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Development and validation
of a multiplex 19 X-chromosomal
short tandem repeats typing
system for forensic purposes

Juan Jia®5, Xu Liu%3*, Qingwei Fan>, Chen Fang®3?, Mengchun Wang?, Jiarong Zhang?,
Wanting Li%, Linyu Shi, Xiaomeng Zhang?, Chuguang Chen*, Zailiang Yu*, Chen Li*,
Keming Yun'* & Jiangwei Yan'*

X-chromosome short tandem repeat (X-STR) markers are a powerful complementary system used

for paternity and forensic casework. This study presents the development and validation of a new
highly efficient multiplex-fluorescent-labeled 19 X-STR typing system, including DXS10079, DXS101,
DXS10135, DXS10162, DXS6795, DXS6800, DXS6803, DXS6807, DXS6809, DXS6810, DXS7133,
DXS7423, DX$981, DXS$9902, DXS9907, GATA165B12, GATA172D05, GATA31E08 and HPRTB along
with sex-typing locus, amelogenin. The system was validated according to guidelines issued by the
Scientific Working Group on DNA Analysis Methods. Allele frequency and forensic parameters were
investigated from 1085 (494 males and 591 females) unrelated Beijing Han individuals, the combined
power of discrimination by the 19 X-STR loci in females and males, as well as the combined mean
exclusion chance in trios and duos, were 0.999999999999999995, 0.99999999995, 0.9999999995, and
0.9999996, respectively. The results demonstrate that this multiplex system is robust and reliable, and
considered to be a powerful tool for forensic application.

Short tandem repeats (STRs) are well-established and widely applied in the field of forensic science for indi-
vidual identifications and paternity testing’. STRs loci are not only confined to the autosomal chromosomes but
also presented on the X and the Y chromosome. In males, the X chromosome can therefore be considered as a
haploid genome similar to the Y chromosome. Two females share the same biological father if they also share
an X chromosome. Therefore, X-chromosomal STRs (X-STRs) can be used as a complementary tool in complex
kinship analysis* and deficiency cases®*. These authors contributed equally to this work.

In this study, we developed a new highly efficient multiplex 5 fluorescent dye labeled 19 X-STRs typing system.
The multiplex typing system was validated for robustness, sensitivity, precision, sizing accuracy, species specific-
ity, performance against DNA mixtures, and stutter according to Scientific Working Group on DNA Analysis
Methods (SWGDAM) guidelines (http://www.fbi.gov/hq/lab/fsc/backissu/july2004/standards/2004_03_stand
ards02.htm). Allele frequency and forensic parameters were investigated from 1085 (494 males and 591 females)
unrelated Beijing Han individuals. We believe that these data and the present multiplex system will prove useful
in future human population genetic and forensic studies.

Materials and methods

Samples and DNA extraction. Blood samples were collected on FTA Cards (GE Healthcare/Whatman)
from 1085 (494 males and 591 females) healthy unrelated individuals who provided informed consent. FTA
cards were punched using a 1.2 mm BSD600-DUET stiletto instrument (BSD, Australia), and samples were
placed in 96-well plates. DNA was extracted using Chelex-100°, and quantified on a 7500 Real-time PCR System
(Life Technologies, CA, USA) using Quantifiler Human DNA Quantification Kit (Life Technologies, CA, USA).

1School of Forensic Medicine, Shanxi Medical University, Taiyuan 030001, China. 2Beijing Center for Physical and
Chemical Analysis, Beijing 10089, China. Beijing Engineering Technology Research Centre of Gene Sequencing
and Gene Function Analysis, Beijing 100089, China. “Beijing Microread Genetics Co., Ltd, Beijing 100044,
China. *These authors contributed equally: Juan Jia, Xu Liu and Qingwei Fan. “email: yunkeming5142@163.com;
yanjw@sxmu.edu.cn

Scientific Reports |

(2021) 11:609 | https://doi.org/10.1038/s41598-020-80414-x nature research


http://www.fbi.gov/hq/lab/fsc/backissu/july2004/standards/2004_03_standards02.htm
http://www.fbi.gov/hq/lab/fsc/backissu/july2004/standards/2004_03_standards02.htm
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-020-80414-x&domain=pdf

www.nature.com/scientificreports/

Control DNA samples 9947A and 9948 were purchased from Promega Corporation (WI, USA), and Control
DNA F312 was obtained from Microread Genetics Incorporation (Suzhou, China).

Non-human DNA samples were collected from chicken, mouse, cat, dog, pig, sheep, donkey, and soil micro-
organisms to evaluate species specificity. Those samples were donated from Animal Zoo (Taiyuan, China) and
the Laboratory Animal Center of Shanxi Medical University. Whole blood samples were collected from chicken,
mouse, cat, dog, pig, sheep, donkey and DNA was extracted using QIAamp Blood Kit (Qiagen, Hilden, Ger-
many). Soil sample was collected and soil microorganisms DNA was extracted using Soil Microbial Genomic
DNA Extraction Kit (Tiangen Biotech, Beijing, China). The DNA concentration in non-human samples was
determined by absorbance at 260 nm on a UV-2802S UV/Vis Spectrophotometer (UNICO, Shanghai, China).

The project and informed consent were approved by the Ethical Committee of Shanxi Medical University
(Issued Number: 2019s110224) and the ethical principles of the 2000 Helsinki Declaration of the World Medical
Association (http://www.uma.net/e/policy/b3.htm) were followed.

Locus selection and characterization. Nineteen X-STRs (DXS10079, DXS10135, DXS7423, HPRTB,
DXS6809, DXS7133, DXS7423, DXS9902, GATA172D05, GATA31E08, DXS101, DXS10162, DXS6795,
DXS6800, DXS6803, DXS6807, DXS6810, DXS981, DXS9907, and GATA165B12) and amelogenin were selected
for the new multiplex typing system (Fig. S1). STR loci were selected as follow considerations: (1) covered the
whole X chromosome; (2) the lowest physical distance between two loci was above 5 Mb; (3) no any two loci
were located at the same linkage group of the 4 known linkage groups (http://www.chrx-str.org); (4) high het-
erozygosity (= 0.4); (5) suitable for multiplex PCR primer designing'. Chromosomal location, physical position,
genetic distance, repeat motif, and observed allele range at each locus are listed in Table 1.

Primer design. The reference sequence for each locus was obtained from GenBank (http://www.ncbi.nlm.
nih.gov/genbank/). Primers were designed in Primer Premier 5.0 (PREMIER Bio-soft International, Palo Alto,
CA), with 18-26 base pairs (bp) in length, Tm from 55 to 65 °C, and amplicon size from 86 to 404 bp (240 bp on
average). Stringent criteria were also imposed to minimize primer dimers and hairpin structures, and to ensure
uniqueness against the entire reference genome. Finally, potential interactions among primers were examined in
AutoDimer v1.1°. One primer from each pair was fluorescently labeled (FAM, HEX ,TAMRA or ROX) at the 5’
end for capillary electrophoretic (CE) detection®.

Amplification. DNA (1 ng) was amplified in a single 25 uL reaction containing 10 uL 2.5 x Buffer C (100 mM
KCl, 1.5 mM MgCl,, 0.2 mM dNTPs, 50 mM Tris-HCI, 100 mM Betaine, 0.16 mg/mL BSA, 0.001 mM Brij58,
0.40% DMSO, and 20 mM DTT), 5 pL 5 x primer set, and 0.5 uL Taq DNA Polymerase II (Microread Genetics
Incorporation, Suzhou, China). Reactions consisted of pre-denaturation at 96 °C for 2 min on a GeneAmp PCR
System 9700 with a gold-plated silver block (Applied Biosystems, Foster City, CA, USA), followed by 29 cycles
of denaturation at 94 °C for 5 s, and annealing and extension at 60 °C for 70 s. Reactions were then held at 60 °C
for 30 min, and finally stored at 15 °C.

Electrophoresis. PCR products and allelic ladders (1 uL) were mixed with 0.5 pL internal size standard and
8.5 uL deionized Hi-Di Formamide (Thermofisher Scientific, Waltham, MA, USA), denatured, separated, and
visualized on an ABI 3130xl or Genetic Analyzer (Thermofisher Scientific, Waltham, MA, USA). Samples were
injected at 3 kV for 10 s and electrophoresed at 15 kV for 1,591 s in Performance Optimized Polymer-4 (Ther-
mofisher Scientific, Waltham, MA, USA). Data were analyzed in GeneMapper ID-X v1.2 (Life Technologies, CA,
USA). Unless stated otherwise, allele peaks were called at greater than 50 relative fluorescence units.

To generate internal size markers, various fragments were amplified from nucleotides 927 to 1425 of the
pUCIS8 plasmid (Takara, Dalian, China), using a universal forward primer labeled with Microreader Org500
Dye (Microread Genetics Incorporation, Suzhou, China), and a set of reverse primers to amplify 13 fragments
with size 75, 100, 139, 150, 160, 200, 300, 340, 350, 400, 450, 490, and 500 bp’.

A combination of individual templates representing the range of alleles observed in populations was used to
construct allelic ladders. Briefly, each locus was amplified from different samples, and amplification products
were diluted, pooled, re-amplified, and optimized to produce an allelic ladder with comparable peak height.
Allelic ladders at each locus were then pooled at appropriate ratios to generate a ‘cocktail’®. All alleles in the lad-
der were sequenced to confirm number of repeats. Microreader 5-Dye Matrix Standards (Microread Genetics
Incorporation, Suzhou, China) were used to calibrate electrophoresis instruments® .

Assessment of PCR conditions. Since robust PCR reactions are important to obtain reliable genotypes,
we evaluated the PCR conditions for the multiplex amplification including annealing temperatures (56, 58, 60,
62, and 64 °C), number of cycles (27-32), final extension times (0, 15, 30, 45, and 60 min), Taq polymerase
concentrations (0, 0.1, 0.2, 0.5, 0.75, 1.0, and 1.25 U), as well as buffer and primers at+ 10%, +20%, and + 30% of
optimal concentrations (descripted in the amplification section). All tests were based on 1 ng F312 control DNA.

Sensitivity and stability studies. To evaluate the minimum quantity of DNA required to obtain reliable
results, 0.03125, 0.0625, 0.125, 0.25, 0.5, and 1 ng control DNA F312 was amplified in triplicate using optimal
parameters (descripted in the amplification section). Mean peak height was determined for each reaction, along
with percentage of successfully genotyped alleles®. Forensic samples are often containing PCR inhibitors. Thus,
stability studies were also carried out by adding 1 ng F312 control and different concentrations of three common
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Locus

Genbank
(UniSTS)

Chromosome
location

Physical

Genetic

distance (Mb) | distance (cM)

Motif

Allele range

Primer
sequence
(5™-3)

Tm (C)

Amplicon
size(bp)

Dye label

DXS6795

G09877

p22.11

23.254

44.24

AAT

F-CATCCA
TCCCCTAAA
CCTCTCATG

60.28

R-TTTCAG
CTCCTAGGT
GACTGGGA

56.62

118-155

FAM

DXS6803

G08107
(41,731)

q21.2

86.318

TCTA

10-14.3

F-GAACAT
ATGCTACTT
TATCTCGA

56.7

R-GCATAT
AAATTTTGA
ATTAAAG

57.18

177-218

DXS6807

G09662
(44,289)

p22.33

4.753

14.76

GATA

11-16

F-TATGAA
AAGAAAGGA
AGCACCAA

52.67

R-ACAGGA
GATATATAG
TAAAAATAC

57.83

240-277

DXS9907

G27255
(39,433)

p21.1

32.01

55.32

CTAT

F-TTCTCC
CATCTCAGC
CTCCTG

54.74

R-ACAAAG
GATGTTAAA
GCATCATC

54.43

291-337

DXS7423

95,583

q28

149.46

184.19

TCCA

14-17

F-CACCCA
GATTTCCTC
CCCA

54.54

R-GCCACT
GGGGACATG
TGAATGG

57.88

347-395

AMEL

AC002366.1
(AC013412.3)

X:p22.1-22.3
Y:pll.2

N.A

F-CCCTGG
GCTCTGTAA
AGAATA

56.8

R-ATCAGA
GCTTAAACT
GGGAAGCTG

56.97

99-107

HEX

GATA172D05

498,601

q23

113.061

124.36

TAGA

6-12

F-TACTGT
TTAACCAGT
ACAAAGTT

51.99

R-ATAGAT
ATAGGTATT
GATATAG

54.5

124-168

DXS101

98,951

q22.1

101.3

116.15

CTT/ATT

20-27

F-ACAAAG
ATAATACAC
ACATATTCAT

57.75

R-AGTGAG
CATACATAC
ATGTATCT

57.74

179-231

DXS$9902

G27261(73,076)

p22.2

15.234

32.32

GATA

7-14

F-AATGGA
GTCTCTGGG
TGAAGAG

56.52

R-CATATA
ATTATTTTC
TTTG

56.65

244-288

DXS7133

G08113(50,709)

q22.3

108.928

118.18

ATAG

6-12

F-ATATCT
CCACTTCCA
AAAGGGG

58.65

R-CTGTTC
ACCTTTCCG
AGTCTTC

59.67

320-351

DXS6810

G09983(7699)

pll.3

42.804

7512

CTAT

16-20

F-ACCTCA
GGTGATCCA
CCTGCCTCG

56.16

R-CATAGC
TTAGCAAAC
AGCTGTATG

53.95

365-395

GATA31E08

G08104(15,349)

q27.1

140.062

160.54

AGGG/AGAT

6-13

F-TGTTTA
TCATACTAG
ATATAGATA

54.7

R-AGATAC
ATGTATGTA
TGCTCACT

58.51

107-145

TAMRA

Continued
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Locus

Genbank
(UniSTS)

Chromosome
location

Physical
distance (Mb)

Genetic
distance (cM)

Motif

Allele range

Primer
sequence
(5"-3)

Tm (C)

Amplicon
size(bp)

Dye label

DXS6800

G09609(58,372)

q13.3

78.567

97.49

TAGA

15-22

F-TGAAAT
ATTGGGGGC
TGGTTCC

55.1

R-CTTGCT
CCTCAGCTT
GCAGAGGG

55.18

165-207

DXS981

99,675

q13.1

68.114

92.81

TATC

12-16

F-AAGTCA
CCACCA
TATTGTTCC
TTGA

52.09

R-GGAAAA
GAAGTAGAC
ATACTTC

54.02

213-249

DXS10162

NC_000023

qiL1

61.8

90.65

TCTT

15-21

F-TCACTA
AGCAGTTTC
ATAGATAG

63.49

R-GGAAAA
CCAGGTTAT
CCCCAG

60.26

275-345

DXS6809

G08112(69,546)

q21.33

94.825

108.12

ATCT/CTAT

29-36

F-TCTGGA
GAATCCAAT
TTTGC

53.4

R-GGCCTC
ACTTAATGG
ATGAAGCA

54.78

347-404

GATA165B12

G10699(63,387)

q25

120.706

136.18

AGAT

8-12

F-CTGATA
TACGGATAG
ATGATTG

57.25

R-AACTTT
TAAAGCATA
CACAGTG

54.45

86-128

ROX

DXS10079

AL049564

66.632

90.82

AGAA

16-23

F-AGATTG
TGCCAATGC
TCTCCAG

55.18

R-AGGTAT
ATTGGCCTG
TAG

59.12

133-191

DXS10135

AC003684

p22.31

9.199

20.03

GAAA

15-33

F-GCATTT
GAAACTAAA
GTCAAATG

58.19

R-AATACC
TGGATCTAG
CCAAGCCTG

55.51

201-313

HPRTB

M26434

q26.2

133.443

149.66

AGAT

10-16

F-GTAGTT
TCTTAAAGT
GTCTC

53.15

R-ATACAC
ATCCCCATT
CCTG

54.85

323-375

Table 1. Loci and primer characteristics.

inhibitors in forensic sample : hematin (80, 100, 120, 150, 200, 300, and 400 uM), humic acid ( 20, 40, and 60 ng/
uL), tannic acid ( 10, 15, 20, and 25 ng/pL).

Allele size accuracy and stutterratio. Allele size, as well as the difference from expected size, was evalu-
ated over multiple electrophoresis runs on the 3130xl and 3500x] Genetic Analyzer, repectively. The percentage
of observed stutter at 19 X-STR loci was assessed in 357 samples by calculating the ratio of the stutter peak height
compared to the corresponding allele peak height!°.

Species specificity. Although this multiplex typing system is designed for human samples, the ability to
detect genetic information from non-targeted species should be examined. Non-human DNA samples from
common domestic animal species (10 ng DNA each from chicken, mouse, cat, dog, pig, sheep, and donkey) and
2 ng DNA from soil microbiota were amplified and electrophoresed as described, using 1 ng control DNA F312
as positive control.

Concordance and reproducibility. A total of 184 bloodstain samples from unrelated individuals were
analyzed with our multiplex system to detect the concordance and reproducibility.
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Figure 1. Electropherograms of allelic ladders and the internal size standards designed for the multiplex
system. The four allelic ladders panels (from top to bottom) represent the FAM (blue), HEX (green), TAMRA
(yellow), ROX (red) dye-labeled peaks with allele numbers underneath each peak. The fifth panel shows internal
size standards labeled with Orange500 dye (75, 100, 139, 150, 160, 200, 250, 300, 340, 350, 400, 450, 490, and
500 bp).

Casework samples. The ability to obtained accurate and reliable genotypes from casework samples could
indicate if our multiplex system would be widely applied to the field of forensic science. A total of 35 samples,
including 6 bloodstains, 6 saliva stains, 5 hair root samples, 7 muscle tissues, 6 old bones and 5 semen samples
were examined by our multiplex system. Each casework sample had been tested twice independently. Genomic
DNA from bloodstain, saliva stain, hair root, semen and muscle tissue samples were extracted using QIAamp
DNA Investigator Kit (QIAGEN, Hilden, Germany) according to the manufacturer’s manuals. Bone samples
were extracted using the Automate Express and the Prepfiler Express BTA Forensic DNA Extraction Kit. Nega-
tive (no template DNA) and reagent blank controls were included on each experiments. Using the casework
samples in this study were approved by the Ethical Committee of Shanxi Medical University ( Issued Num-
ber: 2020GLL031). The Ethical Committee of Shanxi Medical University was also agreed to waive the need for
informed consent for these samples. All samples were de-identified before genotyping.

Mixture studies. In forensic cases, samples frequently consist of DNA from more than one individual.
Therefore, it is essential to evaluate the performance of the typing system for DNA mixtures detection. Mixtures
of female 9947 A and male 9948 DNA samples were examined in duplicate at various ratios (1:0, 1:1, 3:1, 5:1, 8:1,
and 0:1), with total amount of DNA constant at 1 ng.

Statistical analysis. Allele genotypes for all 19 loci were determined in 1085 samples from Beijing Han
Chinese. Calculation of allele frequencies, exact tests of Hardy-Weinberg equilibrium in female samples, and
pairwise exact test of linkage disequilibrium were performed in Arlequin Ver 3.5'!. Power of discrimination in
males and females, mean exclusion chance for standard trios with daughters, and mean exclusion chance for
father/daughter duos were calculated using the online tool of the Forensic ChrX Research database (http://www.
chrx-str.org).

Results and discussion

Multiplex design. A panel of multiplex-fluorescent-labeled typing system allows the detection of 19 X-STRs
and amelogenin has been successfully developed. The final primers were designed to amplify short fragments,
240 bp on average, to increase the chances of successful amplification from degraded DNA, which is common
in forensic samples. Primer sequences, melting temperatures, PCR product sizes, and dye labels are listed in
Table 1. Allelic ladders and internal size markers are shown in Fig. 1, and genotypes of control DNA samples
9947A, 9948, and F312 are listed in Table SI.

PCR conditions. DNA polymerase activity is the key factor of STR genotyping, because non-specific ampli-
fication occurs when the concentration is too high, but the amplification efficiency is low when the concentra-
tion is too low. The results showed that amplification efficiency was comparable at 0.5-1.25 U Taq polymerase,
but was sharply lower at 0.2 U and undetectable at 0.1 U (Fig. S2). Thus, at least 0.5 U Taq polymerase should be
used in routine testing.

Pipetting errors can also lead to the change of buffer and primer concentration, especially in very small-
volume reactions. We found that full profiles were obtained over a range of buffer and primer concentrations,
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Figure 2. Sensitivity testing of control DNA F312 ranging from 1 ng to 31.25 pg. The left-hand y-axis indicates
percentage of successfully genotyped alleles, while the right-hand y-axis indicates mean peak height.

although changes in peak height were observed (Figs. S3, S4). These results indicated that our multiplex system
is robust, and tolerates variability in the concentration of PCR components.

The optimal number of amplification cycles can ensure the best performance of PCR amplification.As
expected, peak height increased along with number of cycles. However, non-specific allele peaks and differ-
ences in peak height among loci were also observed with increasing number of cycles (Fig. S5), and we found
29 cycles to be optimal.

The annealing temperature was measured in increments of 2 °C from 56 °C to 64 °C. Although allele dropout
was not observed, abnormal peak shape was noted in some loci, such as in GATA172D05 at 56 °C and 58 °C, as
well as in DXS6810 at 62 °C and 64 °C. Thus, the optimal profiles can be obtained when annealing temperature
is 60 °C (Fig. S6).

Most thermostable DNA polymerase reactions have the characteristic of adding an "a" to the 3-terminal of
PCR products'?. Non-template addition results in one base pair longer than the actual target sequence. The final
extension step in the PCR reaction allows the DNA polymerase add A to all double-stranded PCR products.
Thus, final extension times of 0, 15, 30, 45, and 60 min were tesed at standard annealing temperature (60 °C),
respectively. Results showed that when the final extension time was more than 30 min, normal electrophoretic
peaks could be observed at all loci. (Fig. S7).

Sensitivity. Forensic samples often contain DNA below the recommended quantity. To determine the lowest
amount of sample DNA from which a full profile (34 alleles for F312 control DNA) can be generated reproduc-
ibly, we amplified a dilution series of F312 DNA, setting peak height 50 relative fluorescence units as limit of
detection, and a peak height ratio > 60% for allele at a heterozygous locus (Fig. 2). We found that full and reliable
profiles without obvious dropouts can be generated from 0.125 ng template DNA, although peak height sharply
decreased in comparison to 1 ng DNA. Dropout of GATA172D05 and GATA165B12 was observed at 0.0625 ng,
along with variable peak height in DXS10079 and DXS10135. These four loci were not amplified at 0.03125 ng,
at which GATA165B12 was also dropped, and peak height was variable in DXS10162, DXS6809, and HPRTB
(Fig. S8). Thus, the lowest amount of DNA template for this multiplex was determined to be 0.125 ng.

Allele size accuracy. Allele size accuracy allows for obtaining reliable and accurate genotypes. Size vari-
ations could be found between different CE instruments or even different runs on the same instruments. Cur-
rently, 3130xl and 3500x] Genetic Analyzers were the most commonly used CE instruments in forensic labora-
tory. All sample alleles are within + 0.5 nucleotides from a corresponding allele in the Allelic Ladder, irrespective
of the capillary electrophoresis platforms (Fig. 3). Thus, the reccommended method for detection and correct
assignment of alleles is to employ a+0.5-nt “window” around the size obtained for each allele in our multiplex
typing system.

Stutterratio. Due tostrand slippage along core repeat motifs during PCR, product that one repeat unit maller
(or less frequently, one repeat larger) than the major STR product, so-called stutters, could be amplified'*"">. The
stutter ratio mean and standard deviations for each locus calculated from a subset of 357 samples are listed in
Table 2. Of the 19 X-STR loci, the stutter ratio was lowest in DXS6800 (1.84%) and highest in DXS6809 (11.14%).
The average stutter plus three standard deviations were used to set the stutter filter threshold, which could be
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Marker Mean | Stdev | Min | Max | Recommended filter
DXS6800 1.84 |0.72 0.82 6.98 4.01
DXS7133 3.84 091 1.36 5.64 6.57
GATA172D05 4.12 |1.08 227 5.76 7.36
DXS7423 437 1071 3.01 6.15 6.51
GATA165B12 4.56 | 1.40 2.20 6.95 8.75
DXS6810 4.60 |1.22 2.77 7.69 8.27
DXS6807 476 |2.29 1.83 | 1438 |11.61
GATA31E08 4.80 |1.57 2.02 7.49 9.51
DXS9902 4.95 1.00 327 7.18 7.94
DXS6803 5.08 |[0.89 3.30 8.33 7.75
DXS§9907 516 |1.09 3.73 7.01 8.43
DXS10162 6.38 0.87 4.50 9.21 8.99
DXS6795 6.58 |2.72 1.11 | 1093 |14.74
DXS10079 6.67 | 1.30 3.02 9.03 |10.58
DXS981 7.29 1.32 5.03 9.97 |11.24
HPRTB 820 |1.46 545 [10.95 |12.56
DXS10135 9.40 |2.39 551 [12.80 |16.58
DXS101 11.12 | 2.10 1.88 |16.06 |17.43
DXS6809 11.14 1.60 7.38 [18.46 |15.94

Table 2. % Stutter in 19 loci from 357 samples.

used to determine whether the small peak was a stutter or minor component concealed in a mixture's. The stut-
ter ratios for the studied loci were all below the stutter filter threshold, except for DXS6800, DXS6807, DXS6803,
DXS10162, and DXS6809.

Stability. Since forensic samples are complex and often containing inhibitors, three common PCR inhibitors
(i.e. humic acid, tannic acid, and hematin) were tested using the 19 X-STRs multiplex system. Results demon-
strated this multiplex system could tolerate considerable concentrations of inhibitors. Full profiles from 1 ng
F312 DNA were obtained in the presence of humic acid, tannic acid, and hematin with the concentration no
greater than 20 ng/uL, 15 ng/uL, and 200 uM, respectively (Figs. S9-S11). Allele dropouts were observed at
higher concentrations and the locus entirely dropped out when the concentration of humic acid, tannic acid, and
hematin were further increased to 60 ng/uL, 25 ng/pL, and 400 pM. With the increased concentration of PCR
inhibitors, the peak heights of all loci were also decreased and no profiles were obtained when the concentration
of humic acid, tannic acid, and hematin were further increased to 60 ng/uL, 25 ng/pL, and 400 pM.

Species specificity. When DNA templates of common domestic animal species (chicken, mouse, cat, dog,
pig, sheep, and donkey) and microbial pool were used, no allele peak was observed at all loci (Fig. S12). This
results demonstrated that the 19 X-STRs multiplex system is efficient for human-specific DNA testing.

Concordance and reproducibility. The complete STR profiles were successfully obtained from all sam-
ples. The fluorescence signals of different loci were well-distributed with low noise ratio, smoother baseline and
no interference peaks such as spectral penetration.

Casework samples. The results showed that the complete STR genotypes were obtained from 35 samples
without any allele dropout and all STR genotypes of were consistent between those two independent testing.

DNA mixtures. Forensic samples often contain mixtures of DNA. Therefore, we mixed control DNA 9948
(male) and 9947A (female) at 1:0, 1:1, 1:3, 1:5, 1:8, and 0:1, keeping the total template DNA constant at 1 ng.
No allele dropout was observed even at 1:8 ratio, although peak height was proportional to the amount of DNA
(Fig. 4). This result suggested that the 19 X-STRs multiplex system was suitable to genotype samples with DNA
from two individuals.

Population studies and forensic parameters. A cohort of 1085 unrelated healthy Beijing Han indi-
viduals, 494 males and 591 females, were genotyped. Allelic frequency and forensic parameters for each X-STR
locus are listed in Table 3. No significant deviation from Hardy-Weinberg equilibrium was observed for any
of the loci after Bonferroni correction (p=0.0026). Similarly, no detectable evidence of linkage disequilibrium
was noted for the same pair of markers after Bonferroni correction (p=0.0001) (Table S2. A total of 189 alleles
were observed in 19 X-STR loci. More than 27 alleles were detected for DXS10135, which had the highest het-
erozygosity (0.9201), polymorphism information content (0.9146), power of discrimination in males (0.9201)
and females (0.9881), and mean exclusion chance for standard trios with daughters (0.9146) and for father/
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Figure 4. Representative electropherograms of a 1:0, 1:1, 1:3, 1:5, 1:8, and 0:1 mixture of control DNA 9948 and
9947A with a total of 1 ng of DNA.

daughter duos (0.8481). This locus was also the most polymorphic X-STR in five population samples from the
Middle East (Albania, Iraq, Lithuania, Slovenia, and Turkey)', Chinese Han from Hebei', Guanzhong'® and
Zhejiang®. Among these loci, DXS6800 was the least informative locus, which heterozygosity was 0.3254. This
result was quite different with other populations, such as Austria (0.7322)*!, Germany(0.7314)* and Argen-
tinean (0.6340)*. However, populations from Asia also showed lower heterozygosity at this locus, such as Japa-
nese (0.2660)%*, Korean (0.2513)* and Shandong Han (0.3470)%. This suggested us that more population genetic
data are required to optimize the loci selection for forensic purpose.

The combined power of discrimination in females and males, as well as the combined mean exclusion chance
in trios and duos, were 0.999999999999999995, 0.99999999995, 0.9999999995, and 0.9999996, respectively. All
loci except DXS6800 showed high forensic efficiency values for the Beijing Han sample, which supports the
application of the multiplex for forensic analyses.

Conclusion

In this study, we intended to develop a sensitive multiplex X-STRs kit for forensic laboratories. The developmental
validation studies here in tested the 19 X-STRs multiplex system following the SWGDAM Validation Guidelines.
The testing results demonstrate that this typing system is robust and reliable for analyzing both forensic casework
and database samples. Moreover, this multiplex typing system exhibited high forensic efficiency values for the
Beijing Han samples.
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Allele DXS10079 | DXS101 DXS10135 | DXS10162 | DXS6795 | DXS6800 | DXS6803 | DXS6807 | DXS6809 | DXS6810 | DXS7133 | DXS7423 | DXS981 DXS$9902 | DXS9907 | GATA165B12 | GATA172D05 | GATA31E08 | HPRTB
6 0.0016 0.0654 0.0024

7 0.0056 0.0008 0.0040 0.0869

8 0.0048 0.0016 0.0016 0.0016 0.1427 0.0359

9 0.0542 0.7297 0.0016 0.0159 0.0048 02321 0.1132 0.1914

93 0.0016

10 0.1826 0.0136 02121 0.0032 04745 0.0008 05694 04219 0.2089 0.0008
103 0.0008

11 0.2344 0.0016 0.1595 03947 0.0008 0.0478 0.2982 0.0287 0.1659 0.2065 03740 0.0670
113 0.0877 0.0008 0.0024

12 0.0478 0.1132 00152 0.0040 0.0303 0.1898 04139 0.0279 0.0463 0.0941 02624
121 0.0008

123 0.4761 0.0933

13 0.4402 0.0614 0.0263 0.0072 0.1491 0.0128 04569 0.0024 0.0064 03844
133 0.0766 0.1866

14 0.0016 0.0024 0.0359 0.0048 03517 0.0016 03062 02783 0.0008 0.0758 02129
143 0.0016 0.0582

15 0.0024 0.0008 0.0040 0.0040 0.0032 0.1834 06316 0.1348 0.0136 0.0630
153 0.0064

16 0.0128 0.0016 0.0383 0.0008 0.8134 0.0271 0.0088 0.0478 0.0518 0.0016 0.0096
163 0.0040

17 0.0478 00120 0.1691 0.0008 0.0016 0.1571 0.0072 0.0016

17.2 0.0064

18 0.0941 0.0008 0.0502 0.3557 0.0128

182 0.0016

19 02552 0.0032 0.1085 02703 0.0997 02632

192 0.0008

20 02552 0.0008 0.1077 0.1196 0.0048 0.0088

21 02185 0.0088 0.1284 0.0327 0.0159

211 0.0008

213 0.0008

2 0.07 0.0327 0.1164 0.0032 0.0510

23 0.0263 0.1180 0.0853

24 0.0040 0.2624 0.0710

25 0.0598

2 0.1970 0.0415

27 0.0702 0.0351

28 0.0343 0.0391

29 0.0199 0.0335 0.0016

30 0.0024 00327 0.0199

31 0.0040 0.0255 0.1411

312 0.0008

32 0.0207 0.1786

323 0.0008

33 0.0096 02767

34 0.0056 02193

35 0.0040 0.1093

36 0.0032 0.0431

37 0.0032 0.0072

38 0.0032

He 0.8036 08104 0.9201 0.7549 07114 0.3254 07175 0.6852 0.8093 05925 0.4203 05049 0.8316 0.6494 0.6131 05937 0.7398 0.7621 07295
PIC 0.7760 0.7846 0.9146 07172 0.6698 0.3082 0.6901 0.6268 0.7826 0.5301 03697 0.4278 0.8113 05864 0.5364 05373 0.7061 0.7284 0.6851
PDf 0.9338 09382 0.9881 09023 0.8751 0.5277 0.8927 0.8425 09370 07715 06133 0.6778 09514 0.8141 0.7736 07785 0.8986 0.9098 0.8824
PDm 0.8036 0.8104 0.9201 07549 07114 03254 07175 0.6852 0.8093 0.5925 0.4203 0.5049 0.8316 0.6494 0.6131 05937 0.7398 0.7621 0.7295
MECI 0.7760 07846 0.9146 07172 0.6698 03082 0.6901 0.6268 0.7826 0.5301 03697 0.4278 08113 0.5864 0.5364 05373 0.7061 07284 0.6851
MECII 0.6524 0.6635 0.8481 05812 0.5274 0.1901 0.5499 04816 0.6601 0.3826 0.2387 0.2906 0.6981 0.4391 03930 0.3890 05681 05942 0.5441
HWE 0.7963 0.0336 0.6709 03636 0.7465 0.9301 0.3056 02415 0.1538 0.4375 0.1600 0.9343 03053 0.6158 0.0866 05258 03478 03786 0.2297

Table 3. Allele frequency of 19 X-STR loci and forensic parameters based on 985 unrelated individuals. He,

expect heterozygosity;PIC, polymorphism information content; PD; ,power of discrimination in females;
PD,,, power of discrimination in males; MECI , mean exclusion chance for X-STR in standard trios with
daughters;MECII , mean exclusion chance for X-STR in father/daughter duos;HWE, P-values for Hardy-
Weinberg equilibrium.
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Data availability
The data sets generated during the current study are available from the corresponding author on reasonable
request.

Received: 5 December 2019; Accepted: 15 December 2020
Published online: 12 January 2021

References
1. Butler, J. M. Genetics and genomics of core short tandem repeat loci used in human identity testing. J. Forensic Sci. 51, 253-265
(2006).
2. Hering, S. et al. DXS10079, DXS10074 and DXS10075 are STRs located within a 280-kb region of Xq12 and provide stable haplo-
types useful for complex kinship cases. Int. J. Legal Med. 120, 337-345 (2006).
3. Szibor, R. X-chromosomal markers: past, present and future. Forensic Sci. Int. Genet. 1,93-99 (2007).
4. Trindadefilho, A.,Ferreira, S. & Oliveira SE. Impact of a chromosome X STR Decaplex in deficiency paternity cases. Genet. Mol.
Biol. 36, 507-510 (2013).
5. Vallone, P. M. & Butler, J. M. AutoDimer: a screening tool for primer-dimer and hairpin structures. Biotechniques 37, 226-231
(2004).
6. Walsh, P. S., Metzger, D. A. & Higushi, R. Chelex 100 as a medium for simple extraction of DNA for PCR-based typing from forensic
material. Biotechniques 10, 506-513 (1991).
7. Jiang, X., Guo, E, Jia, E, Jin, P. & Sun, Z. Development of a 20-locus fluorescent multiplex system as a valuable tool for national
DNA database. Forensic Sci. Int. Genet. 7, 279-289 (2013).
8. Griffiths, R. A. et al. New reference allelic ladders to improve allelic designation in a multiplex STR system. Int. J. Legal Med. 111,
267 (1998).
9. Yang, M. et al. Development of a rapid 21-plex autosomal STR typing system for forensic applications. Electrophoresis 37, 2789-2799
(2016).
10. Butler, J. M. Forensic DNA Typing, 2nd edn 400-401 (Elsevier, Amsterdam, 2005).
11. Rousset, E. Genepop'007: a complete re-implementation of the genepop software for Windows and Linux. Mol. Ecol. Resour. 8,
103-106 (2010).
12. Magnuson, V. L. et al. Substrate nucleotide-determined non-templated addition of adenine by Taq DNA polymerase: implications
for PCR-based genotyping and cloning. Biotechniques 21, 700-709 (1996).
13. Walsh, P. S, Fildes, N. J. & Reynolds, R. Sequence analysis and characterization of stutter products at the tetranucleotide repeat
locus VWA. Nucleic Acids Res. 24, 2807 (1996).
14. Schlétterer, C. & Tautz, D. Slippage synthesis of simple sequence DNA. Nucleic Acids Res. 20, 211-215 (1992).
15. Levinson, G. & Gutman, G. A. Slipped-strand mispairing: a major mechanism for DNA sequence evolution. Mol. Biol. Evol. 4,
203-221 (1987).
16. Guo, E, Shen, H., Tian, H,, Jin, P. & Jiang, X. Development of a 24-locus multiplex system to incorporate the core loci in the
combined DNA index system (CODIS) and the European standard set (ESS). Forensic Sci. Int. Genet. 8, 44-54 (2014).
17. Poulsen, L. et al. NGMSElect and investigator; Argus X-12 analysis in population samples from Albania, Iraq, Lithuania, Slovenia,
and Turkey. Forensic Sci. Int. Genet. 22,110-112 (2016).
18. Xu, J. et al. Population data of 12 X-chromosomal STR loci in Chinese Han samples from Hebei Province. Forensic Sci. Int. Genet.
7, ed3—e44 (2013).
19. Zhang, Y. D. et al. Allele and haplotype diversity of a novel panel of 19 X-STR loci in Han population from Guanzhong region
(China). Electrophoresis 37, 1669-1675 (2016).
20. Yang, X.Y. et al. Development of the 19 X-STR loci multiplex system and genetic analysis of a Zhejiang Han population in China.
Electrophoresis 37, 2260-2272 (2016).
21. Turrina, S. & Leo, D. D. Population genetic comparisons of three X-chromosomal STRs (DXS7132, DXS7133 and GATA172D05)
in North and South Italy. Int. Congr. 1261, 302-304 (2004).
22. Edelman, J. et al. 16 X-chromosome STR loci frequency data from a German population. Forensic Sci. Int. 124, 215-218 (2001).
23. Noseda, P. A, Kenline, J., Manning, S. & Gangitano, D. A. Population data for DXS6800, DXS101 and DXS8377 loci from Buenos
Aires (Argentina). J. Forensic Legal Med. 20, 522-524 (2013).
24. Nakamura, Y., Samejima, M., Tamaki, K. & Minaguchi, K. Multiplex PCR for 18 X-chromosomal STRs in Japanese population.
Legal Med. 15, 164-170 (2013).
25. Shin, S. H,, Yu, J. S., Park, S. W,, Min, G. S. & Chung, K. W. Genetic analysis of 18 X-linked short tandem repeat markers in Korean
population. Forensic Sci. Int. 147, 35 (2005).
26. Gao, H. M. et al. Analysis of the 19 Y-STR and 16 X-STR loci system in the Han population of Shandong province China. Genet.
Mol. Res. 16(1), 8 (2017).

Acknowledgements
This work was supported by the National Natural Science Foundation of China(82030058)and Program for the
Top Young and Middle-aged Innovative Talents of Higher Learning Institutions of Shanxi.

Author contributions

J.Y. and K.Y. conceived and designed the experiments, J.J., X.L. and Q.F. performed the experiment and wrote
the main manuscript text, E.C., C.F. and M.W. analyzed data and the manuscript modification, J.Z., W.L. and
L.S. performed the system validation experiments, X.Z., C.C., Z.Y., and C.L. performed statiscal analysis and
provided the figure. All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information is available for this paper at https://doi.org/10.1038/s41598-020-80414-x.
Correspondence and requests for materials should be addressed to K.Y. or ].Y.

Reprints and permissions information is available at www.nature.com/reprints.

Scientific Reports |

(2021) 11:609 | https://doi.org/10.1038/s41598-020-80414-x natureresearch


https://doi.org/10.1038/s41598-020-80414-x
www.nature.com/reprints

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports | (2021) 11:609 | https://doi.org/10.1038/s41598-020-80414-x natureresearch


http://creativecommons.org/licenses/by/4.0/

	Development and validation of a multiplex 19 X-chromosomal short tandem repeats typing system for forensic purposes
	Materials and methods
	Samples and DNA extraction. 
	Locus selection and characterization. 
	Primer design. 
	Amplification. 
	Electrophoresis. 
	Assessment of PCR conditions. 
	Sensitivity and stability studies. 
	Allele size accuracy and stutter ratio. 
	Species specificity. 
	Concordance and reproducibility. 
	Casework samples. 
	Mixture studies. 
	Statistical analysis. 

	Results and discussion
	Multiplex design. 
	PCR conditions. 
	Sensitivity. 
	Allele size accuracy. 
	Stutter ratio. 
	Stability. 
	Species specificity. 
	Concordance and reproducibility. 
	Casework samples. 
	DNA mixtures. 
	Population studies and forensic parameters. 

	Conclusion
	References
	Acknowledgements


