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Abstract Single nucleotide polymorphisms (SNPs) appeal
to the forensic DNA community because of their abundance
in the human genome, low mutation rate, small amplicon
size, and feasibility of high-throughput genotyping tech-
nologies. In an initial screening, we identified six SNP
markers of sex determination by resequencing the amelo-
genin genes and the zinc finger protein genes located on the
sex chromosomes. Furthermore, for use in human identifi-
cation, we selected 30 highly polymorphic autosomal SNP
markers from among a human population and examined the
potential utility of these SNP markers for human identifi-
cation. The combined mean match probability of 30 SNP
markers was 4.83×10−13. Using genotyping data from
8,842 unrelated Korean individuals, we also found that
discrimination power increased 10-fold for the addition of
every five SNP markers in human identification. In this

study, we demonstrated that SNP markers are very useful
for sex determination and human identification, even in a
very homogeneous population.
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Introduction

Genetic tests of human identification are critical to the field
of forensic science. Currently, short tandem repeat (STR)
markers are routinely used. These markers are highly
informative because of the large number of alleles within
various populations [1]. However, they are limited by their
high mutation rate, difficulty with regards to multiplexing,
and the need for large amplification products, which limits
the use of degraded samples. Recently, single nucleotide
polymorphisms (SNPs) have been promoted as useful
genetic markers for human identification. SNPs have
additional applications such as the determination of the
geographic origin of a sample through the use of ancestry-
informative marker SNPs [2]. Single nucleotide polymor-
phisms have low mutation rates and rely on short amplicons
(i.e., less than 100 bp), which allow for the use of degraded
DNA samples and high-throughput genotyping technolo-
gies [3–6]. To date, several studies have described
preliminary SNP panels, containing autosomal and mito-
chondrial SNP markers as many as 52 markers, for use in
human identification and parentage testing [7–14]. Further-
more, selecting a SNP with high heterozygosity and low
differences in allele frequency for all populations (i.e., low
Fst) is important for the development of an efficient SNP
marker system with high discriminating power [15]. In the
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present study, we tested a set of SNP markers for human
identification in a homogenous Korean population.

Materials and methods

Genomic DNA samples and large-scale SNP genotype data

To identify SNP markers of sex, we used 12 DNA samples
from CEPH families (GM06994, GM07022, GM07347,
GM07357, GM12962, GM12960, GM07000, GM07056,
GM07346, GM07345, GM12863, and GM12861) obtained
from the Coriell Institute for Medical Research (http://
www.coriell.org/) and 12 DNA samples from unrelated
Korean individuals obtained from the Biobank for Health
Sciences at the Center for Genome Sciences in Seoul,
Korea. To validate the selected SNP markers' suitability for
sex determination and human identification, we obtained

both unrelated Korean DNA samples (n=960) and Affyme-
trix Genome-Wide Human SNP Array 5.0 data from 8,842
Korean individuals [16] from the Center for Genome
Sciences in Seoul, Korea. All DNA samples used in this
study were isolated from blood samples or Epstein-Barr
virus-transformed B-lymphocytes using standard DNA
extraction methods. The study protocol was approved by
the institutional review board of the Asan Medical Center.

Resequencing

Sequencing analysis of the genes encoding amelogenin
(i.e., AMELX and AMELY) and the zinc finger proteins
(i.e., ZFX and ZFY) was performed using genomic
sequences from GenBank (http://www.ncbi/nlm.nih.gov/).
PCR primers specific to highly homologous target regions
were designed using Primer3 software [17] (http://frodo.wi.
mit.edu/). The PCR reactions were performed in a 20 μl

Fig. 1 Alignment of the
genomic DNA sequences of the
amelogenin genes (i.e., AMELX
and AMELY) (a) and the zinc
finger protein genes (i.e., ZFX
and ZFY) (b). Plus sign indicate
identity between two sequences.
Underlined sequences indicate
primer positions. Large bold
sequences indicate polymorphic
sites within and between
AMELX and AMELY, and ZFX
and ZFY loci, as identified in a
sequencing analysis of 24
individuals
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volume containing 20 ng genomic DNA, 0.15 μM of each
primer, 100 μM of each dNTP, 1 unit of AmpliTaq Gold™
(Applied Biosystems, Foster City, CA, USA), and reaction
buffer containing 1.5 mM MgCl2. The reactions were
performed at 94°C for 5 min, followed by 35 cycles of
94°C for 45 s, 55°C for 30 s, and 72°C for 1 min. The
reactions concluded with a final extension step at 72°C for
10 min. The PCR products (1 μl) were directly used as
sequencing templates using the BigDye® terminator v3.1
cycle sequencing kit (Applied Biosystems, Foster City, CA,
USA) on an ABI3730 DNA sequencer (Applied Biosys-
tems, Foster City, CA, USA), according to the manufac-
turer's instructions. DNA polymorphisms were identified
using the PolyPhred program (http://droog.gs.washington.
edu/PolyPhred.html) after sequence chromatograms were
base-called using the Phred program and assembled using
the Phrap program [18].

Selection of highly informative candidate SNPs for human
identification

To select candidate SNP markers for human identification,
we initially used an Affymetrix 500 K SNP dataset that
contained genotyping information from 2,000 Korean
individuals and allele frequencies from four HapMap
populations (Japanese, Han Chinese, African, and Europe-
an). The following SNP selection criteria were used to
choose candidate loci: (1) minor allele frequency (MAF)>
0.45 in all ethnic groups, (2) heterozygosity>0.45, (3)
Hardy–Weinberg equilibrium (HWE) p value>0.1, (4)
genotype call rate=100%, and (5) physical distance
between SNP markers>50 Mb. Based on these criteria,
we selected 30 SNPs for validation in a new sample set
(n=960).

SNP genotyping

Genotyping of selected SNP markers for sex determination
and human identification in 960 individuals was performed
using the custom-designed Illumina VeraCode GoldenGate
Assays (Illumina Inc, San Diego, CA, USA) [19], accord-
ing to the manufacturer's instructions. Genotype clustering
and calling were performed using BeadStudio software
(Illumina Inc, San Diego, CA, USA).

Statistical analysis

Deviation from Hardy–Weinberg expectation was deter-
mined using χ2 tests. The match probability that two
unrelated individuals will have the same multi-locus
genotype was calculated as previously described [15].
Statistical analysis was performed using SPSS programs
(version 14.0; SPSS Inc., Chicago, IL, USA).

Results

Identification of SNPs for sex determination

To identify SNP markers for sex determination, we initially
selected genes encoding amelogenin (i.e., AMELX and
AMELY) and the zinc finger proteins (i.e., ZFX and ZFY).
Highly homologous target regions of the selected genes
were chosen by multiple alignments (Fig. 1). PCR primers
were designed to amplify and sequence approximately 150
to 250 bp of the target regions encompassing single
nucleotide differences in genes on the X and Y chromo-
somes. Through the sequence comparison of 24 individuals,
including 12 females and 12 males, we identified three
bases each on the genes encoding amelogenin (i.e., AMEL-
1, AMEL-2, and AMEL-3) and the zinc finger proteins
(i.e., ZF-1, ZF-2, and ZF-3) that distinguished males from
females (Supplementary Figs. 1 and 2).

To evaluate whether the identified markers could be used
to determine sex, we tested four (i.e., AMEL-1, AMEL-2,
ZF-1 and ZF-2) of six candidate markers using DNA
samples of 960 individuals. Three markers (i.e., AMEL-1,
AMEL-2 and ZF-1) yielded successful genotyping results,
while one marker (i.e., ZF-2) failed. The genotyping results
for the AMEL-1, AMEL-2 and ZF-1 markers matched the
expected sex genotypes (male = heterozygote, female =
homozygote) in the 960 individuals tested (Fig. 2). Thus,
these validated markers can be used for sex determination
in the SNP-based genetic test.

Fig. 2 Genotyping of the AMEL-2 marker in 960 individuals using
the Illumina VeraCode GoldenGate Assay. Raw data for the AMEL-2
marker are shown. Purple and blue dots indicate heterozygotes and
homozygotes, respectively. Black dots indicate genotyping failure. All
genotyped individuals yielded results corresponding to their recorded
sex. The AMEL-1 and ZF-1 markers exhibited the same patterns of
genotype clusters (data not shown)

Int J Legal Med (2010) 124:125–131 127

http://droog.gs.washington.edu/PolyPhred.html
http://droog.gs.washington.edu/PolyPhred.html


T
ab

le
1

H
um

an
id
en
tif
ic
at
io
n
by

30
hi
gh

ly
po

ly
m
or
ph

ic
S
N
P
m
ar
ke
rs

S
N
P
(r
s#
)

C
hr
.

P
os
iti
on

A
lle
le
_1
/2

K
or
ea
n
(n
=
2,
00
0)

C
hi
ne
se

Ja
pa
ne
se

E
ur
op
ea
n

A
fr
ic
an

F
re
q_
1

H
et
er
oz
yg
os
ity

H
W
E
_P

M
at
ch

pr
ob
ab
ili
ty

F
re
q_
1

F
re
q_
1

F
re
q_
1

F
re
q_
1

rs
75
32
15
1

1
89
16
15
32

A
/C

0.
49
2

0.
50
0

0.
86
8

0.
37
5

0.
48
9

0.
47
8

0.
47
0

0.
51
0

rs
48
46
46
8

1
21
64
62
55
0

C
/T

0.
50
2

0.
50
0

0.
85
7

0.
37
5

0.
52
3

0.
54
4

0.
51
0

0.
54
0

rs
67
51
65
7

2
33
25
86
55

C
/T

0.
50
8

0.
50
0

0.
37
7

0.
37
5

0.
46
5

0.
51
2

0.
51
1

0.
53
0

rs
10
18
55
31

2
10
61
05
26
7

C
/T

0.
47
9

0.
49
9

0.
67
8

0.
37
5

0.
53
3

0.
45
6

0.
47
0

0.
50
0

rs
76
52
77
6

3
27
16
02
4

C
/G

0.
46
7

0.
49
8

0.
80
0

0.
37
6

0.
47
8

0.
53
3

0.
54
0

0.
49
0

rs
64
43
22
2a

3
91
38
26
7

A
/G

0.
48
1

0.
49
9

0.
70
4

0.
37
5

0.
47
7

0.
47
6

0.
47
9

0.
47
9

rs
17
49
74
75

4
18
85
13
37

A
/C

0.
45
5

0.
49
6

0.
93
2

0.
37
7

0.
48
9

0.
52
2

0.
53
0

0.
48
0

rs
13
50
19
1

4
15
50
26
77
4

A
/G

0.
48
6

0.
50
0

0.
99
1

0.
37
5

0.
46
7

0.
45
5

0.
47
9

0.
48
9

rs
25
65
00
7

5
53
85
60
24

A
/C

0.
45
8

0.
49
6

0.
55
7

0.
37
7

0.
53
3

0.
45
6

0.
49
0

0.
47
0

rs
46
07
41
7

6
42
08
62
52

C
/T

0.
53
1

0.
49
8

0.
41
2

0.
37
6

0.
53
3

0.
45
6

0.
51
0

0.
50
0

rs
17
90
00
6

6
16
22
97
81
8

A
/G

0.
47
0

0.
49
8

0.
20
4

0.
37
6

0.
47
8

0.
51
1

0.
50
0

0.
54
0

rs
28
13
83
8

7
24
11
58
17

C
/G

0.
45
7

0.
49
6

0.
51
4

0.
37
7

0.
51
1

0.
45
6

0.
50
0

0.
53
1

rs
22
67
70
8

7
12
41
79
74
8

C
/T

0.
51
1

0.
50
0

0.
60
7

0.
37
5

0.
48
9

0.
53
3

0.
55
0

0.
52
0

rs
12
93
28
8

8
11
75
59
37

A
/G

0.
48
2

0.
49
9

0.
61
1

0.
37
5

0.
46
7

0.
48
9

0.
53
0

0.
45
0

rs
78
49
78
2

9
10
34
67
08
5

C
/G

0.
46
6

0.
49
8

0.
80
3

0.
37
6

0.
48
9

0.
45
6

0.
47
0

0.
54
0

rs
79
07
65
8

10
92
78
23
68

A
/C

0.
52
4

0.
49
9

0.
55
2

0.
37
6

0.
51
1

0.
54
4

0.
51
0

0.
52
0

rs
55
08
40

11
63
95
82
15

C
/T

0.
47
3

0.
49
9

0.
99
9

0.
37
6

0.
50
0

0.
50
0

0.
49
0

0.
52
0

rs
54
38
40

11
11
52
69
69
6

C
/T

0.
52
5

0.
49
9

0.
27
1

0.
37
6

0.
54
7

0.
50
0

0.
48
0

0.
54
0

rs
73
40
75

12
43
67
30
8

A
/C

0.
46
9

0.
49
8

0.
58
5

0.
37
6

0.
46
7

0.
46
7

0.
52
1

0.
49
0

rs
11
51
84
9

12
11
98
24
98
2

A
/G

0.
45
4

0.
49
6

0.
35
2

0.
37
7

0.
47
7

0.
47
8

0.
48
0

0.
50
0

rs
73
28
03
0

13
11
10
67
44
5

A
/C

0.
51
7

0.
49
9

0.
24
8

0.
37
5

0.
53
3

0.
53
3

0.
54
0

0.
45
0

rs
97
85
11

14
61
77
36
70

C
/G

0.
45
5

0.
49
6

0.
46
3

0.
37
7

0.
45
6

0.
51
1

0.
47
0

0.
52
0

rs
71
64
80
1

15
22
60
84
08

G
/T

0.
50
3

0.
50
0

0.
32
4

0.
37
5

0.
50
0

0.
48
9

0.
46
0

0.
48
0

rs
95
56
65

15
77
60
32
12

C
/T

0.
53
5

0.
49
8

0.
30
3

0.
37
6

0.
50
0

0.
53
3

0.
51
0

0.
54
2

rs
47
91
49
5

17
12
13
08
82

A
/G

0.
50
2

0.
50
0

0.
53
2

0.
37
5

0.
46
7

0.
53
3

0.
45
0

0.
51
0

rs
46
47
88
7

17
72
07
04
01

A
/G

0.
53
2

0.
49
8

0.
24
5

0.
37
6

0.
47
7

0.
54
4

0.
55
0

0.
55
0

rs
17
85
74
5

18
21
67
11
31

A
/G

0.
48
6

0.
50
0

0.
99
3

0.
37
5

0.
54
2

0.
46
5

0.
54
3

0.
51
1

rs
72
30
11
2

18
71
61
05
65

C
/T

0.
53
5

0.
49
8

0.
46
7

0.
37
6

0.
50
0

0.
53
4

0.
48
0

0.
51
0

rs
81
13
49
6

19
34
51
23
69

A
/G

0.
48
2

0.
49
9

0.
91
9

0.
37
5

0.
46
7

0.
48
9

0.
54
0

0.
46
7

rs
23
27
08
8

20
87
14
88
2

A
/G

0.
49
1

0.
50
0

0.
94
0

0.
37
5

0.
52
2

0.
52
2

0.
45
0

0.
48
0

C
P
I
(c
om

bi
ne
d
po
w
er

of
id
en
tit
y)

1.
76
82
8E

-1
3

C
P
D

(c
om

bi
ne
d
po
w
er

of
di
sc
ri
m
in
at
io
n)

0.
99
99
99
99
99
99
82
30
00
00

(1
in

5.
65
52
2E

+
12
)

T
he

fr
eq
ue
nc
ie
s
of

ot
he
r
et
hn

ic
gr
ou

ps
(i
.e
.,
C
hi
ne
se
,
Ja
pa
ne
se
,
E
ur
op

ea
ns
,
an
d
A
fr
ic
an
s)

w
er
e
ob

ta
in
ed

fr
om

H
ap
M
ap

da
ta

(h
ttp

://
w
w
w
.h
ap
m
ap
.o
rg
)

H
W
E
H
ar
dy

–W
ei
nb

er
g
eq
ui
lib

ri
um

a
rs
64

43
22

2
fa
ile
d
ou

r
S
N
P
ge
no

ty
pi
ng

va
lid

at
io
n
us
in
g
th
e
Il
lu
m
in
a
V
er
aC

od
e
G
ol
de
nG

at
e
A
ss
ay

128 Int J Legal Med (2010) 124:125–131

http://www.hapmap.org


Selection of 30 highly informative SNP markers for human
identification

To select highly informative SNP markers for human
identification, we screened Affymetrix 500 K SNP geno-
type data that included genotyping results from 2,000
Korean individuals and allele frequencies from four
HapMap populations (i.e., Japanese, Han Chinese, African,
and European) and identified 56 highly polymorphic SNP
markers that met the criteria described in the “Materials and
methods”. Of these, 30 autosomal SNP markers were
selected for validation in a new sample set (n=960;
Table 1). These markers were distributed across 19 different
chromosomes containing approximately one to two SNPs
per chromosome.

Validation of the selected 30 SNP markers for human
identification

The 30 selected SNP markers were tested in two indepen-
dent Korean sample sets (i.e., 960 individuals and 8,842
individuals) to estimate their potential for human
identification. The set of 960 individuals was genotyped
using the custom-designed Illumina VeraCode Golden-
Gate Assay. Among the 30 SNP markers, 29 yielded
successful genotyping results but one marker
(rs6443222) failed. The allele and genotype frequencies
of each SNP locus were almost same as those shown in
Table 1 (shown in Supplementary Table 1). As expected,
all SNP markers exhibited even allelic distributions. The
combined mean match probability of 29 SNPs was 4.83×
10−13, corresponding with a combined power of discrim-
ination of 0.999999999999517. When we compared the
960 individuals using 15 SNPs, only one pair (two
individuals) had identical genotypes, indicating that these
15 SNP markers can discriminate among 1,000 individuals
(data not shown).

The second sample set, composed of 8,842 individuals,
was previously genotyped using the Affymetrix Genome-
Wide Human SNP Array 5.0 [16]. As we had already
selected candidate SNPs for human identification from the
Affymetrix SNP Array 5.0 Genotype data, we used the
same SNP markers and genotype data for human identifi-
cation analysis. The combined mean match probability for
the 30 selected SNPs was 1.78 × 10−13 and the combined
power of discrimination was 0.999999999999822 (Supple-
mentary Table 2). Furthermore, as shown in Table 2, each
additional five SNP markers increased the discrimination
power of SNP-based human identification by 10-fold (i.e.,
10 and 15 SNP markers discriminated approximately 100
and 1,000 individuals, respectively). When 20 SNP markers
were used, all 8,842 of the individuals tested were
completely distinguished.

Discussion

Genetic tests for human identification are critical to the
fields of forensic science and paternity testing [3, 12]. In
addition, DNA-based human identification is necessary for
efficient sample identification in biobanks that handle large
numbers of biological samples [20, 21]. In this study, we
tested the power of several SNP markers for sex determi-
nation and human identification in a Korean population.
Our findings revealed that sex-specific and highly poly-
morphic SNP markers can discriminate individuals as
efficient as STR markers when we used more SNP markers.

The genes encoding amelogenin and zinc finger proteins
are routinely used for sex determination [22–24]. For STR-
based determination of sex, 6 bp deletion polymorphisms
located in intron 3 of the amelogenin gene, on the X
chromosome, can generally be detected by size differences
[23]. Previous studies have performed SNP-based sex
determination by examining differences in the sequences
of the amelogenin genes located on the X and Y
chromosomes [9]. But the same DNA site was not perfectly
matching with sex information in our 24 testing samples
(C/T genotype in 12 female samples=11–1–0 and C/T
genotype in 12 male samples=0–12–0). To identify optimal
SNP markers for sex determination, we sequenced highly
homologous regions of the genes encoding amelogenin
(i.e., AMEL-X and AMEL-Y) and the zinc finger proteins
(i.e., ZFX and ZFY). After resequencing, a total of six
DNA markers were selected as potential SNP markers for
sex determination. Those SNP markers were further tested
in a large sample set (n=960) and were able to perfectly
match sex information. Sex-determining SNP markers will
prove quite useful for the development of a SNP-based
genetic test.

Although SNP markers are less informative than STR
markers, SNP markers have many advantages for human

Table 2 SNP-based human identification by 30 highly polymorphic
SNP markers in 8,842 unrelated Korean individuals

No. of
SNPs

No. of testing
samples (n)

No. of samples showing
identical genotypesa

Average
identical (%)

10 100 0–0–2 0.67%

1,000 54–38–39 4.37%

8,842 2,769 31.32%

15 100 0–0–0 0.00%

1,000 0–0–2 0.07%

8,842 20 0.23%

20 100 0–0–0 0.00%

1,000 0–0–0 0.00%

8,842 0 0.00%

aWe randomly selected three sets of samples that consisted of either
100 or 1,000 samples (total n=8,842)
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identification, including low mutation rate, fast genotyping,
easy multiplexing, and small amplification size, which
allows for the use of degraded DNA samples [3–6].
Furthermore, newly identified SNP markers for several
phenotypic traits (e.g., blood type, height and skin color)
can be easily integrated into the SNP-based human
identification system as demonstrated in previous studies
[9, 25]. The relative low power of SNP markers to
discriminate among individuals can be easily overcome by
multiplexing several (i.e., 40 to 50) SNP markers using the
MassArray system (Sequenom), the SNPlex system (ABI),
or a similar method. Our findings revealed that highly
polymorphic 40 SNP markers have a combined power of
identity (CPI) value of 9.14×10−18, comparable with that of
a 16 STR marker set in Koreans (CPI=8.04×10−18) [26].
Therefore, we expect that a highly polymorphic set of 40
SNP markers with MAF>0.45 will have nearly the same
discrimination power for human identification in Koreans
as would a set of 16 STR markers. In addition, 40 highly
informative SNP markers with low Fst and high heteroge-
neity are also more likely to prove sufficient for human
identification in diverse human populations, as demonstrat-
ed in a previous study [12]. In addition, the SNP panel
designed for human identification can be analyzed using
different SNP genotyping methodologies [27]. In the
present study, we demonstrated that 30 highly polymorphic
SNP markers can distinguish up to 8,842 individuals, even
in a very homogenous Korean population. Furthermore, a
SNP-based human identification test identified three clini-
cal data errors in a testing sample set (n=960), including
two sex information errors and one sample duplication error
(data not shown). These data indicate that our SNP-based
human identification method is very accurate and can be
used for the quality control of biological samples in
biobanks.

In this study, we have demonstrated the accuracy of
SNP-based sex determination and human identification, and
we have shown that SNP-based human identification test
can discriminate as efficient as STR-based test when more
SNP markers were used. In particular, we provided 30
highly polymorphic SNP markers as well as six sex-
determining SNP markers which can be used in SNP-
based human identification test. We also demonstrated that
discrimination power increased 10-fold for the addition of
every five SNP markers in human identification. We predict
that SNP-based genetic tests will increase in popularity in
the near future with the addition of SNP markers associated
with various phenotypic traits. These tests will prove
particularly useful in the fields of forensic science and
paternity testing.
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