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ARTICLE INFO ABSTRACT

Our ability to identify skeletal remains often relies on the quality and quantity of DNA extracted from bone and
teeth. Current research on buried remains has been retrospective, and no study to our knowledge has com-
prehensively assessed both intra-individual and inter-individual variation in human skeletal DNA from all re-
presentative skeletal element types recovered from a burial. Three individuals were interred together in a single
grave for four years. Following disinterment, skeletal DNA was extracted, quantified, and GlobalFiler™ results
were produced from 49 bones per skeleton, representing all bone types. Multiple sites per bone were also tested
to determine intra-bone variability. Co-extracted bacterial and fungal DNA were quantified to determine mi-
crobial loads in the bones. Results show that the small, cancellous bones of the feet outperformed other bones in
terms of DNA yield, measured as nanograms per gram of bone powder, and short tandem repeat (STR) profile
completeness. The cuneiforms, in particular, had consistently high human DNA yields for all three individuals.
DNA yield varied by individual and depth within the grave, with the shallowest individual demonstrating the
highest DNA yields While the feet exhibited the greatest variation in DNA yield across bone type and sampling
site, they also demonstrated some of the highest DNA yields and the most complete STR profiles, evoking a re-
evaluation of their use for skeletal DNA sampling and analysis.
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1. Introduction

DNA extracted from bone or teeth is an important source for for-
ensic identification [1-5], particularly when remains are decomposed
or skeletonized. Though DNA testing has become routine in forensic
practice, degraded DNA, which is common with extended postmortem
intervals, requires specialized expertise found at few laboratories. Ad-
ditionally, skeletal DNA does not degrade evenly across the human
skeleton [6,7], and because of this, skeletal selection for DNA sampling
can be challenging, informed by anecdotal evidence and limited re-
search [e.g., 7-12].

Multiple recommendations and guidelines currently exist for DNA
sampling, especially in the context of disaster victim identification
(DVD) [13-16], however, to our knowledge, only one guideline [i.e., 16]
provides detailed DNA sampling recommendations for skeletal remains.
The International Commission of Missing Persons (ICMP) [16] provides
information detailing which bones should be prioritized in sampling,
namely teeth followed by femora, tibiae, and pelvic bones. The ICMP
also provides regional sampling guidelines for partial remains,
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describing which element to sample when only a particular region of
the body (e.g., leg, arm, thorax, etc.) is present. Moreover, the ICMP
works with remains from many different depositional contexts, and
therefore, is one of few published guidelines that considers circum-
stances of buried and commingled remains.

Recommendations published by ICMP [16] are based on research
conducted by Hines et al. [12], which ranked osseous remains as fol-
lows: 1) teeth, 2) talus, 3) other tarsals, 4) petrous portion of the
temporal bone, 5) femur, 6) vertebrae, 7) tibia, and 8) metatarsals. This
study benefited from a large sample size and less biased sampling
practices — earlier DNA testing generally focused only on specific bone
types, ignoring small or predominantly cancellous bones such as the
tarsals. Research was based on 11,650 DNA tests conducted on remains
recovered from the Western Balkans (18-21 years post-mortem) [12].
Despite observing high DNA typing success from small foot bones, the
authors recommended the sampling of dense, weight bearing bones
such as the femur due to other considerations including ease of sam-
pling, diagnostic ability, and potential for re-association when working
with large commingled collections, as foot bones are notoriously
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difficult to re-associate to the skeleton [12].

Others have also advocated for the prioritization of weight bearing
bones (i.e., the femur and tibia) in skeletal DNA sampling and testing,
including earlier research conducted on remains from the former
Yugoslavia [11], as well as research generated from the Armed Forces
DNA Investigative Laboratory (AFDIL), which regularly processes re-
covered remains of missing U.S. servicemen from WWII, Vietnam, and
Korea for mitochondrial DNA testing and analysis [8-10]. However,
these studies used a sampling approach that preferentially selected
dense cortical bones, leading to biased sample sizes by bone type. For
example, tarsals were not included in tests by Leney [10], Edson et al.
[8], or Milos et al. [11]. Extraction protocols also varied between these
studies, rendering results less comparable. Differences in extraction
methodologies can impact all other downstream processes and can
impact final human DNA yields [17].

Small bones of the hands and feet have shown utility in specific DVI
scenarios. Sample types including knee cartilage, phalanges, and me-
tatarsals have shown efficacy in DNA testing and identification from
disasters in Rio de Janeiro, Brazil, including floods, mudslides, and
plane crashes. These smaller elements were easy to remove from in-
dividuals using disposable equipment; further sampling did not require
large bone saws and other equipment that necessitate decontamination
protocols prior to each sampling event [18,19]. Mundorff et al. [20]
also observed high DNA typing success in patellae and other small
bones including the tarsals and metatarsals in identifying remains re-
covered from the World Trade Center disaster. In addition, in a study
looking at both intraindividual and interindividual variation in human
skeletal DNA preservation following surface decomposition, Mundorff
and Davoren [7] found that small cancellous bones, on average, yielded
greater amounts of better quality DNA than larger, denser cortical
bones, a pattern that held true in remains with extended postmortem
intervals, up to 21 years.

The extent to which this pattern persists in a burial environment
remains unclear. Just as the relative ease of sampling and reduced risk
of contamination lends support to the use of smaller bones in certain
DVI circumstances, they may additionally show utility in the case of a
single individual burial or in a mass grave lacking commingling.
Therefore, the purpose of this research was to understand patterns of
intra-individual and inter-individual skeletal DNA preservation in a
multi-individual burial and how these patterns are shaped by burial
factors, including moisture and microbial loading. Microbial DNA is
often co-extracted with human DNA, and microbes are often implicated
as important mediators of human DNA degradation and PCR inhibition
[10,11,21,22]. Because of this, concentrations of human DNA were
directly compared with gene abundances quantified from co-extracted
bacterial and fungal DNA. Moreover, for comparability with previous
research, the same full demineralization extraction procedure (i.e.
[23],) used by Hines et al. [12] and Mundorff and Davoren [7] was used
in the present study.

2. Materials and methods
2.1. Sample site and skeletal processing

In February 2013, a multi-individual grave was excavated at the
Anthropology Research Facility (ARF) at the University of Tennessee,
Knoxville (UTK) with the purpose of understanding patterns of skeletal
DNA preservation in a buried environment. The grave was approxi-
mately two meters by two meters, with a depth of 0.7 m. One female
and two males (Table S1) with similar ages at death, who had been
donated to the Department of Anthropology’s Body Donation Program,
were placed inside the grave stacked in a cross formation. The bodies
were placed as such because the grave was initially created for a re-
search project designed to simulate a real-world mass grave. The in-
dividual at the base of the grave (A) was oriented West to East, with her
head placed in the West. The middle individual (B) was placed North to
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South, and the shallowest body, individual (C), was oriented West to
East. Plastic mesh was placed between donors to prevent commingling.
The grave was backfilled and left undisturbed until excavation and
disinterment in March 2017.

During disinterment, soils were collected with depth throughout the
grave and along lateral transects extending away from the grave. Two
types of soil controls were also collected at depths of 0 and 0.3 m, as
discussed in Keenan et al. [24]. Soil biogeochemical analyses and
micro- and macro-faunal counts were conducted in the Department of
Bioengineering and Soil Science and reported in Keenan et al. [24].
Mapping, including depth information, was collected via hand map-
ping, LIDAR scanning, and FARO 3-dimensional imaging technologies
(Fig. S1). Human remains were collected in paper bags and stored at
room temperature prior to processing. Decomposition material, debris,
and soil were gently removed using a soft toothbrush and warm water
at the Forensic Anthropology Center (FAC). Because of adipocere for-
mation on individual A, bones of the upper and lower torso were re-
moved by way of dissection and then cleaned with warm water. All
skeletal elements were stored in cardboard boxes for approximately 4-6
months prior to skeletal sampling.

2.2. Skeletal selection and sampling

To represent all skeletal types, a total of 49 bones per skeleton were
selected for DNA analysis based on previous research conducted by
Mundorff and Davoren [7]. The carpals were represented by the capi-
tate only. To understand how the selection of the specific site to be
sampled on a single bone may result in variation in human DNA quality
and quantity (inter-site variation), 19 bones per individual were sam-
pled at 2 different places on the same bone (e.g., shaft and epiphysis),
and 3 bones per individual were sampled from 3 different areas. To
understand variation at a single sampling site (intra-site variation), re-
plicate samples were also collected at a single site. Intra-site variation
was examined at 3 sample sites on the humerus, tibia, and femur, for
each individual (Table 1). Skeletal elements were inventoried, marked
for sampling, and photographed prior to sampling.

A Dremel® rotary tool was used to remove approximately 1-2 mm
from the outer surface of each bone at the area marked for sampling.
The same area was then cleaned with 10 % bleach followed by 70 %
ethanol; bones were set to dry for a minimum of 12 h prior to sampling.
All bones were sampled in a designated clean lab facility, the Molecular
Anthropology Labs at UTK. A standard drill with a 9.5 mm masonry bit
was used to extract ~ 0.2 g of bone powder per sample. Samples were
weighed and immediately frozen using liquid nitrogen and stored at
—80°C prior to DNA testing. Samples were sent to Bode Cellmark
Forensics, Lorton, VA for human DNA testing including extraction,
amplification, short tandem repeat (STR) fragment separation, and
analysis.

2.3. DNA extraction

Skeletal DNA was extracted from ~ 0.2 g of bone powder using a full
demineralization procedure, with the additional purification step as per
Amory et al. (2012). This resulted in a total elution volume of 50 pL.

2.4. DNA quantification

The human DNA quantification was performed on a 7500 Real-Time
PCR System with the Quantifiler™ Trio system and the HID 1.2 analysis
software (Applied Biosystems™). The quantification reactions were
setup as half volume reactions (11.5pul) with 2L of template. DNA
degradation levels were assessed by dividing the quantity of DNA from
the small 80 bp amplicon by that of the large 214 bp amplicon, re-
sulting in a DNA degradation index (D.I.). The presence of PCR in-
hibitors was evaluated by the threshold cycle (Cy) value of the internal
positive control. Quantities were normalized per gram of bone powder
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Table 1
Skeletal Sampling Strategy.

Body Region  Skeletal Element Sample / Individual ~ Total DNA Samples

Skull Frontal

Temporal

Maxilla

Parietal

Occipital

Mandible

Cervical Vertebrae

1st Rib

Middle Rib

Sternum

Clavicle

Scapula

Thoracic Vertebrae

Lumbar Vertebrae

11th or 12th Rib

Sacrum

Tlium

Ischium

Pubis

Leg Femur
Tibia
Fibula
Patella

Arm Humerus
Radius
Ulna

Hand Metacarpal 1
Metacarpal 2
Metacarpal 3
Metacarpal 4
Metacarpal 5
1st Proximal Phalanx
2nd Middle Phalanx
1st Distal Phalanx
Capitate

Foot Metatarsal 1
Metatarsal 2
Metatarsal 3
Metatarsal 4
Metatarsal 5
1st Proximal Phalanx
1st Distal Phalanx
Calcaneus
Talus
Navicular
Cuboid
1st Cuneiform
2nd Cuneiform
3rd Cuneiform

Upper Torso

Lower Torso

NN DNDNDNDNDN NN =N BN = =R NDNONEO O = e e e e e e N NN DN = e e e
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(ng gbp™").

The Femto™ Bacterial DNA Quantification Kit and Femto™ Total
Fungal Quantification Kit (Zymo Research) were used to quantify total
bacterial and total fungal DNA, respectively, per manufacturer’s in-
structions. Samples were quantified in triplicate, while standards were
measured in duplicate. At least 3 no template controls were included in
each 96-well plate. Bacterial and fungal assays were performed in the
Department of Biosystems Engineering and Soil Science at UTK on a
BioRad CFX96™ Real-Time PCR Detection System. Quantities are re-
ported as total gene abundances per gram of bone powder (gene
gbp™h.

Total DNA from bone was measured using the Quant-iT™
PicoGreen™ dsDNA Assay Kit (Invitrogen). The assay was performed
using reduced volumes of 200 pL and measured on a 96-well microplate
reader. Samples were run in duplicate, including five standards, ranging
from Opg mL™! to 1.0 ug mL~%; DNA concentrations are reported as
nanograms per gram of bone powder.
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2.5. Short tandem repeat (STR) amplification, separation, and genotyping

All DNA extracts were amplified on a GeneAmp 9700 system using
the GlobalFiler™ PCR Amplification Kit (Applied Biosystems). The
amplification was performed at 29 cycles and targeted 1 ng of input
DNA, where possible, or 15 pL for samples that had less than 0.06 ng/
uL. Following amplification samples were prepared for capillary elec-
trophoresis by taking 1 uL of amplified PCR product, mixing in 0.4 pL
GeneScan™ 600 LIZ® dye Size Standard v2.0 (Applied Biosystems) and
9.6 uL HiDi™ formamide (Applied Biosystems) then heating for 5 min at
95 degrees and placing on ice for 5min. Samples were injected on an
ABI3500 XL fragment analyzer and genotyped using the GeneMapper®
ID-X Software v.1.5 (Applied Biosystems®) using a peak detection
threshold of 125 RFU.

2.6. Data analysis and statistics

Human DNA yields were reported based on the measured quantity
of the small autosomal target from the Quantifiler™ Trio DNA
Quantification Kit; these yields per gram of bone powder were then
used to establish a relative ranking of bone samples based on human
DNA quantity. DNA quality was determined using the degradation
index, described above. To further examine DNA quality, the percen-
tage of recovered alleles, defined as the number of successfully ampli-
fied alleles in a sample divided by the total number of alleles possible
for a given individual, was calculated by bone type for each individual
and averaged across individuals. A two-factor analysis of variance test
(ANOVA) was used to assess statistical differences in log transformed
human DNA concentrations between individuals (A, B, and C) and body
region (skull, arm, hand, upper torso, lower torso, leg, foot). Statistical
assumptions including normality and homogeneity of variance were
calculated using the D'Agostino Normality Test from the package
fBasics (v. 3042.89) [25] and Levene’s Test from the package car (v.
3.0.2) [26], respectively. Tukey’s HSD test for multiple comparisons
was used post-hoc to the two-factor ANOVA to determine group dif-
ferences. Non-parametric Kruskal-Wallis tests were used to assess sta-
tistical differences in log transformed bacterial gene abundances, log
transformed fungal gene abundances, log transformed total DNA con-
centrations, degradation indices, and the percentage of recovered al-
leles between individuals and body regions. Conover’s test for multiple
comparisons was used as a post-hoc to Kruskal-Wallis using the package
PMCMR (v. 4.3) [27] to determine group differences; a Bonferroni
correction was applied to reduce the effects of type I error. All analyses
were performed in R v. 3.5.0 [28].

To develop a sampling rank order of bones similar to Mundorff and
Davoren [7], the mean DNA yield by bone type was calculated, and
means were sorted by the percentage of STRs recovered followed by
human DNA concentration, thereby considering both the quantity and
quality of recovered human DNA rather than quantity alone.

The average relative florescent units (RFUs) per allele and the
percentage of STRs recovered were also assessed as additional in-
dicators of DNA quality. The RFU per allele was calculated as the sum of
the heterozygous peak heights and homozygous peak heights divided
by the total of successfully amplified alleles. The percentage of STRs
recovered by sample was calculated by dividing the total number of
alleles generated in an STR profile by the total number of alleles pos-
sible for an individual and then multiplying by 100 %.

3. Results
3.1. Decomposition state

The individuals were stacked in a single grave, which resulted in
disparate states of decomposition relative to depth. Even though the

grave was located in the unsaturated zone above the water table, the
lower portion of the grave was saturated with water upon disinterment
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due to a perched water table that had formed within the grave.
Individual C, which was closest to the ground surface (shallowest) was
skeletonized with no adipocere and little soft tissue present (Fig. 1A).
The middle body, Individual B, was partially skeletonized, with some
adipocere, skin, and soft tissue present, especially in the upper torso,
hands, and feet (Fig. 1B). The deepest body, Individual A, was the least
decomposed due to extensive adipocere formation. The upper and
lower torso including the proximal one third of the femora and humeri,
exhibited pinkish decomposing muscle tissue encased in skin and adi-
pocere; the hands, feet, and lower segments of the arm (radius and
ulna) and leg (tibia and fibula) were mostly skeletonized with minimal
amounts of soft tissue or adipocere. The skull was primarily skeleto-
nized, with preserved brain tissue (Fig. 1C).

3.2. DNA by individual and body region

Human DNA yield and total DNA concentrations were significantly
different between individuals (Human: DF = 2, F = 6.93, p = 0.001;
Total: DF = 2, X% = 16.0,p < 0.001) and body region (Human: DF =
6, F = 15.437, p < 0.001; Total: DF = 6, X = 41.4, p < 0.001), with
human DNA yield exhibiting a significant interaction effect (Human:
DF =12, F = 2.21, p = 0.01). Individual C had greater quantities of
human DNA than either A (p = 0.001) or B (p < 0.05), while in-
dividual A had significantly lower total DNA concentrations than either
C( < 0.001) or B (p = 0.001) (Fig. 2A and D; Table S2). Human
DNA concentrations from the foot were significantly greater than all
body regions except for the lower torso (p < 0.001) (Fig. 3A). Bones of
the lower torso from individual A had higher human DNA yields than
those from B or C. Excluding individual A, bones of the hand ranked
second highest, in terms of DNA yield (Fig. S2). Moreover, human DNA
concentrations of the arm were significantly lower than human DNA
concentrations from all body regions except the head (p < 0.01)
(Fig. 3A-B). Bones from the arm and head consistently yielded low
human DNA concentrations in each of the three individuals (Figs.
S2A-S2B). Similarly, total DNA concentrations in the arm were sig-
nificantly lower than total DNA concentrations from all other body
regions, again, excluding the head (p < 0.05) (Fig. 3C-D).

Degradation indices significantly differed by individual (DF = 2, X%
= 93.9, p < 0.001) (Fig. 2E); human DNA from individual B was
significantly more degraded than human DNA from A (p < 0.001) or C
(p < 0.001) (Table S2). The occipital and the first proximal phalanx of
the hand from B had much higher degradation indices than all other
bones (Fig. S3).
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Fig. 1. Adipocere formation and soft tissue
preservation on disinterred remains. (A)
Individual A exhibited extensive adipocere
formation; a hard shell formed with underlying
preserved tissue. A bloom of white fungus can
be seen in the image that occurred upon sto-
rage in a walk-in cooler (~ 2 °C). (B) Individual
B had moderate soft tissue preservation and
adipocere development, especially on the
torso. (C) Individual C was mostly skeletonized
with minimal amounts of adipocere present on
the hands, feet, and vertebral column.

Bacterial gene abundances were significantly different by individual
(DF = 2, X? = 52.3,p < 0.001) and body region (DF = 6, X? =18.2,
p < 0.01) (Figs. 2B, 3 E), though the only regions that were sig-
nificantly different were the hand and the arm (p < 0.01). The hand, on
average, had greater 16S rRNA gene copies (Fig. 3E-F). Fungal gene
abundances were neither significant by individual (p > 0.05) nor
body region (p > 0.05) (Fig. 2C). Neither bacterial DNA nor fungal DNA
were significant predictors of human DNA concentrations when tested
using linear regression (p > 0.05).

3.3. PCR inhibition

Samples were minimally affected by PCR inhibition; only a single
sample, from the proximal tibia of individual B, had a threshold cycle
(Cp) value greater than 30 for the internal positive control.

3.4. Multi-site differences in human DNA

Human DNA concentrations varied by site on a single bone (Fig. S4).
The maximum difference in human DNA concentration for individual A
between sampling sites on a single bone, when only two sampling sites
were considered, was 83.23ng gbp ! for the 2nd cuneiform. In con-
trast, the minimum difference in human DNA concentration was ob-
served in the radius (0.2803 ng gbp ~ 1), which was sampled at the distal
end and at the midshaft. The ulna also showed only a small difference
(< 1ng gbp 1) between proximal and midshaft sampling sites for in-
dividual A. These patterns in the ulna and radius were consistent for
individuals B and C. For individual B, the maximum difference in
human DNA concentration by sampling site was observed in the cal-
caneus (66.00ng gbp 1), while in C, the maximum difference was
found for rib 1 (326.8 ng gbp~1). The middle rib of individual A also
showed a large difference in human DNA concentration between sam-
pling sites at the center and vertebral end (65.09 ng gbp ~1), with the
center having a larger concentration of human DNA; the opposite was
observed in rib 1 of C; the vertebral end had a much larger con-
centration than the center.

When considering bones that were sampled from three sites (i.e.,
humerus, femur, and tibia), human DNA concentrations varied the
greatest by sample site in the femur (Fig. 4). The head of the femur had
higher concentrations of human DNA than the midshaft or distal end for
all individuals. Total DNA concentrations were also variable by sam-
pling site in the humerus and tibia. Like the femur, total DNA was
greatest in the humeral head compared with the midshaft and distal
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E: Degradation Index
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Fig. 2. DNA quantitation by individual. (A) Human DNA concentration by individual. (B) Bacterial and (C) fungal gene abundances by individual. (D) Total DNA
concentration by individual. (E) Degradation Index, as the ratio between the small human autosomal target (SA) and the large human autosomal target (LA) by

individual.

end.

Variation in human DNA concentration within a single sample site
was generally low (standard deviation < 5.0ng gbp™!), with the ex-
ception of the femoral heads of C and A, the superior articular facet
(tibial plateau) of the tibia of B, the humeral head of C, and the mid-
shaft of the tibia of B. Within-site differences were not substantial.
Approximately 66.7 % of sites sampled twice at the same site, had a
standard deviation less than 2.0ng gbp ', and 44.4 % of sites with
multiple sampling events had a standard deviation less than 1.0 ng
gbp .

The degradation index (D.I.) demonstrated the greatest variation in
the humerus, femur, and tibia of individual B, with the greatest de-
gradation index noted for the femoral head of B. The degradation index
also varied within a single sampling site, with the greatest variation
noted in the femoral head and superior articular facet of the tibia in B.

3.5. STR analysis

While the percentage of STRs recovered did not significantly differ
by individual, they did significantly differ by body region, when data
from all individuals were combined (DF = 6, F = 4.997, p = 7.9e-05),
which following post-hoc analysis, was influenced by the arm. The arm
had the poorest STR recovery rate (mean: 73.1 %, Std. Dev.: 22.58 %);
this was significantly lower than all other body regions (p < 0.01),
except for the head and the lower torso (Table 2; Fig. 5). The foot was
the most successful body region, with the highest STR recovery rate
(mean 94.15 %, Std. Dev.: 16.33 %) even though the 1st distal phalanx
of the foot consistently performed poorly across all three individuals
(Figs. 4; S5). RFUs/allele were also greatest in the foot (Mean 3357.07
RFU, Std. Dev. 1840.26 RFU) (Table 2).

Several samples (26.3 %; 65 out of 247) contained contaminant
peaks or other artifacts within resulting STR profiles. The following
autosomal STR loci showed artifact/contaminant intrusion: SE33, vWA,
D13S317, TPOX, D2S1338, D3S1358, D18S51, D8S1179, THOI,
D19S433, and DYS391. While the origin of these peaks remains un-
known, at least two have been characterized as known GlobalFiler™
artifacts (GlobalFiler™, Applied Biosystems, Carlsbad, CA) (Fig. 6).
Bones of the foot were impacted the most by contaminant intrusion.

3.6. Skeletal ranking by individual

A rank order of skeletal elements by percentage of STRs recovered
and human DNA concentration was created by individual, with the top
ten highest scoring bones (Table 3). Using STR completeness and
human DNA yield as criteria, the cuneiforms exhibited the best per-
formance; the 1% cuneiform and 3™ cuneiform ranked among the top
ten highest performing bones for all individuals, while the 2"¢ cunei-
form ranked high for at least two individuals (Table 3). Foot bones
occupied nearly half of the top ranked bones, with 5/10, 3/10, and 7/
10 for individuals A, B, and C, respectively. Other top-ranking bones
were from the hand and upper and lower torso, with a rib and a hand
bone ranked in the top 10 for each individual; of these, only the capitate
was observed among the top-ten highest ranking bones across more
than one individual. Not a single long bone ranked in the top 10 for any
individual.

4. Discussion

Though individuals in this study showed significant differences in
mean human DNA concentrations, consistent trends across individuals
did present. When ranking bones by both percentage of STRs recovered
and DNA concentration, similar to Mundorff and Davoren [7], not a
single long bone ranked in the top 10 for any individual. Moreover, the
quantity and quality of human DNA recovered from bones of the feet,
on average, were much higher than bones from other regions of the
body. In cases when this was not true (i.e., bones of the lower torso of
A), extensive adipocere formation was present, potentially influencing
results.

Small bones of the feet have also performed well in other research
[12,20]. A microscopic analysis from surface remains indicated that this
may be due to the survival of remnant tissues, including those of he-
matopoietic origin, which would increase the pool of available cells
from which DNA would then be extracted [29]. Additionally, bones of
the feet are weight bearing, and because of this, undergo extensive bone
remodeling, not only because these bones experience external force
more directly but also because they are impacted by high levels of
pressure from interstitial fluids [30]. While this would certainly in-
crease hematopoiesis in the feet, remodeling is also likely to result in
the release of DNA into the newly forming bone matrix with the cyclical
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Fig. 3. DNA quantitation by body region. (A) Human DNA concentrations by body region (B) Human DNA concentrations averaged by bone across individuals and
visualized by body region. (C) Total DNA concentrations by body region. (D) Total DNA concentrations averaged by bone across individuals and visualized by body
region. (E) Bacterial gene abundances by body region. (F) Bacterial gene abundances averaged by bone and visualized by body region. Error bars indicate standard

deviation.

cell death of osteoclasts and osteoblasts with continual bone destruction
and formation, as first speculated by Campos et al. [17]. Unlike he-
matopoietic tissue, released DNA into the surrounding matrix during
bone remodeling would be more likely to confer protection following
death. Alternatively, there could be something unique about foot mi-
crobial communities that results in a greater degree of skeletal DNA
preservation. If enteric gut microbes are major players in skeletal pre-
servation as previously suggested [31-33], the increased distance from
the gut may relate to skeletal DNA survival. In addition, bones of the
feet, as well as being exposed to mechanical stress, have less tissue
biomass in life than other bones of the body. Because of this, they are
prone to mummification rather than decomposition, conferring a level
of protection exposed bones do not benefit from [20]. This would not
only impact microbial motility but would also likely encourage the
formation of a specific postmortem microbiome, potentially with re-
duced influence from both enteric and environmental microbes. In fact,

unclassified Dermacoccaceae, a bacterial family comprised of multiple
taxa isolated from skin [34], has previously been linked to increased
human DNA concentrations in postmortem human foot bones from the
ground surface ([35], Under Review)).

The temporal bone was not among the top ten highest ranking bones
for any single individual, which may be in part due to the location of
sampling in the present study, above the external auditory meatus.
Though human DNA yields from sampled temporal bones were low,
unlike other cranial bones, the temporal bone resulted in complete and
nearly complete STR profiles. Two individuals demonstrated drop-out
of a single allele, while the third individual had a complete (100 %) STR
profile. In addition, the degradation index remained below 2 for all
three individuals, and in A and B, the temporal bone was among the top
ten highest performing bones based solely on the degradation index.
The petrous portion of the temporal bone has shown exceptional pre-
servation in ancient DNA research, which has been ascribed to its
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Table 2

Mean STRs recovered (%) and mean RFUs/allele by body region.
Body Region STR (%) Std. Dev. RFUs/allele Std. Dev.
Arm 73.10 22.58 1124.43 1338.73
Foot 94.15 16.33 3357.07 1840.26
Hand 90.24 17.38 2148.45 1502.46
Head 87.79 19.57 1568.67 1477.16
Leg 89.44 17.54 1980.71 1294.20
Lower Torso 86.10 21.90 2095.41 1359.26
Upper Torso 91.73 17.65 2755.39 1809.47

increased density, the greatest of any human bone, which is required to
protect the inner ear [36-39]. In relatively modern contexts, the pet-
rous portion has shown greater DNA typing success than other cranial
bones when testing for mtDNA [9] and was ranked highly, prioritized
after tarsals, when considering nuclear DNA typing using STRs [12].
While the petrous portion of the temporal bone may yield high quality
DNA from forensically relevant remains, more research is needed to
determine its utility for decreased time intervals (< 20 years) and
various contexts.

As supported across multiple studies [7,8,11,12,20]1, bones of the
arm and skull, with the exclusion of the maxilla from individual C,
yielded the poorest human DNA results, with low concentrations and
reduced quality scores. Bones of the leg, including the femur and tibia,
were not among the highest-ranking skeletal elements. Interestingly,
the midshaft of the femur did not produce the highest human DNA

yields, rather the femoral head, which is more cancellous and likely
contains more hematopoietic tissue, resulted in the greatest human
DNA yields from the femur in all three individuals. The same holds true
for the humeral head, which out-performed the midshaft and distal
ends. Taken together, these results have implications for skeletal sam-
pling from buried remains. First, for graves containing a single in-
dividual or multiple individuals who are not commingled, tarsals
should be prioritized over other bones for DNA sampling and analysis.
Moreover, if the femur is sampled, and the postmortem interval is under
five years, and the femoral head is intact without exhibiting evidence of
degradation, the femoral head should be prioritized for DNA sampling
over the femoral midshaft.

Individuals were placed simultaneously, in the same grave, to re-
plicate a realistic mass grave scenario and to minimize effects related to
seasonality or differences by geographic region, which can affect de-
composition rate. As a consequence, differences in decomposition states
were likely influenced by depth within the burial, environmental and
enteric microbes, and hydrolytic enzyme activity. The deposition en-
vironment is an important predictor of skeletal degradation and skeletal
DNA degradation; low temperature, increased moisture, and microbial
activity favor skeletal DNA preservation, while the opposite, including
drastic environmental fluctuations, promote DNA degradation [40-42].
Because individuals were stacked, bones from each individual spanned
multiple depths. Individual C was first observed at approximately 27 cm
below surface (FARO) and extended to a depth of 55cm (hand mea-
surement); remains from individual B spanned 34 cm and 62 cm, while
individual A spanned between depths of 42cm and 62 cm (Fig. S1).



A.L. Emmons, et al. Forensic Science International: Genetics 44 (2020) 102193

120
110

100

—
]

H

]

]
—

]

||

.I

Body Site

B Arm
B Foot
H Hand

B Head

O Leg

O Lower Torso
O Upper Torso

Mean Recovered STRs (%)

LELILIL LI L] 1
(23010} xx =0 xXx X ®TOOCTTO S@C OO SO0—NEO
588 EEEEESTIONOSS EETOO00E Soomst 5328 ESRETES BETSSE
«é SIRISLa===S=30 gResSS=0 9%‘2"%%% L‘L’f;‘?: SErooRs SR T
Yol ) > LCm < W O @ ol
Z SO055% 8 g5 s "2oe 2HBE O o
Sw3333 55 o
Pty Sl 5o o]
2525 T 2
70 =% =
- -
Skeletal Element
Fig. 5. Mean STR recovery (%) by bone type across three individuals (n = 3).
~ © 0 (-d @0
2 - g8 118||3||x|IE||=s||8]|3
® e > & SlIIslIIF|I8||F|]|2]|x
a a a = =1 a C]
6 =
54 O
41 v
34 \§ >

1 -

=3
r
A
—
E=
=0
o=
= I
=

87 ¥
71 v

6 -
5
4 - m

TECH 0

114

10

94 2,

8 -

74

;] 2
4 -

34

24

14

=
—
]

Total (n)

381 - =7

442
1904 =2
196 4 &2
3343

313 A
353 o
133
268 -
174
198
153

«©
@
s

Contaminant Position (~bp)

322 4
364
366
393 4
405 -
415
441
199
179

B Foot [ Head [0 Lower Torso

Body Site M Hand 0 Leg [ Upper Torso

Fig. 6. Number of artifacts and contaminants present in STR profiles by body region and individual. “R” refers to reported artifacts known to the GlobalFiler™ kit.
Resulting STR repeat lengths are reported in red; positions without red size indicators were “off-ladder”. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).



Forensic Science International: Genetics 44 (2020) 102193

A.L. Emmons, et al.

*S[ENPIAIPUL 9914} [[& SSOIOB PAIBYS o
‘S[ENPIAIPUL OM]) SSOIDE PAIRyS

000 00°00T 2GS0 ¢S'1 €00 STy T8'€01 0z'6v1 €€0 99°'8 820 cT'6 proqnd 1004 P
000 00°00T Y10 9F'1 20 L0y 0€CST 81°¢ST ST°0 6S'8 ¥0°0 156 CLN 1004 pj
000 00°00T CI'T 66'1T 91’0 Se€y 80°1€T C6'VLL SE0 806 €00 1486 1qry osiof rddn pj
000 00°00T Ir'0 081 60°0 FAN4 €9°08 SS'6L1 0€°0 88'8 000 or'6 snjeL 1004 P
000 00°00T 210 I¥'1 910 ev'e 20ty 28081 a4l 618 S0°0 806 qUIOJIRUND pIg 1ooq pj
000 00°00T ¥20 LS'T [Nl LTV €€'68 82'9¢€CT 420 S0'6 €00 96 Te[ndIABN jo0q B
000 00°00T 2T0 SS'1 80°0 9Ty 12°0v 95'9tC ST°0 L1'6 ¥1°0 89'6 quIogIdUND 35 T 1004 P
000 00°00T 810 t¥'l S0°0 86'¢ 1298 ov'cLT 90°0 498 90°0 §S°6 LuIojIRuUN) pug 1004 P
000 00°00T 650 €61 900 96'¢ 1404 00°06€ 110 86°L 90°0 006 . xuefeyd [eisIp Is T pueH pj
VN 00°00T VN €1 VN 6T VN 98'26€ VN 8L VN 988 B[[IXe]N PesH )
VN 00°00T VN €g€¢€ VN LSV VN €E€'ET VN €6 VN 9901 O pueH q
000 00°00T 210 S9'1 S0°0 8Tt 96°0C €L'YT 950 €6°L €10 S0°0T £qry  osiof raddn q
VN 00°00T VN 92T VN (484 VN 82°0¢ 092 VN 06’6 wni[[  0SI0J, IoMOT q
VN 00°00T VN 281 VN LTV VN YL1E VN 96'8 VN 8L'6 WNIYIS]  OSIO[, ToMOT q
VN 00°00T VN 091 VN [V 4 VN ¥0°LE VN LTL VN 8T°0T edeD pueH q
VN 00°00T VN /4L7T VN €T VN 8G'8¢ VN 498 VN L6'6 ELIN 1004 q
VN 00°00T VN €97C VN 6SY VN 1ccy VN S0'6 VN SS°0T COIN pueHq q
000 00°00T €90 Sv¥'e 80°0 99t L8'TT 06'tY 900 898 ST°0 SE0T qUIOFIUND 38 T 1004 q
000 00°00T L6'€  LS6 (0] Sy 11°8 0€'9S €00 0L'8 ¥0°0 80°0T qUHIOJIRUND pIg 1004 q
000 00°00T 0T'0 €471 60°0 €0y €9'SC 88'GL 80°0 S8 10 €46 . xuereyd reisipis | pueH q
000 00°00T €50 €0°7C €v'0 8L'€ 6291 600t 910 29’8 150 856 Te[noraeN 1004 \4
000 00°00T 20 ¥ST faN] €TY LTTT yS'ey 6€°0 188 900 €0°0T qUHIOJIRUND pIg 1004 \4
VN 00°00T VN SIC VN 88'¢ VN 19°¢y VN 0Z'8 VN vL'6 siqnd  0SI0], 19MO] \4
000 00°00T 8€'0 841 2T0 6T 6C'¢ vy'Ly €00 L1'6 £0°0 LL6 quIogIBUND 38 T 1004 \4
VN 00°00T VN ¢0€ VN €0y VN 81’6V VN LEL VN LL6 rended pueH \4
VN 00°00T VN G&/€ VN 9g'¢ VN €0°SS VN 699 VN 606 ¢l Q4 0SIOL I9MO] \4
VN 00°00T VN ST¢T VN FAN4 VN ¥2'69 VN '8 VN €001 AR 1004 \ 4
000 00°00T S8CT 9P 90°0 €'y G8'8S 8169 S0°0 St'6 810 00T LuIoJIRUN) pug 1004 \4
VN 00°00T VN LTV VN 96°¢ VN £LS'8L VN eralels VN 086 JRIOY],  0SI0], J9MOT] \4
VN 00°00T VN 0€7T VN 89°'¢ VN 6€'101 VN Z8'S VN or'6 wnup)s  osiof, roddn \4
AQ PIS (%) WIS AA PIS  TA A 'PIS  (;_dq3 Bw)Sof[elol ‘aeQ 'PIS (;_dq8 Su) uewmy A3Q 'pIS (;_dq3 ousd)3o[ [eSung Ad@ 'PIS  (;_dq3 dua3)3o[ [eL=ioeg suog uoiday Apog  [enpialpul

*(,_dq8 8u) YNQ UeWNY pUR PII9A0IAL YLS % Aq SIUSWS[3 [@IS[YS JO I9pIo Yuey

€ d1qeL



A.L. Emmons, et al.

Depth is an important indicator of microbial composition, structure,
and function, related to changes in edaphic features including soil
composition, oxygen availability, carbon source, temperature,
moisture, etc. [43,44]. Human DNA concentrations did not correlate
with microbial gene abundances; though, this may have been influ-
enced by a delay between the time at which the remains were disin-
terred and the time at which the bones were sampled for DNA. The
quantity of microbes able to colonize bone may be of little importance;
rather, changes in community composition and microbial interactions
may be more indicative of human DNA preservation in buried remains.

In a separate study, we examined changes in soil geochemistry
within the grave, including pH, moisture, microbial respiration, dis-
solved organic carbon, dissolved organic nitrogen, and extracellular
enzyme potentials, among others [24]. Despite observing high con-
centrations of labile organic sources including dissolved organic carbon
and nitrogen at the grave base (70-75 cm), likely as pooled inputs from
all three sets of remains, shifts in enzyme potentials — including in-
creases in N-acetyl-p-glucosamindase and decreases in phosphodies-
terase and leucine aminopeptidase — indicate a more recalcitrant
functionality for microbial communities closer to the grave base. This
activity was likely mediated by oxygen availability. With the base of the
grave saturated, anoxia was prevalent here. In contrast, at 40 cm and
above the saturated zone, soils were oxic. In addition, potential col-
lagenase activity, as an indicator of collagen degradation, which makes
up a large portion of the organic content of bone, demonstrated in-
creased concentrations at depths of 30 and 40 cm, indicating an in-
crease in potential collagen degradation [24]. Collagen degradation
facilitates the release of bound DNA from either collagen fibrils or
hydroxyapatite [17,45], which is why collagen degradation has been
used as an indicator of skeletal DNA degradation [6,46,47].

Together, these observations would lead us to expect lower human
DNA concentrations in the bones of C and B than in the bones of A, yet
paradoxically, we saw significantly greater human DNA concentrations
in C, the only fully skeletonized individual. The probable cause of this
pattern is the increase in moisture with depth in the grave. The base of
the grave was completely saturated at the time of excavation, and
several elements from A and B were submerged. Water can be devas-
tating to skeletal preservation [47,48]. Increased moisture encourages
microbial growth, though complete saturation deters growth [49].
Moreover, water augments dissolution of the inorganic component,
hydroxyapatite, of bone and the subsequent degradation of the organic
component, collagen, releasing bound DNA from both hydroxyapatite
crystallites [17,48,50] and mineralized collagen fibrils [17]. With
completely submerged bones, the possibility of leaching of nucleic acids
into the external environment cannot be ignored, as nucleic acids are
soluble in water [48]. The fluctuation of the water table and hydraulic
potential of the burial in this study over time remain unknown. DNA
from non-mineralized osteoid containing osteoblasts, osteoclasts, and
bone lining cells [17], is likely consumed early in the decomposition
process by colonizing microbes, due to ease of access, and likely is not
the primary source of skeletal DNA in this study.

5. Conclusion

Results indicate that bones of the feet should be considered priority
sources for skeletal DNA sampling and analysis from buried non-com-
mingled remains. While the sample size in the current study was small,
the patterns observed align well with those in previous research
[7,12,20]. Though bones of the feet may be more challenging to re-
associate in cases of commingled individuals, there are other circum-
stances in which this would not be problematic, such as the case of a
single-person burial or multiple person burial without commingling.
Moreover, we acknowledge that the mechanism(s) of skeletal DNA
preservation likely shift(s) with time, as does the diagenetic profile of
bone [46], and so the observed patterns may not be reflective of post-
mortem intervals greater than four years. However, patterns from
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surface and buried remains suggest otherwise [7,12].
Funding

This work was supported by the National Institute of Justice, Office
of Justice Programs, U.S. Department of Justice [Award No. 2016-DN-
BX-0178]. The opinions, findings, and conclusions or recommendations
expressed in this article are those of the authors and do not necessarily
reflect those of the Department of Justice.

Acknowledgements

The authors would like to thank the Forensic Anthropology Center,
at the University of Tennessee for their assistance coordinating this
project and the individual donors without whom the project would not
have been possible. Thanks to the Mundorff and DeBruyn Lab members
and to graduate students in the Department of Anthropology for as-
sisting wth the internment and disinternments.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.fsigen.2019.102193.

References

[1] B.C. Smith, D.L. Fisher, V.W. Weedn, G.R. Warnock, M.M. Holland, A Systematic
Approach to the Sampling of Dental DNA, (1993) (Accessed 25 November 2018),
www.astm.org.

S. Andelinovié¢, D. Sutlovié, I. Erceg Ivkosié, V. Skaro, A. Ivkosié, F. Pai¢, B. Rezi¢,
M. Definis-Gojanovié, D. Primorac, Twelve-year experience in identification of
skeletal remains from mass graves, Croat. Med. J. 46 (2005) 530-539.

T. Bille, R. Wingrove, M. Holland, C. Holland, C. Cave, J. Schumm, Novel method of
DNA extraction from bones assisted DNA identification of World Trade Center
victims, Int. Congr. Ser. 1261 (2004) 553-555, https://doi.org/10.1016/S0531-
5131(03)01831-4.

T. Christian Boles, C.C. Snow, E. Stover, Forensic DNA Testing on Skeletal Remains
From Mass Graves: A Pilot Project in Guatemala, (1995) (Accessed 25 November
2018), www.astm.org.

E. Hagelberg, I.C. Gray, A.J. Jeffreys, Identification of the skeletal remains of a
murder victim by DNA analysis, Nature 352 (1991) 427-429, https://doi.org/10.
1038/352427a0.

Y.M. Coulson-Thomas, A.L. Norton, V.J. Coulson-Thomas, R. Florencio-Silva, N. Ali,
S. Elmrghni, C.D. Gil, G.R.S. Sasso, R.A. Dixon, H.B. Nader, DNA and bone structure
preservation in medieval human skeletons, Forensic Sci. Int. 251 (2015) 186-194,
https://doi.org/10.1016/j.forsciint.2015.04.005.

A. Mundorff, J.M. Davoren, Examination of DNA yield rates for different skeletal
elements at increasing post mortem intervals, Forensic Sci. Int. Genet. 8 (2014)
55-63, https://doi.org/10.1016/j.fsigen.2013.08.001.

S. Edson, J. Ross, M. Coble, T. Parson, S. Barritt, Naming the dead- confronting the
realities of rapid identification of degraded skeletal remains, Forensic Sci. Rev. 16
(2004) 63-90.

S.M. Edson, A.F. Christensen, S.M. Barritt, A. Meehan, M.D. Leney, L.N. Finelli,
Sampling of the cranium for mitochondrial DNA analysis of human skeletal re-
mains, Forensic Sci. Int. Genet. Suppl. Ser. 2 (2009) 269-270, https://doi.org/10.
1016/j.fsigss.2009.09.029.

M.D. Leney, Sampling skeletal remains for ancient DNA (aDNA): a measure of
success, Hist. Archaeol. 40 (2006) 31-49.

A. Milos, A. Selmanovié, L. Smajlovi¢, R.L.M. Huel, C. Katzmarzyk, A. Rizvi¢,

T.J. Parsons, Success rates of nuclear short tandem repeat typing from different
skeletal elements, Croat. Med. J. 48 (2007) 486-493.

D. Hines, M. Vennemeyer, S. Amory, R. Huel, I. Hanson, C. Katzmarzyk, T. Parsons,
Prioritized sampling of bone and teeth for DNA analysis in commingled cases,
Commingled Hum. Remain. Methods Recover. Anal. Identif, Elsevier Inc, 2014, pp.
275-305.

A.R. Gonzales, T. a Henke, S.V. Hart, Mass fatality incidents: a guide for human
forensic identification, Natl. Institue Justice (2005) 1-79 https://www.ncjrs.gov/
pdffiles1/nij/199758.pdf.

M. Prinz, A. Carracedo, W.R. Mayr, N. Morling, T.J. Parsons, A. Sajantila,

R. Scheithauer, H. Schmitter, P.M. Schneider, DNA Commission of the International
Society for Forensic Genetics (ISFG): recommendations regarding the role of for-
ensic genetics for disaster victim identification (DVI), Forensic Sci. Int. Genet. 1
(2007) 3-12, https://doi.org/10.1016/j.fsigen.2006.10.003.

Interpool, INTERPOL Disaster Victim Identification Guide, 2014, (2014), p. 127.
I. Iecmp, S.O.P. Aa, Standard Operating Procedure for Sampling Bone and Tooth
Specimens From Human Remains, (2015), pp. 1-19.

P.F. Campos, O.E. Craig, G. Turner-Walker, E. Peacock, E. Willerslev,

M.T.P. Gilbert, DNA in ancient bone - Where is it located and how should we extract

[2]

[3

[4

[5

[6]

[71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]
[16]

[17]


https://doi.org/10.1016/j.fsigen.2019.102193
arxiv:/www.astm.org
http://refhub.elsevier.com/S1872-4973(19)30261-3/sbref0010
http://refhub.elsevier.com/S1872-4973(19)30261-3/sbref0010
http://refhub.elsevier.com/S1872-4973(19)30261-3/sbref0010
https://doi.org/10.1016/S0531-5131(03)01831-4
https://doi.org/10.1016/S0531-5131(03)01831-4
arxiv:/www.astm.org
https://doi.org/10.1038/352427a0
https://doi.org/10.1038/352427a0
https://doi.org/10.1016/j.forsciint.2015.04.005
https://doi.org/10.1016/j.fsigen.2013.08.001
http://refhub.elsevier.com/S1872-4973(19)30261-3/sbref0040
http://refhub.elsevier.com/S1872-4973(19)30261-3/sbref0040
http://refhub.elsevier.com/S1872-4973(19)30261-3/sbref0040
https://doi.org/10.1016/j.fsigss.2009.09.029
https://doi.org/10.1016/j.fsigss.2009.09.029
http://refhub.elsevier.com/S1872-4973(19)30261-3/sbref0050
http://refhub.elsevier.com/S1872-4973(19)30261-3/sbref0050
http://refhub.elsevier.com/S1872-4973(19)30261-3/sbref0055
http://refhub.elsevier.com/S1872-4973(19)30261-3/sbref0055
http://refhub.elsevier.com/S1872-4973(19)30261-3/sbref0055
http://refhub.elsevier.com/S1872-4973(19)30261-3/sbref0060
http://refhub.elsevier.com/S1872-4973(19)30261-3/sbref0060
http://refhub.elsevier.com/S1872-4973(19)30261-3/sbref0060
http://refhub.elsevier.com/S1872-4973(19)30261-3/sbref0060
https://www.ncjrs.gov/pdffiles1/nij/199758.pdf
https://www.ncjrs.gov/pdffiles1/nij/199758.pdf
https://doi.org/10.1016/j.fsigen.2006.10.003
http://refhub.elsevier.com/S1872-4973(19)30261-3/sbref0075
http://refhub.elsevier.com/S1872-4973(19)30261-3/sbref0080
http://refhub.elsevier.com/S1872-4973(19)30261-3/sbref0080

A.L. Emmons, et al.

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]
[29]

[30]

[31]

[32]

[33]

[34]

[35]

it? Ann. Anat. 194 (2012) 7-16, https://doi.org/10.1016/j.aanat.2011.07.003.
S.T.G. Ferreira, H.H. Kuser, R.G. Garrido, A. Trindade-Filho, K.A. Paula,

M.F. Galvao, A.V. Moraes, Floods and mudslides in the State of Rio de Janeiro and a
plane crash in the Brazilian Amazon rainforest: a study of two different experiences
in disaster victim identification (DVI), Forensic Sci. Int. Genet. Suppl. Ser. 3 (2011)
e516-e517, https://doi.org/10.1016/j.fsigss.2011.10.005.

S.T.G. Ferreira, R.G. Garrido, K.A. Paula, R.C. Nogueira, E.S. Oliveira, A.V. Moraes,
Cartilage and phalanges from hallux: alternative sources of samples for DNA typing
in disaster victim identification (DVI). A comparative study, Forensic Sci. Int. Genet.
Suppl. Ser. 4 (2013) e366-e367, https://doi.org/10.1016/].fsigss.2013.10.186.
A.Z. Mundorff, E.J. Bartelink, E. Mar-Cash, DNA preservation in skeletal elements
from the world trade center disaster: recommendations for Mass Fatality
Management, J. Forensic Sci. 54 (2009) 739-745, https://doi.org/10.1111/j.1556-
4029.2009.01045.x.

C. Kendall, A. Marie, H. Eriksen, I. Kontopoulos, M.J. Collins, G. Turner-Walker,
Diagenesis of archaeological bone and tooth, Palaeogeogr. Palaeoclimatol.
Palaeoecol. 491 (2018) 21-37, https://doi.org/10.1016/j.palaeo.2017.11.041.

A. Alonso, S. Andelinovié¢, P. Martin, D. Sutlovié, 1. Erceg, E. Huffine, L.F. de Simén,
C. Albarran, M. Definis-Gojanovié, a Fernandez-Rodriguez, P. Garcia, I. Drmié,

B. Rezi¢, S. Kuret, M. Sancho, D. Primorac, DNA typing from skeletal remains:
evaluation of multiplex and megaplex STR systems on DNA isolated from bone and
teeth samples, Croat. Med. J. 42 (2001) 260-266, https://doi.org/10.1016/j.
seppur.2013.09.009.

S. Amory, R. Huel, A. Bili¢, O. Loreille, T.J. Parsons, Automatable full deminer-
alization DNA extraction procedure from degraded skeletal remains, Forensic Sci.
Int. Genet. 6 (2012) 398-406, https://doi.org/10.1016/j.fsigen.2011.08.004.

S.W. Keenan, A.L. Emmons, L.S. Taylor, G. Phillips, A.R. Mason, A.Z. Mundorff,
E.C. Bernard, J. Davoren, J.M. DeBruyn, Spatial impacts of a multi-individual grave
on microbial and microfaunal communities and soil biogeochemistry, PLoS One 13
(2018) e0208845, https://doi.org/10.1371/journal.pone.0208845.

D. Wuertz, T. Setz, Y. Chalabi, fBasics: Rmetrics - Markets and Basic Statistics, (n.d.
). https://cran.r-project.org/package = fBasics.

J. Fox, S. Weisberg, An {R} Companion to Applied Regression, 2nd editio, Sage,
Thousand Oaks CA, 2011http://socserv.socsci.memaster.ca/jfox/Books/
Companion.

T. Pohlert, The Pairwise Multiple Comparison of Mean Ranks Package (PMCMR),
(2014) https://cran.r-project.org/package = PMCMR.

R.C. Team, R: A Language and Environment for Statistical Computing. (2018).
J.M. Andronowski, A.Z. Mundorff, I.V. Pratt, J.M. Davoren, D.M.L. Cooper,
Evaluating differential nuclear DNA yield rates and osteocyte numbers among
human bone tissue types: a synchrotron radiation micro-CT approach, Forensic Sci.
Int. Genet. 28 (2017) 211-218, https://doi.org/10.1016/j.fsigen.2017.03.002.
A.G. Robling, A.B. Castillo, C.H. Turner, Biomechanical and molecular regulation of
Bone Remodeling, Annu. Rev. Biomed. Eng. 8 (2006) 455-498, https://doi.org/10.
1146/annurev.bioeng.8.061505.095721.

T.J. Booth, An investigation into the relationship between funerary treatment and
bacterial bioerosion in european archaeological human bone, Archaeometry 58
(2016) 484-499, https://doi.org/10.1111/arcm.12190.

L. White, T.J. Booth, The origin of bacteria responsible for bioerosion to the internal
bone microstructure: Results from experimentally-deposited pig carcasses, Forensic
Sci. Int. 239 (2014) 92-102, https://doi.org/10.1016/j.forsciint.2014.03.024.

L.S. Bell, M.F. Skinnerb, S.J. Jonesa, The speed of post mortem change to the human
skeleton and its taphonomic significance, Forensic Sci. Int. 82 (1996) 129-140.

E. Stackebrandt, P. Schumann, The family dermacoccaceae, The Prokaryotes,
Springer Berlin Heidelberg, Berlin, Heidelberg, 2014, pp. 301-315, https://doi.org/
10.1007/978-3-642-30138-4_178.

A.L. Emmons, S.W. Keenan, J.M. DeBruyn, J. Davoren, J. Andronowski, D. Carter,

11

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

Forensic Science International: Genetics 44 (2020) 102193

A.Z. Mundorff, Patterns of Microbial Colonization of Human Bone from Surface-
Decomposed Remains. (2019).

R. Pinhasi, D. Fernandes, K. Sirak, M. Novak, S. Connell, S. Alpaslan-Roodenberg,
F. Gerritsen, V. Moiseyev, A. Gromov, P. Raczky, A. Anders, M. Pietrusewsky,

G. Rollefson, M. Jovanovic, H. Trinhhoang, G. Bar-Oz, M. Oxenham, H. Matsumura,
M. Hofreiter, Optimal ancient DNA yields from the inner ear part of the human
petrous bone, PLoS One 10 (2015) e0129102, , https://doi.org/10.1371/journal.
pone.0129102.

H.B. Hansen, P.B. Damgaard, A. Margaryan, J. Stenderup, N. Lynnerup,

E. Willerslev, M.E. Allentoft, Comparing ancient DNA preservation in petrous bone
and tooth cementum, PLoS One 12 (2017) 0170940, https://doi.org/10.1371/
journal.pone.0170940.

E. Pilli, S. Vai, M.G. Caruso, G. D’errico, A. Berti, D. Caramelli, Neither Femur nor
Tooth: Petrous Bone for Identifying Archaeological Bone Samples Via Forensic
Approach, (2018), https://doi.org/10.1016/j.forsciint.2017.12.023.

L.M. Misner, A.C. Halvorson, J.L. Dreier, D.H. Ubelaker, D.R. Foran, The correlation
between skeletal weathering and dna quality and quantity, J. Forensic Sci. 54
(2009) 822-828, https://doi.org/10.1111/j.1556-4029.2009.01043.x.

J. Burger, S. Hummel, B. Hermann, W. Henke, DNA preservation: a microsatellite-
DNA study on ancient skeletal remains, Electrophoresis 20 (1999) 1722-1728,
https://doi.org/10.1002/(SICI)1522-2683(19990101)20:8 < 1722::AID-
ELPS1722>3.0.C0O;2-4.

M. Graw, H.J. Weisser, S. Lutz, DNA typing of human remains found in damp en-
vironments, Forensic Sci. Int. 113 (2000) 91-95, https://doi.org/10.1016/S0379-
0738(00)00221-8.

J. Elsner, J. Schibler, M. Hofreiter, A. Schlumbaum, Burial condition is the most
important factor for mtDNA PCR amplification success in Palaeolithic equid re-
mains from the Alpine foreland, Archaeol. Anthropol. Sci. 7 (2015) 505-515,
https://doi.org/10.1007/s12520-014-0213-4.

K.G. Eilers, S. Debenport, S. Anderson, N. Fierer, Digging deeper to find unique
microbial communities: the strong effect of depth on the structure of bacterial and
archaeal communities in soil, Soil Biol. Biochem. 50 (2012) 58-65, https://doi.org/
10.1016/j.s0ilbio.2012.03.011.

C. Will, A. Thiirmer, A. Wollherr, H. Nacke, N. Herold, M. Schrumpf, J. Gutknecht,
T. Wubet, F. Buscot, R. Daniel, Horizon-specific bacterial community composition
of german grassland soils, as revealed by pyrosequencing-based analysis of 16S
rRNA genest, Appl. Environ. Microbiol. 76 (2010) 6751-6759, https://doi.org/10.
1128/AEM.01063-10.

M.J. Collins, C.M. Nielsen-Marsh, J. Hiller, C.I. Smith, J.P. Roberts, R.V. Prigodich,
T.J. Wess, J. Csapo, A.R. Millard, G. Turner-Walker, The survival of organic matter
in bone: a review, Archaeometry 44 (2002) 383-394, https://doi.org/10.1111/
1475-4754.t01-1-00071.

C. Sosa, E. Vispe, C. Nufiez, M. Baeta, Y. Casalod, M. Bolea, R.E.M. Hedges,

B. Martinez-Jarreta, Association between ancient bone preservation and dna yield:
a multidisciplinary approach, Am. J. Phys. Anthropol. 151 (2013) 102-109,
https://doi.org/10.1002/ajpa.22262.

C.M. Nielsen-Marsh, R.E.M. Hedges, Patterns of diagenesis in bone I: the effects of
site environments, J. Archaeol. Sci. 27 (2000) 1139-1150, https://doi.org/10.
1006/jasc.1999.0537.

R.E.M. Hedges, A.R. Millard, Bones and groundwater: towards the modelling of
diagenetic processes, J. Archaeol. Sci. 22 (1995) 155-164.

D.O. Carter, D. Yellowlees, M. Tibbett, Moisture can be the dominant environmental
parameter governing cadaver decomposition in soil, Forensic Sci. Int. 200 (2010)
60-66, https://doi.org/10.1016/j.forsciint.2010.03.031.

A. Gotherstrom, M.J. Collins, A. Angerbjorn, K. Liden, Bone preservation and DNA
amplification, Archaeometry 3 (2002) 395-404, https://doi.org/10.1111/1475-
4754.00072.


https://doi.org/10.1016/j.aanat.2011.07.003
https://doi.org/10.1016/j.fsigss.2011.10.005
https://doi.org/10.1016/j.fsigss.2013.10.186
https://doi.org/10.1111/j.1556-4029.2009.01045.x
https://doi.org/10.1111/j.1556-4029.2009.01045.x
https://doi.org/10.1016/j.palaeo.2017.11.041
https://doi.org/10.1016/j.seppur.2013.09.009
https://doi.org/10.1016/j.seppur.2013.09.009
https://doi.org/10.1016/j.fsigen.2011.08.004
https://doi.org/10.1371/journal.pone.0208845
https://cran.r-project.org/package=fBasics
http://socserv.socsci.mcmaster.ca/jfox/Books/Companion
http://socserv.socsci.mcmaster.ca/jfox/Books/Companion
https://cran.r-project.org/package=PMCMR
http://refhub.elsevier.com/S1872-4973(19)30261-3/sbref0140
https://doi.org/10.1016/j.fsigen.2017.03.002
https://doi.org/10.1146/annurev.bioeng.8.061505.095721
https://doi.org/10.1146/annurev.bioeng.8.061505.095721
https://doi.org/10.1111/arcm.12190
https://doi.org/10.1016/j.forsciint.2014.03.024
http://refhub.elsevier.com/S1872-4973(19)30261-3/sbref0165
http://refhub.elsevier.com/S1872-4973(19)30261-3/sbref0165
https://doi.org/10.1007/978-3-642-30138-4_178
https://doi.org/10.1007/978-3-642-30138-4_178
http://refhub.elsevier.com/S1872-4973(19)30261-3/sbref0175
http://refhub.elsevier.com/S1872-4973(19)30261-3/sbref0175
http://refhub.elsevier.com/S1872-4973(19)30261-3/sbref0175
https://doi.org/10.1371/journal.pone.0129102
https://doi.org/10.1371/journal.pone.0129102
https://doi.org/10.1371/journal.pone.0170940
https://doi.org/10.1371/journal.pone.0170940
https://doi.org/10.1016/j.forsciint.2017.12.023
https://doi.org/10.1111/j.1556-4029.2009.01043.x
https://doi.org/10.1002/(SICI)1522-2683(19990101)20:8<1722::AID-ELPS1722>3.0.CO;2-4
https://doi.org/10.1002/(SICI)1522-2683(19990101)20:8<1722::AID-ELPS1722>3.0.CO;2-4
https://doi.org/10.1016/S0379-0738(00)00221-8
https://doi.org/10.1016/S0379-0738(00)00221-8
https://doi.org/10.1007/s12520-014-0213-4
https://doi.org/10.1016/j.soilbio.2012.03.011
https://doi.org/10.1016/j.soilbio.2012.03.011
https://doi.org/10.1128/AEM.01063-10
https://doi.org/10.1128/AEM.01063-10
https://doi.org/10.1111/1475-4754.t01-1-00071
https://doi.org/10.1111/1475-4754.t01-1-00071
https://doi.org/10.1002/ajpa.22262
https://doi.org/10.1006/jasc.1999.0537
https://doi.org/10.1006/jasc.1999.0537
http://refhub.elsevier.com/S1872-4973(19)30261-3/sbref0240
http://refhub.elsevier.com/S1872-4973(19)30261-3/sbref0240
https://doi.org/10.1016/j.forsciint.2010.03.031
https://doi.org/10.1111/1475-4754.00072
https://doi.org/10.1111/1475-4754.00072

	Inter and intra-individual variation in skeletal DNA preservation in buried remains
	Introduction
	Materials and methods
	Sample site and skeletal processing
	Skeletal selection and sampling
	DNA extraction
	DNA quantification
	Short tandem repeat (STR) amplification, separation, and genotyping
	Data analysis and statistics

	Results
	Decomposition state
	DNA by individual and body region
	PCR inhibition
	Multi-site differences in human DNA
	STR analysis
	Skeletal ranking by individual

	Discussion
	Conclusion
	Funding
	Acknowledgements
	Supplementary data
	References




