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ABSTRACT: Great advances have been made recently in searching for individual identification single-nucleotide polymorphisms (IISNPs or
IDSNPs). Such SNPs as suggested by SNPforID scientists and by Pakstis et al., are promising, although they were selected from older or smaller
databases rather than the most recent database. Here, we describe a new computational strategy for developing IDSNPs based on HapMap. We
searched through HapMap r27 for SNPs having minor allele frequencies ‡0.30 in all its 11 populations and found more than 1881 qualified SNPs.
We examined 96 of them with 183 DNA samples from three Chinese populations using Illumina arrays. The average allele frequency for these 96
SNPs among the three populations was 0.495 ⁄ 0.505, the average number of identical SNP genotypes shared by two individuals among the 14 popula-
tions (three Chinese and 11 HapMap) was 37.9, and the random matching probability for two unrelated Hans to match in all 96 genotypes was
9.793 · 10)39. Thus, most of these 96 SNPs are universally applicable.
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In forensic science, polymerase chain reaction (PCR)-based short
tandem repeat (STR) analyses have been successfully used for
human identification and parentage testing for nearly 20 years
(1,2). Currently, c. 20 STRs, mainly suggested by scientists in
America and Europe (3–5), have been applied for identification
purposes worldwide because of high rates of polymorphisms among
various populations, straightforward interpretations into digital data
records, and sophisticated typing technologies. However, with rapid
advances in DNA sequencing that allow detection of single-base
differences, we are approaching a time when all of the DNA
sequence differences among individuals can be identified and uti-
lized. A common view is that single-nucleotide polymorphisms
(SNPs) offer a potentially cheaper, faster, and more automatable
alternative to STR analyses for many forensic DNA applications,
including human identification, phenotypic analyses, ancestry infer-
ences, and lineage studies (6–8). However, there are still limitations

with using SNPs, including technical problems with amplification,
difficulties in plate reading, and low polymorphism information
content (PIC) per locus, among others; additionally, SNPs can only
act as an adjunct to STRs for solving special problems in forensic
genetics.

Recently, there has been a dramatic increase in effort in search-
ing and genotyping SNPs for human identification. SNPs that,
when assayed collectively, give very low probabilities for two indi-
viduals having the same multi-locus genotypes are called individual
identification SNPs (IISNPs or IDSNPs) (7). These collections of
SNPs can be used to discriminate between individuals. In 2001,
Gill (9) suggested that relatively small arrays of c. 50 SNPs could
be comparable to STR multiplexes. To date, many researchers have
suggested a variety of IISNP panels, each containing 50–100 SNPs,
for human identification (10–12).

There are currently two major panels of SNPs, and both of these
have attracted significant attention. One was developed as part of
the high-throughput analysis of SNPs for the forensic Identification
of Persons (SNPforID) project (10,11), and it includes 52 SNPs.
The other panel was developed by Pakstis et al. (12), and it
includes 92 SNPs. Both panels were validated in many populations,
and they may be developed into commercial kits (10–13). How-
ever, close examination of these panels revealed that the source da-
tabases used for selecting these SNPs were older or smaller than
the most recent databases available from the International HapMap
Project (14). For the SNPforID project, their four source databases
were all created in 2003, and only a few populations were investi-
gated (15). As a consequence, some of their SNPs have uneven
allele frequencies in some major populations. For example,
rs1335873 has an allele frequency of 0.947 ⁄ 0.053 among Sub-Sah-
aran Africans (n = 226, http://www.ncbi.nlm.nih.gov/snp, accessed
on April 20, 2011). As for the 92 SNP panel, because of the small
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number of unique SNPs per genome provided in their source data-
bases, their IISNP pool was not large enough to avoid linkage dis-
equilibrium (LD) for six of their SNPs (12,16,17).

Because HapMap release #27 (r27) exceeded many earlier and
smaller databases in population inclusions and ⁄ or unique genomic
SNPs, a genome-wide screen for all potential IISNPs based on this
batch of data has become necessary. This is mainly because a num-
ber of factors need to be considered for a satisfactory IISNP panel.
These factors include avoiding LD with other IISNPs or forensic
STRs, avoiding unsatisfied flanking sequences that contain too
many GC bases or consecutively repeated single bases (15), and
avoiding anchoring at copy number variation (CNV) areas (18,19),
among others. Thus, an IISNP candidate pool should contain as
many as tens of thousands of potential IISNPs. Given that the
transferability of HapMap data to more populations has been well
verified (20,21), it is now possible to set up a genome-wide IISNP
pool. Here, we report on our approaches for setting up such
a genomic IISNP pool using HapMap data. We also report
on our further assessment of 96 SNPs in three Chinese popula-
tions in comparison with genotyping data from the 11 HapMap
populations.

Materials and Methods

Genome-Wide IISNP Screening

HapMap (r27) files including more than 2.3 · 109 genotypes
from 1017 individuals from 11 populations were downloaded from
the HapMap website (http://hapmap.ncbi.nlm.nih.gov/). The 11
HapMap populations include African Americans (ASW); Utah Cau-
casians (CEU); Han Chinese from Beijing (CHB); Han Chinese
from Denver (CHD); Gujarati Indians from Houston (GIH); Japa-
nese from Tokyo (JPT); Luhya from Webuye, Kenya (LWK);
Mexican Americans (MEX); Maasai from Kinyawa, Kenya
(MKK); Tuscans from Italy (TSI); and Yorubans from Ibadan,
Nigeria (YRI). These population samples were sourced as described
in reference paper (14). The original frequency files were in.gz for-
mat and were unzipped and read by Microsoft Excel 2007 (Micro-
soft Corp., Redmond, WA). Rs numbers corresponding to SNPs
with reference allele frequencies between 0.30 and 0.70 (i.e., minor
allele frequency or MAF ‡ 0.30) were listed in a new.xlsx file con-
taining one column for each population. Rs numbers that were
present in all 11 columns were extracted by a short macro written
with the computer language—Visual Basic Applications (for macro
codes, please see the electronic supplementary materials at http://
blog.sina.com.cn/legalmed) (21). We identified 48,631 MAF ‡ 0.30
SNPs. Subsequently, a second round of selection based on geno-
type frequency data for SNPs in Hardy–Weinberg equilibrium
(HWE) (p > 0.05) was performed with qualified frequencies set at
0.04–0.65 for homozygotes and 0.40–0.50 for heterozygotes. This
second type of selection picked 11,509 SNPs. After both types of
selection, 1881 SNPs remained.

Selection of 96 SNPs

The pool of 1881 SNPs was used for our final selection of 96
SNPs. To avoid linkage, we chose SNPs with at least 5 Mb
between-marker distance between SNPs and at least 1 Mb distance
from other promising markers, including the 20 frequently used
forensic STRs (3–5), the 52 SNPforID’s SNPs (11), and the 92
SNPs determined by Pakstis et al. (12). Additionally, SNPs were
not located in CNV regions, which are defined in the Database of
Genomic Variants (http://projects.tcag.ca/variation/) (19), and there

was appropriate GC content (between 31% and 55%) in the flank-
ing sequences (€120 bp) (22) and appropriate scores (>0.700) to
allow interface with the Illumina GoldenGate Genotyping Assay
(Illumina, San Diego, CA). Parts of these selection strategies were
published in our previous work (21,23). Table S1 shows detailed
information about these 96 SNPs, and Fig. S1 shows chromosome
locations and relative distances to the three other marker panels
(both available at http://blog.sina.com.cn/legalmed). These 96 SNPs
were custom designed and synthesized into two blocks of Illumina
GoldenGate arrays (Serial no.: 4831397001, 4911733011) by
Illumina.

Sample Collection and DNA Preparation

Approximately 2 mL of peripheral venous blood was taken from
183 individuals from three Chinese ethnic groups after informed
consent. Selected individuals included Han Chinese from Henan in
central China (n = 61), Mongolians from Inner Mongolia (n = 62),
and Tibetans from a Tibetan Autonomous State in Sichuan
(n = 60). Donors were informed that the samples would be anony-
mized and analyzed for human identification purpose by SNP typ-
ing. The ethics committee of Zhengzhou University gave
institutional approval for the entire study. All genomic DNA was
prepared by standard phenol–chloroform procedures (24) and K562
(Promega, Madison, WI), and 9947A (Applied Biosystems, War-
rington, UK) standard DNA samples were used as positive
controls.

SNP Genotyping

A total of 192 DNA samples (including four duplicate samples
and the two positive control samples) were genotyped with two
Illumina GoldenGate array blocks. Quality control was performed
by examining duplicate samples, use of standard positive control
DNA samples, and direct Sanger sequencing of randomly selected
samples. A list of the PCR and hybridization sequences is also
shown in Table S1 (available at http://blog.sina.com.cn/legalmed).

Statistical Analysis and Genotype Comparison

Allele frequencies were calculated by direct counting. LD and
departures from HWE were analyzed with SNPSTATS online at
http://bioinfo.iconcologia.net/snpstats/start.htm (25). The matching
probability (MP), power of discrimination (PD), PIC, and other
forensic parameters for each SNP were calculated as described by
Tereba using PowerStats (Promega) (26). Chi-square tests were
used to compare genotype frequency differences between any two
of the five examined populations (three Chinese populations and
two HapMap populations—CHB and CHD) for all 96 loci. All
genotypes, including genotypes from our experiments and geno-
types downloaded from HapMap (r27), were integrated into one
table to determine whether any individuals were identical for all 96
loci, with samples excluded when even one ‘‘NN’’ was present in
the genotype results.

Results

Universal IISNP Selection

In the first round of selection that focused on SNPs with
MAF ‡ 0.300 among each of the 11 HapMap populations, 48,631
MAF ‡ 0.300 SNPs were found to be shared by the 11 popula-
tions. Of these, 1881 SNPs were further identified to have
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probabilities of HWE ‡ 0.05 in all of the 11 populations after a
second round of selection. A full list of these 1881 universally
applicable candidate IISNPs is publicly available at http://legal-
med.blog.sohu.com/ or http://blog.sina.com.cn/legalmed. For exam-
ple, rs6108756, which has MAF ‡ 0.30 and HWE ‡ 0.05, had C ⁄ T
allele frequencies that ranged between 0.309 and 0.691 among the
11 populations. The average allele frequency was 0.532 ⁄ 0.468, and
the lowest HWE probability was 0.17 (more data is shown in
Table S2 at http://blog.sina.com.cn/legalmed or http://blog.sina.-
com.cn/s/blog_5ec450150100p33q.html).

Genotyping Results for the 96 SNPs

In general, allele frequencies of the tested 96 SNPs ranged from
0.500 ⁄0.500 to 0.190 ⁄ 0.810, with an average allele frequency of
0.495 ⁄0.505, an average heterozygosity (Het) of 0.473, and an
average Fst (fixation index between subpopulations and total popu-
lation) of 0.006269 among the three Chinese populations. Detailed
allele frequencies observed for the 96 SNPs and their Het and Fst
values in three Chinese populations are summarized in Table S3
and graphically displayed in Fig. S2 (both available at http://blog.si-
na.com.cn/legalmed). Detailed genotypes of K562 and 9947A are
summarized in Table S4 (available at http://blog.sina.com.cn/legal-
med). Although most of these SNPs had HWE ratios larger than
0.05 (p ‡ 0.050), departures from the HWE ratios were seen in
some SNPs, including the following SNPs: rs1015665 in all the
three populations (p < 0.019); rs11139320 and rs122452 in Han
Chinese (p = 0.039); rs224045, rs7046039, rs7448547, and
rs10756626 in Mongolians (0.014 £ p £ 0.049); and rs11151684,
rs10405035, and rs6446700 in Tibetans (0.002 £ p £ 0.025). LD
tests of these SNPs showed that the average D’ value of all ran-
domly paired markers was 0.0802, and the largest value (0.3873)
was obtained when rs1476909 and rs947098 were tested as a pair.
The average r2 value of all of paired markers was 0.0059, and the
largest value (0.0810) was obtained between rs4131354 and
rs947098.

Chi-square tests on both allele frequencies and genotype frequen-
cies between our three Chinese populations and two HapMap popu-
lations (CHD and CHB) showed that p £ 0.05 was obtained for six
SNPs: rs1015665, rs12467794, rs12959775, rs2000546, rs221899,
and rs27419.

Genotype Matching and Random Matching Probabilities

The average number of identical SNP genotypes found between
two unrelated individuals among the three populations was 38.0,
with a minimum of eight and a maximum of 60 matching loci
(183 samples, 33,306 comparisons). Additionally, the average num-
ber of identical SNP genotypes between two unrelated individuals
in the 14 total examined populations (three Chinese and 11 Hap-
Map) was 37.9, with a minimum of four and a maximum of 64
matching loci (980 samples, 959,420 comparisons, with 797 sam-
ples downloaded from HapMap).

Frequencies for each SNP were calculated and applied to obtain
each MP, which ranged from 0.335 to 0.536 among the three Chi-
nese populations. Detailed MPs, PDs, PICs, and other forensic
parameters for each SNP are summarized in Table S5 (available at
http://blog.sina.com.cn/legalmed). When all 96 SNPs were used in
combination, from the sample sets with different numbers analyzed
in our arrays, the random matching probabilities of complete
matching at all 96 loci between any two unrelated individuals was
the product of 96 MPs, which was 9.793 · 10)39 for the Han pop-
ulation (n = 61 for each MP), 1.338 · 10)39 for the Mongolian

population (n = 62), and 5.018 · 10)39 for the Tibetan population
(n = 60). An overview of the differentiation between the 14 popu-
lations is shown in Fig. S3.

Discussion

Ideal SNPs for individual identification should have two pri-
mary characteristics: high Het values (c. 50% for a biallelic sys-
tem) and low Fst values (<0.06 in multiple populations) among
world populations (6,7,12,16,17). When meeting these criteria, as
few as 50–100 autosomal loci are sufficient for obtaining the high
levels of discrimination that are currently allowed by analyses of
the 13–20 forensic STRs (3–5,9), and fewer reference population
data sets will be required for IISNPs’ statistical assessments for
forensic casework. These two criteria can be simultaneously
achieved by finding SNPs with allele frequency distributions of
c. 0.50 ⁄ 0.50 across most or all of the world’s populations (21).
Fortunately, the currently suggested IISNP panels meet the above
criteria and have good allele frequencies and similar frequency
patterns among multiple populations, especially the 92 SNPs rec-
ommended by Pakstis et al., (12) which have Het values > 0.4
and Fst values < 0.06 in 44 studied populations. However, some
drawbacks exist in these IISNP sets that will greatly hamper their
universal application. For example, SNPforID (11) recommends
using rs1335873, which has uneven allele distributions in Africans
(0.947 ⁄0.053, n = 226) and may lead to low discriminative power
in African populations. Additionally, the LD of six SNPs in the
panel recommended by Pakstis et al. (12) may result in insuffi-
cient power for effective analyses. The proximity of some of
these SNPs to some forensic STRs may cause linkage to those
STRs, which would prevent joint applications. Additionally,
anchoring in CNV areas may make technical analyses challeng-
ing. All these problems arise from a number of factors, but a
major factor may be the small size of the original data sets used
for selecting the SNPs.

With recent advances in the HapMap Project, SNP genotypes from
across the genomes of c. 1000 individuals from 11 populations were
generated (14). Additionally, more SNPs will be identified by the
1000 Genomes Project, which will investigate c. 2000 unidentified
people from c. 20 populations around the world with the help of
next-generation platforms and technologies (27). With these high-
throughput SNP sequencing advances that have assayed many differ-
ent populations, more SNPs that can be used for individual identifica-
tion will be determined. Therefore, a thorough investigation of these
recent data sets should be performed as soon as they are available.

In our previous work, we succeeded in finding SNPs with high
Het and low Fst values by setting MAF ‡ 0.45 based on HapMap
data r21a (21). Under these restrictions, all target SNPs have bal-
anced allele frequencies from 0.450 ⁄ 0.550 to 0.500 ⁄0.500 (or
0.500 ⁄ 0.500–0.550 ⁄ 0.450) in each of the four populations (CEU,
CHB, JPT, and YRI), with very low frequency variations between
these populations and versatile genotypes within populations. How-
ever, HapMap r21a only had four populations, and we needed to
update our recommendations when more populations became avail-
able in HapMap r27. Now, with this recent and abundant source of
data, we updated our universal IISNP selections to include SNPs
with MAF 0.30 and HWE (p ‡ 0.05) across the 11 populations in
this study, and we found 1881 generally applicable IISNPs. This
candidate pool offers enough flexibility that it avoids the drawbacks
described previously, including self-linkage among SNPs, linkage
to any existing forensic STRs or IISNP panels, and linkage to
CNV anchoring regions. Most importantly, this large pool provides
sufficient opportunities to balance each SNP with an even allele
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frequency distribution of c. 0.500 ⁄0.500 and a similar frequency
pattern across various populations.

Our experimental testing of these unlinked 96 SNPs demon-
strated that most of them had good allele frequencies of
c. 0.500 ⁄ 0.500 and had similar frequency patterns among the three
Chinese populations. For example, the C ⁄T allele frequencies of
rs1996872 were 0.510 ⁄ 0.490 in Han Chinese, 0.500 ⁄0.500 in Mon-
golians, and 0.540 ⁄0.460 in Tibetans. Our calculations clearly dem-
onstrated that, when tested in combination, these 96 SNPs provide
high discriminatory power and low MPs in a range of values that
are comparable to the 13 or more currently used forensic STR
markers (3–5). Given that HapMap data are reliable (20,21) and
cover numerous divergent populations, our test results on the 96
unlinked SNPs are expected to be applicable to other large human
populations because the essential characteristics should be the same.
Our panel of SNPs also has additional benefits, including absolute
independence from any coding SNPs or other existing forensic
STRs ⁄ IISNPs systems, good flanking sequences, and no CNV area
anchoring.

One minor problem is that allele frequencies of a few of our
96 SNPs fluctuated greatly when populations beyond Asia were
examined. An MAF ‡ 0.30 criterion means that allele frequencies
can only vary from 0.30 to 0.70. Although most of the 96 SNPs
in our panel had frequency patterns within this zone in different
populations, some of them (such as rs7046039) did not demon-
strate this allele frequency and varied between 0.190 in Han Chi-
nese to 0.637 in Yorubans. Such allele frequency fluctuations
may be because of inaccuracies resulting from small sample sizes
in different tests. However, these fluctuations suggested that we
should limit MAF values to 0.35 or higher to ensure that the
MAFs will not range too far from 0.500. Additionally, we should
put more emphasis on allele frequencies than on certain other fac-
tors (such as HWE ‡ 0.05) and use more specialized criteria
when available (such as Fst values for IISNP screen). These steps
will allow us to refine our 96 SNPs in our future study and
increase the scientific community’s abilities to resolve mixed
DNA analyses with the minimum number of independent SNPs
(28).
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