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The biochemistry of ancient DNA in bone 

N. Tuross 

Conservation Analytical Laboratory, Smithsonian Institution, Washington (District of Columbia 20560, USA) 

Abstract. The amount of DNA in ancient bone was determined by ethidium bromide staining after the removal of 
the potent Taq inhibitor, fulvic acid. A complete decalcification and a perfusion protocol were used to recover 
DNA from bone. A variety of purification techniques including molecular sieve, hydroxyapatite binding and 
'Magic' preparations yielded DNA that spanned from 3.41ag/g of bone to below detectable limits. Fulvic acid was 
shown to interfere with the quantification of DNA derived from ancient human skeletal material one hundred to 
over seven thousand years old. Scanning UV in the 300 to 230 nm range is a simple and sensitive technique for 
documenting fulvic acid contamination in ancient bone extracts. 
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Introduction 

Extraction and PCR amplification of ancient DNA are 
complicated by the mechanisms of decomposition that 
accompany all buried or aged samples. In this regard, 
DNA shares the fate of other molecules that make the 
transition from the biosphere to the geosphere2~,22,2L 
One of the most intensely studied molecules in the 
vertebrate fossil record is collagen. An extensive litera- 
ture documents not only the decay of this large, helical 
protein molecule < 10,23, but also the complications with 
regard to uC dating that arise due to closely associated, 
often soil-derived degradation products known collec- 
tively as h u m u s  17. 

The presence of a potent inhibitor or inhibitors to Taq 
polymerase in virtually all ancient DNA extracts is one 
of the difficulties encountered when attempting to PCR 
amplify target sequences. Another concern is the 
amount of DNA that is preserved in fossil bone, which 
is significant for making informed samples choices of 
the appropriate size. 

Materials and methods' 

Sample descriptions. Three human cortical bone sam- 
ples from femurs were obtained during surgery, and 
stored at - 8 0  ~ until extracted. These bone samples 
were extracted by removing nonmineral associated ma- 
terial in 4M guanidine HC1, and sequentially decalcify- 
ing the material in 4M guanidine HC1/0.5M EDTA 9. 
Three taphonomic bone samples representing separate 
animals (two elephants (C75-6 and C75-3) and one 
wildebeest (C75-1)) collected within a year after death 
and then some 15 years later were used in this study. 
More complete descriptions of the experimental ap- 
proach and changes observed in this fauna over the 
fifteen year study period are reported in references 2, 3, 
19 and 20. 
Human skeletal collections from North and Central 
America, that span a period including a historic ceme- 

tery in New Orleans and an archaic Amerind cemetery 
approximately 7,000 years old, were assayed for DNA 
content. A short description of each site is given in the 
table. 
Light absorption of ancient bone DNA extracts in the 
UV (230nm-300nm)  was compared with authentic 
DNA, degraded collagen and several soil extracts. Ful- 
vic acids were isolated from a variety of soil types by 
extraction in 1M sodium hydroxide, and humic acids 
removed in 1M HCL; the material was exchanged into 
water by dialysis and lyophilized. Autofluorescent prop- 
erties of humic and fulvic acids were monitored by 
means of gel electrophoresis (4-20% TBE), and Taq 
polymerase (Perkin-Elmer) inhibition was determined 
by the addition of known quantities of fulvic acids to a 
control lambda DNA PCR amplification. 

Ancient DNA extraction and purification 
The general approach taken in DNA extraction from 
bone is shown in the flow chart of figure 1. Bone was 
powdered in a Spec mill, and sample holders were 
cleaned between samples by boiling in water and soak- 
ing in 5% sodium hypochlorite. Generally, at least 
15 grams of compact bone from the midshaft of the 
femur were processed. Total decalcification and removal 
of hydroxyapatite was achieved by dialysis against 
0.5 M EDTA (0.5 M Tris, pH 7.2). In one set of exper- 
iments, 1 gram of bone powder was extracted in 10 mls 
of deionized, distilled water, PCR buffer and 30mM 
phosphate buffer. 
The skeletal material from the Windover archaeological 
site in Florida was a special case. Extensive destructive 
analysis was not permitted, and the DNA was removed 
from human femora by drilling a small hole in the 
midshaft and perfusing each bone with two 50ml 
aliquots of 4.0 M guanidine HC1/0.5M EDTA (100 mM 
Tris, pH 7.2) 2~ Each bone sample was propped on 
sterile supports, and the guanidine/EDTA solution 
dripped onto a sterile tray. The solution was reintro- 
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Site name Number of Antiquity Methods used 
and location individuals in purifying DNA 

Cypress Grove 21 1853 1929 A.D. l 'Magic', ETOH 
New Orleans, Louisiana 
Glorietta Pass 7 circa 1860 A.D. Superose 6 
New Mexico 
Plains Amerind 24 500 2000 years B.PJ 3 'Magic' 
South Dakota 
Venado Beach 6 1000 1750 years B.P.~2 Superose 6, 'Magic' 
Panama City, Panama 
Sitio Sierra 7 1900 years B.P. 5 'Magic' 
Central Pacific, Panama 
Windover 16 7000 years B.P. 6 Superose 6, 'Magic', 
Titusville, Florida ETOH Hydroxyapatite 

Bone ground in aWSpec mill under liquid nitrogen 
T 

Extraction by decalcification (0.5M EDTA), or 
in water, PCR or Phosphate buffer 

V 
Concentrated by Amicon filtration 
exchanged into water 

DNA extraction 1 
Superose 6 
Promega "magic preps" 
ethanol precipitation 
bind and elute (high phosphate) on synthetic 

hydroxyapatite 

Quantify DNA by ethidium staining in 4-20% 
acrylamide gels and in microtiter plates 

Figure 1. Flow chart of DNA isolation and purification from 
bone. 

duced into the marrow cavity approximately 15 times in 
order to maximize the removal of  D N A  from the hy- 
droxyapat i te  mineral phase. The number of  times the 
guanidine/EDTA solution can be introduced into the 
midshaft  cavity has a practical limit controlled by the 
gelatinization of  this solution by collagen degradat ion 
products.  Fifty to 100 mls of  distilled, deionized water 
were introduced into the bone cavity and added to the 
guanid ine /EDTA solution. The bone was submerged in 
water to remove salts, and allowed to air dry. 
Solutions were concentrated by stirred cell Amicon 
filtration (YM30), and exchanged into water. The Ami- 
con cells were washed extensively between each sample 
and boiled in water for four hours. As a control, a 
solution of  0.5 EDTA was concentrated, exchanged into 
water prior  to each sample, and used as the reagent 
blank throughout  these experiments. 
A variety of  techniques was used in purifying D N A  from 
a range of  skeletal material. In general, multiple purifica- 
tion techniques were employed when the concentration 
of  fulvic and humic acids were high. No  one technique 

described here removed Taq polymerase inhibition com- 
pletely from the most highly contaminated extracts. 
Inhibition was tested in control  lambda D N A  PCR 
amplifications by adding 1 ul of  ancient D N A  extract. 
F P L C  separation based on molecular weight was ac- 
complished using Superose 6 column (Pharmacia)  with 
100 m M  ammonium acetate as the eluent. A proprietary 
product  of  Promega, Inc. called 'Magic '  was useful in 
purifying the ancient D N A  from several of  the skeletal 
extracts, Ethanol precipitation (100% ethanol, 
2 x volume) after 'Magic '  purification was used to con- 
centrate some of  the D N A  samples. The tradit ional 
method of  phenol /chloroform/isoamyl alcohol extrac- 
tion, followed by ethanol precipitat ion 16 was found to 
result in large and sometimes total loss of  ancient D N A  
when used on unpurified bone extracts. Final  purifica- 
tion of  ancient D N A  could also be achieved by binding 
extracts post F P L C  or 'Magic '  to synthetic hydroxyap- 
atite, and eluting D N A  in 300 m M  sodium phosphate  
buffer; however losses were evident in this procedure. 
Fo r  the purpose of  D N A  quantification, the bone ex- 
tracts were considered 'pure '  when no autofluorescence 
was observed in the volume of  extract to be assayed for 
DNA,  and when 1 ul of  extract no longer inhibited a 
control  lambda amplification. The amount  of  D N A  
present in each of  the bone extracts was determined by 
comparat ive ethidium bromide staining in either 4 -20% 
acrylamide gels, or when there was obvious shearing 
of  the ancient DNA.  The quantification was done in 
microtiter plate wells referenced to a set of  s tandard 
D N A  concentrations. Representative samples were sub- 
jected to digestion with DNAase  1. 

Results 

Isolation and partial characterization of  a Taq 
polymerase &hibitor in ancient DNA extracts 
Every extract of  buried bone exhibited an autofluores- 
cence upon electrophoresis and exposure to UV light 
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(254 nm) that  was not  altered by the addit ion of  ethidium 
bromide,  and is not  DNAase  digestible. The soil extract 
that  most closely resembled this autofluorescence were 
the fulvic acids, soluble, heterogeneous, and highly phe- 
nolic breakdown products of  organic soils (fig. 2). Fulvic 
acids exhibited a continuous smear of auto fluorescence 
in a 4 20% acrylamide gel with the greatest intensity 
concentrated at molecular sizes less than 603 bp. 
The absorpt ion of  fulvic acids in the ultraviolet spec- 
trum is shown in figure 3. On a dry weight basis, relative 
to DNA,  fulvic acids are intensely absorptive in the 
260 280 nm range. The presence of fulvic acids in 
ancient D N A  extracts can be most easily monitored by 
assaying absorpt ion at 240, 260 and 280 nm. Fulvic 
acids are also potent  Taq polymerase inhibitors; addi- 
t ion of  100 ng of fulvic acid completely inhibited am- 
plification of  a control  lambda D N A  target by Taq 
polymerase. 

Figure 2. Separation of fulvic acid by 4-20 acrylamide gel elec- 
trophoresis in TBE. The fulvic acid was photographed on a UV 
light box without the addition of any stain. A PhiX174 RF 
DNA/Hae III (1353, 1078, 872, 603, 310, 271,281, 234, 194 and 
118 base pairs) standard fragment was stained with ethidium 
bromide for molecular weight comparison. 

The amount of  DNA in bone 
In fresh compact  human bone, the D N A  bound to the 
mineral phase, hydroxyapat i te ,  ranged from 1.5 to 3 
ug/gram (fig, 4). The amount  of D N A  removed by the 
first nondemineralizing, denaturing extract was more 
variable (approximate ly  3 to 5.5 ug/g), and reflects the 
cellular content and associated vasculature. 
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Figure 3. Absorption of (300 230 nm) of 10 ug of DNA, 2 mg of gelatin and 10 ug of fulvic acid. 
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Figure 4. DNA content from 3 samples of modern human compact bone (femur) obtained at surgery that were sequentially extracted 
in 4M guanidine HCI (solid black) and 4M guanidine HC1/0.5M EDTA (shaded grey). 

Skeletal elements from natural ly aged and weathered 
bone (fig. 5) had D N A  content that  ranged from approx- 
imately 2 ug/gram to 0.2 ug/gram. Al though these three 
animal skeletons exhibited a ten-fold difference in D N A  
content, very little change in the amounts  of  D N A  was 
observed over the fifteen years that  the bones weathered 
in Africa. Powdered bone from these taphonomic sam- 
ples was extracted in water, PCR and phosphate  buffer, 
and totally decalcified in EDTA.  No ethidium bromide 
staining was observed in the nondecalcifying extracts of  
these samples (fig. 6), and the D N A  was removed only 
upon decalcification. However, nondecalcifying extracts 

did autofluoresce on acrylamide gels, absorb light in the 
UV at 260 and 280 nm, and most importantly,  inhibited 
the PCR of  lambda DNA,  suggesting the presence of  
fulvic acids in nondecalcifying extracts. 
The taphonomic bones were collected from animals 
whose carcasses remained on the surface without the 
benefit of  molecular preservation that  rapid burial may 
offer. These data  indicate that  a major  impact on the 
amount  of  D N A  i n  bone is likely in the immediate 
post-death environment, and that once an animal is 
skeletalized, the D N A  is much more stable, probably  as 
a result of  hydroxyapat i te  binding. 
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Figure 5. Amount of DNA in EDTA extracts from three animal bones: C75-6 and C75-3 are elephants, C75-I is a wildebeest. These 
animals died of natural causes in Kenya in 1975, and a piece of the skeleton was collected yearly for the following fifteen years 2. The 
solid dark bar represents the 1975-76 collections and the shaded bar is the 1990 collection. 
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Figure 6. Extracts (4 20% acrylamide TBE gel stained with 
ethidium bromide) of taphonomic bone C75-6 (elephant). This 
animal died in Kenya in 1975 and skeletal samples were collected 
yearly for the next fifteen years. Lane 1) 12.5 ng genomic DNA; 2) 
blank; 3) 25 ng genomic DNA 4 and 5) PCR buffer extracts of 1 
gram of bone powder from samples collected in 1975 and I990; 6 
and 7) EDTA extracts of 100 mg of bone powder from samples 
collected in 1975 and 1990. 

The overall temporal  trend in figure 7 is one of  D N A  
content declining with burial  time, All of  these samples 
(fig. 7) were recovered from intentionally buried hu- 
mans, and the major  difference in D N A  content is 
found between the historic samples of  Cypress Grove 
and Glorie t ta  Pass, and the prehistoric samples of the 
Plains, Venado Beach, Sitio Sierra and Windover.  A 
lat i tudinal  gradient  also seems to be operat ing because 
the greater amount  of  D N A  was found in the Plains 
samples of South Dako ta  compared to the tropical 

cemeteries at Venado Beach and Sitio Sierra. Intrasite 
variabili ty in D N A  content is also observed consis- 
tently, even in the most recent historic burials of Girard  
Street where there were individuals with nearly contem- 
porary  levels of  DNA,  and one individual with no 
detectable DNA.  The range of  D N A  content found 
within each site mirrors the variabili ty of  protein con- 
tent found in many archaeological assemblages 4,2~. 
While measuring the amount  of D N A  in buried bone does 
not address the question of  whether the molecule is 
indigenous to the individual, it is interesting to note 
that  the D N A  content from intentionally buried humans 
did not  exceed that  documented in fresh human bone. 
Qualitatively, in terms of  the amount  of  apparent  strand 
breakage, the D N A  from these buried bones also exhib- 
ited a good deal of  variability. In the Plains samples, 
the D N A  was of  an apparent  high molecular weight 
(evidenced by electropheretic analysis) and comigrated 
with modern genomic DNA.  In contrast,  many of  the 
samples from the much younger Cypress Grove Cemetery 
showed evidence of  extensive cleavage of  the D N A  
backbone (fig. 8). 

Conclusions 

As in ancient soft tissues 15, much bone of  holocene age 
contains DNA.  The D N A  is contained in decalcifying 
extracts, that fraction which is usually discarded in the 
preparat ion of  bone samples for both 14C dating and in 
the paleodietary analysis involving light-stable isotopes. 
Both the overall amounts  of  D N A  on a dry weight basis, 
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Figure 7. Amount of DNA (ug), EDTA extracted, per gram of compact bone from buried human femurs measured after purification 
and removal of contaminants. The age of the cemeteries range from 100 to 7,000 years (see 'Materials and methods'). The DNA in the 
Windover collection was removed by perfusion of the midshaft of the femur, and is reported in ug/femur. 
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Figure 8. 4-20% acrylamide TBE gels stained with ethidium 
bromide. Samples 1-4) Plains Amerinds, approximately 1 gram of 
bone per lane. # l  is the oldest sample 14C dated at 1550 years 
B.P.; 5) 500 ng of modern genomic DNA; # 6PhiX174 RF DNA/  
Hae III, 1353, 1078, 872, 603, 310, 271,281,234, 194 and 118 base 
pairs; #8, 10 and 12 Cypress Grove bone extracts from approxi- 
mately 1 gram of bone; #7, 9, 11 DNAase I digestion (Mn+ + 
added) of corresponding even numbered sample to the right. 

and  the a m o u n t  of  breakage observed in the extracted 
D N A  varied widely in the sample set of  eighty-one 
individuals  who had been bur ied in different envi ron-  
ments  for up to 7,000 years. Al though  there was a t rend 
toward lower D N A  conten t  with burial  time, the impact  
of  the env i ronmen t  on D N A  preservat ion in bone  is seen 
in both,  t aphonomic  fauna  that  were no t  in tent ional ly  
buried,  and  in the intrasite variabil i ty of  bur ied  bone.  
The average molecular  weight of  D N A  in vir tual ly all 
bones  analyzed greatly exceeded that  reported in soft 
tissues 14. Whether  the apparen t  temporal  stability of  

D N A  in bone  correlates with decreased base damage 
requires further  investigation.  
The inhib i tor  identified in this study, fulvic acid, is 
a well known,  pervasive and  persistent  c o n t a m i n a n t  
of  the burial  envi ronment .  Because of  its chemical 
characteristics and  negative effect on the polymerase 
chain reaction,  fulvic acid can be removed from bone  
extracts th rough a variety of purif icat ion techniques.  
The purif icat ion processes required to remove fulvic 
acid from bone  extracts result  in losses of  D N A  that  
can be substant ia l  if multiple,  sequential  t reatments  are 
required. Unfo r tuna t e ly  even trace amoun t s  of  fulvic 
acid in an  ancient  bone  extractions will produce  erro- 
neous es t imat ions  of  D N A  conten t  if U V  absorp t ion  is 
used to quant i fy  D N A  (e.g. Fisher  et al.8). 
The bu lk  of  the vertebrate fossil record is made  up of  
the hydroxyapat i te  hard  tissues, bones  and  teeth. It  is 
f rom these calcified tissues that  we may  learn abou t  the 
genetic diversity and  relat ionships of  past  popula t ions  
and  extinct species. 
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