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Forensic Identification Using a Multiplex Assay

of 47 SNPs*

ABSTRACT: As a powerful alternative to short tandem repeat (STR) profiling, we have developed a novel panel of 47 single nucleotide
polymorphisms (SNPs) for DNA profiling and ABO genotyping. We selected 42 of the 47 SNPs from a panel of 86 markers that were previously
validated as universal individual identification markers and identified five additional SNPs including one gender marker and four ABO loci. Match
probability of the 42 validated SNPs was found to be 9.5 x 10™'® in Han Chinese. SNP analysis correctly assessed a panel of historical cases, includ-
ing both paternity identifications in trios and individual identifications. In addition, while STR profiling of degraded DNA provided information for
11 loci of 16 potential markers with low peak intensities, SNPstream® genotyping was sufficient to identify all 47 SNPs. In summary, SNP analysis
is equally effective as STR profiling, but appears more suited for individual identification than STR profiling in cases where DNA may be degraded.
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The standard practice in forensic identification, short tandem
repeat (STR) technology, uses 13 loci to distinguish one DNA pro-
file from another. The odds that two individuals have matching
STR profiles is ¢. 1 in 10" (1). Similarly, multiplexed single nucle-
otide polymorphism (SNP) analysis is a very effective method for
DNA profiling. SNP analysis, however, has several advantages over
the STR profiling (2-5), including low mutation rates usefulness in
paternity testing (6), and the use of short amplicons allowing the
amplification of degraded DNA samples (7). The ability to amplify,
and thus analyze, the degraded DNA samples is particularly attrac-
tive for forensic identification (8).

Individual identifications by SNP analysis require generation of a
panel of SNPs that together give an extremely remote probability
that two individuals would have the same DNA profile. A multi-
plex assay panel of 52 SNPs was developed in several European
countries (9). Owing to variations in population genetics, match
probabilities of an SNP panel can vary greatly among populations
(10). A universal panel of 92 SNPs was developed for individual
identification (IISNPs), with average heterozygosity at each locus
of >0.4 and Fgr values <0.06 for 44 major populations across the
world (11). Six of the 92 SNPs exhibit strong linkage
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disequilibrium (LD) values, while the remaining 86 have no signifi-
cant pairwise LD. The match probability of 42 of the 86 IISNPs
was found to be equivalent to that of the 15 loci STR sites found
in the commonly used Identifiler® kit (12). As such, 45 of the
unlinked IISNPs are recommended for individual identification
(11).

The IISNP system was validated for 44 populations; however,
mainland Han Chinese were not included in the analysis. Based on
the study of Pakstis et al. (11), we describe in this report a multi-
plexed SNP assay, using Genomelab™ SNPstream® genotyping
(13,14), for use in individual identifications of Han Chinese. This
system represents an alternative, potentially more sensitive method
for forensic applications compared to STR analysis. Forty-two loci
were chosen from the pool of 86 unlinked IISNPs, including 37
from among the panel of 45 recommended IISNPs (re-IISNPs). As
ABO genotyping is another useful tool in forensic practice for indi-
vidual identification and paternity testing (15), an additional four
ABO gene loci at nucleotide positions 261, 297, 467, and 803 used
for classifying ABO genotypes were also chosen between A101,
A102, B101, 001, 002, and cisABO1. In addition to the 42 TISNPs
and four ABO loci, an amelogenin gender marker was chosen to
complete a 47-SNP panel. This panel was arranged into four PCR
pools for sample analysis using a 12-plex genotyping system.

Materials and Methods
Sample Collection

DNA samples from 233 unrelated Han Chinese volunteers (125
men and 108 women) from Beijing were obtained with written
informed consent. Each participant provided either a buccal swab
(n = 103) or a blood sample (n = 130), and completed a brief ques-
tionnaire of general information including sex, age, blood type, and
personal and family medical history.

Historical samples were provided by the DNA Department of
Forensic Science Institute, Ministry of Public Security (Beijing,
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China) for test validation. Samples obtained included 20 DNA
samples for paternity identification of trios and 18 forensic DNA
samples for individual identifications.

DNA Preparation

Genomic DNA was isolated using the Mini M48 Kit from QIA-
GEN Corporation (Hilden, Germany), and samples from body
fluids, bones, hairs, and epidermal cells were prepared using
Chelex-100 or magnetic beads (M48). DNA quantification was per-
formed on 1.5 pL of DNA sample in solution using a NanoDrop®
ND-1000 Spectrophotometer (Thermo Fisher Scientific, Wilming-
ton, DE). DNA degradation was performed using 4-5 units of
DNase 1 (Sigma-Aldrich, St. Louis, MO) at 25°C for 20 min and
70°C for 10 min.

SNPstream® Genotyping

SNPstream® genotyping was performed according to the manufac-
turer’s instructions (Beckman Coulter, Brea, CA). All 47 SNPs were
arranged into four PCR pools, with one pool of 11-plex primers for
typing C/G substitution and three pools of 12-plex primers for A/G.
Primer design was performed using the Autoprimer.com online
service and modified through PRIMER PREMIER 5.0 (PREMIER
Biosoft, Palo Alto, CA). The amplicon size ranged from 89 to
158 bp. Details of loci, PCR primers, extension primers, and product
sizes are outlined in Table 1. The 45 bp extension primer is com-
posed of a 5 tag array tail (20 nt) and a 3" SNP region (25 nt).

Multiplex PCR was carried out in 5 pl. volume, containing 3-pL
PCR mix with 24 mixed-primers (50 nM each primer, 75 pM
dNTPs, 5 mM MgCl,, 0.5 unit of HotStarTaq DNA Polymerase;
QIAGEN), and 2-pL. DNA template. The amplification was per-
formed in a Mastercycler Pro (Eppendorf AG, Hamburg, Germany).
PCR conditions were as follows: predenaturation for 15 min at 95°C;
30 sec at 94°C, 30 sec at 55°C, and 1 min at 72°C for 40 cycles; and
4°C soak. To rid the samples of nucleotide overhangs, a clean-up of
the PCR products was achieved using Shrimp Alkaline Phosphatase
and Exonuclease I (USB, Cleveland, OH).

The extension procedure was completed with the addition of
7 pL extension mix (3.75 pL extension dilution buffer, 0.2 plL 20x
extension mix, 0.02 pL. DNA polymerase, 0.03 pL extension pri-
mer mix, and 3 pL. ddH,O) to the clean-up product utilizing condi-
tions as follows: 96°C for 3 min, 94°C for 20 sec, and 40°C for
11 sec for 46 cycles; hold at 4°C.

Array hybridization was performed on a washed SNPware 12-plex
tag array plate. Eight microliter hybridization mix (7.56 pL hybrid-
ization solution and 0.44 pL hybridization additive) was added to
each well of extension products, and 10 pL of the mixture was added
to the array plate, which was later incubated at 42°C for 2 h. Finally,
the hybridized plate was washed and centrifuged to dry three times.
The dried plate was imaged on a data analysis (Beckman Coulter).

STR Kits

The 15-loci Identifiler® Plus kit, used as the standard STR
method for comparison purposes, was obtained from Applied Bio-
systems (Foster City, CA). PCR conditions were as follows: 95°C
for 11 min, 30 cycles of 94°C for 1 min, 59°C for 1 min, 72°C for
1 min; followed by 60°C for 60 min; hold at 4°C. PCR products
were transferred to 10 mL of formamide and applied to a 3130xl
Genetic Analyzer (Run Module Name: HIDFragmentAnaly-
sis36_POP4_1; GENEMAPPER™ ID3.2 software; Applied
Biosystems).
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DNA Sequencing

SNP genotyping performed using the SNPstream® assay was
compared with the results obtained using dideoxy dye-terminator
sequencing chemistry. For each of the 47 loci, eight randomly
selected samples were sequenced in both the forward and reverse
directions on PCR products obtained using individual primer pairs.
PCR was performed using the ABI BigDye® Terminator Cycle
Sequencing Kit, performed on a 3130x] DNA Analyzer from
Applied Biosystems.

Statistical Analysis

Population indices were calculated, including allele and genotype
frequency, heterozygosity, match probability, and success rate of
the SNPstream® assay. Hardy—Weinberg equilibrium was computed
with HAPLOVIEW genetics software (version 4.2). LD values )
(16) for each pair of the 46 autosomal SNPs were computed to
evaluate the statistical independence of each locus (loci indepen-
dence is reflected in pairwise 7 values closest to zero). Haplotype
frequencies were analyzed within four ABO genetic markers. An
Fgr value (17) was calculated for the measurement of the variance
in allele frequencies among populations.

Results
System Performance

DNA concentration was quantified using a NanoDrop® ND-1000
Spectrophotometer. DNA extractions yielded samples with concen-
trations in the range of 1-30 ng/pL. In our assay, using 2 pL of
sample, all 47 markers among the four PCR pools yielded clear
genotype clusters. A total of 10,951 possible genotypes from the
233 samples resulted in a call rate of 98.43% (10,779 genotypes
receiving a call score).

Assay accuracy was estimated by reproducibility, concordance
with sequencing, and consistency with Mendelian inheritance. Five
samples were repeated in triplicate. Genotypes at each locus were
identical for each of the five samples. Random selection of eight
samples for DNA sequencing of all 47 SNPs generated results in
complete concordance with those derived from SNPstream® analy-
sis, and with outcomes identified by ABO and gender markers and
individual information of blood type and sex.

To test the ability of SNP analysis to positively identify degraded
DNA, DNA was degraded using 4-5 U of DNase I, and analysis
was performed. While SNP analysis generated complete genotypes
of the degraded DNA (as shown in Fig. 1), STR analysis using the
Identifiler® Plus kit failed at five of 16 loci. Furthermore, in the 11
detected loci, five demonstrated low peak intensities (ranged from
50 to 200 RFU).

Population Indices

The allele frequency distributions for the SNP panel in the Han
Chinese population are outlined in Fig. 2. No meaningful devia-
tions from Hardy-Weinberg equilibrium were observed for any of
the 46 autosomal SNPs. Previous data established that a panel of
40-45 SNPs with heterozygosities >0.4 provides match probabili-
ties <107%° (18). Heterozygosities of the 42 IISNPs (listed in
Table 1) ranged from 0.3907 to 0.5011 in the training set. There
was no significant pairwise LD among the 42 IISNPs. The major-
ity of the pairwise # values were <0.03, while three of the pair-
wise r° values were <0.04 and two were <0.05. Therefore, allele
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FIG. 1—The STR profile and SNP analysis of degraded DNA. DNA was extracted from blood, and degraded with 4-5 units of DNase I at 25°C for 20 min
and 70°C for 10 min. (a) STR analysis of degraded DNA resulted in five STR loci dropouts. (b) SNPstream® genotyping was performed on 233 samples. Blue
and green fluorescence from each spot, respectively, represents each of two alleles of an SNP marker. Controls of hybridization are indicated in the four cor-
ner spots: three positive (top-right for genotype 1/1 (Blue-on, Green-off), top-left for 1/2 (Blue-on, Green-on), bottom-left for 2/2 (Blue-off, Green-on)) and
one negative (bottom-right; Blue-off, Green-off). Eleven SNP markers were included in the CG panel, with one spot left blank.

frequencies noted for each SNP can be multiplied generating a
match probability for the 42 statistically independent IISNPs of
9.5 x 107"%,

Each of the four ABO markers used in this panel is found within
the chromosomal region 9q34.2. Allele and genotype frequencies
are outlined in Table 2. Allele cisABO1 was not detected in this
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FIG. 2—Allele frequencies of 47 SNPs in Han Chinese. Analysis of DNA by SNPstream® genotyping was performed according to the manufacturer’s

instructions. Data indicates population frequency of 47 alleles derived from 233 unrelated Han Chinese samples.

TABLE 2—Allele and genotype frequencies of ABO loci in Han Chinese.

Loci Position

Genotypes Count Frequency (%) Alleles 261 297 467 803 Count Frequency (%)
A101/001 4 1.78 001 A A G C 160 35.56
A101/002 2 0.89 002 A G G C 80 17.78
A102/A101 2 0.89 A102 G A A C 100 22.22
A102/A102 12 5.33 A101 G A G C 11 2.44
A102/001 26 11.56 B101 G G G G 99 22.00
A102/002 24 10.67 cisABO1* G A T C - -
B101/A101 3 1.33

B101/A102 24 10.67

B101/B101 8 3.56

B101/001 51 22.67

B101/002 5 222

001/001 18 8.00

001/002 43 19.11

002/002 3 1.33

SUM 225 100 450 100

*Allele cisABO1 was not detected in the population examined.

experiment. In statistical analysis, no significant difference
(p =0.353, o = 0.05; Xz test) was found in ABO allele frequencies
between Han Chinese and Korean populations (Korean data were
obtained from a published report by Lee et al. [15]).

Fgr values were calculated between our training sample set and
the data from 11 populations (ASW: African ancestry in South-
west U.S.A.; CEU: Utah residents with Northern and Western
European ancestry from the CEPH collection; CHB: Han Chinese
in Beijing, China; CHD: Chinese in Metropolitan Denver, Colo-
rado; GIH: Gujarati Indians in Houston, Texas; JPT: Japanese in
Tokyo, Japan; LWK: Luhya in Webuye, Kenya; MEX: Mexican
ancestry in Los Angeles, California; MKK: Maasai in Kinyawa,
Kenya; TSI: Tuscan in Italy; YRI: Yoruban in Ibadan, Nigeria)
available on the HapMap database (release #28) (19). Fsr values

for the 42 IISNPs over 12 populations ranged from 0.002 to
0.080.

Case Sample Analysis

Multiplexed SNP analysis was used to test a panel of samples
from archived forensic or paternity cases. Each case was provided
with Identifiler® genotypes, allowing a comparison of results
between STR and SNP DNA profiling (details in Table 3). Multi-
plexed SNP was equally effective compared with STR analysis for
both forensic individual identifications and for paternity testing.
Each method correctly identified all forensic cases. Similarly, SNP
analysis correctly performed paternity identifications of 20 trio fam-
ily paternity tests, including three cases in which paternity was
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TABLE 3—Identity results of nine cases analyzed by both STR and SNP
methods.

Blood Sample Identity (Yes/No)

Sample from from

Cases  Crime Scene  Suspect/Victim Identifilier” Plus ~ SNPstream™
1 Blood Victim Y Y
2 Blood Victim Y Y
3 Semen Suspect Y Y
4 Blood Suspect N N
5 Semen Suspect Y Y
6 Blood Victim Y Y
7 Semen Suspect Y Y
8 Saliva Suspect Y Y
9 Semen Suspect N N

excluded (genotypes of loci by STR and SNP analysis revealed that
the parent and child did not follow Mendel’s laws; Table 4).

Discussion

We have established a multiplex SNP detection system that is
very useful for human identification and ABO blood type analysis.
Based on a 12-plex SNPstream® system, 42 IISNPs, four ABO,
and one gender markers were arranged into four SNP panels,
including one for detecting C/G substitutions and three for detect-
ing A/G substitutions. In these 42 IISNPs, 37 re-IISNPs were cho-
sen from the recommended set of 45 unlinked IISNPs, and five
were selected from the remaining list of 41 markers. These 42 II-
SNPs had been tested with no significant LD between any pair in
44 populations. These findings were validated in our training sam-
ples as all pairwise ¥ were determined to be <0.05. As a result,
each TISNP could be statistically independent for calculating a
match probability using the panel. Previous data established that a
panel of 40 to 45 SNPs with heterozygosities >0.4 could provide
match probabilities <107 (18). Using our SNP panel, the match
probability reached 9.5 x 107'® in the training set, which is compa-
rable with that obtained with the 15-STR Identifiler® kit. Further-
more, in light of the 52-SNP panel reported by Sanchez et al. (9),
in which a mean match probability was calculated to be 10™'® in
the populations studied, our panel with less markers was efficient
for human identification in Han Chinese.

A significant problem with SNPs in forensic identification is that
the frequency of an allele can vary dramatically among different
populations, causing very large variations in match probability (20).
Using a low Fgr strategy for identifying IISNPs can minimize dif-
ferences in allele frequency among populations, as the match prob-
ability would be nearly constant irrespective of the population (10).
Low Fgr values tested with our training samples, and 11 worldwide
populations further validate this SNP panel for universal use in
forensic human identification.

Different typing technologies can be used to establish the multi-
plexed SNP detection systems, that is, SNaPshot® (21) and Gen-
Plex™ (12). SNPstream® is a high-throughput and automated
system, which has been described as one of the SNP typing strate-
gies allowing possible identification on some highly degraded sam-
ples because of the small amplicon size (13). In our design, all
amplicons were between 89 and 158 bp, and the benefit of the sys-
tem for detecting highly degraded samples was shown by making a
comparison with Identifiler” Plus. Using degraded DNA samples,
when the STR kit failed to amplify the alleles of larger sizes, the
SNP panel, on the other hand, provided a complete genotype of the
47 SNPs. As such, compared to the Identifiler® Plus kit, our SNP

+ FORENSIC IDENTIFICATION USING A MULTIPLEX ASSAY

TABLE 4—Genotypes of loci by STR and SNP analysis that the parent and child do not follow Mendel’s laws.

SNP Markers

STR Loci

Case

IS

Is
1821380 13182883 1109037 13218440 7520386 9905977 8176720 4606077 2342747

Is
521861

vWA TPOX DI8S51

D13S317 D16S539 D2S1338 D19S433

THO1

Case 1 D8S1179 CSFIPO D3S1358

AA
GA

GG
GG
GA

GG
GA
AA

AA AA
AA

AA

GG
GA
AA

CcC GG GG GG
GA
AA

CcC
CG

11,11 21,21
17,18

19,19 14,14 17,17

11,11
11,12

10,12

6,6

6,7
79

11,11 16,16

12,15

Father

GA

GG
CG

11,11

16,17

19,23
23,24

10,10

15,17
15,15

10,12

13,14.2
13.16.2

Mother 11,13
Child

GG

GA

GA

AA

IS
430046 7520386 740598 9905977 4606077 159606 1498553 10092491 2342747 8078417

13,18

8,11

14,16

8,12

FGA

9,10

VWA

10,12

11,14

Is

IS
10488710 338882

Case 2 D21S11 D7S820 D3S1358 DI16S539

GG GG GG
GA

AA GG GG
GG
GA

AA
GA

AA

GA

AA
AA
GA

GG
GG
GA

AA

GA

AA
AA
GA

GG
CG
CcC

10,10 14,16 21,25

15,17

11,12
11,12

29,30

Father

GA

GA

GG
GA

18,18
18,22

15,18
D16S539 D2S1338 TPOX DI8S51 D5S818 FGA

13,13

17,17

Mother 29,32

Child

AA AA

AA

GG

GG

18,20

12,13

16,17

12
D7S820 CSFIPO  THOI

8,

32,35

s

rs
159606 993934 214955 1523537 6955448

rs
445251

rs
521861

Case 3 D2IS11

722290 9951171 1109037 1058083 740598 9905977 3780962 321198

GG
AA
AA

GG
AA

GG
AA
AA

GG

GG
GG
GA

AA
AA
GA

AA
GA

GG
AA
AA

AA
GA

AA AA GG

AA
GA

GG
cC

CcC
CG
GG

GG
GG
CG

23,25
23,23
23,24

11,11

12,12

89 14,19
9.11

20,20

11,13

10,12

9,9
6,9
7,9

12,12

10,11

11,11

Father

31,322

AA
AA

GA

GG
GG

16,16
16,18

18,24
19.24

8.11
11,12

Mother 30,30.3

Child

AA

GG

GG

AA

CcC

10,12

11,11

12,12

9,10

29,30.3

SNP, single nucleotide polymorphism; STR, short tandem repeat.
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panel was effective in analyzing degraded DNA templates. Because
all PCR primers are automatically generated by the http://
www.Autoprimer.com website, in the future, additional work to
narrow down the amplicon size may be considered in primer
design. This may result in significant increase in the performance
efficiency of our system for degraded samples (22).

In addition to individual identification, the 47-SNP panel can
also be useful for the determination of ABO genotypes. The panel
includes four markers that are commonly used in cases of ABO
discrepancy between cell typing and serum typing, as well as in
forensic practice for personal identification and paternity test (15).
Interestingly, no significant difference was observed in ABO allele
frequencies between Han Chinese and Korean. We attribute this
result to the close geographic distance between these two popula-
tions. The ABO data obtained in this study could also be used as a
fundamental reference for Han Chinese.

Case sample analysis confirmed the validation of the multiplexed
SNP assay for both forensic individual identifications and for pater-
nity testing. While SNP analysis performed equally well as STR
typing in these cases, we believe that SNP analysis may actually
perform better than STR typing in more difficult cases where DNA
integrity is low. We hope to validate this hypothesis with cases
where STR typing fails in the future.

Conclusions

We established a multiplexed SNP assay system, which equaled
the performance of the Identifiler® kit in match probability. Further,
SNP analysis was more effective than STR analysis to profile
DNA from a degraded sample. In summary, this SNP DNA profil-
ing method represents an ideal alternative strategy to standard STR
analysis for forensic individual identifications, particularly for the
analysis of degraded DNA samples.
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