ANTHROPOLOGICAL APPLICATIONS OF ANCIENT DNA:
PROBLEMS AND PROSPECTS

Connie J. Mulligan

The analysis of DNA extracted from archaeological specimens to address anthropological questions is becoming increas-
ingly common. Despite widespread interest in ancient DNA (aDNA), the difficulties inherent in aDNA analysis are not gen-
erally appreciated by researchers outside of the field. The majority of samples subjected to aDNA analysis often fail to
produce results, and successful analysis is typically limited to specimens that exhibit excellent preservation. Contamina-
tion of samples with exogenous DNA is an ongoing problem and requires careful design of research strategies to limit and
identify all DNA contaminants. Overall, aDNA analysis is a highly specialized and technical field that requires extensive
training and can be quite expensive. Thus, each aDNA study should be carefully planned with significant input from archae-
ologists, physical anthropologists, linguists, and related researchers and should focus on well-preserved samples that are
likely to produce a clear answer to a question that is not amenable to nongenetic analysis. In this manuscript, I explain the
problems and prospects of various anthropological applications of aDNA technology. I present a series of previously pub-
lished studies, which are of general anthropological interest, to illustrate the strengths and weaknesses of aDNA methods
in each case. I also provide a checklist of questions to evaluate the utility of archaeological remains for aDNA analysis and
to provide guidelines when designing an aDNA study.

El andlisis del ADN extraido de muestras arqueoldgicas para investigar preguntas antropoldgicas es cada vez mds comiin. A
pesar del amplio interés, las dificultades inherentes al andlisis del ADN antiguo (ADNa) no son generalmente apreciadas por
investigadores ajenos a esta especialidad. Tipicamente, la mayoria de las muestras sujetas al andlisis de ADNa fallan en pro-
ducir resultados, y los andlisis exitosos son limitados generalmente a muestras que exhiben una preservacion excelente. La
contaminacion de las muestras con ADN exdgeno es un problema recurrente y necesita un disefio experimental cuidadoso. El
campo del andlisis del ADN antiguo es muy especializado y técnico, requiere un amplio entrenamiento técnico y puede ser
bastante costoso. Ast, cada estudio de ADNa debe ser planeado cuidadosamente con un aporte significativo de arquedlogos,
antropdlogos fisicos, lingiiistas e investigadores relacionados al tema de trabajo. A su vez, se debe enfocar en un nimero
pequerio de muestras bien preservadas que produzcan una respuesta clara para una pregunta que no puede ser contestada
con un estudio no-genético. En este manuscrito, explico los problemas y las perspectivas de varias aplicaciones antropoldg-
icas de la tecnologia de ADNa. Presento una lista de estudios previamente publicados de interés antropolégico general para
ilustrar los puntos fuertes y las debilidades de los métodos de ADNa en cada caso. Proporciono también una lista de pregun-
tas para evaluar la conveniencia de un estudio propuesto de ADNa y que pude ser usada como guia en el disefio de un estu-
dio de ADNa.

nalysis of DNA from ancient material rep-

resents the new frontier in anthropologi-

cal genetics (Burger et al. 2000; Kolman
1999; Paabo et al. 2004). Potential applications to
anthropology abound for this technology although
the limitations of the methods and the need for
prior planning are not well understood by
researchers outside of the field. “Ancient” speci-
mens are typically those that were not collected for
the purpose of immediate DNA analysis and

include archaeological, clinical, and natural his-
tory specimens. The two most problematic issues
in aDNA studies are the inability to successfuily
analyze DNA from many specimens of interest and
the contamination of samples with exogenous DNA
(Kelman and Kelman 1999; Kolman and Tuross
2000; Paabo et al. 2004). Technical factors cur-
rently limit application of ancient DNA (aDNA)
methods to those specimens that exhibit excellent
preservation. Increased age of a specimen is gen-
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erally associated with reduced organic preservation
although the climate and environment in which the
specimen was found are more important variables
than specimen age. The best conditions for speci-
men preservation are constant cold and aridity with
permafrost providing the optimal environment
while the tropics offer the worst preservation con-
ditions because of the hot and humid climate. In
terms of contamination, human specimens are par-
ticularly sensitive simply because every individual
involved in the study represents a potential source
of contaminating DNA, e.g., sluffed skin cells.
Many protocols have been designed to detect con-
tamination (Austin et al. 1997; Handt et al. 1994,
Handtetal. 1996; Richards et al. 1995), but the best
strategies focus on limiting the potential for cont-
amination, such as excluding all relevant modern
DNA from the laboratory. In order to successfully
deal with these complex issues, specialized per-
sonnel, as well as dedicated laboratories and equip-
ment, are required for a successful aDNA study
(Cooper and Poinar 2000; Kelman and Kelman
1999; Mulligan 2005; Paabo et al. 2004).

There are a number of anthropological questions
that can potentially be addressed by aDNA analy-
sis. The majority of published aDNA research has
focused on human remains to investigate the ori-
gin, relationships, and movements of human pop-
ulations (e.g., Carlyle et al. 2000; Donoghue et al.
2004; Kaestle and Smith 2001; Keyser-Tracqui et
al. 2003; Kolman et al. 1999; Krings et al. 2000;
Krings et al. 1997; Lalueza et al. 1997; Malhi et al.
2004; Monsalve et al. 1996; Stone and Stoneking
1999). The determination of the sex of human
skeletal remains has also been studied (Cunha et
al. 2000; Faerman et al. 1998; Gerstenberger et al.
1999; Schultes et al. 1999; Stone and Stoneking
1999). The genetic analysis of coprolites (dried
fecal samples) can be used to reconstruct diet and
may also be used as alternate source of human
DNA (Hofreiter et al. 2000; Poinar et al. 1998;
Poinar et al. 2001). Genetic analysis has been used
to investigate faunal and botanical remains for spec-
imen identification, to reconstruct diet, and to study
domestication and agriculture (e.g., Barnes et al.
2002; Jaenicke-Despres et al. 2003; Leonard et al.
2002; Newman et al. 2002; Willerslev et al. 2003;
Yang et al. 2005). Ancient DNA analysis has also
been used on cultural artifacts to address such issues
as stone tool usage and identification of the organic
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carrier in cave paintings (Kimura et al. 2001; Mawk
et al. 2002; Reese et al. 1996; Shanks et al. 2005).
No aDNA study can proceed in isolation but is
dependent on previous research by archaeologists,
physical anthropologists, linguists, and ethnogra-
phers, as well as availability of relevant modern
genetic data, to provide a context for the aDNA
results.

There are a number of important considerations
when contemplating an aDNA analysis of archae-
ological material. First, genetic analyses are costly
and aDNA analyses are particularly expensive
because many samples will fail due to the sample
degradation but will require repeated attempts
before one can abandon the sample. Successful
analyses will require replication to verify the accu-
racy of the results. Additionally, highly trained mol-
ecular geneticists are essential for a successful
aDNA project. A researcher should not tackle an
aDNA project without sufficient experience on
modern DNA projects to allow critical assessment
of the data. Second, specimen choice is critical. Ide-
ally, the smallest number of samples necessary to
address the research question should be analyzed
in order to minimize the project costs. In addition
to excellent preservation, specimens (specifically
human remains) should be chosen that have not
been subject to intensive handling since handling
can deposit modern, contaminating DNA. In real-
ity, a researcher is often unable to choose the best
samples for genetic analysis because there are other
priorities, such as preserving the specimen for
future research, both genetic and nongenetic. Since
visual preservation of specimens does not neces-
sarily correlate with biochemical or organic preser-
vation, considerable research has focused on the
development of simple and inexpensive analyses
to help predict the likelihood of successful DNA
analysis of a sample. These methods include amino
acid racemization, amino acid profiling, and DNA
quantitation among others (Handt et al. 1996; Kol-
man and Tuross 2000; Poinar et al. 1996). How-
ever, although these methods are usually consistent
with the ultimate DNA result, they are not suffi-
ciently reliable to predict the outcome prior to DNA
analysis. Finally, the ethical issues relevant to
genetic analysis of ancient remains must be con-
sidered. These issues include determining if
destructive sampling is both permitted and neces-
sary, reserving a portion of the studied samples for
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future research, and considering the impact of
potential results on living, descendant populations
(summarized in Kaestle and Horsburgh 2002). In
sum, due to the considerable time, expense, and
larger implications of an aDNA project, only well-
planned research projects that require minimal
destruction of samples and have a high likelihood
of successful resolution with genetic data should
be undertaken.

In this manuscript, I discuss the use of aDNA
analysis to address common anthropological ques-
tions. I use previously published studies to exam-
ine the strengths and weaknesses of genetic
analyses in terms of providing clear answers to the
questions posed. Some studies are included because
they provide information on the analysis of com-
mon archaeological artifacts or materials and some
are included because they address questions typi-
cally asked about aDNA analysis, such as the age
of the oldest sample ever successfully analyzed, i.e.,
plant DNA sequences from ~300,000—400,000 B.P.
permafrost cores (Willerslev et al. 2003). This paper
is not intended as a review of all aDNA studies and
interested readers are directed to excellent reviews
by Kaestle and Horsburgh (2002) and Jones
(2003—focused on New World studies). In this
manuscript, I provide a checklist of questions to
evaluate the utility of archaeological remains for
aDNA analysis and to provide guidelines when
designing an aDNA study (Table 1). A list of aca-
demic and commercial laboratories that provide
aDNA analysis on a fee-per-sample basis is pro-
vided (Table 2). If funds are not available foraDNA
analysis, collaboration with a molecular genetic
researcher interested in similar questions may pro-
vide the necessary data or preliminary data to solicit
funding. Most importantly, careful planning and
close collaboration between researchers from mul-
tiple fields, e.g., molecular genetics, archaeology,
physical anthropology, are necessary for a suc-
cessful aDNA study.

Analysis of Ancient DNA—Background

Molecular genetic analyses utilize a technological
innovation that was developed in the mid-1980s
(Mullis and Faloona 1987). The polymerase chain
reaction, or PCR, enables the specific amplification
of a single region of the genome and generates suf-
ficient quantities of DNA that the region can be
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investigated in detail (Figure 1). The power of PCR
derives from the fact that copies of the genomic
region of interest are produced in an exponential
fashion resulting in one billion copies from a sin-
gle DNA template. After amplification of the region
of interest, specific genetic markers within that
DNA product can be analyzed. These genetic mark-
ers can take several different forms, such as a
change in DNA sequence from one nucleotide base
to another or a variation in the number of
microsatellite repeats (microsatellites are tandem
repeats of 2-6 bp sequences that occur throughout
the genome). Nucleotide changes that occur on the
same sequence or chromosome are called “haplo-
types” and groups of related haplotypes that share
key markers are called “haplogroups.” Polymorphic
markers are often assayed directly from the ampli-
fication reaction, in which case the result, e.g., a
DNA sequence, is effectively a pooled sample of
all PCR products in the amplification reaction.
Alternatively, individual PCR products can be
“cloned” into a bacterial DNA vector to enable sin-
gle amplification products to be analyzed. If an
analysis of clones detects the presence of different
PCR products in the same amplification reaction,
there may be more than one source of DNA in the
sample, such as contaminating DNA in addition to
the endogenous, ancient DNA.

The ability to produce billions of copies of a spe-
cific genomic region from only a few molecules,
i.e., PCR amplification, promoted the explosive
growth of the field of ancient DNA analysis.
Ancient samples are typically too damaged for
analysis by traditional methods (that require a much
higher quantity and quality of DNA), but some
samples were found to be amenable to analysis
through PCR amplification (Paabo et al. 1988).
Damage can occur through exposure to sun and
wind, ground water perfusion of the specimen
(introduction of soil chemicals may also inhibit the
amplification reaction), and X-ray irradiation of
the specimen, as well as heat, humidity, and age as
mentioned above. Damage to the aDNA also
increases the likelihood that contaminating, exoge-
nous DNA will overwhelm the ancient, endogenous
DNA. Since PCR analysis involves the exponen-
tial generation of new, synthetic DNA products
from a small number of molecules, contamination
with exogenous DNA in one of the initial PCR
cycles can result in exclusive amplification of the
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Table 1. Checklist to Assess Feasibility of a Proposed Ancient DNA Project.

The probability of a successful aDNA project is increased if the following questions are answered in the affirmative:

1

@

3

@

(5

(6)

.

Can the specimen(s) be destructively sampled?

Are large, dense bones or bone fragments available for destruction sampling?

i. Some methods exist for non-destructive sampling, but it is best to have free access to the samples in order to provide max-
imum material for analysis and possible follow-up experiments.

Is the environmental history of the sample conducive to good preservation?

Visible preservation does not necessarily equate with DNA preservation, but some physical indicators are generally reliable,
such as the presence of unfragmented bones with intact epiphyses.

Hot, humid climates accelerate specimen degradation in addition to exposure to extreme pH and microbial activity; age of
the specimen is generally less important than these factors.

Burial in soil can introduce microbial contaminants as well as compounds that will inhibit the amplification reaction, i.e.,
humic acids.

Avoid further damage to specimens by preventing X-ray exposure to the specimens and maintaining specimens at the same
temperature they were excavated.

Have any chemical analyses been performed on the assemblage, e.g., radiocarbon dating?

i. If so, were the results consistent with good organic preservation? If radiocarbon dating was performed, contact the radio-
carbon dating lab and ask if the quality and quantity of collagen extracted for dating was consistent with good organic preser-
vation. This information should be available at no charge.

Is genetic analysis of the specimen(s) the only way to address the question of interest?
If not, obtain as much data as possible from other sources, such as cultural artifacts, morphometric data, stable isotope analy-
sis, etc. Then, pose as specific a question as possible based on the non-genetic sources of data.

Can the question of interest be answered or addressed through analysis of a minimal number of samples in order to mini-
mize the project cost?

If not, reconsider your research strategy. Plan a first stage to generate preliminary data on a few, representative samples that
will allow you to determine if sufficient samples with good preservation exist to indicate that the analysis of more samples
can be performed successfully and in a timely and cost-effective manner.

Is genetic analysis likely to provide a definitive answer to the question of interest?

An answer to this question will depend on the specific specimen, population, and genetic markers being investigated. Regard-
less, a common issue will always be the availability of a comparative dataset in which to place the aDNA data. If a suffi-
ciently comprehensive and representative dataset on modern individuals does not exist, most often the answer will be no. In
that case, the project should be reconsidered or the question should be more precisely worded.

Has the potential for contamination been minimized?

If the specimens are human, have they been excavated, curated, handled, etc. by persons wearing gloves?

If the specimens are non-human, is the molecular lab in which the analyses will be conducted free of DNA and tissue from
any modern specimens of the species or genus under study?

Do not wash specimens or treat with preservatives as these procedures can introduce contaminants.

Pre-treatment of skeletal specimens with bleach (sodium hypochlorite) or ethylenediamine tetraacetic acid (EDTA) may
reduce the level of surface contamination (Kemp and Smith 2005; Kolman and Tuross 2000). Ultraviolet irradiation is effec-
tive for decontaminating laboratory solutions, but is less effective on curved, solid objects, such as bones, because irradia-
tion is maximally effective at a perpendicular angle.

contaminating DNA. This possibility is increased
in aDNA analyses where the contaminant is likely
to be modern, undamaged DNA that will be ampli-
fied preferentially over the damaged, endogenous
DNA. Examples of contaminated aDNA studies
abound in the published literature aithough the con-
tamination is not always identified and/or acknowl-
edged. The following examples are a few of the
studies in which contamination of aDNA results
was documented. The spectacular publication of
dinosaur DNA (Woodward et al. 1994) was sub-
sequently proved to be contamination with human

DNA (Allard et al. 1995; Hedges and Schweitzer
1995; Zischler et al. 1995). The reported extraction
from Texas pictograph samples of mammalian
DNA (order Artiodactyl), purportedly used as a
carrier to bind the pigment to the rock (Reese et al.
1996), was subsequently retracted (Mawk et al.
2002; Reese et al. 1996). Even the original publi-
cation of the DNA sequence of the Neanderthal
type specimen was dogged by modern human con-
tamination that was detected and accurately inter-
preted only by careful laboratory work and
replication of results (Krings et al. 1997).
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