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Background and aim: The present study is the first to report the

genetic relatedness of indigenous populations of Sabah,

Malaysia, using a set of Indel markers (HS4.32, TPA25, APO,

PV92, B65 and HS3.23). The primary aim was to assess the

genetic relationships among these populations and with

populations from other parts of the world by examining the

distribution of these markers.

Subjects and methods: A total of 504 volunteers from the three

largest indigenous groups, i.e. Kadazan-Dusun, Bajau and

Rungus, were recruited for the study. Six Alu insertions were

typed by PCR with specific primer sets.

Results: All insertions were found to present at different

frequencies, ranging from 0.170–0.970. The heterozygosity of

most of the markers was high (.0.4), with the exception of

HS3.23 and APO. A genetic differentiation study revealed that

these populations are closely related to each other

(GST ¼ 0.006). A principle component plot showed that these

populations have higher affinity to Mainland South East

Asia/East Asia populations, rather than Island Southeast Asia

(ISEA) populations.

Conclusion: In summary, these indigenous groups were closely

associated in terms of their genetic composition. This finding

also supports the colonization model of ISEA, which suggests

that the inhabitants of this region were mostly descendants

from Southern China.

Keywords: Alu insertion, Kadazan-Dusun, Bajau, Rungus

INTRODUCTION

The Alu element, one of the most prominent examples of
repetitive DNA, is a member of the short interspersed
element (SINE), which is estimated to exist in more than
10% of the entire human genome (Houck et al. 1979;
Smit 1996). Each Alu element is ,300 nucleotides in
length and is believed to derive from 7SL RNA (Weiner et al.
1986). The Alu element is mobilized within the genome by

a gene jumping mechanism known as retroposition—a
RNA-mediated transcription process. This mechanism has
contributed to the random yet wide distribution of Alu
elements, with varied density, throughout the genome. The
insertion of Alu elements began as early as 65 million years
ago (Shen et al. 1991). The current amplification rate of
Alu insertions, at a rate of one new insertion in 200
newborns, has been found to be much lower than in the
past, being merely 1% of previous peak rates (Deininger and
Batzer 1999). There are more than one million accumulated
copies of Alu elements being reported in the human genome
(Lander et al. 2001). Most Alu insertions are constant in all
human beings, regardless of the origin of population.
However, a small number of them (,5%) are polymorphic.
These insertions arose recently during global colonization
by modern humans and have great potential to reveal
information about modern human expansion and
migration events. Most Alu insertions are shared by both
human and primate genomes, but , 7000 of these
insertions are unique to humans (The Chimpanzee
Sequencing and Analysis Consortium 2005).

Over decades of extensive studies, Alu insertions have
been found useful in different aspects of scientific research,
especially in cancer and evolutionary studies (Flint et al.
1996; Deininger and Batzer 1999; Batzer and Deininger
2002). Scientists have postulated that Alu elements are the
major contributor to the evolutionary process throughout
primate history, including that of humans (Batzer and
Deininger 2002). Massive insertions of Alu elements have
caused genomic instability that has facilitated the process
of speciation (Challem and Taylor 1998). Recently, the
study of Alu elements has focused on the search for
population-specific markers. Researchers have demon-
strated the possibility of inferring the origin of a population
using a combination of polymorphic Alu markers (Ray
et al. 2005).
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POPULATION OF INTEREST

In this study, we aimed to assess the genomic diversity
of six polymorphic Alu markers in the indigenous
populations residing in the state of Sabah in Malaysia.
Sabah is located at the northern end of Borneo Island
(Figure 1). It has a population size of ,3.3 million,
comprising of 32 ethnic groups, of which 28 are indigenous
(Wise 2008). Indigenous populations make up more than
60% of the local population. Kadazan-Dusun, Bajau and
Rungus are three of the largest indigenous groups in Sabah;
others include the Murut, Orang Sungai, Lotud, Dumpas,
etc. The peopling pattern of the region of Island Southeast
Asia (ISEA) has been studied and elucidated by researchers.
The ‘Out of Taiwan’ model, which was established based
on linguistic approaches, is one of the prevailing theories
and suggests that the colonization of ISEA occurred in
two tiers (Bellwood 2007). The first dispersal was marked
by the arrival of ‘Australo-melanesians’ ,50 000 years ago.
These people were then replaced or assimilated
by ‘Austronesians’, who came by sea from Southern China
through Taiwan for climate or agricultural reasons
(Bellwood 2007). Thus far, there has been no published
study reporting on the genetic relevance of these
populations. Therefore, this present research could provide
the very first insight into the degree of relatedness among
these indigenous groups.

MATERIALS AND METHODS

Sample collection and preparation
A total of 504 indigenous individuals (150 Kadazan-Dusun;
228 Bajau; 126 Rungus) from Sabah were recruited for
this study. In order to ensure all samples originated from
pure genetic lineage, both parents and grandparents of
the recruited candidate must also originate from the same
indigenous group. Prior to venous blood collection,
informed consent (approved by ethical committee of
University Malaya Medical Centre: 770.21) was obtained
from volunteers. Genomic DNA was extracted from blood
samples via a conventional extraction method, as stated
previously (Chua et al. 2009; Kee et al. 2011). Both the
quality and quantity of extracted DNA were determined
by spectrophotometry via a Nanophotometer (Implen,
Germany).

Amplification of Alu insertions
Six Alu insertion polymorphisms, HS4.32, TPA25, APO,
PV92, B65 and HS3.23, were selected and typed in all
samples with primer sets reported in previous studies
(Batzer et al. 1994; Arcot et al. 1996; Tishkoff et al. 1996).
Amplification of Alu inserted regions was carried out in
a thermal cycler (Veriti, Applied Biosystems, California,
USA). The 10ml amplification mixture contained 100 ng of
template DNA, 1 £ DreamTaq buffer, 0.2 mM of dNTP mix,

Table I. Chromosomal locations and primers sequences used for amplification of the markers.

Alu markers Chromosome Forward primer (5’ – 3’) Reverse primer (5’ – 3’) TA (8C) Reference

HS4.32 12 GTTTATTGGGCTAACCTGGG TGACCAGCTAACTTCTACTTTAACC 63 Arcot et al. (1996)
TPA25 8 GTGAAAAGCAAGGTCTACCAG GACACCGAGTTCATCTTGAC 63 Tishkoff et al. (1996)
APO 11 TGTGAGCCTAGGAGTTTGAG CTGGCTGATTTTAGGAGGGA 65 Batzer et al. (1994)
PV92 16 AACTGGGAAAATTTGAAGAAAAGT TGAGTTCTCAACTCCTGTGTGTTAG 60 Batzer et al. (1994)
B65 11 ATATCCTAAAAGGGACACCA AAAATTTATGTCATGGGTAT 54 Batzer et al. (1994)
HS3.23 7 GGTGAAGTTTCCAACGCTGT CCCTCCTCTCCCTTTAGCAG 65 Arcot et al. (1996)

TA, Annealing temperature.

Figure 1. Geographical location of Sabah, situated at the North end of Borneo Island (adapted from Kee et al. 2011).
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0.4 U of DreamTaq DNA Polymerase, 2 mM of MgCl2 and
0.4 mM of each forward and reverse primers. Chromosomal
locations and primer sequences used for the study are
listed in Table I. Each reaction was subjected to a cycle of
denaturation at 948C for 5 min, 35 cycles of 948C for 30 s,
appropriate optimized annealing temperature (54–658C)
for 30 s, 728C for 30 s and a final extension at 728C for 5 min.
Amplified products were subsequently resolved on 2% (w/v)
native agarose gels, stained with ethidium bromide and
visualized under a UV transilluminator. Allelic scoring was
carried out by the direct counting method.

Statistical analysis
AMOVA and departure of the examined markers from
Hardy-Weinberg Equilibrium (HWE) were determined
via Arlequin package V3.11 based on exact test, with
significance level set at 5% (Excoffier et al. 2005). Population
and forensic parameters, such as heterozygosity, frequencies,
polymorphism information content (PIC), power of
discrimination (PD), matching probability and power

of exclusion (PE) were computed using Powerstat V1.2
(Promega, USA, Wisconsin, USA). Population differen-
tiation was estimated by a set of measurements using FSTAT
(Goudet 1995). Principal component (PC) analysis was
conducted to investigate the genetic association among the
studied populations by XLSTAT (Addinsoft, New York,
USA). PC analysis also included available Alu insertion data
of other global populations from the Allele Frequency
Database (ALFRED) to depict relationships between the
indigenous groups and global populations, which may
reveal information on historical movement within this
region (Rajeevan et al., 2005). Insertion frequencies, as in
Table II, of five out of six markers (except HS3.23) in this
study were utilized to construct the PC plot.

RESULTS

Alu insertions examined in the present study were
polymorphic in the Kadazan-Dusun, Bajau and Rungus
populations. The allelic and genotypic frequencies of

Table II. Insertion frequencies of Alu markers in the PC analysis (the world population data was obtained from ALFRED).

Alu insertion marker Insertion frequency

Region Population HS4.32 TPA25 APO PV92 B65 HS3.23

Africa Alur 0.500 0.250 0.708 0.125 0.750 NA
Nguni 0.114 0.200 0.600 0.240 0.600 0.910
Kungsan 0.240 0.140 0.880 0.200 0.500 0.950
San 0.321 0.200 0.821 0.300 0.654 NA

East Asia Han 0.438 0.551 0.929 0.832 0.587 NA
Mainland SEA Japanese 0.438 0.576 0.844 0.857 0.412 NA

Cambodian 0.546 0.400 0.792 1.000 0.417 NA
ISEA Vietnamese 0.556 0.278 0.944 0.875 0.444 NA

Moluccas 0.280 0.550 0.750 0.690 0.260 NA
Nuru Tenggaras 0.330 0.380 0.780 0.510 0.400 0.590
Kadazan-Dusun 0.170 0.537 0.970 0.593 0.530 0.710
Bajau 0.307 0.474 0.936 0.675 0.476 0.937
Rungus 0.329 0.603 0.952 0.694 0.476 0.948

European Finnish 0.579 0.444 0.974 0.156 0.421 NA
French 0.700 0.725 0.950 0.275 0.625 0.890

Oceania PNG 0.340 0.160 0.680 0.240 0.180 0.230
North America Alaskan Natives 0.210 0.260 0.917 0.619 0.490 0.790

Maya 0.270 0.650 0.940 0.790 0.270 0.610
Hispanic American 0.460 0.560 0.970 0.510 0.020 0.740

NA, Not available.

Table III. Insertion frequency, population differentiation analysis and AMOVA of six Alu markers in Kadazan-Dusun, Bajau and Rungus populations.

Alu insertion HS4.32 TPA25 HS3.23 PV92 B65 APO Average

Population
Kadazan-Dusun (n ¼ 150) 0.170 0.537 0.937 0.713 0.530 0.970 —
Bajau (n ¼ 228) 0.307 0.474 0.936 0.721 0.476 0.936 —
Rungus (n ¼ 126) 0.329 0.603 0.948 0.706 0.480 0.952 —

Differentiation analysis
HT 0.394 0.498 0.112 0.409 0.501 0.090 0.334
HS 0.384 0.493 0.112 0.410 0.500 0.090 0.332
DST 0.009 0.005 0.000 0.001 0.000 0.000 0.002
GST 0.023 0.009 0.002 0.002 0.000 0.002 0.006
GIS 0.093 0.033 0.052 0.114 0.057 0.032 0.068

AMOVA differentiation
Among populations 3.167 1.404 0 0 0.053 0.363 0.938
Within populations 96.833 98.596 100 100 99.947 99.637 99.062
p 0 0.004 NS NS NS NS —

HT, Total gene diversity; HS, Intra-population diversity; DST, Inter-population diversity; GST, Coefficient of gene differentiation; GIS, Inbreeding
coefficient; NS, Not significant, p . 0.05.
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the insertion markers are summarized in Table III. The
frequencies of inserted allele (þ) ranged from 0.170–0.970.
None of these markers were completely fixed to any of
the populations, despite the fact that two markers (HS3.23
and APO) were present with insertion frequencies of
higher than 0.9 in all populations. On the contrary, HS4.32
insertion was found to be present at the lowest frequency,
with an average of 0.269. All populations showed high levels
of diversity (.0.4) for most markers, with the highest
attainable heterozygosity for a biallelic marker being 0.5.
However, the heterozygosity for HS3.23 and APO insertion
was low in all populations, with average of 0.112 and
0.089, respectively. Out of 18 HWE tests conducted, only
one deviation from the equation was observed (PV92
insertion in Bajau population). The deviation was regarded
as a random statistical fluctuation as it does not appear to
be locus- or population-specific in our cohort of study.

Total gene diversity (HT) is accounted for by two
fractions of genomic variability that arise within and among
populations, which can be measured by intra-population
(HS) and inter-population (DST) gene diversity. The
coefficients of gene differentiation (GST) of all three
populations in our study were low (Table III), where the
highest value, GST ¼ 0.023, was observed in HS4.32
insertion. The mean value of GST in all the six markers
was 0.006. The inbreeding coefficient (GIS) ranged from
0.032–0.114, with an average of 0.068. The AMOVA showed
that genetic variations among populations were significant
in two markers, i.e. HS4.32 (3.17%, p , 0.01) and TPA25
(1.40%, p , 0.01). On average, over 99% of the genetic
variations were contributed for within populations.

In order to further elaborate on the genetic association of
the examined groups, a PC plot was constructed (Figure 2).
The two main principal components contributed to
64.79% of the variance observed. The first component
accounted for up to 35.88% of the variation, whereas the
second component made up 28.91%. All groups were

huddled into distinctive clusters, i.e. Africa, Europe, North
America, Mainland Southeast Asia/East Asia (SEA/EA) and
Island SEA. The first dimension separated African popu-
lations to the lower left part of the plot and European
populations to the lower right. On the other hand, the second
dimension differentiated all Asian populations, together
with North American populations from both African and
European populations. Kadazan-Dusun, Bajau and Rungus
populations were grouped closely within the Mainland
SEA/EA cluster.

As shown in Table IV, the matching probability (MP) of
all markers in the present study differed from 0.359–0.898,
with an average value of 0.5429. The power of discri-
mination (PD) of the Alu insertions varied greatly from
0.102–0.646, with averages of 0.434, 0.477 and 0.460 in
Kadazan-Dusun, Bajau and Rungus populations, respect-
ively. When accessing the discriminating power of the six
loci altogether, the combined PDs for all markers were
0.978 for the Kadazan-Dusun, 0.986 for the Bajau and
0.983 for the Rungus. The polymorphism information
content (PIC) values varied from 0.06–0.370. The lowest
PE value (0.02) was observed in the APO insertion in the
Kadazan-Dusun population, while the highest PE value
of 0.209 was noted in TPA25 insertion of the Rungus.
The combined powers of exclusion (PE) for the Kadazan-
Dusun, Bajau and Rungus populations were 0.398, 0.436
and 0.475, respectively. All populations had an average
typical paternity index (TPI) of higher than 0.7.

DISCUSSION

This work establishes the genetic relationship between three
major indigenous groups, i.e. Kadazan-Dusun, Bajau and
Rungus in the state of Sabah, Malaysia and with other
populations in regions of SEA and East Asia by utilizing
genetic data obtained from six polymorphic Alu insertions.
These markers were also evaluated for their usefulness in

Figure 2. Principal component analysis, based on insertion frequency,
in the indigenous groups, in comparison to other populations (SEA,
South East Asia; EA, East Asia).

Table IV. Power of discrimination (PD), Power of exclusion (PE),
Polymorphism information content (PIC), Typical paternity index
(TPI) and deviation from Hardy-Weinberg Equilibrium (HWE) of
Alu markers in Sabahan indigenous populations.

Alu insertion HS4.32 TPA25 HS3.23 PV92 B65 APO

Kadazan-Dusun (n ¼ 150)
PD 0.438 0.640 0.213 0.571 0.641 0.102
PE 0.044 0.155 0.011 0.106 0.155 0.002
PIC 0.240 0.370 0.110 0.330 0.370 0.060
TPI 0.660 0.930 0.560 0.820 0.930 0.520
HWE 0.143 0.410 0.457 0.549 0.412 0.115

Bajau (n ¼ 228)
PD 0.587 0.646 0.216 0.569 0.630 0.216
PE 0.111 0.145 0.011 0.080 0.176 0.011
PIC 0.330 0.370 0.110 0.320 0.370 0.110
TPI 0.830 0.900 0.570 0.750 0.970 0.570
HWE 0.281 0.145 1.000 0.020 0.790 1.000

Rungus (n ¼ 126)
PD 0.601 0.591 0.174 0.580 0.639 0.172
PE 0.117 0.209 0.007 0.094 0.161 0.008
PIC 0.340 0.360 0.090 0.330 0.370 0.090
TPI 0.840 1.050 0.550 0.790 0.940 0.550
HWE 0.424 0.352 0.278 0.196 0.480 1.000
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forensic and human identification investigations in the local
context. No previous study has reported on the character-
ization of genetic association of these indigenous groups
based on the distribution of polymorphic Alu insertions.
High expected heterozygosity values were observed in most
of the markers examined, except in the HS3.23 and APO
insertions. The heterozygosity was comparable for all the
three populations, suggesting that these populations may
share a common source of genetic ancestry.

Gene diversity analysis reveals that all markers were
present with a considerably high degree of diversity
(HT . 0.39), except HS3.23 and APO insertions
(HT ¼ ,0.1). The majority of the genetic variability is
contributed by differences between individuals of a
population (HS¼0.332), whereas only a small part of the
variability comes from genomic diversity between popu-
lations (GST ¼ 0.006; DST ¼ 0.003). The low GST implies
that there is minimal degree of genomic differentiation
between the Kadazan-Dusun, Bajau and Rungus popu-
lations. Concordantly, the AMOVA study also shows that
these indigenous populations are genetically homogenous as
only 0.938% of the differences are attributed to variations
among the populations whilst only two out of six markers
(HS4.32 and TPA25) exhibit significant heterogeneity in
these examined populations.

When compared to frequency data available from the
genetic database, we observed high insertion frequencies in
both TPA25 and HS3.23 insertions in populations from
different regions, with average frequencies of 0.86 and 0.77,
respectively. This implies that these insertions may have
occurred before the spread of modern humans to other parts
of the world and were distributed to all descending
populations at a fair rate. In contrast, the frequency of Alu
insertion in TPA25 locus is lower in African populations
(average frequency ¼ 0.198) than that in other regions
(average frequency ¼ 0.518), except in Oceania and Alaskan
Natives. This observation may indicate that the ancient
group(s) that emigrated from Africa 80 000 years ago may
have carried higher frequencies of the insertion, which were
then passed on to their descendants during world
colonization. In addition, the TPA Alu insertion, located
in the Tissue Plasminogen Activator (PLAT) gene, may
have favoured the survival of these ancient settlers
against harsh environmental challenges during the great
migration. Interestingly, PV92 insertion was reported with
low frequencies in both Africans and Europeans (average
frequency ¼ 0.216) than in Asians and Americans (average
frequency ¼ 0.720). This reflects a possible isolation of
these settlers in restricted populations due to catastrophic
events (such as the Toba eruption ,70 000 years ago). The
recovered populations then continued to colonize the world
in different directions resulting in the genetic discrepancies
in modern human populations.

The genetic relevance of the indigenous groups in
comparison to 16 global populations from different regions
is illustrated by a PC plot. The two main PC have
contributed to substantial variations (64.79%) among the
populations. All populations were found clumped into a few

clusters according to global continents. In our study, Asian
populations were clearly distributed into two distinct
clusters, i.e. Mainland SEA/EA and ISEA. The ISEA cluster
is made up of Moluccas and Nuru Tenggaras populations.
Interestingly, the Alaskan Native was included in this cluster
as well, which signifies a certain degree of genetic similarity
of these natives to inhabitants of ISEA. The three indigenous
populations were clustered close to each other in the PC
plot, showing that these populations share a high degree of
genetic similarity among them. This is in agreement with
our interpretation obtained from population differentiation
analysis. However, both the Kadazan-Dusun and Bajau
populations were situated closer within the cluster, next to
the Cambodian population, while the Rungus population
was located closer to the Japanese population. The Papua
New Guinea (PNG) was positioned to the left of the upper
quarter in the PC plot, distant from both Asian and
European populations. This observation is in agreement
with a recent report, where PNG and Aboriginal Australians
were believed to have separated from ancestral Eurasians
before European and Asian populations split from each
other (Rasmussen et al. 2011).

Our Kadazan-Dusun, Bajau and Rungus were grouped in
the Mainland SEA/EA cluster, together with the Han
Chinese, Japanese, Cambodian and Vietnamese. Further-
more, the Sabahan indigenous populations showed higher
affinity to the Mainland SEA/EA cluster than the ISEA
counterparts. In another investigation of genetic structure
via mitochondrial DNA, Y-Chromosome and autosomal
markers, Ibans (an indigenous group residing in the
neighbouring state of Sabah, Sarawak) were also shown to
have high genetic similarity to Mainland SEA populations
(Simonson et al. 2011). It is therefore indicative that the
indigenous populations in Borneo Island may be descen-
dants of migrating settlers from Mainland SEA or EA.
Similar remarks have been observed in a genetic study based
on SNP array, where SEA populations were found to have
significant influence on the genetic composition of the EA
populations (The HUGO Pan-Asian SNP Consortium
2009). It was suggested that all populations in SEA and EA
were direct descendants of migrants from the primary wave
into the continent, expanding from Southern Asia (The
HUGO Pan-Asian SNP Consortium 2009; Xing et al. 2010).
On the other hand, a genetic study of Andaman Islanders
has revealed a recent migration from SEA into the region
that happened ,18 000 years ago (Thangaraj et al. 2005).
This has again highlighted the influence of SEA populations
on the peopling patterns of the neighbouring regions.
Despite extensive and in-depth studies conducted by
scientists, it is still very challenging to understand and
obtain a clear picture of the paths travelled by humans in
the past, largely due to the fact that interpretation is only
based on limited sex-biased markers and the analysis
method (Stoneking and Delfin 2010).

In our study, the six Alu markers showed a moderate
degree of discriminating power in our populations. The
average combined PD of these markers was 0.982 271.
Although Alu markers do not generate discriminating power
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as high as multi-allelic markers (such as STR), they are
known for their ability to infer population origin owing to
their identical-by-descent state (Shedlock et al. 2004).
Studies have shown that Alu insertion polymorphisms are
able to infer a population of origin accurately and the
possibility can be extended to identification and differen-
tiation of samples with mixed ancestry (Watkins et al. 2003;
Ray et al. 2005; Mamedov et al. 2010). With the discovery
of more population-indicative Alu insertions, they can
be used efficiently in forensic and crime investigations by
providing additional information pertaining to suspects’
population of origin.

CONCLUSION

In summary, this study revealed a close genetic lineage
between Kadazan-Dusun, Bajau and Rungus populations.
These populations also showed higher affinity to Mainland
SEA/EA populations, rather than other ISEA populations.
This observation supports the view that the current
settlement of ISEA populations originated from Southern
China. However, we were not able to deduce a possible
coastal or maritime route taken by these settlers during the
colonization of SEA.
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