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A B S T R A C T   

Allele frequencies of 21 autosomal STR markers (AmpF/STR GlobalFiler) and haplotype frequencies of 27 Y- and 
12 X-STR markers (AmpF/STR YFiler Plus and Investigator Argus X-12, respectively) were investigated in the 
Tigray population of Ethiopia, representing the main population group in the Tigray regional state of Ethiopia 
and neighboring Eritrea. For autosomal STR allele frequencies, the average random match probability in the 
Tigray sample was 2.1 × 10-27. The average locus by locus FST distance calculated comparing autosomal STR 
allele frequencies from Tigray and from a broad regional reference dataset currently available for the Horn of 
Africa was 0.003. The Tigray male sample displayed high Y-STR diversity, with complete individualization of 
haplotypes using the AmpF/STR YFiler Plus panel. Analysis of molecular variance did not detect significant 
heterogeneity between Y-STR haplotypes observed in the present study and those previously reported in the 
literature for other Tigray population samples from Ethiopia and Eritrea. Study of the X-STR landscape in Tigray 
evidenced several distinctive features including: the molecular characterization of a novel null allele at locus 
DXS10146 with frequency > 1%; allele dependency between loci within linkage groups I and III; significant 
differences in haplotype distribution compared to other Horn of Africa populations, that should be taken into 
account in kinship analysis. The collected data can be used as a reference STR database by local forensic genetics 
services and in genetic identification procedures of victims of human trafficking in the Mediterranean Sea, which 
frequently involve individuals originating from the Horn of Africa.   

1. Introduction 

Evaluation of the weight of evidence in forensic identification and 
kinship testing by means of short tandem repeat (STR) DNA poly
morphisms requires allele/haplotype frequency information in the 
relevant population. Autosomal STRs (aSTRs) included in standard 
forensic panels, like the Combined DNA Index System (CODIS) and the 
European Standard Set (ESS), can be considered genetically independent 
of one another [1]. Consequently, random match probability (RMP) and 
likelihood ratio (LR) calculations are done according to the "product 

rule", by multiplying the individual allele frequencies in the profile in 
question. Whenever allele frequencies are drawn from broad population 
groups that might be unrepresentative of the subpopulation from which 
the person of interest originates, RMP and LR values can be corrected by 
an adjustment factor (θ, FST) expressing the correlation/co-ancestry of 
randomly chosen alleles within subpopulation relative to the entire 
population [2]. Due to completely linked inheritance on the 
non-recombining part of the Y chromosome, the product rule cannot be 
applied to Y-STRs. For the interpretation of Y-STR matches, therefore, 
the availability of detailed reference databases describing haplotype 
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variation within local populations is of vital importance [3]. 
Population-specific haplotype data obtained from hemizygous males are 
also crucial for X-STR analysis, since population history and 
sub-structure can lead to allelic dependency between alleles at different 
X-STR loci (linkage disequilibrium, LD) [4]. In general, a higher degree 
of LD is expected for X-STRs compared to autosomal markers, since X 
chromosome recombination only occurs in women and because of the 
lower mutation rates observed in the female germline [5]. Moreover, 
since only three X chromosome copies are present in the population for 
every four autosomes, stronger effects of genetic drift are also expected 
[6]. 

Africa is the most genetically diverse region in the world and harbors 
extensive population structure, due to the continuous presence of 
modern humans in the past 300 thousand years in association with 
complex demographic events including migration, admixture and 
possible archaic introgression [7,8]. 

As in other fields of genetics and genomics research [9], despite the 
constantly increasing number and range of available forensic STR alle
le/haplotype data from global populations, studies addressing the Afri
can continent remain limited in terms of density and sample size. As a 
contribution to the knowledge of forensic STR diversity in Africa, we 
focused on Ethiopia, a nation characterized by the highest genetic het
erogeneity within the continent. Previous high-density SNP-array 
studies have shown that Ethiopian populations, taken together, span half 
of the genetic diversity observed in all African populations [10] and 
display the highest proportions of continental unshared and novel ge
netic variants [11]. 

In particular, the Tigray population investigated in the present study 
is, according to the 2007 Population and Housing Census [12], the 
fourth largest ethnic group in the Federal Democratic Republic of 
Ethiopia after Amhara, Oromo and Somali. It counts about 4.5 million 
individuals and represents the prevailing population (> 95%) in the 
regional state of Tigray, located in Northern Ethiopia. Tigray is also the 
major ethnic group of the neighboring State of Eritrea [13]. 

Availability of geographically detailed allele and haplotype diversity 
data for autosomal and gonosomal STR markers is a stepping stone to the 
development of forensic services willing to provide DNA-based identi
fication and kinship testing in African countries [14]. Collection of 
forensic STR variation data in the Horn of Africa, however, can also have 
a larger resonance by contributing to the genetic identification of vic
tims and the reunification of separated family members in maritime 
accidents involving migrants trying to reach Europe from Northern Af
rica [15]. As a matter of fact, the Horn of Africa, and specifically Eritrea, 
is presently one of the main regions of origin of migrant victims of 
human trafficking across the Mediterranean Sea [16,17]. 

The aim of the present study was to compile allele and haplotype 
frequency data of STRs commonly used for identification purposes in a 
large Tigray population sample. Data were made available to the 
forensic community through public, quality controlled repositories such 
as STRidER and the Y-STR Haplotype Reference Database (YHRD). STR 
diversity in Tigray was investigated in the context of human genetic 
variation within the Horn of Africa. Extent of population structure as 
detected with the different categories of STRs markers, depending on 
their specific pattern of inheritance, was assessed. Possible adjustment 
strategies when calculating match probabilities (aSTRs) and in kinship 
analysis (X-STRs) in cases involving individuals from the Horn of Africa 
were discussed. 

2. Material and methods 

2.1. Ethical requirements and sample collection 

In compliance with ethical guidelines for publication of research on 
genetics of biological material [18], authorization of research methods 
and development of the study was obtained from Mekelle University 
Research Ethics Review Committee (ERC 0841/2016). Approved 

procedures and protocols were followed in the study. 
All samples were collected by means of sterile buccal swabs (LP 

Italiana Spa, Milan, Italy) from adult volunteer donors (students and 
staff of Mekelle University, Ethiopia). All participants signed the 
approved consent form indicating fully informed consent. For aSTR 
analysis, samples were obtained from 236 donors of both sexes (65 
women and 171 men) who self-reported as unrelated and having all the 
four grandparents of Tigray origin. Male donors of the aSTR study were 
complemented with: 75 additional male donors who self-reported as 
unrelated and having the paternal grandfather of Tigray origin (Y-STR 
study, n = 246); 77 additional male donors who self-reported as unre
lated and having the two maternal grandparents of Tigray origin (X-STR 
study, n = 248). Among additional male donors for gonosomal STR 
analysis, 51 were eligible for both the Y- and X-STR studies. Geographic 
location of Tigray within the Horn of Africa and composition of sample 
cohorts for aSTR, Y-STR and X-STR studies are depicted in Supplemen
tary material, Fig. S1. 

2.2. DNA extraction, PCR amplification and genotyping 

Buccal swabs were processed using the ChargeSwitch gDNA 
Normalized Buccal Cell kit (Invitrogen), that provides purified DNA at a 
normalized concentration of 1–3 ng/μl. Multiplex amplification of 
aSTRs (AmpFlSTR GlobalFiler kit, ThermoFisher Scientific), Y-STRs 
(AmpFlSTR YFiler Plus kit, ThermoFisher Scientific) and X-STRs 
(Investigator Argus X-12 kit, Qiagen) was performed on the GeneAmp 
PCR System 9700 (ThermoFisher Scientific) using 1 μl of each DNA 
extract, according to the manufacture’s instructions. Amplified DNA was 
detected and separated using the ABI Prism 3500 XL Genetic Analyzer 
(Thermo Fisher Scientific). STR genotyping was performed with Gene
Mapper ID-X v1.4 software (Thermo Fisher Scientific). 

Samples with null alleles at loci DXS10146 and DXS10148 were 
reamplified with the Investigator Argus X-12 QS kit (Qiagen). Those still 
displaying DXS10146 amplification failure afterwards were subjected to 
single locus PCR amplification and sequencing with primers described 
by Tomas et al. [19] and the BigDye Terminator v 3.1 kit (Thermo Fisher 
Scientific). 

2.3. Statistical analysis 

RMPs of aSTR profiles, calculated with allele frequencies from the 
present study (cognate database) and from geographically close pop
ulations or broad group of individuals assumed to be generically 
representative of sub-Saharan Africa (non-cognate databases), were 
obtained using EuroForMix software version 2.1 [20]. In RMP calcula
tions with EuroForMix the value of FST was taken into account according 
to the Balding-Nichols formula [21]. 

Arlequin software version 3.5 [22] was used to perform: Test of 
Hardy–Weinberg equilibrium (HWE) in aSTR; calculation of pairwise 
FST genetic distances (aSTRs, X-STRs, Y-STRs); calculation of haplotype 
diversity (X-STRs and Y-STRs); test of LD (X-STRs); mean number of 
allelic pairwise differences and analysis of molecular variance (AMOVA) 
in Y-STRs. In population comparisons by means on FST and AMOVA, 
multi-copy Y-STR loci (DYS385 and DYF387S1) were excluded from 
calculations and the number of repeat units in DYS389I was subtracted 
from DYS389II. Standard forensic genetics parameters calculated in 
Y-STRs also included discrimination capacity (DC), estimated as number 
of distinct haplotypes divided by total number of haplotypes, and 
haplotype match probability (HMP), corresponding to the sum of 
squares of the haplotype frequencies. Matrixes of Slatkin’s linearized 
pairwise genetic distances were calculated from haplotype frequencies 
with Arlequin software and represented by multidimensional scaling 
(MDS) analysis using the cmdscale function as implemented in stats 
package of R v.4.0.0 [23]. 

LR calculations for X-STR markers in kinship cases were performed 
with software FamlinkX [24], applying recombination fractions and 
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mutation rates described by Nothnagel et al. [25]. 

2.4. Quality control (QC) 

According to guidelines for the publication of population genetic 
data [26], aSTR and Y-STR data were submitted to STRidER [27] and 
YHRD [28]. After completion of QC process, they were assigned acces
sion numbers STR000344 and YA004670, respectively. 

3. Results and discussion 

3.1. aSTRs 

aSTR allele frequencies in the Tigray population sample calculated 
after STRidER QC are displayed in Supplementary material, Table S1. 
Several alleles not included in the AmpFlSTR GlobalFiler allelic ladder 
(OL) were observed and are highlighted in Table S1. Notably, OL alleles 
made up > 5% of total observed alleles at loci D18S51 and SE33. All 
aSTRs were in HWE, after Bonferroni correction for multiple testing (α 
= 0.002). The average RMP in the Tigray population sample, assuming 
FST = 0, was 2.1 × 10-27. We tested the impact on RMP calculations 
when using the Tigray (cognate) allele frequency database rather than 
non-cognate databases. The chosen datasets were: a study of 799 Eastern 
Africans from Somalia, Ethiopia and Eritrea [29] that represents, to our 
knowledge, the largest reference dataset from the Horn of Africa 
currently available in the literature [30]; sub-Saharan Africans (n =
103) from the human genome diversity panel (HGDP) [31]; U.S. African 
Americans (n = 342) [32]. A parameter d was then calculated, corre
sponding to log10 of the ratio between RMP estimates obtained from 
each aSTR profile in the Tigray population sample when using cognate 
(Tigray) and non-cognate allele frequencies [33]. Values of d > 0 indi
cate an overestimation of the weight of the evidence when reference 
non-cognate databases were used for calculations. In order to compen
sate for bias due to rare alleles, the frequency of alleles only detected in 
the Tigray population was set in non-cognate databases to 1/2nmin, 
where nmin is the number of individuals in the smallest database used in 
the calculation [34]. Distribution of d values applying different FST ad
justments is reported in Table 1. 

FST adjustments required to make the RMP calculations unbiased 
were in agreement with mean locus by locus FST distances calculated 
between Tigray and other reference populations, which were lower for 

the Horn of Africa (0.003), intermediate for African Americans (0.009), 
and higher for HGDP sub-Saharan Africans (0.013). It could be seen that 
the application of a 0.01 FST correction to RMP calculations using the 
Horn of Africa database was necessary in order for the risk of non- 
conservative estimations to become almost negligible (13.1% of sam
ples with 1 > d > 0, corresponding to a less than 10-fold overestimation 
of the weight of evidence). A larger FST adjustment (0.03) was required 
when broad African or African American databases were applied, with 
2.97% and 0.42% of samples, respectively, displaying a 1000-fold 
overestimation (d > 3) of the rarity of the observed STR profile with 
FST = 0.01. The larger proportion of non-conservative results in HGDP 
sub-Saharan Africans., compared to African Americans, could be 
explained by the combined effect of genetic heterogeneity in continental 
African populations [7] and the admixed nature of African Americans 
and Tigray, both displaying a strong Eurasian genetic component as a 
consequence of recent demographic events connected to the history of 
the slave trade, in the case of African Americans [35], and to ancient 
backflow into Eastern Africa for Tigray [36]. The obtained results are in 
line with previous studies indicating that a 0.03 FST correction is suffi
ciently large to be almost always conservative, when forensic RMP 
calculations make use of broad collections of individuals sharing African 
ancestry as reference population [37,38]. As previously stated, one of 
the goal of the present study was to provide genetic data helping the 
identification of victims of human trafficking across the Mediterranean 
Sea. In humanitarian procedures, setting the threshold for the posterior 
probability of identity is a matter of weighing the costs of false decisions 
[39], since deviation of only a few orders of magnitude in the calculated 
LRs can have a significant impact on the possibility to achieve identifi
cation, especially in the case of low template DNA samples and when 
only indirect comparison (kinship testing) is possible [30]. Geographical 
origin within Africa of migrants involved in maritime incidents is often 
reasonably known a priori [17]. In such cases, application of a 0.01 
rather than 0.03 FST adjustment in combination with a regional popu
lation dataset seems adequate, at least for Horn of Africa populations. It 
could be seen that, when using a regional Horn of Africa reference 
dataset for Tigray samples, a 0.03 FST correction completely eliminated 
the occurrence of d > 0 (i.e. overestimation of evidence), but also 
generated a mean d value of − 3.4, corresponding to an over 1000-fold 
underestimation of evidence on average. This could lead to a poten
tially large number of false-negative comparisons, which is hardly 
acceptable in a disaster victim identification context. 

3.2. Y-STRs 

Y-STR haplotypes observed in 246 Tigray male individuals are listed 
in Supplementary material, Table S2. Di-and tri-allelic patterns, OL and 
null alleles are highlighted in Table S2 and were all sporadic except for 
intermediate alleles at DYS458 (~ 14%) known to be signature variants 
of Y-haplogroup J1-M267, which is widespread in the Middle East, 
Northern and Eastern Africa [40]. The combination of loci included in 
the AmpFlSTR YFiler Plus panel provided complete individualization of 
haplotypes in the Tigray population (haplotype diversity and DC equal 
to 1.000). HMP was 0.004, with a mean number of allelic pairwise dif
ferences between samples of 18.3 (± 8.1 SD). Previously observed high 
intra-population Y-STR haplotype diversity in the Tigray ethnic group 
[41,42] was therefore confirmed. Given the admixed nature of the 
Tigray population and the geographic position of Ethiopia, bridging 
Africa and the Arabic peninsula [10,11,35,36], Y-STR population com
parisons were carried out with available data from the Horn of Africa 
[41,42], Northern Africa [43] and the Middle Eastern (Saudi Arabia) 
[44] (see Supplementary material, Table S3A for population details). 
Haplotypes observed in Tigray were not shared with any other popula
tion including the Eritrean sample described in [42], which had been 
analyzed with the PowerPlex Y23 panel, thus limiting comparisons to a 
subset of twenty Y-STR loci overlapping between genotyping kits. The 
matrix of pairwise FST distances was calculated and is provided in 

Table 1 
Distribution of d values. No FST correction was applied to RMPs obtained with 
cognate Tigray allele frequencies.  

Non-cognate 
database 

FST d > 3 d > 2 d > 1 d > 0 Mean 
d 

± SD 

Horn of 
Africa 

0.00 0.85% 14.4% 41.4% 86.9% 0.935 0.956 

Horn of 
Africa 

0.01 0.0% 0.00% 0.00% 13.1% -0.978 0.881 

Horn of 
Africa 

0.03 0.00% 0.00% 0.00% 0.00% -3.386 1.094 

HGDP sub- 
Saharan 
Africans 

0.00 43.2% 68.6% 86.0% 96.2% 2.761 1.513 

HGDP sub- 
Saharan 
Africans 

0.01 2.97% 17.8% 42.8% 71.2% 0.652 1.381 

HGDP sub- 
Saharan 
Africans 

0.03 0.00% 0.00% 0.42% 5.08% -2.082 1.429 

African 
Americans 

0.00 22.9% 51.3% 78.8% 93.2% 2.041 1.362 

African 
Americans 

0.01 0.42% 1.69% 14.8% 48.7% -0.115 1.162 

African 
Americans 

0.03 0.00% 0.00% 0.00% 0.85% -2.719 1.270  
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Supplementary material, Table S3B. It could be seen that, on average, 
lower pairwise FST values were observed between Tigray and other Horn 
of Africa populations (0.011), compared to Northern Africa (0.095) and 
Saudi Arabia (0.101). Notable exceptions within the Horn of Africa were 
Saho (0.260), Ethiopian Somali (0.092), Afar (0.129) and Djibuti Somali 
(0.241) from [41]. These populations are known to be organized in 
patrilinear and patrilocal clans [45], displaying low internal haplotype 
diversity making them the most divergent populations within the Horn 
of Africa [41]. In contrast, not significant (negative) FST values between 
the Tigray sample from the present study and Saho and Afar from [42] 
were observed. This could be partly due to the reduced set of Y-STR 
markers available for comparison with [42]. However, dissimilarities in 
patrilinear descent structure of local clans in the different Saho sample 
sets analyzed in [41] and [42], which displayed a significant pairwise 
genetic distance between each other, could not be excluded. 

Interestingly, contrasting pairwise FST estimates between Tigray 
samples from the present study and those included in [41] and [42] were 
obtained: 0.060 and statistically significant in the first case, negative 
and not statistically significant in the second case. A likely explanation 
of this observation could be sampling bias. In this study a rather large (n 
= 248) and diversified population of students and staff members being 
drawn to Mekelle University from across the regional state of Tigray was 
analyzed, whereas the sample in [41] was limited in size (n = 28) and 
mostly came from small rural areas, with reduced haplotype diversity 
and possible recent paternal co-ancestry. 

Not statistically significant FST distances between the Tigray sample 
and Nara [41,42] and Kunama [42] were also observed. These two 
populations belong to the Nilo-Saharian linguistic family distinct from 
the Afro-Asiatic linguistic family of Semitic-speaking Tigray, but they 
are the closest to Tigray in geographical terms. Lack of differentiation in 
Y-chromosome haplogroup distribution between Nara, Kunama and 
neighboring Afro-Asiatic populations had been previously reported and 

attributed to an underlying common origin, predating the demographic 
expansion and linguistic divergence of early Horn of Africa populations, 
in combination with more recent admixture [46], possibly favored by 
matrilineality peculiar to these two ethnic groups [41]. MDS plots ob
tained from Slatkin’s linearized FST distances are shown in Fig. 1b. 

It could be seen that the Tigray sample was part of a cluster that 
included all other populations from the Horn of Africa except for Saho 
(EA-SA1), Djibuti Somali (EA_SD), Ethiopian Somali (EA_SE), and Afar 
(EA-AF1) samples from [41]. Saho, Afar and Somali populations, as 
previously mentioned, are known to be the most divergent within the 
Horn of Africa. Moreover, in these populations, significant genetic dis
tances between distinct sample sets collected from different geograph
ical locations were reported [41,42]. A similar pattern was observed 
here with Saho (EA_SA2) and Afar (EA_AF2) samples from [42] that, in 
contrast to EA-SA1 and EA-AF1, were located within the main cluster of 
Horn of Africa populations. This cluster occupied an intermediate po
sition between the Saudi Arabians and Northern Africans samples, who 
were distributed according to geography (longitude), with Alger
ian/Moroccan Berbers and Saudi Arabians at opposite sides, reflecting a 
documented east-to-west increase of autochthonous genetic component, 
with corresponding decrease of Near Eastern Arabic genetic component, 
in Northern Africa [47] (Fig. 1a). The intermediate position of Horn of 
Africa samples was consistent with previously described Y-chromosomal 
signatures of bidirectional gene flow between the Horn of Africa and 
nearby regions through the Nile corridor to the North [48] and the 
Bab-el-Mandeb strait to the East [49]. MDS plots redrawn by considering 
only populations from the Horn of Africa (Fig. 1b) further enhanced the 
clustering between most of the Eritrean and Ethiopian populations, 
including different Tigray sample sets, and the outlier position of 
EA_SA1, EA_SD, EA_SE and EA_AF1. No clear pattern of differentiation 
was observed in the MDS plot according to linguistic affiliation or na
tionality of the tested populations. This was confirmed by hierarchical 

Fig. 1. MDS plots obtained from Slatkin’s linearized FST distances calculated from Y-STR haplotypes of all tested populations (a), and within Horn of Africa pop
ulations subdivided by language group and nationality (b). Abbreviations for populations which were compared to TIGRAY (this study) were as follows: Central Saudi 
Arabian (SA-C), Eastern Saudi Arabian (SA_E), Northern Saudi Arabian (SA_N), Southern Saudi Arabian (SA_S), Western Saudi Arabian (SA_W) from [44]; Asni 
Berbers (Morocco) (NA_AB), Berbers from Bouhria (Morocco) (NA_BB), Egyptians from Bahariya (NA_EB), Egyptian Berbers from Siwa (NA_ES), Libyan Arabs 
(NA_LA), Libyan Jews (NA_LJ), Mozabite Berbers (Algeria) (NA_MB), Moroccan Jews (NA_MJ), Northern Egyptians (NA_NE), Ouarzazate Berbers (Morocco) (NA_OB), 
Souss Berbers (Morocco) (NA_SB) from [43]; Afar (EA_AF2), Bilen (EA_BI), Hidareb (EA_HI), Kunama (EA_KU2), Nara (EA_NA2), Saho (EA_SA2), Tigre (EA_TG), 
Tigray (EA_TY2) from [42]; Afar (EA_AF1), Amhara (EA_AM), Ethiopians Jews (EA_EJ), Cunama (EA_KU1), Nara (EA_NA1), Oromo (EA_OR), Saho (EA_SA1), Djibuti 
Somali (EA_SD), Ethiopian Somali (EA_SE), Tigray (EA_TY1), Wolayta (EA_WO) from [41]. Details of tested populations are given in Table S3A. 
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AMOVA analysis (Supplementary material, Table S4) that evidenced 
significant Y-STR haplotype heterogeneity among populations within 
groups (8.58%, p < 0.001) but not between groups (1.07%) when 
populations were grouped by language family/subfamily. Clear limita
tions in the power to detect signs of linguistic stratification, as revealed 
by whole-genome analysis of the Ethiopian gene pool [10], could be 
expected for the small set of fast-evolving Y-STR markers investigated in 
the present study. However results were in line with Y-chromosome 
haplogroup data [46] and with a more recent whole genome study of 
Ethiopians that reported some heterogeneity within linguistic groups 
and the occurrence of genetic similarities between populations 
belonging to different language classifications, explained by recent 
intermixing [50]. A pattern similar to that found for linguistic affiliation 
could be seen when populations were grouped by nationality (Djibuti, 
Eritrea, Ethiopia), with 10.35% of variance among populations within 
groups (p < 0.001) and − 1.78% between groups. No evidence of 
geographical population substructure by Y-chromosome analysis 
following recent political events [51], such as the independence of 
Eritrea from Ethiopia in 1993, was therefore detected. On the contrary, 
no significant differences between populations within groups (− 1.15%) 
but significant heterogeneity between groups (14.42%, p = 0.001) was 
found when samples from different nations were grouped according to 
ethnicity, with the Tigray group including samples from Ethiopia 
analyzed in the present study and in [41] and from Eritrea described in 
[41] and [42]. However, when AMOVA analysis according to ethnicity 
was performed after removing the highly divergent Afar, Saho and So
mali populations, the partition of variance between remaining groups 
(Tigray, Kunama, Nara and Tigre) became not significant (1.99%). 
Overall, the obtained results suggested that Y-STR diversity in the Horn 
of Africa at inter- and intrapopulation level is shaped by a combination 
of factors including geographic distance and culture. Limited variation 
was observed between neighboring populations despite different lin
guistic affiliation (i.e. Tigray, Nara and Kunama). Y-haplotype struc
turing was evident in strictly patrilinear groups, such as the Afar, Saho 
and Somali, but weak in populations, like Tigray, who are not organized 
in patrilineages and clans [45]. 

3.3. X-STRs 

Haplotype and allele frequencies in the Tigray sample are displayed 
in Supplementary material, Table S5A and B, respectively. Common OL 
alleles were observed at several loci, as previously reported for Eritrean 
populations [42], with an overall frequency of 20.0% at DXS10135, 
18.3% at DXS10148, 5.8% at DXS1046, and 5.2% at DXS10134. Null 
alleles were sporadic with the notable exception of loci DXS10146 
(3.6%) and DXS10148 (2.4%). Frequent amplification failure at both 
loci had been previously described in Eastern [19], Northern [52], and 
Western [53] African populations analyzed with the Investigator Argus 
X-12 kit. Sequencing analysis carried out in these studies indicated that, 
in all populations, the same primer binding site mutations were the 
likely cause of the observed silent alleles [19,52,53]. They were, 
namely, a [G → A] transition at position 9270946 of Genome Reference 
Consortium Human Build 38 (GRCh38) in DXS10148 and a [CTTT] 
deletion from position 150404032 to 150404035 (GRCh38) in 
DXS10146. Tigray samples displaying null alleles at DXS10146 and 
DXS10148 loci were reamplified with the recently introduced Investi
gator Argus X-12 QS kit, which includes new primer pairs designed to 
overcome amplification failure at DXS1046 and DXS10148 loci [54]. 
DXS10146 and DXS10148 genotypes obtained with Investigator Argus 
X-12 and Investigators Argus X-12 QS kits are reported in Supplemen
tary material, Table S6A. It could be seen that, while DXS10148 geno
typing with the Investigator Argus X-12 QS kit was successful in all 
tested samples, three Tigray samples still displayed null alleles at the 
DXS10146 locus. Single locus PCR amplification and sequencing with 
primers external to those supposedly included in the Investigator Argus 
X-12 QS kit indicated that a novel point mutation, a [C → T] transition at 

position 150404028 of GRCh38, could explain the persistent amplifi
cation failure observed in these samples (Fig. 2). Updated haplotype and 
allele frequencies in the Tigray sample after re-amplification with the 
Investigator Argus X-12 QS kit are displayed in Supplementary material, 
Table S6B and C, respectively. 

As shown in Supplementary material, Table S7, pairwise test of LD 
between the twelve X-STR markers after Bonferroni correction for 
multiple testing (α = 0.0008) showed significant LD between DXS10135 
and DXS10148 markers located within linkage group (LG) I and the 
three markers of LG III (DXS10101-HPRTB; DXS10101-DX10103, 
HPRTB-DX10103). 

X-STR haplotype diversity in the Tigray population was compared 
with available data from Northern (Egypt) [52], Western (Guinea Bis
sau) [53] and Eastern (Eritrea, Somalia) [42,55], Africa, and the Middle 
East (United Arab Emirates, UAE) [56]. It could be seen that haplotype 
diversity values at the four LGs observed in Tigray (LG I: 0.998; LG II: 
0.995; LG III: 0.992; LG IV: 0.997) were in line with those previously 
observed in neighboring Eritrean samples (LG I: 0.998; LG II: 0.992; LG 
III: 0.994; LG IV: 0.997) [42] and constantly higher than those found in 
the Somali population (LG I: 0.996; LG II: 0.991; LG III: 0.990; LG IV: 
0.995) [55]. Haplotype sharing, calculated as the number of Tigray 
haplotypes shared with reference population divided by number of 
different haplotypes in the reference population, is shown in Supple
mentary material, Table S8. Eritreans were the population that shared 
the highest percentage of haplotypes with Tigray at each LG. Somali and 
Western Africans displayed the highest, and constantly statistically 
significant, pairwise FST values with Tigray, whereas the shortest and 
always not significant distances were observed with Eritrea and Egypt 
(Supplementary Table S8). This was also reflected in the corresponding 
MDS plot obtained from mean Slatkin’s linearized distances calculated 
across the four LGs, shown in Supplementary material, Fig. S2. It could 
be seen that the Tigray sample was almost superimposable with the 
neighboring Eritrea sample, suggesting an overall genetic homogeneity, 
and that they both formed a cluster with samples from Northern Africa 
and the Middle East, clearly separated from Somali and Western African 
populations. The outlier position of the Somali in intracontinental X-STR 
comparisons with other Horn of Africa [42], Northern African [42] and 
Western African [19] populations had been previously reported. As for 
Y-STRs, this is the likely effect of deviation from panmixia (consan
guinity), which was shown to be maximum in Somali among African 
populations [57] and that could also explain the higher level of LD 
observed in Somali X-STR haplotypes [55,57] compared to Tigray 
(present study) and Eritrea [42]. 

X-STR markers are principally employed as integrative markers in 
complex kinship analysis [4,54]. To evaluate the effect on kinship cal
culations of LD structure and different Horn of Africa haplotype data
bases, LR values were redetermined in a small set (n = 12) of archival 
kinship cases involving Ethiopian, Eritrean and Somali individuals that 
had all been originally assessed using Somali [55] haplotype fre
quencies, which were the only available at the time of analysis. Char
acteristics of the tested kinship cases are outlined in Supplementary 
material, Table S9. FamlinkX software, which was used for LR calcula
tions, does not offer the possibility to adjust for population substructure 
applying a FST correction. On the other hand, it allows to directly 
calculate from X-STR haplotype data a parameter “lambda”, used to give 
prior weight to unobserved haplotypes and to adjust the frequency 
estimation of observed haplotypes, thus taking LD structure within LGs 
into account [24]. Small values of lambda result in a high weight of the 
observed data (the population specific haplotype list), while high values 
of lambda correspond to greater weight given to the expected haplotype 
frequencies derived from allele frequencies. LG-specific lambda values 
calculated in the Tigray, Eritrean [42] and Somali [55] populations are 
given in Table S9. FamlinkX includes two main LR calculations models, 
one that considers LD (“LR exact”), and one, “LR(LE)”, that disregards 
LD and haplotype observations. Results of LR calculations are listed in 
Table S9. It could be seen that, on average, a slight increase in LR values 
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(~ 20-fold) was observed when applying to kinship cases the cognate 
(nation-specific) rather than non-cognate haplotype database and the 
“LR exact” model, but several cases in which the use of different 
haplotype databases lead to a > 100-fold divergence in LR estimates 
were noted (Fig. S3). When applying the “LR(LE)” model, on the con
trary, differences between cognate and non-cognate LR values were less 
pronounced and constantly within two orders of magnitude (Fig. S3). 
While more conservative, the use of the “LR(LE)” model appears ques
tionable in presence of allelic dependencies in the tested populations, a 
phenomenon observed in the present study and in other Horn of Africa 
populations [42,55]. Further collection of haplotype data in this area, 
covering previously untested populations, is therefore advisable for 
more reliable LR estimations in kinship cases requiring X-STR analysis. 

4. Concluding remarks 

The reference database of aSTR allele frequencies, Y-STR and X-STR 
haplotype frequencies established in the Tigray population of Ethiopia 
will hopefully contribute to the local development of forensic genetics 
services, assisting weight of evidence calculations in identification and 
kinship cases. Identification procedures of victims of human trafficking 
in the Mediterranean Sea will also benefit from the availability of novel 

data on forensic STR variation in the Horn of Africa, a geographic area 
that has been little studied in the past and is currently a major point of 
origin of individuals involved in migration accidents. 
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