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Abstract Large forensic mtDNA databases which adhere
to strict guidelines for generation and maintenance, are not
available for many populations outside of the United
States and western Europe. We have established a high
quality mtDNA control region sequence database for
urban Nairobi as both a reference database for forensic
investigations, and as a tool to examine the genetic
variation of Kenyan sequences in the context of known
African variation. The Nairobi sequences exhibited high
variation and a low random match probability, indicating
utility for forensic testing. Haplogroup identification and
frequencies were compared with those reported from other
published studies on African, or African-origin popula-
tions from Mozambique, Sierra Leone, and the United
States, and suggest significant differences in the mtDNA
compositions of the various populations. The quality of
the sequence data in our study was investigated and
supported using phylogenetic measures. Our data demon-
strate the diversity and distinctiveness of African popula-
tions, and underline the importance of establishing
additional forensic mtDNA databases of indigenous
African populations.
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Introduction

Mitochondrial DNA analysis as a forensic tool is now well
established (for a review see e.g., [1]). At a rapid pace,
mtDNA typing is being implemented in laboratories
worldwide, using standard approaches for sequencing
HVI and HVII of the mtDNA control region [2]. The
laboratory aspects of basic forensic mtDNA sequencing
may be considered fully established, and advances
continue at a rapid pace in the development of quick
single nucleotide polymorphism-based (SNP) assays [3,
4], increased power of exclusion [5], and haplogroup
determination [6]. However, an area that has lagged
behind the laboratory development of mtDNA typing, and
that continues to restrict the utility of mtDNA forensic
testing, is the establishment of appropriate global popu-
lation databases. This is especially true for populations
outside of western Europe and the United States.

These statements relating to mtDNA database limita-
tions may seem somewhat surprising in the light of the
vast literature that exists on global mtDNA variation that
comes from molecular anthropological investigations [7,
8, 9], and the great effort that forensic scientists have
expended in establishing both local [10, 11, 12, 13] and
large, combined databases suitable for forensic applica-
tions [14, 15, 16]. However, published anthropological
mtDNA sequences are often too short for forensic
purposes, usually restricted to HVI, and lack standardiza-
tion from study to study in the sequence range that is
reported. Some attempts have been made to establish
standardization of sequence ranges and quality in forensic
science [17, 18, 19]. However, the typical forensic target
range of 16024-16365 for HVI and 73-340 for HVII is
also rather arbitrary, and omits adjacent highly variable
sites. Our present study targets the entire control region
sequence, accessing much additional variation and provid-
ing a reference database useful for any boundaries of HVI/



HVIL. The published quality standards for forensic
mtDNA sequence analysis should be sufficient to ensure
generation of correct sequences, if followed with care and
expertise. Unfortunately, however, recent analyses have
shown that mtDNA sequences published in forensic
journals are no less prone to suffer widely from “phantom
mutations” than those of anthropological studies [20, 21,
22, 23]. A principle reason for this is that most errors are
not those of laboratory processing or primary data
analysis, but of post-sequencing data transcription and
tabulation. The recent extensive discussion as to the causes
of mtDNA database errors should be taken greatly to heart,
and we feel that quality standards for publication of
forensic mtDNA databases should now be quite high.

The effort required to produce high quality mtDNA
databases is large enough that appropriate forensic data-
bases are not available for many world populations. As
law enforcement becomes more of a global cooperative
undertaking, and as mtDNA is increasingly used in
international cases of missing persons identification and
mass disasters (e.g. Shanksville, Pennsylvania, Pentagon,
and World Trade Center terrorist attacks of Sept. 11, 2002;
Armed Forces DNA Identification Laboratory [AFDIL]
and New York City Office of Chief Medical Examiner,
unpublished), establishment of global mtDNA databases
for forensic purposes should be accelerated and system-
atically pursued.

In order for forensic mtDNA testing to be used, it is
necessary to have an appropriate population database to
determine the rarity of sequence types encountered in
casework [1]. Ideally, the comparative database would
represent the mtDNA haplotype frequencies from an
assemblage of individuals who represent the potential pool
of contributors for the particular questioned sample. It is
well established that different ethnic, or population groups
(see [24] for useful distinction between these terms) differ
significantly in their mtDNA distributions [25, 26]. This
basic observation precludes the pooling of global data-
bases, but leaves incompletely answered the question of
how finely divided mtDNA databases should be within
ethnic or racial groups, at regional or local levels. This
question has been most thoroughly examined in Eur-
opeans, where there has been some evidence for popula-
tion homogeneity on a large scale [27]. However, even
within Europeans, a recent detailed study revealed that
despite the lack of statistically significant substructure at
the population level, reflecting broad dispersal of a
majority of mtDNA types, fluctuations in the frequencies
of particular mtDNA types was detectable at the local level
[28].

The high evolutionary rate and maternal inheritance of
mtDNA makes it extremely useful for forensic testing and
studies of population history. In the last decade, African
mtDNA data have been examined closely in an effort to
elucidate the history of human population expansion
across the world. Nonetheless, the sampling of mtDNA
variation in Africa is incomplete, particularly in the
southeastern portion of the continent. To date, forensic
studies from sub-Saharan African populations were
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restricted to variation revealed by sequence-specific
oligonucleotide (SSO) probes [29, 30]. In addition, several
studies of control region (CR) sequences [31, 32, 33] or a
combination of RFLPs and CR sequences [34, 35, 36]
have examined African populations. Together, these
studies provide strong evidence that modern Homo
sapiens originated in sub-Saharan Africa some 150,000—
200,000 years ago, with only particular branches of the
mtDNA lineage following human migrations out of Africa
to the rest of the world.

It is now clear that human control region sequences
evolve according to a complex pattern. Base composition
is not uniform, transitions occur in greater frequencies than
transversions, and the number of pyrimidine transitions in
the L-strand exceeds the number of purine transitions [37,
38]. Another striking feature of mtDNA sequence evolu-
tion is the great variation of evolutionary substitution rates
among sites [38, 39, 40, 41]. A model that most accurately
describes the complex substitution process of mtDNA is
necessary for accurate inference in evolutionary analysis.
For example, accounting for rate heterogeneity to obtain
unbiased estimates of the transition-transversion ratio is
particularly important for impartial estimation of measures
of genetic diversity and other parameters of population
history [42]. Accurate mtDNA databases are extremely
useful for evaluating these specific measures, as well as
examining other phylogenetic and evolutionary parameters
associated with mtDNA. Such analyses can reveal the
presence of systematic errors in databases [20, 21, 22, 23],
as well as provide information on the extent to which
databases should be subdivided at the population and
geographic levels.

Nairobi, the capital of Kenya, was founded in the late
1890s as a British railroad camp, in a region that was
historically inhabited by pastoral tribal groups. In 1905 the
city became the capital of the British East Africa
Protectorate (called Kenya Colony from 1920 to 1963)
and in 1963 Nairobi became the capital of independent
Kenya. Presently, Nairobi can be considered a melting pot
of tribal individuals who have, due to population
pressures, lack of sustainability of ancestral lifestyles,
and/or search for higher paying “white collar” jobs,
immigrated to the city. Due to the large influx of people
from rural areas, the population of Nairobi has grown from
about half a million in 1969 to the present population of
about 3 million. The immigrants represent many tribal
elements from Kenya, a country with more than 70 ethnic
groups divided into 3 linguistic groups namely Bantu
(comprising tribes such as Embu, Kamba, Kikuyu, Kisii,
Luhya, Meru, Kuria, Bukusu), Nilotes (Luo, Iteso, Nandi,
Kipsigis, Marakwet, Maasai) and Cushites (Boran,
Rendille, Somali). These ethnic groups have originated
from diverse countries of Africa such as Zaire, Ethiopia,
Tanzania, Uganda, Somalia and the Sudan. In addition to
mtDNA variation reflecting this African history, the
possibility also exists for genetic mixture with Europeans
(primarily British colonialists), Arabs, and various Asian
immigrants who arrived through British influence to work
on the railroads.
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We report here a database of entire mtDNA control
region sequences from urban Nairobi. This population
sample was chosen in order:

1. To begin to address the notable lack of forensic
mtDNA databases from continental Africa

2. To permit evaluation of the evidentiary significance of
mtDNA testing results from forensic casework
performed specifically in Nairobi

3. To investigate issues regarding combination (pooling)

of forensic databases in sub-Saharan African popula-
tions.

With regards to the latter, we tested for significant
differences in the distribution of mtDNA types between
the Nairobi population sample and other African popula-
tion samples, and examined the variation and relationships
of the Nairobi mtDNA sequences within the larger context
of continental African mtDNA haplogroup distributions.

Materials and methods
DNA samples and extraction

DNA was extracted from bloodstained filter paper cards
using either the Qiagen QIAamp DNA Mini kit or a
modified buccal swab protocol on the Qiagen 9604 robot.
The anonymous samples were obtained from 100
consenting volunteers from urban Nairobi (Kenya);
known maternal relatives were excluded. All individuals
appeared to be, and attested to be, of indigenous East
African ancestry.

Amplification and sequencing of mtDNA

PCR amplifications were conducted using primers F15878
(AAA TGG GCC TGT CCT TGT AG) and R649 (TTT
GTT TAT GGG GTG ATG TGA) or F15971 (TTA ACT
CCA CCA TTA GCA CC) and R599 (TTG AGG AGG
TAA GCT ACA TA). Automated PCR set-up was
performed on the MWG RoboAmp 4200 robotic work-
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Fig. 1 Number and distribution of polymorphic positions in the show certain deviations from the reference sequence. The scale was

human mitochondrial control region among 100 maternally
unrelated persons from Nairobi. X-axis Nucleotide position in the
control region. Nomenclature is in accordance with [43]. Positions
263 and 315.1 were removed from the diagram, as they were not
variable in the Nairobi population sample (position 315.1 was
shared by all individuals from the population sample; position 263
was found in 99% of all samples). Y-axis Number of individuals who

limited to #»=30 in order to allow for a better comparison of low
values. Values above n=30 are given above the respective bars.
Below the histogram, the recommended ranges for the hypervariable
regions are depicted (see Results & Discussion section), together
with a diagram representing the sequence ranges of the different
sequencing primers



station using a 96-well format. Reactions consisting of 1%
AmpliTaqg Gold reaction buffer (Applied Biosystems),
200 uM each dANTP, 200 nM each primer and either 5
units (F15878/R649) or 2.5 units (F15971/R599) Ampli-
Taq Gold, were carried out in a volume of 50 pl. Cycling
conditions for primers F15878/R649 were 95°C for
10 min and then 36 cycles of 94°C for 1 min, 56°C for
1 min, and 72°C for 2 min. Thermal cycler conditions for
primers F15971/R599 were 95°C for 10 min and then 36
cycles of 94°C for 30 s, 56°C for 30 s, and 72°C for 1 min.
PCR products were purified with exonuclease I (2.5 units)
and shrimp alkaline phosphatase (5 units), and then
sequenced with the Big Dye Terminator Cycle sequencing
kit (Applied Biosystems, Foster City, CA) on the MWG
RoboAmp 4200. Sequencing reactions were analyzed on
either an Applied Biosystems 377 or an Applied
Biosystems 3100 DNA Analyzer, following purification
with AGTC columns (Edge Biosystems, Gaithersburg,
MD). Primers used for sequencing, in addition to the
amplification primers, were: F16190 (CCC CAT GCT
TAC AAG CAA GT), F16450 (GCT CCG GGC CCA
TAA CAC TTG), F15 (CAC CCT ATT AAC CAC TCA
CG), F314 (CCG CTT CTG GCC ACA GCA CT), R274
(TGT GTG GAA AGT GGC TGT GC), R16400 (GTC
AAG GGA CCC CTATCT GA), and R16175 (TGG ATT
GGG TTT TTA TGT A) (Fig. 1).

The 5’ end of the control region of 5 samples (Nai040,
Nai050, Nai059, Nai060, and Nai084) had C-stretch
length heteroplasmy that degraded the quality of sequence
reads for some sequencing primers. To confirm the last
few bases of the control region, an additional amplification
was performed with F361 (ACA AAG AAC CCT AAC
ACC AGC) and R2216 (TGT TGA GCT TGA ACG CTT
TC), and the amplicon sequenced with R921 (ACT TGG
GTT AAT CGT GTG ACC).

The nucleotide positions in the mtDNA control region
sequences considered for the analysis of the samples were
16024-16569 and 1-576. Nucleotides are numbered
according to the revised Cambridge Reference Sequence
(rCRS [43, 44]). The sequences were aligned using
Sequencher software (GeneCodes, Ann Arbor, Michigan)
according to a series of rules developed for the consistent
placement of gaps [18].

Quality assurance

In order to ensure data quality, a redundant approach to
data generation and analysis was used. At the Armed
Forces DNA Identification Laboratory (AFDIL), duplicate
amplifications were sequenced in both the forward and
reverse directions. Consensus sequences were generated
independently by two scientists, and the results compared
to generate a final consensus sequence. The consensus
sequence was then exported directly from Sequencher into
a locked master database. The raw sequence lane files
were transmitted to the Institute of Legal Medicine (ILM),
Innsbruck, where they were again independently aligned
and edited for incorporation into the EMPOP (EDNAP
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mtDNA Population Database) [45, 46]. As a final check,
the AFDIL and ILM databases were compared; apart from
nomenclature issues regarding C-stretches, there were no
discrepancies. Sequence data in electronic form are
available from the authors upon request, and have been
submitted to GenBank, with accession numbers
AY632902-AY 632953, AY632955-AY 632958,
AY632960-AY 632983, AY632985-AY 633004.

To detect potential “phantom mutations” [21], the data
were checked using the computer program SPECTRA
([21], available at http://www.stats.gla.ac.uk/~vincent/fin-
gerprint/index.html). After preparing a binary matrix of
the data in the input format for the phylogenetic network
software package NETWORK (from the Fluxus Engineer-
ing Web site), the HVI and HVII “speedy transitions”
listed in [21] were removed. A reduced median network
was then constructed using NETWORK 4.0 [47], with a
reduction threshold set to 99. The resulting network
showed many reticulations (cubes) involving a number of
additional sites. SPECTRA was run under the DOS
prompt, computing the cube (f) and incompatibility (s)
spectra of the filtered data. The output of SPECTRA
consists of the two vectors f and s, where f counts the
number of (nodes, links, squares, cubes, hypercubes,...) in
the network, and s counts the number of sets of & positions
that are “incompatible”, which means that they are not
consistent with a tree, without assuming homoplasious
mutation. Using NETWORK, the number of links
corresponding to each site was counted in the network.
This measure was used in an ad hoc sequential decision
process of checking for correctness and then removing
sites until a perfect tree was obtained and the checking
process stopped. In addition to the sites recommended for
removal [21], the following were excluded according to
the process described above: 16069, 16166, 16168, 16169,
16207, 16224, 16230, 16344, 16368, 16390, 16399,
16519, 64, 73, 89, 183, 198, 200, 228, 236, 247, 294,
489, 511, 513. Additionally, we disregarded all poly-
morphisms in the C-stretches of HVI (around np 16189),
HVII (around np 310) and HVIII (around np 573), as well
as variations in an AC-short tandem repeat in HVIII [48].

Pairwise comparisons

Pairwise comparisons within and between populations
were performed using the program LookADat (J. Irwin,
AFDIL, unpublished), that permits hypervariable length
differences in C-stretches of HVI, HVII, and HVIII to be
ignored in the comparisons.

Random match probability

The random match probability was calculated as the sum
of the squares of the haplotype frequencies [25]. C-stretch
length variants were ignored in distinguishing haplotypes
for calculation of random match probability.
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Population genetic and molecular evolution analysis

Molecular diversity indices and an analysis of molecular
variance (AMOVA) were calculated in ARLEQUIN
(Version 2.0 [49]). The Nairobi data were compared with
109 sequences from Mozambique [36], 109 sequences
from Sierra Leone [50] and 1,148 sequences from African
Americans [50]. Permutation tests (1,000 replicates) were
used to evaluate the significance of calculated genetic
distances between populations. For this alignment,
sequences were trimmed to fit the greatest common
range 16024-16365 and 73-340.

Classification of mtDNA

mtDNA haplotypes from Nairobi were classified into
haplogroups and sub-haplogroups based on patterns of
shared haplogroup-specific or haplogroup-associated poly-
morphisms, as reported in [8, 9, 36, 51, 52, 53, 54, 55].

Results and discussion

We have determined the nucleotide sequence of the
complete mitochondrial DNA control region of 100
persons from Nairobi who are unrelated (as far as we
know) in their maternal lineage (Table 1). Sequence
comparisons led to the identification of 93 mitochondrial
lineages as defined by 198 variable sites. The mean
pairwise difference between individuals was 15.31 nucle-
otides (95% CI 15.16-15.47), compared to a mean
pairwise difference of 9.32 nucleotides in an Austrian
West-Eurasian population (273 unrelated individuals, data
not shown).

The distribution of variable sites across the mtDNA
control region in the Nairobi population sample is depicted
in Fig. 1. Our data underline the existence of an additional
hypervariable region (HVIII) located around positions
438-576 as postulated by [56]. The highest density of
polymorphic sites was obtained for hypervariable region |
(HVI), which contained 84 variable positions throughout
the 342 bp region 16024—-16365 (24.56%), and hypervari-
able region II (HVII) displayed 43 mutable sites within
268 bp (73-340, 16.05%). HVIII exhibited a slightly
lower variability with 18 polymorphic sites distributed
over 137 bp (13.14%). In contrast, the segments located
between the hypervariable regions showed nucleotide
substitution rates of only 3.45% (positions 16366—16569),
5.48% (positions 1-72) and 3.13% (positions 31-437). To
take 16024—-16365 as the range for HVI follows forensic
traditions, however, sites adjacent to this range such as
16368, 16390, 16391, and 16399 are also quite variable,
and would be useful to include within the range of HVI.
There is a rather conservative 21 bp region in between, but
such a relatively conservative region is also observed for
16024-16050. It would therefore be reasonable to follow
population genetics practice and use 16024—16400 as the
full HVI range also for forensic investigations. An

analogous situation is found with HVII, which tradition-
ally spans positions 73-340. However, there is a relatively
unstable region around np 44, so 44-340 might constitute
a more useful range for HVII (Fig. 1).

In five of the Nairobi samples, Nai040, Nai050, Nai059,
Nai060, and Nai084, we observed an unstable polycyto-
sine stretch (C-stretch) at the extreme 5’ end of the control
region, just a few bases prior to the start of the tRNAphe
gene. This is characterized by the insertion of additional C
residues into what is, in most people as well as the rCRS, a
run of six C residues. As has been documented for the C-
stretch regions of HVI and HVII [57, 58], this run of six or
more Cs is apparently associated with a heteroplasmic
mixture of multiple length variants (Fig. 2). This C-stretch
has been encountered in other populations [56, 59], and, as
with the Nairobi samples, the heteroplasmy is almost
always so pronounced that it is difficult to determine even
a majority length variant (but see the method we adopted).
Sequence data from reverse sequencing primers show that
the terminal ACA bases of the control region are retained
just prior to the beginning of the tRNAphe gene, so we
agree with others [18, 56, 59] in treating this condition as
involving C insertions rather than multiple A-C transver-
sions. We chose to designate length variation in this region
by counting the number of cytosines present in the
majority molecule type and listing those as insertions at
573 (Fig. 2). The majority molecule was inferred by
checking the highest “virtual” peak in any of the
downstream non-cytosine nucleotides. For example, the
nucleotides after the Cs are ACAG. Due to the preceding
length heteroplasmy, the single G appears as multiple
virtual G peaks. The highest virtual G peak corresponds to
the majority molecule type, and, logically, the C-stretch
ends four nucleotides before that majority G peak. We
have not observed a simple duplication of six Cs, as
previously reported [18].

Random match probability

The mtDNA diversity present in the Nairobi population
sample is extremely high and 88 of the 93 haplotypes were
seen only once. The most common haplotype in the
Nairobi database found was a profile assigned to
haplogroup L3b at a frequency of 4%. The probability
of a random match between two unrelated individuals was
calculated to be 1:83 (1.2%) for the entire CR and 1:81
(1.24%) for HVI+HVII (Table 2). The latter is lower than
the random match probabilities computed for similar sized
HVI+HVII databases from Sierra Leone (1:52 [50]) and
Mozambique (1:28 [36]). The Sierra Leone and Mozam-
bique populations may reflect a more geographically
localized sampling.

Comparison with other African populations

In order to evaluate the diversity observed in Nairobi in
relation to global African mtDNA variation, we compared
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Sequence positions are numbered according to the rCRS [43, 44]. Numbers in the motifs refer to transitions unless otherwise designated, a deletion is indicated by d, insertions bysSite. I, Site.2, etc...,

and transversions are in bold with the variant indicated.

Left panel lists polymorphisms from 16024-16569 (less 16000) including HV1.

Right panel lists polymorphisms from 1-576 including HV2.

Table 1 (continued)

HG
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a 573 574 1% dominant G

L v 254 3
A C A C [ C_C C_C C C C C A C A_]6 T T T
AC AC C CC CTCTCTCTCTCMNMNAMG BGBINIEG T T

573 574 1" dominant &
+ d 2 3 5 + +
G A C A C [ C C [ cC_C cC _C C C_ A C A_G H T
G ﬂ/l:\ﬂ C CC CCCCCCCCNNNBNT
5?3 574 1" dominant G
dJ 2 3 4 5 6 *
G A I: C C‘ C C ¢ ¢ ¢ C ¢ C A C A G G H
[ C C CC CCCCCNNGTG N

/ /\z ‘"/\/\/\/\/\/\N\/\/\/ V\AsAAAG

Fig. 2a-b  Length heteroplasmy at the 5’-end of the control region.
The indicated insertions (.1, .2, etc...) follow base position 573.
Examples show differing C-stretch lengths and degrees of length
heteroplasmy. a Example from one individual showing four cytosine
insertions as the majority sequence type. Upper panel L-strand
sequence, lower panel H-strand sequence. b Examples from three
individuals showing no C-insertions (upper panel), 5 C-insertions
(middle panel), and 6 C-insertions (lower panel)

the Nairobi sample set to databases of other African
populations (Mozambique, Sierra Leone and African
Americans Table 2). Only HVI and HVII data were
considered, since only the Nairobi database included entire
control region sequences. Pairwise comparisons showed a
considerable number of matches between Nairobi and
African American sequences: 19 individuals (15 out of 93
haplotypes) from Nairobi were found in African Amer-
icans (67 individuals, 15 out of 747 haplotypes).
Additionally, 5 individuals (5 haplotypes) from Nairobi
were found in Mozambique (13 individuals, 5 out of 64
haplotypes), and 2 individuals (1 out of 93 haplotypes)
from Nairobi were found in Sierra Leone (2 individuals, 1
out of 81 haplotypes). Pairwise comparisons between
populations revealed that 19% of the profiles from Nairobi
matched individuals in the African American database,
while 21% of the profiles (23 individuals, 9 out of 81
haplotypes) from Sierra Leone and 35% of the profiles (38
individuals, 18 out of 64 haplotypes) from Mozambique
were also present in the African American database (33
individuals, 9 out of 747 African American haplotypes
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Table 2 HVI + HVII (positions 16024-16365 and 73-340) molecular diversity measures for the analyzed African population databases

Population Sample Size  Haplotypes'  Segregating sites> Random matching Mean pairwise Reference
probability differences
(95% Confidence interval)
Nairobi 100 93 (93.0) 130 (21.0) 1.24% 15.31 (15.16-15.47)
Mozambique 109 64 (58.7) 97 (15.7) 3.61% 14.41 (14.22-14.60) [36]
Sierra Leone 109 81 (74.3) 89 (14.4) 1.91% 13.07 (12.93-12.22) [50]
African Americans 1148 747 (65.1) 227 (36.7) 0.25% 14.10 (14.08-14.11) [50]

The lower calculated random match probability of the African American population is due mainly to the fact that small sample sizes (e.g. n ?

100) give unique sequences an artificially high apparent frequency.

"Number of distinct haplotypes in sample (percentage of sample size).

“Number of sites variable in the sample (percentage of all sites).

found in Sierra Leone; 97 individuals, 18 out of 747
African American haplotypes found in Mozambique).
Interestingly however, there was not a single match
between individuals from Sierra Leone and Mozambique.

AMOVA was used to test for significant variation in the
mtDNA distributions among the various populations
(Table 3). Of the variance observed among the 4
populations, 97.04% is attributable to differences within
populations, and 2.96% (p<0.05) represents differences
among populations. This result was also noted previously
[30], and it is the extreme intra-population variability of
the mtDNA locus that renders it so valuable as a forensic
tool. The comparison of Fst values from pairs of
population samples (Tables 4 and 5) revealed that all of
the samples in these African-derived population databases
displayed highly significant differences in mtDNA
distributions.

Haplogroup distribution

We categorized most of the Nairobi sequences to accepted
sub-Saharan African haplogroups. One sample belonged
to the north African haplogroup U6a and a few haplotypes
from the Near and Middle East were also present in the
Nairobi dataset. Although individuals included in this
study were thought to be of East African ancestry, the
introgression of mtDNA from other ethnic groups is not
extremely surprising. For example, in African Americans,
European mtDNA sequences are not uncommon and the
most common European HVI/HVII type alone is seen at a
frequency of 0.6% in a forensic African American
database [50].

Table 3 AMOVA design and results

Source of d.f.  Sum of Variance Percent of
variation squares components variation
Among 3 178.775 0.28766 Va 2.96
populations

Within 1448 13664.271  9.43665 Vb 97.04
populations

Total 1451 13843.045 9.72431

Table 4 Population pairwise FSTs

Mozambique Nairobi Sierra African
Leone Americans
Mozambique  0.00000
Nairobi 0.02938  0.00000
Sierra Leone  0.04639  0.06141 0.00000
African 0.02667  0.04076 0.01730 0.00000
Americans
Table 5 FSTP-values
Mozambique Nairobi Sierra African
Leone Americans
Mozambique *
Nairobi 0.00000 *
Sierra Leone  0.00000  0.00000 *
African 0.00000  0.00000 0.00000 *
Americans

Many previous surveys of aboriginal populations have
demonstrated that the branches of the mtDNA tree
(composed of groups of related haplotypes or hap-
logroups) are continent-specific, with virtually no mixing
of mtDNA haplogroups from the different geographic
regions [60]. The four most ancient mtDNA haplogroups
(LO, L1, L2, and L3) are specific for sub-Saharan Africa. It
has been shown that for African populations there is a
close correspondence between the grouping identified by
CR sequences and those identified by HR-RFLP haplo-
types [35, 61]. In our case, 84% of the sequences could be
assigned with reasonable confidence to accepted mtDNA
haplogroups, based on shared constellations of poly-
morphisms previously shown to be diagnostic for, or
associated with, the named haplogroups (Table 6). How-
ever, the high prevalence of reversion mutations (homo-
plasy) present in the mtDNA control region in many cases
makes unambiguous haplotype assignment difficult, and
we did not categorize 16 of the samples (Table 1). The
latter may, at least in part, correspond to additional African
haplogroups or sub-haplogroups that have yet to be
characterized.
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Table 6 Characteristic control region motifs found for the haplogroups in the Nairobi sample

Haplogroup 16024—16569 Sequence motif (np-16000)

1-576 Sequence motif

1Bt 69-126

LOa (129)-148-172-187-188G-189-223-230-311-320

Lof (129)-169-(172)-187-189-223-(230)-278-311-327-368
L1b 126-187-189-223-264-270-278-311-519

Lic 129-163-187-189-209-223-278-293-294-311-360-519
Lle 129-148-166-187-189-223-278-(311)-(355)-(362)
L2a (189)-223-278-294-(309)-390

L2c 223-278-390

L2d1 129-278-300-354-390-399

L3bl (93)-124-223-278-362-519

L3el 223-325d-327

L3ela 185-223-327

L3e2b 172-183C-189-223-320-519

L3e3 223-265T-519

L3f 209-223-311

L3f1 (129)-209-223-292-(295)-311-519

L3g 223-293T-311-355-362-399

M1 (129)-189-223-249-311-519

pre-HV 126-362

Uba 172-189-219-278

73-263-295-489
93-(152)-(185)-189-236-247-263-315.1C-523d-524d
146-152-(185)-189-247-263-315.1C
73-152-182-185T-195-247-263-315.1C-357-523d-524d
73-152-182-186A-189C-247-263-315.1C-316A-523d-524d
73-152-182-195-247-263-315.1C-455.1T-455.2T-459.1C-523d-524d
73-(143)-146-152-195-263-315.1C

73-146-152-182-263-315.1C

73-146-263-315.1C

73-263-315.1C-523d-524d

73-150-185-189-263-309.1-315.1C

73-150-189-263-315.1C

73-150-195-263-315.1C
73-150-195-263-309.1-315.1C-523d-524d-573.1C-573.2C-573.3C
73-263-315.1C

73-189-200-263-315.1C

73-146-244-263-315.1C

73-195-263-315.1C-489

263-315.1C

73-263-315.1C

Those positions that have been found in the majority, but not in all samples from a respective haplogroup are in parentheses.

Haplogroup LO was represented by 23 individuals
belonging to LOa and LOf (Table 1). Haplogroup LI
appeared in our dataset as three haplotype clusters (L1b,
Llc, Lle, 7% of all samples) and haplogroup L2
comprised 10% of the Nairobi samples (L2a, L2c, L2d).
The CR sequences of haplogroup L3 amounted to 37% of
the Nairobi population sample (L3b, L3el, L3ela, L3e2b,
L3e3, L3f, L3fl, L3g) and 4% of the Kenyan population
sample belonged to the mitochondrial haplogroup M1
[51]. Haplogroups J1, (pre-HV)1, and U6a were each
represented by one individual, haplogroups J and (pre-HV)
1 are also prominent in the Near East and the Arabian
peninsula [62]. The particular (pre-HV)1 HVI sequence
has a match in a sample from Israeli Druze [62].

Sequence range

We have targeted the entire control region for this database
to permit access to additional discriminatory variation that
resides outside of HVI-HVII in the control region [5, 48].
In the case of this Nairobi database, the entire control
region discriminates only one additional haplotype as
compared to HVI-HVII sequencing, so it may seem to
give only a marginal return for the additional effort.
However, we have found that in high volume mtDNA
casework, especially in cases of mass fatalities, situations
are routinely encountered where multiple references match
in HVI-HVII, which can be distinguished by variation
from the entire control region. Accordingly, robust, short
amplicons suitable for degraded samples have been
designed to target these regions [63]. Moreover, most

laboratories require two or more differences between
sequences before exclusions can be reported [64, 65, 66],
and targeting additional variation can make the difference
between “inconclusive” and “exclusion.” To have this
additional variation available as a forensic tool in its most
useful form requires databases that cover the entire control
region. We would like to urge that, if possible, the entire
control region be sequenced for population reference
databases of the future.

Sequence data quality assurance

Phylogenetic methods have been put to use recently in
identifying errors in published databases [20, 21, 22, 23].
We investigated this approach [21] as a tool for assessing
the quality of our database as well. The method makes use
of the known patterns of variation in mtDNA, especially
the fact that particular sites evolve quickly and vary
extensively in populations, while others are far less rapidly
mutating or invariant. Phylogenetic analysis maps the
patterns of evolutionary mutations represented in an
mtDNA database. Departures from expectations in these
patterns—i.e., a site known to evolve slowly appearing to
evolve quickly—can flag systematic errors in a database.
In a high quality database, exclusion of “speedy transi-
tions,” the fastest sites, should permit the construction of a
phylogenetic network with few reticulations involving
parallel mutations, so that the remaining sites involved in
reticulations can either be checked (as correct) or
identified as errors. In our treatment, this was a greedy
sequential process. Partly because we analyzed the entire
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control region, our phylogenetic network showed many
reticulations even after the “standard” speedy transitions
[21] had been removed. It wasn’t until we had gone
through several cycles of removing sites involved in
network reticulations from the analysis (each time
checking definitively that the discarded data were correct)
that we obtained an incompatibility spectrum of (1 49) and
a cube spectrum of (50 49), pointing to the fact that all
characters were pairwise compatible. The ratio between
the numbers of speedy and weighty transitions in our data
was calculated as 1.5. The ratio of the number of weighty
transitions to the number of transversions plus insertions
and deletions (again disregarding C-runs), denoted as the
“WTTI ratio” by [21], was estimated as 1.6, similar to the
WTTI ratio of 1.5 [21] found for HVI (16051-16365) of
another high quality African dataset [67].

Conclusions

Errors in mtDNA databases, including many published in
the forensic literature, have received much attention in the
last few years [20, 21, 22, 23], and it can safely be said
that both the fields of forensic genetics and molecular
anthropology would be well served at this point by a
strong emphasis on producing, compiling, and distributing
mtDNA databases with as few errors as possible. We are
not aware of any convincing argument that sporadic errors
in mtDNA databases pose a substantial threat to the
interpretation of mtDNA evidence, but clearly every effort
should be taken to minimize errors, and databases with
widespread and/or systematic errors should be purged. As
has been pointed out (e.g., [20, 22]), many errors are
introduced not in the laboratory, but in processes of data
tabulation and transposition. (With this in mind, although
effort was made to ensure the correctness of Table 1, we
advise anyone wishing to analyze or use the data reported
in this paper to contact us for direct transfer in electronic
format or to download the sequences from GenBank). Our
phylogenetic examination of the quality of the Nairobi
database confirmed the absence of major systematic errors
(for example, a mix-up of site designations). While the
phylogenetic approach has proven extremely beneficial in
uncovering database errors, it constitutes a search tool for
discovering particular types of errors, rather than a defined
test for database correctness. Ultimately, our confidence in
the quality of the Nairobi database resides in the careful
and redundant approach we have taken to generating and
analyzing the data, in crosschecking the compiled
database, and in the use of bioinformatic tools to avoid
manual manipulations of the data.

We report a new database of entire mtDNA control
region sequences from Nairobi. The low average random
match probability indicates a strong utility for mtDNA
testing, and the database will now permit some assessment
of the relative rarity of mtDNA types encountered in
casework. Such a small sample, however, will not provide
accurate estimates of the actual population frequencies of
haplotypes, and certainly will miss a large number of

haplotypes that are present [68]. Our AMOVA results
clearly indicate that various African populations differ
significantly in the distribution of mitochondrial DNA
control region sequences. Therefore, it would be inap-
propriate to pool the databases of Nairobi, Mozambique
and Sierra Leone for the purposes of establishing a single,
large pan-African database. In these population samples,
unbiased estimates of haplotype frequencies can only be
obtained if the appropriate database is used, as evidenced
by the fact that samples seen only once in the Nairobi
database occurred at significantly higher frequencies in the
similarly sized Mozambique database.

While the number of mtDNA sequences from European
populations in forensic databases is now quite large, the
effort to increase the number of forensically established
African mtDNA population databases is only beginning.
The results of our study highlight the distinctiveness of
various African populations, and consequently, the need
for additional databases from indigenous African popula-
tions. Further studies of indigenous sub-Saharan popula-
tions would add valuable information to the currently
small pool of existing data.
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