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Abstract

Sudan, a northeastern African country, is characterized by high levels of cultural, linguistic, and genetic diversity, which is
believed to be affected by continuous migration from neighboring countries. Consistent with such demographic effect,
genome-wide SNP data revealed a shared ancestral component among Sudanese Afro-Asiatic speaking groups and non-
African populations, mainly from West Asia. Although this component is shared among all Afro-Asiatic speaking groups,
the extent of this sharing in Semitic groups, such as Sudanese Arab, is still unknown. Using genotypes of six polymorphic
human leukocyte antigen (HLA) genes (i.e., HLA-A, -C, -B, -DRBI, -DQBI, and -DPBI), we examined the genetic structure
of eight East African ethnic groups with origins in Sudan, South Sudan, and Ethiopia. We identified informative HLA alleles
using principal component analysis, which revealed that the two Semitic groups (Gaalien and Shokrya) constituted a distinct
cluster from the other Afro-Asiatic speaking groups in this study. The HLA alleles that distinguished Semitic Arabs co-exist
in the same extended HLA haplotype, and those alleles are in strong linkage disequilibrium. Interestingly, we find the four-
locus haplotype “C*12:02-B*52:01-DRB1*#15:02-DQB1*06:01” exclusively in non-African populations and it is widely
spread across Asia. The identification of this haplotype suggests a gene flow from Asia, and likely these haplotypes were
brought to Africa through back migration from the Near East. These findings will be of interest to biomedical and
anthropological studies that examine the demographic history of northeast Africa.

Introduction

The considerable level of cultural, linguistic, and genetic
diversity of populations inhabiting East Africa and the Nile
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effective population size [1] and the great regional sub-
structure [2] that characterize North-Eastern Africa. Fur-
thermore, this substantial diversity has been shaped, not only
by a contribution of native populations, as several studies
have shown the role of demographic events as evidenced by
the bi-directional genetic exchange between Northeastern
Africans and neighboring populations from West Asia [3-7].
Studies of the genetic diversity of Africans indicate that both
geography and linguistic affiliation contribute in shaping the
genetics of African populations [2]. Linguistic families
of African populations are categorized into four macro-
families, three of which are present in the Sudanic region of
East Africa (an area encompasses Sudan and South Sudan):
Afro-Asiatic, Nilo-Saharan, and Niger-Congo. The Afro-
Asiatic family is mainly found in the northern and eastern
parts of Africa (includes Arabic, Bedawiyet; spoken by Beja,
and the Cushitic languages). The Nilo-Saharan family covers
most of the Sudanese languages, including those spoken by
Nubians in the north, Darfurians in the west, and Nilotes of
South Sudan. Furthermore, the Niger-Congo/Kordofanian
geographically spans most of Sub-Saharan Africa [8, 9];
however, it is restricted in the Sudanic region to few groups
from Nuba Mountains and Fulani (Fig. 1).

The genetic diversity of Sudanese populations (Sudan
and South Sudan) has been explored using different types of

Linguistic affiliation
Afro-Asiatic

Nilo-Saharan
Nilo-Saharan/Niger-Congo

Nubians

Darfurians ~ Sudan

Ethiopians

Ethiopia

]

Fig. 1 Sampling locations in this study. The Inset indicates the
location of Sudan, South Sudan, and Ethiopia within Africa.

Nilotes
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autosomal [2, 10], Y chromosome, and mitochondrial DNA
markers [11], which collectively showed the various genetic
contributions from African and non-African ancestries.
More recently, the genetic diversity of East African popu-
lations has been studied using genome-wide SNP data
[5, 7]. These studies have identified a northeast/south-west
cline that defines two main population substructures, in
addition to a North-African ancestral component identified
in Afro-Asiatic speaking groups. Although these studies,
including the genome-wide approach, have unraveled the
influences and genetic relationships between populations of
East Africa and Western Asia, exploration of the demo-
graphic history that shaped the current peopling of the
region is an ongoing quest.

The human major histocompatibility complex (MHC) is
a genomic region spanning 3.6 Mb of the human chromo-
some 6. Based on their genomic location and function,
genes of the MHC region have been categorized into three
classes (class I, class II, and class III), of which classical
genes in class I and II are highly polymorphic. Currently,
more than 26,000 human leukocyte antigen (HLA) alleles
have been registered in the IMGT/HLA public database
[12]. Such excessive variability is thought to be maintained
through interaction with the environment, particularly
selective pressure from infectious pathogens [13]. The sig-
nificant variations in the distribution of HLA alleles and
haplotypes between human populations provide valuable
markers for comparative analysis of human populations
[14]. These variations have been thoroughly studied bene-
fiting from the established donor registries of the trans-
plantation programs in many developed countries [15].
However, in low-income countries, such as those in Africa,
including Sudan, large-scale studies of HLA diversity are
hampered by the high cost of HLA typing [16]. In Sudan,
few HLA studies have been conducted to understand the
genetic diversity of HLA genes (Supplementary Table S1).
These studies have limitations in terms of HLA-typing
resolution and a wide representation of ethnically defined
populations [17, 18]. Hence, a study with broader geo-
graphic coverage, more ethno-linguistically defined popu-
lations, and high-resolution HLA-typing allow a better
assimilation of the genetic diversity of populations living in
this region.

Here, to investigate the distribution of HLA alleles and
haplotypes in East Africa, and to have an insight on the
peopling and demographic history of the region, we
examined the genetic diversity of eight east African
populations from Sudan, South Sudan, and Ethiopia by
using allele and haplotype frequencies of six HLA loci
(HLA-A, -C, -B, -DRBI1, -DQBI1, and -DPB1) determined
by phase-defined analysis [19]. Integration of HLA data
from these ethnic groups with data from populations in
Sub-Saharan Africa, Middle East, and Asia allowed a
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wider context for understanding the genetic history of the
East African populations.

Materials and methods
Sample information

Saliva samples were collected from 329 individuals
between July and September 2010 from various ethnic
groups in Sudan, South Sudan, and Ethiopia. The Ethiopian
samples were collected from Ethiopians people living
in Sudan. The ethnic groups are categorized based on
the linguistic classification of African populations [8].
The samples represent three major linguistic families:
Afro-Asiatic (Gaalien, Shokrya, Beja, and Ethiopians),
Nilo-Saharan (Darfurians, Nubians, and Nilotes), and Nuba
who belongs to, both, Nilo-Saharan and Niger-Congo
families. Geographic locations and linguistic affiliations of
the study populations are shown in Supplementary
Tables S2 and S3 and Fig. 1. Informed consent was
obtained from all participants and the study protocol was
approved by the ethics committee of the Sudan Medical and
Scientific Research Institute, Sudan (SUM 2010/7), and of
the National Institute of Genetics, Mishima, Japan
(nig1508, 2015.11.30). Sample collection and DNA isola-
tion were done using the Oragene™ collection kit (OG-500)
(DNA Genotek, Ontario, Canada) following the recom-
mended protocol. To compare the populations in this study
and other African and Middle Eastern populations, a total of
41 datasets were used, including 30,518 samples from the
Allele Frequency Net Database (AFND) [20]. The datasets
include populations from North Africa, Sub-Saharan Africa
(West, Central, and South Africa), the Middle East, Europe,
and South and East Asia, Supplementary Table S4. In order
to compare these datasets to our study populations we
downloaded only datasets with four-digit typing resolution.
Furthermore, as many of these datasets do not include class-
I genes, we used only class-I genes for this comparison.
We further filtered these by requiring the total allele fre-
quencies in each gene to be at least 0.95 (Supplementary
data). Of the 41 datasets, we found that 19 met the allele
frequency criterion and were used for the principal com-
ponent analysis (PCA) analysis.

NGS library preparation and analysis

Genotyping of HLA genes was done using a next-
generation sequencing (NGS) method. The full protocol
of the NGS library preparation and sequencing were
described by Ahmadloo et al. [21]. The DNA libraries
(328 samples pooled in four 96-well plates) were sequenced
using Illumina MiSeq” platform. The sequencing method

was paired-end type (forward read 350 bp and reverse one
250 bp) with an average expected insert size of 600 bp. The
details of the analysis pipeline are described in Supple-
mentary File S1.

Sanger sequencing of new HLA alleles

Mismatched positions in the samples that were candidates
for new HLA alleles were confirmed by Sanger sequencing.
For each position, we designed specific primers flanking the
variant and amplified the position using, mostly, allele-
specific PCR. Furthermore, we performed Sanger sequen-
cing using the amplified products and BigDye" Terminator
V3.1 Cycle Sequencing kit (Life Technologies). The
sequencing was done using, both, forward and reverse
primers on an ABI 3130xl Genetic Analyzer (Applied
Biosystems).

Population genetics analysis

The genetic diversity indicators, such as the number of
alleles in each locus and the degree of heterozygosity, were
calculated using Python for Population Genomics [22]
(PyPop v.0.7.0). The expected heterozygosity (H), assum-
ing Hardy—Weinberg equilibrium (HWE), was estimated
using the following formula: H= L1 = Zf:l P?) [23],
where P; is the frequency of the ith allele and n’is the
number of samples for k number of alleles. We tested
whether the identified genotypes follow or deviate from
HWE using Arlequin [23], which uses Guo and Thomp-
son’s procedure [24]. To understand the genetic relatedness
among the study populations using HLA genes, we com-
puted the pairwise Fgr statistic between all pairs of popu-
lations using Arlequin. The statistical significance (P value
<0.05) is determined after permuting haplotypes (10,000
permutations) under the assumption of no difference
between populations. The pairwise genetic distances were
used to build a neighbor-joining phylogenetic tree [25]
using MEGA v.6 [26].

To test whether natural selection is operating on any
HLA loci in the study populations, we performed
Ewens—Watterson homozygosity test of neutrality [27]
implemented in PyPop, v.0.7.0 [22]. The homozygosity F
statistic is given by: F' = Zf: | P?, where P; is the frequency
of the ith for kK number of unique alleles. The normalized
deviate of homozygosity (Fnd) is calculated as the differ-
ence between observed and expected homozygosity, divi-
ded by the square root of the variance of the expected
homozygosity [28]. The reported P values in this test are
the probability of obtaining a homozygosity F statistic
under neutrality assumptions that is less than or equal to
the observed one. The implementation of the test is based
on the exact test written by Slatkin [29], which uses a
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Markov-Chain Monte-Carlo method to obtain the null dis-
tribution of homozygosity. A negative significant Fnd value
indicates that the observed homozygosity is deviated in the
direction of balancing selection, while a significant positive
value indicates directional selection. To calculate multi-
locus haplotype frequencies, we used the expectation
maximization (EM) method, which uses an iterative max-
imum likelihood estimation approach [30], as implemented
in Arlequin.

Detection of informative alleles

To determine the informative alleles, we used PCA. We
performed PCA on a covariance matrix of normalized allele
frequencies in all groups using the function (prcomp) from
the STATS package in R version 3.2.1 [31], which uses a
singular value decomposition method. We used a matrix of
n rows and m columns, where n is the number of alleles and
m is the number of populations. For each allele, we calcu-
lated the normalized allele frequency (P,,) which is given
by: Pyo = %, where P; is the frequency of the ith allele, u
is the mean allele frequency in all groups, and o is the
standard deviation. We assumed that the informative alleles
are the ones that are associated with the clustering patterns
in the PC plots. Therefore, to determine the alleles, we
selected those with PC scores greater than one standard
deviation. All graphical presentations in this study were
done using R version 3.2.1 [31].

Estimation of linkage disequilibrium

We used PyPop [22] (v.0.7.0) program to calculate pairwise
linkage disequilibrium (LD) between the different HLA loci
(i.e., C, B, DRB1, and DQB1). We calculated the pairwise
LD between alleles in the same multi-locus haplotypes
using the normalized D measure (Lewontin’s D’) defined

. _ Dy
as: Dij = P

Results
Number of HLA alleles and heterozygosity

The number of observed HLA alleles and heterozygosity for
each locus in the study populations are presented in Table 1.
In all loci, most groups showed remarkable variation in the
number of alleles. This is clearly seen in HLA-A as Nubians
has 16 alleles while Gaalien has 27 alleles. Such allelic
diversity, particularly in class-I genes, is common and has
been reported in African populations [32]. We also found
that most populations show no deviation from HWE pro-
portions (Table 1 and Supplementary Table S5). However,
in three Sudanese populations (Gaalien, Nubians, and
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Nuba), we find that three of class-Il HLA genes (HLA-
DRBI, HLA-DQBI, and HLA-DPBI) show lower than
expected heterozygosity under HWE. On the other hand, in
Nilotes of South Sudan, we see HLA-C and HLA-B with
deviated heterozygosity values.

Identification of new HLA alleles

In two populations (Nubians and Darfurians) several
sequences did not fully match any known HLA alleles in the
IMGT database (i.e., has at least one mismatch). In those
samples, we confirmed the variant positions by Sanger
sequencing. In total, we identified four new HLA alleles
(Supplementary Table S6 and Supplementary Fig. S1), one
of which is HLA-C allele, and the others are HLA-B alleles.
The novel HLA-C allele differs by two nonsynonymous
variants (L10I and L11V) from the closest C*14:02:01 allele.
The second allele, which also found in Nubians, has one
synonymous variant (P291P) in a background of
B*51:01:01:01 allele. The two remaining novel HLA-B
alleles were both in the Darfurian group, a synonymous
variant (L12L), and nonsynonymous variant (S27C). The
closest HLA-B alleles to these novel ones are B*35:01:01:01
and B*39:10:01, respectively. All of the new HLA sequences
were submitted to the Genbank database and accession
numbers are in Supplementary Table S6.

Population differentiation and test of natural
selection

Pairwise comparisons between the study populations
showed differences in Fgr indices (Table 2). In general, the
genetic affinities between populations of the Afro-Asiatic,
and Nilo-Saharan and Niger-Congo families were larger
than those within the same linguistic family. The only
exception was Nubians, which showed close distance to the
groups from Afro-Asiatic family despite being from the
Nilo-Saharan family: all pairwise comparisons between
Nubians and Afro-Asiatic groups have low Fgr values.
In almost all pairwise comparisons, populations were
significantly differentiated from each other. However,
in two comparisons, the pairwise distances were relatively
close with low Fgr values (Beja—Ethiopians and
Ethiopians—Nubians pairs). Furthermore, phylogenetic
analysis based on the calculated genetic distances showed
that the most distant populations were Nilotes (Nilo-
Saharan) on the one side, and the two Arab groups (Gaalien
and Shokrya) on the other (Supplementary Fig. S2). Fur-
thermore, to test whether any of the HLA loci is under
selection, we performed Ewens—Watterson test of selective
neutrality. Results show that, in four populations (Beja,
Nubians, Nuba, and Ethiopians), several loci showed
deviated homozygosity (Supplementary Table S7). With
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;ngoly;i?:;ei; ?;I?Kelgeesnzeusuz)f Group N No. of observed alleles (Heterozygosity %)

eight East African populations. A C B DRBI1 DQBI DPB1
Gaalien 39 27 (94.9) 19 (94.9) 30 (100.0) 16 (89.7) 12 (87.1) 15 (64.1%)
Shokrya 39 24 (89.7) 20 (89.7) 30 (92.3) 20 (87.2) 14 (89.7) 16 (84.6)
Beja 40 22 (90.0) 20 (95.0) 28 (92.5) 14 (90.0) 10 (82.5) 13 (82.5)
Ethiopians 39 21 (87.2) 21 (100.0) 28 (100.0) 15 (89.7) 10 (87.2) 13 (79.5)
Nubians 40 16 (82.5) 20 (92.5) 33 (90.0) 18 (87.5%) 14 (82.5) 15 (75.0%)
Nuba 39 21 (97.4) 18 (89.7) 23 (92.3) 13 (71.8%) 9 (69.2%) 13 (79.5)
Darfurians 41 19 (95.1) 15 (92.7) 26 (100.0) 17 (90.2) 13 (75.6) 13 (82.9)
Nilotes 49 23 (98.0) 22 (85.7%) 33 (85.7%) 20 (95.9) 13 (89.8) 14 (85.7)
N, number of samples, only those with complete six loci genotypes were included.
*Significant deviation from expected heterozygosity under HWE proportions (P < 0.05).

Zia;l'f éa::aggzan gf);i‘li;ff;nz"r Gaalien  Shokrya  Beja Ethiopians  Nubians  Darfurians  Nuba
Shokrya 0.00923%*
Beja 0.01531*  0.00871%*
Ethiopians ~ 0.01463*  0.01039*  0.00283
Nubians 0.01449*  0.01342*  0.01169*  0.00327
Darfurians ~ 0.04447%*  0.03596*  0.03613*  0.02875* 0.02462%*
Nuba 0.04267*  0.03865*  0.03057*  0.0241%* 0.02732*  0.01861%
Nilotes 0.04778*  0.04267*  0.03673*  0.02914* 0.03149*  0.01568* 0.00686*

*Significant population differentiation (P <0.05).

the exception of HLA-DPBI, the remaining loci show
deviated homozygosity values in at least one population,
which is common for HLA loci [33]. All deviated loci have
significant negative Fnd values (normalized deviate of
homozygosity, see Methods), suggesting that balancing
selection is acting on these loci.

Identification of informative alleles

To understand the genetic structure of the study popula-
tions, we performed PCA on a covariance matrix of HLA
allele frequencies. The analysis revealed that the first two
principal components (PCs) explained 41.5% of the var-
iance (Fig. 2a and Supplementary Fig. S3). PC1 splits
Nilo-Saharan and Niger-Congo populations from the
Afro-Asiatic family members, consistent with the pairwise
distance analysis based on Fgr statistics. Furthermore,
PC1 also shows that the Nilo-Saharan (Nubians) is found
in the same direction as Ethiopians and Beja and separate
from the other Nilo-Saharan and Niger-Congo family
members (Darfurians, Nilotes, and Nuba). In PC2, the
Afro-Asiatic Arabs (Gaalien and Shokrya) clustered away
from the other members of the same linguistic family
(Beja and Ethiopians).

To identify alleles informative for discrimination
between populations, we plotted the principal component
scores (PCS, also known as individual plot), which are the

projections of each allele in relation to the PC (Fig. 2b).
Alleles, whose projections are markedly deviate from the
PCs, make greater contributions to explain the differences
between populations. We found that the deviated alleles
(£l standard deviation) follow patterns of allele fre-
quencies that can be categorized into three clusters. Alleles
of the first cluster have a high frequency in Nilo-Saharan
and Niger-Congo members (Fig. 3; cluster-1). In the sec-
ond cluster, most alleles show high frequencies in the
Afro-Asiatic members, in addition to Nubians from the
Nilo-Saharan (Fig. 3; cluster-2). Finally, the last cluster is
almost unique to the Arabs (Gaalien and Shokrya), and its
alleles are characterized by high frequencies among them
(Fig. 3; cluster-3). This distinction between Arabs and
non-Arabs in the Afro-Asiatic family was particularly
interesting because it has not been detected in the genome-
wide SNP studies [5, 7].

Common shared multi-locus haplotypes

To investigate whether the alleles identified in the PCA co-
occur in the same haplotype, we estimated multi-locus
haplotype frequencies using EM algorithm. Table 3 shows
the most common (>4%) four-locus HLA haplotypes among
the study populations. Apart from “H7” and “H11” haplo-
types, all haplotypes are not shared by more than three
populations and mostly the haplotypes are not shared by

SPRINGER NATURE
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groups in the same linguistic family. LD analysis of the gene
pairs (C-B and DRBI1-DQB1) in Table 3 haplotypes
revealed that most pairs are not strongly linked, with the
exception of H7 in Gaalien and, both, HI2 and H13 in
Gaalien and Shokrya (Supplementary Table S8). Expectedly,
several alleles in the same haplotype are also found in the
same cluster in PCS plots (Fig. 2b). The haplotypes “H1,”
“H11,” and “H14” have at least two alleles in cluster-1
(Fig. 2b). These haplotypes are common in the Nilo-Saharan
and Niger-Congo, except for Nubians. Other haplotypes that
are shared among Afro-Asiatic members composed of alleles
that reside in cluster-2 (H4, H7, and H15). Likewise, some
of the alleles that were found in cluster-3 compose haplo-
types that are mostly found in the two Arab groups

SPRINGER NATURE

I I I
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PC1 scores

(e.g., H12: C*12:02-B*52:01-DRB1*15:02-DQB1*06:01
and HI13: C*15:02-B*51:01-DRB1*03:01-DQB1*02:01).
Noticeably, we find that Gaalien and Shokrya share more
extended haplotypes than any other populations. Interest-
ingly, the haplotype “H12,” which is common among these
two Arab groups, has all its alleles in cluster-3. This sug-
gested tight LD between alleles of H12 haplotype. We
estimated LD (D) between allele pairs in the two haplotypes
(H12 and H13) (Fig. 4). In “H12” haplotype, the extent of
LD was high in all pairwise comparisons; in fact, there is
complete LD between allelic components of “H12” haplo-
type in the Shokrya group. On the other hand, in “H13”
haplotype, the LD was strong only between the pairs HLA-
C-HLA-B and HLA-DRBI-HLA-DQBI.
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Fig. 3 Frequency of informative HLA alleles. HLA alleles are arranged in rows, where each corresponds to alleles found in a cluster in Fig. 2b.
Alleles in the same cluster show similar patterns of frequency distribution.

Searching for informative haplotypes in the Arab
groups

The two Arab groups share a genetic component that dis-
tinguishes them from other Afro-Asiatic speaking groups.
In particular, the strongly linked and most common H12
haplotype seem to be informative for tracing past demo-
graphic events in these groups. We searched the literature
(Pubmed) and AFND [20] for “H12” haplotype frequency
data and found no evidence of any Sub-Saharan African
population having “H12” haplotype (Table 4 and Supple-
mentary Table S9). Although African-American (AA)
population has low frequency of H12 haplotype, given the
reported admixed ancestries in some AA communities [34],
acquiring the haplotype through admixture with other
populations cannot be ruled out. Then we extended the H12
haplotype by finding the linked HLA-A alleles in the two
Arab groups (Supplementary Table S10). We found two

strongly linked (LD >0.70) HLA-A alleles (i.e., A*11:01
and A*03:02) in the Shokrya and Gaalien groups, respec-
tively (Supplementary Table S11). None of these haplo-
types is carried by an African population in the AFND
database (Supplementary Table S12). Interestingly, the
highest frequency of the extended “H12” haplotype (con-
taining A*11:01 allele) is seen in an Arab population from
the Middle East (UAE, 2.8%), while the one with A*03:02
allele is found in the Turkish minority dataset.

To understand the genetic structure of our study groups
in the context of other populations, we integrated 19 data-
sets from other populations obtained from the AFND:
datasets from Middle Eastern, Asian, and Sub-Saharan
African populations (Supplementary Table S13). PCA of
the combined datasets was consistent with the previous
PCA of East African samples (Supplementary Figs. S4 and
S5). Overall, both Sudanese and Ethiopians were located
between non-African and Sub-Saharan African populations.
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Fig. 4 Pairwise LD (D’) between HLA allele of common haplotypes among Gaalien and Shokrya. Pairwise LD (D’) values of HLA alleles
composing H12 haplotype “C*12:02” (left panel) and H13 haplotype “C*15:02” (right panel).

PC1 (11.9%) separates non-African (Middle Eastern and
Asian populations) from the Sudanese and Sub-Saharan
African populations. Also, PC1 shows that Gaalien and
Shokrya, among other Sudanese, were the closest to all non-
African populations. On the other hand, the Nilo-Saharan
and Niger-Congo speaking groups (Darfurians, Nilotes, and
Nuba) were close to the other Sub-Saharan Africans. PC2
(9.1%) separated all Sudanese and Ethiopians from other
populations. PC2 mainly differentiated between Afro-
Asiatic speaking groups and Nubians in the one hand and
Sub-Saharan Africans on the other, with Sudanese Nilo-
Saharan/Niger-Congo speaking groups in the middle.
Extending the analysis by including PC3 (Supplementary
Fig. S6) showed that the maximum variance in this PC is
between populations from Cameroon and other populations,
with the Nilo-Saharan from Kenya (Luo) being at the end of
the distribution.

Discussion

As one of the candidate places where modern humans
potentially originated and evolved [35], East Africa is
characterized by high levels of linguistic, cultural, and
genetic diversity [2]. Here, using allelic distribution of six

polymorphic HLA genes, we studied the genetic diversity of
eight ethno-linguistic groups from Sudan, South Sudan, and
Ethiopia. Our several analyses revealed the complexity of
the HLA region in these populations and shedded light on
the migratory history of the region, hinting to the possibility
of gene flow in the Semitic groups of Sudan (Gaalien and
Shokrya).

The apparent diversity of the study populations is
demonstrated by the large number of observed alleles per
locus (Table 1), the high heterozygosity values (Table 1),
and the clear population differentiation as measured by the
Fgr statistic (Table 2). The few exceptions to this were the
low heterozygosity and deviation from HWE observed in
several loci (i.e., DPB1 in Gaalien and Nubians, DQBI1 in
Nuba, DRB1 in Nubians and Nuba, and both C and B
in Nilotes). Furthermore, the interpretation of such devia-
tion is not simple as several factors could be involved,
including genotyping errors, sample ascertainment, admix-
ture, and non-random mating as well as natural selection. In
terms of allele count across all loci, we find the East African
groups have comparable numbers to other Sub-Saharan
African populations [33]. The increased diversity, as indi-
cated by allele counts, and the level of heterozygosity point
to balancing selection effects on these loci. Furthermore,
Ewens—Watterson homozygosity test showed that, in all
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Table 4 Frequency of “C*12:02-B*52:01-DRB1#15:02-DQB1#06:01” haplotype in various populations in the AFND.

Dataset name

Frequency (%)

Sample size

Data source

Japan_pop_17*

USA_NMDP_Japanese

Japan_Central

USA_NMDP_South_Asian_Indian
USA_Asian_pop_2

USA_NMDP_Southeast_Asian

South_Korea_pop_3

USA_NMDP_Korean
Germany_DKMS_Turkey_minority
USA_NMDP_Middle_Eastern_or_North_Coast_of Africa
Germany_DKMS_Italy_minority
USA_Hispanic_pop_2

England_North_West

USA_NMDP_Caribean_Indian
USA_NMDP_Mexican_or_Chicano
USA_NMDP_Caribean_Hispanic
USA_NMDP_Hispanic_South_or_Central_American
USA_NMDP_American_Indian_South_or_Central_America
Italy_pop_5

USA_African_American_pop_4
USA_NMDP_European_Caucasian

9.98 3078 Family study
7.8 24,582 Donor registry
8.4 371 Anthropology study
2.36 185,391 Donor registry
2.09 1772 Donor registry
1.94 27,978 Donor registry
1.9 485 Anthropology study
1.87 77,584 Donor registry
0.56 4856 Donor registry
1.61 70,890 Donor registry
1.23 1159 Donor registry
1.08 1999 Donor registry
1 298 Donor registry
1 14,339 Donor registry
0.65 261,235 Donor registry
0.59 115,374 Donor registry
0.56 146,714 Donor registry
0.35 5926 Donor registry
0.29 975 Donor registry
0.13 2411 Donor registry
0.1 1,242,890 Donor registry

Dataset names are based on the names used in AFND. USA_NMDP, USA National Marrow Donor Program; Germany_DKMS, German Marrow

Donor Program.

As indicated in the AFND, the Japanese haplotype frequency in the dataset (Japan_pop_17) is obtained after combining class-II alleles from the

dataset named (Japan_pop_16).

populations with significant Fnd values, homozygosity is
deviated from expectations under neutrality assumption,
signifying that balancing selection could be acting on these
loci. The observation of deviated homozygosity is con-
sistent with findings from several other populations [36].
The Fgr statistic showed that the study populations are
differentiated at the superfamily level (i.e., between Afro-
Asiatic and Nilo-Saharan/Niger-Congo), suggesting limited
gene flow between these different families, and culture,
particularly languages, have a role in shaping the genetic
structure of East African populations. Furthermore, this
culture/language role was previously explored in African
populations that showed several such examples, including
the notable one of lactase persistence trait among nomadic
pastoralists along the Sahel [37].

In this study, we found four alleles in HLA-B and HLA-
C that were previously not described in the IMGT/
HLA database (Supplementary Table S6). The variants
in these new alleles are exonic variants, and three of
the five variants are nonsynonymous that may have
functional implications at the protein level. The popula-
tions in which the new alleles are identified belong to
the Nilo-Saharan family (Nubians and Darfurians),

SPRINGER NATURE

suggesting more HLA alleles are yet to be discovered in
this linguistic family.

The genetic structure of Sudanese populations was stu-
died by Dobon et al. [5] using genome-wide SNP data.
Their study demonstrated two main population sub-
structures that correlated with linguistic classification of the
studied populations (Afro-Asiatic on one side and Nilo-
Saharan/Niger-Congo on the other). In this study, we used a
set of the same samples that were genotyped by Dobon et al.
[5]. We aimed to expand upon the previous data by
studying the diversity of HLA genes to have an insight on
the demographic history of East Africa. We employed PCA
to portray the genetic affinities of the study populations,
which revealed that the clustering pattern in our HLA data
is in harmony with the clustering based on genome-wide
SNP data by Dobon et al. [5], with few exceptions (Fig. 2a).
This concordance implies the maintenance of population
structure, despite HLA loci being under various selective
forces; therefore, it is possible to infer the genetic history of
these populations using HLA data. The split of the study
populations in PC1 correlates with geography (Nile Valley)
and linguistic affiliation at the superfamily level. It has been
shown in East African populations that both geography and
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language are associated with genetic diversity [2]. The
deviated alleles in PCS plot (Fig. 2b) revealed an HLA
profile that is distinct between the Afro-Asiatic groups and
those of the Nilo-Saharan and Niger-Congo families.
Although these populations are geographically close, the
PCA distinction implies a restricted gene flow between
these populations and in consistency with previous Y-
chromosome data [11]. The three groups (Darfurians, Nuba,
and Nilotes) are geographically and linguistically separate
at the subfamily level; however, their clustering as one
group in the PCS plot (Fig. 2b) indicates a similar HLA
profile and supports their past genetic affinity, since the plot
shows that some of the defining alleles in cluster-1 are
common among Sub-Saharan African populations [33] (i.e.,
A*30:04, B*¥42:04, and B*47:03) (Fig. 3). Furthermore, in
East Africans, the association between genetic diversity and
linguistic affiliation is not complete, as observed by
Tishkoff et al. [2]. In the Nilo-Saharan family, geography
has better correlation with genetic diversity than language.
The PCA shows the Nilo-Saharan Nubians (PC1) falls in
the direction of the Afro-Asiatic speaking groups (Fig. 2a),
suggesting gene flow from these neighboring populations,
as Nubians were influenced by Arabs as a direct result of the
migration of large numbers of Arabs into the Nile Valley
over the long period of time following arrival of Islam
around 651 AD [38, 39]. The deviation of Nubians from
their linguistic family has been previously reported, as other
studies have shown a similar clustering pattern [3, 5].
Four groups in this study belong to the Afro-Asiatic
family, two of which (Gaalien and Shokrya) speak the Arabic
language, and the other two groups (Beja and Ethiopians)
have their own indigenous languages. The PCA analysis
reveals the close genetic affinity between Beja and Ethio-
pians, which is consistent with previous findings showing the
two groups share several Y-chromosome markers including
the J1 haplogroup [7]. Interestingly, the haplogroup J1 is
known to be of Eurasian origin [40], suggesting both Beja
and Ethiopians had experienced gene flow from West Asia.
Although the Afro-Asiatic speaking groups in PC1 are placed
in the same direction, the distinction between Arabs (Gaalien
and Shokrya) and non-Arabs (Beja and Ethiopians) is
revealed in PC2 (Fig. 2a). Contrary to this “Arabs/Non-
Arabs” division, previous analyses using genome-wide SNP
data [5] showed Afro-Asiatic speaking groups as a single
group. The defining alleles in cluster-3 (Fig. 3) are almost
unique to the Arab groups so we thought these alleles are
informative for exploring the demographic history of these
Semitic groups. A possible explanation of why only Arabs,
among Afro-Asiatic speaking groups, have the specific
alleles of cluster-3 is that both language and geography are
probably important in shaping the genetic structure in these
populations. Furthermore, provided the defining alleles in
cluster-3 are not shared by all individuals in those groups, the

split between Arab and non-Arab in PC2 is not associated
with a substructure at the genomic level, although the fre-
quency of cluster-3 alleles are relatively high among the
Arabs (Table 3).

Identification of multi-locus haplotypes depends on the
strength of association between the different loci. Apart
from Arab groups, our data show few sharing of multi-locus
haplotypes among the study populations, which is con-
sistent with the fact that Africans have increased hetero-
geneity and lower LD compared to other populations [35].
In contrast, several studies have shown the high levels of
LD within the HLA complex, which sometimes extends to
more than 1 Mb [41]. The strong LD in the HLA region,
combined with the excessive allelic diversity among human
populations, permits the identification of demographic sig-
natures by using population-specific extended haplotypes
[32]. Our re-construction of the multi-locus HLA haplo-
types showed that many of these are composed of alleles
that reside in the same cluster (Table 3). Although most of
these extended haplotypes show evidence of LD decay, the
strength of LD in the H12 haplotype among Semitic (Arab)
groups (Table 3) suggests that LD is maintained between
the four HLA loci. Moreover, our data show that H12
haplotype is exclusively found in non-African populations
and it has a high frequency in South and Southeast Asia
[20]. Previously, Abi-Rached et al. suggested that the
C*12:02-bearing haplotype (H12) evolved in South-East
Asia before the out-of-Africa migration and it is acquired by
admixture with Denisovans [42]; however, their last con-
clusion was later challenged by Yasukochi et al. [43]. Given
the documented demographic movements [39] between
West Asia, Middle East, and East Africa and the possible
origin of HI12 haplotype, we hypothesize that the identifi-
cation of H12 haplotype in the Semitic groups of Sudan
indicates that a gene flow event brought the haplotype back
to Africa through back-migration. Although it is possible to
explain the identification of H12 in Gaalien and Shokrya in
terms of common ancestry between the Sudanese Arabs and
non-African populations, the gene-flow hypothesis is more
supported because: (1) Dobon et al. [5] studied the same
samples using SNP-array markers and their data did not
show Arab as a separate cluster from other Afro-Asiatic
groups, (2) the findings from Y-chromosome that show
several non-African haplogroups (e.g., the European hap-
logroup “J-12f2”) in populations inhabiting north Sudan
[3], which demonstrates the role of demography in shaping
the genetic structure of the Sudanese populations, (3) the
HLA-A alleles that are linked to H12 haplotype in Shokrya
and Gaalien coincide with those found in populations with
documented migration history to Sudan (i.e., Middle East-
ern Arabs and Turkish) [39].

These findings, in addition to the usefulness of utilizing
the HLA system to study population history, have biomedical
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implications as HLA has been associated with numerous
diseases. Although our conclusion is supported by the pre-
sented data, the relatively small sample size does not warrant
extending the finding of “H12” haplotype to other Semitic
groups in Sudan. Further studies with more samples and
inclusion of other Arab groups would strengthen the evi-
dence presented in this study. Moreover, the fact that several
HLA genes are known for being under balancing selection,
there is still a possibility that H12 haplotype evolved in the
Arab groups in response to selective pressure from local
pathogens.
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