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ABSTRACT Taiwanese aborigines have been deemed
the ancestors of Austronesian speakers which are cur-
rently distributed throughout two-thirds of the globe. As
such, understanding their genetic distribution and diver-
sity as well as their relationship to mainland Asian
groups is important to consolidating the numerous mod-
els that have been proposed to explain the dispersal of
Austronesian speaking peoples into Oceania. To better
understand the role played by the aboriginal Taiwanese
in this diaspora, we have analyzed a total of 451 individ-
uals belonging to nine of the tribes currently residing in
Taiwan, namely the Ami, Atayal, Bunun, Paiwan,
Puyuma, Rukai, Saisiyat, Tsou, and the Yami from
Orchid Island off the coast of Taiwan across 15 autosomal
short tandem repeat loci. In addition, we have compared
the genetic profiles of these tribes to populations from
mainland China as well as to collections at key points

throughout the Austronesian domain. While our results
suggest that Daic populations from Southern China are
the likely forefathers of the Taiwanese aborigines, popu-
lations within Taiwan show a greater genetic impact on
groups at the extremes of the current domain than popu-
lations from Indonesia, Mainland, or Southeast Asia lend-
ing support to the “Out of Taiwan” hypothesis. We have
also observed that specific Taiwanese aboriginal groups
(Paiwan, Puyuma, and Saisiyat), and not all tribal popu-
lations, have highly influenced genetic distributions of
Austronesian populations in the pacific and Madagascar
suggesting either an asymmetric migration out of Taiwan
or the loss of certain genetic signatures in some of the
Taiwanese tribes due to endogamy, isolation, and/or drift.
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Language of the Austronesian family are spoken in a
wide geographical range bound by Madagascar to the
west, Easter Island to the East, New Zealand to the
south and Taiwan to the north (Gray and Jordan, 2000).
Though several theories have been proposed to explain
the origin, routes of dispersal, timing of migratory
pauses and pulses, as well as the current genetic rela-
tionships of Austronesian groups, no single conjecture
has been able to bridge all of the data (linguistic, molec-
ular and archaeological) available. Since nine out of the
ten currently spoken Austronesian linguistic subgroups
can only be found in Taiwan (Blust, 1999), the island
lies at the root of these interrogatives.

Taiwan’s current population is largely composed of
Han Chinese (of the Min and Hakka subgroups) who
migrated to the island from southeast China in the last
half millennium (Chiung, 2001). It is the Taiwanese abo-
rigines, however, who comprise about 1.5% of the popu-
lace and speak Austronesian languages, which are
considered indigenous to the country (Trejaut et al.,
2005). Though these tribal groups are believed to be de-
scendants of mainland Asians, the timing of their arrival
in Formosa is still debatable and it is unclear whether
they represent a single or several Paleolithic or Neolithic
waves of migration (Tsang, 2002; Sagart, 2004; Sagart,
2005).

Archaeological evidence suggests that humans were
present in Taiwan about 15,000 years before present
(YBP) (Tsang, 2002), but most remains are more recent
dating to Neolithic times and are largely associated with
the arrival of pastoral agriculturalists from mainland

China around 8,000 YBP (Ruhlen, 1994; Rolett and
Tsang, 2001; Diamond and Bellwood, 2003). Several stud-
ies indicate that southern Chinese Daic populations are
the likely ancestors of Formosan tribal groups (Li et al.,
2008; Wu et al., 2009) and it has been claimed that the
Daic domain within South China, and not Taiwan, is the
homeland of all Austronesian groups (Li et al., 2008). The
Daic are considered to be the original inhabitants of Chi-
na’s southeast coast and their origins can be traced to
20,000 YBP (Li et al., 2007). Today, Daic people are second
only to the Han in numbers within China and have a
strong presence in Thailand, Laos, Vietnam, Myanmar
and India (Grimes, 2002).

It is generally accepted that the Austronesian diaspora
began around 6,000 years ago (Zhang, 1987; Diamond,
1988; Bellwood et al., 1995). Of the several theories pro-
posed to explain the series of events that ensued, three
have received widespread genetic, linguistic and
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archeological support; namely the “express train,”
“entangled bank,” and “slow boat” hypotheses. The
“express train” model (also coined as “out of Taiwan”) pos-
tulates that Austronesians originated in Taiwan and trav-
ersed rapidly through Micronesia and Melanesia, leading
to minimal admixture with the pre-existing substrata of
the area, before settling throughout Oceania (Melton
et al., 1995; Bellwood, 1997; Lum, 1998; Green, 1999;
Hagelberg et al., 1999; Diamond, 2000; Gray and Jordan,
2000; Trejaut et al., 2005; Gray et al., 2009; Tofanelli
et al., 2009; Greenhill et al., 2010). On the other hand, the
“entangled bank” hypothesis proposes that a migration
from Mainland Asia to the Pacific during the Mid-Holo-
cene, along with continued and extensive integration with
natives throughout the routes traversed, is responsible
for the current genetic characteristics of Austronesian
groups (Terrel et al., 1997; Capelli et al., 2001; Oppen-
heimer and Richards, 2001; Hurles et al., 2002). The “slow
boat” model, which combines some of the main elements
of both aforementioned ideas, posits that though Austro-
nesian migrants are of Asian descent (most likely Taiwan-
ese), they traveled slowly through Island Southeast Asia
assimilating some of the pre-existing genetic substrata
and eventually reaching Near and Far Oceania (Kayser
et al., 2000, 2003, 2006, 2008).

The distributions of mtDNA haplogroup B4a1a1 (the
so dubbed “Polynesian motif) and its ancestral lineage
B4a1a provided the first direct genetic evidence tying
Polynesians to Taiwanese aborigines (Trejaut et al.,
2005). A phylogeny based on these mtDNA subtypes
directly mirrors linguistic relationships (Bellwood, 1990;
Donohue and Denham, 2010) and follows a route origi-
nating in Taiwan, where it is most diverse, traveling
south toward the Philippines and Indonesia (Melton
et al., 1995; Hill et al., 2007; Tabbada et al., 2010; Raza-
findrazaka et al., 2010). However, subsequent studies
have unearthed previously undiscovered genetic affin-
ities between mtDNAs in the Bismarck Archipelago of
Indonesia and Oceanian populations that may predate
the Austronesian expansion by as much as 3,000 years
obscuring previous conclusions (Soares et al., 2011).

Y-chromosomal studies have also proven controversial
and though some early analyses alluded to ties between
Asian populations and Polynesian groups (Su et al.,
2000), most reports indicate close genetic ties between
Melanesia and Polynesia and no clear connections to
Taiwan (Lum, 1998; Kayser et al., 2000, 2003, 2006,
2008). Recently, however, Karafet et al. (2010) demon-
strated that a subgroup of haplogroup O3, specifically
O3a2, is widely distributed throughout Island Southeast
Asians, Indonesians and Polynesians but absent from
mainland Asian populations. Subsequently, Mirabal
et al. (2012) reported that a close genetic relationship
exists between the Ami (one of the Taiwanese aboriginal
tribes) and Polynesian populations by finding that all
O3a2 (P201) chromosomes in the Ami and Polynesians
also belong to the rare downstream undifferentiated sub-
haplogroup O3a2c* (P164), that had previously only
been detected at low levels in some mainland East Asian
populations (Yan et al., 2011). These findings established
a direct genetic link between Taiwanese aborigines and
Polynesian groups previously undetected due to the lack
of resolution of O3 derived Y-chromosomes afforded by
previous studies (Su et al., 2000; Kayser et al., 2000,
2003, 2006, 2008).

In an attempt to consolidate the wealth of data obtained
from uniparental loci, other authors have turned to auto-

somal markers. By using autosomal short tandem repeat
(STR) loci, Kayser et al. (2008) and Regueiro et al. (2008)
both proposed independently that East Asians and Mela-
nesians are the source of 79% (Kayser) / 76% / (Regueiro)
and 21% (Kayser) / 24% (Regueiro) of the current Polyne-
sian gene pool, respectively. By using genome wide scans
including both microsatellites and insertions/deletions,
Fried Laender et al. (2008) resolved close genetic ties
among Austronesian speakers and concluded that signals
shared by populations of Austronesian ancestry were only
present at low frequencies in Austronesian speaking Mel-
anesian groups leading to the suggestion that movement
through Melanesia was rapid. Subsequently, high density
autosomal single nucleotide polymorphisms (SNPs) have
also facilitated admixture time estimates between Asian
and Papuan populations in Eastern Indonesia which are
highly congruent with linguistic time estimates corre-
sponding to the time of the Austronesian expansion (Xu
et al., 2012). Other autosomal SNPs investigations have
found only minute contributions from Austronesian
groups throughout Southeast Asia and instead suggest
that mainland Asians have shaped these regions (Jinam
et al., 2012).

In the current study, we have analyzed a total of 451
individuals from Taiwan (95 Ami, 45 Atayal, 47 Bunun, 40
Paiwan, 40 Puyuma, 33 Rukai, 39 Saisiyat, 42 Tsou and 70
Yami) across a set of 15 autosomal STR loci and compared
them to previously published collections from mainland
Asia, Island Southeast Asia, Indonesia, Australia, Polyne-
sia and Madagascar (an Austronesian-speaking island
approximately 200 km off the south east coast of Africa) in
order to assess their current genetic relationships.

Autosomal STRs are selectively neutral, hypervariable
markers particularly helpful when elucidating genetic
relationships between closely related, recently separated
or admixed populations given their large number of al-
leles, high heterozygosity, abundance and widespread
distribution throughout the genome (Jorde et al., 1997;
Rowold and Herrera, 2003; Perez-Miranda et al., 2005;
Shepard et al., 2005; Shepard and Herrera, 2006;
Ibarra-Rivera et al., 2008; Regueiro et al., 2008). They
vary solely on the basis of mutation and drift, lending
themselves to varied applications including detailed for-
ensic analyses (Leibelt et al., 2003) and population
genetics investigations since they provide the high reso-
lution needed to investigate closely related or recently
separated populations (Rowold and Herrera, 2003). In
the present study, we aim to shed light onto the popula-
tions from mainland Asia that contributed to the genetic
makeup of Taiwanese aborigines, to understand the dif-
ferentiation among these Formosan tribal groups and
their role in the dispersal of Austronesian speakers.
Moreover, we hope to establish whether influences
exerted throughout the Austronesian domain are homog-
enous among the Taiwanese tribes, or whether certain
tribes have played more significant roles.

MATERIALS AND METHODS

Populations, sample collection, and DNA
isolation

Peripheral blood samples or buccal swabs were col-
lected from a total of 451 unrelated individuals native to
nine of the aboriginal tribes present in Taiwan (95 Ami,
45 Atayal, 47 Bunun, 40 Paiwan, 40 Puyuma, 33 Rukai,
39 Saisiyat, 42 Tsou and 70 Yami). Genealogical
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information was collected for a minimum of two genera-
tions to ascertain descent. Blood samples were extracted
using the standard phenol-chloroform method (Novick
et al., 1995; Antunez de Mayolo et al. 2002) while buccal
swabs were processed utilizing the Gentra Buccal Cell
Kit (Puregene, Gentra Systems, Minneapolis, MN)
according to the manufacturers’ specifications. Samples
were stored as stock solutions in 10 mM Tris-EDTA at
280 �C. All samples were procured from donors volun-
tarily while closely adhering to the ethical guidelines
stipulated by Tsu Chi University, Hualien, Taiwan, Colo-
rado College, Colorado Springs Colorado, USA and Flor-
ida International University, Miami, Florida, USA
Institutional Review Boards. The project was revised
and approved by all the institutions’ ethical committees.

Reference populations

Thirty-five reference populations were employed for
comparison across the 15 STR loci under study. The geo-
graphical locations, abbreviations used to define them
throughout the article, number of individuals, referen-
ces, as well as average heterozygosities are all provided
in Table 1. Although not included in most statistical
analyses herein, the Taiwanese samples analyzed by Lee
et al. (2002) were compared to ours across 13 STR loci to
assess collection-based differences (Fig. 2b).

DNA amplification and STR genotyping

Samples were typed utilizing the commercially available
AmpFlSTR Identifiler kit which allows for analysis of 15
autosomal STR loci (D8S1179, D21S11, D7S820, CSF1PO,
D3S1358, TH01, D13S317, D16S539, D2S1338, D19S433,
vWA, TPOX, D18S51, D5S818, and FGA) (Applied Biosys-
tems, 2001). Amplifications were performed in an Eppen-
dorf Mastercycler gradient (Eppendorf, Hamburg,
Germany) according to protocols established by the manu-
facturer (Applied Biosystems, 2001). Amplicons were sepa-
rated via capillary electrophoresis in an ABI Prism 3130xl
Genetic Analyzer following denaturation with formamide
and addition of the ABI GeneScan 500 LIZ internal size
standard. Genotyping was conducted by comparison to the
allelic ladder and internal size standards with the Gene-
Mapper software v3.2.

Statistical analyses

Allelic frequencies were calculated utilizing the Gene-
Pop v3.4 program (Raymond and Rousset, 1995). Depar-
tures from Hardy–Weinberg equilibrium were assessed by
calculating observed and expected heterozygosities (Ho
and He, respectively) and associated P-values with the aid
of the Arlequin software package v3.5.1.2 (Levene, 1949;
Guo and Thompson, 1992; Schneider et al., 2000). Signifi-
cance was ascertained before and after application of the
Bonferroni correction (a50.05/1550.0033 for 15 loci). The
PowerStats v1.2 Software (Jones, 1972; Brenner and Mor-
ris, 1989; Tereba, 1999) was employed to calculate param-
eters of population genetics interest including Matching
Probability (MP), Power of Discrimination (PD), Polymor-
phic Information Content (PIC), Power of Exclusion (PE)
and Typical Paternity Index (TPI). Overall heterozygote
deficiencies as well as inbreeding coefficients (FIS) on a
locus by locus basis were calculated utilizing GenePop
(Raymond and Rousset, 1995).

The DISPAN program (Ota, 1993) was used to tabu-
late the inter, intra and total population genetic

variance components (Gst, Hs and Ht, respectively). The
populations were partitioned into groups as follows: (1)
African (Angola, Equatorial Guinea, Hutu, Kenya,
Madagascar, Mozambique, South Africa and Tutsi), (2)
Chinese (Chao Shan, Henan, Huis, Jinan, Maonans,
Miaos, Mulaos, Shaanxi and Yis), (3) Indonesian Archi-
pelago (Bali, East Timor, Java and Surabaya), (4) Pacific
populations (Australian Aborigines, New Zealand Asian,
New Zealand Eastern Polynesia, New Zealand Western
Polynesia, Samoa and Tonga), (5) Taiwanese aborigines
(Ami, Atayal, Bunun, Paiwan, Puyuma, Rukai, Saisiyat,
Tsou and Yami), and (6) All populations which repre-
sents a composite of all the aforementioned groups.

Multidimensional Scaling (MDS) plots were con-
structed with the aid of the ALSCAL tool within IBM’s
SPSS v20 statistical software package (SPSS for win-
dows); two dimensional spatial modeling was performed
based on chi square distances. Three MDS graphs were
generated; the first was used to assess the general differ-
ences among Taiwanese aborigines and to compare
between the collections genotyped in this study and
those previously reported by Lee et al. (2002) given the
discordant frequencies reported for Taiwanese aborigines
across several molecular markers (Lin and Broadberry,
1998; Lin et al., 2000, 2005; Su et al., 2000; Capelli
et al., 2001; Chu et al., 2001; Lee et al., 2002; Trejaut
et al., 2005). The second and third MDS plots explored
the relationships of Taiwanese aboriginal populations in
the context of both their genetic connection to other East
Asian populations and their role in the Austronesian
expansion at the level of both 15 and 13 autosomal STR
loci, respectively. The statistical significance of the MDS
analyses was evaluated according to Sturrock and Rocha
(2000). Population substructuring was explored with the
aid of the Structure software v.2.3.3 (Pritchard et al.,
2000) available from http://pritch.bsd.uchicago.edu/struc-
ture/html. Clustering was conducted based on the 15
and 13 STR loci sets utilizing the admixture model that
does not take into account population information in
order to reduce bias at k52–20. The k value exhibiting
the highest degree of structure was calculated according
to Evanno et al. (2005).

To further ascertain these relationships, admixture
estimates were undertaken using the nonlinear regres-
sion tool within the program SPSS v20 (Long et al.,
1991; Perez-Miranda et al., 2006) that uses correlations
between current populations to ascertain ancestry. These
analyses assume that the numbers of individuals
sampled are sufficient to circumvent sampling bias and
that the markers typed are selectively neutral and expe-
rience independent assortment. The genetic contribu-
tions of putative parent populations (donor or source
populations) to hybrid populations (considered to be the
product of genetic mixture between parental popula-
tions) were assessed while understanding that the
results attained may reflect shared ancestry between the
proposed parent and hybrid rather than direct genetic
contributions. To investigate the populations within the
mainland that have most impacted the gene pools of Tai-
wan’s aboriginal tribes, we employed each of the Chinese
populations as a parent and every Taiwanese group as a
hybrid. In addition, to explore Taiwan’s role as part of
the Austronesian expansion, we used the Austronesian
Pacific populations from New Zealand, Tonga and Samoa
as well as Madagascar as hybrid groups and estimated
their admixture profiles using geographical groups con-
sisting of Chinese populations, Taiwanese aborigines,
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Indonesian Archipelago, and Southeast Asian groups as
parental groups. Subsequently, we disassembled the
aforementioned groups into individual populations to
better understand the possible input of specific individ-
ual collections. We used the Australian aborigines, which
are geographically proximal to the Pacific Islanders but
have experienced distinctly divergent demographic his-
tories, as a basis for comparison.

Familial relationships among individuals were esti-
mated utilizing the ML-Relate program (Kalinowski et al.,
2006) on a tribe by tribe basis. This program assesses the
degrees of haplotype sharing per pair of individuals and
determines whether any familial relationships may exist
within a given pair and the extent of these relationships is

designated as full sibling (FS), half sibling (HS), or parent-
offspring (PO). Samples deemed to be FS and PO were
excluded from the MDS plot presented in Supporting Infor-
mation Figure 4 in order to assess whether any differences
would arise in population relationships when individuals
that may be related are excluded from the analysis.
Although removing HS would be ideal, it should be noted
that every individual within each population was deemed
“related” to at least one other individual within the group.
These findings, along with endogamy practices and high
inbreeding coefficients, may be indicative of ancestral ties
between individuals rather than recent kinship. In addi-
tion, in our study, biographical information was procured
to prevent collection from relatives.

TABLE 1. Populations analyzed

Region Population Abbreviation Average Het
Linguistic
affiliation

Sample
size References

Africa Angola ANG 0.80526 Niger-Congo 110 Beleza et al., 2004
Equatorial Guinea EGU 0.80311 Niger-Congo 134 Alves et al., 2005
Hutu (Rwanda) HUT 0.80343 Niger-Congo 95 Shepard and

Herrera, 2006
Kenya KEN 0.80876 Niger-Congo 65 Shepard and

Herrera, 2006
Madagascar MAD 0.81237 Malayo-Polynesian 67 Regueiro et al., 2008
Mozambique MOZ 0.79641 Niger-Congo 144 Alves et al., 2004
South Africa SAF 0.80021 Niger-Congo 98 Kido et al., 2007
Tutsi (Rwanda) TUT 0.79941 Niger-Congo 126 Regueiro et al., 2004

Australia Australian Aborigines AUS 0.77682 Australian 1172 Eckoff et al., 2007
China Chao Shan CCS 0.77773 Sinitic 144 Hu et al., 2005

Henan HEN 0.78132 Sinitic 400 Xu et al., 2009
Huis HUI 0.77914 Varied* 144 Liu et al., 2006a
Jinan JIN 0.78201 Sinitic 420 Tang et al., 2009
Maonans MAO 0.78208 Daic 108 Liu et al., 2006b
Miaos MIA 0.77850 Hmong-Mien 141 Liu et al., 2006b
Mulaos Mul 0.78944 Daic 167 Liu et al., 2006a
Shaanxi CSH 0.78317 Sinitic 446 Wu et al., 2008
Yis YIS 0.77582 Tibeto-Burman 165 Liu et al., 2006a

Indonesian
Archipelago

Bali BAL 0.78030 Malayo-Polynesian 75 Shepard et al., 2005
East Timor ETI 0.79613 Malayo-Polynesian/

Trans-New Guinea
186 Souto et al., 2005

Java JAV 0.79686 Malayo-Polynesian 60 Shepard et al., 2005
Surabaya ISU 0.79080 Malayo-Polynesian 105 Dobashi et al., 2005

Pacific Islanders New Zealand Asian NZA 0.79556 Malayo-Polynesian 153 Bright et al., 2010
New Zealand Eastern

Polynesia
NZEP 0.78375 Malayo-Polynesian 1970 Bright et al., 2010

New Zealand Western
Polynesia

NZWP 0.78648 Malayo-Polynesian 644 Bright et al., 2010

Samoa SAM 0.78407 Malayo-Polynesian 95 Shepard et al., 2005
Tonga TON 0.79155 Malayo-Polynesian 51 Regueiro et al., 2008

Southeast Asia Kuala Lumpur (Malaysia) MKL 0.79863 Malayo-Polynesian 110 Maruyama et al., 2008
Malay (Malaysia) MMA 0.79757 Malayo-Polynesian 210 Seah et al., 2003
Iban (Malaysia) MIB 0.78042 Malayo-Polynesian 195 Suadi et al., 2007
Biduyah (Malaysia) MBI 0.77691 Malayo-Polynesian 195 Suadi et al., 2007
Melenau (Malaysia) MME 0.77196 Malayo-Polynesian 128 Suadi et al., 2007
Philippines PHI 0.78873 Malayo-Polynesian 106 De Ungria et al., 2005
Thailand THA 0.79301 Daic 210 Rerkamnuaychoke

et al., 2006
Taiwan Ami AMI 0.77668 East Formosan 95 Present study

Atayal ATA 0.73762 Atayalic 45 Present study
Bunun BUN 0.76859 Bunun 47 Present study
Paiwan PAI 0.79165 Paiwanic 39 Present study
Puyuma PUY 0.78273 Puyuma 40 Present study
Rukai TUK 0.77313 Rukai 33 Present study
Saisiyat SAI 0.75627 Northwest Formosan 40 Present study
Taiwan Han TAIH 0.78380 Sinitic 597 Wang et al., 2003
Tsou TSO 0.74884 Tsouic 42 Present study
Yami YAM 0.70817 Malayo-Polynesian 70 Present study
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RESULTS

Intra-population diversity

Allelic frequency distributions, observed and expected
heterozygosities along with associated P-values, as well
as parameters of population genetics interest are pre-
sented in Supporting Information Tables 1–9. Statisti-
cally significant departures from Hardy–Weinberg
equilibrium (HWE) expectations can be observed in sev-
eral loci within every population (see Supporting Infor-
mation Tables 1–9). However, the only statistically
significant departures after applying the Bonferroni cor-
rection for multiple observations (a50.05/1550.003)
were D21S11 in the Atayal population (P-value50.0018)
and D19S433 in the Yami collection (P-value50.0000).

Once analyzed as a whole (using all loci as a complete
dataset), heterozygote deficiencies were more prominent
and statistically significant in the Bunun, Puyuma, Rukai,
Saisiyat and Yami (Supporting Information Table 10).
Combined Matching Probabilities (CMP) are two orders of
magnitude lower in the Atayal and Tsou groups (Support-
ing Information Table 10) than in the other populations
while Combined Power of Discrimination (CPD) and Com-
bined Power of Exclusion (CPE) are the lowest in the Tsou
and Bunun collections, respectively (Supporting Informa-
tion Table 10), when either 13 or 15 autosomal STR loci
are employed. It should be noted that the robustness of
the values for all the population genetics important pa-
rameters examined were affected by the inclusion of the
two additional loci genotyped in this study; specifically,
CMP values are two order of magnitude higher when
employing 13 versus 15 STR loci (Supporting Information
Table 10). Inbreeding coefficients on a locus-by-locus basis
are presented in Supporting Information Table 11. The

Bunun collection contains the highest number of loci (10)
with P-values indicating statistically insignificant diver-
sity correlations suggesting that it has experienced the
most inbreeding/endogamy. On the other hand, the Tsou
population only contains two loci that exhibit statistically
insignificant P-values which is indicative of less inter-fam-
ilial coupling. We also employed the ML-Relate program
to investigate the degree of relatedness among individuals
genotyped in our study (Supporting Information Table 12).
Although some potential relationships are indicated, these
aboriginal populations have likely experienced continued
inbreeding, founder and/or bottleneck events in the past,
and therefore, it is expected that there may be extensive
allele sharing between some individuals. Number of al-
leles in common should not necessarily be taken as indica-
tive of different degrees of familial relationships since they
instead may be representative of distant common ancestry
rather than a shared bloodline. When grouped based on
geographic divides, intra-population variance is lowest
among Taiwanese aborigines (HS50.743899) and highest
in African populations (HS50.795324) (Table 2) again
attesting to the decreased diversity in these aboriginal
groups.

Inter-population diversity and population
relationships

Inter-population diversity values (GST) are lowest
among the Chinese (GST50.009179) and Southeast Asian
(GST50.009993) populations (Table 2). The Taiwanese
tribes display the highest variance values
(GST50.040195) of any of the groups examined, followed
by the Pacific collections (GST50.026919). The marked
differences in inter-population diversity observed in the
Taiwanese aborigines are also readily observed in Struc-
ture projections (Fig. 3) and in both the global and Tai-
wan specific MDS plots (Fig. 2a,b).

In the global MDS (Stress50.12633), the Taiwanese
aborigines plot to the right of the chart with the Ami,
Paiwan and Puyuma populations partitioning close to a
grouping composed of South Chinese, Indonesian and
Southeast Asian collections (Fig. 2a). The rest of the
tribes are found scattered to the right of this cluster and
distant from each other in both axes. With the exemp-
tion of the Yis, all of the southern Chinese populations
are found in a tight conglomerate at the center of the
Chinese/Southeast Asian/Taiwanese/Indonesian group-
ing. The Northern Chinese are found to the left of this
ensemble except for the Jihnan collection which segre-
gates with the Yis while the Malaysian populations, the
Philippine group, and the Thailand collection are found
intertwined and surrounding the southern and northern
Chinese aggregates. The Pacific populations are located
to the lower left quadrant following an almost geograph-
ical partition. The New Zealand Asians (NZA) collection
on the other hand plots near the Southeast Asian popu-
lations following ethnic rather than geographic relation-
ships. The Australian aborigines are located at a similar
location within the first dimension of the graph; how-
ever, they are found completely isolated from any other
collection across the second dimension of the plot. The
African populations form a tightly packed agglutination
at the extreme left of the projection with the Malagasy
plotting in between this aggregate and the Asian cluster.
There are some differences in positioning observed
within the 13 loci Global MDS plot (Stress50.13267),

Fig. 1. Map delineating the locations within Taiwan of pop-
ulations included in this study.
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however, general assemblages remain the same in both
projections (Supporting Information Fig. 1).

The Taiwanese specific MDS (Stress50.13951) projec-
tion echoes the major differences observed in both the
global plot and Gst values (Fig. 2b and Table 2). There
are considerable differences between the aboriginal Tai-
wanese collections genotyped in this study and those in
Lee et al. (2002). Most of the collections identified as
belonging to the same tribe map in the general vicinities
of each other, however, the Tsou, Atayal and Saisiyat
counterpart collections segregate more distant from each
other. The Puyuma and Paiwan populations’ genotype in
the present study as well as in Lee et al. (2002) are
found closely associated with the Han collections from
Taiwan suggesting that these populations may have
experienced admixture with the Min Nan and Hakka
speaking majorities in the island. Stress values for every
plot were compared to the cutoff values calculated by
Sturrock and Rocha (2000) and iTwas deemed that the
comparisons are sound given the number of objects
evaluated.

The Structure plot based on 15 loci illustrates consid-
erable sub-structuring (Fig. 3) among Taiwanese aborigi-
nes with a clear signature shared by the Ami, Paiwan,
Puyuma and Rukai groups observed at k55 and 6 in yel-
low. At k56 (light blue) some clustering between the
Bunun and Tsou is also apparent while the Atayal, Sai-
siyat and Yami emerge as independent entities within
this plot (Fig. 3). Parallelisms among Taiwanese aborigi-
nes, in relation to Madagascar and Tonga, are most evi-
dent at k52, with Paiwan, Puyuma, Rukai and Saisiyat
conferring the greatest similarities. The greatest differ-
ences observed in the Structure graph performed at 13
loci from the aforementioned results involve the demar-
cation between the Atayal and Bunun collections.
Whereas these differences are apparent at 15 loci at ev-
ery k explored, this divergence is not noted until k57 in
the 13 loci projection (Supporting Information Fig. 3).
No further subdivisions were observed beyond k57 (data
not shown) at the 15 and 13 loci levels. Upon calculating
delta k, it was assessed that the highest level of struc-
ture for the 15 loci data set exists at k54 (Supporting
Information Fig. 2).

In the admixture proportion analyses, the major con-
tributors from mainland China to the Taiwanese aborigi-
nes are the Mulaos, contributing as much as 100% of the
Bunun gene pool and the Maonans, contributing as
much as 43.9% to the Paiwan collection (Table 3). In
contrast, the Taiwan Han population receives 49.5% of
its genetic diversity from the Shaanxi Han group. Of the
tribal groups, the only population that does not derive
most of its autosomal components from the southern
Daic populations (Mulaos and Maonans) is the Rukai
tribe, receiving 48.2% of its genetic input from the Huis
instead.

The Taiwanese aborigines are the major contributors
to the New Zealand Western Polynesians [WPNZ
(43.3%)], Samoans (39.9%) and Tongans (45.1%) (Table
4). The Malagasy population is most impacted by Indo-
nesia (36.8%) while the New Zealand Eastern Polyne-
sians (NZEP) receives 66.3% of their autosomal gene
pool from South East Asia. The NZA ethnic group
obtains 70.5% of their genetics from the China group
(Table 4) while the Australian aborigines derive their
entire autosomal component from Indonesian popula-
tions. All of the hybrid populations included, except for
the Australian aborigines, display aboriginal Taiwanese
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influences (Table 4). Of the Southeast Asian populations,
the Malaysian Malays and Kuala Lumpur collections
appear to be the most genetically influential for all of

the populations, donating over 60% of each hybrid’s
Southeast Asian derived autosomal component except
for the NZA which are affected by Thailand instead

Fig. 2. (a) Global MDS plot based on 15 autosomal STRs (Stress50.12633 and RSQ50.95154). Please refer to Table 1 for popu-
lation abbreviations. (b) Multidimensional Scaling (MDS) plot of Taiwanese populations at 13 autosomal STR loci (Stress50.13951
RSQ50.94741). AMI (Ami), ATA (Atayal), BUN (Bunun), HAK (Hakka), PAI (Paiwan), PAZ (Pazzeh), PUY (Puyuma), RUK (Rukai),
SAI (Saisiyat), TAIH (Taiwan Han), TSO (Tsou), YAM (Yami or Tao).
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(Table 4). East Timor (the only Melanesian collection in
this study) is the greatest individual donor within the
Indonesian grouping with values ranging from 88.6% in
the Australian aborigines to 30.2% in the NZA (Table 4).

Pair-wise familial relationships between individuals
within tribes are presented in Supporting Information
Table 12. It is apparent that considerable allele sharing
exists within all the Taiwanese tribes examined in this
study, given that each individual within every popula-
tion was determined by the software to be a HS to at
least one other individual within the tribes investigated.
In order to ascertain whether familial ties lie at the root
of the population relationships observed in our study,
individuals that appear to be FS or PO were removed
from the analyses employed to generate the MDS plot
presented in Supporting Information Figure 4. It is
apparent that although some minor changes have
occurred (for example, the Puyuma population typed in
this article no longer maps together with the Taiwan
Han, Hakka and Puyuma populations from Lee et al.,
2002, see Fig. 2b), the overall relationships depicted in
this plot have not changed dramatically suggesting that
the trends observed throughout this study are not

merely due to recent familial relationships but likely to
ancestral relatedness.

DISCUSSION

Genetic relationships within Taiwan and with
mainland China

Population relationships in the global MDS plot (Fig.
2a) display a clear agglutination of Southern Chinese
groups independent of ethno-linguistic affiliations (see
Table 1 for linguistic affiliations). Three Taiwanese
populations (Ami, Paiwan and Puyuma) are found in
close proximity to the aforementioned cluster; however,
the rest of the Taiwanese aborigines are found scat-
tered to the right of the chart with no clear partition-
ing among them. The relationship between southern
mainland populations and aboriginal groups is further
supported by admixture proportions indicating strong
genetic relationships between the Tai-Kadai (Daic)
speaking groups (Mulaos and Maonans) and all Formo-
san collections (Table 3). It is interesting to note that
the other (non-Daic) southern mainland groups display
little influence in comparison, and only the Huis make

Fig. 3. Structure projections of Taiwanese aborigines, Madagascar and Tonga utilizing 15 autosomal STRs.
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a major contribution (48.2% in the Rukai) attesting to
the plausibility of a Daic origin for Taiwanese aborigi-
nes (Li et al., 2008). This presence from the Huis in
the Rukai and to a lesser extent in the Atayal (15.3%)
and Puyuma (21.7%) may emanate from the highly
admixed nature of the Huis which represents an amal-
gamation of descendants from Silk Road travelers that
distinguish themselves from other Chinese ethnic
groups by their practice of Islam. On the other hand,
the Taiwanese Han collection is most influenced by the
Shaanxi (a northern Han population) and the Chao
Shan (a southern Han group) and receives only 1–10%
of its genetics from each of the remaining populations
included except for the Yis who are Tibeto-Burman
speakers (Table 3). This is expected, considering that
the Min Nan and Hakka languages (Han Chinese lin-
guistic groups) are both largely represented within Tai-
wan (Chiung, 2001).

Despite some overall similarities in the populations
that exert genetic effects on the Formosan tribes (Table
3), there exists high variability between the degrees of
admixture with Han groups and in the contributions of
any given southern Chinese collection to each of the abo-
riginal populations (Table 3). These differences are ech-
oed in all MDS plots (Fig. 2a,b, Supporting Information
Fig. 1) where Taiwanese aborigines exhibit no clear par-
titioning among them and appear as separate from each
other as they are from Island Southeast Asian, Indone-
sians and mainland Asian populations (Fig. 2a). Fur-
thermore, sampling appears to make a definitive impact
on the results from studies utilizing Taiwanese aborigi-
nes [For example Kayser et al., 2003, 2006, 2008 see
very few O-M122 derived Y-chromosomes whereas Su
et al. (2000) and Mirabal et al. (2012) observe this hap-
logroup at considerable frequencies in the Ami (37%)],
leading to the widespread differences between groups
identified as belonging to the same tribes but published
elsewhere (Lee et al., 2002) and our results (Fig. 2b).
These differences may be the result of reduced gene flow
among sub-tribal communities which has previously
been observed in the Yami of Orchid Island (Loo et al.,
2011). It should also be noted that when individuals that
may be related to each other are removed from the gen-
eral collections, the observed differences in the MDS plot
are not substantial (see Supporting Information Fig. 4
and Fig. 2b) suggesting that the relationships observed
throughout this study are not due to recent contact but
may emanate from ancestral ties.

Genetic distances among Taiwanese aborigines
(Gst50.040195) are such that inter-population variance
indices are higher than those found among Pacific popu-
lations (Gst50.026919) which are geographically isolated
and contain major biogeographical barriers between
them in the form of vast open oceanic distances. Corrob-
orating these statements are the low heterozygosity
values (Table 1), severe heterozygote deficiencies (Sup-
porting Information Table 10), high number of loci
exhibiting positive inbreeding coefficient correlations
(Supporting Information Table 11) and the lowest intra-
population variance of all the groups of populations ana-
lyzed (Hs50.743899) exhibited by the Taiwanese tribes
(Table 2). Altogether, these data suggest that while Tai-
wanese tribes are genetically different from each other,
they are internally highly homogenous, likely due to con-
tinued endogamy and genetic drift. These data parallel
linguistic divergences between tribes given that though
some words are shared across the various Formosan
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languages, they are mostly intelligible from each other
(Blust, 1999).

The Structure analyses provide another clue into the
current genetic relationships within Taiwan, illustrating
signatures shared by the Ami, Paiwan, Puyuma and
Rukai (yellow) and between the Bunun and Tsou (blue),
while the Atayal, Saisiyat and Yami emerge as highly
differentiated from each other and any of the other
groups (k56, Fig. 3). No further subpopulation structure
was observed by increasing the number of sources (k
values).

The Yami collection appears the most distant from all
other Taiwanese aboriginal populations and displays the
lowest average heterozygosity (0.70817) both within this
grouping and of all the populations analyzed in this
study (Fig. 2a,b, Table 1 Supporting Information Fig. 1).
This population is located in small Orchid Island, a 45
km2 volcanic island about 100 km from Taiwan’s south-
eastern coast, which is located in what has been
regarded as a via-point out of Taiwan into the Philip-
pines (Tsang, 2005). The natives currently speak a
Malayo-Polynesian language belonging to the Batanic
sub-branch which is closely related to languages spoken
in the islands found between the Philippines and Taiwan
(Loo et al., 2011). In the current study, no significant
genetic similarities were observed between the Yami and
Filipino groups, echoing findings by Loo et al. (2011)
based on Y-chromosomal studies suggesting that these
linguistic similarities are the result of acculturation
emanating from continued, well documented, trade
between Orchid Islanders and the Batanes Archipelago
of the Philippines from �2,500 and 300 YBP (Loo et al.,
2011).

Beyond Taiwan: The Austronesian diaspora
in the Pacific and Indian Oceans

It is of interest that only two of the Pacific popula-
tions, NZA and NZEP, both from New Zealand, are
impacted by mainland Chinese groups in the admixture
proportions (Table 4). The fact that the NZA population
is of Asian descent is the likely explanation for its con-
nection. In contrast, all the Austronesian Pacific popula-
tions studied (as well as Madagascar), exhibit
widespread influences from Taiwanese aborigines, these
influences are even greater, in most instances, than the
impact from populations more geographically proximal
(for example Indonesia). Notably, the three Taiwanese
aboriginal groups that seem largely responsible for the
aforementioned effects (Paiwan, Puyuma and Saisiyat)
have been largely understudied. The Ami, which not
only is the largest tribe (population wise) within Taiwan
but the most represented in the literature, only affects
the New Zealand groups and Madagascar but not Samoa
and Tonga (Table 4), indicating that it is essential to
include a complete survey of these tribal groups when
ascertaining phylogenetic relationships. It is of impor-
tance to define that Taiwanese populations have seem-
ingly experienced high levels of endogamy, isolation,
and/or genetic drift allowing for the extensive molecular
differentiation among groups. It is plausible that the ini-
tial genetic signatures that have now become the core of
what we understand to be Austronesian specific genetic
signals may have been lost in some of the tribes [e.g.,
subhaplogroups O3 (M122), and further O3a2 (P201)
and undifferentiated O3a2c* (P164) are only present at
significant levels in the Ami and only minimally in other

Taiwanese aboriginal groups]. Therefore, autosomal as
well as mtDNA and Y chromosomal studies surveying
the complete set of aboriginal populations should provide
a deeper understanding of the Austronesian diaspora.

CONCLUSION

The Austronesian diaspora represents one of the larg-
est human dispersals in the peopling of the world and
though the genetic and linguistic footprints of Austrone-
sian speakers have been widely studied, many questions
remain regarding their origins and migratory routes. We
have explored the genetic relationships among Taiwan-
ese tribes and found them to be not only highly hetero-
geneous when compared to each other but highly
homogenous on an intra-population basis supporting
previous statements suggesting that genetic drift, long
periods of isolation and/or endogamy within each tribe
have occurred. Additionally, in the hope of shedding
light onto the likely source for these Formosan popula-
tions, we have compared these tribes in admixture anal-
yses and found support (in congruence with previous
reports) to the idea that the southern Chinese Daic do-
main may be the cradle of Proto-Austronesian migrants
to Taiwan. We compared each Taiwanese aboriginal pop-
ulation to groups found at the fringes of the Austrone-
sian range in the Pacific and Indian oceans and found
that the Puyuma, Saisiyat and Paiwan are the most ge-
netically influential tribes to modern Austronesian popu-
lations and theorize that other Taiwanese tribes may
have lost these genetic signatures due to isolation, drift
and/or endogamy. Altogether, our data lend support to
the slow boat hypothesis of Austronesian dispersal
where clear genetic fingerprints from Taiwan can be dis-
cerned despite various levels of admixture from the sur-
rounding regions. Furthermore, theories suggesting a
Daic origin to all Austronesians are also supported.
These results should be tempered, however, due to the
limited number of Melanesian reference populations in
the current report due to unavailability in the literature.
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