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A B S T R A C T   

A significant portion of the current human adaptive and demographic traits is believed to have originated in 
north-east Africa, the putative scene of early human evolution. However interesting such assumption might be, 
the genetic structure and phenotypic traits of populations in this part of the globe remains poorly studied, 
including the widely analyzed genome of the mitochondria. Mitochondrial hypervariable region and whole 
mitogenomes of Sudanese and South Sudanese were compared to regional and global sequences. Haplotypes, 
mismatch distribution, PCAs, FST, Ne, and phylogenetic trees were constructed and analyzed. The HVRI in 
particular and whole mitogenomes produced robust phylogenies that were greatly concordant. Observed hap-
lotypes were found to belong mainly to the major mitochondrial macrohapolgroups L0, L1, L2, L4, L5, L3, M and 
N. Expectedly the L0 was confined to populations previously shown to occupy the deepest and most ancestral 
lineages in the human evolutionary tree. The observed regional variation and diversity, depicted in various 
metrics imply that the female lineages in this part of Africa are likely to have been shaped by a longer history of 
in-situ evolution.   

1. Introduction 

Both paleobiological and archaeological data indicate that modern 
humans may have originated in eastern Africa, with varying estimates in 
the range of 40–100,000 years ago (Mcbrearty and Brooks, 2000; 
McDougall et al., 2005; Tishkoff et al., 2009; Elhassan et al., 2014). 
Furthermore, the earliest migrations of modern humans out of Africa are 
equally shown to may have originated from eastern Africa(Elhassan 
et al., 2014; Tishkoff et al., 1996; Quintana-Murci et al., 1999; Kivisild 
et al., 2004). Sudan and South Sudan are in the heart of this historical 
milieu being endowed with some of the most spectacular cultural di-
versity in Africa, comprising approximately 90 discrete ethnic groups 
who collectively speak over 100 languages (Gordon, 2005). Many of 
these groups extend across to countries neighboring Sudan and southern 
Sudan often rendering the concept of assignment based on 

contemporary political borders somewhat irrelevant. Several questions 
pertaining to the pattern of succession of the different groups and cul-
tures in early Sudan have been raised with the hope of acquiring clues 
into the history, state formation and main demographic and migration 
events in the country and the region. The overwhelming emphasis so far 
has been on the history and archaeology of the Nile Valley. Following 
the progressive desertification of the Sahara towards the end of the last 
glacial maxima around 10,000 BCE, the Nile has become the most 
important path not only in the north-south migrations (Fox, 1997), but 
also the east-west axis across the Sahel and Sahara which hitherto 
remain largely understudied. 

Estimating the effective size of a population (Ne) is largely dependent 
on the amount and pattern of DNA sequence variation, decided by the 
interactions among evolutionary forces, as well as the population coa-
lescence time (Elhassan et al., 2014; Wall, 2003; Gasca-Pineda et al., 
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2013). 
We have recently reported east African populations to possess the 

highest Ne worldwide; based on MT-CO2, and autosomal microsatellite 
markers (Elhassan et al., 2014), a robust outcome for two different 
classes of markers. 

The mitochondrial genome (Soares et al., 2009; Rito et al., 2013) in 
itself displays a wide range of sequence variation patterns between its 
different regions. The hypervariable control region displays one of the 
highest known mutation rate, and is still among the most useful tools in 
assessing recent episodes of population divergence within the context of 
the female lineages, providing enough information to reconstruct the 
demographic history even of closely related human populations 
(González-martín et al., 2015). The presence of ancient haplogroup 
lineages like L0a, L0f, L5 accompanied by a large long-term effective 
population size and/or large degree of long-term population structure 
suggested eastern Africa might be the source of origin of many other 
African mtDNA haplogroup lineages (Kivisild et al., 2004; Gonder et al., 
2007; Watson et al., 1997; Chen et al., 2000). 

With the availability of global samples of complete mtDNA genome 
sequences, it is now possible to precisely make phylogenetic inferences 
from mtDNA haplogroups (Ingman et al., 2000; Torroni et al., 2001; 
Ingman and Gyllensten, 2003; Mishmar et al., 2004; Ruiz-Pesini, 2004; 
Macaulay, 2005) of previously non-represented population and make 
better insights on early modern human dispersals(Gonder et al., 2007). 
Deciphering mtDNA haplogroups of populations living at the epicenter 
of these ancient human dispersals makes the endeavor more interesting 
and is also key to understanding the prehistoric genetic landscape of 
Africa in general and east Africa in particular. 

In this study we employ mtDNA sequences from the control region 
(non-coding hypervariable region (HVR)) as well as whole mitogenomes 
of Sudanese, South Sudanese and other regional and global populations 
in an attempt to examine how females have contributed to shaping the 
gene pool in Sudan within a wider context of human demography and 
cultural evolution in the region. 

2. Materials and methods 

2.1. Samples and mitochondrial control regions sequencing 

A total of 164 mitochondrial DNA samples from maternally unre-
lated individuals sampled by Hassan et al. (Hassan et al., 2008), 
belonging to twelve different ethnic groups in Sudan and South Sudan 
(for details see Table 4 and Fig. S1) were amplified. HVRI and HVRII 
were amplified as one fragment using primers L15996 and H408 Vigi-
lant et al., 1989) DNA extraction and purification was performed ac-
cording to the manufacturer instructions (NucleoSpin®, MACHEREY- 
NAGEL GmbH & Co. KG, Düren, Germany). HVRI and HVRII PCR 
products were sequenced with the BigDye Terminator Cycle Sequencing 
Kit (Applied Biosystems, CA, USA) using primer L15996(Vigilant et al., 
1989). Purification was carried out with QIAGEN DyeEx 2.0 Spin Kit 
(QIAGEN®, Hilden, Germany). Sequencing reactions were resolved on 
ABI 3700 Genetic Analyzer (Applied Biosystems, CA, USA). For those 
sequences containing a homopolymeric cytosine stretch, reverse 
sequencing was performed using primers H16401(Vigilant et al., 1989). 
Sequences were deposited in NCBI gene bank [KC764460 - KC764910]. 

A total of 9 whole mitogenomes sequences from Sudanese had been 
extracted from whole genome and exome sequences, compared to 
deeply ancestral sequences selected from mtDB -Human Mitochondrial 
Genome Database (http://www.mtdb.igp.uu.se/)- which include Pygmy 
(Mbuti and Biaka), San, Hausa, Khwei, Ethiopian, and Fulani. Chimps 
and Neanderthals were used as an outgroup. 

2.2. Bioinformatics and sequence analysis 

DNA Sequences were aligned using the Clustal W algorithm 
(Thompson et al., 1994) implemented in BioEdit(Hall, 1999). The 

sequences were assigned into different mitochondrial haplogroups 
(supplementary Table S1), following the nomenclatures previously 
published by multiple authors(Quintana-Murci et al., 1999; Kivisild 
et al., 2004; Chen et al., 2000; Huoponen et al., 1996; Macaulay et al., 
1999; Bandelt et al., 2001; Underhill et al., 2001; Salas et al., 2002; 
Behar et al., 2008). 

Whole mitochondrial genome sequences of 9 samples were extracted 
and aligned to rCRS from whole genome and exome sequences using the 
software MitoSeek (Guo et al., 2013) from samples sequenced on Illu-
minaHiSeq platform at Beijing Genomic Institute (BGI, Hong Kong). 
Variants were called using Freebayes v0.9.21-19-gc003c1e (Garrison 
and Marth, 2012). 

2.3. Phylogenetic analyses and Bayesian skyline plot 

Bayesian evolutionary phylogenetic trees with a relaxed molecular 
clock were constructed using Markov chain Monte Carlo (MCMC) al-
gorithms implemented in BEAST v1.8.0 package(Drummond et al., 
2012). The best fitting substitution models for each region has been 
estimated using MEGA v5.05.(Tamura et al., 2011). TN93 as a substi-
tution model (Hazkani-Covo and Graur, 2007) is a suitable one for whole 
mitochondrial genomes, while KHY model was used for different 
selected genes (control regions, HVRI and HVR2) and (coding regions 
include; MT-CO1, MT-CO2, ND2). Trees were rooted using a chim-
panzee mtDNA sequences as an outgroup in addition to Neanderthal. 

The estimated effective population size based on each of control non- 
coding regions, whole mitochondrial genome, and coding regions using 
the mutation rates as reported in Soares et al., (Soares et al., 2009), 1.6 
× 10‾7, 2.4 × 10‾8, and 3.6 × 10‾8 substitution per site per year, 
respectively. In order to assess past changes in female effective popu-
lation size (Ne) based on HVRI control region, we used a Bayesian 
Skyline coalescent tree prior with 10 groups under a piecewise-constant 
model. The analysis was run for 10 million generations with parameters 
logged every 1000 generations, and Tracer 1.6 (http://tree.bio.ed.ac. 
uk/software/ tracer/) was used to inspect chain convergence and 
conduct the skyline plot construction. 

2.4. Haplotypes frequencies and median-joining network 

To portray haplotypes variation and frequencies of mitochondrial 
haplogroups among Sudanese populations, sequences of mtDNA HVRI 
and HVRII were used to draw a median-joining network (Bandelt et al., 
1999) for the different haplogroups using Network 4.6.11 software 
(available at http://www.fluxus-engineering.com). Arlequin 
version3.11. (Excoffier et al., 2005) was used to calculate haplotype and 
nucleotide diversity, FST distances between pairs of populations, and 
analysis of molecular variance (AMOVA). 

2.5. Mismatch distribution and PCA 

Mismatch distributions for Sudanese population were computed 
using Arlequin 3.11 for Sudanese population after pooling small pop-
ulations with sample sizes less than 4 into larger groups according to 
their linguistic affiliation. 

To assess the genetic affinities among Sudanese population and other 
global populations an HVRI PCA was plotted based on FST matrices using 
PAST software (Kot and Daniel, 2008). (available at http://folk.uio. 
no/ohammer/past). 

3. Results 

3.1. Haplogroups and haplotype frequencies in Sudanese population 

A total of 149 haplotypes were found in the Sudanese sequences of 
the control region. The number of shared haplotypes between different 
populations was different (Table 1A and B). The observed haplogroups 
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and their frequencies for each haplotype observed in Sudanese are given 
in (Fig. S1) and supplementary Table 1 (Table S1). The haplotypes were 
found to belong to the major mitochondrial macrohapolgroups L0, L1, 
L2, L4, L5, L3, M and N. The L0 macrohaplogroup was confined to 
populations occupying the deepest and most ancestral lineages in the 
human evolutionary tree particularly Nilo-Saharan speaking groups who 
appear to display the highest frequency of haplogroup L0. The number 
of haplotypes was generally high for each sampled population consistent 
with a high effective size of populations in this part of the world. 
Although few populations had markedly higher number of haplotypes; 
haplotype sharing was insightful to the population structure and history. 
Hausa for example had large number of haplotypes but they tend to 
share some with the Fulani an expected outcome of a documented recent 
common history. Hausa and Beja had the highest number of haplotypes 
shared with other populations indicating a central role of this group in 
the history of the Sudan and the region (Table 1: A and B). 

3.2. Inference on evolutionary history from Mitogenome and partial 
mtDNA sequences 

The corollary in Inference of evolutionary history from mitogenome 
and partial mtDNA sequences and its robustness was verified in the 
current set of data. The patterns in the tree topology and clustering of the 
HVRI and whole mitochondrial genome using different methods and 
algorithms were greatly concordant (Fig. 1) and supplementary 
(Fig. S2), indicating that the HVRI has the upper hand in depicting the 
overall information content of the mtDNA sequence variation expect-
edly due to the amount of polymorphic sequences embedded in the HVR 
and the relative lack of evolutionary constrains (Figs. 1). Generally 
speaking some genes in the coding region sequences like MT-CO1 and 
ND2 were less informative than the MT-CO2, as shown in supplementary 
Figure (Fig. S3 (a), (b), (c), and (d)). In both Bayesian and maximum 
likelihood analysis, two main clusters were resolved with Chimp and 
Neanderthal sequences as outgroups, both clusters contained member 
population of northeast Africa in addition to SAN and or Pygmies and 
Fulani/Hausa (Fig. S2). 

A phylogenetic tree constructed using BEAST, employing HVRI se-
quences, attested to the above but furthermore showed few sequences 
namely: D04 (Dinka- Nilo-Saharan), DM4 and G02 (Jamoeya and Gaa-
lien, both Afro-Asiatic speakers) diverging earlier from the common 
ancestor and represents Haplogroup L5c compared to those who had 
deep ancestral history from mtDB - Human Mitochondrial Genome 
Database. These samples, however, were not available for further 
comparison with the mitogenome due to the scanty amount of DNA 
recovered upon sampling (Fig. 1). 

The whole mitogenome sequences result showed, samples to cluster 
according to their geographic areas, the earliest cluster contains the 
majority of Africans including some of the Sudanese. 

Skyline plots based on HVRI control region show expansion dates to 
alter when the north eastern sequences (Sudanese) were included (Fig. 2 
(A)) as compared to the plot of the world population (Fig. 2B), indicating 
the pivotal contribution of east Africans to human key evolutionary 
events. We conclude that the HVRI sequences in east Africans reflects 
not only the large effective size (Ne) of this group as attested by the 
sequence and haplotype variation but also in most cases the ancestral 
position of these sequences. 

3.3. Population structure based on median joining networks and principal 
component analysis (PCA) 

Median Joining Networks supplementary Figures (Fig. S4 (a) L0, (b) 
L1 (c) L2 (d) L3/M/N (e) L4/L5) were constructed for each macro- 
haplogroup observed in major Sudanese populations. Expectedly the 
L0 macro-haplogroup was confined to populations like Nilotics, Beja and 
Nuba previously found to occupy the deepest and most ancestral line-
ages in the human evolutionary tree. The same applies to L5 which is 
recognized as one of the early clades branching from this tree. The L1 
has a limited distribution almost exclusively confined to closely related 
groups like Hausa and Fulani (in addition to Nilotics and Meseria) all 
except Nilotics presently identified as recent migrants from West Africa, 
suggesting that this macro-haplogroup might particularly be associated 
with a westward dimension of the Sahel and great Sahara. 

Fig. 1. Phylogenetic tree based on MCMC algorithm has been constructed from control region-HVRI sequences, relating different ancestral African genomes. 
Neanderthal (NEAN) used as an outgroup. 
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Table 1 
Shared haplogroups and haplotypes between different Sudanese groups are represented by colors for each mtDNA control region, HVRI (Table 1(A)) 
and HVRII (Table 1(B)). A number of low frequency HVR unique haplogroups are not represented here that include: J1b, J2b, K, L0a, L0a2, L0f2, 
L1b, L1c2, L1c3, L 2a2, L2b, L2b1, L2c, L2c2, L2d, L2e, L3d, L3e1, L3e2b, L3e4, L3h, L3h1,L3h2, L3x2, L5a, L5c, M-M10, M1, L1a, L1b, T1, U3, and 
U3a. Although haplogroup L2a1 has the largest number of haplotypes (17), only one haplotype was shared between the Afro- Asiatic; Ar (1 
Arakien), Bj (Beja), H (Hausa), and Nilo-Saharan Mt. (Masalit). Beja and Nilotics showed the highest number of the HVRII shared haplotypes. 
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The first component of the PCA plot (Fig. 3) which represent 65.3% 
of the variation differentiates between Sudanese and South Africans, 
Pygmy, Australia, possibly denoting a deep genealogical event that 
occurred early in human history. The second component which explains 
13.9% of variations, on the other hand, differentiated the Sudanese 
among themselves and from Northeast Africans, Europeans, Middle 
Eastern and West Africans. This may account for demographic events 
that are yet to be fully explained possibly in the expansion of early Afro- 
Asiatic speakers or agro-pastoralists. 

3.4. Genetic diversity and neutrality tests 

Analysis of Molecular variance (AMOVA) shows that when pop-
ulations are grouped according to linguistic affiliation the level of 
maternal genetic among-group variation (FCT = 0.02257) is low but still 
higher than when populations are grouped according to geographic 
location (FCT = 0.00653). The low values of variation among 
geographic and linguistic groups indicate that both geography and 
language have no significant role in shaping the genetic structure of the 
Sudanese females unlike previous Y-chromosome analysis(Hassan et al., 
2008) which showed high genetic – geographic –linguistic correlates 
between and within groups. AMOVA results for the whole dataset are 
given in (Table 2). 

FST for the control region is 0.04273 and 0.03672, when populations 
are placed in linguistic and geographic groups, respectively. When 
populations are grouped according to linguistic and geographic affilia-
tion; the proportion of among populations within group variance (FSC) 
of the control region sequenced is 0.02063 and 0.03039, respectively. 

FSC values are slightly higher than when populations are grouped ac-
cording to geographic regions, indicating a fairly high degree of 
haplotype sharing and that mitochondrial DNA do in fact exhibit some 
subtle clustering on the basis of languages and geography. This may be 
partly due to the fact that most of the immigrant Afro-Asiatic speaking 
groups have lost their mtDNA due to genetic drift as suggested by re-
sults. All populations, except Nuba and Nubians, scored negative Taji-
ma’s D values (Table 3); all with non-significant 0.05 levels. These 
values were consistent with an excess of low-frequency mutations 
characteristic of a large population size (see discussion section). 

3.5. Pairwise mismatch distribution 

Pairwise mismatch distributions (Fig. 4) plots are not significantly 
different in all Sudanese populations from values expected under a 
model of population expansion (Rogers, 1995), or an excess of low- 
frequency mutations, reflected in a negative values Tajima’s D. All 
populations showed smooth distribution with no significant difference 
between the observed and simulated distribution an evidence of normal 
population expansion. Nuba is excluded from mismatch analysis due to 
the small sample size. 

4. Discussion 

Interestingly, the presence of high frequencies of sub-clades of hap-
logroup L0 among certain Sudanese groups may represent a relic of a 
former wider distribution of these sub-haplogroups in this part of East 
Africa and may suggest that some Sudanese populations do relate to the 
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deepest lineages of the mtDNA family tree. This is in Tally with evidence 
by coding sequence of the mtDNA (Elhassan et al., 2014) and Y-chro-
mosome analysis has demonstrated that Khwe and San of South Africa as 
well as Nilotics and Nuba of East Africa display some of the deepest Y- 
chromosome clades of the human family tree (Hassan et al., 2008; 
Rogers, 1995; Underhill et al., 2000; Underhill et al., 2001; Cruciani 
et al., 2002; Semino et al., 2002; Knight et al., 2003), and equally 
manifested in a microsatellite genome-wide analysis (Tishkoff et al., 
2009). 

Particular groups such as Nubians, Nuba, Nilotics, and Beja are 
known to represent a continuum of settlement in the area known today 
as Sudan. Albeit the continuity of these groups that is evident from 
phylogenetic and cladistic analysis shown in the networks, the nature, 
and sequel of subsequent demographic and genetic events is not entirely 
clear, and the frequency of various mtDNA haplogroup in populations 
not included in the sample is yet to be determined. 

The L2 and L3 clades attested by a plethora of branches and haplo-
types might have coincided with a major expansion of our species 
possibly taking place around 50,000 YBP(Elhassan et al., 2014). The L4/ 
L5 which is quite low in frequency almost restricted to Nilo-Saharan 
speaker particularly Nilotic groups, with the exception of two sam-
ples/haplotypes of Gaalien and Beja. The former currently Arabic 
speaking group has been shown by Y chromosome to possess a 

comparatively higher frequency of M13 suggesting a common history at 
some point with Nilotics (Hassan et al., 2008). 

The position of L3/M and N haplogroups in different sub-clades may 
suggest this macrohaplogroup have originated in east Africa prior to the 
migration of the first Homo sapiens to Asia. The L3/M/N conventionally 
associated with the mitochondrial out-of-Africa scenario is widely 
distributed in Sudanese groups unknown of having history of migration 
or admixture with Asian or European groups, consistent with our sug-
gestion that the major mitochondrial haplotype differentiation occurred 
well prior to the exodus event (Elhassan et al., 2014), then propagating 
the N carriers through migration and drift. For example the presence of 
Haplogroups R0 in populations like Beja, Arabs Nubians and Masalit, 
could hardly be taken as a result of migration from Asia to East Africa as 
suggested by similar presence in the Arabian peninsula (Abu-Amero 
et al., 2008; Gandini et al., 2016), given the cultural, genetic ethnic and 
demographic background of these groups. Some authors argue that this 
haplogroup, as well as other Eurasian haplogroups including U3 and T1 
among Beja, may have been brought to Sudan by two routes one from 
North Africa, and the other through the present Ethiopia and Eritrea 
(Kivisild et al., 2004; Krings et al., 1999). On the other hand, an African 
origin of these macro haplogroups has been argued for in the literature 
(Quintana-Murci et al., 1999). The latter argument may find support 
from the analysis of slowly evolving genes of the coding region where 

Fig. 2. (3A and 3B) Bayesian Skyline Plot (BSP). BSP based on mitochondrial DNA control HVRI region. The graph was constructed merging all populations as global 
population including east African (Sudanese), (Fig. 2A) as compared to the plot of the world population (Fig. 2B). The plot displays changes in world female effective 
population size (Ne) through time, a 1.6 × 10‾7 sub/site/year rate. 
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the Sudanese, Eritreans and other east Africans have been shown to be 
the source of demographic expansion that took people within Africa and 
beyond (Elhassan et al., 2014). 

The difference in evolutionary rates of genes and sequences within 

the mitochondrial genome has been documented in other systems 
(Barker et al., 2012). We affirm such differences by analysis of the hy-
pervariable region in addition to various coding genes. The HVRI was 
found to be highly correlated with mitogenome phylogeny, hence 
mitogenome cladistic based analysis will most likely reflect on average 
the evolutionary time scale of the HVRI, and HVRI based analysis may 
depict a reliable representation of the mitogenome phylogeny. 

Furthermore, we suspect that several of the inconsistencies and 
confusions within the human evolutionary tree emanates from the 
dearth of sampling from this critical geographic area in human history. 
A settlement of several dangling key questions pertaining to the human 
origin and evolution is incumbent upon the analysis of genetic data 
including whole mitochondrial sequences from populations of this 
region. 

Generally speaking, Sudanese populations show unimodal distribu-
tions of pairwise differences in their mismatch plots. Unimodal distri-
butions, are interpreted as signs of demographic expansions, although it 
may also be due to other processes like population substructure, muta-
tion rate heterogeneity (Rodríguez-Serrano et al., 2006; Marjoram and 
Donnelly, 1994), selection or a high level of homoplasmy that may 
produce the same pattern, because both reduce the correlation between 
sequences(Excoffier, 1990; Lundstrom et al., 1992), or from range 
expansion with high levels of migration between neighboring demes 

Fig. 3. PCA plot, the first component of the PCA which represent 65.3% of the variation differentiates between Sudanese and South Africans, Pygmy, Australia, 
possibly denoting a deep genealogical event that occurred early in human history. The second component which explains 13.9% of variations, on the other hand, 
differentiated the Sudanese among themselves and from Northeast Africans, Europeans, Middle Eastern and West Africans. 

Table 2 
Analysis of Molecular Variance (AMOVA) for Sudanese populations, within and among groups based on mtDNA HVR in relation to linguistic and geographic 
differences.  

Groups No. of groups Within populations Among populations within groups Among groups 

Variance (%) FST Variance (%) FSC Variance (%) FCT 

Linguistic groups 4 95.73 0.04273 2.02 0.02063 2.26 0.02257 
Geographic groups 4 96.33 0.03672 3.02 0.03039 0.65 0.00653 

P values: Vc and FST: P-value = 0.00000+ Vb and FSC:P-value = 0.01369 + − 0.00441; Va and FCT: P-value = 0.00978. 
Linguistic groups include: Afro-Asiatic, Nilo-Saharan, Niger-Kordofanian. 
Geographic groups include: Northern Sudan, Eastern Sudan, Western Sudan and Southern Sudan. 

Table 3 
Measures of Genetic Diversity population size and neutrality among 10 Sudanese 
populations from the major linguistic groups estimated from mtDNA HVR 
sequence data.  

Linguistic groups Populations N HP θS(SD) D (P) 

Afro-Asiatic Arakien 12 11 12.60 (5.64) – 0.90(0.19)  
Gaalien 8 7 13.97 (7.02) – 1.08 (0.16)  
Meseria 7 7 18.79 (9.71) – 0.53 (0.33)  
Beja 42 29 16.69 (5.35) – 1.21 (0.10)  
Hausa 21 21 18.14 (6.73) – 1.11 (0.13) 

Nilo-Saharan Masalit 20 20 18.38 (6.97) – 1.18 (0.11)  
Nilotics 29 29 19.58 (6.75) – 1.13 (0.12)  
Nubians 9 9 15.08 (7.21) 0.13 (0.59) 

Niger-Congo Fulani 12 12 12.46 (5.58) – 0.14 (0.48) 
NS þ NC Nuba 4 4 17.54 (11.62) 0.02 (0.66) 

HP, number of observed haplotypes; N, sample size; SD, standard deviation; D, 
Tajima’s D; P, P value for D. NS, Nilo-Saharan.NC, Niger-Congo. 
HP, number of observed haplotypes; N, sample size; SD, standard deviation; D, 
Tajima’s D; P, P value for D. 
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(Excoffier, 2004). We tend to favor this latter scenario as it tallies with a 
stable population structure emanating from antique mitochondrial DNA 
gene pool of striking diversity coupled with a continuous admixture over 
the millennia. 

In the PCA plots all Sudanese populations cluster together possibly as 
a result of an extended history of mitochondrial DNA sharing and/or a 
recent maternal gene flow from a predominantly Nilo-Saharan indige-
nous speakers towards the Afro-Asiatic gene pool. An example of such 

gene flow is the high frequencies of haplogroups L2a which is widely 
distributed in sub-Saharan Africa (Salas et al., 2004) and L3f of East 
African origin(Watson et al., 1997) among populations labeled as Arabs. 

Some of the groups like Meseria who have been shown to display Y- 
chromosome patterns suggesting recent migration to Africa, have 
strictly “native” mitochondrial profile sharing haplotypes with groups 
like Masalit in Western Sudan and Dinka in the South. Similar is the 
haplotype sharing between Arakien and Beja, which suggest that 

Table 4 
Groups, subgroups, socio-economic background linguistic affiliation and geographic location of the Sudanese populations included in this study.  

Populations Socio-economical Activities Geographic locations Linguistic affiliationa 

Groups Population 
abbreviation 

Family Level 

Nilotics Ni Pastoralists + Agri-pastoralists South Nilo-Saharan Eastern Sudanic 
Nubians Nu Agriculturists North Nilo-Saharan Eastern Sudanic 
Masalit  

Mt 
Agriculturists West Nilo-Saharan Maban 

Fulani Fu Nomadic Pastoralists The Sahel Niger- Kordofanian Atlantic 
Hausa Ha Agriculturists Central Afro-Asiatic Chadic 
Nuba Nb Agri-pastoralists South Nilo-Saharan + Niger- Kordofanian Eastern Sudanic + Kordofanian 
Gaalien Ga Agriculturists Central Afro-Asiatic Semitic 
Meseria Ms Nomadic Pastoralists West Afro-Asiatic Semitic 
Arakien Ar Agriculturists Central Afro-Asiatic Semitic 
Beja Bj Pastoralists East Afro-Asiatic Cushitic  

a According to Ethnolouge. www.ethnologue.com 

Fig. 4. Pairwise mismatch distributions of nine Sudanese populations with all populations showing normal distribution.  
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Arakien males migrating from Arabia might have taken the eastern 
Sudan route. The time scale of haplotype sharing and coalescence be-
tween Masalit and Beja (L2) might be much older: either fairly early 
during differentiation of human populations in this part of east Africa or 
subsequently during the pastoralism /agricultural motivated expansion 
marked particularly by Y chromosome haplogroup E (Gebremeskel and 
Ibrahim, 2014). 

The low values of variation among geographic and linguistic groups 
indicate that both geography and language have no significant role in 
shaping the mtDNA genetic structure of the Sudanese, which is expected 
since mtDNA variation has long predated the divergence of languages 
(Diamond, 2003; Barbujani, 1997). This could suggest that matrilineal 
and patrilineal patterns in Sudan may have had different genetic history, 
although this result should be taken with caution given the differences in 
mutation rates between the mitochondria and Y-chromosome. 

In conclusion, our data shows remarkable feature of genetic diversity 
among the Sudanese population consistent with the antiquity and in-situ 
evolution of the mitochondrial DNA gene pool, and relating some of the 
populations to groups displaying the most ancestral lineages of maternal 
lines. The mitochondrial HVRI remains surrogate of whole mitochon-
drial genome information and may be utilized for rapid screening of 
populations of interest. Based on HVRI sequence, and in addition to 
affirming north-eastern Africa as a prime scene in early evolution of 
modern humans, variation in this gene pool seems to have been influ-
enced to lesser extent by migrations than by in-situ evolution. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.mgene.2020.100837. 
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