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ABSTRACT

For microscopic investigation, archaeological bone samples are often embedded in Biodur® epoxy resin. This study wants to test whether it
is possible to extract DNA suitable for PCR amplification from this sample type. For eight individuals a set of samples — each consisting of a
Biodur-embedded femur sample, a native femur sample and a control sample of different anatomical origin — were submitted to organic DNA
extraction. The extraction success was tested by autosomal short tandem repeat amplification. Seven out of eight Biodur-embedded femur
samples revealed successful amplification results. If Biodur-embedded bone material exists from earlier microscopic investigations, our results
encourage the use of this sample type as a source for genetic research.

METHOD SUMMARY
An organic DNA extraction was performed on archaeological bone samples (femur) embedded in epoxy resin (Biodur®). The DNA extracts were
suitable for STR typing of chromosomal DNA.
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The success of DNA analysis from bones and any other kind of tissue is highly dependent on the quality of the sample material. Further-
more, other conditions to which the sample material was exposed to may also influence the success of analysis. These may be natural
conditions like the burial environment (i.e., the activity of soil-inhabiting microorganisms, pH value, temperature or the presence of hu-
mic acids); factors like a constant low temperature and an alkaline pH favor DNA preservation [1-3]. This is demonstrated by numerous
studies proving long-term DNA preservation in hard and soft tissues of different ages recovered from permafrost or caves [4-11]. In
contrast, high microbial activity, acidic pH values and large proportions of humic acids obviously promote DNA degradation or prevent
a successful analysis due to inhibition.

Additionally, chemicals for sample preparation, the embedding process for microscopic investigations or the long-term conservation
of soft tissue in fluid media may also influence the DNA preservation. Since the 17th century, zoological, anatomical and pathological
samples were usually preserved in ethanol [12] for long-term conservation and the preparation of thin sections for microscopic investi-
gations. In the 19th century, formalin was introduced as a fixative for biological samples [13] and is now one of the prevailing chemicals
for microscopic sample preparation [14]. Both chemicals are still utilized for sample preparation, particularly for the embedding process
of soft tissue samples in paraffin. DNA extraction from formalin-fixed samples is challenging, because the chemical is known for the
formation of methylene bridges between proteins and crosslinks between proteins and nucleic acids [15,16]. Additionally, hydrolytic DNA
fragmentation [17] is promoted due to very low pH values in unbuffered formalin solutions. However, back in the 1990s, the first suc-
cessful attempts to amplify DNA from paraffin-embedded specimens were performed [18], and today the analysis of DNA from either
wet preparations in formalin or formalin-fixed and paraffin-embedded soft tissue samples is reported in numerous studies [19-22]. Also,
during the same time period, attempts were made to amplify DNA from resin-embedded samples. This comprises approaches to iso-
late DNA from biogenic materials naturally embedded in amber [23]. Further, other protocols for DNA extraction from sample materials
embedded in artificial resins — for example, undecalcified fresh equine bone samples embedded in methyl methacrylate [24] and bone
marrow samples embedded in the epoxy resin Durcupan™ [25] — were shown to be successful.

For the embedding process of archaeological bone samples, the epoxy resin Biodur® is commonly used [26]. The embedding is
crucial for microscopic investigations of the bones’ microstructure to determine the biological age of an individual or enable histopatho-
logical investigations [27-30]. There are two prevailing protocols for the embedding process. For the first protocol, the bone sample
is dehydrated in an ethanol series with ascending concentrations, transferred to methyl chloride and then embedded in Biodur [30,31].
Although rather time-consuming, this method allows the Biodur to proceed to the very fine canaliculi of the bone, which reduces optical
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Find No. Skeletal series Excavation Bone type Sample name Embedding material Duration of Ref.
year embedding

GS 53 Goslar (GS), Lower Saxony, 1993 Femur compact GS 53 Biodur Biodur 18 years [32]
Germany, 18th century diaphysis GS 53 native NA NA
Tooth GS 53 control NA NA

GS 97 Goslar (GS), Lower Saxony, 1993 Femur compact GS 97 Biodur Biodur 18 years [32]
Germany, 18th century diaphysis GS 97 native NA NA
Petrous bone GS 97 control NA NA

Roe 11.2 Rodelheim (Roe 1), Hesse, 2015 Femur compact Roe 11.2 Biodur Biodur 2 years [33]
Germany, 19th century diaphysis Roe 11.2 native NA NA
Petrous bone Roe 11.2 control NA NA

Roe 12.2 Rodelheim (Roe 1), Hesse, 2015 Femur compact Roe 12.2 Biodur Biodur 2 years [33]
Germany, 19th century diaphysis Roe 12.2 native NA NA
Tooth Roe 12.2 control NA NA

Goe 50/10 12 Goéttingen (Goe 50/10), Lower 201 Femur compact Goe 50/10 12 Biodur EtOH, CH,Cl, and 1year [34]

Saxony, Germany, 19th century diaphysis Biodur

Goe 50/10 12 native NA NA
Vertebra Goe 50/10 12 control NA NA

Goe 50/10 Gottingen (Goe 50/10), Lower 201 Femur compact Goe 50/10 138 Biodur EtOH, CH,Cl, and 1year [34]

138 Saxony, Germany, 19th century diaphysis Biodur

Goe 50/10 138 native NA NA
Tooth Goe 50/10 138 control NA NA

Do 67.1 Lichtenstein cave Dorste (Do), 1996-2004 Femur compact Do 67.1 Biodur Biodur 20 years [11]
/I;Z\;ver Saxony, Germany, Bronze diaphysis Do 67.1 native NA NA
Vertebra Do 1491 control f NA NA

Do 5518 Lichtenstein cave Dorste (Do), 1996-2004 Femur compact Do 5518 Biodur Biodur 20 years [11]
/I;Z\éver Saxony, Germany, Bronze diaphysis Do 5518 native NA NA
Vertebra Do 2078.02 controlt NA NA

TBones were excavated at the secondary burial place (Lichtenstein cave). Bones from one individual were numbered in ascending order according to the finding time and, therefore,
the finding numbers of the bones within one individual are different.
NA: Not applicable (native samples served as a reference, control samples served for the comparison of the short tandem repeat typing results).

artifacts to a minimum during microscopic investigations and, therefore, facilitates anatomical and histopathological investigations. For
the second protocol, the bone sample is embedded directly in Biodur [27], which may result in the formation of optical artifacts due to
remaining air in the ultrastructure of the bone. After the preparation of thin sections, surplus embedded bone material may serve for
later genetic analysis.

Although embedded samples are morphologically well preserved over a long time, the DNA extraction of this kind of sample material
may be challenging, because the chemicals used for sample preparation or the embedding medium itself may contribute to DNA frag-
mentation. To the best of our knowledge, there are no studies investigating DNA extraction and analysis from Biodur-embedded bones;
therefore we tested whether Biodur-embedded bone samples may be a suitable source for analyzable amounts of DNA.

For this investigation, DNA extractions were performed for eight individuals from different burial sites and time periods. The set of
investigated samples for each individual consisted of a femur sample previously embedded in Biodur, a sample obtained from the
neighboring part of the respective native femur as a reference, and additionally a control sample derived from the same individual but a
different anatomical region (Table 1).

The bone samples of the eight individuals originated from archaeological burial sites ranging from Early Modern Age to Bronze Age.
The Biodur embedding of the femur samples had been carried out 1-20 years ago to enable light microscopic examination of the bone
microstructures with respect to age determination and pathological processes. The embedding procedure had been carried out following
established protocols [27,29-31].

Besides the study group consisting of the Biodur-embedded samples, a reference group was established to enable the comparison
of DNA preservation between embedded and native bone samples. Thus, the reference (native) group consisted of eight nonembedded
compact femur samples, each derived from diaphysis directly neighboring the original sampling sites for the Biodur embedding.

Vol. 73 ‘ No. 2 ‘@ 2022 Anna Lena Flux, Michael Schultz and Susanne Hummel 2 www.BioTechniques.com



Figure 1. Sampling for the Biodur-embedded bones. The excess epoxy resin and every outer surface of the embedded bones was removed (red dotted
lines).

Additionally, a control group comprising eight samples was established. As in the reference group, the samples of the control group
were derived from the same skeletal individuals as those represented in the study group. However, the samples were obtained from
different anatomical regions (Table 1). The additional control group enables the identification of possible deep contaminations of the
femoral samples. The basis for the comparison of the genetic results is autosomal short tandem repeat (STR) typing (also known as
genetic fingerprinting) [35].

All analysis steps (sampling, DNA extraction, STR amplification, DNA quantification, agarose gel electrophoresis and allele determination
through capillary electrophoresis) basically followed established protocols [36—38].

The sampling was performed using a hand drill (Dremel® Multi™, W1, USA) with a diamond saw blade (Horico, Berlin, Germany).
From the embedded femoral samples, the excess epoxy resin was removed. Given that no particular precautions for the prevention of
contamination were taken during the embedding procedure, it was especially important to remove the outer surface of the embedded
bone (Figure 1). The native bone samples were sawn out from neighboring parts of the femur diaphysis, while the control samples mainly
consisted of teeth or parts of other skeletal elements (Table 1).

All samples were incubated for 10-15 min in 6% sodium hypochlorite solution (Aug. Hedinger GmbH & Co. KG, Stuttgart, Germany) to
remove possible adhering contaminations from the bone surfaces [5,39,40] and afterward rinsed with double-distilled water. All further
contamination prevention, measurements and monitoring strategy are presented in the Supplementary Material.

Following the rinsing in double-distilled water, the samples were dried overnight at 30°C, then crushed roughly with a steel mortar and
milled with a ball triturator type MM 200 (Retsch, Haan, Germany) to a fine powder. In the case of the embedded samples, the powder
consisted of bone material and epoxy resin that penetrated the bone during the embedding process. For the native and control samples,
the powder consisted of pure bone or tooth root material only.

The following lysis steps were performed under constant rotation of the samples. Initially, 250 mg of the powdered sample material
was incubated with 3900 wl EDTA (0.5 M, pH 8.0, Invitrogen, Waltham, Massachusetts, United States) and 100 d proteinase K solution
in Tris/HCI (pH 7.5, 0.01 mol/l, 600 mAnson-U/ml, Merck, Darmstadt, Germany) for 18 h at 37°C. Afterward, two additional lysis steps
were performed by adding 50 ul proteinase K solution (incubation for 2 h at 56°C) and 50 pl sodium dodecyl sulphate (10 mg/ml, Sigma-
Aldrich, MO, USA incubation for 5 min at 65°C) to the suspensions. The remaining solid substances, especially the undissolved Biodur
residues, were pelleted by centrifugation in a benchtop centrifuge (5430R, Eppendorf, Hamburg, Germany) at 3300 x g for 3 min. It has
to be noted that the Biodur residues did not always settle completely and therefore may partially remain in the supernatant.

Approximately 4000 ul of the supernatant was rotated in approximately 3000 pl of phenol (Carl Roth GmbH + Co. KG, Karlsruhe,
Germany) for 6 min at room temperature and afterward incubated at 56°C for 10 min for phase separation. The organic phases were
removed and approximately 4500 ul chloroform (Carl Roth) were added to the aqueous phase. A rotation was performed for 6 min
at room temperature. For phase separation, the samples were incubated at 56°C for 10 min. The supernatants were transferred to a
mixture of 16 ml Buffer PB (Qiagen, Hilden, Germany) and 100 pl sodium acetate buffer (pH 5.2, 3M, Sigma-Aldrich). The subsequent
DNA extraction and purification steps were performed with MinElute™ spin columns (Qiagen) via the QlAvac system (Qiagen) following
the manufacturer’s protocol. Three washing steps using 700 ul Buffer PE (Qiagen) with a 5-min incubation time were performed. The
MinElute spin columns were dry-spun for 1 min at 15,700 x g in a benchtop centrifuge (5415R, Eppendorf) and transferred to a 2-ml
collection tube. Three elution steps with 56°C ultrapure water (RNAse-free water, Qiagen), 5 min incubation, and centrifugation for 1 min
at 15,700 x g were performed to obtain a total elution volume of 60 pl. The DNA extracts were stored frozen. Extraction blanks were
prepared alongside the samples and underwent the same procedure, starting with the lysis step.
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For monitoring the DNA extraction success, besides the STR typing a quantification of the DNA by Qubit™ and a gPCR were performed
on the Biodur-embedded and the adjacent native femur samples. Details on the quantification approaches are given in the Supplementary
Material.

For autosomal STR typing, two different kits (miniSTR kit [41] and AmpFISTR® NGM™, Life Technologies, CA, USA) were used.

The miniSTR kit consists of six autosomal STR markers and the amelogenin marker for sex determination, which are amplified in
a heptaplex PCR in total volumes of 25 ul. Amplification duplicates comprising 3 and 5 ul DNA extract were used. A two-step cycling
(cycling conditions: initial phase at 95°C for 5 min, 40 cycling steps at 94°C for 1 min and 59°C for 2.5 min, then 60°C for 45 min and hold
at 10°C for 10 min) was performed in a Mastercycler™ (Eppendorf). Deviating from the published protocol, Tag PCR Master Mix (Qiagen)
was used, the primer pair of D18S51 was applied with a concentration of 0.28 uM each, and the primer pair targeting the amelogenin
locus was labeled with 6-carboxyfluorescein (6-FAM) dye.

The NGM kit consists of primers targeting 15 STRs and the amelogenin locus. Amplifications were carried out in total volumes of
25 l. For each sample, duplicates comprising 3 and 5 ul DNA extract were used. A two-step cycling (cycling conditions: initial phase at
95°C for 11 min, 40 cycling steps at 94°C for 20 s and 59°C for 3 min, then 60°C for 45 min and hold at 10°C for 10 min) was performed
in the Mastercycler.

Both the heptaplex and the NGM amplifications were accompanied by extraction blanks, positive and no-template controls; 5 ul of
the extraction blanks were used for amplification. As positive controls, DNA extracts from buccal swabs of the processors were used.
For the STR typing results, see Table 2 & Supplementary Table 1. For the no-template control samples, ultrapure water (RNAse-free water,
Qiagen) was added instead of DNA.

All PCR products were initially separated by standard agarose gel electrophoresis (2.5% agarose gel in 1x Tris-borate-EDTA buffer)
in order to verify the amplification success and to estimate the amount of PCR product submitted to capillary electrophoresis [42]. Allele
determination was then performed by capillary electrophoresis via 3500 Series genetic analyzer (Applied Biosystems™, MA, USA) using
POP-7™ polymer (Applied Biosystems). The resulting data were processed with GeneMapper5™ software (Applied Biosystems).

This study investigated whether the extraction of analyzable amounts of DNA from epoxy resin Biodur-embedded bones is possible.
The consensus STR profiles for the Biodur-embedded samples are presented in Table 2. For each set of samples from eight individuals
(consisting of Biodur, native and control), STR typing using two different kits (miniSTR and NGM) was carried out; DNA quantification by
Qubit and qPCR was performed for the Biodur and native samples.

The STR typing revealed that for seven out of eight individuals the STR profiles of the Biodur, native and control samples either fully
matched (Roe 11.2, Goe 50/10 12 and Do 67.1) or matched in 12-15 of the 17 analyzed STRs (GS 53, GS 97, Goe 50/10 138, Do 5518).
However, the deviations are not contradictory: they can be explained by either allelic dropout, overamplified stutter products or — in
a single case — a drop-in event (Supplementary Tables 1 & 2). The Supplementary Information for each individual provides all single
amplification results and the electropherograms for all sample types.

The STR typing results and the respective calculated matching probabilities (STRIdER [43]) of the study samples and the positive
controls of the processors show that contamination can virtually be excluded (Supplementary Table 1), because STRs are highly dis-
criminating between individuals [35,44].

For one individual (Roe 12.2), the amplification of the femur samples (Biodur and native) failed almost completely. The control sample
(tooth root) of this individual, however, revealed a complete STR profile. Generally, DNA extracted from tooth roots reveals superior
amplification results to DNA derived from long bones. The microscopic inspection of the respective thin section of the femur of Roe
12.2 shows that the microstructure is — in contrast to all other samples — severely damaged by microorganisms, which destroyed most
of the organic compounds (Figure 2).

The comparison of the agarose gel documentation of the Biodur and native samples indicates that the STR amplification results of
embedded and native bones reveal no considerable differences. This applies both to DNA preservation and to questions about possible
inhibition of the samples (Figure 3). In particular, the presence of possible inhibiting substances would be noticeable in different primer
dimer formation between the samples with 3 and 5 ul DNA added.

The fact that the embedded and native bone samples revealed no considerable differences was unexpected, because 250 mg of
powdered sample material from the Biodur-embedded samples contained portions of epoxy resin and thus consisted of less bone
material compared with the native samples; hence we expected less DNA in the Biodur-embedded samples, which was only partially
supported by the data of the quantification approaches. The data for the overall DNA content measured by the Qubit 4 approach show that
the total DNA amount was lower in half of the Biodur-embedded samples compared with the native ones. Furthermore, the results of the
relative quantification acquired by qPCR revealed lower DNA content in six out of eight individuals in the Biodur-embedded compared
with the native samples. In these six cases, the similar PCR product amounts of the Biodur-embedded and native samples seem to
indicate a more effective amplification for the Biodur samples. This is supported by the calculated PCR efficiencies to an average of
F = 96.8% for the Biodur-embedded bone samples and F = 88.4% for the native samples during the gPCR (Supplementary Table 3). The
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Figure 2. Microscopic images of thin sections (plain light, 60 . um, 25x magnification) of the microstructures of the femurs of the individuals (A) Roe
11.2 and (B) Roe 12.2. In contrast to Roe 11.2, the bone substance of individual Roe 12.2 is severely damaged by microorganisms (arrows), which have
destroyed most of the organic compounds.

Table 3. Results of the DNA quantification.

Sample ID Total DNA amount (exogenous + Calculated endogenous DNA amounts based on qPCR results* Proportion of endogenous DNA
endogenous) measured by Qubit 4 (ng/ 1) from total DNA amount (%)
Average (ng/ul) SD
GS 53 Biodur* 1.330 0.031 0.011 2.331
GS 53 nativet 1.760 0.0858% 0.031 4.830
GS 97 Biodurt 4.060 0.0868 0.002 2.118
GS 97 nativet 4.480 0.058 0.006 1.295
Roe 11.2 Biodur? 2.420 0.0178 0.001 0.702
Roe 11.2 native? 1.960 0.043 0.002 2.194
Roe 12.2 Biodurt 2.780 0.001¢ 0 0.036
Roe 12.2 nativet 2.840 0.005 0.006 0.176
Goe 12 Biodur? 7.820 0.219 0.017 2.801
Goe 12 nativet 6.940 0.302 0.033 4.352
Goe 138 Biodur’ 3.140 0.065 0.009 2.070
Goe 138 native® 5.600 0.064 0.002 1.143
Do 67.1 Biodurt 0.596 0.116 0.001 19.463
Do 67.1 native¥ 0.440 0.239 0.003 54.318
Do 5518 Biodurf 1.570 0.085 0.02 5.414
Do 5518 native® 0.836 0.273% 0.017 32.656
Ex-blank 1f too low 0.001 0 NA
Ex-blank 2% too low 01 0 NA
TqPCRI.
fqPCR2.

§1 Ct value excluded (e.g., due to a PCR failure).

12 Ct values excluded (e.g., due to a PCR failure).

#Calculated endogenous DNA amounts base on gPCR results of the undiluted DNA extracts. The gPCR results of the 1:20 dilutions revealed stochastic values indicating too low
amounts of DNA.

NA: Not applicable.

most plausible explanation for the outcome of the experiment is that the powdered epoxy resin in the Biodur samples acts in a similar
way to Chelex®100, a chelating resin that can be used for DNA extraction from different types of sample material due to its positive
purification characteristics [45]. Comparable to Chelex, it can be supposed that the pulverized epoxy resin is also capable of binding
protein fragments and humic acids, which would lead to more purified DNA extracts for the Biodur samples and thereby positively
influence the efficiency of the PCR. In this case, the purification effect of the pulverized epoxy resin, which is a portion of the weighed
sample amount, may compensate for the respective lesser amount of bone material and thus DNA in the Biodur samples.

The total DNA amounts assessed by Qubit and the gPCR results determining the relative amount of human specific endogenous DNA
for an 81-bp fragment are presented in Table 3 (for more detailed information, see Supplementary Table 3).
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766 bp

200 bp
100 bp
50 bp

| | | ]

LMW
B (3uL)
B (5 L)
N (3 pL)
N (5 pL)
B (3uL)
B (5 L)
N (3 uL)
N (5 pL)
B (3uL)
B (5 L)
N (3 pL)
N (5 pL)
B (3uL)
N (5 pL)
Ex blank 1
Ex blank 2
PC (ALF)
NTC
LMW

Goe 50/10 12 Goe 50/10 138 Do 67.1 Do 5518 .

Figure 3. Results of amplification with the NGM kit. The kit consists of primers targeting 15 short tandem repeats and the amelogenin locus for both
sample types, Biodur-embedded (B) and native (N), of the investigated individuals (DNA inset is bracketed). Gel bands are located between approx. 100
and 360 bp of the DNA ladder. For every individual, with the exception of Roe 12.2, the amplification resulted in several visible bands for both DNA
extracts (Biodur-embedded and native bone samples), indicating a successful amplification of all systems. In contrast, the amplification failed almost
completely for both samples of the individual Roe 12.2. However, neither sample shows apparent signs of inhibition which would result in a decrease or
failure of primer dimer formation (at ~50 bp). The extraction blanks (Ex Blank) show no bands. As a positive control, contemporary DNA of the
processor was used (for the short tandem repeat typing results, see Table 2 & Supplementary Table 1). For the no-template control, water was used
instead of DNA. Electrophoresis parameters: 8 p.l PCR product with 2 ul loading dye, 3 ul size standard: low-molecular-weight ladder (LMW, New
England Biolabs, MA, USA), 2.5% agarose gel, 110 V, exposure time: 0.4 s.

The question remains why the relative amounts of DNA in the Biodur-embedded and the native samples are not consistent in some
individuals. In the case of the determination of the total amount of DNA, a possible explanation for the observed inconsistencies can be
found in deviating microbial invasion even in directly adjacent regions of compact bone. This phenomenon may be caused by chemical
impregnation of parts of the bone through, for example, grave goods or clothing, which may promote or — more often — prevent the
invasion of bacteria and fungi. This may also influence the degree of DNA fragmentation and therefore may cause seemingly inconsistent
values for endogenous DNA, as determined by the 81-bp fragment in two individuals.

Although detailed interpretation about the influence of Biodur on DNA preservation and PCR efficiency is complex and may require larger
sample size, we can conclude that the extraction and amplification of DNA from Biodur-embedded sample material was successful. This
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was demonstrated by STR typing results in seven out of eight individuals. Our results therefore indicate that this sample type is a suitable
source for genetic research.

The study demonstrated that it is possible to extract DNA from Biodur-embedded archaeological bone material and that this DNA is
suitable for PCR-based amplification. Therefore, given an existing permission for subsequent processing, our protocol allows genetic
analyses, even when the skeletons are already reburied or invaluable skeletal material ought to be saved. More research would be
necessary to fully understand the effects of Biodur on DNA preservation and PCR efficiency, as it could be shown via gPCR that some of
the Biodur-embedded samples contained lesser amounts of endogenous DNA fragments of suitable length for STR typing on average,
although this fact was obviously compensated by an increased amplification efficiency.

For microscopic age determination or the investigation of pathological alterations, archaeological bone samples are often embedded in
Biodur® epoxy resin, and remnants of embedded bone material usually exist.

Biodur-embedded femur bone samples from eight individuals were pulverized and a phenol-chloroform technique was used to extract
DNA. Additionally, a native femur sample and a control sample from a different anatomical region were included in the experiment for each
individual.

DNA extraction from Biodur-embedded bone samples and PCR amplification was possible for seven out of eight individuals.
Quantification of endogenous DNA by qPCR often revealed lower amounts of DNA in the Biodur-embedded material compared with the
native femur samples. This corresponds to the fact that part of the initial standardized weighed samples consisted of pulverized resin in
the Biodur samples.

In these six cases, similar PCR product amounts of the Biodur-embedded and native samples were observed during agarose gel
electrophoresis, indicating a higher PCR efficiency for the embedded samples.

Given an existing permission for subsequent processing, our protocol allows genetic analysis, even when the skeletons are already
reburied or the skeletal material ought to be saved.

To view the supplementary data that accompany this paper please visit the journal website at: www.future-science.com/doi/
suppl/10.2144/btn-2022-0056
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