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It is just over a decade since the first published report
on ‘ancient DNA’. Today it is becoming increasingly
clear that this area has enormous potential, and is fast
developing to be recognized as an important research
area with implications to a number of diverse fields
of modern science. It is therefore pertinent to review
the current status of research and the future vistas in
this area.

Recent advances in molecular biology have facilitated
the understanding of man and his environment at the
genetic level. Genetic studies at the DNA sequence level
has — for quite sometime now —been possible on con-
temporary life forms. Molecular methods and approaches
have helped unravel the evolutionary relationships among
the different organisms. The study of ‘ancient DNA’
has attracted the attention of scientists in the recent
past. Initially studies were mostly confined to soft
tissue specimens. But, with the advent of the polymerase
chain reaction (PCR) technique, there has been a revo-
lution in the bio-molecular study of DNA in ancient
specimens'™*, popularly called ‘ancient DNA studies’.
Successful studies of mitochondrial DNA (mtDNA)'*-"
and even nuclear DNA®?* from ancient specimens are
beginning fo be reported.

A number of inherent advantages make mtDNA a
preferred tool in ‘ancient DNA studies’. (i) miDNA
accumulates mutations at a much higher rate and provides
adequate calibration for reading even recent population
history. (ii) The mitochondrial genome comes only from
the mother. Because of this maternal mode of inheritance,
there is no recombination of maternal and paternal genes,
which sometimes blurs the history of the genome as
read by geneticists. Potentially therefore, mtDNA offers
a powerful way of inferring population history, unhin-
dered by the genetic fog of recombination. (iii} High
copy number of mtDNA is perhaps the most important
with respect to analysis of ancient specimens.

For more than a decade biologists have been using
the data from mtDNA to uncover population histories
of many species. mtDNA analysis® relating to the origin
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of modern humans has led to the mitochondrial eve
theory, which claims that modern humans can be traced
back to an ancestral population that lived in Africa
relatively recently, close to 150,000 years ago. Further-
more, the theory suggests that descendants of this
ancestral population migrated into the rest of the Old
World, completely replacing the then existing population
of archaic humans. With the generation of additional
data from other laboratories, the Mitochondrial Eve
hypothesis seems to be strengthening, though the opinion
is not always uniform®®?’. Ancient mtDNA studies have
basically been an extension of studies being done on
contemporary populations. Thanks to the advancement
in bio-molecular sciences®®?, vital information regarding
human origins and population history are now being
unravelled™".

The area of ‘ancient DNA studies’ holds enormous
potential in a number of diverse fields. Today the interest
in ‘ancient DNA’ has grown considerably ever since
Higuchi et al’' reported the recovery of mtDNA from
dried muscle of the quagga, an extinct member of the
horse family. It is therefore timely to survey the organis-
mal range of preserved DNA currently being analysed,
and the spectrum of questions being answered.

DNA and its survival

Bio-molecules have varying degrees of stability over
time. Soon after cell death, these molecules begin rapid
degradation. Nucleic acids have limited life expectancies
under physiological conditions, and DNA particularly is
a chemically unstable molecule that decays sponta-
neously, mainly through hydrolysis and oxidation.
Hydrolysis causes deamination of the nucleotide bases
and cleavage of the base-sugar bonds, creating baseless
sites. Deamination and depurination are the two main
types of hydrolytic damage’?. Baseless sites weaken the
DNA strand, causing strand breaks that fragment the
DNA gradually into smaller pieces. Oxidative damage
is basically by the modification of the nucleotide bases
leading eventually {0 the destruction of the ring structure
of the base and sugar residues in the DNA molecule,
DNA degradation is also caused by nonenzymatic methy-
lation and by other enzymatic pathways.
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Due to the presence of DNA repair mechanisms in
the living organisms, DNA undergoes coustant repair to
counteract any damage it incurs. On death, however,
spontaneous degradation of the DNA molecule occurs,
even in fully protected environments™. It therefore
appears that the chances of DNA survival in ‘million-
vear-old’ specimens is very little unless special conditions
for preservation exist (see Table 1). Theoretical calcu-
lations have suggested that DNA may not survive for
more than 10,000-100,000 years***, and even if it does
it is expected to be highly fragmented and chemically
modified™>.

Ancient DNA studies

Ancient DNA has been discovered in a variety of
preserved biological material. This includes bones,
mummies, museum skins, insects in amber, and plant
fossils. ‘Ancient DNA studies’ is today an important
research tool in disciplines as diverse as archaeology,
conservation biology and forensic sciences. Reports of the
application of this technology to fields such as archaeo-
logy®**®, palacontology®'****2 forensic sciences?®****,
conservation and population biology***¢ 384247

, botany ,
zoology® P41 genetics and human evolution’*°* are

being published.

During the pre-PCR era scientists attempting
‘ancient DNA studies’ almost relied on well-preserved
specimens. Much of the status that the ficld has attained
has been after the invention of PCR*®?%, and most of
the success has been from phylogenetic studies of extinct
animal SﬁJ 3.50,54.

The spectrum of questions being addressed

‘Ancient DNA studies’ are being pursued by various
groups to answer questions pertaining to their respective
fields of interest.

In archaeology, ancient DNA has been contributing
both to the interpretation of individual sites and to the
development of hypotheses about past populations. Site
interpretation is aided by DNA-based sex typing of
fragmentary human bones, and by the use of genetic
techniques to assess the degree of kinship between the
remains of different individuals®.

Analysis of ancient human remains has provided
information about sex ratios®®, tribal relationships, and
the colonization of the New World®™™*", Ancient human
DNA studies can provide a temporal perspective to
important issues in human history, such as changes in
population structure and movement patterns, language
evolution and the origins of infectious disease®->*>7.60-62
However, the difficulty associated with extracting and
authenticating ancient human DNA presents unique
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research problems, and limits the scope of such studies.
Modern human DNA can contaminate experiments at
many stages and phylogenetic criteria are often not
appropriate test of authenticity®™. In this context, the
path-breaking study of Neanderthal origins by the
sequencing of a segment of mtDNA d-loop'? has been
acclaimed as a mighty step forward and has set new
standards of experimental rigour, especially for studies
on anctent human DNA.

Ancient human DNA studies are being pursued by a
number of groups against all odds of maintaining strict
contamination controls. Study of the human skeletal
remains — in general —has been for a long time now
providing us considerable information on the historic,
protohistoric and even prehistoric human populations.
Ancient DNA {from such skeletal materials is just
beginning to unravel information of greater precision
and detail. The present focus of such studies is to track
the origin of populations by tracing the chronology of
appearance/disappearance of mutations, and by phylo-
genetic analyses. The amplifying cloning and sequencing
of the Tyrolean Ice Man DNA, from a 5000-year-old
mummified specimen found in the Alps in the year
1991, was done by Handt er al.**. Comparison of the
mtDNA sequence from the Ice Man with those of some
contemporary populations, including populations from
Northern Europe, the alpine region and Oetztal (the
valley where the body was found), demonstrated that
the Ice Man sequence corresponds to mitDNA types
existing in central and northern European populations.
The report by Hagelberg and Clegg'” on the study of
a fragment of human fibula from pre-1778 Polynesia,
showed that DNA extracted and amplified from this
specimen, exhibited the typical deletion of one copy of
a 9-bp repeat in the region V of mtDNA, present in
modern Polynesians. In another study Hagelberg et al.”’
showed that, mtDNA of ancient Easter Islanders shared
many polymorphisms with today’s Polynesian popula-
tions, confirming theories about early settlers of this
island. By a phylogenetic analysis, Horai et al.®’ found
the affiliation of the ancient and contemporary popula-
tions at Hokkaido Island, Japan. According to this study,
Jomon and Ainu people are at the origin of most of
the modern Japanese. Oota ¢t al.”® have analysed mtDNA
from 2000-year-old human skeletal remains from Kyushu
and found that genetic diversity in the ancient populations
were comparable to contemporary Japanese and Ainu
populations. In a similar attempt, Hanni et al.®® found
that the commonly encountered reference sequence” in
France was already present 6,000 years ago, and the
cytosine at positions 16249 and at 16362 were already
present in Spain 5,000 years ago. Hauswirth et al."
studied the miDNA from 14 individuals from a burial
(dated 6980-8120 + 100 years BP) in Florida. This study
showed that all individuals from the burial site were
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related, but some individuals lacked the Native American
characteristics, raising 1interesting questions regarding
their origins.

Ancient DNA is beginning to reveal the origin and
history of genetic and infectious diseases. DNA has
been extracted from archaeological remains of a child’s
skull exhibiting cranial porotic hyperostosis, a bone
lesion that may be attnibuted to thalassaemia or mal-
nutrition. Analysis of the #-globin gene mutation showed
that the subject was suffering from SB-thalassaemia’’. An
analysis of the 1000-year-old mummified remains of a
pre-Columbian American woman has provided evidence
of the early presence of human tuberculosis in the New
World™.

Plant and animal remains in archaeological sites can
also be analysed with species-specific primers®’2. DNA
from early cattle remains in Britain has shown that
modern cattle are derived from a diverse ancestral
population with a recent expansion event in Europe’.
Similarly, a recent Holocene population expansion has
been suggested after the analysis of Bronze Age rabbits’.

Ancient DNA in preserved plant remains can provide
information on the development of agriculture®. DNA
has been analysed and sequences obtained from Iron
Age wheat specimens from England™’® and 4700-year-old
maize specimens from Peru®.

A number of interesting investigations have been
carried out and exciting results obtained in the field of
systematics and conservation biology. The analysis of
the 185 rRNA gene from the tissue remains of the
extinct quagga has revealed its phylogenetic affiliation®'.
A study using the ancient 12S rRNA gene and 165
rRNA gene sequences retrieved from a 13,000-year-old
extinct ground sloth, Mylodon darwinii, has helped
resolve its phylogeny®. Analysis of the mtDNA in the
subfossil bones preserved in lava tubes has helped in
identifying and studying the endangered ducks in the
Laysan Island’’. Microsatellite analysis of wolf-like
canines has shown that the red wolf had extensively
hybridized with grey wolves and coyotes, well before
its extinction”’.

Studies on the loss of genetic variation have been
done in recently bottlenecked populations using museum
specimens obtained before the bottleneck. Analysis of
the DNA obtained from skin and feather samples of
the San Clemete Island Shrike”™ has revealed marked
reductions in the genetic variability in the modern popu-
lations. Analyses done by Shankaranarayanan et al.”” on
50 to 125-year-old skin samples of Indian tigers have
revealed vital information about the heterozygosity levels
in the species, which existed at that time. This information
has led to the conclusion that the extent of genetic
variation in Indian tigers was approximately the same
150 years ago as it is today. Reduced genetic variation
found today in this species therefore could not be due
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to recent inbreeding. It may be the inherent characteristic
of the species. Ancient DNA has not only helped track
endangered species using their dung®® but also has
helped knowing the dietary habits of those species'”.
Tracking violations of wildlife protection treaties, such
as the sale of meat from endangered whale species in
the markets of Japan and Korea, have also been dem-
onstrated®',

Published reports of ancient DNA from million-year
plus samples are very infrequent now after theoretical
experiments have drawn limits to the stability of DNA®2.
The other reason why scepticism has been expressed
about ancient DNA, beyond 100,000 years old**%232-%3
i1s because none of the results have been replicated and
verified independently’**. Amber seems to be an
exception where million-year-old ancient DNA can be
expected preserved according to the evidence from a
comprehensive study done by Poinar et al.*. This study
observes that the extent of amino acid racemization of
aspartic acid (Asp), alanine (Ala) and leucine (Leu)
provides a criterion for assessing the presence of endo-
genous DNA in ancient samples. According to this
study, samples in which d/! (optical characteristic) ratio
of Asp exceeds (.08, ancient DNA sequences could not
be retrieved. Reports on ancient DNA purportedly
millions of years old from palaeontological finds were
examined in this study, and scepticism expressed about
the validity of such claims. The only exceptions — the
study observes —to the presence of ancient DNA, is in
some representative insects in amber and copal.

Amino acid racemization analysis, as an indicator of
the extent of DNA degradation in ancient specimens is
gaining wide acceptance ever since the first study by
Poinar et al.**. The spectacular study of Neanderthal
DNA by Krings et al.'” has strengthened the argument
in favour of the use of amino acid racemization analyses,
preceding any ‘ancient DNA studies’. In this regard, it
is pertinent to take a close look at the physico-chemical
aspects of the link between amino acid racemization
and ancient DNA degradation. Studies have shown that,
DNA depurination, the one major hydrolytic reaction
responsible for spontaneous degradation of nucleic
acids®’*® is affected by some of the same factors that
affect racemization®. The activation energy, and the rate
constants of Asp racemization and DNA depurination
are similar (at neutral pH) over a wide temperature
range® ™, There is a tremendous potential that biogeo-
chemical studies of this kind have to elevate the status
of ancient DNA to new heights, although they might
not attract that much media attention as the spectacular
molecular genetic studies. A conscious effort is
necded to encourage interdisciplinary studies between
diverse fields such as geology, biology, archaeology,
and chemistry to tap the potential of ancient DNA in
full,
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In India there are no published reports yet of ‘ancient
DNA studies’ except for the study done by
Shankaranarayanan et al.””. miDNA analysis of contem-
porary human populations to understand population
history and relationships is in its infancy in India® ™,
In general, a comprehensive database of contemporary
sequences is an essential prerequisite to any study based
on ancient DNA seqguences. Ancient DNA as a tool to
understand aspects of human populations has never been
pursued. In this regard, a collaborative effort i1s on,
involving the Centre for Cellular and Molecular Biology
(CCMB), the new Centre for DNA Fingerprinting and
Diagnostics (CDFD) at Hyderabad, Deccan College,
Pune, and Jawaharlal Nehru University, New Delhi, to
use ‘ancient DNA’ in the study of human populations.
The study aims to understand the genetic relationships
between the ancient Mesolithic and Chalcolithic human
populations, and their contemporary relatives.

Some of the key publications that give a rough over-
view of the advances in this field of research are
tabulated (Table I, Appendix).

Technical advances, pitfalls in the area of
‘ancient DNA’

It can be stated without much doubt now that the area
of ‘ancient DNA’ would not have grown to the state
that it has now, but for the PCR technique. Ancient
DNA studies heavily rely on PCR-based techniques.
PCR amplification enables us to amplify a specific DNA
fragment from a few intact DNA molecules in the
presence of an excess of damaged molecules and other
nontarcet DNA. However, the retrieval of authentic and
unambiguous ancient DNA sequences, using PCR, can
be problematic®*>.

The obstacles to any ancient DNA analysis lie in the
sensitivity of PCR as much as the key to any such
analysis. Highly sensitive experiments could be designed
as in the case of the amplification of Neanderthal DNA
using Neanderthal-specific primers'’. On the contrary,
minute amounts of contaminating DNA may be preferen-
tially amplified, especially when the ancient extract
contains few or no endogenous DNA molecules, and
contaminating DNA could out-compete endogenous DNA
during PCR because it is usually of more recent origin
and therefore, less damaged>*’. When amplifications are
targeted at DNA fragments that are longer than any
template molecules present in the ancient extract,
chimeric DNA sequences may be produced via ‘jumping’
PCR™, These chimeric DNA sequences could be
derived from endogenous ancient template, contaminating
DNA, or a combination of both, and can confuse and
mislead any investigator>®,

The problem of contamination is one of the biggest
in any work with ancient DNA, and this can occur at

882

e i il — e

s el Y —— -

many stages’. Stringent laboratory conditions and quality
controls during experiments are therefore advocated®
during any ancient DNA analysis.

Reproducibility of the results is one of the basic
requirements of any field 10 be considered as a ‘scien-
tific discipline’. Doubts have been cast on the wvalidity
of reports, which have published resuits that could not
be repeated. For example, studies reported on 17-20
million-year-old Miocene plant fossils, such as Magnolia
leaves® and Taxodium specimens®, could not be repli-
cated®%. Also reports on the recovery of ancient
DNA from 120 to 135 million-year-old weevil*', and
30 million-year-old termite trapped in amber'? are now
considered with caution’***”’. There seem to be some
genuine constraints and reasons why reproducibility rep-
resents a problem in ‘ancient DNA studies’. For example,
the ancient specimens used for the DNA analysis could
themselves be unique, and thus an experiment can often
not be easily repeated. Yet it is now becoming quite
obvious that the results should be verifiable if any study
in this area is to pass the basic test to be recognized
as a ‘scientific report’.

This young area of ‘ancient DNA’ has 10 overcome
at least some of the above-mentioned problems before
it can be fully regarded as a respectable part of modern

science.

Authenticating ‘ancient DNA’

Establishing the authenticity of an ancient sequence
obtained is done by rigorous genetic observations®**.
In case of across-the-species studies, species-specificity
i1s followed as a good genetic test of authenti-
city®3848:30709 "Tn case of within species studies, a large
number of modern sequences all over the world of the
same species are needed to verify their authenticity.
This, for example, is the case in humans. In humans,
sequences should match the human phylogeny in the
particular geographic region from where the samples
come from, or they should be explained by any valid
theory of human migrations' "> Today the database
of human sequences is fast aiding the development of
a powerful molecular genetic tool to trace human popu-
lation migrations™ '™ Such tools are already proving
useful in knowing the authenticity of reports. For
example, the report on the sequence of dinosaur DNA'
was later understood by phylogenetic tests as most likely
to be of human origin®™'",

Optical characteristics (d/! ratio) of the amino acids™,
the extent of preservation of collagen'™, and the presence
of hydantoin residues’ have been correlated to the
presence of retrievable ancient DNA. These tests could
serve as useful indicators and could presage long and
laborious procedures to the sequencing and analysis of
the region of interest. More importantly, such indicators
could avoid indiscriminate crushing up of precious
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ancient specimens. If perfected, these indicators could
serve as useful tools to verify the authenticity of claims
in the arca of ancient DNA.

Conclusion

The area of ‘ancient DNA' is fast evolving from a
research tool to a scientific discipline by itself, thanks
to the technical advances specially PCR and path-breaking
papers in this area. But there is almost a limit being
fixed on the time scales that can be dealt, due to the
limitations in the technical know-how as on date. ‘It
would require another technical breakthrough of the
order of PCR to go back any further in time’, according
to S. Paabo'”. The focus of most of the recent studies
has been the ancient DNA from specimens, which are
at-the-best tens of thousand years old.

Permafrost or cave deposits and amber could be some
of the only alternative places where scientists could
cross the time limits set by theorctical studies, and look
for ancient DNA that is millions of years old. Permafrost
and amber are compared tO genetic museums and
zoos®*'™ and ancient DNA from specimens present in

them can help realize the potential of ancient DNA in full.
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Ancient DNA that meets the authentication criteria
could provide valuable data that is hitherto unavailable
through any source or approach. A comprehensive
understanding of aspects, such as human and faunal
population migration, etc. look quite possible today. The
other exciting avenues that could be explored are veri-
fying theories and hypotheses pertaining to the effect
of climate change on aspects such as genetic diversity,
population migrations, etc. .

Ability to study ancient DNA is already empowering
scientists to explore new avenues and areas. Scientists
have always wondered if amino acid and DNA sequences
could be used for geochronological purposes!'™'°
The chronometric properties of molecular sequences, if
standardized, could be exploited for geochrono-
logical purposes. Use of properties of bio-molecules
present in ancient samples for geochronological purposes
1S not new. Amino acids are being used for quite
sometime now for geochronological purposes. ‘Amino
acid geochronology’ is a well-established tool today. A
vast array of utilities is about to unfurl, and it is
premature therefore to enlist even the broad range of

subject areas that could possibly impact from ‘ancient
DNA’.

Appendix

Table 1.

Type of
material and
preservation

References in an
ascending order of Theoretical limits (100,000

Reports of DNA within
(v) and beyond (X)

- Cave bear

Organism/Specimen conditions

Quagga (horse famtly) ~

2,400 year old Egyptian ~
mummy

Brain from bog at Flonda

Marsupial wolf

Human bone

Kangaroo rat

Miocene leaf fossils

Matze seeds

Red wolf

Moa

Saber-tooth

Termites

Weevil

Wheat seeds

Dinosaur

Tyrolean Iceman

‘:mm}}-‘:a_gt S ™o

Sy
™

Mammoth

Laysan duck

Mastodon

Extinct ground sloth
Mylodon darwini

Neanderthal

Sea cow

Extinct ground sloth
Nothrotheriops shastensis

S8
™ =

8o
e"t:-.:"':h

Wﬁﬂ
Codes used: B, bone; A, amber; ©, cold site; Z, compression fossil, 8, mummified or churred seeds;

™
S
=

the year of publication

Higuchi er al.”!
Paabo’

Doran et al’
Thomas et al®
Hagelberg et al™
Thomas ef al.’
Golenberg et al®
Rolio et al¥
Wayne and Jenks*
Cooper et ol
Janczewski et al’®
DeSalle er al'?
Cano et al®
Allaby et «l.”
Woodward et al.'™
Handt et al.%
Hanni et al.'"
Hagelberg et al.™
Cooper et al.’*
Yang ef al”

Hoss et al™

Krings er al'?
Ozawa'"?
Poinar ef al.®

f, permafrost site; ~ soft tissue; @, coproliic,

CURRENT SCIENCE, VOL, 76, NO. 7, 10 APRIL 1999

ANENAN O OSANSEHASSNNYM AR XN NSNANURN NSNS NN

years) to stability

883



REVIEW ARTICLLE

i il g,

1.
2.
3.

4

LN

10,

iL

i2.

13

14.

I5.

16.

17.

18.
19.

20.

21

22.

23.

23.

26.

27.

28.

29.

30.

3.

884

P Y

Paaho, S., Narure, 1985, 314, 644645,

Paabo, S., Proc. Narl. Acud. Sci. USA, 1989, 86, 19391943,
Doran, G. H., Dickel, D. N., Ballinger, W, E. Jr, Agee, O. F,
Laipis, P. J. and Hauswirth, W. W., Nature, 1986, 323, RB03-806.
Paabo, S., Gifford, J. A. and Wilson, A. C., Nudleic Acids Res.,
1988, 16, 9775-9787.

. Del Pozzo, G. and Guardiola, J., Narure, 1989, 339, 43]-432.
. Thomas, R. H,, Schaffner, W., Wilson, A. C. and Paaho, S., Narure,

1089, 340, 4565-467.

. Thomas, W. W_, Paabo, S., Villablanca, F. X. and Wilson, A. C,,

I Mol Evol, 1990, 3, 101-}12.

. Golenberg, E. M., Giannasi, D. E., Clege, M. T., Smiley, C. 1,

Durtin. M., Henderson, D. and Zurawski, G., Numwre, 1990, 344,
656-65%.

. Lawlor, D. A, Dickel, C. D., Hauswirth, W. W. and Parham, P.,

Narure, 1991, 349 785-788.

DeSalle, R.. Wheeler, W., Grmaldi, D. and Gatesy, J., Science,
1992, 257, 1860-1862.

Hoss, M., Paabo, S. and Vereshchagin, N. K., Nature, 1994, 370,
333,

Knngs., M., Sione, A., Schmitz, R. W., Krainitzki, H., Stoneking,
M. and Paabo, S, Cell, 1997, 90, 19-30,

Poinar, H. N, Hefreiter, M., Spaulding, W. G., Martin, P. S,
Stankiewicz, B. A, Bland, H., Evershed, R. P., Possnert, G., and
Pasbo, S., Science, 1998, 281, 402-406.

Moerriwether, D. A, Rothhammer, F. and Ferrel, R. E., Experientiq,
19904, 50, 592-601.

Horai, S., Hayasaka, K., Muravama, K, Wate, N, Koike, H. and
Nakai, N., Prec. Jpn Acad., 1989, 65, 229233,

Hanni, C., Laudet, V,, Sakka, M., Begue, A. and Stchelin, D., C. R.
Acad Sci 11, 1950, 310, 365-370.

Hagelberg, E. and Clegg, J. B, Proc. R. Soc. London Ser. B, 1991,
248, 45-50.

Hagelberg, E., Sykes, B. and Hedges, R., Nature, 1989, 342, 485,
Hagelberg, E., Thomas, M. G., Cook, C. E. Jr, Sher, A. V.,
Baryshnikov, G. F. and Lister, A. M., Narure, 1994, 370, 334.
Hummel, S. and Herrmann B., Naturwissenschaften, 1991, 78,
266267,

Kurosaki, K., Matsushita, T. and Ueda, S., Am. J. Hum. Genet.,
1993, 53, 638-643,

Gill, P, Ivanov, P. L., Kimpton, C., Piercy, R., Benson, N., Tully,
G., Evett, 1., et al. Nut. Genet., 1994, 6, 130-135.
Beraud-Colomb, E., Roubin, R., Manrtin, J., Maroc, N., Gardeisen,
A., Trabuchet, G. and Goossens, M., Am. J. Hum. Genet., 1995,
37, 1267-12174.

Hummel, S. and Hcrrmann, B., in Ancient DNA: Recovery and
Analysis of Genetic Material from Paleontological, Archaeolngical,
Museum, Medical, and Forensic Specimens (eds Herrimann, B, and
Hummel, S.), Springer Verlag, New York, 1994, pp. 205-210.
Wilson, A. C.,, Capn, R. L, Carr, S. M., George, M., Gyllensten,
U. B., Helm-Bychowski, K. M., Higuchi, R. G., Palumbi, S. R,
Prager, E. M., Sage, R. D. and Stoncking, M., Bivl. J. Linn. Soc.
London, 1985, 26, 375400.

Wilson, A. C. and Cann, R. L., Sci. Am., 1992 68-73.

Wolpoff, M. H., in Continuity or Replacement: Controversies in
Haomo sapiens Evolution (eds Braver, G. and Smith, F. H.), Balkema,
Rotterdam, Netherlands, [992, pp. 25-64.

Saiki, R. K., Scharf, S., Faloona, F., Mullis, K. B., Horn, G. T..
Erlich, H. A. and Amhcim, N., Science, 1985, 230, 1350-1354.
Mullis, K. B. and Faloona, ¥., Methods Enzymol., 1987, 135,
335-350.

Stoneking, M. and Soodyall, H., Cwrr. Opin. Genet. Dev., 1996, 6,
7131-736.

Higuchi, R., Bowman, B., Frciberaer, M., Ryder, O. A. and Wilson,
A. C., Nature, 1984, 312, 282-284.

32,
33.

34
35.

36.

37.

38.

39

40.

41.

42.
43,

44.

43.

46,
47,

43.

49,

50.

51.

52.

53.

54.

53.

56.

ST

58.

59.

60.

6l.

62.

63.

64,

63.

66.

Lindahl, T., Nuture, 19913, 362, 709-715.

Austin, J. J, Smith, A, B. and Thomas, R. H., Tree, 1997, 12
303-306.

Paabo, S. and Wilson, A. C., Curr, Biol, 1991, 1. 45-46.

Hoss, M., Jaruga, P., Zastawny, T. H., Dizdaroglu, M. and Paabo,
S.. Nucleic Acids Res., 1996, 24, 1304-13(7.

Hagelberg, E. and Clegg, 1. B, Proc. R. Soc. London Ser. B, 1993,
252, 163-170.

Hagelberg, E.. Quevado, S., Turbon, D. and Clegg, J. B., Nature,
1994, 369, 25-26.

Goloubinoff, P., Paabo, S. and Wilson, A. C., Proc. Natl. Acad
Sci. USA, 1993, 90, 1997-2001.

Salo, W. L., Aufderheide, A. C., Buikstra, J. and Holcomb, T. A.,
Proc, Narl. Acad. Sci. USA, 1994, 91, 2091-2094.

Soltis, P. 5., Soltis, D. E. and Smiley, C. J., Proc. Natl. Acad
Sci. USA, 1992, 89, 449-451,

Cano, R. J,, Poinar, H. N., Piemazek, N. )., Acra, A. and Poinar,
Q. Jr., Nature, 1993, 363, 536-538.

Pomar, H. N, Cano, R. J. and Poinar, G N., Natre, 1993, 363, 677.
Jetfreys, A. 1., Allen, M. J., Hapgelberg, E. and Sonnberg, A
Forensic Sci. Int, 1992, 56, 65-76.

Ivanov, P. L., Wadhams, M. J., Roby, R. K., Holland, M. M.,
Weedn, V. W. and Parsons, T. 1., Nature Genet., 1996, 12, 417-420.
Taberlet, P. and Bouvet, J., Proc. R. Soc. London, Ser. B, 1994,
255, 195-200. .

Wayne, R. K. and Jenks, S. M., Narure, 1991, 351, 506-513.
Rollo, F,, Venanzi, F. M. and Amici, A., Genet, Res., 1991, S8,
193-201.

Janczewski, D. N., Yuhki, N., Gilbert, D. A_, Jefferson, G. T., and
O'Brien, S. 1., Proc. Nail. Acad. Sci. USA, 1992, 89, §769-9773.
Krajewski, C., Driskell, A. C., Baverstock, P. R. and Braun, M. U.,
Proc. R. Soc. London Ser. B, 1992 250, 19-27.

Hoss, M., Dilhing, A, Currant, A. and Paabo, S., Proc. Natl. Acad
Sci. US4, 1996, 93, {181-185.

Yang, H., Golenberg, E. M. and Shoshani, J., Proc. Nuwl. Acad.
Sci. USA, 1996, 93, 1190-1194,

Filon, D., Facrman, M., Sinith, P. and Oppnheim, A., Natire Genet,
1995, 9, 365-370.

Yon Haeseler, A, Sajantila, A. and Paabo, S., Nuture Genet., 1996,
14, 135-140.

Cooper, A., Mourer-Chauvire, C., Chambers, G. K., von Haeseler,
A., Wilson, A. C. and Paabo, S., Proc. Natl. Acad. Sci. USA, 1992,
89, 8741-8744.

Brown, T. A. and Brown, K. A., Bivessays, 1994, 16, 719-726.
Stone, A, C., Milner, G. R, Paabo, S. and Stoneking, M., Am. J.
Phys. Anthropol., 1996, 99, 231-238,

Lalueza, C., Perez-Perez, A., Prats, E., Comudella, L. and Turbon,
D., Hum. Mol Genet., 1997, 6, 41-46.

Parr, R. L., Carlyle, S. W. and O'Rourke, D. H, Am. J. Phys
Anthropol., 1996, 99, 507-518.

Oota, H., Saitou, N., Matsushita, T. and Ueda, S., Am. J. Phys.
Anthropol., 1995, 98, 133-145.

Stone, A. C. and Stoncking, M., Am. J. Phys. Anthropol., 1993,
92, 463-471.

Stoneking, M., Am. J. Hwn. Genet., 1995, 57. 1259-1262.
Cooper, A. and Wayne, R., Curr. Opin. Biotechnol,, 1998, 9, 49-53.
Handt, O., Hoss, M., Krings, M. and Paabo, S., Experientia, 1594,
50, 524-529.

Richards, M. B., Sykes, B. C. and Hedges, R. E. M., J Arch. Sci.,
1995, 22, 291-299

Handt, O,, Krings, M., Ward, R. H. and Paabo, S., Am. J Hum.
Genet., 1996, 59, 368-376.

Handt, O., Richards, M., Trommsdorff, M., Kilger, C., Simanainen,
)., Georgiev, O., Baucr, K., Stone, A., Hedges, R., Schaffner, W,
Utermann, G., Sykes, B. and Panbo, S., Science, 1994, 264, 1775-
1778.

CURRENT SCIENCE, VOL. 76, NO. 7, 10 APRIL 1999



REVIEW ARTICLE

67.

68.

69.

70.

71.

12.

73.

74.
75.
76.
77.
78.
79.
80.
81.
82.
83,
84.
85.
86.
87.

88.
89.

90

- - —

Horai, S., Kondo, R., Murayarma, K., Hayashi, 8., Koike, H. and
Nakai, N, Philos. Trans. R. Soc. London Ser. B, 1991, 333, 409-417.
Hanm, C., Begue, A., Laudet, V. and Stehelin, D., J. Arch. Sci.,
1995, 22, 649-658.

Anderson, S., Bankier, A. T., Barrel, B. G., de Bruijn, M. H. L.,
Coulson, A. R., Drouin, J. and Eperon, 1. C. et ul., Narure, 1981,
290, 457-465.

Hauswirth, W. W,, Dickel, C. D.,, Rowold, D. J. and Hauswirth,
M. A., Experientia, 1994, 50, 585-591.

Cooper, A., Rhymer, J,, James, H. F., Olson, S. L., Mclatosh,
C. E., Sorecson, M. D. and Fleisher, R. C,, Nature, 1996, 381, 484.
Cooper, A., Poinar, H. N,, Paabo, S., Radovcic, )., Debenath, A,
Caparros, M., Barroso-Rutz, C,, Bertranpetit, J,, Nielsen-Marsh, C.,
Hedges, R. E. M. and Sykes, B., Science, 1997, 277, 1022-1025.
Bailey, J. F., Richards, M. B., Macaulay, V. A, Colson, 1. B,
James, 1. T., Bradie, D. G., Hedges, R. E. M. and Sykes, B. C,,
Proc. R. Soc. London, 1996, 263, 1467-1473.

Hardy, C., Callou, C., Vigne, J-D., Casane, D, Dennebouy, N,
Mounolou, J-C. and Monnerot, M., J. Mal. Evaol., 1995, 40, 227-237.
Allaby, R. G., Jones, M. K. and Brown, T. A., Antiguity, 1994,
68, 126-132.

Brown, R. G., Allaby, K. A., O’'Donoghue, K. and Sallares, R,
Experientia, 1994, 50, 571-575.

Roy, M. S., Geffen, E., Smith, D. and Wayne, R. K., Conserv.
Biol, 1996, 10, 1413-1424.

Mundy, M., Winchell, C. S., Burr, T. and Woodruff, D. S., Proc.
R. Soc. London, 1997, 264, 869-875.

Shankaranarayanan, P., Banerjee, M., Kacker, R. K., Aggarwal,
R. K. and Singh, L., Electrophoresis, 1997, 18, 1693-1700Q.
Hoss, M., Kohn, M., Paabo, S., Knauer, F. and Schroder, W,

Narure, 1992, 359, 199,
Baker, C. S., Cipriano, F. and Palumbi, 8. R, Mol. Ecol, 1996,

S, 671685,

Poinar, H. N., Hoss, M., Bada, J. L. and Paabo, S., Science, 1996,
272, B64-866.

Allard, M. W., Young, D. and Huyen, Y., Science, 1995, 268, 1192
Henikoff, S., Science, 1995, 268, 1192,

Young, D. L., Huyen, Y. and Allard, M. W., Cludiszics, 1995, 11,
199-209.

Sidow, A., Wilson, A. C. and Paabo, S., Philus, Trans. R. Soc,

London Ser. B, 1991, 333, 429433,

Lindahl, T. and Nyberg, B., Biochemistry, 1972, 11, 3610-3618.

Lindahl. T. and Andersson, A., Biochemistry, 1972, 11, 3618-30623.
Bada, J., Wang, X. S., Poinar, H. N., Paabo, S. and Poinar, G. O.

It., Geachim. Cosmaochim. Acta, 1994, 38, 313].

Barnabas, S. and Suresh, C. G., in The Indian Human Heritage
(eds Balasubramanian, D. and Rao, N. A.), University Press,

Hyderabad, 1998, pp. 27-44.

CURKENT SCIENCE, VOL. 76, NO. 7, 10 APRIL 1999

G1.

92.

93.

94,
95.
96.
S7.
9%.
99,
1G0.
101.
102.
103.
104.
105.
106.
107.
108.
109.
110.

L11.

[12.

Mountain, J. L., Hebert, J. M., Bhattacharya, S., Underhill, P. A.,
Ottolenghi, C., Gadgil, M., Cavalli-Sforza, L. L., Am. J. Hum.
Genet., 1995, §6, 979-99732,

Gadgil, M., Joshi, N. V., Prasad, U. V. S., Manoharan, 8. and
Patil, S., in The Indian Human Heritage (eds Balasubramanian,
D. and Rao, N. A)), University Press, Hyderabad, 1998, pp.
|00-129.

Bamshad, M. J., Watkins, W. S., Dixon, M. E., Jorde, L. B,
Rao, B. B, Naidu, I. M., Prasad, B. V. R,, Rasanayagam, A,
and Hammer, M, F., Nature, 1998, 395, 651.

Paabo, S., Irwin, D. M. and Wilsen, A. C., J. Biol. Chem., 1990,
265, 4718-4721.

DeSalle, R., Barcia, M. and Wray, C., Experientia, 1993, 49,
006-909.

Soltis, P. S. et al, tn Experimental and Molecular Approaches
to Plant Biosystematics (eds Hoch, P. C. and Stephenson, A. G.),
Missourt Botanical Garden, 19935, pp. 1-13.

Sykes, B., Nature, 1997, 386, 764-765,

Hedges, S. B. and Schweitzer, M. H., Science, 1995, 268, 1191.
Hardy, C., Casane, D., Vigne, J. D.,, Callouy, C., Dennebouy, N.,
Mounoclou, J. C. and Monnerot, M., Experientia, 1994, 50, 564-570.
Audic, S. and Beraud-Colomb, E., Nature Biotechnol., 1997, 15,
8§55-858.

Vigilant, L., Stoneking, M., Harpending, H., Hawkes, K. and
Wilson, A. C., Science, 1991, 253, 1503-1507.

Stoneking, M., Evol. Anthropel., 1993, 2, 60-73.

Zietkiewicz, E., Yotova, V., Jamik, M., Korab-Laskowska, M.,
Kidd, K. K., Modiano, D., Scozzan, R., Stoneking, M., Tishkoff, S.,
Batzer, M. and Labuda, D., Gene, 1997, 31, 205(1-2), 161-171.
Stoneking, M., Genome Res., 1997, 7, 87-91.

Woodward, S. R., Weyand, N. J. and Bunnel, M., Science, 1994,
266, 1229-1232.

Zischler, H., Hoss, M., Handt, O., von Haeseler, A., van der
Kuyl, A. C., Goudsmit, J. and Paabo, S., Science, 1995, 268,
1192-1193.

Dickman, S., Curr. Biol., 1998, 8, 329-330.

Poinar, G. O. Jr., Experientia, 1994, 50, 536-542.
Zuckerkandl, E. and Pauling, L., J. Theor. Biol., 1965, 8, 357-366,
Runnegar, B., Philos. Trans. R. Soc. London Ser. B, 1991, 333,

391-397,
Haani, C., Laudet, V., Stehelin, D, and Taberlet, P., Proc. Natl.

Acad. Sci. USA, 1994, 91, 12336-12340.
Qzawa, T.. Hayashi, S. and Mikhelson, V. M., J. Mol. Evol,

1997, 4, 406-413.

Received 17 Novemnber 1998; revised accepted 19 January [999

R3S



