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ABSTRACT: Deoxyribonucleic acid (DNA) sequence analysis of the control region of the 
mitochondrial DNA (mtDNA) genome was used to identify human skeletal remains returned 
to the United States government by the Vietnamese government in 1984. The postmortem 
interval was thought to be 24 years at the time of testing, and the remains presumed to be 
an American service member. DNA typing methods using nuclear genomic DNA, HLA-DQ 
alpha [1] and the variable number of tandem repeat (VNTR) locus D1SS0 [2], were unsuc- 
cessful using the polymerase chain reaction (PCR) [3]. Amplification of a portion of the 
mtDNA control region was performed, and the resulting PCR product subjected to DNA 
sequence analysis. The DNA sequence generated from the skeletal remains was identical to 
the maternal reference sequence, as well as the sequence generated from two siblings (sisters). 
The sequence was unique when compared to more than 650 DNA sequences found both in 
the literature and provided by personal conamunications. The individual sequence poly- 
morphisms were present in only 23 of the more than 1300 nucleotide positions analyzed. 
These results support the observation [4] that in cases where conventional DNA typing is 
unavailable, mtDNA sequencing can be used for human remains identification. 

KEYWORDS: physical anthropology. DNA typing, bone DNA extraction, human identifi- 
cation, Vietnam War 

The  ident i f icat ion of soldiers lost in bat t le  is of u tmost  impor tance  to the  U n i t e d  States  
G o v e r n m e n t  and  to the  families and friends who must  bear  the b u r d e n  of grief. Dur ing  
the As ian  and  Wor ld  Wars ,  thousands  of m en  and  women  were repor ted  "'missing in 
ac t ion"  ( M I A )  or "ki l led  in act ion and  the  body not  r ecove red"  ( K I A - B N R ) .  W h e n  
bodies  canno t  be found or identif ied,  families are left with the pain of not  knowing  with 
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certainty how or whether their loved one has died. Many individuals with losses dating 
back to World War I still suffer with this pain. 

As of March 1992, 2267 Americans were still unaccounted for as a result of conflicts 
in Southeast Asia (Vietnam, Cambodia, Laos, and China) [5]. Of these, 1095 were 
Americans KIA-BNR. These numbers are small when compared to the more than 86 000 
Americans still unaccounted for as a result of World War II and the Korean War. Intensive 
efforts by the U.S. Government are ongoing to determine the fate of every American 
still unaccounted for. As a consequence of these efforts, hundreds of remains have been 
recovered and returned to the U.S. Army Central Identification Laboratory in Honolulu, 
Hawaii (CILHI) [6]. Many of these remains have been successfully identified by methods 
other than DNA typing (anthropologic and odontologic). However a number of cases 
cannot be identified unequivocally by conventional means. In these cases, DNA based 
analysis can be used to lend support to the overall identification process. 

The putative skeletal remains of an American Marine Corps aviator were returned to 
the United States Government by the Vietnamese Government in 1984, 17 years after 
the soldier was declared MIA and subsequently KIA-BNR. Following extensive anthro- 
pologic investigation by CILHI,  an identification was recommended. Upon instigation 
of the family, the Marine Corps contacted the Armed Forces DNA Identification Lab- 
oratory (AFDIL) ,  requesting DNA analysis of the skeletal remains to confirm the iden- 
tification. The remains were exposed to extreme environmental conditions (heat and 
humidity for approximately 17 years and unknown conditions for an additional seven 
years), and substantial DNA loss and degradation were observed. Nuclear DNA typing 
methods were attempted unsuccessfully (DQ-alpha and D1S80). Therefore, DNA se- 
quence analysis of mitochondrial DNA (mtDNA) was examined as a possible means of 
identification. 

The mitochondrial genome is 16 569 base pairs (bp) in length and circular, consisting 
of conserved coding regions and a noncoding, hypervariable control region [7]. The coding 
region consists of genes encoding for enzyme protein subunits involved in oxidative 
respiration. The control region spans more than 1100 bp, and includes origins for rep- 
lication and transcription, as well as the displacement loop. Three characteristics of the 
control region make it a good candidate for identification purposes. First, there are two 
hypervariable segments within the control region which have been studied in detail and 
have been shown to evolve rapidly (mtDNA) polymorphisms occur 5 to 10 times faster 
than in the nuclear genome) [8-I0]. Second, mtDNA is passed through the maternal 
lineage [11], from mother to child, so that each individual is haploid and has only one 
mtDNA type. Third, human cells contain hundreds to thousands of copies of the mtDNA 
genome, but only two copies of the nuclear genome [12]. These additional copies make 
the likelihood of recovering mtDNA greater when the biological specimen contains lim- 
ited quantities of DNA or degraded DNA. 

In this article, we describe the use of mtDNA sequencing to confirm the identification 
of skeletal remains, with a postmortem interval of 24 years; the origin of the remains 
had been in question for seven years. Difficulties encountered with DNA extraction and 
amplification will be discussed. 

Materials and Methods 

DNA Sources 

A total of seven bone specimens were collected from the skeletal remains; six mid- 
shaft specimen measuring approximately 25 mm in length, including a fragment of the 
right humerus, the right ulna, the right radius, the left tibia, the left fibula, and the left 
radius, and a 25 mm wedge of bone from the ischium of the right hip bone. The amount 
of bone collected from each sample ranged from 3 to 15 g. The bone fragments were 
stored at -70~ DNA specimens were collected from four family members (mother, 
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father, and two sisters) by taking three separate oral swabs from each member. The 
swabs were stored dry at -70~C. DNA was previously extracted from the laboratory 
personnel for use as positive controls and as controls against contamination. 

DNA Extraction 

DNA was extracted from all seven bone specimens using the procedure described by 
Hochmeister et al. [13]. Approximately 2 g of bone were used for each extraction. The 
bone was cleaned aggressively to remove the outer layer of foreign material, broken into 
small pieces of approximately 0.3 cc, and then pulverized into a fine powder using a 
Tekmar Tissumizer ~'. The bone powder was placed into a 15 mL conical tube and de- 
calcified with three successive washes in 8 mL of 0.5 M EDTA, pH 7.5, for 8 to 12 h. 
The powder was washed three times with sterile deionized water to remove excess EDTA, 
and DNA was extracted with 3 mL of prewarmed extraction buffer (10 mM Tris-HC1, 
pH 8.0, 100 mM NaCI, 2% sodium dodecyl sulfate, and 10 mM EDTA) containing 0,5 
mg/mL Proteinase K; the extraction was carried out at 56~ for 12 to 18 h. The concen- 
tration of Proteinase K in the extraction suspension was elevated to 1.0 mg/mL and the 
incubation continued at 56~ for an additional 5 h. The undigested bone powder was 
pelleted in a centrifuge and the supernatant decanted into a clean 15 mL conical tube. 
The extract was deproteinated with chloroform/phenol/isoamyl alcohol (25:24:1) and trace 
phenol extracted with ether. The ether was subsequently removed by incubation at 56~ 
for 15 min. The DNA was further purified by membrane-based size exclusion using an 
Amicon Centricon | 30 spin column. As an alternative to ethanol precipitation, the DNA 
samples were evaporated to dryness in a vacuum microcentrifuge. Tile dried pellets were 
resuspended in 100 txk of TE buffer (10 mM Tris-base, pH 7.6, 1 mM EDTA). 

DNA from the oral swabs obtained from each family member was extracted using an 
organic extraction method. The cotton portion of each swab was placed in a 15 mL conical 
tube and extracted with 3 mL of extraction buffer containing 0.1 mg/mL Proteinase K, 
and incubated at 56~ for 12 to 18 h. The swab was removed and the extract was 
deproteinated with ehloroform/phenol/isoamyl alcohol (25:24:1). The phenol was ex- 
tracted with ether, the ether removed by incubation at 56~ for 15 rain, and the DNA 
precipitated in 0.3 M sodium acetate and a two fold excess of 100% ethanol at -20~C 
for 2 h. The DNA was pelleted by centrifugation, washed with 70% ethanol, dried, and 
resuspended in t00 gL of TE buffer. The concentration of DNA extracted from both 
bone and oral swab was quantified by agarose gel electrophoresis and ethidium bromide 
staining, and U.V. spectrophotometry. 

Quantification of Humarl DNA 

Sheared human placental DNA standards, containing 200, 100, 50, 25, 12.5, and 6.25 
ng of DNA, were used for comparison to the bone DNA extracts. Samples were boiled 
for three minutes to denature the DNA and then placed on ice. A Scheicher and Schuell 
Manifold lI Slot Blotter e was assembled (using Hybond-N nitrocellulose membrane), a 
vacuum was applied, and the standards were loaded in duplicate to bracket the bone 
extracts. The DNA was crosslinked to the membrane in a Stratalinker 2400 using ultra- 
violet light. A human-specific single locus nuclear DNA probe, M31 [14] was labeled 
using the random primer method [15]. Prehybridization and hybridization were performed 
as described previously [14]. DNA quantities were determined by comparison of the 
standards to the unknowns. (It should be emphasized that M31 is not a probe for mtDNA, 
and will not reflect the potential content of mtDNA in the DNA extracts.) 
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HLA-DQ-alpha Analysis 

Amplification of the HLA-DQ-alpha locus was performed according to the specifi- 
cations of the Cetus Corporation AmpliType HLA-DQ-alpha Forensic DNA Amplifi- 
cation and Typing Kit ~' with the following modifications. The amplification was performed 
on a Perkin Elmer-Cetus GeneAmp 9600 Thermal Cycler '~' using the following PCR 
parameters - -94  C for 10 rain, followed by 94 C for 10 s, 60 C for 10 s, and 72 C for 10 
s, for 32 cycles, followed by a 10 rain soak at 72 C. Reaction mixtures included 25 ~L 
of Cetus premix, 8 p,L of 25 mM magnesium chloride, and 17 #_L of DNA sample. PCR 
product was analyzed by agarose gel electrophoresis and the HLA-DQ-alpha type de- 
termined according to the procedure provided by Cetus. 

Polymerase Chain Reaction Amplification 

Two segments of the control region of the mtDNA genome were amplified using tne 
polymerase chain reaction (PCR) [3]. The first segment encompassed nucleotides 121 to 
340 (219 base pair (bp) product), and the second from 16140 to 16350 (210 bp product): 
based on the numbering system of Anderson et al. [16]. The conditions for amplification 
of the 219 bp product were 0.2 mM dATP, dCTP, dTTP, and dGTP, 0.4 p,M F121 primer 
(5 ' -GCA GTA TCT GTC TTI" GAT TC, 121-140, 5'-end biotinylated by The Midland 
Certified Reagent Company. F = forward), 0.4 p.M R340 (5 ' -GTG TTT A A G  TGC 
TGT GGC CA, 321-340, R - reverse), 0.2 mg/mL BSA, buffer (10 mM Tris-HCl, pH 
8.3, 50 mM KC1, and 1.5 mM MgC12), and 6.25 units of Taq DNA polymerase (Cetus, 
Boehringer Mannheim Biochemicals $') in a 25 gL reaction volume. The amplification 
was performed for 32 cycles in a Perkin Elmer Cetus GeneAmp PCR 9600 ~ system: 94 
C for 10 s, 50 C for 20 s, and 72 C for 45 s. The conditions for amplification of the 210 
bp product were the same as those for the 219 bp product with these exceptions: the 
primers used were F16140 (5 '-TAC TTG ACC ACC TGT AGT AC, 16140-16159, 5'- 
end biotinylated by Midland) and R16350 (5 ' -TFG ACT GTA ATG TGC TAT GT, 
16329-16350), the reaction volume was 50 ~,L, and the amplification parameters were 94 
C for 10 s, 50 C for 15 s, 72 C for 15 s, for 27 cycles, with an isothermal hold at 72 C 
for 10 rain at the end of the program. Two rounds of amplification were performed in 
all cases; 1 #L of the first PCR product was used for the second round of amplification. 
DNA-free negative control reactions, containing reagent blank extract or PCR reagents 
alone, were included in every PCR performed (including the second round amplification 
of I p.L of the initial DNA-free PCR). In addition, positive control reactions were included 
in every PCR performed to ensure that the PCR reaction products were the correct size. 
Reaction products were analyzed by agarose gel electrophoresis and ethidium bromide 
staining prior to DNA sequencing. 

DNA Sequencing 

The two strands of DNA from the 210 bp PCR product were separated using the biotin 
group located at the 5'-end of one of the two strands: the 219 bp fragment did not amplify. 
The PCR product was passed through a Sephadex G-50 '~ spin column (5 Prime-3 Prime 
Inc.) to remove unincorporated primers. The double stranded DNA was bound to Dyna[ 
streptavidin magnetic beads (Dynal AS ~') (20 ~L of washed beads was used for each 
sequencing reaction) in the presence of 0.5 M NaCI/TE buffer, washed to remove unbound 
DNA, and the unbiotinylated strand removed in the presence of 0.2 M NaOH [17]. The 
unbiotinylated strand was collected, neutralized with sodium acetate, and concentrated 
by ethanol precipitation: the dried DNA pellet was resuspended in 7 p.L of sterile, 
deionized water. The bound strand was washed several times with TE buffer, pH 7.4, 
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and suspended in 7 #.L of sterile, deionized water. The two complimentary strands of 
DNA were sequenced separately using Sequenase, S35-dATP, and the protocol provided 
with the Sequenase DNA Sequencing Kit (U.S. Biochemicals); the sequencing primers 
for the 210 bp product were F16140 for the unbound strand and R16350 for the bound 
strand at a concentration of 0.2 raM. The reaction products were electrophoresed through 
an LKB Macrophor DNA sequencing gel system. The dried gel was exposed to Kodak 
X-ray film for 1-7 days before development. Sequence information was determined by 
visual evaluation. 

Results 

Bone specimens were collected from skeletal remains that were returned to the United 
States by the Vietnamese Govermnent in 1984, and subsequently presented to the Armed 
Forces DNA Identification Laboratory at the Armed Forces Institute of Pathology in 
July of 1991. Specimens were taken from the midshaft of six long bones, as well as a 
wedge of hip bone. DNA was extracted from all seven bone fragments, using decalci- 
fication and organic extraction, and analyzed by agarose gel electrophoresis (Fig. 1). 
Quantification of total extracted DNA was based on UV spectrophotometric evaluation 
(Table 1). Quantification of human nuclear DNA by s lo t -b lo t  analysis resulted in de- 
tections of less than 1% human DNA for all bone extracts. In fact, nuclear DNA was 
not detected for many of the extracts. This analysis, however, does not reflect the content 
of mitochondrial DNA (mtDNA). Our laboratory, as well as others (personal commu- 
nication), are in the process of investigating potential probes for the quantification of 

FIG. I - -DNA was extracted from all seven boJw fi'agments, using decalcification and organic 
extraction, and analyzed by agarose gel electrophoresis. 
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TABLE 1--DNA quantitation: total and human nuclear DNA. 

Sample Description Total DNA, pxg Human DNA 

Bone DNA: 
Right humerus" 4.09 < 1% 
Right ulna 1.19 <1% 
Right radius" 92.40 < i 
Le ft tibia" 23.00 < 1% 
Left fibula" 19.20 < 1% 
Left radius 6.85 < 1 
Right hip bone 82.30 < 1c7c 

~DNA sequence analysis. 
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mtDNA. The high cop',, number of potential mtDNA targets may provide higher detection 
sensitivities. 

DNA was also extracted from oral swabs of the family members: maternal, paternal, 
and two sibling references. High molecular weight DNA was obtained with a concen- 
tration of 10 txg/mL: based on agarose yield gel analysis (data not shown). 

The maternal and paternal HLA-DQ alpha genotype, using the kit provided by the 
Perkin Elmer-Cetus Corporation, was -2,3"" for both individuals. The HLA-DQ alpha 
type of the DNA extracted from the bone could not be determined. In fact, no nuclear 
sequence could be amplified from bone DNA (HLA-DQ alpha or D1S80/MCTll8).  
Many attempts were made to amplify the HLA-DQ alpha locus, modifying the concen- 
tration of DNA, the amount of Taq DNA polymerase, the addition of BSA, and altering 
the PCR parameters, with no success. Consequently, segments of the mtDNA control 
region were amplified from the DNA of all four family members and from the bone 
DNA. Two rounds of amplification were necessary to produce sufficient product for 
sequence analysis. Using mtDNA specific primers (one biotinylated), a 210 base pair 
(bp) segment of the control region was amplified (16140 to 16350): a 219 bp segment 
could not be amplified (121 to 340). 

Only four of the seven bone extracts yielded 210 bp PCR product (Table 1). Total 
DNA extraction yield, as well as the quality of the extracted DNA, decreased dramatically 
as the bone specimen became more porous. The six long bone fragments were not overly 
porous and yielded significant quantities of total DNA (Fig. 1). Presumably, the reason 
for a lack of PCR product in two of the six extracts was due to insurmountable inhibition, 
however the lack of sufficient mtDNA for analysis cannot be ruled out. The results of 
mixing DNA extracted from right humerus with the BRL 123 bp DNA Ladder (Fig. 1) 
suggested that the bone DNA extracts contained high levels of salt or protein which 
retarded the migration of the 123 bp ladder. Regardless, the source of the contamination 
could not be removed, even by extensive purification using Amicon Centricon 30 size 
exclusion dialysis. The most likely source of the inhibitor was the foreign material on 
the outer surface of the bone which may not have been properly' removed during the 
cleaning process. The wedge of hip bone was extremely' porous and presumably did not 
yield sufficient quantities of intact mtDNA for PCR analysis. 

A portion of the 210 bp PCR product (10%) was analyzed by agarose gel electropho- 
resis, and the remaining product prepared for DNA sequence analysis using the method 
of Mitchell and Merril [17]. The entire PCR product was consumed for DNA sequence 
analysis. The PCR product generated from the four bone DNA extracts, the DNA 
extracted from the maternal, paternal, and sibling references, and the DNA extracted 
from the laboratory, personnel (two individuals) was subjected to DNA sequence analysis; 
sequence was obtained in both directions to ensure complimentarity (Fig. 2). A com- 
parison of the sequence from bone DNA and that of the maternal reference resulted in 
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16161 

TAA AAA 00s AAT s CAT CiA AAs 000 13TC 

ATT TTT GQG T1-A G6T GTA GTT TTG GG6 GAG 

CCC iTG CTT ACA AGC AAG TiC AGC AAT CAA 

GGG TAC GAA TG7 TCG TTC ATG TCG TTA GTT 

16240 

000 TCA ACT ATC s CAT CGA CTG CAA s 

GGG AGT TGA TAG TGT GTA GOT GAC GTT GA,G 

bAA AGO (RAs ~,~ %A OC,s ACT ,&~ ~ ATA ~{~A" 

6TT TOG 6TG 666 AGT G66 TGA %30 TAT 6GT 

16291 

As AAs (3Ti 0Ts As 07T AAO AGT AOA TAG 

TOT 7T6 65,T ~,~Au TO6 (JAi TT6 TCA T,~T ATC 

16330 

TAs ATA AA6 %s TTT A,Jb 

AT6 TAT Ks 66T AAA T66 s 
FIG. 2 - - A  sequence  was ob ta ined  in both  directions to ensure  compl imentar ib ' .  
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Bone DNA 
Sequence 

16240 16256 16270 16291/92 

..... A C A T c G A c T G C A A C T C C A A A G C c A c c c c T C A C c c A C T A G G A : A C C A A C A A A C C T A c T C A c c c  ..... 

Maternal ..... ACATC~,~ACTGCAACTCCAAAG~CACCCCTCACCCA~JTAGGATACCAACAAACCTACI~ACCC ..... 
Reference 

S i b l i n g  ..... ACATC~,~ACTGCAACTCCAAAG~CACCCCTCACCCA~,,TAGGATACCAACAAACCTAC|I~ACCC ..... 
Reference 

P a t e r n a l  ..... ACATC~I~ACTGCAACTCCAAAG~CACCCCTCACCCAI~TAGGATACCAACAAACCTAC~,f~ACCC ..... 
Reference 

C o n t r o l  1 ..... A C A T c A A c T G C A A C T C C A A A G C c A c C C C T C A C C c A C T A G G A T A C C A A C A A A C C T A c C T A c c c  ..... 

C o n t r o l  2 ..... A C A T c A A c T G C A A C T C C A A A G T c A c C C C T C A C c c A T T A G G A T A C O A A C A A A C C r A c T C A c c g  ..... 

C o n t r o l  3 ..... A C A T c A A c T G C A A C T C C A A A G C c A c C C C T C A C c c A C T A G G A T A C C A A C A A A C C T A c C C A c c c  ..... 

FIG. 3--A comparison between bone DNA and maternal reference. 

an identical match for the 170 bases of overlapping sequence (Fig. 3). Two polymorphisms 
were identified within the 170 bp segment (polymorphisms with respect to the published 
sequence of Anderson et al.) [16], one at position 16240, a transition from adenine to 
guanine, and the second at position 16291, a transition from cytidine to thymine. In 
addition, the sequence from both siblings matched the bone and the maternal reference, 
and the sequence from the paternal reference was different. Given the difficulties involved 
with amplification, the 210 bp DNA sequence was obtained from the DNA of the lab- 
oratory personnel who handled the bones and performed the extraction (Fig. 3). The 
resulting 210 bp DNA sequences were different from all other sequences generated 
suggesting that the sequence obtained from the bone DNA and the DNA extracted from 
the oral swabs was not due to contamination. The DNA sequence generated from the 
bone was compared to sequences available in the literature and through personal com- 
munications, and the results illustrated in Table 2. 

Discussion 

The positive identification of human remains is primarily established by either finger- 
print analysis, dental or skeletal radiographic comparison, and in certain instances by the 
presence of unique markings, such as tatoos. In cases, however, where soft tissue is 
severely decomposed, or when dental and skeletal comparisons cannot be made, the use 

TABLE 2--Comparison of sequence polymorphisms between racial groups. 

Number of Changes at Changes at Changes at 
Racial origin sequences position 16240" position 16291 h both positions 

Caucasions 237 1 6 0 
Blacks 325 2 12 0 
Asians 97 0 0 0 

q6240 A ~ G. 
b16291 C -~ T. 
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of DNA based identification is a viable option, and in some instances the only method 
for identification. 

The vast majority of remains returned to the U.S. Army Central Identification Lab- 
oratory in Honolulu, Hawaii (CILHI) for identification can be identified by conventional 
forensic methods (anthropologic and odontologic). However, when commingled or in- 
complete sets of skeletal remains are recovered, some identifications are based on strong 
circumstantial evidence. Given recent advances in DNA extraction from bone, identi- 
fication of a number of these latter cases can now be supplemented with DNA analysis. 

The extraction of DNA from bone has advanced rapidly in the past few years [I8,19]. 
Hochmeister et al. were able to extract more than 12 gg of human DNA/gram of compact 
bone that was several months old [I3]. In addition, 500 ng of human DNA could be 
extracted from an eleven year old mummified leg. In both examples, amplification of 
nuclear DNA was achieved; HLA-DQ alpha and various VNTR loci. The DNA yield 
dropped dramatically, to 0.05 Ixg/g of bone, when fresh bone was buried in soil for three 
months. However, amplification of nuclear DNA was not affected. In certain cases, short 
tandem repeat (STR) loci can be analyzed to type DNA extracted from bone several 
years old [20]. STR loci commonly contain two to four nucleotide repeat units [21,22], 
which are useful for typing extremely degraded DNA and are generally more informative 
than HLA-DQ alpha. When skeletal remains are exposed to extreme environmental 
conditions (heat, humidity, and soil) for more than ten years, extraction of sufficient 
quantities of nuclear DNA for amplification becomes less likely, even for STR analysis. 
Alternatively, minute amounts of mitochondrial DNA have been recovered from ancient 
bone specimen, 5500 years of age and older, and amplification of the control region 
successfully achieved [19,23]. 

The polymorphic nature of tile mtDNA control region has been recently exploited to 
identify human remains [24]. Stoneking et al. used sequence-specific oligonucleotides 
(SSO) to directly probe for polymorphisms in the hypervariable segments of the control 
region in DNA extracted from five year old skeletal remains found in a desert. The nine 
"hot spots" selected for polymorphic variance provided diversity values for each popu- 
lation tested (African, Asian, Caucasian, Japanese, and Mexican), of at least 0.95; greater 
than HLA-DQ alpha and D1S80. The probability of two unrelated individuals having 
the same SSO-type was 1/19--1/8, suggesting that any one SSO-type across all nine 
regions would exclude 88.3 to 94.6% of the population. This ability to discriminate 
between individuals based on mitochondrial SSO-typing is excellent, however, when 
limited quantities of DNA exist, or the quality of the mtDNA to be analyzed is extremely 
poor, DNA sequence analysis of short segments of the control region may prove to be 
equally, or perhaps more informative. 

In our attempts to amplify mitochondrial DNA for sequence analysis, we encountered 
inhibition problems. A very strong inhibitor copurified with the DNA, which was able 
to inhibit positive control amplification (data not shown). For certain reactions, we were 
able to overcome the inhibition by the addition of 200 o,g/mL bovine serum albumin 
[23,25], and by purification of the initial DNA extract using an Amicon Centricon 30 
spin column. Nevertheless, in all cases two rounds of amplification were necessary to 
generate acceptable quantities of PCR product for DNA sequence analysis. The absence 
of PCR product in the DNA-free negative control reactions suggested that the product 
generated after the second round was not due to contamination. 

A 210 bp segment of the mitochondrial DNA control region, bases 16140 to 16350 
[16], was amplified from the DNA extracted from the four bone specimen and from the 
four references (maternal, paternal and sibling DNA). A 219 bp segment of the bone 
mtDNA, bases 121 to 340 [16], could not be amplified. Our validation studies revealed 
that this region amplifies well for all control samples tested. Extensive degradation of 
the mtDNA found in bone of this age may result in the amplification of only certain 
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segments of the control region. Therefore, particular segments of the control region could 
be amplified for DNA sequence analysis when the generation of a complete SSO-type 
is not possible. 

The DNA sequence of the 210 bp segment was determined and the 170 bp of over- 
lapping sequence was identical in the bone, the maternal DNA sequence and the two 
sibling DNA sequences. Furthermore, the polymorphisms were unique when compared 
to more than 650 sequences in the same region. Contamination was ruled out as a source 
of the unique sequence based on sequence analysis of the paternal DNA, and the DNA 
of the laboratory personnel performing the analysis; all were different from each other 
and different from the bone DNA sequence (Fig. 3). The two polymorphisms, at positions 
16240 and 16291, were not seen together in more than 650 DNA sequences currently 
available; of these 650 sequences, 237 were Caucasian and 97 Asian. The individual 
polymorphisms were only seen 23 times in the 1300 nucleotides reported at those posi- 
tions. Consequently, given the unique nature of the sequence, the probability of another 
such sequence in the general population is presently not more than 1 in 650, or 0.15% 
of the general population, and not more than 1 in 237, or 0.42% of the Caucasian 
population. 

These results, along with strong circumstantial evidence, make a very compelling ar- 
gument for the identification of the skeletal remains. Even though the extracted DNA 
was poor in quality and quantity, DNA sequence information proved useful in the iden- 
tification process. In addition, the extraction of DNA and the DNA analysis could be 
done on as little as 2 g of compact bone, even when that bone had been exposed to 
extreme environmental conditions for an extended period of time; heat and humidity for 
greater than 15 years. 

It is important to note that mtDNA sequence analysis, or SSO-typing of the mtDNA 
control region is only useful as an identification tool if a relevant sequence database is 
generated, and the integrity of maternal inheritance is validated. A portion of the se- 
quence database presently available is from isolated subpopulations [24]. Therefore, 
databases must be compiled from the general population (Caucasians, Blacks, Hispanics, 
etc.) in order to report more appropriate frequency values. In addition, limited research 
has been done on the integrity of maternal inheritance of the primary structure of DNA 
[11,26,27]. Although it is generally accepted that maternal inheritance is a faithful process, 
studies undertaken to validate maternal inheritance at the level of the DNA sequence 
for five or more generations, within several different maternal lineages, would be 
valuable. 

Finally, advances in automation have made DNA sequencing a potentially routine 
method of analysis. The DNA sequence of tens of thousands of DNA bases are presently 
being generated on a weekly basis using automated DNA sequencing with fluorescently 
labeled reaction products [28]. In the future, identification of human skeletal remains 
could be made in a relatively rapid, and efficient manner by DNA sequence analysis. 
Efforts are currently underway in our laboratory, as well as other laboratories [29], to 
study the feasibility of using DNA sequence analysis of the mtDNA control region as a 
source of routine identification. 
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