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Abstract When extracting DNA from bone powder obtained by grinding ancient human bones, a
process called decalcification was previously necessary. However, decalcification could potentially
cause the loss of DNA contained in ancient human bones, which is present only in small amounts.
In this study, we investigated whether decalcification is truly necessary when extracting DNA from
ancient human bones and how much DNA is lost through decalcification. Here we show that decal-
cification caused the loss of 90% or more of the DNA from ancient human bones, and also reduced
the recovery rate of short DNA fragments. Additionally, it was found that when the amount of
bone powder used in the experiment was reduced to one-tenth and DNA was extracted without
decalcification, DNA could be recovered without loss. Furthermore, no significant difference was
observed in the human DNA content between cases with and without decalcification.
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Introduction

Human bones excavated from archaeological
sites contain small amounts of DNA. Since the
advent of next-generation sequencers, ancient
genome research has been actively conducted to
decode the entire genome and elucidate human
evolution (e.g., Green et al, 2010). Ancient
human bones contain only small amounts of
DNA, and most of the DNA is fragmented into
pieces smaller than 100bp. Therefore, the devel-
opment of technologies to efficiently recover and
analyze these DNAs is crucial. Traditionally, to
increase the amount of DNA recovered, up to
500mg of bone powder was scraped from parts
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such as a molar tooth or femur, from which DNA
was then extracted. However, when using up to
500mg of bone powder, the impurities in the
bone (large amounts of inorganic substances
such as calcium phosphate and
carbonate) act as PCR inhibitors, preventing
successful DNA amplification. Therefore, a
process called decalcification was necessary to
remove these impurities. Decalcification involves
soaking the bone powder in an EDTA solution,
a chelating agent, to dissolve and remove the
impurities. On the other hand, overseas research
groups conducting ancient genome research have
been minimizing destruction by extracting DNA
from as little as 50 mg of samples (e.g., Dabney
et al., 2013). While using a small amount of bone
powder DNA extraction without

calcium

allows
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Table 1. Sample information and summary of mitochondrial genome analysis
.. Average . .
Individual Extracted MtDNA . Peak of  Average Mismatch
D Bone DNA APLP reads Dup(l)lsates length  Depth (x) Coverage Haplogrep  Qual  Haplogroup to mutation
906  Right  MethodA B 45762 082 53 19132 1.000 B4f 08137 B4t 5.02%
petrous  Decl — 52053 024 45 18548 1.000 B4f  0.8291 B4f 4.85%
bone  Dec2 — 8971 0.68 40 2923 0.999 B4f  0.7746 B4f 7.49%
PEL — 5050 049 46 1834 1.000 B4f 07698 B4f 4.63%
Method D — 67,027  0.54 42 23313 1.000 B4f  0.8198 B4f 6.00%
914 Left MethodA B 26775 0386 59 12131 1.000 Bde 07955 Bde 5.23%
petrous  Decl — 2248 0.6 45 7869 1.000 Bde  0.7541 Bde 2.81%
bone  Dec2 — 3909 0.66 38 1230 1.000 Bde  0.7300 Bde 224%
PEL — 4859 072 47 2074 0.999 Bde 07421 Bde 2.32%
Method D — 48211 0.6 40 15351 1.000 Bde 07541 Bde 3.56%
915  Right  MethodA notN 2536  0.63 63 173 1.000 N 0.8211 Bde 29.37%
petrous  Decl — 1913 0.14 45 654 0974 Bde  0.6946 Bde 2.02%
bone  Dec2 — 542 044 42 174 0781 RO 0.7278 Bde 28.57%
PEL — 426 044 42 145 0702 Bde  0.6255 Bde 14.29%
Method D — 3998 042 43 1296 099 Bde  0.7220 Bde 6.67%
decalcification, the concern is that using only ) Method A
one-tenth of the bone powder may result in a =) Method D
Dabney’: ~50 mg
smaller amount of recovered DNA. B e @ U Method D
. . method
However, it has been reported that decalcifi- ]
3 . . . Decalcification (1) 1ml
cation of bone is a time-consuming step and \; Supernatant 1 g u
. . [Pellet 1] m
possible cause for the loss of some ancient DNA Decaleficat
ecalcification (2) 1ml
1 111 S tant 2
(Fisher et al., 1993). In addition, our recent D S ey B U
reports said that Dabney's updated method Lysis buffer + .
1 1 1 Proteinase K Supernatant 3
tended to identify many SNPs or retrieve more a3 presralll S U Method A
extracted DNA in undecalcified samples than in
decalcified samples (Fukumori et al., 2024). This U
indicates that some of the ancient DNA
contained in the bone powder is being dissolved . .
. . 'p g o Fig. 1. Workflow of DNA extraction from bone
during the decalcification process. Therefore, it is powder.

necessary to verify the need to decalcify a large
amount of bone powder (up to 500mg). In this
study, we re-extracted DNA from the decalcifica-
tion solution and remaining pellets obtained
using the method we have previously employed,
which involves decalcification twice followed by
DNA recovery (hereinafter referred to as Method
A), to evaluate the extent of DNA leaching
caused by decalcification, i.e., the impact of
decalcification. Additionally, we extracted DNA
using Dabney’s updated method (Method D),
which does not involve decalcification, and
compared the results with those of Method A.
The verification was conducted using three
human bones (Nos. 906, 914, and 915) excavated
from the Naganaka 4 Site, a Gusuku-period
to Ryukyu Kingdom Period (Middle Ages to

Early Modern Period) archaeological site on
Miyakojima Island (Table 1).

Materials and Methods

The analysis used the petrous pyramid of the
temporal bone, which houses the cochlea and
semicircular canals. To extract DNA, we drilled a
small hole in the anterior surface of the petrous
pyramid to access the inner ear without
damaging the bone's shape, and collected up to
500mg of powder. DNA was extracted following
the method of Takahashi et al. (2019) (Method
A) (Figure 1, Supplementary Figure 1). Eight
milliliters of EDTA (pH 8.0) was added to the
sample powder, and decalcification was performed
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overnight at 56°C with slow rotation. The solu-
tion was then centrifuged at 8000rpm for 1
minute to remove the supernatant, and another
8mL of EDTA (pH 8.0) was added to the
remaining pellet. Decalcification was performed
again overnight at 56°C with slow rotation. After
decalcification, the solution was centrifuged at
8000 rpm for 1 minute to remove the supernatant,
and DNA was extracted from the remaining
pellet using NucreoSpin DNA  Forensic
(MACHEREY-NAGEL) according to the
following procedure. First, 1000puL of Lysis
Buffer FOL (MACHEREY-NAGEL) and 50puL
of 20mg/mL proteinase K were added to suspend
the sample pellet, and the pellet was rotated at
low speed at 56°C overnight to dissolve the
proteins. The dissolved solution was treated with
1500 pL of phenol-chloroform-isoamyl alcohol
(25:24:1) and 1500puL of chloroform to
remove proteins, then collected only the superna-
tant using Maxtract High Density (QIAGEN).
The DNA solution was obtained by following the
protocol of the NucreoSpin DNA Forensic. For
DNA elution, 130uL of Buffer EB (QIAGEN)
heated to 65°C was used. Prior to the next-gener-
ation sequencing, mtDNA haplogroups of these
samples were preliminarily determined by the
Amplified Product-Length Polymorphisms (APLP)
method described by Kakuda et al. (2016).

It is thought that DNA remains in the superna-
tant (supernatant 1 and 2) and pellet (pellet 3)
left after decalcification of Method A. We
extracted DNA from these using Dabney's
updated method. One milliliter of each superna-
tant was used for DNA extraction. DNA extrac-
tion was manually done according to the instruc-
tions by Dabney ef al. (2013) and Rohland et al.
(2018), without any modification. The DNA
template is normally eluted in a final volume of
100 uL elution buffer. In addition, DNA extrac-
tion using Dabney’'s updated method was also
performed from 50 mg of bone powder from the
same individual. The extraction solutions were
Decl, Dec2, PEL, and Method D, respectively.
The distribution of the lengths of the extracted
DNA  fragments confirmed

was using

TapeStation High Sensitivity D5000.

To analyze mitochondrial genomes using a
next-generation sequencer (NGS), a DNA library
was prepared by modifying the “no uracil-DNA-
glycosylase treatment” method of Rohland et al.
(2015). DNA extraction and library preparation
were performed in a clean room, and further
work was performed in a laboratory outside the
clean room. The DNA library was then amplified
twice by PCR to ensure the amount of DNA
required for target enrichment of mitochondrial
DNA (mtDNA). The distribution of fragment
lengths in the DNA library after the first PCR
was confirmed using TapeStation High
Sensitivity D1000. Target enrichment of human
mtDNA was performed using MYbaits Expert
Mito (H. sapiens Representative Global Diversity
Panel) (Daicel Arbor Biosciences), hybridization
was performed according to protocol except for
55°C. The enriched DNA library was sequenced
using MiSeq/NexSeq1000 (Illumina) with 150
base paired-end conditions. Sequencing was also
performed using NextSeq1000 to determine the
percentage of human DNA.

Mapping and data filtering of the DNA
sequences were performed using the method of
Shinoda ef al. (2017) with the following modifi-
cations: DeDup (version 0.11.3) was used to
remove PCR duplicates. Deamination and frag-
ment length of the mapped mtDNA sequences
were checked using the MapDamage 2.0 soft-
ware (Jonsson et al., 2013). MtDNA haplogroups
were estimated using the HaploGrep (version
2.1.14) software and visually by IGV software,
and finally compared with the results of the
APLP method. Following Shinoda et al. (2017),
mitochondrial DNA variants were detected from
the mpileup file. Each variant was classified as a
SNP if it had a depth of 3 or higher (read at least
three times) and if at least 70% of the reads
contained a base that differed from the reference
genome (rCRS). DNA contamination rates were
estimated by checking the percentage of frag-
ments matching the haplogroup (Kanzawa-
Kiriyama et al. 2017) to confirm the reliability of
the obtained sequence information. To determine
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the percentage of human DNA in the library, we
also sequenced DNA libraries that did not
undergo mtDNA target enrichment. The NextSeq
1000 (Illumina) was used for sequencing. The
DNA sequence reads were mapped to the human
genome reference sequence (hg37d5), and the
data were filtered using the method of Shinoda
etal (2019).

Results and Discussion

First, we checked whether DNA was present in
the extract. In the APLP analysis using DNA
extracted by Method A, bands are visible, but
they are not clearly defined, indicating that the
DNA length and yield are low (Figure 2). As a
result, DNA was obtained in all cases, i.e. in
Method A, Decl, Dec2, PEL, and Method D
(Figure 3). These results indicate that DNA
derived from ancient bones is eluted even during
the decalcification steps. However, it is unclear
whether the eluted DNA is human DNA derived
from human bones or whether it is mostly bacte-
rial DNA that invaded after burial, with human
DNA elution being limited. To determine the
extent to which human DNA from ancient bones
is present in the extract, we created a library of
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Fig. 2. APLP.

extracted DNA (Supplementary Figure 2) and
performed target enrichment targeting human
mtDNA to confirm the amount of ancient human
mtDNA. As a result, DNA fragments mapped to
the mitochondrial genome were present in all
extracted DNA (Table 1). These DNA fragments
exhibited deamination and fragmentation charac-
teristic of ancient DNA (Figures 4 and 5). This
indicates that DNA derived from ancient human
bones is present in all extracts. Since DNA
contamination from modern humans was also
estimated to be low (Table 1), the obtained
sequences can be considered to originate from
individuals. The estimated mtDNA
haplogroups are also consistent for each indi-
vidual. We also determined individual-specific
variants (Table 2). The complete mitochondrial
genome sequences determined from DNA
obtained by either extraction method were funda-
mentally consistent. However, No. 915 yielded
fewer reads, resulting in many uncalled variants.
This No. 915 also showed inconsistencies with
the APLP analysis results.

Next, we compared the results of mitochon-
drial genome analysis of the extracted DNA.
First, we compared Method A and Method D.
Although the amount of bone powder used was
up to 500mg in Method A and only one-tenth of
that amount (-50mg) in Method D, the number
of mtDNA fragments obtained and the depth of
the mitochondrial genome were similar (Table 1).
This suggests that DNA was lost at some point in
the process for Method A. The possible steps are
Ist decalcification (Decl), 2nd decalcification
(Dec2), pellet 3 (PEL), and extraction using the
NucreoSpin DNA Forensic kit. As shown in
Figure 5, mtDNA sequences were obtained from
Decl, Dec2, and PEL, indicating that decalcifica-
tion causes ancient human DNA to dissolve from
bone powder, and even after extraction with lysis
buffer + proteinase K, ancient human DNA
remains undissolved in the pellet 3. The amount
of DNA may also be quite large. By counting the

ancient

PCR duplicates and unique reads in the sequence
data obtained in this study, the total amount of
unique mtDNA reads contained in the extraction
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Fig. 3. Length distribution of extracted DNA.

solution can be roughly estimated (Figure 6). the number of unique reads will continue to
Looking at the curve in Figure 6, it appears that  increase for Decl. Therefore, the number of



26 H. Kanzawa-Kiriyama et al.

Naganaka 906

Method A §

Freqy
Frequency

Naganaka 914

Naganaka 915

Distance to 5’ end

- - [
Z. - L.
Decl ;- -
g. g [=
L - Ln
Distance to 5" end Distance to 5" end Distance to 5" end
Dec2 g;; :
B I =
& " o
Taan BIAMIASSEAN 1SS0S ARRSAY [RRSASSSSMSS 1SS TR SN
Distance to 5" en Distance to 5" end Distance to 5” end
- - ZL}
3 - &
g -
PEL i- S .
= Sg g-
2 = =z £
Distance to 5’ end Distance to 5’ end
B g -
Method D : g 3 -
£ e =

Distance to 5

Distance to 5’ end Distance to 5 end

Fig. 4. Deamination.

unique reads obtained was large in Decl
compared to Method A, while Dec2 was only a
fraction of that obtained by Method A. Although
caution is required when comparing the results
due to differences in extraction methods, it is
clear that Decl is significantly higher. In addi-
tion, we note that only 1 ml of the 8 ml decalcifi-
cation solution was used in Decl and Dec2. In
other words, the actual decalcification superna-
tant contains eight times the amount of mtDNA
unique reads shown in Figure 6 in Decl and
Dec2. These results show that 90% or more of
the total DNA is lost through two rounds of
decalcification.

The distribution of mtDNA fragment lengths in
Method A shows that the peak length is approxi-
mately 10-20bp longer than in Decl, Dec2, PEL,
and Method D extracted using Dabney's updated
Method. This difference may be due to short DNA

being lost during decalcification, or to a low
recovery rate of short DNA using the NucreoSpin
DNA Forensic kit in Method A. However, since
short DNA is also recovered in PEL, short DNA
is likely to be included in the lysis buffer +
Proteinase K elution stage. This suggests that the
longer peak may be due to the latter possibility.
Additionally, the DNA extracted using Method A
shows an overall tailing distribution toward longer
lengths. This may be because decalcification
causes short DNA fragments to dissolve more
easily, leaving longer DNA fragments preferen-
tially in the pellets (Pellets 1, 2, and 3) after the
removal of the supernatant. In the case of human
bone No. 914, longer DNA fragments were recov-
ered from DNA extracted using PEL compared to
Method D (Figure 5, Supplementary Figure 3).
However, the same trend was not observed in No.
906. Fukumori et al. (2024) also noted that, when



Consideration of the necessity of demineralization 27

Naganaka 906 Naganaka 914 Naganaka 915

Method A

Total number of reads
° g g g g
L 1 L ' s
Total number of reads
. H H H H
L 1 1 1 ]
Total number of reads
8 3 8 & 8
1 1 L 1 J
E
-
=
L

MTTT T T I I T T TTTTTT T TTT PP I T 17T IIIIIIVVVIIIIIV!!!

DNA length DNA length DNA length

Decl “7 ‘ ] *‘
. e i i) Aot w

SSSSRERRRRRERRREEERRREEN

g & %
! L L

Total number of reads

]
I

Total number of reads

Total number of reads
&

DNA lenglh DNA length
e - P
=7 = -
o 5"
-} ° -
Dec2 E w i -
f E e B
i T 1"
] g« [
w 5
o J Moo m's « o o iem e b
T T T RI LT ETETETET L L
RISEEEREIRAIIEEEERIALY sissrassraszssessy BessessszRIIRRLELELA
DNA length DNA length DNA length
0 o
B w0
8 ” 3 i
5 . v %
PEL 3 i
§ o g :
= w- =
2 . £ Z,
e bokico v 8§ o T N R
[EESEESSEEEREREEER R RuR] ESSSESSESEEESSEEEREEEREEE]
538ERIRBRRIASEERRRARAM 8322RaRE28230S235A2ARRRRGR
DNA length DNA length =
3 =
i i-
; ;
Method D £ £
2 E
3 -
2. &
DNA length DNA length RS0 DNA length

Fig. 5. Length distribution.

comparing the distribution of DNA fragment cases where decalcification was not performed
lengths, the peak of the DNA fragment length  than in cases where it was, supporting the results
distribution was approximately 10bp shorter in  of this study.
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Based on the results above, Method A appears
to result in the loss of a significant amount of
ancient human DNA. However, the decalcifica-
tion process in Method A may have advantages,
such as eluting impurities and bacterial DNA.
Does this mean that Method A yields a lower
proportion of bacterial DNA and a higher proportion
of human DNA than Method D? Unfortunately,
the results did not meet expectations. As shown
in Table 3, no differences in the three samples
analyzed were observed between Methods A and
D. Additionally, no differences were observed
between Method A and Decl or Dec2. Since PEL
has a low human DNA content, it is evident that
the lysis buffer + proteinase K eluted most of
the human DNA.

In summary, a significant amount of ancient

human DNA was found to be lost due to decalci-
fication. It was also suggested that shorter DNA
fragments were lost during this process. If a
sufficient amount of DNA can be obtained from a
small piece of sample, Method D may be prefer-
able to Mecthod A for preserving samples.
However, this conclusion is based on only three
samples, so it is difficult to say that the DNA
extraction method has been sufficiently evalu-
ated. In the future, it will be necessary to verify
the method using ancient samples under various
conditions.
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Table 2. Individual-specific variants from each mitochondrial DNA haplogroup

Individual Extracted

D DNA Haplogroup

Individual-specific variants

Not called mitochondrial DNA
hapogroup specific variants

906 Method A B4f

C186T, A8158G, C13677T, G15884A, A16183C —

Decl B4f CI186T, A5S67ACCCCC, A8158G, C13677T, G15884A, —
A16183C
Dec2 B4f C186T, A8158G, C13677T, G15884A, A16183C —
PEL B4f CI186T, A8158G, C13677T, G15884A, A16183C 16325
Method D B4f CI186T, A5S67ACCCCC, A8158G, C13677T, G15884A, —
A16183C
914 Method A Bde T196C, G4048A, C4926T, G5460A, A12358G, 513

A14133G, C16223T, T16243C, C16291T

T196C, G4048A, C4926T, G5460A, A12358G, 513

A14133G, A16182C, C16223T, T16243C, C16291T

G4048A, C4926T, C5499T, A12358G, A14133G, 513

CAA16179C, A16183ACCC, C16223T, T16243C

Decl Bde
Dec2 Bde
PEL B4e

T196C, G4048A, C4926T, G5460A, A12358G, 513

A14133G, A16183C, C16223T, T16243C, C16291T

Method D B4e

T196C, G4048A, C4926T, G5460A, A12358G, 513

A14133G, C16223T, T16243C, C16291T

A750G G4048A C7028T G9921A G12771A A14133G

146, 185, 189, 195, 513, 10750,
15535, 16189, 16217

513, 1438, 2706, 6614, 16189,
16217

915 Method A Bde
C14766T A15326G C16223T
Decl B4de G4048A, C4926T, A14133G
Dec2 Bde A263G C14766T A15326G
PEL B4e —

Method D B4e

73, 146, 185, 189, 195, 263, 513,
827, 1438, 2706, 4769, 6614, 8860,
10750, 11719, 15535, 16189, 16217

T196C, G4048A, C4926T, G5460A, A14133G, C16291T 513, 16189

* A302ACC, T310TC, AGC512A and T16519C were removed from the list.

Table 3. Human DNA frequency

Sample ID Extracted DNA Humatn DNA
(%)
906 Method A 1.351%
Decl 1.664%
Dec2 0.825%
PEL 0.179%
Method D 1.474%
914 Method A 0.644%
Decl 0.626%
Dec2 0.478%
PEL 0.129%
Method D 0.416%
915 Method A 0.011%
Decl 0.029%
Dec2 0.020%
PEL 0.005%
Method D 0.025%
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