
effects. Hence, we believe that we have 
prepared a fluorescent sphere with an  en- 
vironment-independent emission profile. 

These results strongly suggest that the 
procedures described here can be used to 
produce a unimolecular compartmented 
structure in which guest molecules are phys- 
icallv locked and for which the diffusion out 
of the box is unmeasurably slow. Obviously, 
it is important to know the detailed struc- 
ture of the guest-in-box systems, but a dis- 
cussion on this topic is purely speculative at 
this point. It can be argued that parts of the 
guest are within the shell domain or even 
sticking out of the box without, however, 
the possibility of being extracted. Both shell 
and core, as a consequence of the unimo- 
lecular structure, have a restricted mobility. 
(Chir)optical studies, including solvato- 
chromic measurements made with probe 
molecules, will be reauired to obtain a more 
detailed insight into the exact nature of 
these new containers. A number of a ~ ~ l i -  

L L 

cations, such as fluorescent markers for 
Dores in the nanometer ranee and con- " 

trolled delivery, are foreseen. Moreover, 
with these systems it may be possible to 
study the photochemistry and photophysics 
of isolated molecules in a well-defined cage. 
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DNA Sequence from Cretaceous Period 
Bone Fragments 

Scott R. Woodward," Nathan J. Weyand, Mark Bunnell 

DNA was extracted from 80-million-year-old bone fragments found in strata of the Upper 
Cretaceous Blackhawk Formation in the roof of an underground coal mine in eastern Utah. 
This DNA was used as the template in a polymerase chain reaction that amplified and 
sequenced a portion of the gene encoding mitochondria1 cytochrome b. These sequences 
differ from all other cytochrome b sequences investigated, including those in the GenBank 
and European Molecular Biology Laboratory databases. DNA isolated from these bone 
fragments and the resulting gene sequences demonstrate that small fragments of DNA 
may survive in bone for millions of years. 

Biological molecules have varying stabil- 
ities over extended periods. Immediately 
after cell death, these molecules begin rap- 
id degeneration. Nucleic acids have limit- 
ed life expectancies under physiological 
conditions, and DNA is particularly sus- 
ceptible to oxidative and hydrolytic dam- 
age. Alterations resulting in abasic sites 
and other base or sugar modifications 
quickly destabilize the molecule, produc- 
ing strand breaks and other degradative 
changes ( 1  ). Under physiological condi- 
tions, it would be extremely rare to find 
preserved DNA that was tens of thousands 
of years old. If biological molecules are to 
be preserved over geologic time periods, 
they must be removed from physiological 
conditions soon after biological death and 
maintained in that condition. A t  the same 
time, the molecules must be protected 
from other extremes that may be respon- 
sible for the nonphysiological conditions, 
such as heat and pressure. These require- 
ments would preclude the recovery of bi- 
ological molecules from ancient sources in 
most instances. However, there have been 
reports of the persistence of amino acids 
associated with fossils and dinosaur bones 
in the sedimentary matrix (2, 3), and re- 
cent reports of ancient DNA recovered 
from insects and plants trapped and pre- 
served in amber have demonstrated the 
possibility of finding extremely old DNA 
from ancient organisms (4). In this report, 
we present evidence of the isolation and 
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amplification of DNA from bone material 
recovered from a Cretaceous period coal 
bed. 

Coal beds are the result of large accumu- 
lations of peat in ancient bogs that have 
been covered by silt, sand, and other muds, 
sealing the peat from further organic de- 
composition and eventually resulting in 
coalification. We  recovered two bone frag- 
ments associated with coal beds from the 
Upper Cretaceous Blackhawk Formation of 
the Mesaverde Group that range in thick- 
ness from 1.5 to 8.2 m. These strata repre- 
sent coastal plain and lower delta plain 
deposits formed along the western shoreline 
of a large inland sea known as the Mancos 
Sea (5,  6). This sea covered much of the 
western interior of North America during 
the Cretaceous period. The rock formation 
is approximately 80 to 85 million years old 
(7). The coal is a high-volatile bituminous 
type that has an  estimated depth of burial of 

Fig. 1. Map of the mine area and entries, showing 
the probable path of the sandstone paleochannel 
in which the bone fragments were found. 
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Fig. 2 Bone fragments m,ered in the sandstone matrix from the roof of the 1 is approximately 20 cm by 6 cm by 3 cm and that of bone fragment 2 is 20 
coal mine. (A) Bone number 1. (B) Bone number 2. The size of bone fragment cm by 2 cm by 1 cm. 

3 km. The temperature of formation may 
have been 90" to 95°C (6-8). 

The strata immediately overlying the 
coal bed consist of interlaminated very 
fine- to fine-grained carbonate-cemented 
sandstone created by overbank and crevasse 
splay deposition from rivers, and they are 
sometimes mappable for thousands of feet 
in underground mine entries (Fig. 1). Frag- 
ments from two bones were recovered in 
one of these channel-fill deposits approxi- 
mately 30 cm above the top of the coal bed 
at a depth of 610 m below the surface (Fig. 
2). Fractured pieces of siltstone and sand- 
stone containing the bones were placed in 
sample bags and brought to the surface 
where they were immediately transported to 
the laboratory. Bone number 1 appears to 
be a fragment of a long bone that was at 
least 6 cm in diameter. Bone number 2 may 
be a fragment of rib, with the smallest di- 
ameter of the remaining fragment being 
approximately 2 cm. Also exposed in the 
channel fill in the sample area were coali- 

fied plant remains as well as a number of 
dinosaur tracks. At least 14 different dino- 
saur species have been differentiated by the 
tracks found in Blackhawk Formation coal 
beds (9,10). The recovery of bone material 
in the mine has been extremely rare; only a 
few reports of fossil bone have been made 
over the life of the mine. On the basis of the 
circumstantial physical and geologic evi- 
dence, it is likely that the bone fragments 
belong to a Cretaceous period dinosaur or 
d inosaurs. ' 

The possibility of contamination of an- 
cient samples by contemporary DNA is a 
serious concern when analyzing ancient 
DNA sequences. It may not always be pos- 
sible to determine if a sequence obtained 
derives from ancient sources by the infor- 
mation contained in the nucleotide se- 
quence alone. It is imperative that every 
precaution be taken to prevent the intro- 
duction of contemporary DNA into the 
ancient sample. 

In the laboratory we removed small piec- 
es of the bone from the surrounding matrix. 

Fig. 3. Light microscope section of bone fragment 
number 1. The section was blocked in paraffin, 
decalcified, and stained with hematoxylin and eo- 
sin. A haversian canal is evident in the center (H). It 
is lined with possible cells with darkly staining nu- 
clei. Other osteocytes are present in the matrix (0), 
also with possible nuclei. Numerous lacunae (L) 
are also present. An adjacent section stained with 
trichrorne demonstrated the presence of collagen. 

Fig. 4. Amplification product of DNA recovered 
from the bone fragments, showing the 174-bp 
fragment produced from primers designed for a 
conserved region of the gene encoding cyto- 
chrome b. Lanes representing negative controls 
areclean. M indicates the 123-bp marker. Lanes 1 
to 3, ancient DNA amplifications with a positive 
result in lane 2. Lanes 4 to 6, extraction reagent 
controls. Lanes 7 to 10, amplition-negative 
controls (all amplification reagents with double- 
distilled H,O in place of ancient DNA). Lane 11, 
positive control. 

The bone was well isolated by the siltstone 
from the accompanying coal and from any 
fossilized plant material. The bone did not 
appear to be typically fossilized. The bone 
texture is brittle and waxy and flaked off 
when cut with a scalpel. A small piece of 
bone number 1 was embedded in paraffin, 
decalcified, and sectioned for light micros- 
copy (Fig. 3). The bone does not seem to 
have undergone extensive diagenesis, and 
cell structure remains. Numerous Volk- 
mann or haversian canal-like systems are 
present and are lined with structures that 
stain darklv with hematoxvlin and eosin 
and may represent cellular nuclei. Possible 
osteocytes are present in the matrix along 
with many lacunae. The lamellae are not 
arranged in concentric circles, which is sug- 

G A T  Fa. 5. Sequencing gel of 
sequence 3-37, showing 
regions of pdymorphisrns 
compared with the con- 
sensus sequence. 

- C  
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gestive of woven rather than lamellar bone. 
Abundant material that stains with tri- 
chrome is evident and may represent resid- 
ual collagen. Fragments from bone number 
2 showed identical histology. Other samples 
were prepared for elemental analysis with a 
scanning electron microscope. There was 
no indication of replacement of the organic 
material by inorganic minerals, which 
would occur during permineralization asso- 
ciated with fossilization. The bone has a 2 : 1 
ratio of calcium to phosphate and no de- 
tectable silicon and aluminum, a composi- 
tion similar to that expected of contempo- 
rary bone. 

Using flame-sterilized instruments, we 
removed 15 fragments of bone and 3 frag- 
ments of the surrounding sandstone matrix 
for 42 different DNA extractions. Bone 
extracts were from the interior portions of 
the fragments that were freshly fractured 
and had not previously been exposed to 
any exterior conditions. A small portion of 
bone or surrounding matrix, approximate- 
ly 3 mm3, was placed in a sterile 15-ml 
conical polypropylene centrifuge tube and 
crushed with a sterile glass rod. DNA from 
approximately 0.03 to 1.5 g of powdered 
material was extracted with the use of 
either Chelex 100 or guanidine thiocya- 
nate (1 1) .  Multiple blank extractions us- 
ing all reagents but not containing any 
bone were always done in parallel. All 
reagents for polymerase chain reaction 
(PCR), including primers, were prepared 
in double-distilled autoclaved water and 
filtered through 30,000 molecular weight 

Fig. 6. DNA sequences obtained 
from the nine amplification prod- 
ucts. Seven are from bone frag- 
ment 1 and two (5-37 and 6-37) 
are from bone fragment 2. The 
consensus sequence was deter- 
mined from the seven fragments 
from bone 1 by majority rule. There 
are nine nucleotide sites that the 
two bone 2 sequences share that 
are different from those in the con- 
sensus bone 1 sequence. The se- 
quence starts with base 15,627, 
as numbered from the human mi- 
tochondrial sequence (13). Slash- 
es indicate a missing base. 

cellulose filters (Millipore). Preparation of 
all reagents and the amplification mix- 
tures was done in a protective hood, the 
interior of which is maintained under ul- 
traviolet irradiation when not in use. 

Primers for PCR from various regions of 
mitochondrial DNA were designed with 
the use of a consensus of 20 different 
mammalian sequences, including six sets 
from conserved regions of the gene encod- 
ing mitochondrial cytochrome b (12). All 
of these sets produced fragments of the 
expected size [all less than 200 base pairs 
(bp)] with the use of a range of mamma- 
lian, avian, and reptilian DNA. They did 
not amplify a number of different bacterial 
DNAs. Only one of the six cytochrome b 
sets was successful in amplifying DNA ex- 
tracted from the bone. These primers cor- 
respond to bases 15,603 to 15,622 and 
15,758 to 15,777 of the human mitochon- 
drial sequence (13). The lack of amplifi- 
cation with the other primer sets is con- 
sistent with the sample being free of con- 
taminating contemporary DNA. Amplifi- 
cation with the noted primer set produced 
a 174-bp fragment (14) (Fig. 4). Negative 
controls consisting of either blank extrac- 
tions (all of the reaeents used in the ex- 
traction of the ancient DNA without any 
ancient tissue) or double-distilled H 2 0  
were done in parallel to the experimental 
extractions to monitor contamination in 
any of the reagents or instruments used in 
the extraction and amplification of the 
DNA. The positive amplification products 
were directly sequenced after asymmetric 

amplification (15). It was only rarely that 
a positive amplification product was ob- 
served. The frequency of successful posi- 
tive amplifications was 1.8% (9 out of 
494). 

The PCR is inhibited in some ancient 
extracts (16, 17). This problem also oc- 
curred with some of the bone extracts dem- 
onstrated by inhibition of a primer artifact 
usually seen in control reactions. This phe- 
nomenon provided an additional control 
for detection of contamination in the am- 
plification reagents. A series of 1: 2 dilu- 
tions of the original extracts in filtered dou- 
ble-distilled H 2 0  were used as templates for 
PCR. We observed that am~lifications usu- 
ally did not occur until the dilutions were 
between 1: 2 and 1: 8. Amplification was 
never observed after a 1:32 dilution. If 
there were contaminants in the reaction 
reagents, they would not have been diluted 
and we would have observed amplifications 
in the extract reactions diluted more than 
1:32. 

A total of 42 separate extracts were 
made from different individual samples of 
the bone fragments or the surrounding 
matrix. From these extracts, 104 experi- 
mental protocols representing over 2880 
individual amplifications (including nega- 
tive controls) were at tem~ted.  Of these. 
we were successful in obtaining amplifica- 
tion in nine reactions. Six of these suc- 
cessful amplifications were from the gua- 
nidine thiocyanate extractions. In addi- 
tion, there were three positive amplifica- 
tions from experimental protocols in 
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20-61 
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20-61 
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which some of the negative controls also 
demonstrated an  amplification product. In 
all of these latter cases, the contaminating 
DNA was of human origin, as demonstrat- 
ed by sequencing. Included in the negative 
controls were 64 amplifications attempted 
from extracts of the surrounding sandstone 
matrix. No  amplification or evidence of 
inhibition was seen in these extracts. 

Nucleotide seauences were obtained 
from the nine clean reaction protocols 
(Fig. 5) ,  and the resulting sequences are 
shown in Fig. 6. Seven of these sequences 
resulted from DNA extracted from bone 
number 1. The  other two sequences de- 
rived from bone number 2. There was a 
significant amount of variation (single 
base substitutions) within each set of se- 
quences derived from the same bone. The  
amount of within-group sequence varia- 
tion seauences from bone 1 was 9.2% (808 
sites, 7; differences); in sequences hom 
bone 2. it was 8.9% (168 sites. 15 differ- 
ences). A consensus sequence for the sev- 
en  seauences derived from bone 1 was 
determined by majority rule. The  two se- 
quences from bone 2 were compared with 
the consensus sequence from bone 1 and 
were determined to differ from it if both 
bone 2 sequences matched each other and 
differed from the bone 1 sequence at the 
same nucleotide position. The  resulting 
consensus sequences differed from each 
other a t  9 of 84 sites (10.4%). The  amount 
of difference between the iwo consensus 
seauences is nearlv the same as that ob- 
served between individual sequences; 
however, an  important observation is that 
the two bone 2 sequences agree with each 
other at the nine sites that differ from 
the bone 1 consensus sequence. Although 
these bone fragments were found in the 
same ancient river bed, they were not 
found as part of what could be determined 
to be a continuous skeleton. It is ~ o s s i -  
ble that the bones represent two different 
animals. 

None of the nine sequences are identi- 
cal, a phenomenon that may be expected 
when using a rare and likely damaged tem- 
plate (18). If the probability of finding a 
template for amplification is rare, which is 
likely in these ancient DNA extractions, it 
may be that all of the resulting daughter 
amplicons can trace their lineage to a single 
original molecule. If this molecule was " 
slightly damaged, also likely under the con- 
ditions of this experiment, the random in- 
sertion of bases during repair or replication 
by the polymerase could result in a different 
nucleotide sequence for each positive am- 
plification product (1 9). 

We  compared each of the nine se- 
quences independently with all published 
sequences of cytochrome b using the cur- 
rent GenBank and European Molecular Bi- 

ology Laboratory databases (updated 2 June 
1994) with the National Center for Bio- 
technology Information BLASTnetworkser- 
vice (version 1.3.13 MP 3-Mar-94) (20). 
Sequences represented in the database in- 
clude those from mammals, birds, reptiles, 
amphibians, and insects. In addition, other 
partial sequences not represented in these 
databases were obtained in our laboratory 
for ostrich, rhea, emu, turkey, box turtle, 
garter snake, and alligator. We  also used the 
two consensus sequences described above, 
one representing each of the two bone frag- 
ments, as the query sequence in the same 
database. The  best match was between the 
consensus sequences for the two bone frag- 
ments. with a 10.4% difference over 84 
bases compared. This is comparable to the 
difference seen between manv s~ec ies  of , & 

mammals for this region of cytochrome b 
(12). When compared with the bone frag- 
ment sequences, most contemporary data- 
base sequences had a nearly equal number of 
differences, grouping around 30%, with the 
largest difference, 62%, found between the 
honey bee sequence and one of the bone 
fragment sequences. The nucleotide se- 
quences from the bone were not significant- 
ly closer to the bird or reptile sequences, as 
compared with mammal sequences. It seems 
that this limited region of the gene encoding 
c~tochrome b is too short for use in phyla- 
genetic analysis of distantly related organ- 
isms (21). When the putative amino acid 
sequence is determined on the basis of the 
consensus nucleotide sequence, it is interest- 
ing that mammals and birds are represented 
approximately equally in the nearest match- 
es. However, these matches are only in the 
range of 60% homology. 

Althoueh we were not successful in ob- 
%, 

taining DNA sequences from a large num- 
ber of different loci. some of which are 
better suited for phylkgenetic analysis, this 
result demonstrates that the recoverv of 
DNA from well-preserved Cretaceous peri- 
od bone may be possible. 
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