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ABSTRACT

Objective: Understanding the origins of Aboriginal Australians is crucial in reconstructing the evolution and
spread of Homo sapiens as evidence suggests they represent the descendants of the earliest group to leave Africa.
This study analyzed a large sample of Y-chromosomes to answer questions relating to the migration routes of their
ancestors, the age of Y-haplogroups, date of colonization, as well as the extent of male-specific variation.

Methods: Knowledge of Y-chromosome variation among Aboriginal Australians is extremely limited. This study
examined Y-SNP and Y-STR variation among 657 self-declared Aboriginal males from locations across the continent.
17 Y-STR loci and 47 Y-SNPs spanning the Y-chromosome phylogeny were typed in total.

Results: The proportion of non-indigenous Y-chromosomes of assumed Eurasian origin was high, at 56%. Y lineages
of indigenous Sahul origin belonged to haplogroups C-M130*(xM8,M38,M217,M347) (1%), C-M347 (19%),
K-M526*(xM147,P308,P79,P261,P256,M231,M175,M45,P202) (12%), S-P308 (12%), and M-M186 (0.9%). Haplogroups
C-M347, K-M526*, and S-P308 are Aboriginal Australian-specific. Dating of C-M347, K-M526*, and S-P308 indicates
that all are at least 40,000 years old, confirming their long-term presence in Australia. Haplogroup C-M347 comprised
at least three sub-haplogroups: C-DYS390.1del, C-M210, and the unresolved paragroup C-M347*(xDYS390.1del,M210).

Conclusions: There was some geographic structure to the Y-haplogroup variation, but most haplogroups were
present throughout Australia. The age of the Australian-specific Y-haplogroups suggests New Guineans and Aborigi-
nal Australians have been isolated for over 30,000 years, supporting findings based on mitochondrial DNA data.
Our data support the hypothesis of more than one route (via New Guinea) for males entering Sahul some 50,000
years ago and give no support for colonization events during the Holocene, from either India or elsewhere. Am J
Phys Anthropol 159:367–381, 2016. VC 2015 Wiley Periodicals, Inc.

INTRODUCTION

Under most scenarios of human prehistory Australia
is viewed as a continent that was settled very soon after
the expansion “out of Africa,” some 60–100 thousand
years ago (kya) (Roberts and Jones, 1994; Thorne et al.,

1999), by anatomically and behaviorally modern
humans. Genetic and archaeological evidence currently
suggest that the ancestors of present-day Aboriginal
Australians arrived at least 45 kya (O’Connell and
Allen, 2004; Summerhayes et al., 2010; Williams, 2013;
O’Connell and Allen, 2015). This early settlement is
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supported by archaeological sites widely spread across
the continent, such as Devil’s Lair in Western Australia
(Turney et al., 2001a), Carpenter’s Gap in northern
Western Australia (O’Connor, 1995), Lake Mungo in
New South Wales (Bowler et al., 1970) and Lynch’s
Crater in Queensland (Turney et al., 2001b), as well
as by DNA evidence (van Holst Pellekaan et al., 2006;
Hudjashov et al., 2007; Rasmussen et al., 2011; Reich
et al., 2011). Their long-term in situ presence makes
Aboriginal Australians central to the study of modern
human origins and early dispersals.

While there may exist some consensus about the date
of the first arrival of modern humans in Sahul (the
ancient continent comprising the then connected islands
of New Guinea and Australia in the Pleistocene epoch),
there is still controversy over the route(s) taken and
their points of entry into Sahul (Birdsell, 1977; Dixon,
1980; Redd et al., 2002; Hudjashov et al., 2007; Reich
et al., 2011; Pugach et al., 2013). There is also conflicting
evidence regarding whether or not the ancestors of
present-day New Guineans and Aboriginal Australians
entered as a single founder population into Sahul with
subsequent dispersal within it, or if there were separate
founder populations for these two groups (Tsintsof et al.,
1990; Roberts-Thomson et al., 1996; Evans, 2005; Hudja-
shov et al., 2007). Further, there is still ongoing debate
surrounding the number and source of any subsequent
incursions into Australia that may have occurred prior
to the well-documented European invasions of historical
times (Kayser et al., 2001; Redd et al., 2002; Hudjashov
et al., 2007; McEvoy et al., 2010; Rasmussen et al., 2011;
Pugach et al., 2013).

One factor contributing to the long-running contro-
versy over Aboriginal origins and the extent of diversity
is that they are among the most poorly studied groups of
humans with respect to their genetic structure. This
dearth of information reflects the experiences of Aborigi-
nal people participating in earlier anthropological/
genetic studies (Dodson, 2000; van Holst Pellekaan,
2000a,b,2008; Kowal, 2012).

Controversy over Aboriginal origins has a long history,
extending back to Tindale and Birdsell’s trihybrid theory
in which three distinct migrant groups were identified,
each colonizing at different times, but all within the last
10 ky (Birdsell, 1977). No genetic or anthropometric evi-
dence has substantiated this trihybrid hypothesis (Kirk
et al., 1963, 1972; Gao and Serjeantson, 1991; White,
1997). It was not until the discovery of evolutionary signif-
icant DNA markers that the uniqueness and the long iso-
lation of Aboriginal Australians from other groups became
evident. In particular, mitochondrial DNA (mtDNA) varia-
tion revealed a distinctive array of haplogroups or line-
ages, most of which are unique to the Aboriginal
population (Cann et al., 1987; van Holst Pellekaan et al.,
1998; Redd and Stoneking, 1999; Huoponen et al., 2001;
Ingman and Gyllensten, 2003; Friedlaender et al., 2005;
van Holst Pellekaan et al., 2006; Hudjashov et al., 2007).

Most mtDNA data demonstrate strong (although
ancient) affinities between Aboriginal Australians and
New Guineans (van Holst Pellekaan et al., 1998; Hudja-
shov et al., 2007), but other mtDNA data have been
used to suggest that the closest affinities lie with popula-
tions of India (Redd and Stoneking, 1999; Kumar et al.,
2009).

Analysis of the whole genome of a single non-admixed
Aboriginal Australian strongly supported the hypothesis
that present-day Aboriginal Australians represent one of

the oldest continuous populations found outside Africa,
with little evidence of genetic introgression from other
populations until historical times (Rasmussen et al.,
2011; Reich et al., 2011).

There are few studies that focus on Y-chromosome
diversity in Aboriginal Australians (Vandenberg et al.,
1999; Kayser et al., 2001; Underhill et al., 2001b; Redd
et al., 2002; Hudjashov et al., 2007; Taylor et al., 2012).
Apart from the Taylor et al. (2012) analysis of Aboriginal
males from South Australia, all Y-chromosome studies
have been restricted to the northern areas of Australia
and, therefore, provided an inadequate coverage of the
continent. Sample sizes were usually very small and/or
sample locations were not reported. Some of these studies
also had a risk of sampling relatives or resampling indi-
viduals who participated in preceding genetic studies (as
discussed in White, 1997; van Holst Pellekaan, 2013).

Earlier Y-chromosome studies were also greatly lim-
ited by the low numbers of markers used. Some studies
reported Y-SNPs only (Underhill et al., 2001b; Hudja-
shov et al., 2007; Karafet et al., 2014), others typed only
Y-STRs (Forster et al., 1998; Vandenberg et al., 1999),
whilst others typed differing combinations of Y-SNPs
and Y-STRs (Kayser et al., 2001; Redd et al., 2002). Con-
sequently, there is great difficulty in comparing datasets.
In addition, European admixture in Aboriginal Austral-
ians is considerable, especially in the paternal line (Tay-
lor et al., 2012), and has been so since first contact with
Europeans (Radcliffe-Brown, 1930; Williams, 2013), but
its extent is variable between regions (Walsh et al.,
2007). Accordingly, small sample sizes, limited geograph-
ical coverage, the difficulty of comparing existing
Y-chromosome datasets, plus the great, but unquanti-
fied, reduction in the frequencies of indigenous
Y-chromosomes through two centuries of European
admixture, make attempts at reconstructing past pat-
terns of male mediated diversity at a tribal or group
level, as well as possible routes of migration, extremely
difficult (van Holst Pellekaan, 2008).

To further our knowledge of Y-chromosome diversity
among this poorly studied population, we assembled a
large sample of Y-chromosomes from individuals who
self-reported as Aboriginal Australian for analysis of
both Y-SNP and Y-STR variation. Seventeen Y-STR loci
and 47 Y-SNPs were typed in total. This dataset was
drawn widely from across the continent, especially from
areas previously unsampled, such as Queensland and
Victoria, and also the forensic samples included in this
study are less likely to contain resampled individuals as
autosomal STR profiles were available for clarification
that the same individual was not included more than
once. This study aims to investigate the distribution of
indigenous Y-chromosome haplogroups and associated Y-
STR variation of 657 individuals, across the continent in
order to decipher possible origins, ages of paternal line-
ages, and relationships with neighboring populations.

MATERIALS AND METHODS

Subjects

Four distinct sample groups make up the total dataset
analyzed in the present study. Firstly, the Genographic
Project database comprised 144 self-declared Aboriginal
males drawn from Australia: Queensland (n 5 119), New
South Wales (n 5 19), Victoria (n 5 4), Western Australia
(n 5 1), and Tasmania (n 5 1). Information on the pater-
nal history of these participants was noted, if known,
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and many were aware that they had non-indigenous
fathers/grandfathers but had Aboriginal ancestry in other
lines. These samples were collected between 2006 and
2013. The second and third sample sets were drawn
from the Forensic Science South Australia (FSSA) and
Victorian Police Forensic Services Department (VPFSD)
Aboriginal databases. The allocation of ethnic affiliation
for these samples was chiefly by self-declaration or, occa-
sionally, by information from investigating officers, but
individuals were not asked specifically about their pater-
nal ancestry. There were a total of 757 males in the
South Australian sample and 182 males in the Victorian
collection. Finally, the Northern Territory samples were
drawn from the Northern Territory Forensic Center’s
Aboriginal database and selected for Aboriginality with
higher stringency than the other forensic samples (Van-
denberg et al., 1999). No locality information was avail-
able, but of the 92 males, 77 came from the Northern
Territory, 5 from South Australia, and 10 from Queens-
land. Combined, the total of these databases is 1175
males (further described in Supporting Information
Table S1). It is important to note that Aboriginal Austra-
lian is a culturally based affiliation, and not one defined
by a person’s genetic composition.

The FSSA and VPFSD samples came with a place
name that was either the location of the offense or the
residence of the donor. Reference to Horton’s map of
Aboriginal languages and traditional regions (Horton,
1996) allowed contemporary locations to be converted to
a location within traditional Aboriginal regions. This
knowledge allowed for some regional analysis of these
samples. The South Australian samples were divided
into four regions; Desert, Spencer, Riverine, and Urban.
Further information is provided in Taylor et al. (2012).
The Victorian samples were divided into two regions;
South East Victoria and Riverine. Where no placeholder
or location information was available, samples were
assigned to the State or Territory of the individual’s resi-
dence. This, of course, may not correspond with the
homeland or birthplace of the individual. Assignment of
samples by State or Territory, however, was considered
the best treatment for the data given the lack of more
precise information. Combined, these four datasets pro-
vide good geographical coverage of Aboriginal Australia,
especially compared with previous Y-chromosome studies.

This study was approved by La Trobe University
Human Ethics Committee and the Government institu-
tions involved.

METHODS

DNA processing

Most Genographic Project samples were collected
using OrageneVR saliva collection kits (DNA Genotek Inc.
Ontario, Canada) and DNA was extracted following the
manufacturer’s protocol. Some samples were collected
using mouth swabs and DNA was extracted using the
method described in de Vries et al. (1996). DNA extrac-
tion from the samples of South Australia and the North-
ern Territory regions is described in Taylor et al. (2012)
and Vandenberg et al. (1999), respectively. The Victorian
samples, consisting of blood deposits on cloth or filter
paper, were extracted with the Qiagen DNA Blood Mini
Kit (Qiagen, Victoria, Australia) according to the manu-
facturer’s instructions.

Y-STR typing

All 1175 DNA samples in this study were amplified
using the Applied Biosystems AmpFlSTRVR YfilerTM PCR
amplification kit as per the manufacturer’s specifica-
tions. The YfilerTM 17 loci comprised DYS19, DYS385a,
DYS385b, DYS389I, DYS389II, DYS390, DYS391,
DYS392, DYS393, DYS437, DYS438, DYS439, DYS448,
DYS456, DYS458, DYS635, and YGATA H4. The FSSA
South Australian Y-STR profiles are available on the
Y-STR haplotype reference database (YHRD; https://
yhrd.org). The YHRD accession number for the Aborigi-
nal database is YA003697.

Y-SNP typing

Two different methods were used for Y-SNP typing of
the samples; TaqManVR (Applied BiosystemsVR ) and
SNaPshotVR (Applied BiosystemsVR ). This study has fol-
lowed the Y-SNP nomenclature of the Y phylogenetic
tree devised by van Oven et al. (2014b).

South Australian and The Genographic Project. The
Genographic Project and South Australian samples were
SNP typed using TaqMan analysis (Applied
BiosystemsVR ).

The Yfiler profiles of the South Australian sample of
757 were submitted to a Y-haplogroup predictor program
(www.hprg.com/hapest5) (Athey, 2006). These Yfiler pro-
files were compared with all three population databases
associated with the Y-haplogroup predictor program;
northwest Europe, Eastern Europe, and the Mediterra-
nean. Those profiles that could not be assigned to a Eur-
asian haplogroup with a high degree of probability
(fitness score >70) were subjected to hierarchical Y-SNP
typing as described in Taylor et al. (2012). As a result of
the Y-haplogroup predictor program interrogation, 265
South Australian males were SNP typed and the
remaining 492 South Australian Y-STR profiles were
removed from the investigation as they were considered
to be Eurasian and were subsequently not Y-SNP typed.
All Genographic Project samples were SNP typed using
the same hierarchical protocol of Taylor et al. (2012).
Y-haplogroups considered to be indigenous to Australia
that are supported by observations are C-M130*, C-
M347, K-M526, and S-P308 (Kayser et al., 2001; Redd
et al., 2002; Hudjashov et al., 2007; Karafet et al., 2014).
It is unclear as to whether haplogroup M-M186 is indig-
enous to Australia, given that the Aboriginal Australians
of Queensland, the closest State to New Guinea (in
which M-M186 is found), have not been investigated.
In this study M-M186 was considered a potential indige-
nous haplogroup. All other Y-haplogroups typed are con-
sidered non-indigenous as they could be explained by
historical Eurasian male introgression.

Those samples that were derived for the Y-SNP marker
KLT-M9 but did not belong to a Eurasian subhaplogroup
were subsequently typed for markers K-M526 and
S-P308. Only the Genographic Project males were typed
for the additional markers K-P261 and S-P79 which define
other subtypes of K-M526 and S-P405 (Scheinfeldt et al.,
2006; Karafet et al., 2008, 2014; van Oven et al., 2014b).

Northern Territory and Victorian samples. All the
Northern Territory and Victorian samples were Y-SNP
typed by the single-nucleotide primer extension
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(SNaPshot) technology utilizing the global multiplexes
and methodologies described in van Oven et al. (2011).
Samples that were found to belong to haplogroup C-
M216 were additionally typed for markers C-M38, C-
M217, C-M347, and C-M210 using an updated version of
the haplogroup-C multiplex described in van Oven et al.
(2014a). A Y-phylogeny adapted from van Oven et al.
(2014b) comprising all the Y-SNPs typed within
the entire dataset is given in Supporting Information
Figure 1.

West New Guinea, Papua New Guinea and Nusa
Tenggara. Median-joining network analysis, compris-
ing a total of 300 7-locus Y-STR haplotypes from West
New Guinea, Papua New Guinea and Nusa Tenggara
(Kayser et al., 2003, 2006, 2008; Mona et al., 2009; Del-
fin et al., 2012; van Oven et al., 2014a) and the equiva-
lent 7-locus haplotypes of the Aboriginal Australians,
was undertaken to determine whether or not there were
shared or close paternal haplotypes. Twenty six males
from Papua New Guinea and Nusa Tenggarra (assigned
to haplogroups KLT-M9* and C-M130*) were selected for
additional Y-SNP typing of K-M526, K-M147, S-P308,
K-P261, M-P256 and LT-P326 (haplogroup K*), and
C-M347 (haplogroup C*) based on either the shared and/
or close proximity of their haplotypes to known K-M526*
and S-P308 Aboriginal Australian males.

Data analysis

Population pairwise genetic distances (RST values)
were calculated from Y-STR haplotypes using the
Arlequin v3.5 package (Excoffier and Lischer, 2010) and
their significance was assessed from 1000 bootstrap sim-
ulations. Haplotype diversity was calculated using H5

N
N21 12

P
x2

i

� �
where N is the population size and xi is

the frequency of the ith haplotype (Nei, 1973). Multidi-
mensional scaling (MDS) analysis of population pairwise
distances was performed using SPSS v21.0 software
(IBM, 2012) and the values of stress were verified
according to the findings reported by Sturrock and Rocha
(2000). Haplogroup distributions across regions were com-
pared using the v2 test of independence. Median-joining
haplotype networks were created using Network version
4.6.1.2 (http://www.fluxus-engineering.com/). Y-STR loci
were weighted in accordance with the inverse of the muta-
tion rate of each locus reported by Goedbloed et al. (2009).
The duplicated locus DYS385 was excluded from these
analyses since the constituent loci are not distinguished in
YFiler. DYS389 was treated as two separate loci, DYS389I
and DYS389b (whereby DYS389b 5 DYS389II–DYS389I).
Since locus DYS390 in Aboriginal Australians violates the
stepwise mutation model (Forster et al., 1998) imple-
mented in Bayesian analysis of trees with internal node
generation program (otherwise known as BATWING), it
was omitted in BATWING, Network and average squared
distance (ASD) analyses (Goldstein et al., 1995; Forster
et al., 1996; Saillard et al., 2000; Behar et al., 2003; Wilson
et al., 2003), resulting in a haplotype comprising 14 Y-STR
loci in all analyses.

Estimation of time to the most recent common ances-
tor (TMRCA) of Aboriginal Australian Y-haplogroups
was performed using BATWING, Rho statistic as calcu-
lated within Network and ASD as calculated in the
Ytime program (Behar et al., 2003). Rho and ASD statis-
tics calculate TMRCA estimates based on an average Y-

STR mutation rate and an inferred ancestral haplotype
and do not incorporate a specific demographic model into
the estimation. TMRCA estimates via Rho statistic can
sometimes be underestimates because the method fails
to distinguish between individuals who are identical by
state rather than by descent. The ancestral haplotype
for the Rho and ASD calculations was the most central
node of the haplogroup. Bayesian analysis via BAT-
WING enables the user to place prior conditions on the
data and set individual Y-STR mutation rates. However,
all methods appear to underestimate long time periods
of divergence, given the inherent nature of the STR loci
(Wei et al., 2013).

Both the evolutionary mutation rates (EMR) of 6.9 3
1024 per locus per generation (Zhivotovsky et al., 2004)
and the observed mutation rate (OMR) of 2.1 3 1023 per
locus per generation (Goedbloed et al., 2009) of Y-STR
loci were used to estimate the TMRCAs of haplogroups
in Network, BATWING and Ytime. Average generation
time was set at 25 years for EMR and at 30 years for
OMR TMRCA estimates (Dupuy et al., 2004; Zhivotov-
sky et al., 2004; Fenner, 2005). The difference in average
generation times for the OMR and EMR is due to the
parameters by which the average mutation rates were
devised, with the OMR based on counts of mutations
between fathers and sons (or more distant male rela-
tives) and the EMR based events dated by history
(Dupuy et al., 2004; Zhivotovsky et al., 2004; Fenner,
2005).

Inferences about Y-chromosome lineage histories and
TMRCA estimates were made by including unique-event
polymorphisms (i.e., SNPs/indels) with STR data in BAT-
WING (Wilson et al., 2003). Y-STR mutation rates (Zhi-
votovsky et al., 2004; Gusmao et al., 2005; Sanchez-Diz
et al., 2008) and population/coalescent priors described
in Xue et al. (2006) and Kayser et al. (2001) were used.
TRACER (Rambaut and Drummond, 2013) was used to
check that convergence of the three BATWING runs of
500 million iterations (with a 10% burn in) and that the
effective sample size (ESS) were within acceptable
ranges. Trace and density plots of the MCMC chains
indicated good mixing of the chains.

RESULTS

Non-indigenous Y-chromosomes and admixture
in Aboriginal Australians

Y-SNP typing of a total of 657 self-reported Aboriginal
males revealed that 365 or 55.6% of the Y-chromosomes
could be assigned to a non-indigenous haplogroup
(defined as not C-M130*, C-M347, K-M526*, S-P308, or
M-M186), and, of these, the vast majority was of Eura-
sian origin (Table 1). The frequency of non-indigenous
haplogroups varied across Australia, with Victoria hav-
ing the highest frequency and the Northern Territory,
the lowest (Table 1). The much lower frequency in the
Northern Territory reflects the difference in sample
ascertainment (as mentioned above). A large proportion
belonged to Eurasian haplogroup R-M207 (32.4%), which
was the most common non-indigenous Y-haplogroup in
all States. The second most frequent was the Eurasian
haplogroup I-M170 (8.2%), although it was absent in the
Northern Territory. There is a highly significant differ-
ence in the frequency distribution of non-indigenous
haplogroups among the three States (v2 5 69.2, d.f. 5 8,
P<0.0001). The Northern Territory was excluded in this
analysis because of the difference in sample selection.
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Haplogroup O-M175 (of East/Southeast Asian origin) was
found in less than 6% of the total dataset, whilst hap-
logroups C-M38 (Oceanic) and C-M217 (predominantly
Asian) were found in 0.6% and 0.2% of the sample,
respectively. Haplogroups C-M38 and C-M217 were
absent in the Northern Territory but present in other
States (data not shown). Collectively, haplogroups A, B,
D, G, H, N, P, and Q comprised 6% of the 657 Y-
chromosomes. Although the diagnostic SNP M356 which
is restricted to South Asia, was only typed in a single
Australian C-M130/M216*(xM8,M38,M347,M217) male
from the Genographic Project Queensland sample (who
was found to be C-M356 ancestral), there were no 17-
locus haplotype matches for all five Australian C-M130*
haplotypes after interrogation of the Y-STR YHRD (Willu-
weit et al., 1998) and after comparison with the Indian C-
M130* and C-M356 haplotypes of Arunkumar et al.
(2012). In fact, the Australian C-M130* Y-STR haplotypes
were markedly distinct (data not shown).

The single haplogroup H-M69 male in the sample
knew that his great-grandfather was an immigrant from
Europe and his Yfiler Y-STR profile indicated matches
for his “minimum” haplotype of the YHRD with males
from Europe, West Asia, and South Asia. As our study
design only tested samples for haplogroup R-M207 in
general (not its subhaplogroups), we cannot be certain
that R-M479 (also known as R2), which is typical for
South Asia, is absent from our sample (Table 1). How-
ever, all 125 haplogroup R 17-locus Y-STR haplotypes
that were not allocated to R-M17 or R-M412 after SNP
typing were interrogated via the YHRD and could be
assigned to either R-M420 or R-M343 with strong likeli-
hood of European ancestry.

Indigenous Y-chromosomes of Australia

Two hundred and ninety two or 44.4% of all 657 males
SNP typed carried a Y-chromosome belonging to hap-
logroups C-M347, K-M526*(xM147,P308,P79,P261,
P256,M231,M175,M45,P202), S-P308, or M-M186 (Table
1 and Fig. 1)—all considered indigenous in Aboriginal
Australians. In addition, five of the sampled Aboriginal

Fig. 1. Geographic distribution and relative frequencies of
indigenous Australian Y-haplogroups. WA, Western Australia;
NT, Northern Territory; SA, South Australia; QLD, Queensland;
NSW, New South Wales; VIC, Victoria; and TAS, Tasmania.
Size of pie charts proportional to haplogroup frequencies.
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men carried a Y-chromosomes that was derived for
marker C-M130 but ancestral for the SNPs C-M8, C-
M38, C-M217, and C-M347—all defining major C subha-
plogroups. These were considered indigenous and
labeled C* (van Oven et al., 2014b). These five males
were geographically widely dispersed: 1 from Queens-
land (also ancestral for C-M526), 1 from South Australia
and 3 from the Northern Territory. Haplogroup M-M186
was found in Queensland (n 5 3), South Australia
(n 5 2), and the Northern Territory (n 5 1).

Haplogroups K-M526*, S-P308, and M-M186. The
most common Aboriginal haplogroups were K-M526* and
S-P308, accounting for 159 (54%) of indigenous male line-
ages (Table 2). The highest frequency of S-P308 was in
South Australia (34% of the indigenous South Australian
sample) and the lowest in Queensland (12% of the Queens-
land sample). The highest frequency of K-M526* was in
Victoria (73% of the indigenous Victorian sample) and the
lowest in the Northern Territory (7% of the indigenous
sample). The four haplogroup M-M186 (equivalent of New
Guinean specific haplogroup M-M4 ; Kayser et al., 2003)
males in Figure 2 were represented by two nodes. The
larger node represented haplotypes from South Australia,
Northern Territory and Queensland and the other repre-
sented a single South Australian male. Both nodes were
characterized by long connecting branches.

The branch lengths connecting the nodes of the median-
joining haplotype network of K-M526* and S-P308 show
that both haplogroups are highly diverse (Figs. 2a, b). All
Victorian S-P308 haplotypes (Fig. 2b) laid outside the
main cluster of S-P308 haplotypes. The S-P308 main clus-
ter shows a more compact shape and structure than that
seen for K-M526*, although there is no clear central node
or any haplotype of high frequency. However, haplotypes
of K-M526* are less diverse than S-P308 (Supporting
Information Table 1.). The K-M526* network is even more
visually complex and appears to lack structure, with no
central node and no haplotype of high frequency, indicat-
ing considerable antiquity. The distribution of haplotypes
within this network also strongly suggests that additional
K-M526 sublineages are yet to be identified. The low
amount of sharing of haplotypes within these haplogroups
suggested that they are of great age (Supporting Informa-
tion Table S2).

Haplogroup C-M347. Haplogroup C-M347 accounted for
122 (41.8%) of the indigenous Australian Y-chromosomes,
with the greatest proportion found in the Northern Terri-
tory (65% of the Northern Territory indigenous sample)
and the lowest in Victoria (9% of the indigenous Victorian
sample) (Table 2). Three sub-groups of C-M347 were iden-
tified: haplogroup C-DYS390.1del (defined by a unique
deletion at the DYS390 Y-STR locus; Forster et al., 1998;
Kayser et al., 2001), haplogroup C-M210 and the para-
group C-M347*(xDYS390.1del,M210). Haplogroup C-M210
was found only in Queensland and South Australia and at
low frequencies, 1.6% and 7.4%, respectively, of the total
C-M347 (Table 2). C-DYS390.1del occurred at its highest
frequencies in South Australia and Northern Territory
(26% and 28%, respectively, of the total C-M347), was pres-
ent in Queensland at a low level (2% of the total C-M347),
and was absent from Victoria. The most widely distributed
C-M347 subhaplogroup (although not the most frequent)
was C-M347*(xDYS390.1del,M210). This haplogroup was
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found in all States, but predominated in South Australia
(24% of the total C-M347) and the Northern Territory (7%
of the total C-M347).

Networks of haplogroup-C associated Y-STR haplotypes
strongly supported the antiquity of this haplogroup, with
long branches between haplotypes (Fig. 3). The three
C-M130*(xM8,M387,M347,M217) haplotypes from three
different States in Figure 3 are interspersed throughout
the network with no evidence of clustering, and suggest
deep coalescence time given the lengths of their relative
connecting branches. The large expansive cluster of
C-DYS390.1del haplotypes in the network lacked a dis-
tinctive central node. The C-M210 cluster does have a cen-
tral node with some geographical clustering. C-M347*
(xDYS390.1del,M210) haplotypes comprised most of the
rest of the network, connected by long branches with some
clustering and sharing of haplotypes between regions evi-
dent. The C-M210 and C-DYS390.1del clusters arose on
the background of the M347 mutation, and were anchored
to C-M347*(xDYS390.1del,M210) haplotypes and not to

each other, indicating that C-M347*(xDYS390.1del,M210)
chromosomes are a paragroup to C-DYS390.1 del and
C-M210 chromosomes.

Diversity of indigenous Y-haplogroups

There was a highly significant difference in indigenous
haplogroup frequencies across Australia (v2 5 93.5,
d.f. 5 12, P< 0.0001). Pairwise analysis revealed that dif-
ferences between Victoria and Queensland were non-
significant, but all other comparisons were significant
(haplogroups C*, C-M210, and M-M186 were excluded
from this analysis because of their small numbers).
Analysis of Molecular Variance (AMOVA) of the indige-
nous Y-haplogroups demonstrated that variation among
the States was significant (FST 5 0.14, P< 0.0001).
AMOVA of the 14-locus Y-STR haplotypes among the
States was also significant (RST 5 0.12, P< 0.0001).

Fig. 2. Networks of K-M526*, S-P308, and M-M186 haplotypes of Aboriginal Australians. Networks based on 14 loci of Yfiler.
Circles represent haplotypes, with area proportional to frequency. Networks colored according to (a) K sub-lineages and (b) geogra-
phy by State or Territory.

Fig. 3. Networks of C haplotypes of Aboriginal Australians. Networks based on 14 loci of Yfiler. Circles represent haplotypes,
with area proportional to frequency. Networks colored according to (a) C sub-lineages and (b) geography by State or Territory.
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Haplotype diversity

Haplotype diversity within most haplogroups was very
high with moderate sharing of haplotypes within hap-
logroups, suggesting that some haplogroups, such as
C-DYS390.1del and S-P308, are of great age (Supporting
Information Table S2.). Among the 278 complete 14-
locus Y-STR haplotype profiles available for the 292
indigenous Y-chromosomes, 210 unique haplotypes were
identified (75.5% discrimination). Of these, 164 haplo-
types were singletons (78.1%) and 25 haplotypes (11.9%)
were shared only within a State or the Northern Terri-
tory (“multiple unique” haplotypes). When combined,
these 189 haplotypes represented the total that was spe-
cific to a particular State/region (90.0%). The remaining
21 haplotypes (10.0%) were observed in multiple States
or the Northern Territory. The majority (70.0%) of the
shared haplotypes occurred between South Australia
and the Northern Territory.

South Australia has the highest proportion of multiple
unique haplotypes (n 5 21, 18.9%) and the proportion of
total unique haplotypes was high (above 85%) for all States.
Haplotypes within haplogroups C-M347*(xDYS390.
1del,M210) (n 5 2), C-DYS390.1del (n 5 2), and S-P308
(n 5 2) were shared between South Australia and the
Northern Territory. Two haplotypes within K-M526* were
shared between South Australia and Victoria.

Regional analysis

Interestingly, there was no sharing of any K-M526* or
S-P308 haplotypes between the Queensland regions and
elsewhere in Australia (Fig. 2b). Sharing of K-M526* or
S-P308 haplotypes is seen between South Australia, Victo-
ria, and the Northern Territory. Evidence of microevolution
of both K-M526* and S-P308 haplogroups was indicated by
the small clusters of haplotypes dispersed throughout the

network that belonged to males from the same region. Sim-
ilarly, there appeared to be some microevolution of C-M347
haplotypes within regions, in particular its subhaplogroup
C-M210 in South Australian regions and branches of
its other subhaplogroup, C-DYS390.1del, in the Northern
Territory (Fig. 3). Haplotype sharing was observed
between South Australian regions and the Northern Terri-
tory, for both the C-M347*(xDYS390.1del,M210) and
C-DYS390.1del haplogroups. Although some sharing of
haplotypes is observed there is minimal geographical clus-
tering of haplotypes, at least at the regional level.

To achieve greater geographic coverage of the Austra-
lian continent, haplotypes defined by 6 Y-STR loci
(DYS19, DYS389I, DYS389II, DYS391, DYS392, and
DYS393) in the present indigenous sample were amalga-
mated with comparable haplotypes reported by Kayser
et al. (2001) from Arnhem Land in the Northern Terri-
tory and the Great Sandy Desert in Western Australia.
These are the only Aboriginal Y-STR datasets with
known haplogroup affiliation. Multidimensional scaling
of the RST distances between regions indicated consider-
able differentiation in the first dimension, with the
smallest distance between those of the Northern Terri-
tory, South Australia, and Queensland. The Victorian
regions and the Great Sandy Desert lay on the fringe of
the plot in Figure 4. There were significant differences
between the Northern Territory and both Arnhem Land
and the Great Sandy Desert. Also, there were significant
differences between the Northern Territory and Victoria
(associated RST and P-values given in Supporting Infor-
mation Table S3).

Additional Y-SNP typing of 26 K* or C*
Y-chromosomes reported in previous studies (Kayser
et al., 2006; Mona et al., 2009; van Oven et al., 2014a),
performed as part of the present study, found no
evidence of C-M347 or S-P308 in either New Guinea or
in Nusa Tenggara. However, the equivalent K-M526*
Y-STR haplotypes in the present sample were compared
with the 7-locus KLT-M9* haplotypes of New Guinea
typed by Kayser et al. (2014). Six KLT-M9* males of the
Massim region in south eastern Papua New Guinea
were found to share 7-locus Y-STR profiles with six Abo-
riginal Australians from Queensland, Victoria, and
South Australia. The reduction from 15 to 7 Y-STR loci
however considerably decreased the discrimination
capacity within the Aboriginal sample from 75% to 48%
and influenced the likelihood of finding shared haplo-
types between populations.

The equivalent 285 Y-STR haplotypes in the indige-
nous Aboriginal sample were compared with both the 9-
locus haplotypes of 11 Indonesian populations investi-
gated by Tumonggor et al. (2013) (Supporting Informa-
tion Fig. 2) and the 7-locus haplotypes of 15 Filipino
groups investigated by Delfin et al. (2011) (Supporting
Information Fig. 3). The Aboriginal haplotypes form a
distinct cluster in the MDS plots, being separated from
all other groups in dimension 1, strongly suggesting no
close paternal ties between the populations. The genetic
distances of the Aboriginal Australians from both Indo-
nesian and Filipino populations were statistically signifi-
cant (Supporting Information Tables S4 and S5).
Furthermore, the addition of Arnhem Land and Great
Sandy Desert (Kayser et al., 2001) results in a more dis-
tinct separation of the northern Australian States and
Territory from the rest of the continent in dimension 2,
reinforcing the clinical distribution not only at the Y-

Fig. 4. MDS plot based on RST values derived from Aborigi-
nal Australian 6-locus Y-STR haplotypes (DYS393, DYS19,
DYS391, DYS389I, DYS392, and DYS389II); including data of
Kayser et al. (2001). Red: Northern Territory, Yellow: Western
Australia (Great Sandy Desert), Blue: South Australia, Purple:
Queensland, Green: Victoria. Normalized stress: 0.02055.
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haplogroup, but also at the Y-haplotype level (Support-
ing Information Fig. 3).

TMRCA estimates of indigenous Y-haplogroups

The time to the most recent common ancestor
(TMRCAs) of chosen sets of Y-chromosomes were esti-
mated using three methods: the rho statistic, ASD, and
via the BATWING algorithm. The results from applying
each were somewhat similar, despite their differing
methodologies. Given the threefold difference between
the observed mutation rate (OMR) and the evolutionary
mutation rate (EMR), there was a corresponding differ-
ence between the estimates using the two rates (Table 3).
Application of the OMR indicated that the TMRCA of
haplogroup C* was approximately 22 kya, using Kayser
et al. (2001) priors, which are specific to Australia and
New Guinea. However, rho estimates for this haplogroup
are approximately a third of the OMR TMRCA estimate
using BATWING. The Bayesian TMRCA of haplogroup
C-M347 was approximately 14 kya and that of the para-
group C-M347*(xDYS390.1del,M210) was 8 kya. Hap-
logroup C-DYS390.1del was approximately 11 kya, while
C-M210 was the youngest C-M347 sub-lineage with a
TMRCA of approximately 5 kya (Table 3). The TMRCA
estimate of K-M526* at 16 kya is greater than that of C-
M347 lineage. It can be inferred that S-P308 is at least
10 ky old. Collectively, Rho estimates using the OMR
were younger than both ASD and Bayesian analyses.

Employing the EMR, the coalescence estimate of hap-
logroup C* chromosomes was approximately 76 kya
using Kayser et al. (2001)’s priors, however Rho and
ASD estimates suggest that the haplogroup is consider-
ably younger (Table 3.) The TMRCA estimates of hap-
logroup C-M347 suggest that the haplogroup is at least
49 kya based also on Kayser et al. (2001)’s priors. Para-
group C-M347*(xDYS390.1del,M210) and haplogroup
C-DYS390.1del were 27 and 40 kya, respectively.
C-M210 emerged at least 20 kya. TMRCA estimates for
K-M526* chromosomes were at least 57 kya and S-P308
evolved at least 37 kya. The different priors of Kayser
et al. (2001) and Xue et al. (2006) gave similar TMRCA
estimates for most of the haplogroups but it must be
emphasized, however, that some estimates have very
broad 95% confidence intervals (Table 3). The TMRCA
estimates calculated using ASD suggest that Rho under-
estimated the age of these haplogroups, as most ASD
estimates are closer to the estimates using the Bayesian
method, rather than Rho.

DISCUSSION

Here we present Y-chromosome SNP and STR data for
contemporary Aboriginal Australians from previously
unsampled populations of Queensland, Victoria, and
South Australia, and we have analyzed in greater detail
samples from the Northern Territory. The resulting data-
base of Aboriginal Australians is not only the largest of
its kind but also has greater coverage of the continent
than previous studies (Forster et al., 1998; Vandenberg
et al., 1999; Kayser et al., 2001; Underhill et al., 2001b;
Redd et al., 2002; Hudjashov et al., 2007; Taylor et al.,
2012).

In discussing the findings about Aboriginal Australian
population structure, it is imperative to recognize the
significance of introgression of Eurasian male lineages.
The proportion of Eurasian Y-chromosomes in the larg-
est self-declared Aboriginal forensic sample, that of
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South Australia, is approximately 80% (Taylor et al
2012), and our data from the Victorian forensic database
show similar proportions. High levels of Eurasian
Y-chromosome introgression is not uncommon in other
populations of Oceania, as Hurles et al. (1998) reported
that 27% of Polynesian males from the Cook Islands car-
ried Eurasian Y-chromosomes. Also, Underhill et al.
(2001a) found that approximately 48% of self-declared
M�aori males of New Zealand had European Y-
chromosomes. Clearly, there has been a considerable loss
of indigenous Australian Y-chromosome diversity since
the late 18th century, and inferences from our dataset
are mindful of this loss. It has been estimated that at
least 50% of the total indigenous population died shortly
after European settlement due to the introduction of for-
eign diseases (e.g., smallpox) (Kirk and Thorne, 1976).
The first decades of European colonization dramatically
reduced the Aboriginal Australian population. The Abo-
riginal Protection Board was formed and empowered in
1869 to manage reserves for Aboriginal people and to
remove “neglected” or “unprotected” children to these
reserves or institutions for their better care (Robson,
1983; Broome, 2005). Later Acts of Parliament, known
as the “half caste acts,” explicitly prohibited unmarried
or half caste Aboriginal people from living on reserves,
from visiting “full-blood” family members and from gain-
ing access to Aboriginal welfare (Broome, 2005). More
often than not Aboriginal males and females were placed
in separate reserves. The repercussions of these policies
are still felt today by the children of Aboriginal people
who do not know their grandparents or may have only
limited knowledge of their Aboriginal heritage and cul-
ture (Broome, 2005; van Holst Pellekaan, 2013). A series
of bottleneck events, not just one large event, and the
introgression of Eurasian males over a period of two
centuries, resulted in a significant loss of indigenous Y
haplotypes if not haplogroups.

Of some concern was the possibility of including a
high number of relatives in the sample especially those
with indigenous Y-chromosomes, as may have happened
in earlier studies, especially when sample collection was
focused on a single location (Redd et al., 2002; Hudja-
shov et al., 2007). However, the haplotype diversity of
the indigenous Y-chromosomes was high, and there was
limited sharing of 14-locus Y-STR haplotypes within
Y-haplogroups (excluding C-M210 and C4-M347*
(xDYS390.1del,M210) indicating that the impact of close
relatives is minimal in our sample. In cases where hap-
lotype sharing within haplogroups occurred, it was not
possible to clarify the degree of relatedness of the indi-
viduals bearing these Y-chromosomes.

Distribution of K-M526*, S-P308, and
C-M347 haplogroups

Y-chromosomes falling within the unresolved para-
group K* have been reported within Australia and also
in the surrounding regions of New Guinea, Melanesia
and Micronesia (Kayser et al., 2006; Scheinfeldt et al.,
2006; Karafet et al., 2008a,b; Mona et al., 2009; Delfin
et al., 2012; Karafet et al., 2014; van Oven et al., 2014a).
Recently, several phylogenetically intermediate K-M526
submarkers were reported altering the internal struc-
ture of the haplogroup and resolving its polytomous
structure into a dichotomous one (Karafet et al., 2014)
(http://www.phylotree.org/Y; van Oven et al., 2014b). The
results of genotyping more than 4,000 worldwide

K-M526 samples (including 21 Warlpiri males from Cen-
tral Australia; Redd et al., 2002) for a variety of Y-SNPs,
including S-P60, which is phylogenetically equivalent to
S-P308, have been recently reported (Karafet et al.,
2008a,b, 2014). Of the 21 K-M526 males from the North-
ern Territory, Karafet et al. (2014) found 18 (85%)
belonged to S-P308, whereas in the present Aboriginal
sample its frequency was lower (ranging from 8% of
Queensland to 71% of the Northern Territory K-M526*
chromosomes). The present study confirms that that
S-P308 is common among Aboriginal Australians, has a
wide geographic distribution throughout Australia, and
has accumulated considerable Y-STR diversity, as
depicted in Figure 2.

The exceptionally high frequency of S-P308 in the
Warlpiri (Karafet et al., 2014) could indicate the pres-
ence of (close) paternal relatives in the sample or may
reflect a strong paternal bottleneck with subsequent iso-
lation of the Warlpiri population. Interestingly though,
our Desert sample (from South Australia), who are in
close proximity to the Warlpiri displayed a similar fre-
quency of S-P308. The configuration of the K-M526* net-
work (Fig. 2) also suggests that there may be more
substructure characterized by yet unknown Y-SNPs
within this haplogroup, which may be followed-up in
future resequencing studies.

Combined, K-M526* and S-P308 are the most common
Y-haplogroups in our Aboriginal Australian database
and this is probably a reflection of the wider geographic
coverage of our sample compared with that of earlier
studies. These previous studies focused on locations in
northern Australia where haplogroup C-M347 has its
highest frequencies, and is more common than hap-
logroup KLT-M9* (Kayser et al., 2001; Hudjashov et al.,
2007). Given the wide distribution and antiquity of
K-M526* and S-P308 in Australia (and the restriction
of the latter to Aboriginal Australians), it is difficult
to determine whether the arrival of males carrying
K-M526 chromosomes in Sahul represents a single colo-
nization event, with K-M526 chromosomes diverging
further within Sahul, or multiple colonization events at
differing times in prehistory, bringing a diverse set of
K-M526* Y-chromosomes with them.

The existence of a class of Y-chromosomes that is a
paragroup to both C-DYS390.1 del and C-M210 hap-
logroups, that is restricted to Australia, is significant.
Haplogroup C-M347*(xDYS390.1del,M210) is widely dis-
persed throughout the Australian continent, with no sin-
gle haplotype of great frequency and some evidence of
differentiation in South Australia and Northern Terri-
tory. The accumulation of mutations along C-M347*
(xDYS390.1del,M210) lineages, reflected in the long
branches in the Y-STR haplotype networks, indicates
that this is a haplogroup of great age.

The C-DYS390.1 del haplogroup is the most discussed
Y-haplogroup in Aboriginal Australians, and it has been
previously suggested that this lineage (or its ancestor)
arrived in Australia with Holocene immigrants from
South Asia, with India being the most likely origin
(Redd et al., 2002). The association of this haplogroup
with an immigration event (Redd et al., 2002) was partly
based on its estimated age (based on a small number of
Y-STRs) of between 4 and 7 kya (Kayser et al., 2001;
Redd et al., 2002). It was postulated that these immi-
grants introduced the native dog, the dingo, to Australia
from India (Gollan, 1985) and are associated with the
first presence of a new tool tradition, microliths, in the
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archaeological record (Glover and Presland, 1985). Sub-
sequently, based on a genome-wide SNP study, Pugach
et al. (2013) suggested that there was a substantial sig-
nal (�11%) of gene flow between India and northern
Australia during the Holocene, approximately 4,230
years ago. Given this high autosomal percentage of
Indian genes one would expect some, perhaps high, level
of Indian male introgression into Aboriginal Australians.
However, the absence of South Asian-specific C-M356
chromosomes in our large Aboriginal sample, as well as
other South Asian haplogroups L-M20 and R-M207, indi-
cated there is no evidence for an Indian male-mediated
gene flow into Australia in the Holocene. From the lim-
ited Aboriginal Australian mtDNA data available, there
is also no evidence of an Indian connection during the
Holocene. The uniquely Australian mitochondrial hap-
logroup M42a has been phylogenetically associated to
the Indian M42b haplogroup; however, these diverged
greater than 50 kya, probably in South Asia (Kumar
et al., 2009). Provided that the signal of Indian ancestry
detected by Pugach et al. (2013) reflects a true element
of Australian prehistory, the absence of Indian-specific Y
and mitochondrial lineages needs to be explained by
genetic drift acting more strongly upon the uniparental
than the bi-parental parts of the genome.

In addition, recent analyses of canine mitochondrial
and Y-chromosome diversity have suggested that the
dingo originated in South China rather than in India,
along with its closest relative, the New Guinean singing
dog (Savolainen et al., 2004; Ardalan et al., 2012;
Oskarsson et al., 2012). Thus, there are serious doubts
concerning the association between the proposed Indian
origin of human Y-haplogroup C-DYS390.1del and the
introduction of the dingo as suggested by Redd et al.
(2002). Kayser et al. (2001) linked the expansion of Y-
chromosome diversity with the period of archaeological
“intensification” within Australia beginning about 4 kya
including the arrival of the dingo. More recent analysis
of archaeological data suggests, however, that there was
more than one such period of intensification in Austral-
ia’s prehistory (Williams, 2013). There is also evidence
that microliths were already in use in Australia already
before the arrival of the dingo, and developed within
existing Aboriginal tool-making traditions (Mulvaney
and Kamminga, 1999; Hiscock, 2008; Brown, 2013).
Rather, the more parsimonious explanation is that the
C-DYS390.1del evolved in situ in a long-settled Austra-
lian Aboriginal ancestor on the background of C-M347 Y-
chromosome as suggested by Kayser et al. (2001).
Clearly, whole-genome analysis of additional Aboriginal
Australian samples would help resolve the issue of any
Indian connection during the Holocene.

Given its clinal distribution (decreasing inversely
with latitude) and relatively high diversity, the
C-DYS390.1del haplogroup may have arisen in the
Northern Territory, possibly in Arnhem Land. Of
the three C-M347 subtypes, the youngest, C-M210, has
the most restricted geographical distribution, being
found only in South Australia and Queensland. We can-
not rule out, however, that C-M210 may be present at a
higher frequency at a location(s) not covered in this
study. Unfortunately, only two small studies have inves-
tigated the SNP M210. One reported its absence (0 of 6
Aboriginal Australian males) (Hudjashov et al., 2007)
and the other found the haplogroup at high frequency
but in an equally small sample (3 out of 7 Aboriginal
Australian males) (Underhill et al., 2001b). However,

Underhill et al. (2001b) did not genotype the Y-STRs of
the samples, thereby precluding TMRCA estimates for
the haplogroup.

What factor(s) can explain the high frequency and
continent-wide distribution of the C-DYS390.1del hap-
logroup versus the much lower frequency and geographi-
cally more restricted haplogroup C-M210? Aboriginal
people traditionally lived in small groups comprising
family members descended through male lines and
females moved to the husband’s clan at marriage (virilo-
cality). Warfare between groups and/or the success of
particular clans could result in a proliferation or steep
decline of a particular Y-haplogroup. Also, polygamy was
practiced in traditional Aboriginal society and more fre-
quently in the clans that had access to greater and more
reliable resources than those living in other less
resource-rich parts of the continent (Townsend and
Brown, 1978; White, 1997; Scelza and Bird, 2008).

Dating of indigenous Y-chromosomes

Previous estimates of the TMRCA of C-DYS390.1del
chromosomes from Northern Territory Aboriginal males
(Kayser et al., 2001; Redd et al., 2002) were based on six
and seven Y-STRs respectively. Both used average Y-
STR mutation rates of 2.8 3 1023 mutations per locus
per generation, values similar to that of the OMR
(Gusmao et al., 2005; Sanchez-Diz et al., 2008) rather
than that of the EMR (Zhivotovsky et al., 2004). Wei
et al. (2013) investigated phylogenies and time estimates
for Y-chromosomal lineages based on the analysis of
Y-SNP and Y-STR data and compared them with
Y-chromosome resequencing data. The dating of ancient
Y-haplogroups relying on Y-STR data is prone to error
due to the inherent nature of the loci. The mutation rate
of Y-STRs is relatively high and recurrence may con-
found any age estimate of Y-haplogroups in Aboriginal
Australians, given their antiquity (Wei et al., 2013).
Also, caution must be exercised when interpreting peo-
pling processes via the estimation of TMRCAs of hap-
logroups, as TMRCAs can typically be older than the age
of the population split.

Wei et al. (2013) discovered that estimating TMRCAs
using the EMR with BATWING gave age estimates that
were more similar (but still an underestimate) to age
estimates calculated from resequencing data of the Y-
chromosome, than to those using the OMR. Neverthe-
less, in the current study age estimates were calculated
using both the EMR and OMR, but given the findings of
Wei et al. (2013) and our own estimates, we are confi-
dent that the previous age estimations of C-DYS390.1del
of Kayser et al. (2001) and Redd et al. (2002) are greatly
underestimated and do not reflect the true antiquity of
the haplogroup in Australia.

Origins and migration routes of
C-M347 and K-M526

The observation that haplogroup C-M347 and its sub-
types are unique to Aboriginal Australians has implica-
tions for reconstructing the routes that their ancestors
took into Sahul some 50 kya. If these C-M130 chromo-
somes carried by some of the founders reached Sahul via
New Guinea, it is necessary to explain the absence of
C-M347 in this region today. There was no major land or
sea barrier between Australia and New Guinea until the
Holocene, however, there may have been cultural and/or
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linguistic barriers to gene flow between them (Evans,
2005).

It is possible that the founders, who carried C-M130
among other possible haplogroups, followed a route
along the present Indonesian chain of islands, including
Nusa Tenggara, split into two or more groups before
entering Sahul. One group entered the region approxi-
mating to the coastline of northern Australia some 50
kya, whilst another group entered present day New
Guinea, in which subsequently C-M38 and other C sub-
types emerged (Scheinfeldt et al., 2006; Zhong et al.,
2010). Within Australia, C-M347 arose, in conjunction
with other Australian-specific mitochondrial and
Y-chromosome haplogroups.

Alternatively, a single group of males carrying C-M130
entered the northern part of Sahul (i.e., New Guinea),
while other C-M130 descendants migrated further south
into the regions that after the separation became Aus-
tralia, in which C-M347 arose approximately 44 kya
(Table 3). This initial colonization was followed by a long
period of isolation between New Guinea and Australia
until the Austronesian expansion into New Guinea and
the European colonization of Australia. This scenario is
supported by autosomal evidence of McEvoy et al.
(2010). Full sequencing of the Aboriginal Australian
Y-haplogroup C-M130* chromosomes is required to iden-
tify their evolutionary relationships to the other Aborigi-
nal C chromosomes (i.e., those within C-M347) and
determine their age. The limited sampling of New
Guinea for Y-chromosome variation compounds the diffi-
culties in delineating the evolution of these haplogroups.

Resolving the routes and point of entry of the coloniz-
ers carrying K-M526* Y-chromosomes without sub
haplogroup markers is equally complex. K-M526* chro-
mosomes are present in New Guinea, Melanesia, and
Australia today, even though none of the subtypes are
shared (Karafet et al., 2014). Thus, it is very possible
that similar to C-M130 carriers, the founders carrying
K-M526 could have initially settled Sahul via New
Guinea and subsequent dispersal throughout the rest of
Sahul, with those reaching Australia becoming differen-
tiated from those in New Guinea with time and distance.
If so, then the uniquely Australian S-P308 lineage
diverged relatively early and has been isolated from
New Guinea for over 30 ky. This hypothesis of an early
separation of Aboriginal Australians from New Guineans
receives support from mtDNA data in the two popula-
tions, as haplogroup P mtDNAs shared between New
Guineans and Aboriginal Australians (P3 and P4) have
been separated for over 30 ky (Ingman and Gyllensten,
2003; Friedlaender et al., 2005; van Holst Pellekaan
et al., 2006; Friedlaender et al., 2007).

Alternatively, the founders carrying K-M526 could have
followed a similar route and entry point as those founders
carrying C-M130. Whereas mtDNA haplogroup P is
shared distantly between Australians and New Guineans,
other ancient mitochondrial haplogroups are unique to
Australians including M42a, M14, M15, S, N13 and O
(Ingman et al., 2000; Huoponen et al., 2001; Ingman and
Gyllensten, 2003; Kivisild et al., 2006; van Holst Pelle-
kaan et al., 2006; Hudjashov et al., 2007) and their ances-
tors may well have entered Sahul without passing
through New Guinea. Given these ambiguities, it is
clearly imperative that more extensive Y-chromosome
analyses of New Guinea, Melanesia, and Indonesia are
conducted, as many different routes and points of entry

by the ancestors of Aboriginal Australians into Sahul are
possible.

Haplogroup M-M186 (more commonly known as hap-
logroup M-M4) today is predominantly found in New
Guinea and Melanesia, with modest frequencies in East
Indonesia and Micronesia (Kayser et al., 2003). It is
thought to have arisen in Melanesia approximately 8.2
kya (Kayser et al., 2003) and its widespread occurrence
across New Guinea including throughout the highlands
suggests that this haplogroup represents an ancient
New Guinea Y lineage. It is unclear whether the Austra-
lian M-M186 chromosomes are indigenous, reflecting a
shared Sahul Y-chromosome heritage with New Guinea,
or their presence reflects (recent) migration from New
Guinea. Notably, we found M-M186 in Aboriginal Aus-
tralians in the Northern Territory, South Australia, and
Queensland, albeit in very low frequencies, contrasting
with its common occurrence across New Guinea. Further
investigation into the history of M-M186 is needed in
order to make further conclusions about its presence in
Australia.

Limitations

Indigenous samples were not available for the States
of New South Wales, Western Australia, and Tasmania
and, therefore, the study lacks a comprehensive coverage
of the whole continent. The use of de-identified forensic
samples meant there was a lack of information about
paternal ancestry and language affiliation which, in
turn, did not allow an in-depth analysis of structure at a
tribal level. Re-sequencing of (a portion of) some of the
indigenous Y-chromosomes will reveal more details
about their phylogenetic structure, and will either con-
firm or alter the TMRCA estimates presented here.

We acknowledged that the use of States as regional
divisions is not ideal as these are European constructs
and do not reflect boundaries defined by Aboriginal lan-
guages or clans (Horton, 1996). States and Territory
boundaries were employed because most samples have
come from State forensic databases, with no genealogical
data attached to them. Except in the case of the North-
ern Territory, there was some location information for
South Australia, Queensland, and Victorian samples.
Most participants in the Genographic Project sample
were unsure of where their father or grandfather’ birth-
place or tribal affiliation, due to the breakdown of tradi-
tional society after European settlement, which resulted
in this part of their history being lost. It is therefore dif-
ficult to reconstruct Aboriginal history at the regional
level from present-day samples for much of Australia,
especially the south and eastern part of the continent
(as discussed by van Holst Pellekaan, 2013).

CONCLUSIONS

This study is the largest Y-chromosome study of Abo-
riginal Australians to date, covering four geographic
regions within Australia (i.e., three States and one Terri-
tory). The detection of C-M347*(xDYS390.1del,M210)
chromosomes is of great significance as we can now con-
firm that haplogroup C-M347 arose within Australia
over 40 kya and was not part of a putative South Asian
invasion event during the Holocene. The C-DYS390.1del
chromosomes should also no longer be associated with
the proposed arrival of the dingo and/or presence of
microliths in Australia. We can further confirm that the
Australian-specific S-P308 arose before 35 kya in a long-
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settled population. In addition, we found no evidence of
characteristic South Asian Y-chromosomes in Aboriginal
Australians. Most importantly, the Y-chromosome find-
ings support those from analyses of mtDNA diversity in
identifying the great antiquity of the settlement of the
continent by the ancestors of the present-day Aboriginal
Australians, with very little or no genetic introgression
from outside populations until historic times.
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