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Palaeontology in a molecular world: 
the search for authentic ancient DNA

Jeremy J. Austin, Andrew B. Smith and Richard H. Thomas

Few  recent events have 
focused such a blaze of 
p u b lic ity  on  palaeontology 
as the  film  by  Stephen 

Spie lberg o f M ichael C richton 's 
book Jurassic Park. The nub o f the 
p lo t is  th a t a m olecular b io logist 
manages to  recover dinosaur 
b lood from  th e  guts o f small biting 
insects fossilized in  amber. From 
th is  he extracts d inosaur DNA and 
recreates liv in g  dinosaurs, which 
run amok. A lthough a w o rk  o f fic­
tion, th e  s to ry  brought together 
tw o  d isparate  top ics  -  palaeontol­
ogy and m olecular b io logy -  in  a 
way th a t led m any people to  
be lieve th a t th e  resurrection  of 
e x tin c t species cou ld  soon be 
feasible.

Indeed, i t  seemed th a t science fic tion  was ra p id ly  be­
com ing science fact when in  1992, a year a fte r the film  was 
released, reports  began to  appear o f DNA recovery  from  
am ber-entom bed insects 25-40  m illion  years o ld 1“3. Shortly 
afterwards there  was a repo rt o f DNA recovered from  a  120- 
m illion -year-o ld  am ber weevil4. These and o th e r reports o f 
ancient DNA recovered from  fossilized organisms5- '2 sug­
gested th a t DNA cou ld  surv ive  ove r geological timescales 
and thus p rov ide  a unique oppo rtu n ity  fo r palaeontological 
investigation o f evo lu tionary questions.

In th e  succeeding five years much w ork  has been done 
in  the search fo r ancient DNA in  the fossil record, and w e  are 
a great deal w ise r about what we can expect to  be preserved 
in  th e  geological record.

DNA decay an d  its  survival potentia l
DNA is a chem ically unstable molecule that decays spon­

taneously, m ainly through hydrolysis and oxidation. Hydroly­
sis causes deam ination o f the nucleotide bases and cleavage 
o f base-sugar (N-glycosal) bonds, creating baseless sites. 
Deamination o f cytosine to  uracil and depurination (loss of 
the purines adenine and guanine) and are the tw o  main 
types o f hyd ro ly tic  damage13. Baseless sites weaken th e  DNA 
strand, causing strand breaks that fragment th e  DNA into 
smaller and smaller pieces. Oxidation leads to  chemical m odi­
fica tion  o f nucleotide bases and the eventual destruction  of 
the  ring s tructu re  o f base and sugar residues in the DNA mol­
ecu le13. DNA is a lso degraded by nonenzymatic m éthylation 
and a  w hole su ite  o f b io logical enzymes.

In liv in g  organism s DNA undergoes constant repa ir to  
counteract th is  damage. A fte r death, however, there  is  spon­
taneous degradation o f the  molecule, even if  DNA can be 
shielded from  the action of biological enzymes in  a fu lly  p ro ­
tected environm ent. The chances o f unprotected DNA sur­
v iv in g  over long periods are s light, unless special conditions 
exist fo r its  preservation. Theoretica l calculations suggest 
tha t DNA should not be able to  survive for more than 10 000- 
100 000 years '3-14. Even if  DNA does survive it  is expected to

be h igh ly  fragmented and chem i­
ca lly  m od ified '5-'*.

Techniques fo r iso la tin g  and  
Identify ing ancien t DNA

The s tudy o f ancient DNA is 
heavily dependent on  a  single 
technique -  the  polymerase chain 
reaction (PCR). PCR is a sensitive 
and pow erfu l techn ique that, in 
theory , enables the rap id  gener­
a tion of m any m illions o f copies of 
a pa rticu la r target sequence of 
DNA. It is  an essential too l in  the 
s tudy  of ancient DNA because PCR 
enables us to  am p lify  a specific 
DNA fragm ent from  a few in tac t 
DNA m olecules in the presence of 
an excess o f damaged molecules 

and o ther nontarget DNA. However, the  re trieva l o f authen­
tic , unambiguous and reliable ancient DNA sequences using 
PCR can be prob lem atic '7-'8.

The sens itiv ity  o f PCR means th a t m inu te  am ounts of 
contam inating DNA may be p re fe ren tia lly  am plified, espe­
c ia lly  when th e  ancient extract contains few o r no endogen­
ous DNA molecules. Contaminating DNA out-competes 
endogenous DNA during  PCR because it  is usually m ore 
recent in  orig in  and, therefore, less damaged. If am plifica­
tions  s ta rt from  one o r jus t a  few DNA strands, m uch of 
the  fina l product w ill contain incorrect nucleotide 
sequences1* 19, because o f m is incorpora tion  o f nucleotides 
where there are m odified bases o r baseless sites in  the dam­
aged ancient tem plate and Taq polymerase errors occurring 
during th e  firs t few cycles o f am plification. Chim eric DNA 
sequences may be produced v ia  ‘jum p ing ’ PCR when am pli­
fications target DNA fragments th a t are  longer than any 
template molecules present in the ancient extract o r the tem­
plate molecules are extensively damaged9-20. These chim eric 
molecules may be derived from  endogenous ancient tem ­
plate, contaminating DNA o r a com bination o f both.

Contam ination is  by  far the biggest problem  of w ork  w ith  
ancient DNA and can occur a t many stages. The specimen 
containing the target DNA may be contam inated a fte r death 
o r during  subsequent handling. Contam ination may also oc­
cu r during  DNA extraction  o r the PCR v ia  reagents, equ ip ­
m ent and laboratory personnel. Contam inating DNA may be 
derived from  a m u ltitude  o f sources including o ther speci­
mens2', m icroorganism s22, humans23 o r  DNA generated in 
the  labora tory by  th e  PCR24. I t  is most im portant, therefore, 
when w orking w ith  ancient DNA, to  select appropriate speci­
mens and tissues that are most likely to  contain ancient DNA. 
to  take measures to  reduce the  chances o f contam ination, 
and establish a m ethodology fo r th e  authentica tion  o f  any 
puta tive ly  ancient DNA that is  recovered (B ox 1). Establish­
ing the au thentic ity  o f ancient DNA sequences remains the 
biggest problem  in  th e  study of ancient DNA. The m ost im ­
portan t c rite rio n  for au then tic ity  is  tha t resu lts  shou ld  be 
reproducib le ,7-20-25.

Th e survival o f a n c ien t DNA In specim ens  
up to  several thousands o f  years o ld  is 
estab lish ed . H ow ever, th e re  have been 

several c la im s concern ing  th e  recovery of 
geologica lly  an c ien t DNA from  fossil 
m ateria l m any m illions o f years  old. 
Th e a u th e n tic ity  o f th es e  fossil DNA  

sequences is questionable  on th eo re tica l 
an d  em pirica l grounds, an d  th e  ex is ten ce  

o f au th en tic  geologica lly  a n c ien t DNA  
rem ains to  be proven.
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Box 1. Requirem ents fo r  the fin d in g  
o f  au thentic  ancien t DNA

1. Specimen soloctlon
•  Careful sclociion o f specimens, on the basis o f evidence for good cellular and/ 
o r biomolecular preservation (e.g. histology49, amino acid racemizaiion30-40). or 
unusually good preservations! conditions (e.g. mummification, low temperatures, 
absence of free water«)
•  Where different tissues are available from  the one specimen, choice of tissue 
samples that represent the best possible s ite  for DNA preservation (e g. bone or 
teeth rather than muscle o r sk in«)

2. Strict procedures to minimize contamination
• Choico o f specimen (good preservation, undamaged) and tissue (intact, internal 
versus external) to  obtain samples that are least likely to  have been exposed to 
sources of contam ination«
•  Careful preparation (surface stenli/a tlon or removing external surface) to  elimi­
nate surface contamination'-21
•  A dedicated laboratory to  deal exclusively with ancient specimens. DNA extrac­
tions and setting up o f the polymerase chain reaction (PCR). This laboratory should 
be physically isolated from  those  where related extant species are handled and 
subsequently manipulation o f PCR DNA is  earned out. It should be stocked with 
dedicated equipment, reagents and supplies17
•  Stenle laboratory conditions, including fu ll protective do th ing  fo r laboratory staff, 
regular ultraviolet light irradiation and bleach treatment o f benches, equipment and 
reagents where possible17-41*53
•  Temporal separation o f work on ancient DNA from that on modem DNA. Work on 
ancient specimens should precede work on modem relatives
•  Multiple negative controls to  detect any contamination during DNA extraction and 
PCR set-up17-2035. Extractions and amplifications from one sampie can be inter­
spersed w ith those from another taxon to  monitor for cross-contamination
• Careful choice of PCR primers th a t are as specific a s  possible to  the group of 
organisms under study and that w ill not amplify DNA from obvious sources o f corv 
tammation such as microorganisms and humans

3. Authentication
•  Reproducibility is  essentia l. PutaUvety ancient ONA sequences m ust be repro 
ducibly obtained from  different extractions from the same sample, and from d if­
ferent tissue sam ples from different specimens1730. The ultim ate test o f authen­
ticity o f ancient DNA is  independent replication in  two separate laboratories15
• ONA sequonces should make phylogenetic sense17-20
• ExtractCHl ONA should show certain characteristics expected of ancient ONA, par 
ticularly an Inverse relationship between amplification efficiency and ampllcon 
length, and a low copy number o f target sequonces in the extract1730

Records o f an c ien t DNA
Reports o f ancient DNA. recovered from  specimens rang­

ing in age from  recently extinct species less than 100 years 
o ld  to  insects in  120-m illion-year-old amber, have been 
accumulating over the past 10 years (Fig. 1). Some o f them 
Ile w ith in  the theoretica l surviva l-tim e o f DNA, and others 
greatly exceed it .  The firs t reports created a wave o f op ti­
m ism that ancient DNA was to  provide answers to pre­
v ious ly  unanswerable questions in  evo lu tionary biology, 
archaeology and palaeontology.

Certainly, ancient DNA appears to  have survived beyond 
its  theoretical surv iva l tim e in some specimens that are only 
a few hundreds o r thousands o f years o ld. Most o f these 
records represent h igh ly unusual preservation, where tis­
sues have been protected from  water o r  kept at low tem­
peratures o r both. For example, ancient DNA fragments have 
been successfully recovered from  dried skins and archaeo­
logical bones of recently extinct animals such as the zebra­
like  quagga26, the thylacine o r Tasmanian w o lf27 28, and moas, 
the  large flightless New Zealand b irds29. Ancient DNA frag­
ments have also been recovered from  13000-year-old bones 
o f th e  giant ground s lo th  found in  a co ld  cave deposit in 
southern Chile30. The DNA extracted from  a ll o f these re­
mains has been sequenced and shown to  be useful in deter­
m ining the phylogenetic relatedness o f such species. The 
oldest authenticated records of ancient DNA come from 
w oo lly  mammoths frozen in  the perm afrost o f Siberia and 
estimated to  be 50000 o r more years o ld31-34.

However, i t  is  well established th a t many ancient speci­
mens are recalcitrant to  DNA extraction o r subsequent en­
zym atic m anipulation o f extracted DNA, o r  are so poorly 
preserved th a t th e  amount o f undamaged endogenous DNA 
is too small to  be o f any real use18 30. The survival o f ancient 
DNA appears to  be influenced less by  the age o f a specimen 
than by  the environm ental conditions under which it was 
preserved15-16.

There is  so lid  evidence tha t ancient DNA can possibly 
survive as long as 100000 years under unusual conditions of 
preservation. Beyond th is, does ancient DNA surv ive  into 
the geological past? We know  that there  are theoretical rea­
sons w hy such DNA survival is not expected, but there  have 
been several claims. Each requires careful examination.

M iocene p lant fossils
Chloroplast DNA sequences have been recovered from 

p lant fossils obtained from  tw o  Miocene lake deposits, the 
firs t a t the Clarkia site in  northern Idaho, USA, and the sec­
ond at Ardèche in  France.

A t th e  Clarkia site. DNA was retrieved by  tw o  independ­
ent groups from  well preserved M agnolia leaves5 and Tax­
odium  specimens7 17-20 m illion years o ld. Superficially, these 
specimens seemed potentia l sites fo r the preservation of 
geologically ancient DNA. U ltrastructura l studies o f [he  Mag­
no lia  leaves showed they  w ere w e ll preserved w ith  intact 
ce llu la r s tructure , includ ing, in  m any cases, intracellu lar 
organelles such as chloroplasts. The extracted and ampli­
fied sequences were phyiogenetically related to  extant Mag­
no lia  and Taxodium  sequences, respectively, suggesting that 
authentic ancient DNA had been recovered.

However, the leaves were taken from  wet sediments that 
had been continuously waterlogged since deposition. Be­
cause w ater is  a prim ary agent for the degradation of DNA it 
is d ifficu lt to  reconcile the conditions of the deposits w ith 
the large DNA fragments that appeared to  be present in  the 
leaves. The b iom olecular preservation reported In leaves 
from  th e  Clarkia site is  no t consistent w ith  the apparent 
preservation o f DNA. B iopolym ers, inc lud ing  polysacchar­
ides and proteins, are not preserved35, and amino acids are 
extensively racemized36. Racemization o f certain amino acids 
from  the l-  to  Denant iomers occurs at a s im ilar rate to  the 
depurination o f DNA. The extent o f amino acid racemization 
in  an ancient sample can therefore be used to  assess the 
potential level o f DNA depurination and hence whether the 
sample contains endogenous DNA.

O ther workers have trie d  to  replicate the work on Mag­
no lia  in  independent laboratories22. High-molecular-weight 
DNA cou ld  be recovered from  about 10% o f the specimens 
examined. However, no  p lant DNA was detected; the only 
DNA recovered was bacterial, and almost certa in ly  Recent 
in orig in. Failure to  am plify  plant DNA from  a  large number 
o f Miocene plant fossils from  the Clarkia site, including Mag­
no lia  and Taxodium  specimens37, has cast fu rthe r doubt on 
the reproducib ility , and therefore authentic ity, of the DNA 
sequences in the tw o  in itia l reports.

A t the Ardèche site, fossil material was preserved in a di- 
a tom ite deposit 8.0-8.5 m illion  years o ld. Chloroplast DNA 
sequences were retrieved from  11 w e ll preserved leaf fos­
s ils11. Silica, w h ich  is a m ajor com ponent o f the d ia tom ite  
sediment, binds DNA and was thought to  have protected it  
from  degradation. However, there was no corre la tion  be­
tween the iden tity  of the fossii p lant and the DNA sequences 
obtained. Ten of the 11 fossil DNA sequences showed greater 
s im ila rity  to  sequences from  entire ly  unrelated species of 
plants than to  those o f modern relatives. Higher-plant DNA 
was also am plified from  extracts o f th e  sediment itself.
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Together, these results suggest tha t the  am plified DNA was 
not derived from  the fossil specimens.

Cretaceous 'dinosaur' bone
In 1994, W oodward and co-workers published a repo rt6 

in  w h ich  they cla im ed to  have d ire c tly  sequenced DNA from  
a  large bone that was about 80 m illio n  years o ld. The size 
and age o f th e  bone led them  to  speculate th a t i t  was a d ino­
saur bone. The PCR was attem pted 2880 tim es on extracts 
fro m  tw o  bone fragments, y ie ld ing jus t n ine short (170 base- 
p a ir) fragm ents o f a m itochond ria l DNA gene. These frag­
ments proved d iff ic u lt to  m atch w ith  any known sequence 
but the  sequences appeared to  be in term edia te  between 
those found in  rep tiles  and mammals. This led to  specu­
la tion that th e  sequences m ight be degraded dinosaur DNA.

As at the Clarkia site, the environment o f preservation 
seems hostile to  DNA. The bone came from  a coal seam and 
had been deposited in  a coastal deltaic environment. The rank 
o f the coal suggested that the sediments had been buried to  a 
depth o f 3  km  and subjected to  temperatures o f 90-95X . Poor 
preservation o f am ino acids in  the bones is consistent w ith 
th is  unfavourable environment and suggests that endogenous 
DNA was un like ly to  survive intact36. Recent re-analyses o f the 
puta tive ly  ancient sequences by  several d ifferent groups 
showed them  to  be mammalian in origin38-40 and almost cer­
ta in ly  derived from  human pseudogene sequences41-42, th a t is. 
segments of m itochondria l DNA tha t have become incorpo­
rated in to  the human nuclear genome. Stringent precautions 
were taken to  m inim ize contamination, but i t  appears that the 
supposed fossil sequences were m odem  in  origin.

DNA from amber-entombed Insects
By far th e  greatest num ber o f claim s fo r ancient DNA are 

based on w ork  w ith  amber-entom bed fossils: stingless bees 
(Proplebeia dom inicana)12, te rm ites ( Mastotermes electro- 
dominicus)3-9, wood gnats {Valeseguya disjuncta)10, a plant 
{Hymenaea prote ra )12 and bacteria8 from  Oligocene Domini­
can am ber 25-35 m illio n  years o ld . and a weevil {Libano- 
rhinus succmus)4 fro m  Cretaceous Lebanese amber. 120— 
135 m illio n  years o ld. Furtherm ore, th e  au thors  o f these 
reports  apparently  achieved a success ra te  o f more than 
90% in  recovering ancient DNA.

If geologically ancient DNA is to  be found anywhere it 
m ust sure ly be in  fossils preserved in amber. Am ber en­
tom bs specim ens com plete ly, a fte r w h ich  they ra p id ly  de­
hydrate43, so th a t the tissue is  effective ly m um m ified. The 
terpenoids that are  the  m ajor constituent o f the resin may 
in h ib it m icrob ia l decay44. The m orpholog ica l preservation 
o f some am ber-entom bed specimens is  exquisite , even at 
subcellu lar level4345. Biochem ical preservation also seems 
to  be exceptional -  levels o f am ino acid racem ization in 
am ber-preserved insects are com parable to  those from  
much younger archaeological specimens, such as the w oo lly  
m am m oth, th a t have yielded authentic ancient DNA36. This 
suggests that DNA may be s im ila rly  well preserved in  amber.

The DNA sequences retrieved from  a ll amber-preserved 
organisms meet several crite ria  o f authentic ity. Most im­
portantly. the fossii sequences make phylogenetic sense, and 
DNA has been recovered from  a varie ty o f d ifferent or­
ganisms. However, the extraction and am plification of fossil 
DNA sequences from  amber-preserved organisms has yet to 
be reproduced in independent laboratories. Three groups 
have tried and failed to  find any evidence o f authentic ancient 
DNA in m ore than 40 insects preserved in Dominican and 
Baltic amber. A ttem pts to  extract ancient DNA from  two 
Dominican am ber beetles46 and m ore than 30 d ifferent in­
sects in  Baltic amber47 yielded on ly  contaminating sequences
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w eevil in  am ber4 120x 10® years
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a t the very top o f th e  timescale, which is  within the theoretical lifespan o , DNA.

from  an extant grasshopper, and humans and fungi, respec­
tive ly. The th ird  attem pt48 involved ten specimens of the 
stingless bee, Proplebeia dom inicana , the firs t amber- 
preserved insect from  w h ich  fossii DNA sequences were 
claimed. Additionally, tw o  flies from  Dominican am ber and 
three specimens o f a second genus of bee from  East African 
copal less than tw o  m illion years old were examined. Once 
again, only contaminating DNA sequences of vertebrate and 
fungal orig in  were recovered from  these fossils. The lack of 
reproducib ility  o f DNA sequences from  amber-preserved in­
sects, particu larly  the previously studied Dominican amber 
bee, casts serious doubt on the authentic ity of earlier claims.

Conclusion
Although no am ount o f negative evidence can d isprove 

the existence o f geologically ancient DNA. the fa ilure o f all
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claims to  meet one o r  more crite ria  o f authenticity shows that 
i t  is h igh ly un like ly that geologically ancient DNA survives in 
any fossii material so far studied. Even if  geologically ancient 
DNA exists in a  small fraction o f exceptionally w e ll preserved 
fossils, i t  is  debatable whether i t  w ill have a significant impact 
in  the field of evolutionary biology because of its  extreme rar­
ity  and probable h igh ly degraded state. A lthough the in itia l 
optim ism  that palaeontological research would be advanced 
by  the study o f geologically ancient DNA seems to  have been 
unfounded, studies o f ‘dead’ DNA from  much younger material 
continue to  hold promise fo r research in  archaeology, popula­
tion  genetics, and evolutionary and conservation biology.
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