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A B S T R A C T   

Kenya is a diverse and populous nation that employs DNA evidence in its criminal justice system, and therefore 
requires reliable information on autosomal STR allele frequency variation across the country and in its many 
ethnic groups. In order to provide reference data and to assess population structure, we analysed the 21 auto
somal STRs in the GlobalFiler multiplex in a sample of 510 indigenous Kenyans representing the country’s eight 
former provinces, 43 of its 47 counties, three main linguistic families and all 29 ethnic groups that each comprise 
>0.5% of the 2019 census population. The indigenous population originated from successive migrations of 
Cushitic, Nilotic and Bantu speaking groups who settled in regions that suited their distinctive sustenance life
styles. Consequently, they now largely reside in a patchwork of communities with strong associations with 
particular counties and provinces and limited degrees of inter-group marriage, as shown by DNA donors’ 
ancestry details. We found significant genetic differentiation between the three Nilotic language sub-families, 
with Western Nilotes (the Luo ethnic group) showing greater similarity to the Bantu than the Southern and 
Eastern Nilotes which themselves showed closer affinity to the Cushitic speakers. This concurs with previous 
genetic, linguistic and social studies. Comparisons with other African populations also showed that linguistic 
affiliation is a stronger factor than geography. This study revealed several rare off-ladder alleles whose structure 
was determined by Sanger sequencing. Among the unusual features that could affect profile interpretation were a 
deletion of Amelogenin Y but no other forensic marker (autosomal or Y-chromosomal), a triallelic pattern at 
TPOX and an extremely short SE33 allele falling within the expected size range of D7S820. Compared with the 
currently implemented Identifiler multiplex, Random Match Probabilities decreased from 6.4 × 10–19 to 3.9 ×
10–27. The appreciation of local population structure provided by the geographically and ethnically represen
tative sample in this study highlights the structured genetic landscape of Kenya.   

1. Introduction 

Kenya has an ancient history of human occupation dating back to 
the dawn of our species [1], and today has a complex population of 53 
million people, including speakers of 58 languages within three 
divergent language families (Fig. 1), and over 70 recognised ethnic 
groups [2]. Samples from two of these groups, Maasai in Kinyawa, 

Kenya [MKK] and Luhya in Webuye, Kenya [LWK] formed part of the 
International Haplotype Mapping (HapMap) Consortium project [3], 
and two others, Kikuyu and Kalenjin, were included in the African 
Genome Variation Project [4]. These have been genotyped using 
genome-wide single-nucleotide polymorphism (SNP) chips, and the 
LWK sample has also been whole-genome sequenced as part of the 
1000 Genomes Project [5]. Several further Kenyan populations were 
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included in a pan-African STRUCTURE analysis based on 848 auto
somal STR markers which demonstrated that the country was the 
nexus of several distinct genetic clusters that correlated strongly with 
linguistic families [6]. Although only nine forensic STR markers were 
included in that screening panel [7] it highlighted that considerable 
genetic diversity could be expected in the region. Beyond this, much 
about the genetic diversity of Kenya remains unknown, and yet such 
knowledge is key to understanding the history and prehistory of East 
Africa. At a practical level, such information is essential for the unbi
ased interpretation of forensic DNA evidence in the Kenyan criminal 
justice system. 

Administratively, Kenya was until 2010 divided into eight provinces 
(Fig. 1a) and today has a finer-scale division comprising 47 counties 
(Fig. S1). Within this recently established geographical framework, indi
vidual ethnic groups are highly structured. Although English and Swahili 
are official national languages, ethnic groups also have their own languages 
and these too are strongly geographically differentiated. Bantu speakers 
comprise approximately 60% of the population and are predominantly 
associated with Kikuyu, Luhya and Kamba ethnic groups, which occupy the 
central and southern parts of the country. Bantu languages are otherwise 
widespread in sub-Saharan Africa, owing their expansion to an agricultur
ally mediated transition beginning in West Central Africa around 5000 
years ago [8]. Nilotic speakers (~31%), representing all three major sub
families, such as the Southern-Nilotic-speaking Kalenjin ethnic group, the 
Eastern-Nilotic-speaking Maasai and the Western-Nilotic-speaking Luo are 
largely concentrated in the west of Kenya. This language family is also 
found in adjacent regions including South Sudan, Eastern Uganda and parts 
of Tanzania. Speakers of Cushitic languages, a branch of Afro-Asiatic, are 
predominantly found in the eastern and northern parts of Kenya and 
include ethnic groups such as the Somali, and Borana. To the north, the 
Oromo of Ethiopia are also Cushitic-speaking. Some regions of Kenya, 
including the Capital province, Nairobi, are cosmopolitan and thus home to 
diverse people speaking a complex mixture of languages. 

Published data on Kenyan autosomal short-tandem repeat (STR) 
variation are scanty and limited to 15-locus Identifiler profiles collected 
in three cities (Nairobi, Mombasa, Kisumu) where random sets of 50 
individuals each were sampled [9]. Given the complex ethnolinguistic 
diversity of the country, data on more extensive and better-defined 
samples would provide a picture of autosomal genetic structure and 
would be helpful in interpretation of forensic evidence. This study ap
plies the 21 autosomal STRs of the GlobalFiler multiplex to a set of 

samples from 510 Kenyan males with wide geographical, linguistic and 
ethnic group representation. We compile allele frequency data and 
calculate forensic statistics, and ask whether there is significant popu
lation structure with regard to geographical and linguistic affiliation. 

2. Materials and methods 

2.1. DNA sampling 

Recruitment and sampling of DNA donors was done in accordance 
with the ethical guidelines of FSI: Genetics [10]. Ethical review for 
donor recruitment and DNA analysis was provided independently by 
the research ethics committees of Kenyatta University (ref. KU/ER
C/EXTEN.APPR.1.VOL.1 [10]) and the University of Leicester (ref. 
16000-maj4-ls/gg). Informed written consent was provided by all 
participants. We sampled males only, to support future Y-STR refer
ence data collection. 

Samples were collected between November 2018 and February 2020 
from 510 unrelated indigenous Kenyan males (students enrolled at Ken
yatta University) who provided information on the birthplaces, languages 
and ethnic group affiliations of themselves, their parents, and their 
grandparents. We classified them in terms of ancestry in one of the eight 
historical provinces (Fig. 1a; Central N = 43; Coast N = 69; Eastern 
N = 61; Nairobi N = 22; North Eastern N = 4; Nyanza N = 129; Rift 
Valley N = 120; Western N = 62), and by linguistic affiliation based upon 
information in Glottolog [11] (Fig. 1c; Bantu N = 293; Cushitic N = 25; 
Nilotic N = 192 (comprising Western N = 94; Southern N = 73; Eastern 
N = 25)). In total, 29 of the officially recognised 45 indigenous ethnic 
groups were sampled, including all those comprising >0.5% of the pop
ulation (based on the 2019 census, available at www.knbs.or.ke), and 43 
of the 47 administrative counties. Proportional coverage by province, 
ethnic group and linguistic grouping with respect to both our dataset and 
the census population is shown in Tables S1–S3 and Fig. S1. The close 
correspondence between actual population density (Fig. 1b) and sampling 
density can best be seen at the county level (Fig. S1b). 

2.2. DNA extraction and quantification 

Buccal cells collected with sterile CytoSoft* Cytology Brushes (Fisher 
Scientific) were suspended and lysed in 1 mL of NDS solution (0.5 M 
EDTA, 10 mM Tris-HCl, 1%[w/v] N-lauroylsarcosine [pH 9.5] [12]) in a 

Fig. 1. Provinces, population density and language families within Kenya. (a) Map showing boundaries of the eight Kenyan provinces; (b) Population density. (c) 
Language families. Approximate distributions of divisions of Nilotic are indicated as East, West and South. 
Part (b) adapted from Global Rural-Urban Mapping Project (sedac.ciesin.columbia.edu/gpw/). Part (c) drawn from data in Ethnologue (www.ethnologue.com/c 
ountry/KE and [11]). 
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2-mL screw-cap tube for ambient storage. DNA was extracted from 
200 µL cell lysate using Wizard Genomic DNA Purification Kits (Prom
ega) and a vacuum manifold protocol as recommended by the manu
facturer. The quality and quantity of the extracted DNA was estimated 
using a Nanodrop ND-8000 spectrophotometer (Thermo Fisher 
Scientific). 

2.3. DNA amplification and fragment detection 

Autosomal profiles based on 21 STRs were generated using the Glob
alFiler® PCR amplification kit, analysing the loci D3S1358, vWA, D16S539, 
CSF1PO, TPOX, D8S1179, D21S11, D18S51, D2S441, D19S433, TH01, 
FGA, D22S1045, D5S818, D13S317, D7S820, SE33, D10S1248, D1S1656, 
D12S391 and D2S1338, along with three additional markers used as a sex 
test (DYS391, Y indel and Amelogenin). Amplification was performed in an 
MJ Research Tetrad thermal cycler and genotyping done on an ABI3500xL 
Genetic Analyzer (Thermo Fisher Scientific) following the manufacturer’s 
recommendations. Allele calling and interpretation were carried out using 
GeneMapper IDX software V1.5. 

This study followed the publication guidelines of FSI: Genetics for 
population genetic data [13–15] and allele nomenclature [16]. The 
dataset was submitted to STRidER [17] for quality control and approved 
(reference STR000351). 

2.4. DNA sequencing 

Off-ladder and otherwise unusual alleles were re-amplified in sin
gleplex using unlabelled primers (Table S4; [18]), separated via 
agarose gel electrophoresis, and bi-directionally sequenced using 
standard Sanger technology. Sequences are available from GenBank 
under accession numbers MZ090893–MZ090901. 

2.5. Forensic and statistical analysis 

The software package ML-RELATE [19], in conjunction with Yfiler Plus 
profiling (data not shown) and ancestry information, was used to screen 
for any undeclared brothers within the dataset. STRAF 1.0.5 [20] was used 
to calculate allele frequencies, Random Match Probability (PM), Power of 
Discrimination (PD), Power of Exclusion (PE), Typical Paternity Index 
(TPI), Genetic Diversity (GD, also equivalent to expected heterozygosity) 
and observed heterozygosity. Arlequin v 3.5.2.2 [21] was used to test 
Hardy-Weinberg equilibrium, to calculate expected heterozygosity, and to 
perform AMOVA on genotypes and RST genetic distance matrices to 
investigate genetic diversity within and between the eight provinces and 
five language groups. Genetic distances were visualised using Principal 
Coordinates Analysis (PCoA) within the GenAlEx suite [22] for language 
groups, provinces and counties within Kenya using the full GlobalFiler 
profiles. Distances were calculated from the Pairwise Population Matrix of 
Mean Population Codominant Genotypic Genetic Distances and the scaling 
on the axes corresponds to the resultant Eigenvalues. Pairwise FST values 
calculated with POPTREE2 [23] were based upon allele frequencies at the 
15 STR loci targeted by the AmpFlSTR Identifiler kit (CSF1PO, D13S317, 
D16S539, D18S51, D19S433, D21S11, D2S1338, D3S1358, D5S818, 
D7S820, D8S1179, FGA, THO1, TPOX and vWA) that were shared with 
other African population studies. The FST values were also used to generate 
multidimensional scaling (MDS) plots with the (MASS) package [24] in the 
R library. The data generated here were compared with data from other 
populations as follows: African Americans in USA N = 543 [25], amaX
hosa and amaZulu in South Africa N = 120 and N = 100 respectively [26]; 
Angolans in Cabinda N = 152 [27]; Botswana N = 990 [28]; Equatorial 
Guineans in Madrid N = 134 [29]; Guinea Bissauans in Portugal N = 70 
[27]; Kenya N = 150 [9]; Mozambique N = 42 [30]; Namibian Ovambo 
(Bantu) N = 195 [31]; Rwandan Tutsi (Bantu) N = 124 [32]; Saudi Ara
bians N = 523 [33]; Somalians resident in Denmark N = 404 [34]; Sudan 
– N = 498 [35]; Meru (Bantu) from Northern Tanzania N = 172 [36]; 
Ugandan Karamoja N = 218 [37]. 

3. Results 

3.1. Ethnolinguistic composition of the sample set 

Following recruitment of 510 DNA donors, we analysed supplied 
personal details to understand their linguistic, geographic and ethnic 
backgrounds, and to seek evidence for recent admixture. In our dataset 
linguistic and ethnic group affiliation were perfectly correlated for 
Western-Nilotic, which was spoken solely by members of the Luo ethnic 
group, and Southern-Nilotic by the Kalenjin. 

All 25 donors belonging to the Cushitic linguistic group had both 
parents from the same ethnic group as themselves. This was also true of 
95.9% (70/73) of Southern-Nilotic, 90.4% (85/94) of Western-Nilotic 
and 84.0% (21/25) of Eastern-Nilotic speakers. When a parent was 
from a different ethnic group, this was in all cases the mother, who was 
from a Bantu group. Among the Bantu speakers themselves, 89.4% of 
parents were from the same ethnic group, 6.5% were from different 
Bantu groups, seven (2.4%) had a Western-Nilotic, four (1.4%) a 
Southern-Nilotic and one (0.3%) a Cushitic-speaking parent; in all but 
one case the non-Bantu parent was the mother. Overall, 91.4% of do
nors’ parents came from the same ethnic group and 95.1% from the 
same language group. 

Most DNA donors had both parents born in their own province of 
birth: North-Eastern (100%, N = 4), Nyanza (93.8%, N = 129), Coast 
(88.4%, N = 69), Eastern (86.9%, N = 61), Central (83.7%, N = 43), 
Western (80.6%, N = 62), and Rift Valley (76.7%, N = 120). This was 
not true of donors who were born in Nairobi Province; while both of 
their parents still tended to be born in the same province as each other 
(68.2%, N = 22) all but two of these couples (9.1%) had moved to 
Nairobi Province from another part of Kenya before the birth of their 
child, reflecting the influx to the capital in recent years. Overall, 87.1% 
of parents were both born in the same province and 69.2% in the same 
county. Only five of 1020 parents were born outside of Kenya, in either 
Ethiopia or Uganda. 

There is a clear association between language and province of birth 
which is particularly marked for the Southern and Eastern Nilotes 
(97.3% and 88.0% from Rift Valley respectively) and Western Nilotes of 
whom 90.3% were from Nyanza. The sampled Cushitic speakers origi
nated from the Coast (36%), Eastern (28%), North Eastern (16%) and 
Nairobi Provinces (20%), whilst the Bantu were broadly distributed 
across all but North Eastern Province though at a lower proportion from 
the predominantly Nilotic Rift Valley (Table S5, Fig. S1, online resources 
https://microreact.org/project/qACZKEyuTqviiDDkSTy3A4/c92f2238, 
https://microreact.org/project/eBpydzMtpSz3RV3SiFNnRN/d011b03f 
[Province and County map respectively]). 

3.2. Description of data and forensic statistics 

The 21 autosomal STRs included in the GlobalFiler kit were analysed 
in 510 Kenyan men. In Table 1 we present allele frequency data and 
forensic statistics for the entire Kenyan dataset; Table S6 provides the 
same measures for each of the eight Kenyan provinces (Fig. 1a) and five 
language groups (Fig. 1c). 

The least variable loci are THO1 and D16S539, each with eight allelic 
variants in the Kenyan dataset, and the most variable locus was SE33 with 
45 alleles. While SE33 gave the highest Probability of Discrimination 
(0.9889), the lowest (0.8770) was provided by D3S1358. In comparison to 
the Identifiler multiplex currently used in Kenyan forensic investigations, 
GlobalFiler decreased the random match probability from 6.4 × 10–19 to 
3.9 × 10–27. 

3.3. Rare variants and off-ladder alleles 

Forty-two alleles were each observed only once in the entire dataset. 
Of these, six were also globally rare, and were among the eight off-ladder 
alleles recorded at these loci: CSF1PO (9.3 [Nobs = 1]), D12S391 (24.2 
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Table 1 
Kenyan allele frequencies and forensic statistics.  

Allele CSF1PO D10S1248 D12S391 D13S317 D16S539 D18S51 D19S433 D1S1656 D21S11 D22S1045 D2S1338 D2S441 D3S1358 D5S818 D7S820 D8S1179 FGA SE33 TH01 TPOX vWA 
–1                  0.002    
4.2                  0.002    
5.2                  0.002    
6                   0.180 0.051  
7 0.044              0.006    0.391 0.009  
7.1               0.001       
7.2                  0.001    
8 0.044   0.043 0.031         0.068 0.204    0.225 0.291  
9 0.080 0.006  0.023 0.211  0.003     0.002  0.028 0.128 0.004   0.149 0.307  
9.3 0.001                  0.044   
10 0.262 0.002  0.030 0.099 0.003 0.013 0.003  0.027  0.046  0.060 0.363 0.016  0.002 0.008 0.072  
10.1               0.001       
10.2      0.002 0.001           0.002    
11 0.210 0.064  0.292 0.289 0.002 0.068 0.047  0.174  0.314 0.001 0.174 0.185 0.055  0.003 0.001 0.227 0.004 
11.1            0.002          
11.2       0.001           0.010    
11.3    0.001        0.044          
12 0.294 0.133  0.393 0.232 0.055 0.112 0.062  0.043  0.150 0.002 0.391 0.097 0.145  0.005 0.001 0.039 0.001 
12.1              0.001        
12.2       0.025           0.008    
12.3            0.004          
13 0.052 0.258  0.153 0.128 0.043 0.220 0.115  0.009  0.044 0.003 0.256 0.015 0.159  0.015  0.003 0.010 
13.2      0.004 0.066           0.011    
14 0.011 0.280 0.006 0.064 0.008 0.055 0.233 0.216  0.060  0.325 0.066 0.020  0.312  0.028   0.090 
14.2      0.001 0.069           0.009    
14.3        0.019    0.001          
15 0.002 0.157 0.094 0.001 0.001 0.126 0.095 0.188  0.251 0.002 0.061 0.325 0.003  0.224  0.048  0.001 0.197 
15.2      0.005 0.054           0.004    
15.3        0.023              
16  0.080 0.097   0.175 0.018 0.148  0.274 0.048 0.007 0.312   0.071  0.075   0.249 
16.1                 0.001     
16.2      0.006 0.022      0.001         
16.3        0.096              
17  0.019 0.175   0.172 0.002 0.026  0.154 0.129  0.239   0.012 0.002 0.102   0.183 
17.1   0.002             0.001      
17.2      0.005       0.002    0.001 0.002    
17.3   0.001     0.036              
18  0.001 0.251   0.133  0.004  0.009 0.061  0.047   0.003 0.021 0.143   0.143 
18.1   0.001                   
18.2      0.001           0.002 0.001    
18.3        0.012              
19   0.137   0.128  0.001   0.155  0.002    0.036 0.125   0.085 
19.1   0.005                   
19.2                 0.006     
19.3        0.005              
20   0.070   0.056     0.108      0.049 0.063   0.028 
20.2                  0.004    
21   0.055   0.020     0.120      0.095 0.051   0.008 
21.2                  0.009    
22   0.031   0.009     0.149      0.201 0.011   0.001 
22.2                  0.004    
23   0.044        0.080      0.165 0.003    
23.2                  0.006    
23.3         0.002        0.002     
24   0.015        0.074      0.146 0.001    

(continued on next page) 
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Table 1 (continued ) 

24.2   0.001               0.022    
24.3         0.013             
25   0.010        0.041      0.110     
25.2   0.001               0.033    
25.3         0.002             
26   0.004      0.003  0.026      0.063     
26.1                 0.001     
26.2                  0.056    
27   0.001      0.054  0.007      0.039 0.001    
27.2                  0.049    
28         0.232        0.026 0.003    
28.2                  0.033    
29         0.213        0.015     
29.2                  0.030    
30         0.190        0.007     
30.2         0.005        0.002 0.006    
31         0.072        0.003     
31.2         0.036        0.001 0.006    
32         0.014             
32.1         0.001             
32.2         0.063         0.006    
33         0.004        0.001 0.001    
33.1         0.002             
33.2         0.034         0.003    
34         0.015         0.002    
34.2         0.003             
35         0.024             
36         0.014             
37         0.004             
38         0.002             
41.2                 0.001     
42.2                 0.002     
43.2                 0.002     
44.2                 0.001      

CSF1PO D10S1248 D12S391 D13S317 D16S539 D18S51 D19S433 D1S1656 D21S11 D22S1045 D2S1338 D2S441 D3S1358 D5S818 D7S820 D8S1179 FGA SE33 THO1 TPOX vWA 
N 1020 1020 1020 1020 1020 1020 1020 1020 1020 1020 1020 1020 1020 1020 1020 1020 1020 1020 1020 1020 1020 
Nall 10 10 20 9 8 20 16 16 23 9 13 12 11 9 9 11 28 45 8 9 12 
PIC 0.757 0.774 0.844 0.688 0.759 0.866 0.843 0.851 0.832 0.774 0.881 0.729 0.686 0.704 0.732 0.770 0.868 0.924 0.699 0.721 0.806 
PM 0.073 0.068 0.037 0.120 0.076 0.028 0.034 0.033 0.040 0.066 0.024 0.099 0.123 0.109 0.086 0.067 0.026 0.011 0.108 0.097 0.050 
PD 0.927 0.932 0.963 0.880 0.924 0.972 0.966 0.967 0.960 0.934 0.976 0.901 0.877 0.891 0.914 0.933 0.974 0.989 0.892 0.903 0.950 
PE 0.498 0.563 0.705 0.495 0.560 0.716 0.625 0.724 0.685 0.570 0.787 0.542 0.491 0.546 0.444 0.581 0.756 0.820 0.459 0.525 0.592 
TPI 1.947 2.277 3.446 1.932 2.257 3.592 2.684 3.696 3.228 2.318 4.811 2.161 1.917 2.179 1.723 2.383 4.180 5.667 1.783 2.073 2.452 
Hobs 0.743 0.780 0.855 0.741 0.778 0.861 0.814 0.865 0.845 0.784 0.896 0.769 0.739 0.771 0.710 0.790 0.880 0.912 0.720 0.759 0.796 
GD 0.789 0.802 0.859 0.730 0.791 0.879 0.859 0.866 0.850 0.803 0.892 0.764 0.734 0.743 0.767 0.799 0.880 0.929 0.740 0.761 0.829 
pHW 0.881 0.075 0.072 0.663 0.535 0.021 0.888 0.784 0.889 0.503 0.491 0.084 0.062 0.294 0.104 0.816 0.646 0.404 0.639 0.916 0.456 

Notes: N: total number of alleles; Nall: number of alleles observed per locus; PIC: polymorphism information content; PM: random match probability; PD: power of discrimination; PE: power of exclusion; TPI: typical 
paternity index; Hobs: observed heterozygosity; GD: gene diversity (equivalent to Hexp: expected heterozygosity); pHW: Hardy-Weinberg equilibrium p-value. 
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[1], 25.2 [1]), D21S11 (23.3 [2], D8S1179 (17.1 [1]), FGA (33 [1]) and 
SE33 (5.2 [2], 7.2 [1]). Off-ladder alleles of similar length have been 
logged previously in STRBase (http://strbase.nist.gov/index.htm) [38]. 
Both of the rare off-ladder alleles that were recorded twice (D21S11 23.3 
and SE33 5.2) were among the Kalenjin of the Rift Valley, although each 
allele was traced to different subclans and counties, suggesting the vari
ants may not be uncommon in this ethnic group. 

Sanger sequences of off-ladder alleles are presented in Table S7 
following both the original NIST STRBase nomenclature and current 
ISFG guidance [15] to report the forward strand of the human 
genome reference sequence in outputs from massively parallel 
sequencing (MPS) studies, as implemented in the NCBI STRSeq 
database (NCBI Accession: PRJNA380127). These recommendations 
have led to nomenclature changes for several loci including CSF1PO, 
which was originally described as an [AGAT]n repeat but should now 
be re-designated as the reverse complement [ATCT]n. The 9.3 in
termediate CSF1PO allele results from deletion of the base that de
limits the boundary between the repeat region and the flanking 
sequence separating a highly variable [ATCT]n array from a typically 
invariant A[ATCT]3 motif. In this case, deletion of the intervening A 
increases the number of contiguous ATCT tetramer repeats by three 
despite reducing the overall length by 1 bp. This mutation has been 
reported previously in NCBI dbSNP as rs1392493641; unfortunately, 
there is no information on the geographic origin of this rare database 
variant. 

The two D12S391 off-ladder alleles (24.2 and 25.2) both possess a 
partial repeat (AT) within the initial [AGAT]n block of the canonical 
[AGAT]n[AGAC]n[AGAT] structure, suggesting they have a common 
origin, and share this feature with a 22.2 allele in the STRseq database 
(accession MH167176.1). The two short SE33 alleles (5.2 and 7.2) also 
display a shared 14-bp deletion removing a dinucleotide and three tetra
nucleotide repeats (CT[CTTT]3), that is usually considered as part of the 
flanking region following immediately after the last variable [CTTT]n 
block. The same deletion was noted in an 11.2 allele, a length that was 
observed ten times in this dataset, and in a 10.2 allele that is included in 
the STRSeq database (accession MH232698.1). The end of the repeat 
array is also the location of the variant giving rise to the D8S1179 17.1 
allele, but in this case an additional T is inserted within the terminal 
[TCTA] repeat to form a [TCTTA]. A 13-bp deletion starting 12 bp into the 
3′ flanking DNA is the cause of the 23.3 allele at D21S11 which has 27 
repeats within the region where length variation is normally seen. A 24.3 
allele with the same deletion and one extra tetramer in the last repeat 
block is recorded in STRSeq (MT298832.1); this variant has been observed 
four times in a UK-based study [39] in three North East Africans and one 
West African. Unlike the other off-ladder alleles which were of interme
diate repeat size, the FGA 33 allele has an unusually long major repeat 
tract but otherwise matched a previously observed structure of mixed 
tetramer repeat motifs (similar to FGA allele 30, MH232639.1). 

An apparent case of a type-2 [40] tri-allelic pattern with three evenly 
balanced peaks (8,10,11.3) was noted at D7S820 in an individual who also 
appeared to be homozygous at SE33 for the uncommon allele 21 
(Fig. S2a). However, Sanger sequencing of the apparent D7S820 allele 
11.3 showed this instead to be an extremely truncated SE33 allele with a 
60-bp 5′ flanking deletion and an apparent length of − 1 repeat, similar to 
an allele previously reported in a Somali individual [41] and an identical 
structure to a “2-repeat” allele in a Saudi man which had three more 
tetramers in the longest uninterrupted stretch of CTTT [42]. The one other 
observation of an apparent D7S820 11.3 allele in the Kenyan dataset was 
associated with a D7S820 allele 10 peak of twice the height and an 
apparently homozygous SE33 allele 15; this is also likely to be a SE33 
heterozygote for the same truncated allele. A true type-2 tri-allelic pattern 
(6,10,11) was reproducibly detected at TPOX in one individual (Fig. S2b); 
we assume that this individual carries an extra copy of the locus, which in 
98% of tri-allelic Africans is associated with presence of an allele 10 [43]. 

One male yielded no peak at Amelogenin Y, despite a standard result 
at the Y indel and DYS391 loci (Fig. S2c) and a complete Yfiler Plus 

profile (data not shown). This individual would be wrongly identified as 
a female if the Amelogenin Y locus alone were to be tested. Most Ame
logenin Y-negative cases result from large-scale deletions which 
encompass some neighbouring Y-STR loci [44], but in this instance the 
cause appears to be more genomically localised. Attempts to amplify the 
locus with primers outside of those used in the GlobalFiler kit failed to 
yield a product from the Y, and Sanger sequencing showed only the 
X-linked copy, suggesting that a Y-chromosomal deletion had occurred 
but on a smaller scale than that usually associated with Amelogenin Y 
deficiency. 

3.4. Analysis of genetic structure by geography and language family 

None of the loci deviated from Hardy-Weinberg equilibrium in the 
combined Kenyan dataset following Bonferroni correction; however, 
D10S1248 displayed a significant deficiency of heterozygotes in the 
Cushitic subset (p ≤ 0.0001) whilst other loci were clearly in Hardy- 
Weinberg equilibrium suggesting a possible null allele may be segre
gating in this population. 

As migration into and within Kenya has led to an inter-mixed and 
patchy distribution of ethnic groupings and languages, we explored 
population differentiation at the linguistic, geographic and ethnic group 
levels. AMOVA with respect to language groups showed evidence of 
inbreeding (FIS = 0.01331, p < 0.01), which was also significant within 
the ethnically structured Bantu group (FIS = 0.01376, p < 0.05). Overall 
FST was not significant but pairwise comparisons highlighted several 
cases of differentiation: Bantu/Southern- and Eastern-Nilotic, Western- 
Nilotic/Southern- and Eastern-Nilotic, Cushitic/Western-Nilotic (all 
p < 0.0001) and Cushitic/Southern-Nilotic (p < 0.05) while Bantu/ 
Cushitic was significant only prior to Bonferroni correction (Table 2). 

A similar analysis of the provinces also detected evidence of 
inbreeding (FIS = 0.01381, p < 0.01) but this was not the case for any 
of the provinces individually. Once again overall FST was not signifi
cant but pairwise comparisons showed that Rift Valley was differen
tiated from both Coast and Nyanza (p < 0.001) (Table 3). As both 
analyses showed that overall FST was approaching significance, PCoA 
was used to examine the whole dataset. The relative placement of the 
sub-populations in the PCoA plot closely mirrored the geographic 
arrangement of the provinces (Fig. 2). Allele frequency data from 
published sources was used to extend this to a comparison with 
neighbouring countries through an MDS plot (Fig. 3) based on pair
wise FST for the 15 Identifiler loci (CSF1PO, D13S317, D16S539, 
D18S51, D19S433, D21S11, D2S1338, D3S1358, D5S818, D7S820, 
D8S1179, FGA, THO1, TPOX and vWA). In the first instance the 
Kenyan dataset was treated as a whole and compared with an existing 
dataset (referred to here as ‘Kenya-KMN’) comprising 50 individuals 
randomly sampled from blood transfusion centres in each of the three 
largest Kenyan cities: Kisumu (sampling Nyanza and the broader 
Western Province), Mombasa (sampling coastal Kenya) and Nairobi 
(sampling the Nairobi region and part of the wider Central Province) 
[9]. The two Kenyan datasets fell close together (Fig. 3a) but ours was 
displaced towards the Ugandan and Sudanese datasets (both largely 
Southern- and Eastern-Nilotic) and Somalia (predominantly Cushitic). 
This probably represents under-sampling of these two groups in the 
Kenya-KMN dataset, derived largely from Western-Nilotic (Nyanza) 

Table 2 
Pairwise FST between Kenyan linguistic groups.  

Language family Bantu Cushitic W. Nilotic S. Nilotic E. Nilotic 

Bantu  0.00684 0.30566 <0.00001 <0.00001 
Cushitic 0.00442  <0.00001 0.00391 0.23926 
W. Nilotic 0.00031 0.00779  <0.00001 <0.00001 
S. Nilotic 0.00377 0.00539 0.00442  0.09375 
E. Nilotic 0.00848 0.00237 0.00849 0.00299  

Note: p-values are given above the diagonal. 
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and Bantu majority provinces (Fig. S3). To explore this further, the 
current dataset was subdivided into the five linguistic groupings 
which resulted in the Cushitic subset falling between Somalia and a 
Saudi Arabian population, the Southern and Eastern Nilotes clustering 
together with Uganda and Sudan, the Western Nilotes with neigh
bouring Tanzania and the Bantu closest to the Kenya-KMN dataset and 
near the other predominantly Bantu datasets (Fig. 3b). 

4. Discussion 

Kenya is a country of great diversity, linguistically, culturally and 
geographically. Whilst the proportion of Kenyan residents with ancestry 
outside of Africa is very low (~0.3%, 2019 Census), the indigenous pop
ulation, broadly sampled in this study, originated largely through ancient 
migrations from the North (Nilotic-speaking pastoralists), North-East 
(predominantly Cushitic nomadic groups and coastal traders) and West 
(Bantu farmers and Luo fishing communities), each group having distinct 
lifestyles which initially limited mixing [45]. These incoming groups 
effectively displaced or absorbed the low-density hunter-gatherer pop
ulations that previously occupied the region. 

Geography played a major role in channelling migration through 
environments suitable for pursuing these lifestyles. As a result, a 
patchwork of diverse groups occupying discontinuous but ecologically 
similar regions was formed. Among neighbouring populations of 
different origins there was some exchange of agricultural practices, 
which in some instances progressed to alliances and even mergers be
tween ethnic groups resulting in increased intermarriage, and aban
donment of former lifestyles and languages [45]. In this way whilst 
geography, culture and language contribute to differentiation, these 
divisions are porous, and groups are open to exchange, merger and 
complete replacement. 

In this study both geography and linguistic affiliation were shown to 
be significantly associated with genetic differentiation. The Nilotic 
language family within Kenya is divided into three branches [46]: 
Eastern, Southern and Western, broadly associated with three ethnic 
groupings. These are the Plain Nilotes speaking Eastern-Nilotic Maa 
languages (including the Maasai, Turkana and Samburu ethnic groups of 
the Rift Valley zone and the isolated Teso ethnic group in Western 
Province), the Highland Nilotes speaking Southern-Nilotic Kalenjin (the 
Keiyo, Kipsigis, Marakwet, Nandi, Ogiek, Pokot, Sabaot, Terik and 
Tugen peoples, which together comprise the Kalenjin ethnic group) and 
the River Lake Nilotes speaking Western-Nilotic Luo. Eastern and 
Southern Nilotic were previously grouped as Paranilotic languages [47] 
largely as a result of their greater proportion of Cushitic loan-words 
leading to the alternative name of Nilo-Hamitic. This usage has been 
abandoned as it does not stem from a closer fundamental relationship 
between these two language groups but may indicate subsequent greater 
social contact between the Eastern and Southern Nilotic-speaking ethnic 
groups and Cushitic-speaking peoples [48]. Indeed, we found no evi
dence from the autosomal STR data that the Plain and Highland (‘Par
anilotic’) groups are differentiated from the Cushitic speakers whilst the 
River Nilotes (Luo), who largely reside in the west furthest from the 
predominantly Cushitic regions of Kenya, show significant genetic dif
ferentiation from them (FST, p < 0.0001). Similarly, the Western-Nilotic 
Luo are undifferentiated from the neighbouring Bantu population and 
we found the highest frequency of intermarriage between these groups 
in the ancestry data provided by donors. The Bantu-speaking Abasuba 
have taken a further step and become assimilated within the Luo within 
the past 200 years as a result of intermarriage, shared fishing-based 
lifestyles, proximity and trade, and have now largely adopted the 
Western-Nilotic language [49]; at least six Luo donors in this study have 
Abasuba ancestry. These findings closely mirror those achieved with a 
much larger panel of non-forensic STRs [6]. 

Further support for a long-term history of admixture between Nilotic 
groups and the Bantu comes from anthropometric studies [50,51]. The 
Sabaot sub-group of the Kalenjin show greater physical similarity with 
the neighbouring Bantu than with many of their fellow Southern-Nilotic 
Kalenjin speakers, and the Eastern-Nilotic Teso are not only physically 
but also culturally closer to the Bantu than other Nilotic-speaking ethnic 
groups having converted from pastoralism to farming. Amongst the 
eight Teso donors in our dataset half have at least one Luhya (Bantu) 
parent or grandparent, and this is also true of one of the three Sabaot 
donors. Even among Bantu-speaking donors, one Luhya had Sabaot 
ancestors in both his maternal and paternal lineages but by cultural 
convention the individual’s ethnic identity is that of his father. This 
reflects the historical pattern of women’s flexibility in marriage 
including marrying into their husband’s ethnic group. Female-mediated 
gene flow will tend to homogenise allele frequencies at autosomal loci 
but the lower frequency of male-mediated gene flow implied by the 
supplied ancestry data in this study would suggest that more marked 
differentiation will be seen with Y-STRs, and this will be explored in a 
forthcoming paper on Yfiler Plus profiling of the same dataset. 

In our analysis we used the eight former provinces to subdivide the 
population rather than the current 47 administrative counties, in order 

Table 3 
Pairwise FST between Kenyan provinces.  

Province Central Coast Eastern Nairobi Province Rift Valley N Eastern Nyanza Western 

Central  0.00977 0.82031 0.49805 0.05371 0.34082 0.00586 0.08496 
Coast 0.00362  0.17969 0.77344 <0.00001 0.08008 0.06836 0.0166 
Eastern 0.00001 0.00104  0.9834 0.02539 0.34766 0.03711 0.43555 
Nairobi 0.00024 0.00001 0.00001  0.49902 0.40039 0.74023 0.62012 
Rift Valley 0.00212 0.00618 0.00202 0.00023  0.27246 <0.00001 0.0127 
N Eastern 0.00481 0.01363 0.00502 0.00315 0.00767  0.15918 0.21289 
Nyanza 0.00296 0.00129 0.00147 0.00001 0.00298 0.00955  0.97363 
Western 0.00207 0.00253 0.00016 0.00001 0.00199 0.00737 0.00001  

Note: p-values are given above the diagonal. 

Fig. 2. FST genetic distances between Kenyan provinces. Genetic distances 
between provinces, visualised through Principal Coordinates Analysis (PCoA); 
the inset rotated map illustrates the correspondence between genetics 
and geography. 
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to provide adequate sample sizes for comparison. The provincial 
boundaries tend to encompass groups of counties occupied by different 
ethnic groups within the same linguistic family and so the linguistic and 
geographic subsets here are closely correlated (see Fig. S1). Due to 
settlement patterns being determined by the patchy availability of 
suitable environments, smooth clinal variation in autosomal allele fre
quencies resulting from the migration of different groups into the Ken
yan region would not be expected even though genetically diverse 
populations colonised the country by migration from different cardinal 
points [45]. However, a principal coordinates analysis (PCoA) plot 
(Fig. 2) reflects the relative geographic placement of the eight provinces, 
suggesting that genetic similarity does decay with distance apart. 

Closely related ethnic groups often occur in neighbouring countries 
separated by political borders drawn during the colonial era with little 
regard to the distribution of the indigenous people. Consequently, data 
from population datasets collected outside of Kenya may be relevant to the 
assessment of allele frequencies within particular ethnic groups. This is 
particularly true where the majority of the ethnic group live outside of 
Kenya; the Somali are a good example of a minority group within Kenya 
who are most abundant in neighbouring Somalia but have only been 
extensively sampled through expatriate communities living in Europe. 
PCoA analysis (Fig. 2) revealed a predictable clustering of Kenyan lin
guistic groups with countries in which related ethnic groups occur. 
However, the Kenyan Cushitic sample is displaced beyond the Danish 

Fig. 3. Genetic relationships of Kenya and its linguistic groups with other populations in Africa and Arabia. Multidimensional scaling (MDS) plot based on pairwise 
FST values derived from autosomal STR data at the Identifiler loci. Data from the present study are compared with previously published datasets including Kenya- 
KMN (red, N = 150 [9]) and other African populations, as well as a Saudi Arabian sample, as (a) the undivided Kenyan sample (blue triangle), and (b) the five Kenyan 
linguistic sub-divisions (Bantu, Cushitic, Western-, Southern- and Eastern-Nilotic – blue). The inset map shows locations of populations, with Kenya highlighted in 
blue and other countries highlighted in arbitrary colours. Comparative data sources are given in Section 2. AfrAm – African Americans; Eq. Guinea – Equatorial 
Guinea (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article). 
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dataset of expatriate Somalians towards a Saudi Arabian population. 
There are a number of possible reasons for this: it may suggest that the 
Cushitic sample in this study is not composed exclusively of Somalis, that 
there are Bantu Somalians among the Danish sample, and/or that Somalis 
themselves are characterised by strong clan structuring and genetic dif
ferentiation [52]. Granularity of ethnic distribution continues on a 
micro-geographic scale within Nairobi Province where the district of 
Eastleigh, just two kilometres from the centre of Nairobi, is over
whelmingly inhabited by expatriate Somalis [53], emphasising the need 
to consider relevant allele frequency databases and the choice of appro
priate theta corrections in an unevenly distributed society. 

Despite the diversity of the individuals sampled here, there were no 
truly novel allele lengths detected although many of the rarer variants 
had previously only been observed in an East African context. Indeed, 
when developing new multiplexes, the usual approach is to use African- 
American datasets for validation, and yet their ancestry is predomi
nantly Niger-Kordofanian (~71%), the language family that includes 
Bantu, with European ancestry (~13%) exceeding that from other Af
rican groups (~8%) [6]. Consequently, surveys of East African pop
ulations can reveal novel findings. Three observations have significance 
for the interpretation of autosomal profiles: the presence of an Amelo
genin Y null allele without drop-out of other Y markers, the presence of 
an additional TPOX allele which may be related to a translocation onto 
another chromosome (potentially the X [43]), and an extremely short 
SE33 allele that falls outside of the expected size range and could be 
mistaken for an off-ladder allele at another locus detected with the same 
dye. Beyond this, the application of GlobalFiler has demonstrated a 
significant improvement in discrimination power compared with Iden
tifiler (the current multiplex used by Kenyan forensic laboratories). A 
comparison with the existing Identifiler population frequency database 
derived from small samples from three of the largest cities in Kenya 
shows close similarity in allele frequencies with slight deviations that 
might be linked to undersampling of both Cushitic and Southern- and 
Eastern-Nilotic speaking ethnic groups. It is hoped that the data from 
this study will support and improve the reporting of match probabilities 
within the Kenyan legal system and thus support the robust application 
of forensics in Kenya. 

Online resources 

Interactive versions of the province and county maps (Fig. S1) are 
available at https://microreact.org/project/qACZKEyuTqviiDDkSTy3A4/ 
c92f2238 and https://microreact.org/project/eBpydzMtpSz3RV3SiFN 
nRN/d011b03f respectively. Clicking on the pie charts, label and colour 
buttons reveals additional data and ways of visualising the dataset. 
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