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A B S T R A C T

The utilization of X-chromosome short tandem repeats (X-STRs) for human identification 
particularly in resolving complex kinship cases has been advocated. Since, forensic statistical 
parameters vary among different populations, and because the X-STRs population data repre
senting the diverse population of Peninsular Malaysia remain unavailable, the specific attempt 
reported here for the Malays (n = 224) and Chinese (n = 201) populations appears forensically 
relevant to support the evidential value of the 12 X-STRs markers for human identification in 
Malaysia. Results derived from the Qiagen Investigator® Argus X-12 kit revealed that DXS10135 
as the most polymorphic locus with high genetic diversity, polymorphic information content, 
heterozygosity as well as power of exclusion. Based on allele frequencies, the combined power of 
discrimination as well as the mean exclusion chance (MECKrüger, MECKishida, MECDesmarais and 
MECDesmaraisDuo) values for the Malays and Chinese were individually ≥0.999995532964908. As 
for the combined power of discrimination as well as the mean exclusion chance (MECKrüger, 
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MECKishida, MECDesmarais and MECDesmaraisDuo) calculated based on haplotype frequencies, the 
values were ≥0.9999986410567 for the Malays and Chinese populations. In addition, results 
from the genetic distance, neighbor-joining phylogenetic tree and principal component analysis 
revealed close biogeographical distributions of the studied populations with other South East 
Asian populations. Hence, the utilization of the X-STRs data for identifying individuals among the 
Malays and Chinese populations in Peninsular Malaysia for forensic application appears as highly 
supported.

1. Introduction

Malaysia is located in the South East Asia equatorial zone (Latitude: 1◦ and 7◦ North; Longitudes: 100◦ and 119◦ East) of which it 
covers an area of 330,534 square kilometres. The federation of Malaysia comprises of Peninsular Malaysia (11 states and 2 Federal 
Territories) as well as the East Malaysia (2 states and 1 Federal territory), separated by the South China Sea [1]. Being a multi-racial 
country, the Malaysian population has been estimated at 33.5 million, consisting of Malays and other Bumiputera groups (70.1 %), 
Chinese (22.6 %), Indians (6.6 %) and others (0.7 %). Out of 70.1 % of Bumiputera, the majority being the Malays (58.0 %) followed by 
other groups of Bumiputera (12.1 %), residing in the Peninsular and East Malaysia [2]. Previous researchers have described the Malays 
and Chinese in Peninsular Malaysia as the following. Malay is specifically defined in the Constitution of Malaysia (Article 160(2)) as “a 
person who professes the religion of Islam, habitually speaks the Malay language, conforms to Malay custom and - (a) was born before 
Merdeka Day in the Federation or in Singapore or born of parents one of whom was born in the Federation or in Singapore, or is on that 
day domiciled in the Federation or in Singapore; or (b) is the issue of such a person” [3]. The majority of the Malays and indigenous 
populations (Negrito, Senoi and Proto-Malay) reside in Peninsular Malaysia and they comprise of various sub-ethnicities namely 
Banjar, Java, Minangkabau, Bugis and other groups from Austronesian [4], emerged prominently during the Malacca Sultanate (15th 
century) through the trading activities and seafaring life [5].

Malaysian Chinese on the other hand make up the second-largest overseas Chinese population (after Thailand) and the second- 
largest ethnic group in Malaysia [6]. Chinese people first came to the Malacca Empire in the early 15th century, when the Sultan 
Mansur Syah married a Chinese princess named Hang Li Po [6]. This was the beginning of the first wave of migration, when Chinese 
merchants and young aristocrats from an imperial company started to settle in and around Melaka, assimilated with the local culture 
and custom through business and marriage [7]. Described as the second wave of migration, the Chinese in PeninsularMalaysia 
originating from the southern part of China arrived hugely in the 18th to the early 20th centuries due to open migration policy by the 
British to surplus the labour support for their colonial economic activities [8]. The majority of them are from the southeast coast of 
Mainland China’s Fujian and Guangdong regions [7] and worked in tin mining which later developed into the Chinese civilization in 
Peninsular Malaysia [9].

The application of X-chromosome short tandem repeats (X-STRs) can be appealing for resolving kinship and deficiency paternity 
cases, and may prove useful in investigations involving missing persons and mass disasters, in particular when comparison profiles are 
not available [10]. However, the available of X-STRs population data for Malaysia are limited to Malays (in Kuala Lumpur alone) [11] 
as well as the minority sub-ethnics [12] with inadequate number of sample size and Kedayan (an ethnicity in the East Malaysia region) 
[13]. As such the available data may not represent the diverse population of Peninsular Malaysia, limiting their evidential values as 
evidence in court [10]. Not only that, the complete X-STRs population data for representing the admixture populations (e.g. 
Malay-Chinese) in Malaysia are also lacking. Considering that the forensic statistical parameters may differ among the different 
populations [14,15], the statistical support for the use of DNA profiles for one population may not be accurately representing other 
populations, especially among high diversity ethnic populations and genetic admixture [16,17]. In this context, genetic properties are 
evaluated based on the relevant populations to determine the rarity of the obtained profile [18]. Therefore, a thorough sampling of 
populations of interest is paramount for validating and documenting the forensic statistical support for the use of X-STRs analysis for 
complex kinship investigation as well as proving the evidence as ‘beyond any reasonable doubt’ in the court of law.

Hence, the aim of this research was to provide the empirically justified statistical support for the use of 12 X-STRs population data 
for the Malays and Chinese in Peninsular Malaysia for human identification in Malaysia, particularly for complex kinship investigation. 
Importantly, this would be the first attempt to provide such data for the Chinese population in Malaysia.

2. Materials and method

2.1. Ethical requirements and sample collection

The procedures and protocols used in this present research was approved by the Human Research Ethics Committee of Universiti 
Sains Islam Malaysia (USIM/JKEP/2022-225), dated July 21, 2022, in compliance with the ethical guidelines and requirements for the 
publication of genetic and genomic data. In this context, it is important to iterate that “Urban and cosmopolitan population studies 
should involve at least 200 individuals, whereas, regional datasets should contain a minimum of 100 samples. Exceptions are valid for 
extremely small population sizes.” [19]. The fact that this present research utilized 224 Malay and 201 Chinese participants 
(amounting to a total of 425 participants), it can be construed that the number of participants examined here is more than sufficient to 
represent the populations of Malay and Chinese in Peninsular Malaysia. The written informed consents were attained before the 
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finger-pricked blood samples on Flinder’s Technology Associates (FTA) cards were collected from the unrelated healthy individuals 
consisting of (a) 224 Malays (113 females and 111 males) and (b) 201 Chinese (100 females and 101 males) residing in Peninsular 
Malaysia. For ensuring the representativeness, the stratified purposeful sampling method was used, stratifying the participants ac
cording to the different states and territory within the Peninsular Malaysia.

2.2. X-STRs typing

To facilitate international population data exchange, utilization of the X-chromosomal STR kit that has acquired popularity for 
forensic application must be chosen. The fact that Qiagen Investigator® Argus X-12 QS kit fulfils such a requirement, its utilization to 
generate suitable population data for the Malays and Chinese in the diverse Malaysian population proves relevant, although there are 
other kits (e.g. Microreader™ 19X) for X-chromosomal STR that offer more loci for analysis. Since the utilization of Microreader™ 19X 
Kit appears limited to specific populations and/or geographical location (e.g. Han and Sierra Leone), the ability to enable the inter
national population data exchange may be limited. Furthermore, the lack of population and mutation data prevailed for the other X- 
STRs kits may impede forensic evaluation on their practical values.

The blood samples on FTA cards were punched (~1.2 mm each) and subsequently purified. The purified blood samples on FTA 
cards were then directly amplified using the reduced polymerase chain reaction (PCR) reaction volume of the Qiagen Investigator® 
Argus X-12 kit (Germany) as described by Alwi et al. [20], co-amplifying the 12 X-STRs loci namely DXS10103, DXS8378, DXS10101, 
DXS10134, DXS10074, DXS7132, DXS10135, DXS7423, DXS10146, DXS10079, HPRTB and DXS10148 [21]. These markers are 
grouped into four linkage groups: (LG1:DXS10148, DXS10135, DXS8378; LG2: DXS7132, DXS10079, DXS10074; LG3: DXS10103, 
HPRTB, DXS10101; LG4: DXS10146, DXS10134, DXS7423).

The PCR amplification was performed on the Applied Biosystems™ ProFlex™ PCR System (Thermo Fisher Scientific). Subse
quently, the PCR products were separated via capillary electrophoresis on the Applied Biosystems 3500xL Genetic Analyzer (Thermo 
Fisher Scientific), and data were analyzed using the GeneMapper™ ID-X v1.5 software (Thermo Fisher Scientific). For confirming the 
presence of off-ladder alleles (as determined by size), re-injection of the samples into the capillary electrophoresis was performed.

2.3. Quality control

The research was performed in an ISO/IEC 17025:2017 accredited forensic DNA laboratory (Department of Chemistry Malaysia 
Johor State Laboratory; FT-0084) by the American National Standards Institute (ANSI) National Accreditation Board (ANAB) following 
the laboratory internal standards and kit controls. The female control DNA 9947A (Thermo Fisher Scientific, USA) was used as the 
positive control, while deionized water served as the negative ones.

2.4. Forensic statistical analysis

Allele frequencies of male and female samples as well as the haplotype frequencies for each linkage group (LG) of male samples 
were estimated by simple counting method using Statistics for X-STR (StatsX) v2.0 [22]. The exact test of Hardy-Weinberg equilibrium 
(HWE) per locus in female samples and the linkage disequilibrium (LD) testing between all pairs of the 12 loci of male and female 
samples were computed using Arlequin v3.5.2.2 software [23]. The forensic statistical parameters that include the gene diversity (GD), 
haplotype diversity (HD), polymorphic information content (PIC), power of discrimination in males (PDM) and in females (PDF), mean 
exclusion chance in (a) deficiency cases (MECKrüger) [24], (b) standard trios involving daughters (MECKishida) [25], (c) standard trios 
involving daughters (MECDesmarais) and (d) father/daughter or mother/son duos (MECDesmaraisDuo) [26] as well as the combined PDm, 
PDf, MECKruger, MECKishida, MECDesmarais and MECDesmarais Duo were calculated using StatsX v2.0 [22]. The heterozygosity (Het) and 
power of exclusion (PE) were calculated using the formula described by the previous researcher [27].

2.5. Population comparisons

The Nei’s DA genetic distances [28] among the studied populations (Malays and Chinese) with those of 21 other populations were 
measured and represented in the form of Neighbor-joining (NJ) tree, constructed using POPTREE2 software [29] with 1000 bootstrap 
replications. Visualization and interpretation of phylogenetic tree were attempted using Molecular Evolutionary Genetics Analysis 
version 11 [30]. Subsequently, the principal components analysis (PCA) was performed using the MultiVariate Statistical Package 
[31].

3. Results and discussion

3.1. Forensic statistical analysis

The allele and haplotype frequencies as well as the forensic parameters were calculated from the Malays and Chinese population in 
Peninsular Malaysia dataset (Supplementary Tables S1–S4) generated from this present research. Results from the independent sample 
t-test comparing the allele frequencies between male and female samples indicated no significant differences. However, to provide a 
clearer understanding of the genetic diversity and structure within and between the populations studied, the allele frequencies and 
forensic parameters for male and female subjects are separately represented prior to the integration (pooled) (Supplementary 
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Tables S5–S6). A total of 158 and 143 alleles were observed for the Malays and Chinese populations respectively. A total of 12 distinct 
off-ladder alleles were found at 6 loci in the Malays and Chinese populations. While the majority of the off-ladder alleles were observed 
at DXS10101 (4 distinct alleles), one allele each at loci DXS10103, DXS10134, DXS10135 and DXS10079 were found in the Malay 
population. As for the Chinese population, 5 distinct alleles at 4 loci (DXS10101, DXS10134, DXS10079 and DXS10148) were 
observed. Specific and elaborative discussions pertaining to the aspect of rare and off-ladder alleles in view of its application for 
forensic intelligence are reported in another research paper. In this present research, the most polymorphic locus was DXS10135 
considering the high GD and PIC values, viz. Malays (PIC = 0.9135) and Chinese (PIC = 0.9157). In contrast, locus DXS7423 was found 
having the lowest PIC values for the Malays (0.4944) and Chinese (0.4322) since only 3–4 alleles were detected at that particular locus. 
The proportion of heterozygous individuals in the population (Het) as well as the PE values being the highest (DXS10135) as well as the 
lowest (DXS7423) at the similar loci. These findings were found similar with those reported for other populations [11,32,33] on the 
same 12 X-STRs markers.

No significant deviations from HWE were observed for the all the female samples (Supplementary Table S7), except in Chinese 
population (at locus HPRTB, p = 0.0056). However, after applying the Bonferroni’s corrections (p < 0.05/12 = 0.0042), no HWE 
deviation was evident. The results of the LD analysis between all pairs of the 12 loci in both male and female samples are tabulated in 
Supplementary Tables S8a–b and S9a-b with a p < 0.0008 after an adjustment for multiple testing (0.05/66). Significant LD (p =
0.0000) was observed in both female and male samples of Chinese population within LG3 (between DXS10101-DXS10103) as well as in 
male samples of Malay population. As for the female samples of Malay population, significant LD was found between HPRTB- 

Fig. 1. The Neighbor-Joining tree constructed based on the genetic distance (allele frequencies data) among the Malays and Chinese against other 
populations (as in Supplementary Table S13). Bootstrap values indicate the support for each node. The bar indicates 0.01 substitutions per site.
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DXS10103 (p = 0.0000), comparable with the findings by Samejima et al. [11].
The haplotypes frequencies and forensic statistical parameters corresponding to the four LGs (LG1-DXS10148, DXS10135, 

DXS8378; LG2- DXS7132, DXS10079, DXS10074; LG3- DXS10103, HPRTB, DXS10101; LG4- DXS10146, DXS10134, DXS7423) are 
shown in Supplementary Tables S10–S11. The number of unique haplotypes in LG1-LG4 observed were 95, 68, 72 and 81 for the 
Malays respectively. As for the Chinese population, the same for LG1-LG4 were 90, 68, 75 and 70, correspondingly. For both the 
Malays (HD = 0.9971) and Chinese (HD = 0.9976), LG1 was found as the most informative LG, while the lowest being LG3 for the 
Malays (HD = 0.9876) and LG4 for the Chinese (HD = 0.9905).

In this present research, the combined PDm, PDf, MECKruger, MECKishida, MECDesmarais and MECDesmarais Duo were calculated based on 
allele (pooled) and haplotype frequencies. The combined PDm, PDf, MECKruger, MECKishida, MECDesmarais and MECDesmarais Duo calculated 
based on allele frequencies revealed the values ≥ 0.999995532964908 for the Malays and Chinese population (Supplementary 
Table S12). When calculated using the haplotype frequencies, the combined PDm, PDf, MECKruger, MECKishida, MECDesmarais and 
MECDesmarais Duo were ≥0.9999986410567 for the Malays and Chinese population (Supplementary Tables S10–S11).

3.2. Population comparisons

The genetic distance (DA) of all the pairs calculated among the Malaysian Malays and Chinese as well as the 21 other published 
populations are shown in Supplementary Table S13. The reasons for choosing the 21 other published populations are bipartite in 
nature. Firstly, all these populations data were derived from the same X-STRs markers and therefore would enable the appropriate 
discussion to be made with the present data. Secondly, the population data included would represent the different continents, as well 
as encompassing all the available population data for the South East Asian region, justifying the suitability of the markers for DNA 
profiling across the different populations. The DA values ranged from 0.0120 to 0.1340 for the studied populations against that of the 
other populations. A higher DA value was observed when the populations were geographically distant, comparable with the finding 
reported by previous researchers [34]. Fig. 1 depicts the NJ tree constructed based on the genetic distance (allele frequencies data) 
among the populations. The NJ tree revealed that the populations of Malays and Chinese studied here are clustered within a separate 
larger group (bootstrap support: 99 %) than those of the other group that comprised of United Arab Emirates, Somalia, US African, US 
Caucasian, Italy, Denmark, Germany, Portugal, US Hispanic and Argentina (bootstrap support: 70 %). Furthermore, it can be seen that 
the Malay and Chinese populations are grouped separately with high bootstrap support (92 %). While the current Malay population is 
grouped together (bootstrap support: 74 %) with the Malays from the previous study [11], Kedayan [13], Philippines [33] and East 
Timor [35], the current Chinese population, on the other hand, is grouped together (bootstrap support: 59 %) with the Chinese Han 
[36], Taiwanese [37], Japanese [38] and US Asian [39].

Similar findings on the categorical separation of the populations studied via NJ were also observed in the two-dimensional PCA case 

Fig. 2. The two-dimensional principal components analysis case scores constructed using the data of allele frequencies across the 12 X-STRs loci 
among the Malays and Chinese against other populations (as in Supplementary Table S13).
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scores (Fig. 2). The close proximity observable via NJ and PCA between the Chinese observed in this current research with Chinese 
Han, Tawian, Japanese and US-Asian populations was within expectation, and it can be explained by several theories. The first theory 
is “Out of Taiwan” and “Express Train to Polynesian” models, suggesting that Austronesian populations (like the Malays) are originally 
from the provinces in China namely Taiwan and Yunnan, before arriving in Peninsular Malaysia in about 4500 years ago [40]. The 
second theory, revolves around the fact that transportation and the globalization especially in Southeast and South Asian populations 
have resulted in the frequent occurrence of gene flow among the different populations in the surrounding neighbourhoods [41]. The 
Malays were generally maritime traders, and as such indirectly promoting mixed marriages among the populations of the islands 
around the peninsular [40]. Deng et al. [42] reported that the population of Malaysia is affected by the genetic admixture from 
neighbouring East Asian populations. In fact, it was reported that between 4 % and 16 % of Malay genomes are descended from East 
Asians, with the remainder coming from South Asians, Austronesian, and aboriginal South Asians who interacted with Malays between 
175 and 1500 years ago [41]. In point of fact, the assessments of molecular variance and average coefficient of correlation that were 
carried out by earlier researchers have revealed that the Malay and Chinese populations have the strongest correlation between them, 
in comparison to those of other populations [43,44].

Others studies on genetic markers also demonstrated similar findings attributable to the genetic variations of the Peninsular 
Malaysia population [5,45]. The fact that Malaysia is a multi-racial country which composed of different genetic lineages, current DNA 
study should be cautiously interpreted to avoid contradiction with archaeological findings as historical events [45]. It is duly noted 
that integrating several genetic markers will strengthen the links between ethnic groups in terms of genetic distance, improving the 
understanding of the genetic makeup of the populations [46].

4. Conclusion

In conclusion, the allele frequencies and forensic statistical parameters of the studied Malaysian Malays and Chinese populations 
demonstrated that the 12 X-STRs markers were highly informative and discriminating. The population data reported here for the 
Chinese population in Malaysia appear to be the first of its kind to represent such population in the South East Asian region, sub
stantiating the evidential value of the 12 X-STRs markers for forensic human identification. Therefore, the incorporation of X-STRs 
analysis for routine DNA casework appears pertinent, especially for complex kinship investigations in multi racial countries like 
Malaysia. The fact that little emphasis has been given on the admixture populations, suitable effort to provide reliable forensic 
population data for such populations shall be considered as an interesting future study.
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