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ABSTRACT

Ancestry informative SNPs (AISNPs) are genetic variants that exhibit substantially different frequencies between
populations from different geographical regions; thus, they can provide some valuable information regarding
samples and be used in predicting an individual's ancestry origin. In this study, we selected the potentially best
SNPs from our previous study with genome-wide high-density SNP data in mainland Chinese Uygur and Han
populations and investigated the allele distribution patterns and genetic information of AISNPs with a mass
spectrometry-based SNP genotyping panel. Mass spectrometry-based detection technology offers the opportunity
to analyze forensic DNA samples and obtain SNP variants with accuracy and ease. The panel can distinguish and
cluster Han and Uygur populations and is suitable for human identification and parentage testing in the two
populations. Heatmap, PCA, and Structure analyses indicated that the ideal 64 AISNPs can collectively provide
additional information on differences among populations from East Asia, South Asia, Europe and Africa.

Additionally, the results proved that the Uygur population is the admixture of East Asia and Europe.

1. Introduction

Single nucleotide polymorphisms (SNPs) with low mutation rates,
short amplicon length and high discrimination power have become
effective markers for forensic application, such as human identification
[1-8], ancestry inference [9,10] and prediction of externally visible
characteristics, etc. [11-13]. Thus, various methods and panels for
analyzing SNP markers have been explored. In 2012, Sequenom laun-
ched the iPLEX Sample ID Plus Panel, which amplifies 47 of the 52 SNPs
in the SNPforID multiplex, amelogenin and two markers (XKRY-1 and
HFSY-2) of the Y-chromosome. The iPLEX protocol involves a large
multiplex PCR, a large multiplex SBE reaction, and detection of the SBE
products by matrix assisted laser desorption/ionization-time of flight
mass spectrometry (MALDI-TOF MS). In 2013, N. Morling et al. [6]
evaluated the accuracy, reliability, sensitivity and forensic efficiency of
the panel for human identification and sample tracking. These studies
proved that the mass spectrometry-based method is an ideal choice for
medium-resolution multiplex tool for parallel SNP genotyping because
of the limited hands-on time of the iPLEX® assay, the low reagent costs
and the automatic analysis of the mass spectra.

According to the Sixth National population Census in 2010 [14],
Uygur is the fourth largest ethnic minority with approximately 10
million people who live primarily in the Xinjiang Autonomous Region.
The Uygur population, who presents mixed anthropological features of
Europeans and Asians, shows great difference with Chinese Han po-
pulation in appearance, culture and habit. Jin et al. [15] demonstrated
that large-scale SNPs show genetic difference between Uygur and Han
populations. In a national project of multi-ethnic genetic background
investigation which is supported by the National Key Research and
Development Program of China, > 3000 individuals are sequenced
with Genome-Wide Human SNP Array 6.0 (Thermo Fisher Scientific,
MA, USA). The SNP Array features 1.8 million genetic markers, in-
cluding 934,969 single nucleotide polymorphisms (SNPs) and >
946,000 probes for the detection of copy number variation. We ob-
served some SNPs with highly differentiated allele frequencies between
Han and Uygur Two essential criteria [16] were adopted to categorize a
SNP as an ancestry-informative SNP (AISNP). These include (1) SNPs
between the two populations are significant difference and (2) the
distance between two contiguous SNPs is large enough to avoid strong
linkage disequilibrium (LD). To estimate the genetic difference between
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Han and Uygur populations, we calculated unbiased estimates of Fgr
according to Weir and Cockerham [17]. Fsr measures population dif-
ferentiation or relatedness. We screened the 22 autosomes and dropped
SNPs with little difference (Fst < 0.01). For each pair of contiguous
SNPs with an interval distance smaller than 500 Kb, we retained the one
with a higher Fgr value. Finally, we ranked the markers that satisfied
these criteria in descending order based on their Fsr values, and 78
SNPs were listed as candidates.

Considering the throughput, experiment time and costs, we try to
design a multiplex panel for these targets with the MALDI-TOF MS
platform. Concordance, accuracy and sensitivity of the novel custom
panel were tested, as well as the performance for ancestry inference and
human identification in Han and Uygur populations.

2. Materials and methods
2.1. Panel designing

MassARRAY Assay Designer (Sequenom, CA, USA) was adopted for
multiprimer designing, resulting in three primer mix pools for 76 tar-
geted markers (Supplementary Table S1). The three primer mix pools of
W1, W2 and W3 aimed for 32, 29 and 15 targets, respectively. Two
AISNPs (rs2594899 and rs6091928) were deleted from the final panel,
as either the primer designing was difficult or the primer was not
compatible with other primers. Pair of PCR primers and an extension
primer were provided for each SNP. Primers were synthesized by
GeneCore Biotech Inc. (Shanghai, China).

2.2. Mass spectrometry-based SNP genotyping (iPLEX assay)

The 76 targets were sequenced with the MALDI-TOF MS platform
(Sequenom, CA, USA). The MassARRAY system is a scalable platform
offering a suite of applications for quantitative and qualitative genomic
analysis. The process combines the technologies of mass spectrometry,
polymerase chain reaction (PCR), and primer extension to determine
each allele.

The first step in this process is to perform PCR to amplify the region
surrounding the target. The total 5uL PCR reaction contained 1.3 uL
H,0, 0.5puL 10 x PCR buffer, 0.4 pL. 25 mM MgCl,, 0.1 uL 25 mM dNTP
mix, 0.5uL forward/reverse primer mix (1 uM final concentration),
0.2 uL. PCR enzyme (5U/ul) (Sequenom, CA, USA) and 2 puL sample
DNA. The recommended DNA amount was 10 ng. The PCR was per-
formed in a GeneAmp 9700 thermal cycler (Thermo Fisher Scientific,
MA, USA) with the following conditions: 95 °C for 2 min followed by
45 cycles of 95 °C for 30s, 56 °C for 30s, and 72 °C for 1 min followed
by 72°C for 3 min.

The second step was treatment of the PCR reactions with shrimp
alkaline phosphatase to dephosphorylate unincorporated nucleotides.
The PCR products were treated with a cocktail of 1.53 uL H50, 0.17 pL
Shrimp Alkaline Phosphatase (SAP) Buffer and 0.3uL SAP enzyme
(1.7 U/uL) (Sequenom, CA, USA) at 37 °C for 40 min followed by 85 °C
for 5min.

In the third step, a single base extension (SBE) reaction was per-
formed using thermo sequenase to incorporate mass-modified dideoxy
nucleotides. The extension reaction contained 7 pL of SAP-treated PCR
products and 2 pL iPLEX mix (Sequenom, CA, USA). The iPLEX mix
contained 0.2 pL iPLEX buffer, 0.2 pL iPLEX Termination mix, 0.94 pL
extend primer mix (1.57 uM), 0.041 pL iPLEX enzyme (Sequenom, CA,
USA), and 0.619 uL. H,O. The SBE reaction was performed with the
following conditions: 94 °C for 30s followed by 40 cycles of 94 °C for
5s, 52°C for 55, 80°C for 5s, 52°C for 5s, 80 °C for 5s, 52°C for 55,
80°C for 5s, 52°C for 55, 80 °C for 55, 52°C for 55, and 80 °C for 5s
followed by 72 °C for 3 min. A total of 41 pL molecular grade water and
ion exchange resin (Sequenom, CA, USA) was added to each sample.
Samples were rotated for approximately 15 min on a tube rotator and
centrifuged at 4000 rpm for 5min. This post-PCR primer extension
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reaction generated small DNA products that have a unique mass value
based on each allele. These mass extension products were spotted on
the SpectroCHIP array (Sequenom, CA, USA) using the RS1000 nano
spotter (Sequenom, CA, USA), which consists of a matrix that assists in
the ionization of the DNA products when exposed to high intensity
laser. The time of flight of these ionized products depends on the mass
of each allele that will be measured by the mass spectrometer. The
results were visualized on the MassArray TyperAnalyzer version 4.0
(Sequenom, CA, USA).

2.3. Samples

Blood samples of 183 Chinese Eastern Han (CHE) and 100 Chinese
Uygur (CHU) unrelated individuals were collected. A written informed
consent was obtained from each participant, with the approval of the
Ethics Committee of Academy Forensic Sciences, Ministry of Justice,
China. DNA was extracted with QIAamp DNA Blood Mini Kit (QIAGEN,
Hilden, Germany), according to the manufacturer's instruction. DNA
concentration was determined by the Quantifiler Human DNA
Quantification Kit (Thermo Fisher Scientific, MA, USA) with 7500 Real-
time PCR System (Thermo Fisher Scientific,c MA, USA). The con-
centrations of extracted DNA ranged from 16.38 to 47.34 ng/pL. All
DNA samples were diluted to 5 ng/uL.

2.4. Sensitivity testing

For sensitivity testing of the custom panel, serial dilutions of a
quantified control DNA 2800 M were tested in duplicate with quantities
of 10ng, 5ng, 2.5ng, 1.25ng, 625pg, 312.5pg, 156.25pg, 125 pg,
78.125 pg, 31.25 pg, 15.625 pg, and 7.8125 pg.

2.5. Concordance study

Genotypes of the control sample 2800 M (Promega, WI, USA) and 20
randomly selected samples at the included targets were validated with
Sanger sequencing. Additionally, control DNA of 2800 M was used as
positive sample during each batch of sequencing.

2.6. Case-type samples study

For case-type samples study, we tested vaginal blood, vaginal se-
cretion, peripheral blood, hair and buccal swab of a female volunteer,
and semen and saliva samples of a male volunteer.

2.7. Data analysis

The MassARRAY TYPER 4.0 software analyzed the results in real-
time using a Gaussian mixture model for cluster analyses [6]. The allele
genotypes with peak heights were exported as Plate Data File from
TYPER 4.0 software. The heterozygote balance (Hb) was calculated as
the lower peak height dividing the higher peak height.

Genetic analyses, such as Hardy-Weinberg equilibrium (HWE), ex-
pected heterozygous (He) and observed heterozygous (Ho), were cal-
culated with PLINK v 1.07 [18]. LD was tested using HaploView soft-
ware. The detailed population genetic structure was performed using
model-based clustering method implemented in STRUCTURE v.2.3.4
[19]. Each run used 100,000 estimation iterations for K = 2 to 10 after
a 10,000 built-in length with 5 replicates. Graphics were generated
using CLUMPP v1.1.2 [20]. STRUCTURE HARVESTER [21] was used to
generate a table of mean likelihoods (L(K)) and variance per K value
from STRUCTURE. Principal components analysis (PCA) was carried
out using PLINK v 1.07, GCTA software and the “prcomp” function in
the R v.3.4.0 package “stats”. Similarly, a heatmap was created based
on population allele frequencies with R v.3.4.0 “pheatmap”. The
neighbor-joining (NJ) tree was constructed using the “nj” function in
the R package “ape” [22].



J. Zhang et al.

1.2
1&, ‘ . : ®
® '. t
®
. '\ il
08-§ 4§ o388 s :
»
8 o * 33
° *
3 ° ‘ X * ‘ !
g T 4 oo L )
° o‘o ofle,
Q > ¢ $ s ‘0
6 o
06-38°°* ] } <
. o ¥ ’ T ° ’ T
® ]
.3 A . )
°
$ o
°
04-¢°
®
0.2
L L L A L P T T O W I L L L N T L PR VRN R M M
oo ISTRos8n8lanaern0T OV ® LN
N S A b A Rt bt e R L
R R N e R = g R R o S S
MO SN IO ATV LOON OO T OBK
S50 00Re R dnummnmonmssboo®P0
AR ALt R A A A A A A AR
LRl ppplpplpplopppppppppcp

@ 900 0 0 CEEENTENGED

¢ ¢ ¢ ¢ DN TREED

L 2

[ X XX

R g e a—"p———
9 00 O IV IPDERIEDED

Science & Justice 59 (2019) 228-233

¢ RO CTeT—>

L J

® CSNNOWID ® O

LR R o o e e e —

O & GOl IITIR0 O ©

G GO ORI T/RED

* K CTTTeITTD

® 4000 & ¢ N HEDONIDHNEIOIERD
CHAHTTH T TR0 0 OO €4
L X J W ¢ SN OO ERCEENEND
GO® (OCIMTDTD 900 NS

L >
L
ST TR [ $
° $ o
* ° [} e
' T
° 3
¢ o0 °
L J L 2
L
®
4 ¥ & :F & % 5% 3 %P 3 3¢ § § & F 8 5 ¥ %YL LN E N & ¥ 0
VOO O—-—ONNMNMNY o DO - WO
o — D o —OONMTO
~ ~Wu
SRR 2N EaNAgE8R AR RANEERSIREZREE2YR
QRITNOVVONONVFOVoOCONEBO8 29000 o3853RED
DO MITOR =T OVIROOTN R8O -0=23829338
o000 ooNNTAdINN e oAl E R0 O R B8 S a s
ppppppp ppp=pLpmpppe 2 pppp

Fig. 1. Hb values of 7569 heterozygotes detected among 283 individuals at the 64 AISNPs. Hb values at each SNP are labeled in the same color. Black diamonds

represent the average Hb values.

3. Results and discussion
3.1. Genotyping efficiency of the mass spectrometry-based SNP panel

183 CHE and 100 CHU individuals were double sequenced with the
custom panel. Twelve AISNPs (rs11070629, rs11160371, rs1404402,
152303798, rs2470102, rs279025, rs6713532, rs7163702, rs718092,
15728404, rs764138, rs963171) were detected with > 10% missing
genotypes. Genotype dropout was not observed from the two detection
wells on the SpectroCHIP Array at the remaining 64 AISNPs. Thus, the
effective genotype calling rate of this panel was 84.21% (64/76). The
following analyses were performed with the results at the 64 AISNPs
from the first detection well.

A key factor in forensic SNP analysis is heterozygote balance, which
is critical for reliable genotyping of heterozygotes. According to the
results in reference [2], the Hb for accurate heterozygotes calling
should be above 60%. Fig. 1 shows the Hb analysis of observed het-
erozygotes at the 64 AISNPs among the 283 tested samples. The average
Hb values ranged from 0.62 (rs1205357) to 0.94 (rs1320892). Re-
garding Hb < 0.6, only 4% (348 out of 7569) of heterozygotes were
observed, which may have been due to a sequencing effect.

3.2. Sensitivity results

According to the MALDI-TOF MS's manual instruction, 10 ng initial
DNA was recommended for the first step of PCR preparation. However,
DNA quantities obtained from forensic biological samples were fre-
quently lower than the recommend quantities during routine work. To
verify the detection limit of the custom panel, we performed sensitivity
testing. Full genotypes were obtained at the 64 AISNPs with control
DNA 2800 M at 10 ng and 5ng in the 5uL PCR reaction system (Fig. 2-
A). The detection rate was calculated as: the number of observed SNP
divided the total SNP here (N = 64). The average detection rate ex-
ceeded 90%, while the DNA quantities ranged from 2.5 ng to 156.25 pg.
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However, when the DNA quality dropped to 78.125pg, the average
detection rate of AISNPs was only 64%. Fig. 2-B illustrates the observed
average Hb values at different DNA amounts in the 5uL PCR reaction
system. Hb values ranged from 0.715 (125 pg) to 0.810 (10 ng) with
minor variation. The above data indicated that no < 156.25 pg DNA
should be prepared for comparatively ideal results. In addition, even
when there was a lower amount of DNA, the allelic balance of obtained
heterozygotes was reliable.

3.3. Concordance results

The genotypes of 2800 M and 20 randomly selected samples at the
64 targets were consistent with Sanger sequencing results, and the
genotypes of 2800 M were consistent during each batch of sequencing.
Genotypes of control DNA 2800 M are listed in Supplementary Table
S2.

3.4. Case-type samples study

The genotypes of different biological samples collected from the two
volunteers were fully called at the 64 targets. The genotypes of samples
of each volunteer were fully consistent.

3.5. Forensic application of the mass spectrometry-based SNP panel

3.5.1. Efficiency for human identification and parentage testing

Allele frequencies and corresponding parameters of the 64 SNPs in
CHE and CHU are listed in Supplementary Table S3. No deviation from
HWE was observed for any of the targets after Bonferroni's correction
(p = 0.05/64) in CHE and CHU populations. In the CHE population, the
Ho and He values ranged from 0.0109 (rs1032982) to 0.4993
(rs1037796) and 0.0109 (rs1032982) to 0.5738 (rs11620231), with
mean values of 0.3467 and 0.3462, respectively; the DP values varied
from 0.0216 (rs1032982) to 0.6566 (rs2317212); and the PE values
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Fig. 2. Sensitivity testing of template DNA ranging from 10 ng to 7.8125 pg. (A) Average detection rate of AISNP was against DNA template mass. (B) Average Hb
values were against DNA template mass. Error bars represent the plus and minus standard error in duplicate.

ranged from 0.0050 (rs1032982) to 0.2185 (rs1037796). In the CHU
population, the Ho and He values ranged from 0.1040 (rs8012948) to
0.5000 (rs1517661) and 0.0700 (rs8012948) to 0.6289 (rs7047704),
with mean values of 0.4214 and 0.4305, respectively; the DP values
varied from 0.1666 (rs8012948) to 0.6249 (rs1016120); and the PE
values ranged from 0.0506 (rs8012948) to 0.2187 (rs1517661 and
rs1016120). The lowest Ho, He, DP and PE values were observed at
rs1032982 locus in CHE, while the lowest value was found at
rs8012948 in CHU population. Since LD was not identified between the
pair of targets, the cumulative discrimination power (CDP) was
1-6.41E-20 in CHE and 1-3.03E-23 in CHU, while the cumulative ex-
clusion power (CPE) was 0.999983345 in CHE and 0.999998407 in
CHU. The results indicated that this panel would be a powerful tool for
human identification and parentage testing in these two populations.

3.5.2. Efficiency of ancestry inference between Han and Uygur

Except for 100 CHU and 183 CHE individuals, 103 Beijing Han
(CHB) and 103 Southern Han (CHS) from the 1000 Genomes Project
(1KG) were referred here. In Fig. 3-A, the estimated cluster membership
frequency is shown for each individual as a colored bar column, and K
denotes the number of clusters specified. According to the table of mean
likelihood (L(K)), as shown in Supplementary Table S4, the most likely
and appropriate number of clusters is six. At K = 6, CHB, CHE and CHS
are clustered into one group and emerge as a distinct cluster from CHU
(Fig. 3-A). To obtain a more visual and intuitive exhibition, we carried
out PCA based on the individual genotypes from CHE, CHS, CHB and
CHU. In Fig. 3-B, the combined percentage of the variance of the data
set explained by two PCA axes was 8.85% (4.66% + 4.19%). The PCA
result indicated that individuals from Chinese Han clustered tightly,
with exclusion of individuals from Uygur, which coincided with the
results observed in the STRUCTURE.

3.5.3. Efficiency of ancestry inference among populations

For further evaluating the ancestry inference power of this panel,
we referred the genotyping data at the 64 AISNPs from the other 22
populations of the 1KG. The sampling areas and sample size for each
regional population are shown in Supplementary Table S5. We de-
termined the allele frequency distribution characteristics in CHU, CHE
and the 22 populations (Fig. 4-A). The heatmap matrix of 64 AISNPs
provides more detail on the contribution of each SNP. SNPs that are
very close to each other show a similar color pattern. The color pattern
changes gradually from light yellow to dark green, indicating the lowest
allele frequencies (0) to highest allele frequencies (1). The heatmap
shows the relationships of the SNPs and the populations graphically in

the marginal dendrograms. The heatmap also allows for determination
of how these individual SNPs contribute to the differentiation of the
specific populations analyzed. For example, in the left cluster, the 26
AISNPs showed high allele frequencies in African populations (ASW,
ACB, LWK, YRI, ESN, GWD, MSL), while in the right cluster, most of the
remaining 38 AISNPs showed relatively low allele frequencies. Fig. 4-B
displays that the 24 populations were assigned into four distinct clusters
in the highest likelihood run at K = 3. CHU has approximately 60%
admixture from East Asian ancestry and 40% admixture from Europe
ancestry. The populations of Gujarati Indian from Houston (GIH),
Punjabi from Bangladesh (PJL), Bengali from Bangladesh (BEB), Sri
Lankan Tamil from the UK (STU), and Indian Telugu from the UK (ITU),
which belong to South Asia, displayed East Asian, European and African
admixture. Supplementary Fig. S1-A shows that the first two factors
account for 86.03% of the variation. Factor 1, which accounts for
44.78% of the variation, is defined at the extremes by populations from
Africa and East Asia. Factor 2 (41.25% of the variation) separates
Europe from East Asia and Africa, with South Asia lying between them.
An unrooted tree (Supplementary Fig. S1-B) revealed the genetic re-
lationships among CHE, CHU and the 22 previously published popu-
lations, separating them into four main branches.

4. Conclusion

Many AISNP panels have been published for ancestral inferences at
various levels of resolution [9,10,23-29]. Most of the panels are able to
correctly predict an individual's ancestry from Europe, Africa, America
and Asia with high accuracy. In this study, taking advantage of our
previous study with genome-wide high-density SNP data, we were able
to screen a set of high quality AISNPs in distinguishing and clustering
Han and Uygur populations. The mass spectrometry-based detection
assay has proven to be a useful research tool. All reactions in the iPLEX
protocol were performed in the same plate with little hands-on time,
and the analyses were performed automatically by the TYPER 4.0
software. However, the call rates of some of the SNPs were not im-
pressive. In particular, the rs11070629, rs11160371, rs1404402,
152303798, 152470102, rs279025, rs6713532, rs7163702, rs718092,
1s728404, rs764138 and rs963171 loci should either be removed from
the panel or the SNPs should be redesigned and optimized. The results
at the remaining 64 SNPs showed that they yielded a relatively clean
and robust finding between Han and Uygur populations as well as
among four regions of East Asia, South Asia, Europe and Africa.

The Mass spectrometry-based SNP genotyping Panel required 10 ng



J. Zhang et al. Science & Justice 59 (2019) 228-233

A

K=
=3 ¢
.
o
g
K= E g —
N
O
o
N
- o CHB
K=s5 * CHE
. CHS
< o CHU
< T T T T T T T
K= 03 0.2 0.1 0.0 0.1 02 03

PC1(4.66%)

v M ) - , :
CHB CHE CHS CHU
Fig. 3. (A) STRUCTURE analysis for CHB (n = 103), CHE (n = 183), CHS (n = 105) and CHU (n = 100). CHB and CHS from the 1000 Genomes Project (1KG). Each
individual is represented by a vertical line partitioned into K colored segments, whose lengths are proportional to the estimated membership in each of the inferred K

groups. Admixture and correlated allele frequency models were taken into account. (B) PCA plot of 491 individuals containing CHE, CHU, CHB and CHS analyzed
with 64 AISNPs. Each individual is represented as a colored point according to the population of origin.

[ & & D L QIR > VDY & & & > Q o &

® & FRE LT TLR L IO SSe

Fig. 4. (A) Heatmap representation of 64 AISNPs in 24 populations. Heatmap representation of the 24 population allele frequencies and 64 SNPs simultaneously. (B)
STRUCTURE analysis of 24 populations based on genotypes at the 64 AISNPs. All populations were assigned to four distinct clusters in the highest likelihood run at

K=3.

232



J. Zhang et al.

for optimal performance, which is 50-100 times more than the amount
of DNA typically used in the PCR of forensic genetic STR kits. Here, the
custom panel required 5ng for complete profiles. Allele drop-outs
seemed to occur frequently when the DNA amount was lower than
78.125pg. Therefore, the panel is not suitable for crime case in-
vestigations in its current form. However, it may be useful for complex
parentage testing by providing additional genetic information, espe-
cially when the cost of the assay are taken into consideration.
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.scijus.2019.01.006.
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