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ARTICLE INFO ABSTRACT

Keywords: Sex determination is a crucial factor in the identification of unidentified human remains. Sex determination by
Amelogenin DNA analysis is particularly useful because it can be applied to samples for which morphological characteristics
Exon

are unavailable. Because samples handled in forensic DNA typing are easily degraded by environmental factors
and microorganisms, there is a need for a method that can accurately determine sex even in highly decayed
samples. Previous studies mainly used sex differences in an intron of the amelogenin gene. However, this region
is highly polymorphic, and there are cases where accurate sexing cannot be performed because of genetic mu-
tations in the target region. Thus, for reliable sex determination, it is desirable to select loci with as few non-
sexual polymorphisms as possible. In this study, we focused on the exon 1 region of the amelogenin gene,
which has very little polymorphism other than sex differences. We developed a primer set for sex determination
and compared it with the GlobalFiler™ PCR Amplification Kit (GF), which is widely used for forensic DNA
typing. The results showed that the amount of DNA required for accurate sex determination was 25 pg for both
methods, achieving equivalent sensitivity. Next, we compared the two methods using ancient human skeletons
and found that the present method with its shorter amplicon was considerably superior to GF. The present
method is simple, rapid, inexpensive, and suitable for analyzing highly degraded samples. Therefore, this method
is expected to contribute to forensic sciences and physical anthropology.

Sex determination
Ancient skeleton

1. Introduction human skeletons excavated from archeological sites is crucial informa-
tion to interpret the burial. Sex determination by DNA analysis is

Sex determination of unidentified human remains is indispensable particularly useful in these fields because it can be applied to samples for
for forensic personal identification. In physical anthropology, the sex of which morphological anthropological characteristics are unavailable.
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Most previous studies on genetic sex determination used sex differences
in an intron of the amelogenin gene [1-5]. In humans, the amelogenin X
gene (AMEL-X) and amelogenin Y gene (AMEL-Y) are located in the
p22.1-22.3 and Ypll.2 regions of the X and Y sex chromosomes,
respectively, and are involved in the synthesis of amelogenin proteins
[1,2]. However, it has been reported that an intronic region of this gene
is occasionally deleted [1,6-8]. Therefore, accurate sexing is impossible
for such samples. Even using the GlobalFiler™ PCR Amplification Kit
(GF; Thermo Fisher Scientific, Waltham, MA, USA), which is widely used
in forensic DNA typing, the sex of some samples cannot be determined,
presumably because of a genetic mutation that has occurred in the
relevant region (personal communication). Therefore, to ensure suc-
cessful sex determination using DNA, it is necessary to select regions
with as few genetic mutations other than sex-related differences as
possible.

Additionally, samples used in forensic and archeological DNA ana-
lyses are easily degraded by environmental factors and the passing of
time. Therefore, to accurately determine the sex of such samples, a
method that is applicable to highly deteriorated samples is required
[9,10].

The amelogenin gene has seven exons that differ between the sexes,
while the introns also exhibit such differences [3-5]. Among them,
exons 1, 2, and 7 are unaffected by splicing or skipping [11] and are
likely to be regions of low polymorphism other than sex differences.

Thus far, a sex determination method using an exon of the amelo-
genin gene has only been reported from our two previous studies
[12,13]. In these studies, exon 2 was analyzed, but the sexual difference
in this region involves only three bases. If regions with greater sex dif-
ferences are analyzed, the specificity of sexing is expected to be higher.

The PCR products used in these studies for sex determination were
50-60 bp in length. This length is short enough even for highly degraded
samples. However, in the case of particularly degraded samples such as
those from ancient skeletons, the peak length of DNA fragments in the
sample may be less than 50 bp [14-17]. Therefore, it is desirable to
select a region where the length of the PCR product can be even shorter.

In this study, we investigated the degree of sex difference and the
genetic conservation of exons 1, 2, and 7. Then we developed a new sex
determination method that can be applied to extremely degraded sam-
ples by using a region with high degree of conservation and large sex
differences.

2. Selection of the target region

To ensure sex determination by DNA analysis, it is necessary to use
loci with as few polymorphisms other than sex differences as possible.
To investigate whether exons 1, 2, and 7 of the human amelogenin gene
were particularly conserved, a sequence homology search by the Basic
Local Alignment Search Tool (BLAST) was performed for each full-
length sequence [18-20].

The results showed that exon 1 of AMEL-X shared the same sequence
as primate Pan paniscus (bonobo, XM_003805678.2) and various ape
species such as Theropithecus gelada (gelada baboon, XM_025372335.1).
The amelogenin Y gene (AMEL-Y) also showed a complete sequence
match with Pan troglodytes (chimpanzee, NM_001102459.1) (query
cover: 100 %; E-value: 6e—19; per. ident: 100 %). The result of the
sequence alignment by CLUSTALW indicated that exon 1 of AMEL-X was
highly conserved, although there were some sequence differences be-
tween Hylobatidae (H. moloch and N. leucogenys) and phylogenetically
distant Lemuridae (L. catta) and Galagidae (O. garnettii). Moreover, exon
1 of AMEL-Y showed a high level of genetic conservation similar to
AMEL-X (Supplementary Fig. 1).

In exon 2, similar to exon 1, AMEL-X shared sequences with various
ape species, including Pan paniscus, Hylobates moloch (silvery gibbon,
XM_032756568.1), and other apes (query cover: 100 %; E-value: 2e—24;
per. ident: 100 %). However, in AMEL-Y, there were no primates with
complete sequence matches.
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In exon 7, AMEL-X showed a complete sequence match only with the
primate Pan paniscus (query cover: 100 %; E-value: 8e—52; per. ident:
100 %; ident: 100 %). In AMEL-Y, only Pan troglodytes showed a com-
plete sequence match (query cover: 100 %; E-value: 4e—55; per. ident:
100 %). Thus, genetic conservation was considered to follow the
following order: exon 1 > exon 7 > exon 2.

By comparing sex differences along the whole length of each exon,
the sequence difference in exon 1 was 13 out of 56 bases and 3 out of 66
bases in exon 2. In exon 7, AMEL-Y was six bases longer than AMEL-X,
with a sequence difference of 10 bases. In this study, exon 1 was
selected as the region of analysis because of its high degree of conser-
vation and large sex differences (Table 1).

To confirm the sequence conservation of the exon 1 region within the
human population, we searched for known single-nucleotide variants
(SNVs) in AMEL-X and AMEL-Y using dbSNP (https://www.ncbi.nlm.
nih.gov/snp/) and examined the allele frequencies in the human pop-
ulation for mutations within exon 1. Nine and two SNVs were found in
exon 1 of AMEL-X and AMEL-Y, respectively (Supplementary Fig. 2),
and the frequency of alternative alleles was very low in these SNVs
(Supplementary Table 1). Therefore, these SNVs were virtually absent
from the human population and had a limited effect on the analysis.
Furthermore, in dbSNP, no insertions or deletions were observed in the
region.

3. Materials and methods
3.1. Primer design

Primers were designed for the exon 1 region by selecting a segment
in the primer sequence with the largest possible sex difference in the
nucleotide sequence, to increase specificity (Table 2). The amplified
products were designed to be short (AMEL-Y: 45 bp; AMEL-X: 48 bp) to
improve the efficiency of amplification in highly fragmented samples.

3.2. PCR conditions and detection of PCR products

The total volume of the PCR system was 10 pL and the composition of
the reaction solution was 1 x QIAGEN Multiplex PCR kit (QIAGEN,
Hilden, Germany), 0.2 uM of each primer, and template DNA. The re-
action was performed in a Takara PCR Thermal Cycler Fast (Takara,
Otsu, Japan). The temperature conditions were 95 °C for 15 min to
activate the enzyme, followed by five cycles of 94 °C for 30 s and 64 °C
for 5 min, and then 35 cycles of 94 °C for 30 s and 64 °C for 90 s. The
final elongation reaction was performed at 72 °C for 3 min. Each reac-
tion was performed at a ramp speed of + 2.5 °C/s.

All PCR products were mixed with 2 uL of 6 x loading buffer
(Takara), and 2 pL of this was used for undenatured polyacrylamide gel
electrophoresis (10 % T, 5 % C, 1 x TBE; TEFCO, Tokyo, Japan). The
electrophoresis apparatus was STC-808 (TEFCO) at 200 V (constant
voltage) for about 45 min. After electrophoresis, PCR products were
stained with SYBR® Green I Nucleic Acid Gel Stain (Takara) for 36 min
and visualized fluorescently by blue light irradiation.

3.3. Sensitivity measurement

Commercially available male and female DNA [male: 2800 M Con-
trol DNA (Promega, Madison, W1, USA); female: Human Genomic DNA:
Female (Promega)] was used to determine the sensitivity of our new
method.

The concentration and purity (Azsonm/A2sonm) of the DNA were
determined using a NanoDrop 1000 spectrophotometer (Thermo Fisher
Scientific). The DNA was diluted with DNase/RNase-free distilled water
(Thermo Fisher Scientific) to 1 ng/pL.

The male and female DNA was serially diluted twofold from 100 to
0.78 pg/uL using DNase/RNase-free distilled water. Experiments were
performed twice in duplicate for sensitivity measurements. The presence
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Table 1
Amelogenin gene exon 1 nucleotide sequence.
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AMEL-X exon 1 (5' — 3")

AAAGGATCAA GCATCCCTGA GTTTCAAACA
AMEL-Y exon 1 (5' — 3")
AGAGGACCAA GCCTCCCTGT GTAGCACAAA

GAAACTTGCA CTGAATACAT TCAAAG

GAAAGTTTCT CTGAATATAT TTAAAG

Thirteen out of 56 nucleotides show sex differences. Nucleotides with sex differences are shown in bold italic type.

Table 2
Primer sequences used in this study.

Primer Sequence (5'-3") Amplicon length
Exon 1-X Forward AAAGGATCAAGCATCCCTGAG 48 bp

Reverse GTATTCAGTGCAAGTTTCTGTTTGA
Exon 1-Y Forward = AGAGGACCAAGCCTCCCTG 45 bp

Reverse TTCAGAGAAACTTTCTTTGTGCTAC

Nucleotides with sex differences are marked in bold italic type.

of contamination was monitored by simultaneously measuring the
negative PCR control.

3.4. Comparison experiment with GF

To evaluate the utility of this method in forensic practice, the
detection sensitivity was compared with that of GF, which is widely used
for DNA typing. Commercially available single male-derived DNA was
used for the analysis.

The DNA, the concentration of which was adjusted to 1 ng/uL, was
serially diluted twofold using DNase/RNase-free distilled water from
100 to 0.78 pg/uL. Experiments were performed twice in duplicate.
Maleness was determined by detection of the Y-chromosome-derived
amelogenin gene. Detection sensitivity was defined as the lowest con-
centration at which the Y-chromosome-derived amelogenin gene was
detected reproducibly. The presence of contamination was monitored by
simultaneously measuring the negative PCR control in each experiment.
The PCR conditions for GF were in line with the manufacturer’s rec-
ommended protocol for trace sample analysis. The PCR system was the
Takara PCR Thermal Cycler Fast. Capillary electrophoresis was per-
formed with a SeqStudio Genetic Analyzer (Thermo Fisher Scientific).
Data were analyzed using GeneMapperID-X software (Thermo Fisher
Scientific). A peak was considered to have been detected if its fluores-
cence intensity was greater than 100 RFU, which was determined by the
validation in our laboratory as the analytical threshold, in accordance
with the manufacturer’s advice.

To evaluate the effectiveness of this method for highly degraded,
trace amounts of DNA, we determined the sex of 11 latest Jomon human
skeletons (about 2,500 years old) excavated from Grave No. 18 at the
Usu Moshiri Site, Date City, Hokkaido, Japan, using our method and GF.
DNA was extracted from the petrous part of temporal bones from these
skeletons (Supplementary Table 2), as described by Takahashi et al.
[21]. Two microliters of the DNA solution was extracted and used as the
PCR template. The conditions for PCR, electrophoresis, and detection
were the same as those in the sensitivity comparison experiment. Two
independent assays were performed to confirm the reproducibility of the
results. Negative extraction and negative PCR controls were also
analyzed along with the ancient samples. In the analyses, if the Y-
chromosome-related allele was reproducibly detected, the sample was
determined to be a male. The obtained results were validated by
comparing them with the sex determined by the morphological char-
acteristics of the skeletons. The study on ancient skeletons was approved
by the ethics committee of the Faculty of Medicine, the University of
Yamanashi (Approval No. 2454).

4. Results
4.1. Sensitivity measurement

Before performing the dilution experiment, we checked whether the
sex of each DNA solution could be successfully determined by our
method (Fig. 1). For male DNA, the minimum concentration at which
sex was successfully determined reproducibly by our method was 12.5
pg. The minimum concentration at which both X- and Y-chromosome-
derived amelogenin genes were consistently detected was 25 pg. For
female DNA, the minimum concentration required for reliable sex
determination was 12.5 pg, and 6.25 pg would be acceptable for
detection (Supplementary Tables 3 and 4).

4.2. Comparison with GF

The results of male DNA dilution experiments for our reaction system
and GF are shown in Supplementary Tables 3 and 5, respectively. Our
reaction system had the same detection sensitivity as GF.

4.3. Sex determination of ancient skeletons

Our method was able to determine sex in all ancient individuals
studied (Fig. 2). The results were consistent with those obtained from
the morphological analysis. However, sex was determined by GF in only
4 of the 11 individuals (18B, 18C, 18D, and 18G) (Supplementary
Fig. 3).

5. Discussion

Sex determination using the amelogenin gene has been used exten-
sively in forensic practice and physical anthropological research. The
most widespread method for sex determination by DNA analysis is the
method using an intron of the amelogenin gene developed by Sullivan
etal. [3]. Their method generates amplicons of 106 and 112 bp for the X-
and Y-chromosomes, respectively. Subsequently, an intron of the ame-
logenin gene has been used for sexing in many commercially available
STR kits. Examples include Promega’s PowerPlex® Fusion 6C system
and Thermo Fisher Scientific’s GlobalFiler™ PCR Amplification Kit. The
PCR products for sex determination in these kits are shorter than those of

LM

50 bp

40 bp

d 2 NC

Fig. 1. The results of sex determination by our new method using commercially
available male and female DNA. LM denotes 10 bp DNA ladder markers
(Thermo Fisher Scientific) and NC indicates negative PCR control.
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First experiment

50 bp
40 bp

LM 18A 18B 18C 18D 18E

Second experiment

50 bp
40 bp

LM 18A 18B 18C 18D 18E

First experiment
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18F 18G 18H 18I 18J 18K

18F 18G 18H 18I 18J 18K

Second experiment

50 bp

40 bp

1 2 3 4

5 6 7 8 9 10

Fig. 2. The results of sex determination of ancient human skeletons by our new method (A). LM: 10 bp DNA ladder markers (Thermo Fisher Scientific). The results of
the control samples that were analyzed in parallel with ancient human skeletons (B). Lanes 1 and 6: negative extraction control for samples 18A to 18 E. Lanes 2 and
7: negative extraction control for samples 18F and 18 J. Lanes 3 and 8: negative extraction control for sample 18 K. Lanes 4 and 9: negative PCR control. Lanes 5 and

10: positive PCR control.

Sullivan et al. [3]: the former is 89 bp for AMEL-X and 95 bp for AMEL-Y,
while the latter is 99 bp for AMEL-X and 105 bp for AMEL-Y. Thus, these
kits are considered to be more suitable for the sexing of degraded
samples than the method of Sullivan et al. [3]. However, as mentioned
above, in extremely degraded samples such as ancient skeletons, the
DNA fragments in the sample may mainly be shorter than 50 bp [14-17].
For such highly fragmented DNA, it is difficult to determine sex by
conventional methods. The primer sets designed in this study have
shorter strand lengths of 48 bp for AMEL-X and 45 bp for AMEL-Y, which
are shorter than those of any other sex determination reaction system
reported to date. Therefore, this method is expected to have a higher
success rate in the analysis of highly fragmented DNA such as that of
ancient human skeletons.

The results of sex determination using commercially available male
and female DNA showed that accurate sex determination was possible at
12.5 pg for both sexes with sensitivity comparable to that of Masuyama
et al. [12]. Because the primers used in our new method have sex dif-
ferences of more than a few bases inside their sequences, the possibility
of primer mis-annealing is expected to be lower than for the APLP
primers used in our previous studies [12,13]. Along with the extreme
stability of the target region, sexing by our new method was considered
to be more reliable than that in our previous studies. However, because
of targeting a highly conserved region, this method could not be used for
human/animal discrimination.

There was no difference between our method and GF in terms of the
amount of DNA required. However, in the analysis of ancient skeletons,
the success rate of our new system was considerably higher than that of
GF. This was clearly attributable to the shorter length of PCR products in
our method. Because of its stability and robustness in analyzing highly
deteriorated samples, our method is expected to contribute to forensic
and anthropological sex identification.
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Supplementary Table 1. Variants observed in the target regions and their frequencies in populations

Study ALFA project gnomAD TopMed KOREAN
population
from
KRGDB

rsiD Position Variation Alleles Total European African African African Asian East Other Latin Latin South Other Global European African American Ashkenazi East Asian  Other Global KOREAN

Type Others American Asian Asian American American  Asian Jewish
1 2
rs1301053489 Chr X: 11293418 (hg38) SNV A>T 4470 4462 0 0 0 0 0 0 0 0 0 8 104536 57307 31495 9368 2526 2261 1579
A=0.9980 A=0.9980 A=0 A=0 A=0 A=0 A=0 A=0 A=0 A=0 A=0 A=1.0 A=0.999971 A=0.99995 A=1.00000 A=1.0000 A=1.0000 A=1.0000 A=1.0000
T=0.0020 T=0.0020 T=0 T=0 T=0 T=0 T=0 T=0 T=0 T=0 T=0 T=0.0 T=0.000029 T=0.00005 T=0.00000 T=0.0000 T=0.0000 T=0.0000 T=0.0000
rs1188807825 Chr X: 11293422 (hg38) SNV A>G 14050 9690 2898 114 2784 112 86 26 146 610 98 496
A=1.00000 A=1.0000 A=1.0000 A=1.000 A=1.0000 A=1.000 A=1.00 A=1.00 A=1.000 A=1.000 A=1.00 A=1.000
G=0.00000 G=0.0000 G=0.0000 G=0.000 G=0.0000  G=0.000 G=0.00 G=0.00 G=0.000 G=0.000 G=0.00 G=0.000
rs2048027849 Chr X: 11293433 (hg38) SNV G>C
rs1482601683 Chr X: 11293438 (hg38) SNV A>C 14050 9690 2898 114 2784 112 86 26 146 610 98 496 264690
A=1.00000 A=1.0000 A=1.0000  A=1.000 A=1.0000 A=1.000 A=1.00 A=1.00 A=1.000 A=1.000 A=1.00 A=1.000 A=0.999996
C=0.00000 C=0.0000 C=0.0000 C=0.000 C=0.0000  C=0.000 C=0.00 C=0.00 C=0.000 C=0.000 C=0.00 C=0.000 C=0.000004

rs1603028802 Chr X: 11293439 (hg38) SNV A>G 2922
A=0.9993
G=0.0007

rs890268618 Chr X: 11293441 (hg38) SNV C>T 14050 9690 2898 114 2784 112 86 26 146 610 98 496 104416 57226 31474 9366 2529 2247 1574 264690

C=1.00000 C=1.0000 C=1.0000 C=1.000 C=1.0000 C=1.000 C=1.00 C=1.00 C=1.000 C=1.000 C=1.00 C=1.000 C=0.999971 C=0.99995 C=1.00000 (C=1.0000 C=1.0000 C=1.0000 C=1.0000 C=0.999981
T=0.00000 T=0.0000 T=0.0000 T=0.000 T=0.0000  T=0.000 T=0.00 T=0.00 T=0.000 T=0.000 T=0.00 T=0.000 T=0.000029 T=0.00005 T=0.00000 T=0.0000 T=0.0000 T=0.0000 T=0.0000 T=0.000019
rs1769799369 Chr X: 11293447 (hg38) SNV C>G 10680 6962 2294 84 2210 108 84 24 146 610 94 466 264690
C=1.00000 C=1.0000 C=1.0000 C=1.00 C=1.0000  C=1.000 C=1.00 C=1.00 C=1.000 C=1.000 C=1.00 C=1.000 C=0.999996
G=0.00000 G=0.0000 G=0.0000 G=0.00 G=0.0000  G=0.000 G=0.00 G=0.00 G=0.000 G=0.000 G=0.00 G=0.000 G=0.000004
rs2048028190 Chr X: 11293466 (hg38) SNV A>T 10680 6962 2294 84 2210 108 84 24 146 610 94 466
A=1.00000 A=1.0000 A=1.0000  A=1.00 A=1.0000 A=1.000 A=1.00 A=1.00 A=1.000 A=1.000 A=1.00 A=1.000
T=0.00000 T=0.0000 T=0.0000 T=0.00 T=0.0000  T=0.000 T=0.00 T=0.00 T=0.000 T=0.000 T=0.00 T=0.000
rs2048028288 Chr X: 11293468 (hg38) Indel delG 10680 6962 2294 84 2210 108 84 24 146 610 94 466
GG=1.00000 GG=1.0000 GG=1.0000 GG=1.00 GG=1.0000 GG=1.000 GG=1.00 GG=1.00 GG=1.000 GG=1.000 GG=1.00 GG=1.000
G=0.00000 G=0.0000 G=0.0000 G=0.00 G=0.0000  G=0.000 G=0.00 G=0.00 G=0.000 G=0.000 G=0.00 G=0.000
rs2054070290 Chr Y: 6873989 (hg38) SNV G>A 29887 16126 8531 3236 778 753 463
G=0.99997 G=0.99994 (G=1.0000 G=1.0000 G=1.000 G=1.000 G=1.000
A=0.00003 A=0.00006 A=0.0000  A=0.0000 A=0.000 A=0.000 A=0.000
rs2054070314 Chr Y: 6874021 (hg38) SNV G>A 29826 16126 8499 3218 769 754 460
G=0.99993 G=1.00000 G=0.9998 G=1.0000 G=1.000 G=1.000 G=1.000
A=0.00007 A=0.00000 A=0.0002  A=0.0000 A=0.000 A=0.000 A=0.000




Supplementary Table 2. Ancient skeletons analyzed in the present study

Sample no. DNA samples Morphological sex
18A Right temporal bone Male
18B Right temporal bone Male
18C Right temporal bone Male
18D Right temporal bone Male
18E Left temporal bone Female
18F Left temporal bone Male
18G Left temporal bone Male
18H Left temporal bone Male
181 Right temporal bone Male
18J Right temporal bone Male
18K Left temporal bone Male




Supplementary Table 3. Dilution series experiments with our new primer set [Male DNA:

2800M Control DNA (Promega)].

1st 2nd 3rd 4th

X Y X Y X Y X Y

100 pg + + + + + + + +
50 pg + + + + + + + +

25 pg + + + + + + + +

12.5 pg + + - + - + - +
6.25 pg + + - - - + + -
313pg - - - - + + - -
1.56 Pg - - - - - - - -
078pg - - - - - - - -

Bold italic: Limit for stable detection of both AMEL-X and -Y.



Supplementary Table 4. Dilution series experiments with our new primer set [Human

Genomic DNA: Female (Promega)].

1st 2nd 3rd 4th

X Y X Y X Y X Y

100 pg + - + - + - + -
50 pg + - + - + - + -

25 pg + - + - + - + -

12.5 pg + - + - + - + -
6.25 pg + - + - - - - -
3.13 pg + - + - + - - -
156pg - - + - - - - -
0.78pg - - - - - - + -

Bold italic: Limit for stable detection of AMEL-X.



Supplementary Table 5. Dilution series experiment using GF [Male DNA: 2800M Control

DNA (Promega)].
1st 2nd 3rd 4th

X Y X Y X Y X Y

100 pg + + + + + + + +
50 pg + + + + + + + +
25 pg + + + + + + + +
12.5 pg - + + + + + + +
6.25 pg + - + - - - + -
3.13 pg - - - - - - - -
156pg - - - - - - - -
0.78 pg - - - - - - - -

Bold italic: Limit for stable detection of both AMEL-X and -Y.
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AAAGGATCAAGCATCCCTGAGTTTCAAACAGAAACTT-GCACTGAATACATTCAAAG
AAAGGATCAAGCATCCCTGAGTTTCAAACAGAAACTT-GCACTGAATACATTCAAAG
AAAGGATCAAGCATCCCTGAGTTTCAAACAGAAACTT-GCACTGAATACATTCAAAG
AAAGGATCAAGCATCCCTGAGTTTCAAACAGAAACTT-GCACTGAATACATTCAAAG
AAAGGATCAAGCATCCCTGAGTTTCAAACAGAAACTT-GCACTGAATACATTCAAAG
AAAGGATCAAGCATCCCTGAGTTTCAAACAGAAACTT-GCACTGAATACATTCAAAG
AAAGGATCAAGCATCCCTGAGTTTCAAACAGAAACTT-GCACTGAATACATTCAAAG
AAAGGATCAAGCATCCCTGAGTTTCAAACAGAAACTT-GCACTGAATACATTCAAAG
AAAGGATCAAGCATCCCTGAGTTTCAAACAGAAACTT-GCACTGAATACATTCAAAG
AAAGGATCAAGCATCCCTGAGTTTCAAACAGAAACTT-GCACTGAATACATTCAAAG
AAAGGATCAAGCATCCCTGAGTTTCAAACAGAAACTT-GCACTGAATACATTCAAAG
AAAGGATTAAGCATCCCTGAGTTTCAAACAGAAACTT-GCACTGAATACATTCGAAG
AAAGGATTAAGCATCCCTGAGTTTCAAACAGAAACTT-GCACTGAATACATTCGAAG
AAAGGATTAAGCATCCCTGAGTTTCAAACAGAAACTT-GCACTGAATACATTCGAAG
AAAGGATTAAGCATCCCTGAGTTTCAAACAGAAACTT-GCACTGAATACATTCGAAG
AAAGGATTAAGCATCCCTGAGTTTCAAACAGAAACTT-GCACTGAATACATTCGAAG
AAAGGATTAAGCATCCCTGAGTTTCAAACAGAAACTT-GCACTGAATACATTCGAAG
AAAGGATCAAGCATCCCTGAGTTTCAAACAGAAACTT-GCACTGAATACATTCAAAG
AAAGGATCAAGCATCCCTGGGTTTCAGACAGAAACTTTACTCTGAATACATTCAAAG

AAAGGATCAAGCATCCCTGGATT-CAGACAGAAACTT-GCTCTGAATACATTCAAAG
kool soloooloiolololok ok ek selolololoiololok sk seleielsloloiololololok folkok

AGAGGACCAAGCCTCCCTGTGTAGCACAAAGAAAGTTTCTCTGAATATATTTAAAG
AGAGGACCAAGCCTCCCTGTGTAGCACAAAGAAAGTTTCTCTGAATATATTTAAAG
AGAGGACCAAGCCTCCCTGTGTAGCACAAAGAAAGTTTCTCTGAATATATTTAAAG
AGAGGACCAAGCCTCCCTGTGTAGCACAAAGAAAGTTTCTCTGAATATATTTAAAG
AGAGGACCAAGCCTCCCTGTGTTGCACAAAGAAAGTTTCTCTGAATATATTTAAAG
——AGGACCAAGCCTCCCTGTGTTGCACAAAGAAAGTTTCTCTGAATATATTTAAAG
AGAGGATCAAGCCTTCCTGTGTTGCACAAAGAAAGTTTCTCTGAATATATTGAAAG
——AGGATCAAGCCTTCCTGTGTTGCACAAAGAAAGTTTCTCTGAATATATTGAAAG

AGAAGACCAAACCTTCCTGTGTGGCACAAAGAAAGTTTCTCTGAATATATTGAAAG
* ok ek skl sklelkeiolok solekiolekeoloololeoolekeiololekokaelolokol solekok

The result of the sequence alignment of exon 1 by CLUSTALW.

The first two bases of Macaca mulatta and Cebus imitator were missing in the BlastN

results.




Supplementary Fig. 2.
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rs2054070290
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The mutation sites reported within exon 1. Allele frequencies of these mutations in the
human population are shown in Supplementary Table 1. The x-axis indicates the position

on the chromosome. Blue dots indicate SNVs.
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Two independent assays were performed to confirm the reproducibility of the results.

Sexing was successful in 4 out of 11 individuals (18B, 18C, 18D, and 18G). If the Y-

chromosome-related allele was reproducibly detected (> 100 RFU), the sample was

determined to be a male.
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Highly sensitive sex determination method using the exon 1 region of the amelogenin

gene (7 A u4 = vELETF D Exon 1 8% v 72 B R EH: I E )

ABSTRACT

S ICAEARIC 31 2 H AGBH L BANBEFEIC BT 2 HANEOEE TR, 1
BIFIE ZEELEERIHTH 5, FFIC. DNA FEITIC X 2 PEHE I3, TEREAH
PR EZM T E iR S T & AHER &V, &R DNA B E C
Y ik 5 BARHIBRIREHIN P HMAEN O EE 5> URG I s 720, WK

ZNE U 7308 75k 2 & 1B H]E ZenRkdDonTn3

—\\
\_jv

WERKDOMETIZ, RICT AT = ViEETD Intron 7EIED 547 % FH v 72

ERfThbNTW5, L L. TOMEEIZL 2R IER ICE . HIEHEEDERLT

\

I X o CIEMRHENT A R FHIBFIET 2, DF 0| FEERMERIHIE I
1. TN D LRI ARER IR 0 D7 WA 2T BE T 5 2 L L L v, A5
TIFBLEDINCIZ L RIER T L A Y7\ Exon 1HEIB0ICE H L <. HERIHEIE H
74—y el L. BN CEE DNA B EICHo L Tw 3

GlobalFiler™ PCR Amplification Kit (GF) & @ LB R ET % 1T - 72,



Z OfEH, IEMERIENHEZLE L TH I RS oI 4% DNA B3, Ak
BLUOGFTHIc25pgTH Y, BREDOHTIIFAFETH -2, £ T, =EEICHT
FAb L7z KB 2 - CliE 2 iR L 72 & 2 A BEIREY) O SR 23 5 VAR
T GFITH R T2 72 © DENIEDRED & iz, KRB FEER R Lilklic 2w T
bEFHATRE. 220 FHMEE CRH, ZifiTd v | IEEZ K HARANFEEICER

Tx3LEZ 5,

Keywords: Amelogenin, Exon, Sex determination, Ancient skeleton

1. Introduction

5 TCABHIERIC 30 2 HERNHIE 1 AR R EE R ERECH D, E e,
HARNEICE W T, BRSSO R X 1z N o fiE <. WRIPHE A AT
RCTH5, Fric. DNAFEHTIC X 2 WHHIE X, TR AR E R T & 72
WS Aakhic B T & BRMESE V. EROMWRIHIE oW X, £ 0% <
BT Aar=viBato Intron O BLEZFH LTS D, e bTid, 7
Aar =y XEET (AT AMEL-X) e T Aun s = v Y#EET (AT : AMEL-
YD 7 AR R D p22.1-22.3 FEIK & Ypll.2 fEHIIC Z NENIFEL TH D
TARTZ =X/ EOEKICEE L Tws 22, UL, ZOEMETD Intron

T IC KRS 2 2 e 3G I NTE Y 169 2 0B E 1 I3 IR 72 H0E 237 5



T L BTE Doz, BEEE DNA REE 1L < Fv 5T 5 GlobalFiler™
PCR Amplification Kit (GF; Thermo Fisher Scientific, Waltham, MA, USA) Z 3T
b F v b ORENREHIEIARHTS 2 b 0D, HELHHICE 2 5 72 5 2> 0iE
LGFRBICLZ2DDLMEINIHENEREOIDLDH 2 Z L2350 h > TE (R
f8)e Lo T. DNAZH 7= MRHE L MR D D &5 27201 id, IEMERFT
ZWT 5 X0 B FERNPARGRY V7, 20 iIREZBLEIED b
LI RE S S HMEDLD B,

X 5T, KEE DNA BIEE CTHUY ) SR BRIR R NSF 02 8 % 5 RS 1T
fExn 720, EECHA L ZMERHARD O b EMICHEZITA S C L2
koo %10,

TART = VBRI T 2D Exon 255, Intron FEI & [FIRRICHE LR D 5
ZEBHOLNTVE ), ZoHH, Exonl, 2, T, AT T4V V7R Fy
vy IOREEZ T Wb, BRGEDIMC ISR WK TS 5
ATREME DS R,

7 Ang =y o Exon Ik E AW ENHIERR, I TERADPFERLZ 2
DOFHXLDHTH S 2, ZN6DFHLTIEWTND Exon2 B3T3
25, OO BT 3 BWHDOATH 5, WHEAHIDOBLAEN LY KEVWHE

Waaotrdnid, o REEOEVELOHFILIFTE 5,



72, IO DOZETITHIEICH 72 PCREYIDE X350 75 60bp TH -
Teo TORI NI HEATZFENT S TXICHRER S DTH 205, HAFHR Y
FRiC o fenstEA 2Rl o 56, Skt o DNAWR ED v — 22350 bp AT 127
2856555 Wb, PCREVIOR I % 3 bICH (GRETE % iHIg % %
ETHERET LW,

ARRFZETIX, Exonl, 2, 7 OWZEORRE L BRNARFEZFH~ 7, 2 LT &
FERE L EEORE W EZ V2 2 LT, BEICHLL =%y T ric b

FIRTRE 78T L Wik 2 FSE L 72,

2. Selection of the target region

JEITE 7= X5 1o DNA RUEE I X 2 PERHIE 2 EK 2 b D & § 5 =0T,
BRAEDNDO LRI AEE RO D7 W22 BB H 5, 22T, e b7
Aar = ViBET O Exonl, 2, 7 DR T, ENHFRCRFEN 0 EHET 2729,
& & DEFRAY]ICO VT, BLAST : Basic Local Alignment Search Tool % F\»7-
BB o M RIVERR SR %2 17 o 72 1820,

Z DFER, Exonl Tli., AMEL-X Tl R¥ D Panpaniscus (%% : &/ &K,
T 7%k yva s XM _003805678.2) D A7x b3, Theropithecus gelada (— %

Y177 %ee, TRy v a s XM _025372335.1 fth) 7 d . ERMELISLD



Bex o & b EOlLY| % FiH . AMEL-Y T3 Pan troglodytes (— %% @ F v
NyY— Ty ¥avES NM_001102459.1 fth) & DL R ECH—3 03 & 5
17z (Query Cover : 100 %, E-value : 6e-19, Per. Ident : 100.00 %), CLUSTALW IC X
57 74X FThH, AMEL-X @ Exonl TiZ7 F 7 AR RTHICHEN 72 %
VAR 7T Ak o EEL R S 0 5 23 DRI IE S < . AMEL-Y
®D Exon1 THRFHITH 2 (Fig. 1: FCE Supplementary Fig. 1),

R\T Exon2 Tld, Exonl & [FEkIC, AMEL-X TI3Z R % D Pan paniscus (—
Wt R R, TRy a TS XM _003805678.2) <°. Hylobates moloch (—
Wt 79T FFHFEAL, T2y a v XM _032756568.1) 7 &, ERH LIS
DEEAZ Tn P & b HamE D FLYI % F > T 72 (Query Cover : 100 %, E-value : 2e-24,
Per. Ident : 100.00 ), L2*L. AMEL-Y TIRFELAES—KDH 2 ERMHIT 7
Doz,

X HICT Exon 7 Tlk., AMEL-X TR D Pan paniscus (—fi# + =/ K, 7
7%y ia S XM_003805678.2) D & THEELEHI—E 0 E &7 (Query
Cover : 100 %, E-value : 8e-52, Per. Ident : 100.00 %), AMEL-Y T (% Pan troglodytes
(—fF v — Ty v a vFS NM_001102459.1 ft) D A TR
Be4—E3 i & #u7z (Query Cover : 100 %, E-value : 4e-55, Per. Ident : 100.00 %),

ZDFRERD G, BRI IX Exonl, 7. 2 DJEFHFETEWL D LEZ LT,



% Exon OERICH T 2 HLAEZ T 5 &, Exon 1 T 56 i 13 I,
Exon 2 T 66 HikH 3 AL, Exon 7 Tli4 R T 6 ik AMEL-Y 23R <. 10 ik
DBERLEND o7, AT TIE, RFEDOE I L BLAEDKZ I ZIHNMHA 5
Exon 1 fEIS % fENTREI & L CEE L 72 (Table 1 E3CGH Table 1),

B MENIWNICE T 5 Exon 1 SHI D ES O RIFIE 2 iR S 5 72 iC. dbSNP

(https://www.ncbi.nlm.nih.gov/snp/) i T AMEL-X & X I AMEL-Y i & &1 3 B
1@ singe nucleotide variant (SNV) % #£52 L (Fig. 2: %33 Supplementary Fig.2)
Exonl iCALNEERED e PEMTOT L ASHE %272, AMEL-X & AMEL-
Y @ Exon L ICRON2 SNV iFZNZNIERTE 2EFTR S, wIho SNV
3 alternative allele D3 (318 T2 - 7= (Table 2: 3535 Supplementary
Tablel), A EX D, b0 SNV ide FERNTIHIZITR ST, KL To
fENT ~DBIIRMEN TH 2 LEX LN, X HIT, dbSNP Tl M E%mEINIC

insertion & % \» 1% deletion 1ZE28® S N7 0> o 7=,

3. Materials and Methods

3.1.Primer design

Exon 1 2 &, KMz E D 5720 7 7 4 < —EHIWICHRERCY] D 52 7%
DSAREZR IR D K& 7 B8 Z &N, 774 ~—%ikat L7z (Table3: HSCERC

Table 2), MAIEEEY) D $HFR 13 AMEL-Y : 45 bp. AMEL-X : 48 bp & %5 < &L .
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m AL U 78 URHC 35 10 2 S8IERD R 2 1) | X 2 7z,

3.2. PCR conditions and detection of PCR products

PCR )GR DfeEIT 10puL & L. RICHE DT 1XxQIAGEN Multiplex PCR kit
(QIAGEN, Hilden, Germany), %7 7 4 =—0.2 uM. #%I DNA & L 7z,

G T 1X TaKaRa PCR Thermal Cycler Fast (TaKaRa, Otsu, Japan) % F v, LSS
fEi%, 95 °CT 15 7 DFERIGER. 94 °)C T30, 64 °CT543% 544 7L,
94°CT 30, 64°CT UM% 35 % A 7 NMfTo7z, WIMHEMIGIE 72°CT 347
1727z, %G 1E Ramp Speed > 2.5 °C/# TIT - 7=,

PCREVIOLEBEZ2UL D 6xT—T 4 ¥ 7' Ny 77— (TaKaRa) L A L. &
Db 2uL VT, KEWERY 727 VAT I P AESIKEN(10%T, 5%C,
1xTBE & H/TEFCO, Tokyo, Japan)% 1T > 7z, TXUKEIZE (X STC-808 (TEFCO)
Z Fv>, 200 V (Constant voltage). vk 124 45 93 TIT o 72, BXIKENEZ.
SYBR® Green | Nucleic Acid Gel Stain (TaKaRa) I~ T PCR FEY) % 36 4[] D Ytttk

FH L OIS CHOLAIC AL L 72,

3.3. Sensitivity measurement

ik @ %24 DNA[S £: 2800M Control DNA(Promega, Madison, W1, USA), % 1%:

Human Genomic DNA: Female(Promega)] Z i F L. AL DR % HIE L 72,



DNA DR I U 260/280 1x. 43¢ ¢EET Nano Drop 1000 (Thermo Fisher
Scientific) Tl L 7z, DNA % DNase/RNase-free distilled water(Thermo Fisher
Scientific)Z F\» T 1 ng/uL IZ#HRL 72z, RWT, ZNZNE LD DNA % 100
pg/uL 72> 0.78 pg/uL IZEXFEYIC 2 57 L. two times duplicate TREEMIE %
fTo7z, av i Iix—yavDOFMEIT Negative PCR control % [RIRFICHE T %

L CHER L 72,

3.4. Comparison experiment with GF

REDEEFEFICE T 5 ARAMEZHGEET 2729, HMHEEEICO W T, DNA R
e L Vv T w2 GF & DHERRE 21T o 72, BEhcid, Wik E—1
T H1 2% DNA(2800M Control DNA; Promega) % V>, 100 pg/uL %> 0.78 pg/uL ¥
T DNase/RNase-free distilled water(Thermo Fisher Scientific) i C BB 2 54 R
L 723 @ % two times duplicate THIE L 7z, BEHEOHEIX, Y eOfhdikT 2 b
F=VBETFOBRETHREL. 2BOWT NS B TE 2 mDRE 2 BIHKE .
Lo a v It—vavofHi, £325C 3T Negative PCR control % [A]
IRFICHIE 3 5 Z & CHERR L 72, GF © PCR £ 13, EEURHENT FIC X — 7 — 23
LT3 7 b a— ik MWz, PCRZE# X, TaKaRa PCR Thermal Cycler

Fast(TaKaRa) % FH > 7z, SeqStudio Genetic Analyzer (Thermo Fisher Scientific) T ¥



v ¥ 7Y —BRIKEN 21T 5 72, BEITCDO T F o4 RIThEv, YFFRZETDONY F
—¥ a Y CHNEfE L L7 100RFU LA B0 dEBE % R o v — 27 Akt S e
Litr. ©— 7 O LT L 72,

F 7z, RIS L 2R DNA IS5 2 A A2 GRS 5 720 duifmEfhE
TEERE Y VE O 18 552 5 4 L 72 11 (R0 #ESCHaHA A F (5 2500 4E#i) I
DWT, KEB XV GF THAIZHE L TRERZH L2, £3°. 2hoDAF
2o EE D MOITEICHE o T, IEHE SHRE 25k e LT DNA ZHhiHiL 7

(Table 4: 9535w 3C Supplementary Table 2), Z 415 D NE 2> Sl L 72 DNA &
#W2uL #7577 — b & LTHW, PCR., EXUKEI. & X OB O LM I3RE
i EER oG A LRk E L7z, two independent assay % 17 - Tt S o PRI M: % fifE
# L. negative extraction and negative PCR controls % i A& #tkl & o3 L 7=,
NS DFNTICE VLTI, Y PafkBEl 7 LVICHBER ST HEEL Lz, 5
bNTKERE . NE OB NFEA RS O HIE LR & ik U 224 % i
Ak L 7z,

A ENITNG R L LA o = TE SN o PN i 1 = B OV C AR & QA

(K FRF 5 2454)
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Results

4.1 Sensitivity measurement

FRHEBZAIT O HNIC, % DNA W OMN % RECTHETE 22008 9 » %1
il L7z (Fig. 3: SESGRSCFig. Do AREZHWMIHEIC T, BlEoH 55
PDYIE DA[HETS o - RAKIREE 12 125pg TH Y. X BL Y Betuihizk 7 A v
o VBTt & KL 25pg &\ SRR E o 2, D
B 5 DYERRET: - T AKIRE X, 125 pg TH V. 6.25pg H LTk D Af

ReE: % 729 7z (Table 5, 6: JE 35w 3L Supplementary Table 3, 4)

4.2 Comparison with GF

KIIGH & GF D B 1% DNA Ay Rk 0 #5 5L % Table 5, 7(3 353 Supplementary
Table3,5) IC T, WADOKIGRIT, GF L RIFOMEEELZHF LT3 2Ly

Do T7,

4.3 Sex determination of ancient skeletons

BADHFETRK AELEZTXCoH ANECHNEHET 5 2 & 28T % 7= (Fig.
4: FICESL Fig. 2)o Z DAERIE, TBEEN N2 656 iR e —E L T
7zo LA L. 1A D 5 B, GF IC & o THRIAPGE S 7= D i 4k (18B.

18C. 18D. 18G) 72 T»H - 7= (Fig. 5: HCim > Supplementary Fig. 3).

11



3. Discussion

T AT = VBIETF R RO ERPEGE X EEEBS BAANEEEICD
A S E N T WS, 220 Tied B L TWr7z DNA TS X 5 PERIPHIE 1%
Sullivan¥ i X > CHFE I N2 T A v d = ViBIET D Intron FEIKZ W72 757k
Thd, TNHIFXKPY BEMRITHL, 202 106bp, 112bp DT v 7'V
AV EERT S5, ZOT Al = VEIET Intron FEECE PERIHEIEICHI L T
% STR F v M IZHAEKS S HilEhTw 3, 21X Promega @ PowerPlex®
Fusion 6C system, Thermo Fisher Scientific t1:® GlobalFiler™ PCR Amplification Kit
FEHRHB, ThoDxy kT 2MBIHEMD PCR EYIL. Hil#&H» AMEL-
X : 89 bp. AMEL-Y : 95bp, ##& 2% AMEL-X : 99 bp. AMEL-Y : 105bp ® X 5
I, Sullivand? 5 Db D X Y Hv, X oT, WAL TWw 2 2 & D% W iEEFIR
BHT D WIEAIREIC e o T B, LA L, JEicali <7z X5 1ol NE5F D TR
Blcix, AkhcE T2 DNA Bih R & 13 50 bp LI 23 TR L 256D &
W, 5F 0, 2D XS EERRLEEHC O W TR, /R TTE TR O
HEPHEECTH 2, SHFHFLEZT 74 ~—%y b IIMWIEEYOHEE % AMEL-
X Tl 48 bp. AMEL-Y Tl345bp &. TN E THREIN TV B L OMERIHEH
RIGH LD bEET szt ick>T, HABREoRICEEICHALL 72

DNA IZ2WT & X 0 S WHER CIERE = MERHIE 2SRl REIC 72 o 72,

12



MR D B2 D DNA % o 72 HRHE o f5 3R, 31 S DL FREOKE . B
e b 12.5pg CIEMERMERHIERRRETH 5 Z BRI Nz, KIETHWS 7
T A==, Z ORHNINTICHIEILU LW ERD 2720, 774 ~v—DIRT
==Y v 7 ouflEiE. ZNETOMRETHONTEZ APLP 77 4 = — X
DLW ETFRING 2, %7 FEREEAIERICLEL TR b H D,
ARFFEICKZWHHGE R, cnE coMRL Y DEEESEVEEZ LN, L
2L, KRB EEICRE S N RN E LTw 220, b b EEP okl
IZEEHTE v,

72, HEZRDNABIZOWTIE, Rike GFICEET RD» o7z, LAL. HA
B EHOIZAN CEAEDOKIIFEIL GF LR L T Y Ed o, Td, KR
EDTTH PCREVIOHENE W LICHHL 2 ICENT 5 & F 2 b Tz,

RiklZ GF LRIZEU EDKE % b b, poEwRENES X OB R LaUEH 3

PHIDDH B Lo, BEFABIVCEHANEANMRICHM TZE 2 LE X5,
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Tablel. 7 A v = vi&fnT Exon 1 HEHEACY]

AMEL-X exon 1 (5'—3")

AAAGGATCAA GCATCCCTGA GTTTCAAACA GAAACTTGCA CTGAATACAT
TCAAAG

AMEL-Y exon 1 (5'—3")

AGAGGACCAA GCCTCCCTGT GTAGCACAAA GAAAGTTTCT CTGAATATAT
TTAAAG

56 HifkD 5 b 1I3MIICHERED D 5, MFED D 2HEINFDA 2V v 7K THE

ML TW5b,
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Table 2. Variants observed in the target regions and their frequencies in populations

Study ALFA project gnomAD TopMed KOREAN
population
from
KRGDB

rsiD Position Variation Alleles Total European African African African Asian East Other Latin Latin South Other Global European African American Ashkenazi East Asian  Other Global KOREAN

Type Others American Asian Asian American American  Asian Jewish
1 2
rs1301053489 Chr X: 11293418 (hg38) SNV A>T 4470 4462 0 0 0 0 0 0 0 0 0 8 104536 57307 31495 9368 2526 2261 1579
A=0.9980 A=0.9980 A=0 A=0 A=0 A=0 A=0 A=0 A=0 A=0 A=0 A=1.0 A=0.999971 A=0.99995 A=1.00000 A=1.0000 A=1.0000 A=1.0000 A=1.0000
T=0.0020 T=0.0020 T=0 T=0 T=0 T=0 T=0 T=0 T=0 T=0 T=0 T=0.0 T=0.000029 T=0.00005 T=0.00000 T=0.0000 T=0.0000 T=0.0000 T=0.0000
rs1188807825 Chr X: 11293422 (hg38) SNV A>G 14050 9690 2898 114 2784 112 86 26 146 610 98 496
A=1.00000 A=1.0000 A=1.0000 A=1.000 A=1.0000 A=1.000 A=1.00 A=1.00 A=1.000 A=1.000 A=1.00 A=1.000
G=0.00000 G=0.0000 G=0.0000 G=0.000 G=0.0000  G=0.000 G=0.00 G=0.00 G=0.000 G=0.000 G=0.00 G=0.000
rs2048027849 Chr X: 11293433 (hg38) SNV G>C
rs1482601683 Chr X: 11293438 (hg38) SNV A>C 14050 9690 2898 114 2784 112 86 26 146 610 98 496 264690
A=1.00000 A=1.0000 A=1.0000  A=1.000 A=1.0000 A=1.000 A=1.00 A=1.00 A=1.000 A=1.000 A=1.00 A=1.000 A=0.999996
C=0.00000 C=0.0000 C=0.0000 C=0.000 C=0.0000  C=0.000 C=0.00 C=0.00 C=0.000 C=0.000 C=0.00 C=0.000 C=0.000004

rs1603028802 Chr X: 11293439 (hg38) SNV A>G 2922
A=0.9993
G=0.0007

rs890268618 Chr X: 11293441 (hg38) SNV C>T 14050 9690 2898 114 2784 112 86 26 146 610 98 496 104416 57226 31474 9366 2529 2247 1574 264690

C=1.00000 C=1.0000 C=1.0000 C=1.000 C=1.0000 C=1.000 C=1.00 C=1.00 C=1.000 C=1.000 C=1.00 C=1.000 C=0.999971 (C=0.99995 C=1.00000 C=1.0000 C=1.0000 C=1.0000 C=1.0000 C=0.999981
T=0.00000 T=0.0000 T=0.0000 T=0.000 T=0.0000  T=0.000 T=0.00 T=0.00 T=0.000 T=0.000 T=0.00 T=0.000 T=0.000029 T=0.00005 T=0.00000 T=0.0000 T=0.0000 T=0.0000 T=0.0000 T=0.000019
rs1769799369 Chr X: 11293447 (hg38) SNV C>G 10680 6962 2294 84 2210 108 84 24 146 610 94 466 264690
C=1.00000 C=1.0000 C=1.0000 C=1.00 C=1.0000  C=1.000 C=1.00 C=1.00 C=1.000 C=1.000 C=1.00 C=1.000 C=0.999996
G=0.00000 G=0.0000 G=0.0000 G=0.00 G=0.0000  G=0.000 G=0.00 G=0.00 G=0.000 G=0.000 G=0.00 G=0.000 G=0.000004
rs2048028190 Chr X: 11293466 (hg38) SNV A>T 10680 6962 2294 84 2210 108 84 24 146 610 94 466
A=1.00000 A=1.0000 A=1.0000  A=1.00 A=1.0000 A=1.000 A=1.00 A=1.00 A=1.000 A=1.000 A=1.00 A=1.000
T=0.00000 T=0.0000 T=0.0000 T=0.00 T=0.0000  T=0.000 T=0.00 T=0.00 T=0.000 T=0.000 T=0.00 T=0.000
rs2048028288 Chr X: 11293468 (hg38) Indel delG 10680 6962 2294 84 2210 108 84 24 146 610 94 466
GG=1.00000 GG=1.0000 GG=1.0000 GG=1.00 GG=1.0000 GG=1.000 GG=1.00 GG=1.00 GG=1.000 GG=1.000 GG=1.00 GG=1.000
G=0.00000 G=0.0000 G=0.0000 G=0.00 G=0.0000  G=0.000 G=0.00 G=0.00 G=0.000 G=0.000 G=0.00 G=0.000
rs2054070290 Chr Y: 6873989 (hg38) SNV G>A 29887 16126 8531 3236 778 753 463
G=0.99997 G=0.99994 (G=1.0000 G=1.0000 G=1.000 G=1.000 G=1.000
A=0.00003 A=0.00006 A=0.0000  A=0.0000 A=0.000 A=0.000 A=0.000
rs2054070314 ChrY: 6874021 (hg38) SNV G>A 29826 16126 8499 3218 769 754 460
G=0.99993 G=1.00000 G=0.9998 G=1.0000 G=1.000 G=1.000 G=1.000
A=0.00007 A=0.00000 A=0.0002  A=0.0000  A=0.000 A=0.000 A=0.000




Table 3. AXWHFECH W72 7 7 4 ~ —RH|

Primer Sequence (5'—3') Amplicon length
Forward AAAGGATCAAGCATCCCTGAG
Exon 1-X 48 bp
Reverse GTATTCAGTGCAAGTTTCTGTTTGA
Forward AGAGGACCAAGCCTCCCTG
Exon 1-Y 45 bp
Reverse TTCAGAGAAACTTTCTTTGTGCTAC

WD H 2EILIIRFORMETCERRL T3,

Table 4. EERICH W72 11 (RO HSCNE

Sample no. DNA samples Morphological sex
18A Right temporal bone Male
18B Right temporal bone Male
18C Right temporal bone Male
18D Right temporal bone Male
18E Left temporal bone Female
18F Left temporal bone Male
18G Left temporal bone Male
18H Left temporal bone Male
181 Right temporal bone Male
18J Right temporal bone Male
18K Left temporal bone Male
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Table 5. ¥#l 77 4 ~—-+ v FIC T, [Male DNA: 2800M Control DNA (Promega)]

2 L 7= BRI B,

1st 2nd 3rd 4th

X Y X Y X Y X Y

100 pg + + + + + + + +
50 pg + + + + + + + +

25 pg + + + + + + + +

12.5pg + + - + - + - +
6.25 pg + + - - - + + -
3.13 pg - - - - + + - -
1.56 pg - — - - - - - -
0.78 pg - — - - - - - -

AMEL-X & X " AMEL-Y DLE L 7-HHBFUEEZ KRFD A 2V v 7R TEIR

LT3,
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Table 6. #1774 ~—+ v }IZT [Human Genomic DNA: Female (Promega)] %

] L 7= A BOR A SRR

18t 2nd 3rd 4th

X Y X Y X Y X Y

100 pg + - + - + - + -
50 pg + - + - + - + -

25 pg + - + - + - + -

12.5 pg + - + - + - + -
625pg  + - + - - - - -
313pg + - + - + - - -
156pg - — + - - - - -
0.78pg - - - - - - + -

AMEL-X O%E L 7-BHIRFUYEZ KFD A4 2 1) v Z7IRTRRL T35,
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Table 7. GlobalFiler™ PCR Amplification Kit {Z T [Male DNA: 2800M Control DNA

(Promega)] % fH i L 7= A AR 51 F2 5%

1st 2nd 3rd 4th

X Y X Y X Y X Y

100 pg + + + + + + + +
50 pg + + + + + + + +

25 pg + + + + + + + +

12.5 pg — + + + + + + +
6.25 pg + - + - - - + -
3.13 pg — - - - — - - -
1.56 pg — - - - — - - -
0.78 pg — - - - — - - -

AMEL-X 5 X ' AMEL-Y OLE L 7-HHBFUEEZ KRFD A 2V v 7R THEIR

LT3,
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Fig. 1.
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AAAGGATCAAGCATCCCTGAGTTTCAAACAGAAACTT-GCACTGAATACATTCAAAG
AAAGGATCAAGCATCCCTGAGTTTCAAACAGAAACTT-GCACTGAATACATTCAAAG
AAAGGATCAAGCATCCCTGAGTTTCAAACAGAAACTT-GCACTGAATACATTCAAAG
AAAGGATCAAGCATCCCTGAGTTTCAAACAGAAACTT-GCACTGAATACATTCAAAG
AAAGGATCAAGCATCCCTGAGTTTCAAACAGAAACTT-GCACTGAATACATTCAAAG
AAAGGATCAAGCATCCCTGAGTTTCAAACAGAAACTT-GCACTGAATACATTCAAAG
AAAGGATCAAGCATCCCTGAGTTTCAAACAGAAACTT-GCACTGAATACATTCAAAG
AAAGGATCAAGCATCCCTGAGTTTCAAACAGAAACTT-GCACTGAATACATTCAAAG
AAAGGATCAAGCATCCCTGAGTTTCAAACAGAAACTT-GCACTGAATACATTCAAAG
AAAGGATCAAGCATCCCTGAGTTTCAAACAGAAACTT-GCACTGAATACATTCAAAG
AAAGGATCAAGCATCCCTGAGTTTCAAACAGAAACTT-GCACTGAATACATTCAAAG
AAAGGATTAAGCATCCCTGAGTTTCAAACAGAAACTT-GCACTGAATACATTCGAAG
AAAGGATTAAGCATCCCTGAGTTTCAAACAGAAACTT-GCACTGAATACATTCGAAG
AAAGGATTAAGCATCCCTGAGTTTCAAACAGAAACTT-GCACTGAATACATTCGAAG
AAAGGATTAAGCATCCCTGAGTTTCAAACAGAAACTT-GCACTGAATACATTCGAAG
AAAGGATTAAGCATCCCTGAGTTTCAAACAGAAACTT-GCACTGAATACATTCGAAG
AAAGGATTAAGCATCCCTGAGTTTCAAACAGAAACTT-GCACTGAATACATTCGAAG
AAAGGATCAAGCATCCCTGAGTTTCAAACAGAAACTT-GCACTGAATACATTCAAAG
AAAGGATCAAGCATCCCTGGGTTTCAGACAGAAACTTTACTCTGAATACATTCAAAG

AAAGGATCAAGCATCCCTGGATT-CAGACAGAAACTT-GCTCTGAATACATTCAAAG
kool soloooloiolololok ok ek selolololoiololok sk seleielsloloiololololok folkok

AGAGGACCAAGCCTCCCTGTGTAGCACAAAGAAAGTTTCTCTGAATATATTTAAAG
AGAGGACCAAGCCTCCCTGTGTAGCACAAAGAAAGTTTCTCTGAATATATTTAAAG
AGAGGACCAAGCCTCCCTGTGTAGCACAAAGAAAGTTTCTCTGAATATATTTAAAG
AGAGGACCAAGCCTCCCTGTGTAGCACAAAGAAAGTTTCTCTGAATATATTTAAAG
AGAGGACCAAGCCTCCCTGTGTTGCACAAAGAAAGTTTCTCTGAATATATTTAAAG
——AGGACCAAGCCTCCCTGTGTTGCACAAAGAAAGTTTCTCTGAATATATTTAAAG
AGAGGATCAAGCCTTCCTGTGTTGCACAAAGAAAGTTTCTCTGAATATATTGAAAG
——AGGATCAAGCCTTCCTGTGTTGCACAAAGAAAGTTTCTCTGAATATATTGAAAG

AGAAGACCAAACCTTCCTGTGTGGCACAAAGAAAGTTTCTCTGAATATATTGAAAG
* ok ek skl sklelkeiolok solekiolekeoloololeoolekeiololekokaelolokol solekok

CLUSTALW IZ X % Exon1 DEH T 7 4 A v bk DfER,

BlastN O f55 ¢lx. Macaca mulatta & Cebus imitator D5 #] D 2 I RIE L T

Wiz,
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Fig. 2.

A) AMELX
-
h51188807825\ rs1482601683 rs2048028288

| |

aaaggatcaagcatccctgagtttcaaacagaaacttgcactgaatacattcaaag

| | [rsT603028802 | |
51301053489 [r52048027849)] [s2048028190]

B) AMELY

S eon |

ctttaaatatattcagagaaactttctttgtgctacacagggaggcttggtcctct

rs2054070290

rs2054070314

Exon 1 NOZEHRIABAHEINT WS, b FMEMICBIT3INOLD T LSHEE

ZR T XEhIROA EOMELZTR T, Hmid SNV 27135,
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Fig. 3.

50 bp

40 bp

D B2 DNA v 7284 Dt L IiEIic & 2 PEAHIE D KR,
LM % 10 bp @ DNA 7 & —~ — 7% — (Thermo Fisher Scientific). NC i% Negative

PCR control #7~ 3,
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Fig. 4.

A
First experiment
50 bp
40 bp
LM 184 18B 18C 18D 18  18F  18G 184 181 18 18K
Second experiment
50 bp [
40 bp
LM 184 188 18C 18D 18  18F  18G  18H 18  18) 18K
B LM First experiment Second experiment
AMEL-X
50 bp ———
40 bp AMEL-Y
1 2 3 4 5 6 7 8 9 10

B L WFERIC X 2 HRNE OTERHIER R (A)s LM 210 bp © DNA 7 X —~ —
71— (Thermo Fisher Scientific) .

HRAE & RIFFICHT L 72 control ¥ 7L DFEHE(B), 1. 6: %~ 7L 18A~18E
® negative extraction, 2, 7 : ¥ 7L 18F, 18] D negative extraction, 3. 8 : ¥
v 7V 18K D negative extraction, 4. 9 : Negative PCR control, 5. 10 : Positive PCR

control,
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TEROFREL R T 2720, MZL7Z 22007 ve A 2EfML &, 11 @ik
4 flilf& (18B,18C, 18D, 18G) CTHERIHIRE IC I L 720 Y Rt iR BN VB {5 125

BEEICBEEINZES (Z100RFU). 2 0% v 7388 & HIE L 7=,
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Highly sensitive sex determination method

using the exon 1 region of the amelogenin gene
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Comparative experiments using 1 cell

B o Tl A D L kR HIEE & GlobalFiler™ PCR
Amplification Kit (GF; Thermo Fisher Scientific, Waltham, MA, USA) (. I1Ef#7x
HEICHE RV DNABICEL R O o7, MBEREOMRAEEH 5 729
i<, BEEME S 1 MiREEEEL, chE Ty L — b e LTRIEEIC X 2R
HEEITA DG L. GFIZDWT b RO EBRZITOREREZ L 72, K&
AT, BRI AL bR e fiie c 5 2 AS49 MllfE. ZtEatkHE 75

FHFEME T ® % HeLa filfid 2 FH v 72,

Materials and Methods

BEMIEZ AW RRRBRER TR L 2R T 57201, 10em T
4 v a2l ASA9 ISR O HeLafifdz 2 v 7 v 2y Mic7a 2 X 5 ICHE L 7,
DNA Dt i3 MonoFas®K5 £l DNA fiH & v F VI (ANIMOS, Saitama, Japan)
ZfEMH L 72, DNA D RE K O FE 260280 1%, 49 )t )¢ £ EF Nano Drop
1000(Thermo Fisher Scientific) T #ll & L 7z @ % I . DNase/RNase-free distilled
water(Thermo Fisher Scientific)% F\» T 1ng/uL IC72 % X 5 ICH R L 7z, T HICIE
T 7Zr IR EL AR D 72 ® 12, Thermal Cycler Dice Real Time System Lite(TaKaRa, Otsu,

Japan)!Z T Femto Human DNA Quantification Kit (ZYMO RESEARCH, Irvine, CA ,



USA) ZFH\WTY T XA L PCRIEIC K BIEHIE Z1T > 7z, BT one time
duplicate & L. EEHIERK. 100 pg/ul 25 0.78 pg/uL ¥ T DNase/RNase-free
distilled water(Thermo Fisher Scientific)iZ TEEBEIYIC 2 5/ %E 1T - 72,

FEEDOFEPGRIIDNA 72 HvC, BEMIEIC I »TH A DITEIC X 5 HRH
EDBITZ D5 E 9 »PIET L7z, PCR ¥ X NEAVKE) D 1413 Fujimoto et al.
(2022) & [ARR & L 72,

KT, 1 Ml E VR E{T 572, 10em 7 4 v ¥ =21 50 AR & & 5 &
S ICHIE R 2 AR LS L 7, BEEE A2 H CHSIC CHlle 2 il L. 7
4y vallte—%v 7 L, M@k FBS THE#H L%, V¥y F7u—h—1
TBH > 72, T ZIC Fujimoto et al. (2022)?D PCR KJGHE 5 uL %7 F L T-80 °CD %
BHE T 5 7 HFHE L 720 % Df%. Dry Block Bath (AS ONE, Osaka Japan) | Cfif#
L7zo Z OMAEES KISH % #7172 PCR KGR 5 uL 28 A > 72 PCR F 2 — 7'IC
Mz L, PCR HIEE 1T - 72, AiETREMAEICE VT 50 [B4OHE % 1T
W, GF Tlx4 10 B3 2HIE L 72, PCR, BXIKE), X OMHOSEMFIX, &
PRI EF DG A LRk E Lz, BHEDHE E. Fujimoto et al. (2022) & [AERIC,
Y FEAREHKT X 07 = VEET ORI TRE L 72, HHRIIERTIE, 2 [
ODVWINHMPTERDBELREEE L L, 2v X2 Iix—vavofRHE

I¥. #3EERIC 35T Negative PCR control % [[AIRFICHE T 5 Z & T2 L 72, GF



® PCR %F3 X O0ELWKEI O 71 + 2 — (%, Fujimoto et al. (2022) £ L & L
Too BLETLDT F AL R, HIRETONY T —v a3 v THITEMEE L
72 100RFU A EodtmE # o v — 7 83l I h =56, ©— 2 okt & f

Wr L 72,

Results

KT FA~—+kv & GF DR % Table 1.3 X U Table 2.1/~ 3, AR IIE
BROMER, K774 ~—k%y PHXY GF ICTLE L Tl T 2 RFEYEIZ S
50 pg. X225 pg binotz, KT 74 ~—%1y MiTT, Bl 1 f@colk
BIHE Z 50 [T o 72 & &5, 2 DRI ET 50 i 24 HIl. T 50
F19BITH o7z, L L, Bt & 3 HE L 62 36, Ltz Bike s
HIE L 72128 2 BB > 7= GF DRIHFIZHME 10 fl 161, Lt 10 il 3 5l

HY . N ORHEITZRD b Nrd o Tz,

Discussion

FMBHERCIE, K794 ~—% v FB LU GF ICTLE L CTIEREZR MR
HIE T Z B RFUE B 50 pg. ZKME25pg EAEFETH -7z, THNLAT DERE
TlX, WE &S IR OBHENEL 2568035 > 72, TIRD DNA Z 725

B LA THRIBEEAME T LTw 325, T idRsEMIgi o DNA D21 533 5



LTwaAREED H 5 b D L HER I iz,

LA & DERIHIE IC BN T, RETIEEMRD AS49 {1 % F v 72 ZER T 50

filvp 351, Zc1: D Hela ffifE 2 F v 72 25 <l 50 Bl A 2 1] D BRAHE 23 & B 47z,

—Ji. GFZHWHHHECIE. &5 o OMifld % Hv 72 RERIC BT b 3HIE

INTHNIIED > 72y Ze72 L, 1M & DPERIHIE (X, ARETIE 50 filfT- T

W3EAB, GETIR10HoATH B, SHIDOEICE T, Kikd GF & TEEI

W24 U 7-MiiZ. COVID-19 DifT CTilgs 2 6 ORE B REICATTE X

ofel by IS FRICHAEO ATFARNETH Y, RONTZHD A

DRI CH 577D TH 3, GF BT 2EBRBBAED 15 ThHhb T &h

b, Bales ERHENEL RS E V. Rk b, MREROMKIERE

A CRRHERE LT 305 TH 2 (Table 1L.ZH), MRIHIE D Y3 H K

WEARED GF 7 Lo Tw3 Z &6, 1R DNA 20V s wWilfhic s 1T 5%

APHEICOWTIE, REXGF X VEL TS 3hDLEZ LN,



Table 1. B5ME % F W 7= R V1 S25%,

A: A549 & W 7= RGBS EER,

B TSI4~—%v b GF
1st 2nd 1st 2nd
X Y X Y X Y X Y
100 pg + + + + + + + +

25 pg
12.5 pg

6.25 pg
3.13 pg
1.56 pg - - - - - - - +

0.78 pg - - - - - - - -

#fk ¢ AMEL-X 3 X O8N AMEL-Y %€ L 7= 1 H PR 544l

ZINRE S E i



B: HeLa % W 7= 5 HUOR B Bk,

¥H774<—%y } GF

18t 2nd 18t 2nd
X Y X Y X Y X Y
100 pg + - + - + - + -
50 pg + - + - + - + -
12.5pg - - + - - - + -
6.25pg + - + - + - - -
313pg + - - - + - + -
1.56 pg - - - - + - - -
0.78 pg - - - - - - - -

Bk © AMEL-X O %€ L 7= H R AU,

AMEL-Y lZ W d B T Zrn,



Table 2. 1 Hlfd % FH > 72 SR

AMEL-X X " AMEL-Y O o iR

A549 HeLa
New New
Primer set GF Primer set GF
AMEL-X : +
) 20/50 0/10 0/50 0/10
AMEL-Y : +
AMEL-X : +
) 3/50 0/10 19/50 3/10
AMEL-Y @ —
AMEL-X @ —
) 4/50 1/10 2/50 0/10
AMEL-Y : +
AMEL-X @ —
) 23/50 9/10 29/50 7/10
AMEL-Y @ —

PER DFAHIE 2342 U 725 B 13 AR KR RHA CREC L 72,
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