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Abstract Ancient DNAs hold tremendous
potential for studies of phylogeny, biogeography,
and molecular evolution. In this paper we review
published reports of DNA extracted from preserved
plant and animal tissues. These preserved materials
range in age from a 120 year old museum specimen
of the extinct marsupial wolf to Oligocene-Miocene
(25-30 million year old) termites and stingless bees
preserved in amber. The mode of perservation of
the tissue, molecular analysis, and biological
significance, if any, of each study are discussed. In
addition, we present our assessment of the future
prospects of molecular paleontology. Finally, the
principal limitations of fossil DNA extraction and
characterisation are discussed, including degradation
and modification of ancient DNA, difficulties in
amplification of target sequences via the polymerase
chain reaction, and the special problems that
contamination presents for amplification and veri-
fication of fossil DNA sequences.

Keywords ancient DNA; fossils; phylogeny; PCR;
DNA sequences

INTRODUCTION

The application of molecular techniques to paleont-
ology holds great potential for studies of both
historical evolutionary biology and molecular
evolution. The past decade has witnessed the
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extraction and analysis of ancient DNAs represent-
ing a diversity of ages, organisms, and modes of
preservation. Although the reports of ancient DNA
have received considerable attention, molecular
paleontology will represent nothing more than
biological curiosity until extraction and analysis of
ancient DNAs become routine and can address
significant biological questions. In this paper we
will: (1) review those ancient DNAs reported to date
and their biological contributions, if any; (2) discuss
the prospects that ancient DNAs hold for evo-
lutionary biology; and (3) present some of the
limitations and frustrations encountered in the study
of ancient DNA.

ANCIENT DNAs AND PROSPECTS FOR
FURTHER STUDY

Animals
The field of molecular paleontology was initiated
with the extraction of DNA and the analysis of 229
base pairs (bp) of mitochondrial DNA (mtDNA)
from museum specimens of the quagga (Higuchi et
al. 1984), an extinct South African relative of the
zebra. Although the specimen was only 140 years
old and the DNA was highly degraded, this study
demonstrated molecular analysis of preserved
specimens was indeed possible. Furthermore,
sequence divergence between the quagga (Equus
quagga) and the extant mountain zebra {Equus
zebra) implies that the two species diverged 3-4
million years ago, a time consistent with the fossil
record. Museum specimens of other animals have
also provided sources of DNA. Analysis of 219 bp
of mtDNA from a museum specimen collected in
1869 of the extinct marsupial wolf of Australia
(Thomas et al. 1989) showed that this species was
most closely related to other Australian marsupial
carnivores and that its resemblance to an extinct
group of South American carnivorous marsupials
resulted from convergent evolution. Although no
analyses have yet been conducted, DNAs have also
been extracted from the skin of a 13 000 year old
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ground sloth (Paabo 1989) and a 40 000 year old
frozen mammoth (Higuchi et al. 1984).

Preserved human tissues have also provided
DNA, including Egyptian mummies 2000-5000
years old (Paabo 1985a, b; 1989) and 7000-8000
year old brain tissue from the bogs of Florida, U.S.A.
(Paabo et al. 1988; Lawlor et al. 1991). A cloned
fragment of DNA obtained from a 2400 year old
Egyptian mummy contained two segments that
hybridised to a probe containing a member of the
Alu family of human nuclear repetitive DNA
sequences (Paabo 1985a). Subsequent sequencing
of one of these segments permitted comparison of
this Alu sequence with the consensus of all human
Alu sequences (Paabo 1985a). These comparisons
revealed little or no postmortem modification of the
preserved DNA and provided some of the earliest
evidence that ancient DNA could indeed be extracted
and analysed. Subsequent studies (DelPozzo &
Guardiola 1989) of this cloned fragment revealed
an intron in the HLA-DOA1 gene of the major
histocompatibility complex. The intron displayed a
surprising degree of conservation when compared
to a standard cell line, even though this region
typically exhibits significant polymorphism. mtDNA
sequences from a 7000 year old brain from the Little
Salt Spring site in southwestern Florida revealed a
mtDNA lineage previously unknown in North
America (Paabo et al. 1988). More elaborate
molecular studies have been conducted on the DNA
derived from 7500 year old brain tissue from the
Windover population in central Florida (Lawlor et
al. 1991): segments of six genes have been
characterised, with greatest emphasis on the HLA
genes. Not only were partial sequences obtained, but
a tentative HLA-A, B genotype was assigned to the
individual (Lawlor et al. 1991). Similar assignment
of genotypes at these loci to other individuals of the
Windover population would permit an assessment
of changes in allelic and genotypic frequencies
through time and allow the construction of
genealogies within the Windover population and
between this population and other Amerindian
groups.

Several recent studies have incorporated ancient
DNAs into phylogenetic analyses of primarily extant
groups of animals. The flightless ratite birds include
the ostrich, the emu, cassowaries, rheas, kiwis, and
moas, an extinct group of 11 species. All of the ratites
have restricted geographic distributions, with the
kiwis and moas confined to New Zealand. Both
biogeographic patterns and morphological features
suggested a close relationship between kiwis and

moas (Anderson 1989). To examine relationships
among ratite birds, DNAs were extracted from
representative extant species of ratites and from both
bones and soft tissues of museum specimens of four
species of moas (Cooper et al. 1992). Phylogenetic
analysis of approximately 400 bp of the mito-
chondrial 12S ribosomal RNA (rRNA) gene
demonstrated that moas and kiwis do not share a
recent common ancestor; rather, kiwis are more
closely related to Australian and African ratites than
to moas. This implies that New Zealand was
probably colonised twice by ratite birds or their
ancestors.

The sabre-toothed cat, Smilodon fatalis, is one
of the most striking of the extinct, late Pleistocene
mammals preserved in the asphaltic sediments of
Rancho La Brea in Los Angeles, U.S.A. Because
blade-like canine teeth have apparently evolved
several times in Carnivora (reviewed in Janczewski
et al. 1992), the phylogenetic position of the sabre-
toothed cat is uncertain. To determine the placement
of Smilodon fatalis in the phylogeny of the Felidae
and to test the feasibility of obtaining DNA from
asphalt-preserved fossil bone, DNA was extracted
from 14 000 year old fossil bones of three individuals
of the sabre-toothed cat (Janczewski et al. 1992).
Sequences of the mitochondrial 12S rRNA gene and
the nuclear FLA-I gene (the feline class I major
histocompatibility complex gene) from the sabre-
toothed cat support the placement of this species
within the modern radiation of Felidae, rather than
in a group of Miocene "cats". Furthermore, these
results demonstrate the feasibility of extracting and
analysing DNA from asphalt-preserved fossil bone.

Animal tissues preserved in amber have provided
the oldest DNAs yet reported (DeSalle et al. 1992;
Cano et al. 1992). DeSalle et al. (1992) extracted
DNA from the now-extinct termite Mastotermes
electrodominicus dating from the Oligocene-
Miocene, 25-30 million years before present.
Approximately 240 bp of the nuclear 18S rRNA
gene were amplified (in two fragments) and
sequenced from this fossil DNA, and the sequence
was included in a phylogenetic analysis of termites,
cockroaches, and mantids. Although the DNA was
highly degraded, the inclusion of the fossil sequence
in this phylogenetic analysis helped to resolve a long-
standing controversy of termite/cockroach phylo-
geny. Therefore, not only does this Oligocene-
Miocene DNA sample represent one of the oldest
DNAs analysed, but its characterisation has had sig-
nificant biological impact as well. DNA sequences
from 25-40 million year old stingless bees preserved
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in Dominican amber have also been reported (Cano
et al. 1992). Two segments of the nuclear 18S rRNA
gene of the extinct Proplebeia dominicana were
amplified and sequenced. Comparison of the P.
dominicana sequence with those of the extant
Plebeia jatiformis and Plebeia frontalis indicates
approximately 7% sequence divergence between
fossil and extant species. The fossil sequence will
also be used to resolve phylogenetic relationships
among extant species (Cano et al. 1992).

Plants
Preserved plant material, including herbarium
specimens 118 years old, has yielded DNA (Rogers
& Bendich 1985). In fact, herbarium specimens have
become a common source of DNA for systematic
studies using DNA sequences. DNA, albeit de-
graded, has also been extracted from mummified
seeds of juniper and snowberry of the Caprifoliaceae
(honeysuckle family) from >45 000 year old pack
rat middens (Rogers & Bendich 1985). No further
analyses of these midden-preserved DNAs have
been conducted.

Until the recent reports of Oligocene-Miocene
DNAs from amber-preserved animal tissues
(DeSalle et al. 1992; Cano et al. 1992), the oldest
DNAs isolated and analysed were from Miocene
plant specimens 17-20 million years old (Golenberg
et al. 1990; Soltis et al. 1992). These Miocene DNAs
were extracted from compression fossils from the
Clarkia site in northern Idaho, U.S.A. The fossils
were formed when a lava flow dammed the Proto-
St Maries River and formed the Miocene Clarkia
Lake (Smiley & Rember 1980, 1985). Rapid sed-
imentation trapped abundant plant material and
produced water-saturated, unoxidised sediment that
has preserved the cellular integrity, organic chem-
istry, original pigmentation, and even DNA of the
leaves.

Golenberg et al. (1990) obtained a partial
sequence (759 bp) of the chloroplast DNA gene rbcL
(1428-1431 bp total), which encodes the large
subunit of ribulose 1,5-bisphosphate carboxylase/
oxygenase, the enzyme responsible for fixing
atmospheric carbon, from the extinct Magnolia
latahensis. To confirm the authenticity of their fossil
Magnolia sequence, Golenberg et al. (1990)
compared it with all the rbcL sequences generated
previously in their laboratory and also with rbcL
sequences of extant representatives of the family
Magnoliaceae. A phylogenetic analysis of rbcL
sequences of the fossil Magnolia and extant
Magnoliaceae placed the fossil sequence in the

phylogenetic position expected for a species of
Magnolia. The rbcL sequences of fossil and extant
Magnolia differed by 17 base substitutions, 12 of
which were transitions and all but four of which were
silent, third-position substitutions.

Following the report of the Miocene Magnolia
sequence, a second rbcL sequence from the Miocene
fossils of northern Idaho was published (Soltis et al.
1992). The latter study compared 1320 bp of rbcL
derived from a fossil Taxodium (bald cypress)
specimen with rbcL sequences of extant Taxodium
distichum (one of only two extant species of
Taxodium), the confamilial Metasequoia glypto-
stroboides (dawn redwood), the related conifer,
Pseudotsuga menziesii (Douglas fir), and the
liverwort, Marchantia polymorpha. All analyses
supported the interpretation of the putative fossil
Taxodium sequence having been derived from the
Taxodium fossil. The phylogenetic position of the
fossil sequence as sister to that of extant Taxodium
distichum in a large analysis of rbcL variation in
the families Taxodiaceae and Cupressaceae (S. J.
Brunsfeld et al. unpubl. data) further validates the
identity of the fossil sequence. The fossil and extant
Taxodium sequences differed by 11 transitions, all
of which were silent substitutions. Relative levels
of sequence divergence between Miocene and extant
Magnolia and between Miocene and extant
Taxodium are discussed elsewhere (Soltis et al. 1992,
in press). Both the Miocene Magnolia and Taxodium
yielded amplified products (780 bp and 1380 bp,
respectively) larger than those typically achieved
with ancient DNA. Most studies of ancient animal
DNA have reported amplification of fragments
smaller than 500 bp (reviewed by Paabo et al. 1988).
Perhaps the mode of preservation of plant material
and the subsequent anaerobic conditions at the
Clarkia site have reduced the amount of degradation
of DNA in these specimens.

Prospects
DNAs have been extracted from a diverse array of
preserved tissues representing different ages and
modes of preservation. Ancient DNA sequences,
when compared with those of extant organisms, can
provide unique insight into questions of evolutionary
relationships and divergence. For example, fossil
plants are often severed, with organs such as leaves
and stems lying in close proximity but without
evidence of biological attachment. Consequently,
physically associated plant organs are often assigned
to different "organ genera". DNA sequences from
such fossil organ genera could be used to test the
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hypothetical associations among these plant parts.
A particularly intriguing example involves the leaves
of Zizyphoides and infructescences of
Nordenskioldia of the Trochodendraceae (Crane et
al. 1991) of the Paleocene deposits of the Pacific
Northwest of the U.S.A. Were these structures
components of a single plant? DNA sequence
analysis could provide an answer. Additionally,
parallel comparisons of sequences of disjunct taxa
and their fossil relatives from diverse groups of
plants or animals could reveal patterns of phylo-
genetic relationships and biogeographic divergence.
The analysis of DNAs from the Clarkia fossils and
their extant relatives from eastern North America,
western North America, and eastern Asia should
produce a better understanding of the phylogenies
and biogeographic history of plant groups displaying
this major pattern of floristic disjunction (e.g., Gray
1859; Axelrod 1960). Finally, ancient DNAs can
anchor organismal divergence in the fossil record,
permitting calibration of molecular evolution over
a known timeframe. This use of ancient DNAs is
perhaps most significant, allowing comparisons of
evolutionary rates among genes and across lineages.

LIMITATIONS OF ANCIENT DNAs

Extraction and degradation
Extraction of DNA from preserved plant and animal
tissues can be accomplished via any of several
approaches (e.g., Rogers & Bendich 1985; Paabo
1989; Golenberg et al. 1990). However, not all
preserved material yields DNA, and it may be
difficult to select a priori those samples most likely
to provide DNA. Rogers & Bendich (1985) obtained
DNA from all herbarium and mummified (45 000
years old) plant tissues they studied. In a survey of
12 samples of preserved animal tissue, ranging in
age from four years to 13 000 years, Paabo (1989)
extracted DNA from all samples. He further reported
the successful extraction of DNA from more than
90% of all well-preserved, desiccated fossil tissues
he had analysed. He found no relationship between
the quantity of DNA yielded and age of the samples,
but all of the material he used was of recent
paleontological age. In contrast, the success rate for
extraction of DNA from much older Miocene
remains is much lower: E. M. Golenberg and M. T.
Clegg (pers. comm.) reported visible (with ethidium
bromide staining), high-molecular-weight (>10 kb)
DNA in 10-15% of their samples, and Soltis et al.
(in press) obtained high-molecular-weight DNA

from 36 of 166 samples (22%). However, given
Sidow et al.'s (1991) report of bacterial DNA in
preparations from the Clarkia fossils, we cannot be
certain that all of this high-molecular-weight DNA
is indeed derived from the plant fossils (see below).

Nearly all studies of ancient DNA have reported
substantial degradation of the DNA, with most DNA
fragments ranging in size from 50-500 bp (e.g.,
Higuchi et al. 1984; Rogers & Bendich 1985; Paabo
1985a, 1989; Paabo etal. 1988;DeSalleetal. 1992).
However, larger fragments have also been observed
(e.g., 5 kb, Paabo 1985a; 20-30 kb, Rogers &
Bendich 1985; >10 kb, Soltis et al. (in press), cloned
(e.g., 3.4 kb, Paabo 1985a), and amplified via PCR
(e.g., 780 bp, Golenberg et al. 1990; 1380 bp, Soltis
et al. 1992).

DNA degradation and modification result
primarily from oxidation, which may produce
baseless sites, oxidised pyrimidines, and cross-links
(Paabo 1989). However, the mode of preservation
and intracellular changes in metabolites and pH may
retard rates of oxidation in some tissues, such as the
Miocene plant material from Clarkia, Idaho
(Golenberg 1991). In fact, an analysis of fossil DNAs
from Clarkia showed some evidence of decreased
thymine content but none of substantial depurination
(Golenberg 1991), as could be expected in highly
oxidised tissues.

Amplification
Amplification of target sequences in ancient DNAs
generally proves more difficult than in DNA
extracted from fresh material. Because ancient
DNAs are typically quite degraded, fragments of
sufficient size to span the region between designated
primers may be in very low number. The low copy
number of target sequences not only will reduce the
ultimate yield of amplified product but will also
increase the likelihood of amplifying contaminant
DNA (see below). Amplification of a damaged or
modified template is slower and less efficient than
amplification of an intact template. Intact templates,
including contaminants, will be amplified preferen-
tially, and sequence errors may be introduced
through replication of modified or damaged tem-
plate. The probability of faithfully amplifying
sequences using short, degraded template DNA can
be improved by designing primers that span no more
than 150-200 bp, or even less. This approach will
increase the pool of sequences available for priming
and amplification, and most studies of ancient animal
DNA have used this approach (e.g., DeSalle et al.
1992; Thomas et al. 1989; Lawlor et al. 1991).
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However, in some cases (e.g., Soltis et al. in press),
amplifications have failed even using primer
combinations designed to amplify 200-300 bp.
Highly degraded DNA can also be repaired prior to
PCR reactions. Treatment of nicked template DNA
with Klenow and excess dNTPs will fill in gaps in
the degraded template and create longer, intact DNA
fragments. Golenberg (1991) further recommends
subsequent treatment with T4 DNA ligase to link
regions of template DNA together; he reported the
successful amplification of a 747 bp fragment from
a Miocene plant fossil using this method. However,
this approach could also produce mosaic sequences
derived by ligation of portions of different alleles
(if a nuclear gene) or genes (if a multicopy gene) or
from ligation of template and contaminant DNA.
Such mosaics are similar to those produced by
"jumping PCR" (Paabo et al. 1988).

PCR reactions using ancient DNA as template
may also be inhibited by unknown substances that
are extracted with the DNA (cf. Paabo et al. 1988;
Golenberg 1991). In fact, amplification of rbcL from
Miocene plant DNAs (Golenberg et al. 1990; Soltis
et al. 1992) was only successful when the DNA
samples were highly diluted. Although the DNA
concentration was also reduced, it was presumably
the dilution of the inhibiting substance(s) that
allowed the PCR to proceed. However, even though
high-molecular-weight DNA has been obtained from
22% of the Clarkia fossils analysed by Soltis et al.
(in press), all attempts (except Soltis et al. 1992) to
amplify target sequences have failed (Soltis et al. in
press, unpubl. data). The addition of bovine serum
albumin and high quantities of heat-stable poly-
merase (Paabo et al. 1988; Paabo 1990) may
circumvent the inhibitory effect of some co-
precipitating substances.

Contamination
Inadvertent amplification of contaminant DNA
sequences is a concern in all studies employing the
polymerase chain reaction. However, contamination
of DNA samples is an even greater problem in
studies of ancient DNA where the desired target is
in low quantity and usually surrounded by damaged
DNA. Amplification of contaminating sequences
may be easily detected (e.g., Paabo et al. 1988;
Thomas et al. 1989): large fragments (i.e. >1 kb)
are easily amplified in large quantities, unlike the
true target sequences that typically yield only small
fragments and small quantities of amplified product.

The authenticity of putative ancient DNAs can

be confirmed using several criteria. Firstly, it
must be demonstrated that the sequence is unique
among those produced by a given laboratory and
therefore could not have arisen from a laboratory
contaminant. Paabo (1990) gives recommen-
dations for reducing the risk of contamination,
including the use of disposable laboratory
supplies, "mock" DNA extractions without tissue
to check for contaminants in the extraction
process, and control PCR reactions that lack
template. Secondly, comparison of the fossil
sequence with those from closely related organ-
isms can help to validate the sequence. In our
work with Miocene Taxodium DNA, the fossil
sequence differed from all other rbcL sequences
generated in our laboratory. In addition, phylo-
genetic analyses of rbcL sequences of the fossil
Taxodium, one of the two extant species of
Taxodium, the confamilial, monotypic Meta-
sequoia, Douglas fir, and a liverwort produced
an evolutionary tree consistent with the inter-
pretation that the putative fossil sequence was
truly of Miocene age (Soltis et al. 1992).
Furthermore, in an analysis of rbcL sequences
from all genera of Taxodiaceae and representative
Cupressaceae, the fossil and extant Taxodium
sequences remained sister sequences (Soltis et al.
in press; S. J. Brunsfeld et al. unpubl. data),
supporting the hypothesis that the rbcL sequence
attributed to the fossil is truly derived from the
fossil and not from another DNA source in our
laboratory. Similar phylogenetic comparisons
were used to confirm that the other putative
ancient DNA sequences described above were
truly derived from preserved materials.

Contamination in PCR amplifications of ancient
DNA may also derive from micro-organisms
associated with the preserved material. Fossil and/
or extant bacteria and fungi may cover the surface
of or reside within the preserved tissues, and, if so,
extraction of plant or animal DNA will also likely
include bacterial and/or fungal DNA as well. Sidow
et al. (1991) demonstrated that at least some of the
visible, high-molecular-weight DNA from the
Miocene plant fossils at Clarkia was bacterial.
Current studies are underway to determine the extent
of bacterial contamination. The presence of bacterial
or fungal contaminants need not necessarily present
a problem for analysis of plant or animal DNA
sequences. The selection of plant- or animal-specific
genes will preclude any effects of the contaminating
DNA.
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CONCLUSIONS

Ancient DNAs hold tremendous potential for
addressing questions of phylogeny, molecular
evolution, and biogeography (cf. Golenberg et al.
1990; Soltis et al. in press), and the past decade has
witnessed DNA sequences of increased antiquity,
from a 120 year old marsupial wolf to Oligocene-
Miocene amber-preserved termites and bees. Despite
the excitement these studies have aroused, and the
potential of ancient DNAs for investigating organ-
ismal and molecular evolution, few studies to date
have contributed significant biological results. Those
exceptions generally involve DNA of a few hundred
to a few thousand years in age. Until extraction and
analysis of ancient DNAs become more routine,
ancient DNA sequences will remain curiosities
rather than integral parts of evolutionary biology.
Improved techniques of fossil DNA extraction and
characterisation could, however, legitimately
establish the field of molecular paleontology.
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