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Abstract
In an effort to increase the quantity, breadth and availability of mtDNA databases suitable for forensic comparisons, we have developed a high-

throughput process to generate approximately 5000 control region sequences per year from regional US populations, global populations from

which the current US population is derived and global populations currently under-represented in available forensic databases. The system utilizes

robotic instrumentation for all laboratory steps from pre-extraction through sequence detection, and a rigorous eight-step, multi-laboratory data

review process with entirely electronic data transfer. Over the past 3 years, nearly 10,000 control region sequences have been generated using this

approach. These data are being made publicly available and should further address the need for consistent, high-quality mtDNA databases for

forensic testing.
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1. Introduction

Mitochondrial DNA testing in the forensic context requires

appropriate, high-quality population databases for estimating

the rarity of questioned haplotypes. However, large forensic

mtDNA databases, which adhere to strict guidelines in terms of

their generation and maintenance, are not widely available for

many regional populations of the United States or most global

populations outside of the United States and Western Europe.

The mtDNA databases that are available for these populations

have primarily been generated for independent anthropological

studies and, as a result, are by and large inconsistent in terms of

the regions sequenced, the nomenclature used, and the overall

data quality. Furthermore, both forensic and anthropological

mtDNA databases have recently been shown to harbour a rather

high rate of so-called ‘‘phantom mutations’’ that have been
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detected via phylogenetic analysis [1–6]. These erroneous

polymorphisms, resulting from errors in the interpretation of

data, inadvertent sample switches, or manual data transcription

have highlighted the need for high-quality mitochondrial data,

particularly in the forensic arena.

In order to address this issue, the Armed Forces DNA

Identification Lab (AFDIL) has undertaken a high-throughput

control region databasing effort. The system is currently

designed to generate upwards of 4000 sequences per year. Over

the next year and one-half, using a robust approach for both data

generation and analysis, we plan to sequence over 7500

individuals. Global populations that are currently under-

represented in available forensic mtDNA databases will

comprise approximately 25% of the total number of samples.

The remaining individuals will represent regional samples of

various U.S. populations and global populations that contribute

to the overall mtDNA diversity of the U.S. The high-quality

mtDNA data generated from these efforts will be publicly

available to permit examination of regional mtDNA sub-

structure and admixture, and ultimately to improve our ability

to interpret mtDNA evidence.
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Table 1

Global and U.S. populations databased by AFDIL for the entire mitochondrial

control region since 2004

Database Completed samples

Afghanistan 98

African American (U.S.) 484

Asian (U.S.) 43

Bahrain 218

Caucasian (U.S.) 557

China 383

Cyprus 91

United Arab Emirates 191

Egypt 278

Greece 319

Hispanic (U.S.) 1039

Hungary: Baranya County Roma 205

Hungary: Budapest Caucasian 211

Indonesia 279

Iraq 189

Jordan 210

Kazakhstan 256

Kyrgyzstan 249

Lebanon 170

Kenya: Nairobi 100

Native Americans (U.S.) 120

Puerto Rico 209

Russia 151

Tajikistan 244

Turkmenistan 249

Uzbekistan 331

Vietnam 187

Total 7061
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2. Materials and methods

A robust system has been developed to process samples

through the laboratory, analyze sequence data, and reliably

transfer data to a master database. The system accommodates

various sample substrates, but is primarily designed for buccal

swabs and blood stained cards. Laboratory processes have been

completely automated with the use of a Wallac DBS hole

puncher, a Qiagen 9604 for extraction, a Corbett CAS-1200 for

amplification, a Tecan Genesis workstation for sequencing, and

Applied Biosystems 3130xls for electrophoresis. In addition,

multiple scientists are present at key laboratory steps in order to

eliminate sample processing errors.

The amplification and sequencing strategy of Brandstätter

et al. [7], which includes significant primer redundancy and base

coverage, has been modified slightly to incorporate more

efficient primers that minimize sequencing re-runs. Sequencing

primers R274, R16175, F15 and R16400 have been replaced with

R285 (GTTATGATGTCTGTGTGGAA), R16410 (GAG-

GATGGTGGTCAAGGGA), R484 (TGAGATTAGTAG-

TATGGGAG) and F34 (GGGAGCTCTCCATGCATTTGGTA).

Automated laboratory processing is followed by a rigorous

data review process, which involves independent, redundant

data analysis by multiple individuals in different laboratories.

At least four scientists review the raw data for every sample—

two scientists at the AFDIL and another two scientists at the

Institute of Legal Medicine in Innsbruck, Austria who confirm

the AFDIL analysis for inclusion of the sequences into the

EMPOP database. To ensure the proper transfer of data to

production databases available for haplotype comparison, an

automated export is used to transfer reviewed and confirmed

sequence data to a secured, master environment. Once

imported, data are finalized with two additional reviews that

evaluate the imported polymorphisms against the original

electropherogram reviews. Finalized data are being made

publicly available through publication and submission to

Genbank, SWGDAM and EMPOP.

3. Results and discussion

During the past 3 years, we have generated over 7000 control

region sequences from global populations (Table 1). At least 27

population samples are currently represented. When regional

sub-populations are considered, approximately 50 different

populations and sub-populations have been typed. As databases

have been completed by both AFDIL and EMPOP, the data

have been (and are being) made publicly available through

Genbank, EMPOP and publication in peer-reviewed journals

(e.g. [7,8]).

Thus far, both the laboratory processing and data review

procedures have proven to be extremely robust. In the

laboratory, multiple safeguards are in place at key steps:

multiple scientists are present to witness initial sample

placement and cherry picking for re-dos; robotics enforce

the standard placement of samples, reagent blanks and negative

controls, thereby eliminating the potential for sample switches

at every step; and a highly redundant sequencing strategy
provides at least double strand coverage over the entire control

region (with the exception of short stretches adjacent to length

heteroplasmic C-stretches, where confirmation is only possible

with multiple reads from a single strand). In terms of data

output, the most limiting factor has proven to be initial sample

quality. The system is, of course, designed primarily for

pristine, high-copy number samples. However, from blood and

buccal swabs submitted by diverse collaborators, we regularly

encounter degraded samples that do not yield a 1 kb amplicon.

For these situations, we have designed additional robotic and

biochemical protocols (three overlapping amplicons, revised

sequencing strategy [AFDIL, unpublished]) to accommodate

the lower sample quality. The safeguards already implemented

for the highest quality samples are particularly helpful for these

more challenging specimens, because they generally require

more work and, as a result, introduce more opportunity for

errors. For instance, the standard placement of samples on

plates guards against artificial recombination between ampli-

cons from the same individual. Likewise, pipetting errors and

inadvertent sample switches are minimized by the presence of

multiple scientists when samples are cherry-picked from plates.

Thus, despite the fact that variability in sample quality

sometimes limits our overall productivity, the integrity of the

final sequence data is abetted by the overall system design.

The high data-quality standards that we require, as well as

the sheer redundancy in sequence data and base coverage,

facilitate the post-laboratory data review and analysis steps.



Fig. 1. Mitochondrial DNA haplogroup distribution among 853 regional United States ‘‘Hispanics’’. All inter-population pairwise Fst values are significant at the

0.05 level.
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With the raw data for every sample reviewed by four scientists,

all data electronically transferred and a final phylogenetic

check of the data by EMPOP, no phantom mutations or other

artifactual errors have been detected at the final data check step

over the past 3 years.

In terms of the inter-laboratory analyses, only minor

interpretational differences of the data have been encountered.

The discrepancies have all related to either the interpretation

and nomenclature of unusual length variants or the designation

of point and length heteroplasmies. While the heteroplasmy

issues have been easy to resolve, the nomenclature of novel

length variants continues to be a significant challenge in

developing inter-laboratory data consistency. This is a serious

consideration when novel length variants are encountered, as

different nomenclature schemes from various laboratories can

potentially skew database searches and underestimate the

frequency of length variant haplotypes. It is true that

phylogenetic information provides useful data upon which to

base nomenclature [9]. However, we at AFDIL find ourselves

constrained by nomenclature guidelines that have been in use in

our laboratory for a number of years and are now reflected in

thousands of in-house control region sequences. The forensic

mitochondrial DNA community would benefit from additional

discussions of length variant nomenclature and further

investigation of potential solutions to this increasingly

intractable issue.

In addition to providing high-quality reference data for the

forensic community, we also hope to use these data to better

understand the magnitude and significance of mtDNA variation

among regional sub-populations. Because diverse population
groups may differ significantly in their mtDNA haplotype

distributions, the maintenance of forensic mtDNA databases

should reflect this differentiation in order to provide the best

estimate of haplotype frequencies [10]. However, for many

populations, the extent of inter-population, or regional sub-

population, differentiation is not well-understood simply

because it has not yet been thoroughly examined. With diverse

regional population sampling, particularly of component U.S.

populations, we hope to study this issue in order to better

understand the level at which separate mtDNA reference

databases should be maintained for U.S. populations.

A preliminary analysis of 853 U.S. ‘‘Hispanics’’, representing

five regional sub-samples sequenced over the past 2 years, shows

significant substructure (Fig. 1; all pairwise Fst values are

significant at the 0.05 level). While 39% of New York

‘‘Hispanics’’ exhibit African mtDNA haplotypes, only 5% and

1% of ‘‘Hispanics’’ from California (Orange County) and Texas,

respectively, reflect African-derived lineages. Likewise, the

proportion of Native American haplotypes differs dramatically

between regional sub-populations of ‘‘Hispanics’’. Forty-four

percent of the New York sample comprises Native American

haplotypes, as opposed to 70% and 78% of California and Texas

samples, respectively. Obviously, the term ‘‘Hispanic’’ does not

refer to a real population in the biological sense. Rather it is a

poorly defined historical term relating to Spanish/Portuguese

speaking people with at least partial cultural and/or genetic

heritage from Central or South America. The differentially

admixed nature of individuals labeled as ‘‘Hispanic’’ is obvious

from our data. Additional regional ‘‘Hispanic’’ samples, as well

as diverse samples of ‘‘Caucasian’’ and African American
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populations, will offer a better picture of the degree of geographic

differentiation among U.S. populations and provide databases

that better represent any regional substructure that may exist.

4. Conclusion

The Armed Forces DNA Identification Laboratory, in

collaboration with EMPOP, has implemented a high-through-

put control region databasing system in an effort to improve the

quantity and quality of mtDNA data available to the

international forensic community. These data, for both U.S.

and global populations, are not only providing a framework

within which to interpret forensic mtDNA data, but are also

providing a comprehensive picture of the variability of global

mtDNA types. AFDIL’s databasing efforts are being made

available for public use and will be the basis for further, in-

depth analyses of mitochondrial DNA diversity and its forensic

implications.
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