f Many of these variable sites were also included in 1000 Genome phase 3 project (Tables S1–S3).
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Burkina Faso) (Castelli et al., 2015), and worldwide population samples
from the 1000 Genomes phase 1 panel (Felício et al., 2014). However,
only few studies have evaluated the complete HLA-E locus, including
the regulatory segments, in Asian Dutch or Hunan Han samples
(Olieslagers et al., 2017), in Brazilians (Ramalho et al., 2017) and in
cell lines from Asian, African American, and European origins (Pyo
et al., 2006).

The HLA-F locus has been unraveled in the recent years as an im-
munomodulatory gene (Goodridge et al., 2010). Similar to HLA-G, its
expression in the tumor leads to tumor cell escaping from the NK cell
cytotoxicity and consequently to poor prognosis of the disease (Harada
et al., 2015; Xu et al., 2015). HLA-F might play an important role on the
maintenance of immunotolerance in feto-maternal interface during
pregnancy, since it is expressed at the extravillous trophoblasts during
the first and second trimesters (Ishitani et al., 2003; Shobu et al., 2006),
but it is absent at the third trimester (Hackmon et al., 2017). In addi-
tion, HLA-F may be expressed as an open conformer molecule, and
physically interacts with inhibitory (KIR3DL2) and activating receptors
(KIR2DS4, KIR3DS1) on NK cells and with ILT-2 on lymphomono-
nuclear cells (Garcia-Beltran et al., 2016; Goodridge et al., 2013). It can
also present peptides to T cells and regulate immunity through inter-
actions with NK cell receptors (Dulberger et al., 2017). Being less
polymorphic than HLA-G, the 30 officially recognized alleles encode
five full-length HLA-F proteins (F*01:01, F*01:02, F*01:03, F*01:04
and F*01:05) (IPD-IMGT/HLA v.3.32.0, 2018-04-16), but only F*01:01
(82.45%) and F*01:03 (16.03%) are frequently observed in worldwide
populations (Lima et al., 2016). Some studies have evaluated only the
well-described HLA-F polymorphisms in Korean and Chinese popula-
tions (Kim et al., 2011; Moscoso et al., 2007; Pan et al., 2013; Zhang
et al., 2012) and few reports are available regarding HLA-F gene seg-
ments or the entire gene region in Brazilians (Lima et al., 2016;
Manvailer et al., 2014) and in Asian, African American, and Caucasian
samples (Pyo et al., 2006).

Although sub-Saharan African populations are characterized by
high levels of intra-population nucleotide and haplotype diversity and
inter-population genetic differentiation, little attention has been de-
voted to the study of immunomodulatory HLA genes in these popula-
tions. African countries represent melting pots for several ethnic
groups. In Benin, about 50 sociolinguistic groups are spread over spe-
cific geographical areas. Although Fon (39.2%), Adja (15.2%), Yoruba
(14.5%) and Bariba (9.2%) are the major ethnic groups (http://www.
axl.cefan.ulaval.ca/afrique/benin.htm, accessed May 18, 2018), many
other groups deserve attention, including the Toffin population, which
has its own culture, language and costumes.

Studies investigating the nucleotide diversity of non-classical HLA
class I genes in the Beninese population have primarily focused on some
regulatory segments of the HLA-G gene, including the promoter region
(Gineau et al., 2015) and 3’UTR (Sabbagh et al., 2014) in the Tori
ethnic group living in the Tori-Bossito area in Southern Benin. Here, we
evaluated the entire HLA-G, -E and -F gene variability, including the
regulatory segments, all exons and introns, by using massively parallel
sequencing technology, identifying variable sites and haplotypes in a
Beninese Toffin (etymologically “people of water’’) population, which is
grouped in more than 10 villages, representing small autonomous
communities, fugitives from the fights headed by the French soldiers
during the pre-colonial period, and in the same region for centuries
(Principaud, 1995).

2. Material and methods

2.1. Study sample

Two hundred and eighty-eight children aged 4–8 years (mean age:
6.7 (± 0.8) years) of the Toffin ethnic group were sampled as part of a
case/control survey about the risk factors of helminth infections and the
immune consequences of these infections. The study was conducted

Table 2
HLA-G promoter haplotypes encountered in a Beninese Toffin population sample.

aPositions were inferred based on the IPD-IMGT/HLA database, considering the Adenine of the first translated ATG as +1. The human genome hg19 was used as
draft: the first and second alternative alleles are marked in light gray and dark gray respectively.
bHaplotypes were named according to previous studies (Castelli et al., 2017, 2011; Castelli et al., 2014b; Nilsson et al., 2016; Gineau et al., 2015; Tan et al., 2005).
New haplotypes are marked in bold.
A Tajima’s D p-value was computed by the comparison of the estimated statistic to a distribution of estimates computed for 50,000 random samples of the same
sample size and level of polymorphism as the observed data and represents the probability of obtaining a simulated Tajima’s D larger than the observed.
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between 2012 and 2014 at Sô-Ava, a lake area located in Southern
region of Benin, 12 km North of Cotonou, the economical capital of
Benin. Peripheral blood was collected from 187 (64.9%) boys and 101
(35.1%) girls. Based on recorded information, a total of 154 unrelated
children (exclusion of close relatives up to the second degree) were
enrolled in the present study, with the DNA samples successfully se-
quenced for HLA-G (n=149), HLA-E (n=150) and HLA-F (n=152).
The study was approved by the Ethics Committee of the ‘’Faculté des
Sciences de la Santé (FSS)’’ of Cotonou, Benin and registered at No.12/
03/2012/CEIFSS/UAC. Informed consent was obtained from all in-
dividual participants included in the study.

2.2. DNA extraction and quantification

Genomic DNA was extracted using GeneJET Genomic DNA
Purification kit (Thermo Fisher Scientific, Waltham, MA), according to

manufacturer’s instructions, and stored at −20 °C until use. The
genomic DNA was quantified using Qubit® dsDNA HS Assay kit
(Invitrogen, Carlsbad, CA) and normalized to 50 ng/μL.

2.3. DNA amplification and sequencing library preparation

Each DNA segment of interest was amplified as an unique amplicon,
as described elsewhere (Castelli et al., 2017; Lima et al., 2016; Ramalho
et al., 2017). PCR products were evaluated in 1% agarose gels, quan-
tified using the Qubit® dsDNA HS Assay kit (Invitrogen), normalized to
the same concentration and purified with ExoSap (GE Healthcare Life
Sciences, Pittsburgh, PA). Each amplicon pool was then normalized at
0.2 ng/μL. After library preparation with Nextera®XT DNA Sample
Preparation Kit (Illumina, San Diego, CA), quality checking was as-
sessed by 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA) for
average length of library fragments and quantification was performed
using qPCR (KAPA Library Quantification Kit, Kapa Biosystems, Wil-
mington, MA). Libraries were pooled together and sequenced at the
MiSeq system (Illumina), using Illumina Reagent (V2 500 cycles) in a
paired-end mode (2×250bp).

2.4. HLA-G, -E and -F NGS data processing, variant calling and haplotype
inference

To avoid mapping bias because of the similar and repetitive nature
of HLA genes, we used hla-mapper (available at www.castelli-lab.net) to
map the reads, as described elsewhere (Castelli et al., 2017; Lima et al.,
2016; Ramalho et al., 2017). The hla-mapper 2.0 was run using data-
base version 002.1 and default parameters. BAM files were visualized
with Integrative Genomics Viewer (IGV) v.2.3.81 (Robinson et al.,
2011; Thorvaldsdóttir et al., 2013). The genotype and haplotype calling
approaches used here were similar to the ones described elsewhere
(Castelli et al., 2017, 2015; Lima et al., 2016; Ramalho et al., 2017).
Briefly, genotypes were inferred using the GVCF mode of the Haplo-
typeCaller algorithm (The Genome Analysis Toolkit, GATK, version 3.7)
and combined as a multi-sample VCF file by using the GATK Genoty-
peGVCFs (DePristo et al., 2011; McKenna et al., 2010; Van der Auwera
et al., 2013). Genotypes were processed using vcfx checkpl (available at
www.castelli-lab.net) to introduce missing alleles when the genotype
likelihood was under 99.9%, assuring that only high-quality genotypes
are passed forward to the imputation step using the PHASE algorithm
(Stephens et al., 2001; Stephens and Donnelly, 2003). Before the
phasing approach described below, singletons (variable site detected in
a single heterozygous individual from the population sample) were
removed and stored in a separate file.

Phasing was performed in a three-step approach. First, we used the
algorithm GATK ReadBackedPhasing (phaseQualityThresh set to 2000)
to detect the physical phase between variable sites that were close
enough to be present in the same read or fragment. Because of limita-
tions of the ReadBackedPhasing algorithm, indels and multi-allelic loci
were ignored in this step. Second, the physical associations detected by
ReadBackedPhasing were passed forward to the PHASE algorithm as.
known files, using local scripts available at https://github.com/
erickcastelli/phase-readbackedphasing. The PHASE algorithm was
also used to impute the missing alleles introduced by vcfx checkpl.
Third, singletons were manually introduced when they followed the
criteria established elsewhere (Castelli et al., 2017): (a) no samples
presented missing allele at this particular position, and (b) there was a
clear relationship between the singleton and the next heterozygous site
visually defined using the BAM file of that sample or it was the only
heterozygous site detected in that particular sample.

The final phased VCF files were then converted into complete HLA-
G, -E and -F sequences using vcfx fasta (www.castelli-lab.net/apps/vcfx)
and the hg19 chromosome 6 sequence as reference. By using data from
the IPD-IMGT/HLA version 3.31.0 database (Robinson et al., 2015) and
a local BLAST server, we defined the HLA-G, -E and -F coding alleles for

Table 3
HLA-G haplotypes encountered in a Beninese Toffin population sample con-
sidering the whole segment tracked by IPD-IMGT/HLA from −300 to +2838.

Coding haplotypes a Notes Frequency (2n=298)
b

G*01:01:02:01 0.1980
G*01:04:04 0.1980
G*01:05N 0.1141
G*01:03:01:02 0.1040
G*01:01:01:01 0.0772
G*01:01:01:04 0.0772
G*01:04:01 0.0537
G*01:01:01:05 0.0369
G*01:01:09 (nodel at +615) 0.0302
G*01:01:01:08 0.0235
G*01:01:15-compatible 0.0168
G*01:01:01:05 (+99G, +1147C,

+2412A)
0.0134

G*01:01:02:02 0.0134
G*01:01:02:01(new1452C) A, new

haplotype
0.0101

G*01:04:01 (new1523C) A, new
haplotype

0.0101

G*01:04:05-compatible 0.0101
G*01:01:01:06 0.0067
G*01:01:01:01 (new192T) B, new

haplotype
0.0034

G*01:01:01:05 (new-90A) B, new
haplotype

0.0034

Nucleotide
diversity

0.0058 ± 0.0029

Gene diversity 0.8821 ± 0.0081

Tajima’s D 2.8836, p=0.0034

Notes:
(A) indicates the variable sites described in 1000 genome phase 3 data (Table
S1).
(B) indicates a singleton, i.e, variable site detected in a single heterozygous
individual from the population sample. Alleles shared with the Brazilian po-
pulation (Castelli et al., 2017) are shown in bold.
A Tajima’s D p-value was computed by the comparison of the estimated statistic
to a distribution of estimates computed for 50,000 random samples of the same
sample size and level of polymorphism as the observed data and represents the
probability of obtaining a simulated Tajima’s D larger than the observed. The
complete sequences of coding HLA-G region are available upon request.

a Haplotypes were named according to the closest official haplotype at the
IPD-IMGT/HLA v3.31.0 database highlighting the differences observed in some
positions. The word “new” indicates the variable sites not recognized by IPD-
IMGT/HLA v3.31.0 database. The term “compatible” was used when the allele
did not have a complete sequence defined in IMGT, but its sequence is com-
patible with that which is defined in IMGT.

b Haplotypes were classified in descending order of their frequency.
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each sample and, when the sequences here obtained were not identical
to any one already described, we defined the closest known allele fol-
lowed by any variation observed. In addition, the promoter and 3’UTR
haplotypes were defined and named according to previous studies
(Castelli et al., 2010, 2011, 2014a, 2015, 2017; de Albuquerque et al.,
2016; Gineau et al., 2015; Lima et al., 2016; Lucena-Silva et al., 2012;
Nilsson et al., 2016; Ramalho et al., 2017; Sabbagh et al., 2014; Santos
et al., 2013; Tan et al., 2005), since no official nomenclature has been
assigned to these HLA gene regions yet.

2.5. Other statistical analyses

HLA-G, -E and -F allele and haplotype frequencies, gene diversity,
average nucleotide diversity and Tajima’s D were calculated using
ARLEQUIN v3.5.2 software (Excoffier et al., 2005). A Tajima’s D p-
value was computed by comparing the estimated statistic to a dis-
tribution of estimates computed for 50,000 random samples of the same
sample size and level of polymorphism as the observed data. It re-
presents the probability of obtaining a simulated Tajima’s D larger than
the observed one. The Hardy-Weinberg equilibrium was tested by the
exact test of Guo and Thompson (Guo and Thompson, 1992), using the
ARLEQUIN v3.5.2 software. The linkage disequilibrium (LD) pattern
was evaluated between polymorphic sites by computing the correlation
coefficient r2 (Devlin and Risch, 1995), and LD plots were visualized
using Haploview 4.2 software (Barrett et al., 2005), considering only
variable sites with a minimum allele frequency (MAF) above 1%.

3. Results

Considering the HLA-G (from position −1377 to +3275), HLA-E
(from −2143 to +4420) and HLA-F (from −1709 to +3537) loci, we
detected 96, 37 and 68 variable sites in the Beninese Toffin sample,
respectively. The full list of variable sites, along with their location,
SNPid, and MAF is provided in Tables S1 to S3 for HLA-G, HLA-E and
HLA-F, respectively. The majority of these variable sites have already
been reported either by the 1000 Genomes phase 3 project (Auton et al.,

2015) (indicated at Tables S1 to S3) or by the IPD-IMGT/HLA v3.31.0
database (Robinson et al., 2015) (Table S1 to S3: lines shaded in gray)
or by specific population studies (Castelli et al., 2017, 2015; Lima et al.,
2016; Ramalho et al., 2017), exception made for: i) three singletons at
the HLA-G locus at positions −90, +192 and +3204, ii) four variable
sites at the HLA-E locus at positions −1262, +758, +1994 and +3824
and iii) six variable sites at the HLA-F locus, at positions −1558,
−1207, −1114, +2804, +3061 and +3096. Most of the variable sites
here detected were polymorphic, since 92.7%, 73.0% and 86.8% of
them exhibited frequencies higher than 1% for HLA-G, -E and -F, re-
spectively (Tables S1–S3).

For HLA-G and HLA-E, all variable sites did fit the Hardy-Weinberg
expectations (Tables S1 and S2). For HLA-F, 26 variable sites did not fit
Hardy-Weinberg expectations. These variations occurred mainly in the
F*distal promoter (positions upstream −1013) and in some introns
(Table S3). These segments usually harbor low read coverage (Castelli
et al., 2017, 2015; Lima et al., 2016) due to the errors produced by the
Nextera Kit transposase during the DNA library preparation (Shiina
et al., 2012; Wang et al., 2011). However, the hla-mapper and vcfx
software (available at www.castelli-lab.net) had been proposed and
recommended by our group (Castelli et al., 2017, 2015; Lima et al.,
2016) to overcome the genotype errors that can occur during the
genotype inference or imputation steps at these positions. We used the
same strategies of analysis (detailed at Section 2.4) and obtained an
average read of 1228 covering the bases in each specific segment
mentioned above. In addition, only 0.31% of missing alleles introduced
by vcfx that was after imputed by PHASE program (Stephens et al.,
2001; Stephens and Donnelly, 2003) (detailed at Section 2.4). More-
over, most of the variable sites (24 out of 26) had been already de-
scribed either at 1000 Genomes phase 3 project (Table S3) or at IPD-
IMGT/HLA v3.31.0 database or at specific population (Lima et al.,
2016).

Table 4
HLA-G 3′ UTR haplotypes encountered in a Beninese Toffin population sample.

aThe positions are those accepted by the IPD-IMGT/HLA database, considering the Adenine of the first translated ATG as +1. The Human genome hg19 was used as
draft: the alternative alleles are marked in gray.
bHaplotypes were named according to previous studies (Nilsson et al., 2016; Sabbagh et al., 2014; Gineau et al., 2015; Castelli et al., 2010, 2011; Lucena-Silva et al.,
2012; de Albuquerque et al., 2016; Santos et al., 2013; Castelli et al., 2014b, 2017). New haplotype is marked in bold.
A Tajima’s D p-value was computed by the comparison of the estimated statistic to a distribution of estimates computed for 50,000 random samples of the same
sample size and level of polymorphism as the observed data and represents the probability of obtaining a simulated Tajima’s D larger than the observed.
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3.1. HLA-G variability and haplotypes

3.1.1. HLA-G 5’ upstream regulatory region
Considering the region upstream the first transcribed ATG, encom-

passing the positions −1 to −1377, we detected 29 variable sites for
HLA-G (Table 1), among which 27 (93.1%) are polymorphic (MAF≥
1%) (Table S1). These variable sites were found arranged into 16
promoter haplotypes, clustered into four groups or lineages (PROMO-
G010101, PROMO-G010102, PROMO-G0103 and PROMO-G0104),
according to previous studies (Castelli et al., 2011, 2014a, 2017; Gineau
et al., 2015; Nilsson et al., 2016; Tan et al., 2005) (Table 2). Indeed, the
PROMO-G010101 lineage grouped PROMO-G010101a to PROMO-
G010101k, the PROMO-G010102 lineage grouped PROMO-G010102a
and PROMO-G010102f, the PROMO-G0103 lineage grouped PROMO-
G0103a to PROMO-G0103h and the PROMO-G0104 lineage grouped
the PROMO-G0104a to PROMO-G0104c. Within each group or lineage,
the most frequent haplotype is PROMO-G010101a (8.7%), PROMO-
G010102a (33.2%), PROMO-G0103e (5.4%) and PROMO-G0104a
(25.8%), respectively. The PROMO-G010101k, PROMO-G010102f and
PROMO-G0103 h represent new haplotypes, sampled as single copies in
our population (Table 2).

3.1.2. HLA-G IPD-IMGT/HLA segment
Fifty-eight variable sites were identified in the IPD-IMGT/HLA re-

gion (−300 to +2838) (Tables 1 and S1: lines shaded in gray), among
which 56 occurred with a MAF≥ 1% (Table 1). Fifty-three (95%) of
these polymorphisms have already been described in the IPD-IMGT/
HLA v3.31.0 database (Tables 1 and S1). The three remaining variable
sites, at positions −256, +1452 and +1523, occurring either in an
intron (intron 3) or in regulatory regions, may be considered as new
variable sites (Table S1). Note that two of them (at positions [+1452
(0.12%) and +1523 (0.02%)] have also been described in the 1000
Genomes phase 3 panel (Auton et al., 2015).

A total of 19 coding haplotypes (or HLA-G alleles) were inferred in
our population sample (Table 3). Thirteen of them (including the
compatible ones) have already been described at the IPD-IMGT/HLA
v3.31.0 database. Of the six remaining haplotypes, two have already
been identified in a Brazilian sample (Castelli et al., 2017). The re-
maining four can be considered as new haplotypes since their variable
sites have not been described in the IPD-IMGT/HLA database. Two of
them [G*01:01:02:01(new1452C) (1.01%) and G*01:04:01(new1523C)

(1.01%)] carried the two new variable sites mentioned above, while the
last ones [G*01:01:01:01(new192T) (0.34%) and G*01:01:01:05(new−90A)

Table 5
HLA-G extended region (from −1377 to +3275) haplotypes encountered in a Beninese Toffin population sample.

Promoter haplotypes a Coding haplotypes b 3' UTR haplotypes c Notes Frequency
(2n=298) d

PROMO-G010102a G*01:01:02:01 HLA-G-3UTR-02 0.1946
PROMO-G0104a G*01:04:04 HLA-G-3UTR-03 0.1846

PROMO-G010102a G*01:05N HLA-G-3UTR-02 0.1141
PROMO-G010101a G*01:01:01:01 HLA-G-3UTR-01 0.0772
PROMO-G010101f G*01:01:01:04 HLA-G-3UTR-06 0.0604
PROMO-G0104a G*01:04:01 HLA-G-3UTR-03 0.0537

PROMO-G010101b G*01:01:01:05 HLA-G-3UTR-04 0.0336
PROMO-G010101h G*01:01:09 (nodel at +615) HLA-G-3UTR-04 0.0302
PROMO-G0103e G*01:03:01:02 HLA-G-3UTR-05 0.0302
PROMO-G0103c G*01:03:01:02 HLA-G-3UTR-05 0.0302

PROMO-G010101d G*01:01:01:08 HLA-G-3UTR-01 0.0235
PROMO-G010101b G*01:01:15-compatible HLA-G-3UTR-06 0.0168
PROMO-G0103e G*01:03:01:02 HLA-G-3UTR-17 0.0168

PROMO-G010101d G*01:01:01:05 (+99G, +1147C, +2412A) HLA-G-3UTR-01 0.0134
PROMO-G010102a G*01:01:02:02 HLA-G-3UTR-02 0.0134
PROMO-G0103a G*01:03:01:02 HLA-G-3UTR-05 0.0134
PROMO-G010101f G*01:01:01:04 HLA-G-3UTR-18 0.0101
PROMO-G010102a G*01:01:02:01(new1452C) HLA-G-3UTR-02 New haplotype 0.0101
PROMO-G0104a G*01:04:01 (new1523C) HLA-G-3UTR-03 New haplotype 0.0101
PROMO-G0104c G*01:04:05-compatible HLA-G-3UTR-03 0.0101

PROMO-G010101a G*01:01:01:06 HLA-G-3UTR-04 0.0067
PROMO-G0103e G*01:03:01:02 HLA-G-3UTR-48 New haplotype 0.0067
PROMO-G0104a G*01:04:04 HLA-G-3UTR-46 0.0067

PROMO-G010101a G*01:01:01:01 (new192T) HLA-G-3UTR-01 New haplotype 0.0034
PROMO-G010101f G*01:01:01:04 HLA-G-3UTR-47 New haplotype 0.0034
PROMO-G010101f G*01:01:01:04 HLA-G-3UTR-20 0.0034
PROMO-G010101k G*01:01:01:05 (new-90A) HLA-G-3UTR-04 New haplotype 0.0034
PROMO-G010101b G*01:01:01:05 HLA-G-3UTR-03 0.0034
PROMO-G010102f G*01:01:02:01 HLA-G-3UTR-02 New haplotype 0.0034
PROMO-0103g G*01:03:01:02 HLA-G-3UTR-05 0.0034
PROMO-G0103h G*01:03:01:02 HLA-G-3UTR-17 New haplotype 0.0034
PROMO-0104b G*01:04:04 HLA-G-3UTR-03 0.0034
PROMO-G0104a G*01:04:04 HLA-G-3UTR-04 0.0034

Nucleotide diversity 0.0074 ± 0.0036

Gene diversity 0.8994 ± 0.0086

Tajima’s D 2.5973, p=0.0061

A Tajima’s D p-value was computed by the comparison of the estimated statistic to a distribution of estimates computed for 50,000 random samples of the same
sample size and level of polymorphism as the observed data and represents the probability of obtaining a simulated Tajima’s D larger than the observed.

a The list of promoter haplotypes are depicted at Table 2.
b The list of coding haplotypes are depicted at Table 3.
c The list of 3′ UTR haplotypes are depicted at Table 4.
d Haplotypes were classified in descending order of their frequency.
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(0.34%)] carried singletons. The most frequent haplotypes were
G*01:01:02:01 (19.8%), G*01:04:04 (19.8%), G*01:05N (11.4%) and
G*01:03:01:02 (10.4%) (Table 3).

3.1.3. HLA-G 3’UTR
In the 3′UTR segment (from +2960 to +3275), we identified 16

variable sites (Table 1), among them, 12 (75%) were polymorphic
(Table S1). These sites were arranged into 12 haplotypes, named in
accordance with previous studies (Castelli et al., 2010, 2011, 2014a,
2017; de Albuquerque et al., 2016; Lucena-Silva et al., 2012; Nilsson
et al., 2016; Sabbagh et al., 2014; Santos et al., 2013) (Table 4). The
HLA-G-3UTR-01 (11.74%), HLA-G-3UTR-02 (33.56%) and HLA-G-
3UTR-03 (26.51%) were the most frequent, while HLA-G-3UTR-47 and
-48, new haplotypes, were found at frequency<1%.

3.1.4. HLA-G extended haplotypes
We found 33 extended haplotypes in the whole HLA-G gene region,

encompassing positions −1377 to +3275, which are presented in de-
creasing order of frequency in Table 5. Among these haplotypes, 20
(60.61%) occurred with a MAF≥ 1% and 25 have already been iden-
tified in the Brazilian population (Castelli et al., 2017). Due to the high
level of LD detected across the whole gene (Fig. 1), as already reported
elsewhere (Castelli et al., 2017; Santos et al., 2013), strong associations
were noted between haplotypes of different gene segments: a) all copies
of G*01:01:01:01 (or derivatives) are associated with PROMO-
G010101a and HLA-G-3UTR-01, b) all copies of G*01:01:01:04 are
associated to PROMO-G010101f and HLA-G-3UTR-06 or similar (HLA-
G-3UTR-18, -20 and -47), c) G*01:01:02:01 is associated to PROMO-
G010102a or similar (PROMO-G010102f) and HLA-G-3UTR-02, and d)
the G*01:04:01 or G*01:04:04 is associated to PROMO-G0104a and
HLA-G-3UTR-03 or similar (HLA-G-3UTR-46).

3.2. HLA-E variability and haplotypes

3.2.1. HLA-E 5’ upstream regulatory region
In the region upstream the first transcribed ATG, encompassing

positions −1 to −2143, we identified 19 variable sites (Table 1), of
which 15 (78.95%) are polymorphic (Table S2). They were arranged
into 19 promoter haplotypes, named as E-Promo-01 to E-Promo-39,
according to a previous HLA-E study (Ramalho et al., 2017). Most of
them (16 out of 19) were present at a minimum frequency of 1%. The E-
Promo-14 (0.67%), E-Promo-23 (0.67) and E-Promo-38 (0.33%) were
the least frequent. The E-Promo-38 (0.33%) and E-Promo-39 (1%) re-
present new haplotypes detected in this population sample (Table 6).

3.2.2. HLA-E IPD-IMGT/HLA segment
Fifteen variable sites were described in the IPD-IMGT/HLA region

for HLA-E (−300 to +3522) (Tables 1 and S2: lines shaded in gray), 10
of which are polymorphic (Table 1). Five (50%) of these polymorphic
sites were described in the IPD-IMGT/HLA v3.31.0 database, exception
made for 5 sites, at positions−113,−104, +2269, +2626 and +3468
(Tables 1 and S2). However, these sites have also been described in the
1000 Genomes phase 3 panel. They occurred in either intronic or reg-
ulatory regions (Table S2). We found two new substitutions: +758
G > C in codon 107 of exon 3 (MAF=0.33%) and +3042 A > C in
codon 336 of exon 7 (0.67%) (Table 7). In addition, we identified one
variable site at position +1994 (intron 4), carried by the E*01:01:01:09
allele, that corresponds to a deletion in IPD-IMGT/HLA v3.31.0 data-
base, while it corresponded to a T (0.67%) in the present study and was
carried by the E*01:01:01:01 allele (Tables 7 and S2).

In this IPD-IMGT/HLA region, 15 different coding haplotypes (or
HLA-E alleles) were inferred (Table 7). Six of them were officially re-
cognized by IPD-IMGT/HLA v.3.31.0 database. Of the remaining 9 al-
leles: i) two (E*01:03:02:01(new2269C) and E*01:03:01:01(new1322A))
have already been observed in African and Brazilian samples (Castelli
et al., 2015; Ramalho et al., 2017) and ii) one (E*01:01:01:01(new3468C))
was also observed in the Brazilian population (Ramalho et al., 2017).
The six remaining haplotypes can be considered as new alleles and they
present a summed frequency of 4.66%. They carried one or more
variable sites not described in the IPD-IMGT/HLA v.3.31.0 database. Of
them, the E*01:01:01:01(new758C) and E*01:01:01:01(new3042C) carried
variable sites at exons 3 and 7, respectively (Tables 7 and S2). Theses

Fig. 1. LD patterns for the entire HLA-G region encompassing positions -1377 to +3275 in Beninese Toffin population. The Linkage Disequilibrium (LD) pattern was
evaluated by calculating r2. LD plot was generated and visualized by Haploview v4.2 (Barrett et al., 2005). High pairwise LD (r2) between variants is illustrated with
dark shading. The r2 values (×100) for the marker pairs are listed in the corresponding boxes. The LD plot was generated using SNPs with a minimum allele
frequency (MAF) of 1%.
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variations (+758 C and +3042 C) lead to a G > C substitution at
codon 107 (E*01:01:01:01(codon107:AGG−>AGC)) and to an A > C sub-
stitution at codon 336 (E*01:01:01:01(codon336:AGC->CGC)), respectively
(Table 7). The first three most frequent haplotypes identified here were
E*01:01:01:01 (40.0%), E*01:03:02:01 (24.7%) and E*01:03:05-compa-

tible (11.7%) (Table 7).

3.2.3. HLA-E 3’UTR
In the region downstream the stop codon (3’UTR segment, from

+3468 to +4420), we identified seven variable sites, all polymorphic
except one (Tables 1 and S2). They were arranged into seven haplo-
types (Table 8) and named as HLA-E-3UTR-01 to HLA-E-3UTR-14 in
accordance with previous studies (Castelli et al., 2015; Ramalho et al.,
2017). The most frequent were HLA-E-3UTR-01 (58.7%), HLA-E-3UTR-
02 (12.0%), HLA-E-3UTR-03 (10.0%), and HLA-E-3UTR-04 (13.0%)
(Table 8).

3.2.4. HLA-E extended haplotypes
Thirty-one HLA-E extended haplotypes were detected in the region

encompassing positions −143 to +4420 (Table 9). Sixteen of them
occurred at a frequency above 1%, and 23 have already been described
in the Brazilian population (Ramalho et al., 2017). The remaining 8
new haplotypes, together, presented a summed frequency of 5.66%.
Two patterns of combinations can be observed. For example: a) E-
Promo-01 and similar haplotypes (E-Promo-05, -06, -14, -31 and -39)
are associated to the coding allele E*01:01:01 (or derivatives) and to
the HLA-E-3UTR-01 haplotype, and b) E-Promo-02 and similar haplo-
types (E-Promo-17) are associated to the coding allele E*01:03 (or

derivatives) and to HLA-E-3UTR-02. However, these associations are
not straightforward because of the weak LD among the different HLA-E
segments (Fig. 2), as also reported elsewhere (Castelli et al., 2017;
Felício et al., 2014; Ramalho et al., 2017).

3.3. HLA-F variability and haplotypes

3.3.1. HLA-F 5’ upstream regulatory region
The region upstream the first transcribed ATG was evaluated in two

segments, a proximal promoter (from −556 to −1), which was pre-
viously evaluated in a Brazilian sample (Lima et al., 2016), and a distal
promoter, considering nucleotides upstream position −556. However,
we did not call genotypes at the segment encompassing positions −547
(hg 19 position 29690694) to −1013 (hg 19 position 29690228), be-
cause it consisted of extended short tandem repeat (STR), with low
sequence complexity. After genotype quality checking with vcfx checkpl
function (detailed at Section 2.4), this region presented high level of
missing alleles. For this reason, this region was excluded from the
analysis. Then, we detected 16 and 8 variable sites in the distal and
proximal promoter, respectively (Table 1). Taken together, 20 out of
the 24 (83.3%) variable sites identified in these HLA-F promoter regions
presented a MAF > 1% (Table S3).

The distal promoter variable sites were found arranged into eight
different haplotypes (Table 10). As this region has never been described
nor considered in IPD-IMGT/HLA, we named its haplotypes as F*Distal-
A to F*Distal-J (Table 10), in accordance with the pattern followed by
Lima et al. to name the proximal haplotypes (Lima et al., 2016). The
F*Distal-A to F*Distal-F haplotypes were observed with frequencies

Table 6
HLA-E 5′ upstream regulatory region haplotypes encountered in a Beninese Toffin population sample.

aPositions were inferred based on the IPD-IMGT/HLA database, considering the Adenine of the first translated ATG as +1. The Human genome hg19 was used as
draft: the alternative alleles are marked in gray. Haplotypes were listed in descending order of their frequency.
bHaplotypes were named according to a previous study (Ramalho et al., 2017). New haplotypes are marked in bold.
A Tajima’s D p-value was computed by the comparison of the estimated statistic to a distribution of estimates computed for 50,000 random samples of the same
sample size and level of polymorphism as the observed data and represents the probability of obtaining a simulated Tajima’s D larger than the observed.
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greater than 1%, with F*Distal-A being the most frequent (45.1%) one.
In the same Table 10, we identified and presented seven F-proximal
promoter haplotypes. They were named as F*upstream-A to F*up-
stream-H according to a previous HLA-F study (Lima et al., 2016). The
most frequent proximal haplotypes were F*upstream-A (42.4%),
F*upstream-C (15.43%), F*Upstream-D (16.1%), and F*upstream-B
(15.1%), while the F*upstream-F was the least frequent one (0.3%).

3.3.2. HLA-F IPD-IMGT/HLA segment
Forty-four variable sites were described in the IPD-IMGT/HLA re-

gion (-300 to +3250) for HLA-F (Tables 1 and S3: lines shaded in gray).
Among them, 39 were polymorphic with a MAF > 1% (Table 1).
Thirty-four (87.2%) of these polymorphic sites were also detected and
described in IPD-IMGT/HLA v3.31.0 database (Tables 1 and S3). The
remaining five, at positions +205, +1378, +1946, +2804 and
+3097, can be considered as new variable sites since they were not
described in the IPD-IMGT/HLA database. The variable site at position
+205 [+205 A (2.3%)] carried by F*01:01:01:09(new205A) is a synon-
ymous mutation in exon 2, leading to a C > A substitution at codon 4

(Tables 11 and S3). Except for +2804 T > TG (23.68%), all the new
variable sites have also been described by the 1000 Genomes phase 3
project (Table S3).

A total of 29 haplotypes were inferred in this IPD-IMGT/HLA coding
region (Table 11). Of these, five (F*01:01:01:09, F*01:01:01:08,
F*01:01:01:11, F*01:03:01:01 and F*01:01:01:01) were officially re-
cognized by the IPD-IMGT/HLA v.3.31.0 database. Other 19 haplotypes
carried variable sites already described in IPD-IMGT/HLA v.3.31.0
database or shared with the Brazilian population sample (Lima et al.,
2016), and the 5 remaining haplotypes can be considered as new ones
(Table 11), since they carried variants that were not described in IPD-
IMGT/HLA v.3.31.0 database. Altogether, the coding haplotypes en-
code three different HLA-F proteins: F*01:01 (77.6%), F*01:02 (3.0%)
and F*01:03 (19.4%) (Table 11). Interestingly, the F*01:02 protein
(produced by F*01:02(1193C, 1943G) and F*01:02(1193C, 1943G, new1946C))
was absent in a previous Brazilian population sample (Lima et al.,
2016).

Table 7
HLA-E haplotypes encountered in a Beninese Toffin population sample considering the whole segment tracked by IPD-IMGT/HLA from −300 to +3522.

aPositions were inferred based on the IPD-IMGT/HLA database, considering the Adenine of the first translated ATG as +1. The Human genome hg19 was used as
draft: the alternative alleles are marked in gray.
bHaplotypes were named according to the closest official haplotypes in IPD-IMGT/HLA v3.31.0 database highlighting the differences observed in some positions. The
word “new” indicates the variable sites not recognized by IPD-IMGT/HLA v3.31.0 database. The term “compatible” was used when the allele did not have a
complete sequence defined in IMGT, but its sequence is compatible with that which is defined in IMGT.
cRepresent the full-length protein encoded by each allele (haplotype). Three different full-length proteins (E*01:01, F*01:03 and F*01:05) were detected in our
population.
dHaplotypes were classified in descending order of their frequency.
Notes:
(A) indicates the variable sites described in 1000 genome phase 3 database except +1994T (Table S2).
(B) indicates the variable sites described in other populations (Castelli et al., 2015; Ramalho et al., 2017) except +1994T.
(C) indicates a singleton, i.e., variable site detected in a single heterozygous individual from the population sample.
(D) Synonymous mutation on exon 7 (Table S2) leading to a substitution of A nucleotide into C nucleotide in codon 12.
(E) Synonymous mutation on exon 3 (Table S2) leading to a substitution of G nucleotide into C nucleotide in codon 17. Alleles shared with the Brazil population
sample (Ramalho et al., 2017) and other African population sample (Castelli et al., 2015) are shown in bold.
A Tajima’s D p-value was computed by the comparison of the estimated statistic to a distribution of estimates computed for 50,000 random samples of the same
sample size and level of polymorphism as the observed data and represents the probability of obtaining a simulated Tajima’s D larger than the observed.
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3.3.3. HLA-F 3’UTR
We identified eight variable sites in the region downstream the stop

codon, encompassing the positions +3061 to +3537 (Table 1), and six
presented a MAF≥ 1% (Table S3). As described by Lima et al., the HLA-
F 3’UTR segment encompasses the positions +2945 to +3063 when
considering the transcript variant NM_018950.2 (Lima et al., 2016). In
our study, we detected only one 3’UTR variable site at position +3061
(Table S3), which led to two 3’UTR haplotypes named as F*3UTR-A
(+3061A, 99.34%) and F*3UTR-B (+3061T, 0.66%) (Table 12).

3.3.4. HLA-F extended haplotypes
Considering the entire gene from position −1709 to +3250, 32

different extended haplotypes were inferred (Table 12). Fifteen of them
presented polymorphic frequencies ranging from 1.3% to 15.1%,
whereas 17 had frequencies below 1% (Table 12). Generally, we can
observe the following associations: i) F*01:01:01:01 or derivatives are
associated to F*Distal-B, F*upstream-B and F*3UTR-A, ii)
F*01:01:01:09 or F*01:02 or derivatives are associated to F*Distal-A,
F*upstream-A and F*3UTR-A, and iii) F*01:03:01:01 or derivatives are
associated to F*Distal-A, F*upstream-A or to F*Distal-D or F*upstream-
A and F*3UTR-A. The LD pattern between HLA-F coding and regulatory
regions shown in Fig. 3, already described elsewhere (Lima et al.,
2016), may explain these associations.

4. Discussion

HLA-G, -E and -F (or HLA class Ib genes) are primarily involved in
the modulation of the immune response rather than in antigen pre-
sentation, which is a typical feature of the classical class I genes (HLA-
A, -B and -C). Although expressed in many tissues (except HLA-G which
has tissue-restricted expression) in physiological conditions, HLA-G and
-E are primarily expressed in the placenta, where they may be partially
responsible for the acceptance of the semi-allogeneic fetus by the mo-
ther immune system cells. However, yet, it is not clear whether HLA-F
do influence mother immune system cells. Besides the im-
munomodulatory effect at the fetus-mother interface, the physiological
and pathological expression of HLA class Ib molecules may modulate
the function of several cells of the innate and adaptive immune system.
Due to these important functions, high selection pressures have acted
on these genes maintaining HLA class Ib protein sequence and molecule

structure as opposed to HLA classical class I genes, that have evolved
under the pressure of a myriad of environmental pathogens to be
adapted to millions of different antigens. Gene variable sites at coding
regions of HLA class Ib genes, particularly the non-synonymous sub-
stitutions, may lead to protein modifications that may alter the mole-
cule binding to leukocyte receptors, whereas variation sites at reg-
ulatory regions (enhancers, promoters and 3′UTRs) may modify the
binding sites to transcription factors (mainly the promoter region) and
posttranscriptional factors like microRNAs (3′UTR). A full description
of the nucleotide diversity along the major HLA class Ib genes, con-
sidered either as gene segments or as whole gene haplotype, may pro-
vide a better understanding of how gene variation may account for
protein modification or for the magnitude of protein production. In this
context, the study of HLA class Ib genes in African populations, of
whom other populations are supposed to descend from, may shed light
into the evolution of these immune checkpoint genes. Of particular
importance, the Toffin is a population that fled from Godomé Coast to
escape from the war at Aja-Tado to establish their villages in the
Northern shore of Nokoué lake, living as simple fishermen in the
Beninese Sô-Ava region (Principaud, 1995). Since Toffins built their
houses on stilts in Nokoué lake to give them safety from the attacks of
the Dahomey soldiers, they are highly exposed to diseases such as
schistosomiasis due to their lake activities (Ibikounlé et al., 2018, 2013,
2009), representing an interesting population at a genetic point of view.

4.1. Variability at the entire HLA-G, -E and -F genes

Most of the variable sites detected within the entire HLA-G (90.6%),
HLA-E (86.5%) and HLA-F (88.2%) genes are also shared with other
populations included in the 1000 Genomes phase 3 project (Auton et al.,
2015) (Tables S1–S3). Although few remaining variable sites were not
included in this public database, technical errors may be discarded,
since the massive parallel sequencing data analysis strategies used here
have proven to be accurate and reliable, with a low false positive rate
(Castelli et al., 2017, 2015; Lima et al., 2016; Ramalho et al., 2017).
Therefore, it is possible that these missing variable sites were not cor-
rectly detected by the 1000 Genomes consortium or the consortium failed
to detect them. A typical example in the MHC region refers to tri-allelic
variable sites that the 1000 Genomes Consortium describes them as bi-
allelic ones.

Table 8
HLA-E 3′ UTR haplotypes encountered in a Beninese Toffin population sample.

aPositions were inferred based on the IPD-IMGT/HLA database, considering the Adenine of the first translated ATG as +1. The Human genome hg19 was used as
draft: the alternative alleles are marked in gray.
bHaplotypes were named according to previous studies (Castelli et al., 2015; Ramalho et al., 2017).
A Tajima’s D p-value was computed by the comparison of the estimated statistic to a distribution of estimates computed for 50,000 random samples of the same
sample size and level of polymorphism as the observed data and represents the probability of obtaining a simulated Tajima’s D larger than the observed.
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4.2. HLA-G variability

HLA-G is by far the most studied gene among the HLA Ib family.
However, few studies have evaluated the complete gene variability,
from promoter to 3’UTR, in worldwide populations (Castelli et al.,
2011, 2014a, 2017; Ober et al., 2003; Pyo et al., 2006). Here, we
evaluated the promoter region encompassing the positions −1 to
−1377 (Table 2), the same already evaluated for the Beninese Tori
sample (Gineau et al., 2015). Consistent with the results of previous
studies, the promoter haplotype lineage PROMO-G010102a (33.2%)
was the most frequent, followed by PROMO-G0104a (25.8%), PROMO-
G010101a (8.7%) and PROMO-G0103a (1.3%) (Table 2), and usually,
the PROMO-G0104a is not so frequent (Castelli et al., 2017, 2014a,
2014b, 2011; Gineau et al., 2015; Nilsson et al., 2016; Tan et al., 2005).
As in the Tori ethnic group (Gineau et al., 2015), the HLA-G promoter
region appeared to be highly conserved in Toffin, with a similar level of
nucleotide diversity (0.0060 ± 0.0031) [Table 2 and Ref. (Gineau
et al., 2015)] within this gene region. This is corroborated by the
suggestion of balancing selection acting in this region [Tajima’s D value
(2.5522, p=0.0087) (Table 2)], as also observed in many other po-
pulations (Castelli et al., 2017, 2011; Gineau et al., 2015; Ober et al.,
2003; Santos et al., 2013; Tan et al., 2005).

Considering the IPD-IMGT/HLA v3.31.0 database, the HLA-G

coding region evaluated here (positions -300 to +2838) generated 19
different haplotypes (Table 3). Interestingly, only four different (full
length or truncated) proteins [G*01:01 (51.02%), G*01:03 (10.40%),
G*01:04 (27.19%) and G*01:05 N (11.41%)] can be encoded by these
haplotypes, reinforcing the hypothesis of conserved coding region or by
the action of balancing selection in this region, as shown by the high
Tajima’s D (2.8, p=0.0034). In addition, among the four most frequent
haplotypes identified: G*01:01:02:01 (19.80%), G*01:04:04 (19.80),
G*01:05 N (11.41%) and G*01:03:01:02 (10.40%) (Table 3), two of
them (G*01:04:04 and G*01:05 N) appeared at frequencies relatively
higher than that observed worldwide (Castelli et al., 2014a). Although
these two alleles are observed in Occidental regions like Europe and
Asia at low frequency, they were always higher in regions on natural
pressure (i.e., endemic for parasite infection), including African regions
(Carlini et al., 2013; Castelli et al., 2014a) or Amerindian populations
from the Brazilian Amazon (Mendes-Junior et al., 2013), where the
HLA-G coding region was shown to depart from neutrality (Aldrich
et al., 2002; Mendes-Junior et al., 2013).

The HLA-G 3’UTR region evaluated here revealed well-documented
haplotypes (Carlini et al., 2013; Castelli et al., 2017, 2014a, 2011,
2010, Catamo et al., 2015, 2014; Consiglio et al., 2011; Courtin et al.,
2013; de Albuquerque et al., 2016; Garcia et al., 2013; Garziera et al.,
2015; Gineau et al., 2015; Hviid et al., 2006; Lucena-Silva et al., 2013,

Table 9
HLA-E extended region (from −2143 to +4420) haplotypes encountered in a Beninese Toffin population sample.

5' Upstream
haplotypesa

Coding
haplotypes b

3' UTR haplotypes c Notes Frequency
(2n = 300) d

E-Promo-1 E*01:01:01:01 HLA-E-3UTR-1 0.3233
E-Promo-7 E*01:03:02:01 HLA-E-3UTR-4 0.1300
E-Promo-2 E*01:03:02:01 HLA-E-3UTR-2 0.0967
E-Promo-20 E*01:03:05-compatible HLA-E-3UTR-1 0.0700
E-Promo-15 E*01:05-compatible HLA-E-3UTR-1 0.0567
E-Promo-9 E*01:01:01:06-compatible HLA-E-3UTR-3 0.0500
E-Promo-6 E*01:01:01:01 HLA-E-3UTR-1 0.0400
E-Promo-1 E*01:01:01:01(new3468C) HLA-E-3UTR-3 0.0333
E-Promo-5 E*01:01:01:01(new2626T) HLA-E-3UTR-1 New haplotype 0.0233
E-Promo-8 E*01:03:05-compatible HLA-E-3UTR-13 0.0233
E-Promo-10 E*01:01:01:01 HLA-E-3UTR-5 0.0167
E-Promo-18 E*01:03:05-compatible HLA-E-3UTR-1 0.0167
E-Promo-11 E*01:03:01:01 HLA-E-3UTR-5 0.0133
E-Promo-2 E*01:03:02:01(new2269C) HLA-E-3UTR-2 0.0133
E-Promo-39 E*01:01:01:01 HLA-E-3UTR-1 0.0100
E-Promo-17 E*01:03:02:01 HLA-E-3UTR-2 0.0100
E-Promo-14 E*01:01:01:01 HLA-E-3UTR-1 0.0067
E-Promo-1 E*01:01:01:01(new3042C) HLA-E-3UTR-1 New haplotype 0.0067
E-Promo-1 E*01:01:01:01(new1994T, new3468C) HLA-E-3UTR-3 New haplotype 0.0067
E-Promo-31 E*01:01:01:01(new3468C) HLA-E-3UTR-3 New haplotype 0.0067
E-Promo-21 E*01:03:01:01 HLA-E-3UTR-1 0.0067
E-Promo-23 E*01:03:01:01(new1322A) HLA-E-3UTR-1 0.0067
E-Promo-2 E*01:03:02:01 HLA-E-3UTR-1 0.0067
E-Promo-31 E*01:01:01:01 HLA-E-3UTR-1 0.0033
E-Promo-1 E*01:01:01:01(new758C) HLA-E-3UTR-1 New haplotype 0.0033
E-Promo-1 E*01:01:01:01(new2944T) HLA-E-3UTR-1 New haplotype 0.0033
E-Promo-21 E*01:03:01:01 HLA-E-3UTR-5 0.0033
E-Promo-8 E*01:03:01:01(new-104G, +1625C, new3468C) HLA-E-3UTR-3 New haplotype 0.0033
E-Promo-2 E*01:03:02:01 HLA-E-3UTR-5 0.0033
E-Promo-38 E*01:03:05-compatible HLA-E-3UTR-14 New haplotype 0.0033
E-Promo-8 E*01:03:05-compatible HLA-E-3UTR-1 0.0033

Nucleotide diversity 0.0008 ± 0.0004

Gene diversity 0.8561 ± 0.0148

Tajima’s D −0.3062, p=0.5518

A Tajima’s D p-value was computed by the comparison of the estimated statistic to a distribution of estimates computed for 50,000 random samples of the same
sample size and level of polymorphism as the observed data and represents the probability of obtaining a simulated Tajima’s D larger than the observed.

a The list of promoter haplotypes are depicted at Table 6.
b The list of coding haplotypes are depicted at Table 7.
c The list of 3′ UTR haplotypes are depicted at Table 8.
d Haplotypes were classified in descending order of their frequency.
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2012; Martelli-Palomino et al., 2013; Nilsson et al., 2016; Porto et al.,
2015; Sabbagh et al., 2014; Santos et al., 2013; Sizzano et al., 2012; Tan
et al., 2005; Veit et al., 2014, 2012; Zambra et al., 2016) (Table 4). The
first six and most frequent haplotypes detected in this series (HLA-G-
3UTR-01 to -06) were also the most worldwide represented. However,
HLA-G-3UTR-17 and -18 were detected at 2.01% and 1.01%, respec-
tively (Table 4), but were absent in Beninese Tori-Bossito (Tori ethnic
group) sample (Sabbagh et al., 2014). The first possible explanation of
this observation may be in the Sanger sequencing procedure that was
used by Sabbagh et al, possibly detecting only the most frequent or
well-documented polymorphisms, which would be reflected in the
lower variability in the Tori ethnic group (nucleotide diversity=
0.007) (Sabbagh et al., 2014) than in the Toffin population (nucleotide
diversity= 0.027). The second possible explanation is that the 3’UTR
segment may be on balancing selection in the Tori ethnic group (Ta-
jima’s D=1.84, p= 0.011) (Sabbagh et al., 2014), but not in the Toffin
population (Tajima’s D=0.0032, p = 0.4292). This could justify the
conservation of the 3’UTR segment in the Tori population, guaranteeing
the presence or conservation of existing polymorphisms, perhaps, pro-
tecting Tori people against parasite infection pressure in this region
(Djenontin et al., 2010; Le Port et al., 2012), where some malaria
vectors are also resistant to insecticide (Djenontin et al., 2010). Due to
its endemicity for malaria, Tori-Bossito region has become the locality
for various malaria research projects (D’Almeida et al., 2017, 2016,
Dechavanne et al., 2017, 2016; Sadissou et al., 2014). Some studies
revealed the effect of soluble HLA-G (sHLA-G) expression in mother/
child pair susceptibility to Plasmodium falciparum (P. f) infection
(D’Almeida et al., 2017, 2016; Sadissou et al., 2014), while other dis-
closed the natural humoral immunity acquisition against P. f in early
life (Dechavanne et al., 2016), due to IgG3 transfer from mother to
child (Dechavanne et al., 2017). Since there is no study focusing on the
association between malaria and the HLA-G gene in the Toffin popu-
lation, it would be important to implement one to show whether the
HLA-G 3’UTR may be influenced by P. f malaria pressure. Another

explanation may be related to a possible difference in genetic back-
ground between the two ethnic groups and genetic drift. This hypoth-
esis may be justified by the presence of other haplotypes such as HLA-G-
3UTR-20, -46, -47 and -48 in the Toffin group studied here, but absent
in the Tori group (Table 4).

Regarding the HLA-G extended haplotypes, we found a strong as-
sociation between the 5’ UTR/coding/3’UTR segments (Table 5), and
even the new haplotypes identified at the promoter or coding region of
the gene do support this relationship. This strong association is rela-
tively conserved and may be an intrinsic signature of the gene, since the
same association was previously observed elsewhere (Castelli et al.,
2017, 2014a, 2011, 2010; Donadi et al., 2011; Lucena-Silva et al., 2012;
Nilsson et al., 2016; Santos et al., 2013). The balancing selection acting
in the entire segment of the gene, as shown by the significant Tajima’s D
(Table 5), reinforces this idea of conservation. In addition, no re-
combination hotspot exists within the HLA-G segment, at least from the
promoter to a polymorphism 20Kb downstream the gene, which may
prevent the HLA-G extended segment from high diversity (Kulski et al.,
2001; Santos et al., 2013). Interestingly, our population missed
G*01:01:03/UTR-07 allele/haplotypes (Tables 3 and 4), which are
frequent in Europe and highly frequent in Asia, but absent in African
countries (Castelli et al., 2014a; Santos et al., 2013), suggesting that the
haplotypes observed here and around the world may be quite old.

4.3. HLA-E variability

The HLA-E promoter region evaluated here was the same evaluated
in the Brazilian sample (Ramalho et al., 2017). The Brazilian population
has an important African contribution, but the one evaluated by Ra-
malho et al. was primarily composed by individuals of European an-
cestry (approximately 80%), which is typical from the Southeastern
Brazilian population. Thus, the Brazilian study and ours evaluated very
different samples in terms of ethnical composition. Contrary to Ra-
malho et al., most of the variable sites we detected in this gene segment

Fig. 2. LD patterns for the entire HLA-E region encompassing the positions -2143 to +4420 in Beninese Toffin population. The Linkage Disequilibrium (LD) pattern
was evaluated by calculating r2. LD plot was generated and visualized by Haploview v4.2 (Barrett et al., 2005). High pairwise LD (r2) between variants is illustrated
with dark shading. The r2 values (×100) for the marker pairs are listed in the corresponding boxes. The LD plot was generated using SNPs with a minimum allele
frequency (MAF) of 1%.
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were polymorphic (i.e., with MAF≥ 1%) and the number of promoter
haplotypes that presented at least 1% of frequency was higher than
those identified in Brazil (Table 6). This discrepancy may be explained
by: i) the difference in nucleotide variability within promoter region
between both populations [0.0013 ± 0.0008 (here) versus
0.0010 ± 0.0006 (in Brazil, (Ramalho et al., 2017), and ii) the nega-
tive Tajima’s D value (−0.1764, p=0.5000) (Table 6), reflecting a
possible assumption of new alleles or population expansion (demo-
graphy). In addition, some variants detected here with higher frequency
were less frequent in Brazil (e.g. −104G with 2.38% in Brazil but with
12% in the present study). This is in agreement to a previous HLA-E
study, evaluating African Guinea-Conakry and Burkina Faso samples
(−104G with 11.39%) (Castelli et al., 2015). Moreover, while in Brazil
the variants with lower frequency were between -440 to -1 (except
position −104) (Ramalho et al., 2017; Veiga-Castelli et al., 2016), the
variation sites we identified in the same region were more frequent

(Table S2). However, the pattern of variability along the HLA-E gene
between Brazil and the present studied population is similar. Indeed,
likewise in Brazil, the promoter region variability (Table 6) is more
pronounced than the coding (Table 7) and 3’UTR segments (Table 8). In
addition, the 3’UTR segment is more variable than the coding region.
Interestingly, despite this similar pattern of nucleotide variability be-
tween the HLA-E segments, the gene region (coding and regulatory
segments) variability (shown as nucleotide variability) we observed,
was always higher than that observed for Brazilians (Ramalho et al.,
2017). This variability may also explain the observation of the two new
haplotypes (E-Promo-38 and E-Promo-39) (Table 6). Similarly to the
Brazilian population, the frequent promoter variants identified here
were also concentrated upstream position −1389 (Ramalho et al.,
2017; Veiga-Castelli et al., 2016). In addition, the most frequent hap-
lotype detected here was also E-Promo-01 (37.67%). Nevertheless, ad-
ditional functional studies are needed to further show whether the

Table 10
HLA-F 5′ distal (A) and proximal (B) promoter haplotypes encountered in a Beninese Toffin population sample.

(A, B) Positions were inferred based on the IPD-IMGT/HLA database, considering the Adenine of the first translated ATG as 1. The Human genome hg19 was used as
draft: the alternative alleles are marked in gray.
(A) As the distal promoter was not included in this HLA-F structure previously described (Lima et al., 2016), we considered all nucleotides upstream the nucleotide
−556 as distal HLA-F promoter (Table S3). Haplotypes were listed in alphabetic order.
(B) Haplotypes were named according to a previous study (Lima et al., 2016).
A Tajima’s D p-value was computed by the comparison of the estimated statistic to a distribution of estimates computed for 50,000 random samples of the same
sample size and level of polymorphism as the observed data and represents the probability of obtaining a simulated Tajima’s D larger than the observed.
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promoter variability may influence the HLA-E function and expression.
Regarding the coding region, we identified 15 different alleles that

mainly encoded the two most frequent and worldwide distributed
proteins, known as E*01:01 and E*01:03 (Arnaiz-Villena et al., 2007;
Carvalho dos Santos et al., 2013; Felício et al., 2014; Liu et al., 2012;
Ramalho et al., 2017; Veiga-Castelli et al., 2012). These findings may be
due to gene conservation and its implication on immune tolerance
(Pietra et al., 2010; Sullivan et al., 2008). Indeed, the HLA-E*01:01 was
observed in 53.66% and E*01:03 in 40.67% of the Toffin individuals,
percentages that are closely similar to several worldwide studies
(Arnaiz-Villena et al., 2007; Carvalho dos Santos et al., 2013; Felício
et al., 2014; Liu et al., 2012; Ramalho et al., 2017; Veiga-Castelli et al.,
2012). Altogether, the grouped frequency of these alleles accounted for
approximately 94–95% of HLA-E encoded-molecules, a finding that is
similar to that observed for our population (Table 7). This gene con-
servation may justify the few (6 out of 15) new alleles identified in our

population, and the intronic or synonymous mutations occurring in this
gene region was also shown elsewhere (Auton et al., 2015; Castelli
et al., 2015; Ramalho et al., 2017). HLA-E coding region is the most
conserved among the HLA Ib genes, exhibiting much lower nucleotide
diversity (0.0005 ± 0.0003) than HLA-F (0.0054 ± 0.0027) and HLA-
G (0.0058 ± 0.0029) (Tables 3, 7 and 11). In addition, the nucleotide
diversity observed at the coding region (Table 7) was lower than those
observed at the promoter (Table 6) and 3′UTR (Table 8) HLA-E seg-
ments. This observation agrees with Ramalho et al., who found the
same pattern of HLA-E variability between the different gene segments
(Ramalho et al., 2017).

Of the seven HLA-E 3’UTR haplotypes (Table 8), the first five and
most frequent ones (HLA-E-3UTR-1 to -5) had already been detected in
African samples from Guinea-Conakry and Burkina Faso (Castelli et al.,
2015), whereas the last two ones (HLA-E-3UTR-13 and -14) were shared
with the Brazilian population sample, where they were detected for the

Table 11
HLA-F haplotypes encountered in a Beninese Toffin population sample considering the whole segment tracked by IPD-IMGT/HLA from −300 to +3250.

HLA-Fcoding haplotypes (with introns) a Notes HLA-Fcoding haplotypes (without introns) Encoded proteins b Frequency
(2n = 304) c

F*01:01:01:05(1943G,[TG]12) F*01:01:01 F*01:01 0.1513
F*01:03:01:01(1383G) F*01:03:01 F*01:03 0.1513
F*01:01:01:09 F*01:01:01 F*01:01 0.1250
F*01:01:02:05(1943G, [TG]11) F*01:01:02 F*01:01 0.1020
F*01:01:01:01([TG]12) F*01:01:01 F*01:01 0.0954
F*01:01:02:03(1943G, 2208C,[TG]11) F*01:01:02 F*01:01 0.0691
F*01:01:02:03(1943G,[TG]13) F*01:01:02 F*01:01 0.0526
F*01:01:01:08 F*01:01:01 F*01:01 0.0395
F*01:01:01:11 F*01:01:01 F*01:01 0.0329
F*01:01:01:08(-222G, 2698G, [TG]12) F*01:01:01 F*01:01 0.0263
F*01:01:01:09(new205A) A, B, D, new haplotype F*01:01:01(codon4:TCC- >TCA) F*01:01 0.0230
F*01:02(1193C, 1943G) F*01:02 F*01:02 0.0164
F*01:03:01:01 F*01:03:01 F*01:03 0.0164
F*01:02(1193C, 1943G, new1946C) A, new haplotype F*01:02 F*01:02 0.0132
F*01:03:01:01(new1378T, 1383G,[TG]11) A, B F*01:03:01 F*01:03 0.0132
F*01:01:01:01 F*01:01:01 F*01:01 0.0099
F*01:01:01:05(new1497C, 1943G, [TG]12) A, B, new haplotype F*01:01:01 F*01:01 0.0099
F*01:01:01:09(new2123T) A, new haplotype F*01:01:01 F*01:01 0.0099
F*01:01:01:09(3189T) F*01:01:01 F*01:01 0.0066
F*01:01:02:03(1943G, [TG]14) F*01:01:02 F*01:01 0.0066
F*01:01:01:01(new145A) A, C, new haplotype F*01:01:01 F*01:01 0.0033
F*01:01:01:01([TG]11) F*01:01:01 F*01:01 0.0033
F*01:01:01:09([TG]12) F*01:01:01 F*01:01 0.0033
F*01:01:02:03(1943G,[TG]12) F*01:01:02 F*01:01 0.0033
F*01:01:02:06(1225nolargedel, 1230A) F*01:01:02 F*01:01 0.0033
F*01:03:01:01(1383G, [TG]11) F*01:03:01 F*01:03 0.0033
F*01:03:01:01([TG]10) F*01:03:01 F*01:03 0.0033
F*01:03:01:01([TG]11) F*01:03:01 F*01:03 0.0033
F*01:03:01:01([TG]13) F*01:03:01 F*01:03 0.0033

Nucleotide diversity 0.0054 ± 0.0027

Gene diversity 0.9093 ± 0.0061

Tajima’s D 1.7086, p=0.0416

Notes:
(A) indicates the variable sites described in 1000 genome phase 3 data base (Table S3).
(B) indicates the variable sites described in other populations (Lima et al., 2016).
(C) indicates a singleton, i.e., variable site detected in a single heterozygous individual from the population sample.
(D) Synonymous mutation on exon 2 (Table S3) leading to a substitution of C nucleotide into A nucleotide in codon 4.
Alleles shared with the Brazilian population are shown in bold.
A Tajima’s D p-value was computed by the comparison of the estimated statistic to a distribution of estimates computed for 50,000 random samples of the same
sample size and level of polymorphism as the observed data and represents the probability of obtaining a simulated Tajima’s D larger than the observed.
The complete sequences of coding HLA-F region are available upon request.

a Haplotypes were named according to the closest official haplotypes in IPD-IMGT/HLA v3.31.0 database highlighting the differences observed in some positions.
[TG]10 to [TG]14 are microsatellites (TG repeats). This HLA-F short tandem repeats (STR) occurs at position 3097 (IPD-IMGT/HLA) (Table S3). The total number of
dinucleotide TG repeats is indicated when different from the known HLA-F allele. The word The term “new” indicates the variable sites not recognized by IPD-IMGT/
HLA v3.31.0 database.

b Represent the full-length protein encoded by each allele (haplotype). Three different proteins or HLA-F transcripts (F*01:01, F*01:02 and F*01:03) were detected
in our population.

c Haplotypes were classified in descending order of their frequency.
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first time (Ramalho et al., 2017). The HLA-E 3′ UTR segment is also very
conserved (Castelli et al., 2015; Felício et al., 2014; Ramalho et al.,
2017). In fact, this region showed the lowest nucleotide diversity when
compared to the promoter and 3’UTR of other HLA Ib genes (Tables 2,
4, 8, and 10). This conservation at 3’UTR segment may reflect the low
variability of HLA-E expression by post-transcriptional mechanisms,
modulated by microRNA binding (Bartel, 2009, 2004) and mRNA sec-
ondary/tertiary structure (Chen et al., 2006). Noteworthy, the presence
of the highly polymorphic variable site at position +3777 (Tables 8 and
S2), coinciding with the poly Adenine tail of a known Alu element
[SINE (short interspersed nuclear element)] insertion, is not targeted by
any microRNA (Ramalho et al., 2017).

In agreement to previous HLA-E studies (Castelli et al., 2015; Felício
et al., 2014; Ramalho et al., 2017), we did not find a strong association
between the promoter/coding/3’UTR haplotypes (Table 9). This may be
explained by the weak LD between these gene segments (Castelli et al.,
2015; Felício et al., 2014; Ramalho et al., 2017) (Fig. 2). However,
some associations detected here followed the same pattern already
found by Ramalho et al., (Ramalho et al., 2017) (Table 9). Moreover,
the number of haplotypes or new haplotypes we found, may result from
the high recombination rate in this extended segment, probably due to

the presence of various Alu elements found along the HLA-E gene
(Deininger, 2011; Kent et al., 2002; Ramalho et al., 2017).

4.4. HLA-F variability

The HLA-F promoter region was evaluated separately; i. e, the distal
(from −1709 to −1013) and proximal (from −547 to −101) pro-
moters (Table 10). Considering the HLA-F structure described in Section
3.3.1 (Lima et al., 2016), the F-distal promoter had already been
evaluated in DNA samples from Asian, African American, and Cauca-
sian populations (Pyo et al., 2006). We observed the same haplotype
frequency distribution pattern for the distal and proximal segments
(i.e., four most frequent haplotypes with minimum frequency of 11%)
(Table 10). This observation could be explained by the strong LD be-
tween F*Distal and F*proximal promoters (Fig. 3). The F-proximal
promoter is more conserved than the other F-distal promoter and of the
coding region, as shown by nucleotide diversity within these regions
(Tables 10 and 11). This same pattern of F-promoter conservation may
be characteristic of this gene, as it was also reported by other authors
(Auton et al., 2015; Lima et al., 2016) and may reflect the probable
influence of the F-proximal promoter on the HLA-F gene expression

Table 12
HLA-F extended region (from −1709 to +3250) haplotypes encountered in a Beninese Toffin population sample.

5' Distal Promoter a 5' Proximal Promoter a Coding haplotypes (with introns) b 3’ UTR haplotypes c Frequency
(2n=304) d

F*Distal-A F*Upstream-D F*01:01:01:05(1943G, [TG]12) F*3UTR-A 0.1513
F*Distal-D F*upstream-A F*01:03:01:01(1383G) F*3UTR-A 0.1480
F*Distal-A F*upstream-A F*01:01:01:09 F*3UTR-A 0.1250
F*Distal-C F*upstream-C F*01:01:02:05(1943G, [TG]11) F*3UTR-A 0.1020
F*Distal-B F*upstream-B F*01:01:01:01([TG]12) F*3UTR-A 0.0954
F*Distal-C F*upstream-C F*01:01:02:03(1943G, 2208C, [TG]12) F*3UTR-A 0.0691
F*Distal-C F*upstream-H F*01:01:02:03(1943G, [TG]13) F*3UTR-A 0.0526
F*Distal-A F*upstream-B F*01:01:01:08 F*3UTR-A 0.0395
F*Distal-A F*upstream-G F*01:01:01:08(-222G, 2698G, [TG]12) F*3UTR-A 0.0263
F*Distal-A F*upstream-A F*01:01:01:09(new205A) F*3UTR-A 0.0230
F*Distal-E F*upstream-A F*01:01:01:11 F*3UTR-A 0.0197
F*Distal-A F*upstream-A F*01:02(1193C, 1943G) F*3UTR-A 0.0164
F*Distal-A F*upstream-A F*01:01:01:11 F*3UTR-A 0.0132
F*Distal-A F*upstream-A F*01:02(1193C, 1943G, new1946C) F*3UTR-A 0.0132
F*Distal-D F*upstream-A F*01:03:01:01(new1378T, 1383G, [TG]11) F*3UTR-A 0.0132
F*Distal-B F*upstream-B F*01:01:01:01 F*3UTR-A 0.0099
F*Distal-A F*Upstream-D F*01:01:01:05(new1497C, 1943G, [TG]12) F*3UTR-A 0.0099
F*Distal-A F*upstream-A F*01:01:01:09(new2123T) F*3UTR-A 0.0099
F*Distal-F F*upstream-A F*01:03:01:01 F*3UTR-A 0.0099
F*Distal-A F*upstream-A F*01:01:01:09(3189T) F*3UTR-B 0.0066
F*Distal-J F*upstream-H F*01:01:02:03(1943G, [TG]14) F*3UTR-A 0.0066
F*Distal-A F*upstream-A F*01:03:01:01 F*3UTR-A 0.0066
F*Distal-B F*upstream-B F*01:01:01:01(new145A) F*3UTR-A 0.0033
F*Distal-B F*upstream-B F*01:01:01:01([TG]11) F*3UTR-A 0.0033
F*Distal-A F*upstream-A F*01:01:01:09([TG]12) F*3UTR-A 0.0033
F*Distal-C F*upstream-F F*01:01:02:03(1943G, [TG]12) F*3UTR-A 0.0033
F*Distal-C F*upstream-C F*01:01:02:06(1225nolargedel, 1230A) F*3UTR-A 0.0033
F*Distal-I F*upstream-A F*01:03:01:01(1383G) F*3UTR-A 0.0033
F*Distal-D F*upstream-A F*01:03:01:01(1383G, [TG]11) F*3UTR-A 0.0033
F*Distal-F F*upstream-A F*01:03:01:01([TG]10) F*3UTR-A 0.0033
F*Distal-A F*upstream-A F*01:03:01:01([TG]11) F*3UTR-A 0.0033
F*Distal-A F*upstream-A F*01:03:01:01([TG]13) F*3UTR-A 0.0033

Nucleotide diversity 0.0048 ± 0.0023

Gene diversity 0.9109 ± 0.0061

Tajima’s D 1.4647, p=0.0618

A Tajima's D p-value was computed by the comparison of the estimated statistic to a distribution of estimates computed for 50,000 random samples of the same
sample size and level of polymorphism as the observed data and represents the probability of obtaining a simulated Tajima’s D larger than the observed.

a The list of promoter haplotypes are depicted at Table 10.
b The list of coding haplotypes are depicted at Table 11.
c As the 3’UTR haplotypes are represented by an unique variable site at position +3061 (Table S3), we contented to cite it in the text (at Sections 3.3.3 and 4.4).

The extended sequences are available upon request.
d Haplotypes were classified in descending order of their frequency.
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(Pyo et al., 2006), as also speculated elsewhere (Lima et al., 2016).
As reported for Brazilians, we did not observe some frequent poly-

morphisms described in IPD-IMGT/HLA, exemplifying, the deletion of
G at position +1943 found at IPD-IMGT/HLA v.3.31.0 database.
Considering all the 29 coding haplotypes detected (Table 11), they
encoded only three different proteins: F*01:01, F*01:02 and F*01:03
(Table 11). This gene conservation can be observed in the IPD-IMGT/
HLA v.3.31.0 database and was also confirmed by other HLA-F studies
(Lima et al., 2016; Pyo et al., 2006) and by 1000 Genomes phase 3
project (Auton et al., 2015). The protein F*01:01 was present at 77.63%
of the individuals, accompanied by F*01:03 (19.41%) and F*01:02
(2.96%) (Table 11). These frequencies are closely similar to those re-
ported in several studies, which mainly detected the two proteins
(F*01:01 and F*01:03), for which F*01:01 is usually detected at high
frequency and F*01:02, when detected, was always at low frequency
(Lima et al., 2016; Manvailer et al., 2014; Moscoso et al., 2007; Pan
et al., 2013; Pyo et al., 2006; Zhang et al., 2012). The presence of di-
nucleotide repeats at position +3097, detected here (Tables S3 and 11)
and also elsewhere (Auton et al., 2015; Lima et al., 2016), confirmed
the existence of microsatellites and consequently the existence of the
new haplotypes harboring them. Notwithstanding, a proper nomen-
clature must be assigned by the WHO Nomenclature Committee for
Factors of the HLA System.

As only one variable site was detected at 3’ UTR at position +3061
(Table S3), only two 3’UTR haplotypes were detected for HLA-F. The
variable sites they carried, A (99.34%) for HLA-F*3UTR-A and T
(0.66%) for HLA-F*3UTR-B, were not detected at IPD-IMGT/HLA-A nor
at 1000 Genomes phase 3 databases. However, they fit the Hardy-
Weinberg expectations (Table S3) with the HLA-F*3UTR-B, detected in
two unrelated individuals, was also associated to the same extended
haplotype (Table 12). Likewise, the two alleles (F*01:02(1193C, 1943G)

and F*01:02(1193C, 1943G, new1946C)) detected here and absent in Brazil,
were also associated to the same extended haplotype (Table 12).

Finally, it is interesting to notice that some HLA-G, -E and -F coding
alleles (Tables 3, 7 and 11), which were shared with the Brazilian

population (Castelli et al., 2017; Lima et al., 2016; Ramalho et al.,
2017), were more frequent in our population than in Brazilians. For
instance, in the present study, the most frequent [E*01:03:05−compatible

(11.67%), E*01:05−compatible (5.67%) and E*01:01:01:01(new3468C)

(4%)] and the less frequent [E*01:01:01:01(new1994T, new3468C) (0.67%)
and E*01:03:01:01(new1322A) (0.67%)] alleles in the Toffin population
(Table 7) were more frequent than in Brazilians (Ramalho et al., 2017),
but exhibited closely similar frequencies when compared to other
African populations from Guinea-Conakry and Burkina Faso (Castelli
et al., 2015). This observation is also true for HLA-F and HLA-G coding
alleles that were shared by Brazilians (Table 3 and 11). In addition, the
difference in nucleotide diversity along the coding (Tables 3, 7 and 11)
and extended (Tables 5, 9 and 12) segments for HLA-G, -E and -F dis-
closed differences between African and Brazilian populations. Overall,
these findings corroborate the idea that African countries (including
Benin) could be considered as a rich repository for genetic variation and
that these alleles might have arisen in Africa before human dispersion.

4.5. Conclusion

This is the first study evaluating the complete structure of HLA Ib
genes in a secluded African population, using massive parallel se-
quencing. Although known and new HLA-G, -E and -F coding alleles
were described, these gene regions remained relatively conserved, since
all the coding alleles converged to encode few molecules for each gene.
HLA-G and HLA-E were more conserved at the coding region (Tables 3
and 7) than at promoter (Tables 2 and 6) and at 3’ UTR (Tables 4 and
8). HLA-F was more conserved at the regulatory [proximal promoter
(Table 10) and 3’UTR (Table 12)] than in the coding (Table 11) and
distal promoter (Table 10) regions; however, the coding region is still
conserved. These observations support the immunomodulatory role of
these genes, rather than antigen presentation, since an eventual high
variability at the coding regions would lead to modifications at the li-
gand-binding sites on target cells, compromising their function not only
in pregnancy and transplantation but also in diseases.

Fig. 3. LD patterns for the entire HLA-F region encompassing positions -1709 to +3537 in Beninese Toffin population. The Linkage Disequilibrium (LD) pattern was
evaluated by calculating r2. LD plot was generated and visualized by Haploview v4.2 (Barrett et al., 2005). High pairwise LD (r2) between variants is illustrated with
dark shading. The r2 values (×100) for the marker pairs are listed in the corresponding boxes. The LD plot was generated using SNPs with a minimum allele
frequency (MAF) of 1%.
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