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Abstract. Comparative studies of DNA in recent populations and characterisation
of ancient hereditary material have contributed very interesting facts to our understand-
ing of evolution of modern mankind. Analysis of DNA homology in related species, as-
sessment of mutations and polymorphisms in various populations and new DNA
sequence data from prehistoric finds allowed – via sophisticated DNA extraction tech-
niques, PCR, sequencing and digitalised processing of genetic information – insights
into possible roots of Homo sapiens and related species, migration patterns and ancient
cultural habits, thus enriching the palaeoanthropological discipline. However, a presen-
tation of this development would not be complete without pointing towards the meth-
odological limitations and manifold presentations burdened with artifacts, data
misinterpretation and unjustified conclusions. Presently, this modern field of research
is in its consolidation phase and new parameters for quality control and authentication
are being implemented to avoid spectacular but unfounded reports. It is expected that
most of the problems connected to old biomolecules may be closely related to fossilisa-
tion parameters. The future challenge will be the full understanding of the complex and
multi-faceted processes underlying diagenesis, including the elucidation of nucleic
acid “postmortem damage”.
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Introduction

The turn of the century saw the spectacular finish of a large-scale scientific race
that was ongoing for the last 20 years: the identification of the entire DNA se-
quence of the human genome (Nature Special Edition 2001; www.nhgri.nih.gov).
Complete to about 95% but with patchy ambiguities (for overview see BLIN

2001), the primary structure of the DNA molecule promised to the clinical geneti-
cist new information about disease-related genes, including possible concepts for
gene therapy. For evolutionary biologists, the data should open new vistas on
inter- and intrapopulation relationships and delineate gene sets that separate us as
a species from our closest relatives, the great apes. It is too early to conclude how
much these promises can be fulfilled; it is, however, becoming clear that the hu-
man genome project needs follow-ups, e.g. the mouse genome (an excellent ge-
netic model system for studies in clinical genetics and which has just now reached
its accomplishment) and the chimpanzee genome, to better understand our
speciation.

A different area of genetic studies developed maybe somewhat less spectacu-
larly but still with considerable interest of the readership: the attempts to generate
genetic information from palaeontological remains of various species or prehis-
torical human finds. Such studies are anchored in the traditional subjects of pre-
history, archaeology, physical anthropology and population genetics.
The research questions and topics regarding protohistoric populations and indi-
viduals are manifold and may be formulated as: Who were these individuals and
what was their contribution to evolution? Where did certain social groups come
from, how long did they stay in certain areas, for what reason, and how did they
get there? How were phenotypes as well as genetic variation maintained within
these groups and what was their relationship to other (maybe distinct) popula-
tions? Additional inquiries concern the more recent evolution: when did social
groups, such as sibships, tribes or other hierarchical structures arise? Did people
socialise within or outside their own population or were there alternative concepts
– apart from marriage – of living together? Are people’s burials placed with or
without consideration for their social or legal status? (Figure 1). Most of the ceme-
teries of the Middle Ages are good sources for genotyping skeletons. Most of them
have already been put into geological, archaeological as well as anthropological
context, providing the basis for efficient multidisciplinary analyses. Moreover,
multiple burials (i.e. more than 1-2 individuals simultaneously interred in one
burial pit) are useful for genetic analyses of putative kinship.

Large-scale studies of this ancient DNA research were supposed to elucidate
the origin of the genus Homo (out-of-Africa theory versus multiregional model),
and the relationship to our immediate ancestors (where to place the Neanderthal
man?), to understand extinct species better (were the dinosaurs endothermic?)
and possibly to reconstruct living beings from the times gone by (Figure 2). An-
cient DNA analyses can doubtlessly provide a novel and effective instrument
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to answer these questions. Therefore, it is not surprising that, next to true-bred ge-
neticists, more and more bioarcheologically engaged teams become involved
in molecular genetic studies.

Modern DNA studies

Relationship between species, within a genus or family, cannot be assessed only
by morphology, a traditional field of evolution studies, but can also be deduced
from DNA sequences (or from the gene products, the amino acid sequences of
specific proteins). If known DNA fragments in primates are compared, the degree
of homology appears surprisingly high. Despite missing the complete DNA se-
quence information from chimpanzees, present data suggest a sequence diver-
gence from humans of only about 1.5 to 2%. Clearly, the elucidation of this small
genetic fraction presents an intriguing research programme. Since basic elements
of cellular structure, energy turn-over or metabolism are common to all
multicellular species, DNA comparisons can be expected to yield substantial
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Figure 1. A multiple burial site of three warriors in arms (lower left corner) in a medieval
cemetery



homologies: for man and mouse it is >90% and for Homo/Drosophila it is still
about 75%. However, pure numbers are of limited value. Comparing genes
or non-coding regions may result in differences, genome size may vary despite
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Figure 2. Phylogenetic relationships within the “tree of hominines”, as presented in one
of the currently discussed models. Note that the correct positioning of most recent finds like

Sahelanthropus, Kenyanthropus and H.s. idaltu are omitted here.



a constant number of genes, as best exemplified by the model organism Fugu,
a fish that turned out to be a genetic minimalist. A valid approach will use suffi-
cient DNA size (several million base pairs) for comparison, as performed
by BOHOSSIAN et al. (2000) when studying the evolutionary tree of the primate
X-chromosome.

The first molecular genealogy was established by studying the amino acid se-
quence of cytochrome b (ESPOSTI et al. 1993, HOWELL 1993) nicely confirming,
in all major parts, the classical current of evolution uncovered by zoologists. Con-
servation of a particular peptide motif and its inclusion into proteins of similar
or even varying function has been demonstrated manifold and the „trefoil“ do-
main should serve as another example: from the nematode Caenorhabditis

through tunicates up to vertebrates it is delineated by constant amino acid runs
(Figure 3) but is part of proteins of varying function (SOMMER et al. 1999).
Evidently, only with quite complete data sets a reliable evolutionary tree for
a gene, its peptide, its function and the species behind can be generated (LIU et al.
2001). Since the molecular data carry more information than the morphometric
ones, they conquered a solid position in modern phylogenetic investigations.

The approaches of systematic investigations into human migrations
and the consequent understanding of cultural history and civilisation, in general
encompass the analysis of variable segments of the genomes (assessing genetic
polymorphisms) of recent populations. Initially, the object of examination was
particular DNA residing outside the cell nucleus, in mitochondria (mitochondrial
or mtDNA, ANDERSON et al. 1981), providing several advantages for evolution-
ary biology. First of all, it is about 1000-2000 times more frequent than the human
haploid genome (ca. 5-10 copies per organelle, i.e. ~1016 copies per individual).
Further positive aspects include the lack of recombination and the relatively small
size of ca. 16.5 kb of double-stranded circular DNA, which makes the mitochon-
drial genome most suitable for population studies (CANN et al. 1987, VIGILANT
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Figure 3. Amino acid comparison in the “trefoil” (TFF) motif in various proteins (ZP = zona
pelucida protein; EGS = egg shell protein; EDP = epidermis protein) from Hs (Homo sapiens),
Xl (Xenopus laevis), Aj (Anguilla japonica), Ss (Salmo salar) and Cs (Cyona savignyi).

Conserved amino acid positions within the TFF motif are highlighted.

Species/protein TFF domain peptide length

Hs TFF1 CTVAP-REQNCGFPGVTPSQC-ANKGCCFDDTVRGVPWCF 84

Hs ZPB CDSIPARDLPCAPSPISRGDC-EGLGCCYSSEEVNS--CY 540

Xl ZPB CSAIKREDLSCAKAPVSQDLC-QGLGCCYTPSDPSMP-CY 544

Aj ZP CKGDP-FKTDCGYPGITEGQC-KAKGCCFDSSIVGVKWCF 446

Ss EGS CEVV-DKDVSCGLSGITAAQC-QAISCCFDGRM-----CF 439

Cs EDP CALHDLRNIDCGYVGISAAECEVTPYCCYNP21aaVPWCF 741



et al. 1991, SULLIVAN et al. 1992, HARPENDING et al. 1993). The striking feature
of mtDNA, however, is the presence of hypervariable regions specific for species
or even populations. Since this episomal entity is maternally inherited and – from
an archaeological point of view – it progresses faster than the nuclear DNA,
mtDNA analyses were employed for so-called vertical-evolutionary studies to re-
veal prehistoric migration patterns (e.g. SOKAL 1991, NITECKI, NITECKI 1994).
In addition, a (still hypothetical and) general overview of relationships between
populations for the development of modern humans has been initiated (VIGILANT

et al. 1991, HARPENDING et al. 1993, KRINGS et al. 1997). The successive cata-
loguing of relationship patterns in specific modern key populations into diver-
gence/convergence is a promising starting point in this respect (e.g. DI RIENZO,
WILSON 1991, WARD et al. 1991, PIERCY et al. 1993, BERTRANPETIT et al. 1995,
MOUNTAIN et al. 1995, CALAFELL et al. 1996).

Two strategies have been proposed for the analysis of mitochondrial DNA;
one of them is the analysis of restriction fragment length polymorphisms (RFLPs;
CANN et al. 1987), which is based on a complex analysis by means of restriction
endonucleases. This approach has never become widely used, because of the less
informative character of this system. In 1991 VIGILANT and coworkers estab-
lished an approach that employed the polymerase chain reaction (PCR) technique.
Hereby, nucleotide sequences of certain hypervariable segments of the so-called
D-loop control region of the mtDNA are examined and statistically interpreted.

However, informativity of sole mtDNA sequences may not be sufficient in
a variety of questions, such as individual or family typisation (so-called horizontal
studies). Since, e.g., prehistoric contexts generally lack genealogic information
within a population, comparative analyses on the basis of maternally inherited
DNA sequence markers are not useful (HUTCHISON et al. 1974, GINTHER et al.
1992). Furthermore, identical mtDNA segments do not necessarily imply direct
kinship; they might have developed analogously/independently through multiple
transition or transversion events. Additionally, vast population movements fol-
lowing the Neolithic migrations in Europe, contributed to a thorough mixing
and consequent homogeneity of the gene pool (MENOZZI et al. 1978,
AMMERMAN, CAVALLI-SFORZA 1984, RENDINE et al. 1986). Therefore, different
European populations often display identical or highly similar mtDNA sequences
(CaVALLI-SFORZA et al. 1993, CALAFELL et al. 1996).

As outlined above, the inter-individual variations can yield information on re-
lationships between populations, on migration patterns and on temporal develop-
ment of particular genetic traits (including, e.g., founder mutations leading
to genetic diseases). As much as in comparing extant species, population analyses
rely on present-day individuals and – in first instance – no prehistorical material
is required. This is setting such studies apart from ancient DNA investigations.
A nice example of how data from modern DNA can settle anthropological dis-
putes, is presented by the question how Polynesian migration led to populating
of the Easter Island. While uncovered cultural artifacts allowed the hypothesis
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of a migration wave from the South American continent (HEYERDAHL 1941),
a more recent DNA comparison yields strong evidence confirming the hypothesis
that the present inhabitants arrived from Asia (SERJEANTSON, GAO 1995). Sup-
ported by numerous prehistorical finds, but not entirely undisputable, is the con-
clusion that Homo sapiens and his ancestors originated from Africa (STRINGER,
ANDREWS 1988). Comparative investigations of mitochondrial DNA from nu-
merous populations all over the world give credit to our African ancestry but
the controversy is not entirely quenched (CANN et al. 1987, DI RIENZO, WILSON

1991, VIGILANT et al. 1991). In summary, however, studies of DNA of living spe-
cies or populations can aid in resolving phylogenetic questions. This also includes
the latest developments in the field of molecular genetics and bioinformatics,
namely the fast large-scale and thus chip-based identification of single nucleotide
polymorphisms (SNPs) via DNA hybridisation techniques (e.g. HUANG et al.
2001, HAO et al. 2002, HUBER et al. 2002).

Ancient DNA research

The field of molecular palaeobiology was initiated in 1954, when Abelson suc-
cessfully recovered ancient amino acids from fish dating back from the Devonian
period (ABELSON 1954). Through the advent of PCR in the mid-80’s, the analysis
of even traces of ancient nucleic acids became possible. Since the first non-PCR
experiments on an extinct specimen (HIGUCHI et al. 1984), a widespread applica-
tion of PCR onto DNA templates originating from different sources and ages
came into being, thereby manifesting the onset of the era of palaeogenetic re-
search (for reviews see HERRMANN, HUMMEL 1994, AUDIC, BÉRAUD-COLOMB

1997, HOFREITER et al. 2001a).
This thrilling, new chapter of DNA investigations comprises the genetic analy-

sis of extinct species of plants and animals as well as ancient human remains.
Starting with relatively recent tissues from a human mummy (PÄÄBO 1985), a nat-
urally preserved corps (HANDT et al. 1994a) and a recently extinct equine species,
the quagga (HIGUCHI et al. 1984), it soon became fashionable to present DNA
aged millions of years (from magnolia, bees, chafer, or even dinosaurs; e.g.
GOLENBERG et al. 1990, CANO et al. 1992, WOODWARD et al. 1994).

On the basis of samples taken from bones and teeth it was already shown in ex-
ceptional cases that DNA can be extracted (Figure 4) and that mitochondrial DNA
segments are successfully amplified by PCR (HAGELBERG et al. 1989, HORAI et
al. 1989, HÄNNI et al. 1990, HAGELBERG, CLEGG 1991, GINTHER et al. 1992,
KUROSAKI et al. 1993, COOPER et al. 1997). However, to enhance the information
potential of DNA sequences for specific research questions, one has to rely also on
genomic DNA. The additional interpretation of polymorphic short tandem repeat
(STR) loci is recommended in this context (e.g. JEFFREYS et al. 1985,
NAKAMURA et al. 1987, BOWCOCK et al. 1991, 1994, DI RIENZO et al. 1994).
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The publication record notes several but scarce studies where also nuclear DNA

became amplifiable from prehistoric material (HUMMEL, HERRMANN 1991,
KUROSAKi et al. 1993, GILL et al. 1994, BÉRAUD-COLOMB et al. 1995, HUMMEL

et al. 1995a, b, RAMOS et al. 1995, HUMMEL, HERRMANN 1997, SCHOLZ et al.
2001). Due to high as well as specific polymorphism frequencies, these STR loci

are highly informative in higher-order evolutionary studies (PÉREZ-LEZAUN et al.

1997) or in the elucidation of genealogical structures within prehistoric burial

sites. Thus, nuclear markers offer the advantage of being equally applicable

to vertical (interpopulational) as well as horizontal (intrapopulational) studies.

To date, however, such results are still exceptional since segments of interest have

only been amplified serendipitously. This implied that the quality as well as quan-

tity of old biomolecules is directly correlated with the preservation conditions

of a find. Unfortunately, little is known about the diagenesis of biological material

since too many parameters – including temperature, pH, humidity, salt concentra-

tion, composition of environmental substrate, etc. – are involved in the de-

cay/preservation of organic matter (LINDAHL 1993, BURGER et al. 1999).

The exceptional character of positive ancient DNA results is largely based upon

the presence of co-isolated substances in ancient DNA isolates bearing

PCR-inhibiting potential (HAGELBERG et al. 1989, PÄÄBO et al. 1989, KUROSAKI

et al. 1993, PUSCH, SCHOLZ 1997, SCHOLZ, PUSCH 1997, BACHMANN et al.
2000). Some authors have approached the nature and effects of (so far) hypotheti-

cal PCR inhibitors; these may include the following agents: Maillard reaction

products (PÄÄBO 1989, PÄÄBO et al. 1989), remains of porphyrines (HIGUCHI

1992), degraded nucleic acids (ROGAN, SALVO 1990, ABROL, CHAUDHARY

1993, PIKAART et al. 1993) and soil components, such as humic and fulvic acids,

tannins or iron ions (Fe2+) (HAGELBERG, CLEGG 1991, COOPER 1992, TUROSS

1994). We, however, recognised that the success rate of PCRs correlates signifi-
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Figure 4: Extraction and gel electrophoresis of nucleic acids from bone samples, enabling

interpretation of high-molecular-weight DNA, low-molecular-weight DNA, intermediate

molecules (arrows on the left gel) and co-isolated impurities (on the right).



cantly with the absence of residual, diagenetically altered collagen. It may be con-
cluded that especially (degraded) human collagen type I acts as a strong inhibitor
in ancient DNA extracts (SCHOLZ et al. 1998). The interactive effect of collagen
on thermostable DNA polymerases is yet unknown but may have the consequence
of generating non-authentic data. Hence, the identification and subsequent elimi-
nation of further PCR inhibitors becomes a priority in future research.

Besides these obstacles, the rapidly emerging field of palaeogenetics allows
today´s scientists to add a variety of molecular genetic techniques as a means
to analyse both ancient and fossil specimens (BÉRAUD-COLOMB et al. 1995,
HÖSS et al. 1996b, KRINGS et al. 1997, 1999, POINAR et al. 1998, BENEDETTO

et al. 2000, KRINGS et al. 2000, OVCHINNIKOV et al. 2000, SCHOLZ et al. 2000).
As previous work has shown, apparently well preserved tissues can be success-
fully employed in genetic studies (e.g. HIGUCHI et al. 1984, PÄÄBO 1985, 1989,
DORAN et al. 1986, PÄÄBO et al. 1988, DEL POZZO, GUARDIOLA 1989, THOMAS

et al. 1989, 1990, LAWLOR et al. 1991, CANO et al. 1992, DESALLE et al. 1992,
1993, HÖSS et al. 1992). Apart from the sometimes well-preserved mummified
tissues, fast embedding in sediment, tar, resin, salt, etc. and the associated
anaerobic milieu are crucial for the preservation of organic material. All
diagenetic fossilisation processes involving the development of stone cores/fos-
sils (i.e. silicification) should normally exclude a successful DNA extraction
(BÉRAUD-COLOMB et al. 1995). Molecular genetic analysis of the eponymous
early hominid remains from Neanderthal (KRINGS et al. 1997, 1999, SCHMITZ

et al. 2002) and of the Neanderthal find from Neuwarendorf (SCHOLZ et al. 2000)
demonstrate the contrary. The analysis of further Neanderthal samples from
the Mezmaiskaya Cave in the northern Caucasus and from Vindija, Croatia, adds
to this “Diluvian success story” (OVCHINNIKOV et al. 2000, KRINGS et al. 2000).

All data appear to be conclusive and suggest that it is highly unlikely that
Neanderthal man was our direct ancestor.

Critical voices, however, were proved correct when thorough analyses sup-
ported by solid controls indicated the fictitious nature of, e.g., Pliocene and even
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Table 1. Racemate ratios and deduced PCR quality of diverse ancient DNA templates.
Species were sorted by increasing D/L values for aspartic acid (adapted from POINAR et
al. 1996).

Species Age [D/L] D [D/L] A PCR

Mammuthus 9,700 0.05 0.00 +

Equus ferus 42,000 0.06 0.01 +

Nothrotherium 13,000 0.17 0.01 –

Glossotherium 15,000 0.34 0.29 –



older DNA. It became evident that rigid quality criteria were necessary to avoid
more spurious and unsubstantiated reports. Next to precautions guarding against
contamination and testing the D/L ratios in indicator amino acids, like alanine,
leucine, aspartic acid (POINAR et al. 1996, HODGES, SMITH 1994; (Table 1)
or serine (NICHOLSON et al. 2002), became a standard to assess biodegradation
and contamination in ancient samples. Obviously, disadvantageous conditions
for preservation will speed up such degradation of biomolecules. Comparative se-
ries of samples of different age indicate that, in general, DNA will become too de-
graded for meaningful analyses if significantly older than 100,000 years (POINAR

et al. 1996). Too frequently, even much more recent material will foil a meaning-
ful analysis (KRINGS et al. 1996, ZELLER et al. 2000). This finding is consistent
with the opinion of other scientists. For example, in the case of the three
above-mentioned amino acids, suspicion has been raised that the application of
such D/L values for the prediction of “nucleic acids present/absent” or “template
amplifiable/refractory to PCR” is of no or only minor use. This is because much
remains to be explored in order to understand the complex and multi-faceted
diagenetic processes affecting biological material (e.g. COLLINS et al. 1999,
KOLMAN, TUROSS 2000, KAESTLE, HORSBURGH 2002). And indeed, in several
studies we observed that exceptions from the “D/L asp rule” exist (e.g. PUSCH et
al. 2000a, b; PUSCH et al. submitted); i.e. emphasising that D/L aspartic acid val-
ues do not correlate with nucleic acid diagenesis.

In some cases, application of more or less laborious molecular techniques may
therefore allow researches to “enhance” the otherwise nearly non-informative
DNA material (e.g. HÖSS, PÄÄBO 1993, HÖSS et al. 1996, PUSCH et al. 1998,
POINAR et al. 1998, HOFREITER et al. 2001b, DI BERNARDO et al. 2002). Thus, fu-
ture methods could in time improve the situation and provide new information on
samples from earlier geological periods.

Fossil diagenesis and sample authenticity

The introduction and refinement of PCR (SAIKI et al. 1985, 1988, MULLIS et al.
1986, PÄÄBO et al. 1989) has contributed much more than any other molecular
genetic technique to the immense development in analysing DNA from prehis-
toric remains. Without the essential amplification of molecules, such research
would be elusive, because of the small amounts of isolated DNA that is often
highly degraded as well as chemically modified. Due to its high sensitivity,
the utilisation of PCR involves a high error/artefact potential, which is difficult
to evaluate (HANSEN et al. 2001, WILLERSLEV et al. 1999). Consequently, data
misinterpretation based on unwanted contamination with modern, ancient or vin-
tage DNA of various sources may occur. To thoroughly monitor putative
artefacts/non-authentic results and the spectrum of PCR contamination, a number
of routine precautions should be taken when performing any type of PCR (KWOK,
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HIGUCHI 1988). In addition to adopting such prevention measures, it is important
that an “overkill” (STONEKING 1995) of control reactions is performed parallel
with the test samples to detect, minimise and to finally exclude any contamination
problems (Figure 5). Briefly, a minimum of four controls is recommended, a “no
DNA” (i.e. water) reaction, a “no primers” reaction, a blank extraction PCR,
and at least one mock control, all of which must be performed along with the ex-
periments. Further authentication criteria are summarised in painstaking detail
by COOPER and POINAR (2000). Procedures or chemicals that aim to further en-
hance the sensitivity of PCR may exacerbate the authentication problem. Despite
this increased contamination/artefact danger, several recommendations have been
made to address higher PCR product yields. The following examples can be men-
tioned: an increase in the number of amplification steps during thermal cycling,
the addition of so-called “favouring” agents, such as acetylated bovine serum al-
bumin (BSA) or N-phenacyl thiazolium bromide (PTB), E. coli single-strand
DNA binding protein (SSB, Bind-Aid™ amplification enhancer, U. S. Biochemi-
cal/USB Amersham, Cleveland, USA) or T4 gene 32 protein (HILZ et al. 1975,
HILZ, FANICK 1978, TEBBE, VAHJEN 1993), the out-dilution of PCR inhibitors
prior to PCR (HANDT et al. 1994b, 1996), the use of certain polymerases capable
of neglecting impurities (e.g. Tfl-Polymerase, Promega, Madison, USA), manual
“hot start” PCR (MULLIS 1990, D’AQUILA et al. 1991) or commercial variants
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Figure 5. Contamination surveillance of PCR water aliquots (i.e. no template included)
employing a protocol that allows to amplify internally any Alu repetitive element (IAP; PUSCH

et al. 2000c). Top panel, first round PCR; bottom panel, 2nd reamplification round. Symbol “+”
indicates contamination with primate DNA identified by IAP; “M” indicates DNA size
standard. Out of the 12 water samples tested, 8 proved to be contaminated in the first round
PCRs (A). Subsequent reamplification reactions, using 1 µl of each former PCR, identified 11
of the water aliquots IAP-positive (B). They must be excluded from any use in PCRs.

Contamination appears to be the norm rather than a exception.



thereof (e.g. HotWax™ OptiStart™ Kit, Invitrogen, Groningen, Netherlands),
or the application of excess Taq enzyme (PÄÄBO et al. 1988).

However, despite these experimental improvements, PCR-based ancient DNA
research still struggles with two major problems, namely (i) the poor quality
of templates obtained with any isolation technique available to date, and (ii) Taq

polymerase inhibition, which can sometimes be recognised by the presence or ab-
sence of primer-dimer formation, respectively. Both characteristics can be at-
tempted with different protocols designed for improving PCR (see above).
To remedy problem (i), an increase in the template concentration is required, an-
nealing and extension times need to be increased, and/or nested PCR needs to be
applied. Problem (ii) is frequently circumvented by diluting the template, increas-
ing the Taq enzyme concentration, adjusting the Mg2+ or K+ concentration,
and further purifying the templates used. Thus, PCR methodology applied to an-
cient DNA reveals a paradox with respect to the optimal PCR protocol, as both
the dilution and the increase of template DNA are recommended. Since ancient
DNA frequently – if not always – displays the features of damaged nucleic acids
and the presence of PCR inhibitors, none of the currently developed PCR proto-
cols can claim to be optimal. It will thus be one of the future tasks to further opti-
mise the PCR methodology or to develop alternative techniques that also address
diagenetic particularities.

The ascertained detection of ancient DNA and well-controlled amplification
do not constitute the only critical points connected with authentic DNA se-
quences. One of the important facts was noted by HANSEN et al. (2001), who dem-
onstrated frequent CG/TA transitions (Figure 6) being overrepresented in ancient
DNA samples (originally envisioned by LINDAHL 1993) – a finding that compli-
cated their own interpretations (WILLERSLEV et al. 1999). In the meantime, pres-
ence of frequent transitions in mtDNA was confirmed (HOFREITER et al. 2001,
GILBERT et al. 2003b) and in nuclear DNA, transversion were also reported
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Figure 6. Gel image of a fluorescence-based DNA sequencing run. PCR products were cloned
and sequenced. Although originating from a unique template source, CG/TA transitions are
frequently observed in cloned ancient DNA sequences resulting in sequence heterogeneity.
Note that the sequence with the central thymidine in the [C]N homopolymer stretch (arrow)

is the authentic one. The other sequences show an artificial T>C change.



(PUSCH et al. 2002). Such observation has complicated the determination of au-
thentic DNA sequences since the deviations can only be assessed by statistical
means and no chemical treatment (e.g. uracil N-glycosylase (UNG), or by
DNA-release-enhancers, such as PTB, N-phenacyl thiazolium bromide) will
eliminate these errors (PUSCH et al. 2002, PUSCH et al. submitted); with due con-
sequences to the entire field of palaeogenetic research.

In summary, if we disregard the frequent mtDNA transitions, no significant de-
viations from present taxa can be assigned to fossil animal DNA. Moreover,
the sequences in the hypervariable region of the Neanderthals fit into present-day
variability, in contrast to the originally published interpretation (KRINGS et al.
1997). Consequently, published Neanderthal sequences are now subject
to re-evaluation (HANSEN et al. 2001, GUTIERREZ et al. 2002, SCHMITZ et al.
2002, GILBERT et al. 2003a, b). Therefore, a set of questions demands further elu-
cidation: (i) which circumstances determine whether a bone sample contains

DNA or not? (ii) how are the base deviations generated, which abolish any authen-
tic sequence information? (iii) how can these DNA changes be removed to restore
authenticity? Expecting the causes of DNA modification in the diagenetic pro-
cess, future research should focus on such mechanisms of fossilisation to generate
a valid diagenetic profile of palaeontological material (Figure 7). This would per-
mit to make a decision whether to perform molecular genetic analyses with such
finds.
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Figure 7. Electron microscopy can be used to assess the ultrastructure of nucleic acids. Here,
internal loops, hairpin structures, partially single-stranded segments and maybe nicks/gaps are

highlighted (see arrows).



We will discuss but one aspect of this presently still poorly understood
and complex process to show natural age limits to storing DNA in bones retrieved
from excavations. During aging of such samples, collagen is replaced by apatite,
leading to crystallisation or growing of apatite crystals. This phase plays a crucial
role for the fate of the sample and its DNA. During this phase, metal ions from
the environment become incorporated, including radioactive uranium isotopes
(e.g. SMITH, BRADLEY 1954, ALTSCHULER et al. 1958, WILLIAMS, MARLOW

1987, MILLARD, HEDGES 1995, PFRETZSCHNER 1997). Background radiation
and enrichment in K40 and U238 in the apatite matrix of the bones, contribute
to DNA degradation. Assuming a basic activity of 400 � Gray/y and a complete
DNA degradation by a dose of 1,000 Gray (KIEFER 1989), it can be calculated that
ancient DNA will not surpass an age of 2.5 million years. This calculation does
not account for additional � - and � -radiation. Therefore, present estimates place
a survival limit for nucleic acids at about 100,000 years (HANDT et al. 1994a,b,
1996, KRINGS et al. 1997) unless very fortuitous but fortunate circumstances al-
low additional time spans (SMITH et al. 2001, OVCHINNIKOV et al. 2001).

Conclusions

The listed examples demonstrate the power of genetic tests when using more re-
cent and sometimes prehistoric samples. However, the most important is a care-
fully designed experimental setup plus introduction of numerous controls
and a critical evaluation of the results. Presently, we can safely state that no mean-
ingful biological remains for DNA analysis can be expected from material older
than several hundred thousand years. Lucy, the “famous” Australopithecus speci-
men is beyond our experimental reach. The same applies to, for example,
Tyrannosaurus resurrections. But despite the fact that prognoses are nearly im-
possible in the field of molecular genetics, with its breathtaking speed of new de-
velopments, who could deny that maybe in 20-30 years new institutes will
be engaged in genetic reconstruction of extinct species. For such an enterprise,
however, sufficient authentic DNA is needed, a requirement possibly fulfilled by
the moa from New Zealand, the dodos from the Mascarene Islands, the African
quagga, or even the Siberian mammoth. Therefore, so far we have only seen
the first pages of an immensely exciting chapter on palaeogenetic and diagenetic
research. For a successful scientific future, molecular biologists, chemists,
palaeogeneticists, anthropologists and palaeontologists will need to develop
an open-minded dialogue, and much remains to be learned from one another.
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