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Abstract

Human variations in the X chromosome are useful tools in studying human genetic
diversity and individual identification. Five X chromosomal short tandem repeats (X-STRs)
multiplex system (DXS8378, DXS101, HPRTB, DXS8377 and DXS10011) were amplified in one
single polymerase chain reaction. DNA samples of 200 (101 males and 99 females) unrelated
healthy individuals Thai, and 15 family trios with female children, were successfully analysed
using this five X-STRs multiplex system. The distributions of allele frequencies were examined
for independence. When the forensic efficiency was calculated, DXS10011 locus was found to
be the greatest marker for forensic application and population study. The combined powers
of discrimination of five loci in males and females were 0.999993 and 0.999999, respectively.
These five X chromosome markers are highly informative for population study and the
database of Thailand.
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Introduction
For many years, autosomal and Y-chromosomal DNA have been used for forensic
purposes™?. At the present time, X-chromosomal markers have been observed as a forensic

® now

of interest®”. The availability of the finished sequence of the human X chromosome
allows exploring its evolution and unique properties at a new level. The X chromosome
contains about 5% of the haploid genome and is completely conserved in gene content
between species. However, evolutionary processes are likely to have shaped the behaviour
and structure of the X chromosome in many other ways, influencing features such as repeat
content, gene content, mutation rate and haplotype structure.

Study results of variations in the X chromosome are invaluable tools for studying the
human genetic diversity and individual identification. The X-STRs may strengthen the results
of autosomal and Y-STRs analysis. In paternity testing, although the X-STRs are advantageous
only in case the alleged child is female, the X-STRs often have a greater power of exclusion
than autosomal markers. Besides, the X-STRs are very beneficial in maternity testing or in
deficiency paternity cases, for instance, to judge the paternity of disputed half-sisters with the
same father in case the mothers’ DNA are unavailable®.

The X-chromosome is inherited via a sex-based pattern. Because the recombination of
the X chromosome occurs only in females, there is a less effective population size, greater
linkage disequilibrium, and a stronger genetic drift. These factors bring the X chromosome to
be a source of data in human evolution and evacuation studies®.

In this study, five X chromosome markers of interest in forensic science will be typed in
the Thai population in order to report population database and haplotype profiling in the Thai

population and calculating the population genetic parameters for these markers.

Materials and Methods
DNA extraction:

DNA extraction from whole blood samples of 200 Thai people (101 males and 99
females) were performed with a commercial method, according to manufacturer’s instructions
(Promega Corp., Madison, WI, USA). An aliquot containing approximately 4 ng of DNA was used
in each PCR amplification. In addition, 15 family trios with female children (previously
confirmed by autosomal STRs analysis) were checked for regular X-chromosomal inheritance.
STR amplification and fragment analysis:

After various tests with different STRs and optimisation of PCR parameters, the STRs
DXS8378, DXS101, HPRTB, DXS8377 and DXS10011 were combined into the PCR multiplex
system. Primer sequences, labeling, concentrations, and references are shown in Table 1.
Besides the primers, the PCR reaction mix (12.5 pl reaction volume) contained 1X AmpliTaq
buffer Il, 1.5 mM of MgCl,, 200 ul of each dNTP, and 2 U of AmpliTag Gold DNA polymerase
(Applied Biosystems, Foster city, CA, USA). A GeneAmp PCR system 9700 thermal cycler
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(Applied Biosystems, Foster city, CA, USA) was used. After several pilot experiments to optimise
the amplification of all markers in the same tube, a PCR touch-down protocol was chosen®,
consisting of an initial denaturation step at 95 °C for 10 min, followed by nine cycles with
denaturation at 94 °C for 30 s, annealing at decreasing temperature between 61 and 65 °C
(decreasing 0.5 °C each cycle) for 1 min 30 s and extension at 72 °C for 1 min 15 s. Then 28
cycles at 94°C 30 s, 58°C 1 min 30 s, 72°C 1 min 15 s; followed by a final extension at 60 °C

for 60 min.

Table 1 Primer sequences, concentrations, dye labeling and references.

Primer sequence Concentration
Locus Label Reference
(5'=> 3" (uM)
DXS8378 CACAGGAGGTTTGACCTGTT PET 0.2 GDB, (15)
AACTGAGATGGTGCCACTGA
DXS101 ACTCTAAATCAGTCCAAATATCT NED 2.5 GDB, (4)
AAATCACTCCATGGCACATGTAT
HPRTB TCTCTATTTCCATCTCTGTCTCC 6-FAM 0.3 GDB, (15)
TCACCCCTGTCTATGGTCTCG
DXS8377 ACCACTTCATGGCTTACCACAG VIC 0.08 GDB, (16)
TATGGACCTTTGGAAAGCTAG
DXS10011 CTGAGATTGCACCATTGCAC 6-FAM 0.5 GDB, (13)
TGGGAGAACCGTTTGAAGTT

Note: GDB = Genome database (www.gdb.org)

An aliquot containing 1 pl of PCR product was mixed with 10 pl of Hi-Di formamide and
0.5 pl of GeneScan 500LIZ size standard (Applied Biosystems), heated at 95 °C for 3 min,
quenched at 4 °C for 3 min and injected into an Applied Biosystems 3130 Genetic Analyzer.
Fragment sizes were automatically determined using GeneScan analysis software (Applied
Biosystems). Genotyping was analysed using GeneMapper ID software (Applied Biosystems) by
comparison with reference DNA control sample 9947A (female) (Applied Biosystems). Alleles
were assigned according to the recommendations of the International Society of Forensic
Haemogenetics (ISFH) commission®?.
Statistical analysis:

Allelic frequencies were calculated by using the data from males and females
collectively and observed heterozygosity (HETobs) were calculated using the female data by
Power Stat V12 program (www.promega.com). Mean exclusion chance (MEC), power of

discrimination for females (PDf) and power of discrimination for males (PDm) were computed
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by chromosome X web software (www.chrx-str.org). The combined power of discrimination
was determined as 1-[(1-PDa)«(1-PDb)s(1-PDc)s(1-PDd)sss] ~with PDa-d indicating the

(11)

discriminating power of the different polymorphism™”. To evaluate Hardy-Weinberg

Equilibrium (HWE) and linkage disequilibrium (LD), GENEPOP program (version 3.4) was used.

Results

The 9947A DNA (female) was used as a control reference sample. The allele frequencies
for the X-chromosomal STRs DXS8378, DXS101, and HPRTB are displayed in Table 2, the data
for DXS8377and DXS10011 in Table 3. The forensic efficiency of the five X-STRs loci were
calculated (Table 4). DXS8378 had the lowest values for PDm, PDf, and MEC in the present
study. The combined power of discrimination in males and females were 0.999993 and
0.999999, respectively. Observed heterozygosity (HETobs) in females for the five markers
ranged from 0.660 to 0.900 in this study, DXS8377 had the highest whereas DXS8378 had the
lowest HETobs.

An exact test for Hardy-Weinberg equilibrium (HWE) performed on female samples
indicated that the genotype distributions did not deviate from HWE at any of the loci, except
for threshold significance at locus DXS10011 (P=0.0000; data not shown). When exact tests
showed no significant difference between allele distributions of the two groups, pooled male
and female databases of the Thai populations were purposely created to compare the allele
frequencies at locus DXS8378, DXS101, HPRTB, DXS8377, and DXS10011 between different
races (Tables 5 - 9).

Six alleles were identified at locus DXS8378, ranging from allele 8 to 13, the most
common being 10 (Table 2). Allele 10 was also observed as a most common allele shared
among the Asian population (Thai, Japan and China) and allele 8 was found only in the Thai
population (Table 5). Twelve alleles were found at locus DXS101, ranging from allele 18 to
30, the most common being 25 (Table 2). The comparison of allele frequencies at DXS101
locus between different races showed no significant most common allele shared in any
population (Table 6). Five alleles ranging from allele 11 to 15 were identified at locus HPRTB,
the most common allele being 13 (Table 2). Allele 13 was observed as a most common allele
shared among the Asian population (Thai, Japan and China) (Table 7). DXS8377 had 17 alleles
ranging from 41 to 57. The most common allele was 47 (Table 3). Among the African
population (Angola, Uganda and Mozambique), a shared most common allele was 49 (Table
8). DXS10011 had 32 alleles ranging from 27 to 51, the most common allele was 38 (Table 3).
There was no significant most common allele shared between different races at locus
DXS10011 (Table 9).
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Table 2 Allele frequencies for the X-chromosomal STRs DXS8378, DXS101 and HPRTB in
Thai population. Allele frequencies were collected from the analysis of DNA samples of 200
(101 males and 99 females) unrelated healthy individuals Thai.

DXS8378 DXS101 HPRTB

Male | Female | Male | Female

Allele
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Table 3 Allele frequencies for the X-chromosomal STRs DXS8377 and DXS10011 in Thai
population. Allele frequencies were collected from the analysis of DNA samples of 200 (101
males and 99 females) unrelated healthy individuals Thai.

DXS8377 DXS100011
Male

Allele

Male | Female Female
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Table 3 (Continued) Allele frequencies for the X-chromosomal STRs DXS8377 and
DXS10011 in Thai population. Allele frequencies were collected from the analysis of DNA
samples of 200 (101 males and 99 females) unrelated healthy individuals Thai.

Allele DXS8377 DXS100011
(Continued) | Male | Female | Male | Female
39 0.050 | 0.056
40 0.050 | 0.061
a1 0.050 | 0.040
a2 0.010 | 0.010 |0.050 | 0.076
43 0.020 | 0.010 |0.040 | 0.020
a4 0.030 | 0.045 |0.030 | 0.035
45 0.059 | 0.061 |0.010 | 0.040
46 0.099 | 0.111 |0.040 | 0.005
47
48
49
50
51
52
53
54
55
56
57
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Table 4 Statistical parameters of forensic interest for X-chrommosomal STRs in Thai
population. Statistical parameters were analysed from 200 (101 males and 99 females)
unrelated healthy individuals Thai shown in Table 2 and 3. HETobs, HETexp and PDf were

analysed from females only. PDm was analysed from males only.

Allele | DXS8378 | DXS101 | HPRTB | DXS8377 | DXS10011
PIC 0.570 0.780 0.700 0.890 0.950
HETobs |  0.660 0.710 0.680 0.900 0.670
HETexp | 0.627 0.799 0.738 0.896 0.944
MEC | 0.375 0.619 0.505 0.799 0.894
MEC I 0.574 0.777 0.698 0.892 0.944
MEC Il 0.575 0.777 0.699 0.893 0.946
MEC IV 0.427 0.654 0.559 0.814 0.901
PDm 0.638 0.838 0.752 0.905 0.946
PDf 0.800 0.932 0.888 0.970 0.979

Note: HETexp = Expected heterozygosity; HETobs = Observed heterozygosity; MEC = Mean

exclusion chance (I for autosomal markers; Il for X-chromosomal markers in trios; Ill for X-
chromosomal markers in trios; and IV for X-chromosomal markers in father/daughter pairs);
PDf = Power of discrimination in females; PDm = Power of discrimination in males; and PIC =

Polymorphism information content
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Table 5 Allele frequencies, statistical parameters and references of DXS8378 in six
populations. For the Thai population, the data were from pooled males and females (Table
2) when the exact tests showed no difference between the two groups. Allele 10 was observed
as a most common allele shared among the Asian population (Thai, Japan and China) and

allele 8 was found only in Thai population. Some statistical parameters were not available.

Parameter Thai | Japan | China | Italy | Angola | Mozambique

Male 101 195 250 100 74 112

>ex Female | 99 138 250 100 0 0

0.009

10 0.500 | 0.562 | 0.521 | 0.342 | 0.189 0.295

11 0.293 | 0.285 | 0.275 | 0.520 | 0.378 0.348

12 0.163 | 0.113 | 0.149 | 0.242 | 0.324 0.321

Allele 13 0.023 | 0.025 | 0.023 | 0.040 | 0.108 0.027
o [N 0004 [ o.0> [

PDm | 0.638 | 0.574 | 0.633 | 0.686 | 0.714 0.694

PDf 0.800 | 0.776 | 0.803 | 0.865 | 0.858 0.838

MEC I/l | 0.575 | — — [ 0.646 | 0.650 0.624

MEC IV | 0.427 — — — 0.505 0.477
(NN N D A

Reference — (18) | (20) | (22) (25) (25)

Note: MEC = Mean exclusion chance (Il for X-chromosomal markers in trios; lll for X-

chromosomal markers in trios; and IV for X-chromosomal markers in father/daughter pairs);

PDf = Power of discrimination in females; and PDm = Power of discrimination in males
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Table 6 Allele frequencies, statistical parameters and references of DXS101 in six
populations. For the Thai population, the data were from pooled males and females (Table
2) when the exact tests showed no difference between the two groups. No significant most

common allele shared in any population was observed. Some statistical parameters were not

available.
Parameter Thai | Japan | German | Italy | Angola | Mozambique
¢ Male 101 195 216 70 74 112
ex
Female | 99 138 348 70 0 0

Allele

21 0.005| 0.002 | 0.012 | 0.057 | 0.108 0.232
22 0.068 | 0.040 | 0.032 |0.024 | 0.068 0.063
23 0.065| 0.119 | 0.022 |0.048 | 0.081 0.089
24 0.228 | 0.304 | 0.066 |0.171 | 0.068 0.134
25 0.270 | 0.217 | 0.212 | 0.167 | 0.068 0.054
26 0.185| 0.176 | 0.156 | 0.152 | 0.162 0.071
27 0.078 | 0.091 | 0.114 |0.076 | 0.135 0.116
28 0.055| 0.036 | 0.079 | 0.067 | 0.095 0.018
29 0.025| 0.013 | 0.070 |0.024 | 0.014 0.036
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Table 6 (Continued) Allele frequencies, statistical parameters and references of DXS101
in six populations. For the Thai population, the data were from pooled males and females
(Table 2) when the exact tests showed no difference between the two groups. No significant
most common allele shared in any population was observed. Some statistical parameters

were not available.

Parameter Thai | Japan | German | Italy | Angola | Mozambique
PDm |0.838 | 0.798 | 0.889 — | 0913 0.892
Allele PDf 0.932 | 0.937 | 0.978 — | 0982 0.977
(Continued) | MEC IIZIl | O.777 | — 0.879 — | 0.892 0.874
MECIV | 0.654 | — — — | 0812 0.786
I N A
Reference — (18) (4) (23) | (25) (25)

Note: MEC = Mean exclusion chance (Il for X-chromosomal markers in trios; lll for X-

chromosomal markers in trios; and IV for X-chromosomal markers in father/daughter pairs);

PDf = Power of discrimination in females; and PDm = Power of discrimination in males
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Table 7 Allele frequencies, statistical parameters and references of HPRTB in six
populations. For the Thai population, the data were from pooled males and females (Table
2) when the exact tests showed no difference between the two groups. Allele 13 was observed

as a most common allele shared among the Asian population (Thai, Japan and China). Some

statistical parameters were not available.

Parameter Thai | Japan | China | Latvia | Angola | Mozambique
Male 101 229 250 78 74 112
>ex Female | 99 172 250 a5 0 0

0.027
12 0.250 | 0.269 | 0.292 | 0.365 | 0.068 0.098
13 0.333 | 0.490 | 0.391 | 0.297 | 0.216 0.348
14 0.218 | 0.140 | 0.173 | 0.135 | 0.351 0.277
Allele 15 0.028 | 0.056 | 0.047 | 0.014 | 0.243 0.188
16 0.012 | 0.004 | 0.007 | 0.108 0.063

17 0.001 | 0.014 | 0.014 _
PDm | 0.752 | 0.694 | 0.705 | 0.737 | 0.765 0.760
PDf 0.888 | 0.819 | 0.866 | 0.889 | 0.900 0.899
MEC I/l | 0.699 | 0.614 — 0.778 | 0.715 0.713
MEC IV — — 0.656 | 0.578 0.576
Reference — (17) | (20) | (24) (25) (25)

Note: MEC = Mean exclusion chance (Il for X-chromosomal markers in trios; lll for X-

chromosomal markers in trios; and IV for X-chromosomal markers in father/daughter pairs);

PDf = Power of discrimination in females; and PDm = Power of discrimination in males
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Table 8 Allele frequencies, statistical parameters, and references of DXS8377 in six
populations. For the Thai population, the data were from pooled males and females (Table
3) when the exact tests showed no difference between the two groups. Allele 49 was observed

as a most common allele shared among the African population (Angola, Uganda and

Mozambique). Some statistical parameters were not available.

Allele

Parameter Thai | Japan | Latvia | Angola | Uganda | Mozambique
¢ Male 101 229 78 74 51 112
ex
Female | 99 172 a5 0 0 0

a2 0.010 | 0.012 | 0.027 | 0.054 0.020 0.071
43 0.015| 0.028 | 0.047 | 0.054 0.118 0.071
aaq 0.038 | 0.024 | 0.020 | 0.068 0.039 0.080
a5 0.060 | 0.070 | 0.068 | 0.095 0.137 0.080
a6 0.105| 0.100 | 0.074 | 0.041 0.078 0.106
ar 0.150 | 0.129 | 0.068 | 0.068 0.078 0.045
a8 0.110 | 0.147 | 0.169 | 0.095 0.098 0.036
a9 0.125| 0.171 | 0.128 | 0.108 0.177 0.107
50 0.100 | 0.105 | 0.115 | 0.068 0.020 0.089
51 0.100 | 0.063 | 0.101 | 0.041 0.020 0.098
52 0.048 | 0.047 | 0.061 | 0.095 0.098 0.018
53 0.055 | 0.030 | 0.061 | 0.027 0.071
54 0.045| 0.033 | 0.014 | 0.068 0.018
55 0.023 | 0.026 | 0.027 | 0.081 0.020 0.045
56 0.010 | 0.005 | 0.007 | 0.014 0.020 0.009
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Table 8 (Continued) Allele frequencies, statistical parameters, and references of
DXS8377 in six populations. For the Thai population, the data were from pooled males and
females (Table 3) when the exact tests showed no difference between the two groups. Allele

49 was observed as a most common allele shared among the African population (Angola,

Uganda and Mozambique). Some statistical parameters were not available.

Parameter Thai | Japan | Latvia | Angola | Uganda | Mozambique
PDm | 0.905| 0.887 | 0.905 | 0.939 0.918 0.933
Allele PDf 0.970 | 0.982 | 0.983 | 0.990 0.982 0.989
(Continued) | MEC II/ll | 0.893 | 0.887 | 0.897 | 0.921 0.891 0.920
MECIV |0.814 | — 0.821 | 0.856 0.821 0.856
... ! /. |
Reference — (17) (24) (25) (25) (25)

Note: MEC = Mean exclusion chance (Il for X-chromosomal markers in trios; lll for X-

chromosomal markers in trios; and IV for X-chromosomal markers in father/daughter pairs);

PDf = Power of discrimination in females; and PDm = Power of discrimination in males
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Table 9 Allele frequencies, statistical parameters, and references of DXS10011 in six
populations. For the Thai population, the data were from pooled males and females (Table
3) when the exact tests showed no difference between the two groups. No significant most

common allele shared in any population was observed. Some statistical parameters were not

24.2
25
25.2
26
26.2
27
27.2
28
29
29.2

available.
Parameter Thai | Japan | Taiwan | Latvia | German | Algeria
o, | Male | 101 | 56 | 92 | 78 | 105 | 104

Female | 99 | a8 | 181 | a5 | 200 ‘ 106 ‘
17 L
18 0.007 | |
19 0.020 | |
20 0.026 | |
21 0.020 | 0,003 |
21.2 0.013 | |
22 0.066 | |
222 0.046 | |
23 0.026 | |
23.2 0.039 | |
24 0.046 | |
Allele ‘ ‘
e

\

\

0.072

0.020

0.026

0.046

0.020

0.008 | 0.020

0.013

0.013 | 0.086

o

0.059

0.023

30

0.063 | 0.033

0.055

0.055

0.027

0.020

0.039 0.025
0.007 0.025
0.010 0.025
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Table 9 (Continued) Allele frequencies, statistical parameters, and references of
DXS10011 in six populations. For the Thai population, the data were from pooled males and
females (Table 3) when the exact tests showed no difference between the two groups. No

significant most common allele shared in any population was observed. Some statistical

parameters were not available.

Parameter

Thai

30.1
30.2

31

0.023

0.018

31.2

0.008

31.3

32

32.1
32.2

33

0.028

0.015

0.040

0.007

0.026

0.007

0.007

0.039

Allele

33.1
33.2

34

0.033

0.065

0.007

0.033

(Continued)

34.1
34.2

0.010

0.007

0.068

0.047

0.055

0.041

°f 80 F 8

Japan | Taiwan | Latvia

aiee, Gamon, N

0.081

German

0.030

0.044

0.007

0.010

0.038

0.095

0.054

0.070

0.027 | 0.050

0.074 | 0.075

0.041

0.014

0.043

0.023

0.059

35 | 0050 | 0,053 | 0027 | 0068 | 0033 | 0.04a
35.2 | 0.025 0027 | 0013 | 0013
36 | 0065 | 0.013 | 0030 | 0074 | 0075 | 0073
36.2 | 0.063 | . 0003 | 0.003
37 0.059 | 0.079
37.2 | 0.005 | | | | 0.003
38 | 0.098 0011 | 0088 | 0.089 | 0070
39 | 0053 0005 | 0034 | 0010 | 0054
39.1 | 0.055 0.003
q0 [ 0007 | 0008 | 0068 | 0.053 | 0063
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Table 9 (Continued) Allele frequencies, statistical parameters, and references of
DXS10011 in six populations. For the Thai population, the data were from pooled males and
females (Table 3) when the exact tests showed no difference between the two groups. No
significant most common allele shared in any population was observed. Some statistical

parameters were not available.

Parameter Thai | Japan | Taiwan German | Algeria
41 0.045
42 0.063
43 0.030
a4 0.033
45 0.025
46 0.023
Allele a7 0.005
(Continued) i 0.00
49 0.010
50 0.003
51 0.005
PDm | 0.946 | 0.933 — 0.942 | 0.948 —
PDf 0.979 | 0.997 — 0.994 | 0.995 —
MEC I/l | 0.946 | 0.957 — 0.939 | 0.945 —
MECIV |0.901 | — — 0.889 | 0.899 —
/| | | |
Reference — (19) (21) (24) (15) (26)

Note: MEC = Mean exclusion chance (Il for X-chromosomal markers in trios; lll for X-

chromosomal markers in trios; and IV for X-chromosomal markers in father/daughter pairs);

PDf = Power of discrimination in females; and PDm = Power of discrimination in males
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Discussions

Individuals from the Thai population including 101 males, 99 females and 15 family trios
with female children were successfully investigated with five X chromosome markers. The
multiplex PCR assays were optimized for a DNA concentration of 4 ng initially but later were
able to be diluted to 2 ng, that is, they were sensitive enough for routine paternity analysis.
The DXS10011 locus was highly polymorphic, with the highest power of discrimination and
probability of paternity exclusion among the five markers studied.

When the comparison of allele frequencies between different races was observed, the
Asian population shared the most common allele, that is, allele 10 at locus DXS8378 and
allele 13 at locus HPRTB whereas allele 49 at locus DXS8377 was a most common allele
shared among the African population. DXS10011 had the greatest individual value as a forensic
marker, with the highest power of discrimination in males (PDm) and females (PDf), as well as
mean exclusion chance.

DXS10011 had a very low HETobs (0.670) compared to the expected heterozygosity
(HETexp) (0.950) as a result of an amplification difficulty, leading to a genotypic error
(homozygote excess)'?. It also had the largest product size compared to DXS8378, DXS101,
HPRTB, and DXS8377'*'¥ In addition, DX510011 contained a highly polymorphic allele,
mainly because of complex structural variants (regular and inter-alleles)'”. We found that the
shorter fragment size amplified better than the larger fragment which produced allelic drop-
out, known as extreme preferential amplification (EPA). Due to a difficulty to distinguish the
longer allele from background noise, the overrepresentation of homozygotes for the shorter
allele could occur™®. Therefore, some samples were repeatedly investigated.

Because the recombination rate of the X chromosome in females is low, the X
chromosome has greater linkage disequilibrium (LD) as compared to autosomal markers. The
exact test for LD was performed for all pairs of the loci in this study, the result showed no LD
in each pair of markers. In the kinship cases involving 15 family trios with daughter, no mutation

was detected. This proved the applicable of five X-STR markers in kinship cases.

Conclusions

This five X-chromosomal STRs multiplex system offered sufficient polymorphic patterns
in one single reaction. It worked with reasonable amounts of DNA, suitable for forensic
casework, and yielded reproducible results. It could be recommended for routine paternity

analysis in complex deficiency cases or for a complement of autosomal and Y-STRs analysis.
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