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ABSTRACT: DNA has been previously recovered from human
teeth for RFLP and PCR-based forensic analysis. In some cases,
the maximum amount of undisturbed tooth structureis required for
ulterior forensic analysis. But, in most cases, following comprehen-
sive documentation, it is possible to section the tooth longitudinally
or horizontally, or crush it to accessthe DNA-rich core. Thistechni-
cal report describes an alternative method to recover DNA from
whole extracted human molar teeth. A 6700 freezer mill was used
to pulverize 20 teeth under frozen preparation in liquid nitrogen
and sterile conditions. The mean yield of DNA was 30.9 pg (18.4
wg DNA per gm tooth powder). The resulting fine powder was
subjected to organic extraction and subsequently quantified using
slot blot hybridization. Aliquotswere successfully amplified at three
short tandem repeat polymorphic loci. The technique is smple and
relatively rapid. Isolation of the samples during pulverization mini-
mizes the risk of contamination.
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The teeth are the hardest substances in the human body (1).
They are known to survive most postmortem circumstances,
including but not limited to such events as decomposition, immer-
sion in water, burial, and fires reaching temperatures of 1100°C
(2-5). Recently, investigators have focused attention on human
teeth as potential sourcesof forensically significant DNA evidence.
Studies have been completed on the efficacy of extracting DNA
from teeth exposed to a variety of environmental insults (6).

The dental pulp is aloose connective tissue which occupies the
central region within thetooth. It is continuous with the connective
tissue of the periodontal ligament through the apex of the root.
The components of the pulp are common to al loose connective
tissue, comprising cells, fibers, ground substance, blood vessels
and nerves (7). Therelative size of the dental pulp isapproximately
equivalent to the relative size of individual classes of teeth. There-
fore, molars theoretically are better sources of pulpal DNA than
incisors.

Several methods to access the DNA of human teeth have been
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proposed. The neurovascular tissue that is contained in the pulp
cavity isthought to be the best source of DNA (8). Vertical sections
through the long axis of the tooth result in exposure of the entire
pulp system (5). Horizontal sections through the interface between
crown and root allow the crown of the tooth to be retained for
ulterior investigations, such as comparison of denta fillings to
antemortem dental records (9). Crushing the teeth using a mortar
and pestle or a hammer and metal plates has also been attempted
9).

Thispaper reports an alternative method to maximize the amount
of DNA recovered. A freezer mill was used to cryogenically grind
recently extracted whole teeth and extracted endodontically trested
(root canal filled) teeth. The yield of DNA obtained was calcul ated
as a function of tooth weight. The DNA samples were purified,
amplified at several STR loci, and visualized using capillary elec-
trophoresis.

Material and Methods

Twenty human molars (16 upper and 4 lower) were obtained
from an oral and maxillofacial surgeon. Additionally, one molar,
which had been endodontically treated and restored with aretentive
post and full gold crown, was obtained from an endodontist. Adher-
ent materials, such as epithelium, caculus, and blood, were
removed from the outer surface of each tooth with an excavator.
The teeth were individually placed in bleach (5.25% sodium hypo-
chlorite) for 20 min, rinsed with sterile water, and then soaked in
sterile water for 20 min. Each sample was then rinsed with ethanol
(95%) and allowed to air dry at room temperature (RT) under a256
nm ultraviolet (UV) light source (Philips TUV 30 watt, Microzone
Corp., Nepean, Ontario) for 20 min (rotated after 10 min). The
pre-treatment weight of each tooth was recorded (see Table 1).

A 6700 freezer mill (SPEX Sample Preparation, Metuchen, NJ)
was used to cryogenicaly grind each tooth. The tooth was placed
in a sterile grinding vial with a stainless steel impactor. Stainless
steel end plugs are positioned at each end of the cylinder. This
assembly was placed in the electromagnetic chamber which was
precooled for 10 min in liquid nitrogen. During operation, the
grinding via was immersed in liquid nitrogen.

An alternating magnetic field shuttles the steel impactor against
the ends of the vial, powdering the frozen tooth sample. The proto-
col developed by the authors uses a two-stage pulverization pro-
cess. The first stage employs a stroke rate of 150 strokes per min
for 5 min followed by a second stage employing a rate of 330
strokes per min for 5 min. The tooth powder produced by grinding
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was scraped from thevial and weighed (see Fig. 1). The percentage
yield of powder was calculated (see Table 1).

The grinding vials and metal components were cleaned between
samples by subjecting them to aguasonic cleaning at 80°C for 30
min with Extran 300 (cat. no. VW2305-4, VWR Canlab, Missis-
sauga, Ontario). Each component was rinsed with sterile water and
ethanol (95%) and then exposed to UV light for 30 min.

One mL of extraction buffer [TrissHCl 10 mM, EDTA 10 mM,
NaCl 50 mM, SDS 2% (w/v) (pH 8.0)] and 15 pL of proteinase
K (10 mg/mL) were added to approximately 0.5 gm of tooth pow-
der in asterile 1.5 mL eppendorf tube. This was |eft at 56°C over-
night. The samplewas centrifuged at 10 000 X g for 5min, and the
supernatant subjected to organic extraction using buffer-saturated
phenol -chloroform-isoamyl alcohol (25:24:1) (10) in a phase lock

TABLE 1—Yield of tooth powder after grinding, DNA yield following
slot-blot quantitation and DNA yield as a function of tooth weight
(FDI = Fédération Dentaire Internationale).

Sample Tooth Weight, DNA Yield, Yield/Weight,

No. No. (FDI) (gm) (n9) (rg/gm)
1 18 2.29 135 6.1
2 28 1.30 86.1 66.7
3 48 2.09 5.6 238
4 28 1.03 9.9 10.1
5 28 1.90 90.9 489
6 38 2.10 61.9 30.3
7 28 1.68 975 59.5
8 18 1.40 29.1 21.6
9 18 172 59.1 35.0
10 18 183 12.8 71
11 18 0.98 3.9 4.2
12 38 124 19 16
13 48 157 05 0.3
14 18 1.99 47.9 252
15 28 1.85 2.0 11
16 18 1.89 0.9 05
17 28 2.08 41 2.0
18 18 2.34 55 25
19 28 2.18 51.1 234
20 18 187 34.0 184
Mean 1.77 30.9 184

gel tube (5'-3' Inc., Boulder, CO) and microconcentrated in AMI-
CON-100 tubes (Millipore Canada, Toronto, ON) (11). Subse-
quently, each sample was quantitated by slot blot hybridization
using a human-specific D17Z1 probe (12) and amplified using the
AmpF¢STR Blue triplex system (PE Applied Biosystems, Foster
City, CA) at the following loci: D3S1358, HUMVWA and FGA.

Results

The mean weight of tooth powder recovered from each pulver-
ized whole molar was 1.77 gm, which represents an average yield
of 97%. The average yield of DNA from each molar was 30.9 ng
(see Table 1). The average yield of genomic DNA from tooth
powder was 18.4 g DNA/gm. As Table 1 illustrates, the yield of
DNA from human teeth is highly variable. The amount of DNA
ranged from a minimum of 0.5 p.g to a maximum of 97.5 pug. The
reason for this variability is currently unknown. Similar results
have been previously reported (9).

The DNA was successfully amplified and typed at three forensi-
caly significant genetic loci using standard PCR protocols (Ampli-
Taq Gold enzyme, hot start at 95°C for 11 min, t; = 94°C for 1
min, t, = 59°C for 1 min, tz = 72°C for 1 min, 28 cyclesfollowed
by hold at 60°C for 30 min) and capillary electrophoresis (Model
310, Applied Biosystems, Foster City, CA, 50 um X 47 cm capil-
lary, POP-4 polymer).

Discussion

Prior to cryogenic grinding, each tooth was debrided and decon-
taminated using bleach, sterile water, ethanol and UV crosslinking.
In this study, each tooth was intact and fully developed. No defects
in the tooth’s crown or root were identified by visual examination.
The authors advise against the use of bleach and ethanol on teeth
that have visible fractures or do not have fully-developed roots
since these substances can potentialy enter the pulp system. It
appears that they did not access the neurovascular system of an
intact tooth under the conditions used in this study.

If atooth is fractured or incompletely developed, or a pathway
to the pulp system exists, it is recommended that DNA decontami-
nation be completed by thorough cleaning and debriding of the

FIG. 1—Upper second permanent molar tooth shown before and after cryogenic grinding.



outer aspects of the tooth along with crosslinking using ultraviolet
light.

An average of 30.9 ng of DNA was extracted from human
molars after cryogenic grinding. Previous authors have reported
similar results to those found in this study. Smith et a. in 1993
obtained an average yield of 4.0 wg of DNA by sectioning teeth
and 18.1 g of DNA by crushing teeth (9). Schwartz et a. in 1991
reported a range of 15 to 20 p.g of total DNA (6) and, in 1992,
Potsch et al. reported a range of 6 to 50 g of total DNA (13).

Although cryogenic grinding does not result in a marked
increase in DNA yield compared with previous studies, the ability
to control contamination of other samples and the laboratory envi-
ronment through sample isolation is superior. Pulverization of
forensic samples in a closed system under frozen preparation in
liquid nitrogen and sterile conditions is a distinct advantage over
other methods. Additionaly, the individual components of the
apparatus can be easily cleaned and sterilized between samples,
minimizing potential cross-contamination.

Cryogenic grinding has been used as a preparation tool for vital
samples, such as cartilage (14) and bone (15-17). The SPEX 6700
freezer mill was employed to extract DNA from skeletal remains
of the Romanov family (18). Samples of medieval teeth and bones
have been crushed using a mortar and pestle and subsequently
ground using a mineralogy mill (19).

The yield of DNA from tooth powder is relatively high and
of sufficient quality and quantity for PCR-based analysis. Others
concluded that crushing teeth results in higher DNA yields than
sectioning but also produces more shearing of the DNA (9). The
high yield found in this study is most likely due to the presence
of large amounts of pulp tissue in recently extracted whole molar
teeth. The degradation previously reported as a result of DNA
shearing is inconsequential due to the sensitivity of PCR tech-
nology.

Teeth exhibiting carious lesions and amalgam dental fillings
were included as samples along with virgin, unrestored teeth. All
teeth were manipulated in the same manner. The presence of dental
caries (bacteria etiology) and foreign materials, such as silver
amalgam, did not affect DNA recovery and amplification. The
yield of DNA for these teeth was the same as for noncarious,
unrestored teeth.

An endodontically treated molar was also pulverized (data not
shown). The quantity of DNA recovered was approximately 100-
fold less than the average quantity from the other teeth sampled
in this study. However, the amount recovered is adequate for PCR-
based analysis. Thisis significant since, in the case of endodonti-
cally treated teeth, the pulp tissue has been removed prior to place-
ment of root canal filling materials. Therefore, sectioning the tooth
to access the dental pulp is not warranted. Theoretically, genomic
DNA isembedded in the hard tissues of the tooth. Cryogenic grind-
ing may be the most effective method to extract this DNA.

Cryogenic grinding of vital samples using a freezer mill is a
relatively simple and very effective method to recover forensically
significant amounts of DNA from human molar teeth. The average
yield of 30.9 wg DNA per molar is sufficient to provide target
DNA for more than 30 000 PCR reactions. Through future studies
using this cryogenic grinding protocol on additional samples, such
as other human teeth, bone and various animal hard tissues, the
effects of several potential postmortem factors will be evaluated.
Results of other studies to assess the DNA yield from cellular
materia trapped in the inorganic matrix of teeth compared with
pulpal tissues and the effects of environmental insults, such as soil,
salt water and incineration, will be reported at a later date.
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The results of this study on freshly extracted human teeth repre-
sent a best-case scenario. Teeth from old or skeletal remains have
been found to yield lessDNA. Thisstudy was undertaken primarily
to develop and refine a protocol of decontamination and extraction
which could be reasonably applied to forensic casework where the
levels of endogenous DNA warrant such measures.

Acknowledgments

The authors gratefully acknowledge the Royal Canadian
Mounted Police Central Forensic Laboratory, Ottawa, Canada and
Dr. R. M. Fourney, Head, Biology Research and Development for
supplying the SPEX freezer mill. Also, we expressour appreciation
to Drs. P. Trester and J. Coil for supplying extracted human teeth.

The Bureau of Legal Dentistry laboratory was supported by a
capital grant from the Province of British Columbia, Ministry of
Attorney General, Victoria, Canada. Approval to conduct thisstudy
on extracted human teeth was received from the Clinical Research
Ethics Board of the University of British Columbia, Vancouver,
Canada.

References

1. Cameron JM, SimsBG. Forensic dentistry. London: Churchill Liv-
ingstone, 1973;23-5.

2. Duffy JB, Waterfield JD, Skinner MF. Isolation of tooth pulp cells
from sex chromatin studies in experimental dehydrated and cre-
mated remains. Forensic Sci Intl 1991;49:127-41.

3. Geberth VJ. Practica homicide investigation: tactics, procedures,
and forensic techniques, New York: Elsevier Science Publishing,
1983;193-5.

4. Spitz WU, Fisher RS. Medicolega investigation of death: guide-
linesfor the application of pathology to crimeinvestigation. Spring-
field: Charles C Thomas, 1973;67.

5. Sweet DJ, Sweet CHW. DNA analysisof dental pulptolinkinciner-
ated remains of homicide victim to crime scene. J Forensic Sci
1995;40(2):310-4.

6. Schwartz TR, Schwartz EA, Mieszerski L, McNally L, Kobilinsky
L. Characterization of deoxyribonucleic acid (DNA) obtained from
teeth subjected to various environmental conditions. J Forensic Sci
1991;36(4):979—90.

7. Berkovitz BKB, Holland GR, Moxham BJ. Microscopic appear-
ance of oro-dental tissues. In: Color atlas and textbook of oral anat-
omy. Smeets-Weert, Holland: Y earbook Medical Publishers, 1978;
102.

8. Smith BC, Holland MM, Sweet DJ, DiZinno, JA. DNA and the
forensic odontologist. In: Bowers CM, Bell GL, editors. Manual
of forensic odontology. Colorado Springs: American Society of
Forensic Odontology, 1997;283-98.

9. Smith BC, Fisher DI, Weedn VW, Warnock GR, Holland MM. A
systematic approach to the sampling of dental DNA. J Forensic
Sci 1993;38(5):1194—209.

10. Walsh DJ, Corey AC, Cotton RW, Forman L, Herrin GL, Word
CJ, et d. Isolation of deoxyribonucleic acid (DNA) from saliva
and forensic science samples. J Forensic Sci 1992;37(2):387—-95.

11. Hochmeister MN, Budowle B, Borer UB, Eggman U, Comey CT,
Dimhofer R. PCR-based typing of DNA extracted from compact
bone from human remains. J Forensic Sci 1991;36(6):1649-61.

12. Waye JS, Presley LA, Budowle B, Shutler GG, Fourney RM. A
simple and sensitive method for quantifying human genomic DNA
in forensic science specimen extracts. BioTechniques 1989;7(8):
852-5.

13. PotschL, Meyer U, Rothchild S, Schneider PM, Rittner C. Applica-
tion of DNA techniques for identification using human dental pulp
as a source of DNA. Int JLeg Med 1992;105(3):139-43.

14. AdamsME, Huang DW, Yao LY, Sandell LJ. Extraction and isola-
tion of MRNA from adult articular cartilage. Analyt Biochem 1992;
202(1):89-95.

15. Fisher DL, Holland MM, Mitchell L, Sledzik PS, WilcoxAW, Wad-
hams M, et al. Extraction, evaluation, and amplification of DNA
from decalcified and undecalcified United States Civil War bone.



1202

16.

17.

JOURNAL OF FORENSIC SCIENCES

J Forensic Sci 1993;38(1):60-8.

Tuross N. The biochemistry of ancient DNA in bone. Experientia
1994;50:530-5.

Holland MM, Fisher DL, Roby RK, Ruderman J, Bryson C, Weedn
VW. Mitochondrial DNA sequence analysis of human remains.
Crime Lab Digest 1995;22(4):109-15.

18.

10.

Gill P, lvanov PL, Kimpton C, Piercy R, Benson N, Tully G, et
a. ldentification of the remains of the Romanov family by DNA
analysis. Nature Genetics 1994;6:130-5.

Zierdt H, Hummel S, Herrmann B. Amplification of human short
tandem repeats from medieval teeth and bone samples. Human Bio
1996;68(2):185—-99.



