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Significance

Dingoes are an iconic element of 
Australia’s biodiversity, but 
evidence-based management 
and conservation of dingoes 
depend on understanding their 
origins and population history. In 
this study, we present genomic 
data from ancient dingo 
individuals, providing a window 
into the early history of dingoes 
in Australia, prior to the 
introduction of modern domestic 
dogs and persecution of dingoes 
by European colonizers. Our 
results provide insights into the 
ancestry and origins of modern 
dingo populations, including their 
relationship to New Guinea 
singing dogs, and represent a 
valuable resource for future 
developments in dingo 
management and conservation.

Author contributions: Y.S., S.W., G.C., B.L., J.L.W., S.O., A.C., 
and K.J.M. designed research; Y.S. and S.W. performed 
research; G.C., S.O., M.A., J.W.O.B., E.R., L.K., K.W., J.L.W., J.B., 
S.O’C., and A.C. provided resources (samples); S.W., P.B., 
H.H., J.L.W., and K.J.M. performed DNA laboratory work; 
Y.S., S.W., M.P.W., I.B., J.D., R.T., and K.J.M. analyzed data; 
and Y.S., S.W., M.P.W., G.C., P.B., H.H., M.A., J.W.O.B., E.R., 
L.K., K.W., J.L.W., J.B., S.O’C., A.C., and K.J.M. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Copyright © 2024 the Author(s). Published by PNAS. 
This article is distributed under Creative Commons 
Attribution-NonCommercial-NoDerivatives License 4.0 
(CC BY-NC-ND).

Although PNAS asks authors to adhere to United Nations 
naming conventions for maps (https://www.un.org/
geospatial/mapsgeo), our policy is to publish maps as 
provided by the authors.
1Y.S., S.W., A.C., and K.J.M. contributed equally to this work.
2To whom correspondence may be addressed. Email: 
yassine.souilmi@adelaide.edu.au, sally.wasef@qut.edu.
au, alacooper@csu.edu.au, or kieren.j.mitchell@gmail.
com.

This article contains supporting information online at 
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.​
2407584121/-/DCSupplemental.

Published July 8, 2024.
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Dingoes are culturally and ecologically important free-living canids whose ancestors 
arrived in Australia over 3,000 B.P., likely transported by seafaring people. However, the 
early history of dingoes in Australia—including the number of founding populations and 
their routes of introduction—remains uncertain. This uncertainty arises partly from the 
complex and poorly understood relationship between modern dingoes and New Guinea 
singing dogs, and suspicions that post-Colonial hybridization has introduced recent 
domestic dog ancestry into the genomes of many wild dingo populations. In this study, 
we analyzed genome-wide data from nine ancient dingo specimens ranging in age from 
400 to 2,746 y old, predating the introduction of domestic dogs to Australia by European 
colonists. We uncovered evidence that the continent-wide population structure observed 
in modern dingo populations had already emerged several thousand years ago. We also 
detected excess allele sharing between New Guinea singing dogs and ancient dingoes 
from coastal New South Wales (NSW) compared to ancient dingoes from southern 
Australia, irrespective of any post-Colonial hybrid ancestry in the genomes of modern 
individuals. Our results are consistent with several demographic scenarios, including a 
scenario where the ancestry of dingoes from the east coast of Australia results from at 
least two waves of migration from source populations with varying affinities to New 
Guinea singing dogs. We also contribute to the growing body of evidence that modern 
dingoes derive little genomic ancestry from post-Colonial hybridization with other 
domestic dog lineages, instead descending primarily from ancient canids introduced to 
Sahul thousands of years ago.

ancient DNA | dingo | Oceania | Palaeogenomics | domestication

Modern dingoes are free-living, naturalized canids that are found across most of mainland 
Australia and some nearby islands, including K’gari (known as Fraser Island from ~1840s 
to 2023; K’gari reinstated in 2023) (1). Between the arrival of their ancestors in Australia 
at least 3,000 B.P. (2) and the introduction of domestic dog breeds as part of European 
colonization, beginning in the 18th century, dingoes were isolated from domesticated 
dogs for thousands of years and represent an early “protodog” type lineage, divergent from 
other free-ranging and modern domestic dog representatives. Their early divergence and 
free-living status mean that dingoes were not subjected to the same intensive selective 
breeding as the ancestors of modern domestic breed dogs (3–5). Consequently, dingoes 
are behaviorally, genetically, and anatomically distinct from domestic dogs (3, 6–11) 
and—as the largest and most widespread terrestrial predator on the continent—they 
influence the distribution and abundance of many other animal species (12, 13) [though 
their impacts on ecosystem structure and function are debated (14)]. Further, dingoes 
play an important role in the lives and cultural heritage of many of Australia’s Indigenous 
peoples (15), featuring prominently in their stories and spiritual beliefs (16) and occa-
sionally being buried in the same manner as community members (17). However, despite 
recognition of their ecological and cultural importance, significant gaps persist in our 
understanding of dingo origins and evolution, particularly with respect to the extent of 
their recent hybridization with domestic dogs (9, 10, 18) and the impact of human activ-
ities on their behavior, distribution, and population structure (19).

Dingoes vary in appearance, size, and proportions across their range, suggesting the exist-
ence of distinct locally adapted dingo populations (1). Indeed, 3D geometric morphometrics 
analyses of dingo crania have shown that dingoes from southeastern Australia [namely Victoria, 
coastal New South Wales (NSW), and southern parts of mainland Queensland (QLD)] have 
overall smaller stature and reduced dental proportions compared to dingoes from further D
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north and west (including Western Australia, the Northern Territory, 
South Australia, and inland areas of NSW and QLD) (20, 21). This 
spatial pattern agrees with the results of genetic studies, which have 
also demonstrated that dingoes from southeastern Australia are dis-
tinct from other dingoes across the rest of mainland Australia. For 
example, dingo mtDNA haplotypes form two clades with geograph-
ically exclusive distributions—one clade is observed in dingoes from 
the southeast of Australia (and K’gari), while the other is observed 
in dingoes from across the rest of the country. Y chromosome hap-
lotype frequencies and nuclear allele frequencies support the division 
of dingo diversity into these two main populations, though with 
finer-scale local structure within each population (22). The differ-
ences observed between dingoes across Australia have been inter-
preted by some authors as evidence that dingoes descended from at 
least two distinct source populations that were independently intro-
duced to Australia, though it is probable there are other independent 
natural processes that have contributed, at least partly, to this differ-
entiation as dingoes dispersed throughout the continent. It is also 
possible that the differences in the diversity and distribution of din-
goes have been influenced by humans—particularly the persecution 
of dingoes by European settlers, ongoing lethal control of dingoes 
in most jurisdictions, and, in the mid-1900s, erection of a 
>5,000-km-long exclusion-fence to protect livestock interests in the 
state of South Australia.

Genetic research has also revealed intriguing similarities between 
dingoes and New Guinea singing dogs—endangered free-living dogs 
found in the highlands of New Guinea that bear a phenotypic resem-
blance to dingoes (23). A close genetic relationship between these 
two free-living canids has been acknowledged for some time (24), 
but more recent research has suggested that some dingoes share a 
relatively greater genetic affinity for New Guinea singing dogs (4, 6, 
7, 22). Specifically, New Guinea singing dog mitochondrial haplo-
types appear to be more closely related to dingoes from southeastern 
Australian and K’gari (the southeast mtDNA lineage) compared to 
other dingoes (4). This relationship is supported by genome-wide 
single nucleotide polymorphism (SNPs) (4, 25), though New Guinea 
singing dog Y chromosome haplotypes are more closely related to 
haplotypes at higher frequencies in the northwest dingo population 
(26). Broadly speaking, these genetic results are consistent with some 
morphological similarities between southeastern dingoes and New 
Guinea singing dogs, namely reduced dental proportions and smaller 
overall size (20, 21). Clearly, understanding the relationship between 
dingoes and New Guinea singing dogs is crucial for identifying the 
origins of both these canids, and the route and number of introduc-
tions of dogs to Australia during the Holocene. However, one obsta-
cle to answering this question is uncertainty about the timing of gene 
flow between dingoes and New Guinea singing dogs. It is currently 
impossible to say whether gene-flow pre- or postdates the arrival of 
dingoes in Australia, and therefore whether the gene flow likely 
occurred in Island Southeast Asia or New Guinea, or in Australia 
itself.

In addition to questions surrounding the origin of dingo pop-
ulation structure and their relationship to New Guinea singing 
dogs, the extent to which dingoes have hybridized with other 
domestic dogs is also a topic of ongoing debate, with significant 
implications for dingo conservation and management (27). 
Pioneering genetic studies used a microsatellite assay to test for 
dingoes with hybrid ancestry (28, 29) with some follow-up studies 
using this technique concluding that domestic dog breeds—
imported to Australia from the rest of the world since the 18th 
century—had hybridized extensively with dingoes and that 
domestic dog ancestry was prevalent in many modern dingo pop-
ulations (30–32). Specifically, Stephens et al. (30) suggested that 
fewer than 1% of dingoes in southeast Australia were pure dingoes, 

though Cairns et al. (31, 32) later revised this estimate to 18 to 
41%. In contrast, a recent study based on genome-wide SNPs 
suggested that hybrid ancestry in modern dingoes is relatively 
rare, refuting the widespread existence of hybrids and “wild dogs” 
among dingo populations (22). However, all past studies on 
dingo ancestry have been based only on data from contemporary 
dingo populations, without an unequivocally “pure” baseline for 
dingo ancestry—this reduces the power of studies to detect per-
vasive hybrid ancestry and increases the risk of a circularity of 
reasoning.

Paleogenomic data from ancient, pre-Colonial dingo species 
could answer many of the outstanding questions about dingo 
origins and evolution described above. By providing a snapshot 
of genetic diversity at different points in dingo history, these data 
could establish a minimum age for events like gene flow between 
New Guinea singing dogs and dingoes, and the establishment of 
dingo population structure. Further, pre-Colonial dingoes should 
be free of any hybrid ancestry from modern domestic dog breeds, 
and could therefore serve as a baseline for validating the genomic 
purity of present-day dingo populations. Such paleogenomic data 
for dingoes are not yet available, likely due to the generally poor 
conditions for DNA preservation across most of mainland 
Australia. However, advances in high-throughput DNA sequenc-
ing technology have made paleogenomic studies of Australian 
fauna increasingly feasible (33–36).

In this study, we sequenced genetic data from 42 dingo speci-
mens from coastal western Australia, the Nullarbor Plain, and 
coastal eastern Australia, spanning an east-west distance of over 
3,000 km. The majority of dingo specimens we analyzed predate 
the arrival of Europeans in Australia—with several over 2,000 y 
old—and therefore represent the true genetic diversity of dingoes 
prior to any admixture with modern domestic dog breeds. Several 
specimens are from an archaeological context (17), including one 
specimen from coastal NSW that exhibited reduced stature and 
dental proportions—traits that link modern and ancient south-
eastern dingoes with New Guinea singing dogs, and differentiate 
them from dingoes to the west and north (20). We compared our 
ancient dingo genetic data to data from three modern dingoes 
from K’gari (an island-bound population thought to have minimal 
breed dog ancestry) and previously published data from other 
modern dingoes from across Australia (5), New Guinea singing 
dogs (5, 37), and modern and ancient dogs from the rest of the 
world (3, 37, 38). We used our ancient genetic data to test whether 
the geographic distribution of genetic diversity in ancient dingoes 
matches modern dingo population structure (implying local con-
tinuity of ancestry) and to compare models for dingo and New 
Guinea singing dog origins and population history. Finally, we 
used our ancient dingo genomes as a baseline to re-estimate the 
amount of dingo ancestry (versus post-Colonial breed dog ancestry) 
in a selection of modern dingoes that had previously been iden-
tified as pure dingoes using an established microsatellite assay, 
including several dingoes from K’gari.

Results

Ancient Genomes. DNA was extracted from 42 ancient dingo 
specimens (Dataset S1), but not all specimens yielded sufficient 
dingo sequences for downstream analysis. The final dataset 
comprises A) newly sequenced mtDNA data from 16 ancient 
dingoes, and ≥0.01× mean depth-of-coverage nuclear genomic 
data from nine ancient dingoes (Fig.  1; two samples from the 
Nullarbor, one sample from southwest Western Australia, and 
six samples from coastal NSW); B) new mtDNA and nuclear 
genomic data from three present-day K’gari dingoes; and C) D
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previously published mtDNA and nuclear genomic data from 
modern dingoes, New Guinea singing dogs, and other domestic 
dogs from Southeast Asia and around the world.

Most notably, the new data included 16.6× and 2.83× mean 
depth-of-coverage genomic data from ancient dingoes from the 
Nullarbor (median ages = 892 and 1113 cal. years B.P., respectively; 
samples Nullarbor 892 bp and Nullarbor 1113 bp, respectively) and 
a 2.55× and 0.75× mean depth-of-coverage genome from ancient 
dingoes from Curracurrang in NSW (median ages = 2,019 and 2,007 
cal. years B.P., respectively; samples Curracurrang 2019 bp and 
Curracurrang 2007 bp, respectively). In downstream statistical anal-
yses, we used the highest depth-of-coverage genomes from the 
Nullarbor (Nullarbor 892 bp and Nullarbor 1,113 bp combined, 
labeled “Nullarbor”) and coastal NSW (Curracurrang 2019 bp and 
Curracurrang 2007 bp, labeled “Curracurrang 2k”) as exemplars of 
ancient dingo populations from western and eastern Australia, 
respectively, unless otherwise specified.

Mitochondrial DNA Analyses. Sixteen of our 42 ancient dingo 
specimens had both a direct radiocarbon age and more than 1,000 
unique reads mapping to the mitochondrial reference sequence (the 
MT scaffold from the canFam3.1 genome assembly). Consensus 
sequences for these 16 dingoes, 10 modern dingoes, two New 
Guinea singing dogs, and one village dog from Bali were aligned 
with 33 previously published mitochondrial genome sequences 
downloaded from GenBank (total n = 62; SI Appendix, Fig. S1). 
A median-joining haplotype network created from this alignment 
grouped all modern and ancient dingoes into two clusters (Fig. 2): 
A) a cluster that contained dingoes from the modern northwest 
dingo mtDNA lineage and ancient dingoes from the Nullarbor; 
and B) a cluster that contained dingoes from the modern southeast 
dingo mtDNA lineage, ancient dingoes from Curracurrang, and 
two New Guinea singing dogs. Haplotypes from one additional 

New Guinea singing dog and three other domestic dogs branched 
from a point in the network between the two clusters of dingo 
haplotypes. The monophyly of clusters A and B was strongly 
supported in our BEAST analysis (Bayesian posterior probability 
= 1.0 and 0.99, respectively; SI  Appendix, Fig.  S1), indicating 
that they were exclusive of each other and the remaining samples 
(three domestic dogs and one New Guinea singing dog). The 95% 
highest posterior density (95% HPD) for the time to most recent 
common ancestor (TMRCA) of cluster B was 3,424 to 8,244 B.P. 
(mean = 6,018) while the 95% HPD for the TMRCA of cluster A 
was 2,856 to 7,944 B.P. (mean = 5,480). Interestingly, two New 
Guinea singing dogs (genomic data from which are also analyzed 
in this study) share a haplotype that forms part of the same clade 
as ancient and modern dingoes from the east coast of Australia, 
whereas another New Guinea singing dog haplotype (a mtDNA 
sequence downloaded from GenBank: JX088674) shares an older 
and more distantly related common ancestor (SI Appendix, Fig. S1).

A Complex Population History. Within the broader spectrum of 
dog genetic diversity, the nuclear genomic ancestry and affinities 
of ancient dingoes are broadly similar to modern dingoes and 
New Guinea singing dogs (Fig. 3 and SI Appendix, Figs. S3–S6). 
In our Principal Component Analysis (PCA) (Fig. 3), PC1 (the 
x-axis) primarily reflected variation separating worldwide domestic 
dogs from a cluster of samples comprising dingoes (modern & 
ancient) and New Guinea singing dogs. In contrast, PC2 (the 
y-axis) primarily reflected variation within worldwide domestic 
dogs, though dingoes and New Guinea singing dog samples also 
exhibited some variation on PC2. Within our ancient dingoes, 
hierarchical clustering of log-transformed qpWave P-values 
(SI  Appendix, Fig.  S6) confirmed that our two highest depth-
of-coverage ancient dingoes from the Nullarbor (Nullarbor 892 
bp and Nullarbor 1113 bp) were closely related, as were our 
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Fig. 1.   Geographic and temporal distribution of dingo 
samples. Approximate locations of the modern and 
ancient dingo samples (labeled with lab ID numbers; 
see Dataset S1) with new genome-scale data presented 
in this study are shown on the map (ancient dingoes 
= blue and orange triangles, modern K’gari dingoes = 
bordered yellow circles). Yellow, blue, and red circles and 
diamonds (without black borders) represent the source 
localities for previously published data (5, 37, 39) from 
modern dingoes and New Guinea singing dogs. Broadly, 
dingoes are divided into two major populations in the 
“north west” (blue shades) and the “south east” (orange/
yellow); the dotted line roughly indicates the transition 
between these two populations (based on data from 
mtDNA, Y chromosome haplotypes, genome-wide SNPs, 
morphometric data, and environmental barriers). (Inset) 
estimated age of samples (median; years B.P./cal. years 
B.P.) for which new genome-scale data are presented in 
this study (Dataset S1).
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two highest depth-of-coverage ancient dingoes from coastal 
NSW (Curracurrang 2019 bp and Curracurrang 2007 bp)—we 
combined data from these sample pairs in some downstream 
analyses to increase the amount of data representing each ancient 
population, unless otherwise stated.

We used f4-statistics to test whether other dingo and dog samples 
were symmetrically related to ancient dingoes from the Nullarbor 
(specifically Nullarbor 892 bp and Nullarbor 1113 bp, together labe-
led Nullarbor) and coastal NSW (specifically Curracurrang 2019 bp 
and Curracurrang 2007 bp, together labeled Curracurrang 2k) or 
shared more genetic drift—i.e., more shared ancestry—with one or 
the other population (Fig. 4 A, B, and D and SI Appendix, Fig. S5). 
Our results show that modern dingoes from K’gari and northern 
QLD appeared to have a significantly greater affinity to ancient din-
goes from coastal NSW compared to ancient dingoes from the 
Nullarbor; modern dingoes from the Gibson Desert and Kimberley 
appeared to have a significantly greater affinity for ancient dingoes 
from the Nullarbor; and modern dingoes from the Northern Territory 
and Simpson Desert appeared to be symmetrically related to ancient 
dingoes from coastal NSW and the Nullarbor (or at least did not 
have a significantly greater affinity to one or the other). To simulta-
neously visualize the affinities of individual dingoes to ancient dingoes 
from the Nullarbor, and coastal NSW, and New Guinea singing dogs, 
we created a ternary plot where the three axes represented: 1) shared 
drift with Nullarbor 892 bp (the ancient Nullarbor dingo with highest 
depth-of-coverage), 2) shared drift with Curracurrang 2019 bp (the 
ancient coastal NSW dingo with highest depth-of-coverage), and 3) 
shared drift with a combination of data from all New Guinea singing 
dog individuals. Overall, Curracurrang 2007 bp, Curracurrang 2033 
bp, and Curracurrang 700 bp had the greatest affinity to Curracurrang 
2019 bp compared to all other dingoes; Nullarbor 1113 bp, Gibson 
Desert, and the Kimberley had the greatest affinity to Nullarbor 892 
bp compared to all other dingoes (Fig. 4D).

While modern dingo individuals have a strong affinity for one or 
the other ancient dingo population, or neither, our admixture 
f3-statistic test results suggest that no modern dingo genome com-
prises a mixture of ancestry from the two populations represented by 
the ancient Nullarbor and Curracurrang genomes (Fig. 4C). However, 
we note that in the presence of substantial genetic drift in modern 
dingo populations, as would be experienced through extended bot-
tlenecks, an admixture signature would be eroded and lead to a false 
negative result (40, 41). In addition, unequal contributions from the 
two ancient dingo populations with values close to the boundaries 
(0,1), and/or a short period between the split of the ancient dingo 
populations and the time of admixture, can further contribute to the 
erosion of the admixture signal (40, 41). Thus, additional genomes 
closing the temporal gap between modern and ancient Nullarbor and 
Curracurrang groups would be required to validate these findings.

While the ancient dingo groups are more closely related to each 
other than either is to modern New Guinea singing dogs (Fig. 4A 
and SI Appendix, Fig. S6), they do display asymmetry in their affinity 
to New Guinea singing dogs, with ancient dingoes from coastal NSW 
appearing to have a stronger affinity for New Guinea singing dogs 
compared to ancient and modern dingoes from South Australia and 
Western Australia (Fig. 4 B and D and SI Appendix, Fig. S6). Overall, 
Curracurrang 2033 bp, Curracurrang 700 bp, and modern alpine 
dingoes (from Victoria and southern NSW) have the greatest affinity 
to New Guinea singing dogs compared to all other dingoes (Fig. 4D). 
Using our ancient genomes (which are free of any confounding signal 
from domestic breed dog ancestry), we investigated demographic 
models that could explain varying levels of affinity for New Guinea 
singing dogs among different dingo populations: the most plausible 
scenarios (cf. Fig. 5 A and B) involve an initial split between the 
ancestral New Guinea singing dog population and an ancestral dingo 
population, followed by the establishment of distinct northwest dingo 
and southeast dingo populations, with gene flow occurring between 

Ancient dingoes: West (Nullarbor & WA)

Ancient dingoes: East (Curracurrang, NSW)

Modern NW dingo lineage

Modern SE dingo lineage

New Guinea singing dog

Other domestic dog

1 sample

10 samples

K’gari*

Posterior probability = 1.0
TMRCA = 2,856 - 7,944 years ago

Posterior probability = 0.99
TMRCA = 3,424 - 8,244 years ago

Fig. 2.   Median-joining haplotype network of mtDNA from ancient dingoes, modern dingoes, New Guinea singing dogs, and other closely related domestic 
dog haplotypes (based on 69 segregating sites for which we had data for all 62 sequences). Each circle represents one haplotype, and the size of the circles is 
proportional to the number of samples. Haplotypes are colored dark blue for ancient dingoes from the Nullarbor and western WA, light blue for the modern 
northwest (NW) dingo lineage, dark orange for ancient dingoes from Curracurrang, light orange for the modern southeast (SE) dingo lineage, brown for New 
Guinea singing dogs, and white for other domestic dogs; black circles represent inferred (unobserved) intermediate haplotypes. Hatch marks along branches 
represent nucleotide substitutions separating haplotypes. The posterior probability and TMRCA (i.e., node age) we calculated using BEAST are presented for 
the two dingo clades (SI Appendix, Fig. S1). *This haplotype is part of the NW dingo lineage but belongs to an alpine dingo from Victoria, as originally observed 
by Cairns et al. (4); this may reflect natural or anthropogenic movement of a dingo individual or an accidental misattribution of sample metadata.D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.

or
g 

by
 "

U
N

IV
E

R
SI

D
A

D
 D

E
 Z

A
R

A
G

O
Z

A
, B

IB
L

IO
T

E
C

A
 U

N
IV

E
R

SI
T

A
R

IA
" 

on
 J

ul
y 

24
, 2

02
4 

fr
om

 I
P 

ad
dr

es
s 

15
5.

21
0.

86
.1

6.

http://www.pnas.org/lookup/doi/10.1073/pnas.2407584121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407584121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407584121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2407584121#supplementary-materials


PNAS  2024  Vol. 121  No. 30 e2407584121� https://doi.org/10.1073/pnas.2407584121 5 of 12

southeast dingoes and New Guinea singing dogs (Fig. 5 C and D). 
Gene flow may have been exclusively unidirectional from southeast 
dingoes into New Guinea singing dogs (Fig. 5C), exclusively 

unidirectional from New Guinea singing dogs into southeast dingoes 
(Fig. 5D), or bidirectional between southeast dingoes and New 
Guinea singing dogs (impossible to model in qpGraph with available 
data). Given these results, we used DATES to estimate the putative 
timing of these admixture pulses, testing both possible directions of 
the gene flow (southeast dingoes into New Guinea singing dogs and 
New Guinea singing dogs into southeast dingoes; Fig. 6)—we esti-
mated that admixture occurred around 2,456 ± 171 B.P. (assuming 
3 y/generation and assuming that admixture occurred as a single 
pulse).

A Pre-Colonial Baseline for Dingo Genomic Ancestry. Using our 
ancient dingoes as an unadmixed baseline (because they predate 
the introduction of domestic dogs by Europeans), we estimated 
the proportion of dingo ancestry (versus post-Colonial domestic 
dog ancestry) in the genomes of our three modern K’gari dingoes 
and 11 other modern dingoes from two previous studies (5, 
39). Prior to the present study, 13 of these modern dingoes had 
already been subjected to a microsatellite assay, which revealed 
no evidence for ancestry from post-Colonial domestic dogs [i.e., 
no alleles “diagnostic of dog”, and lod scores >2 (42) or average 
3Q scores >0.1 (43)]—as a result, genomic data from these 
dingoes allowed us to test whether established microsatellite 
assays (and by extension SNP-based assays that operate on the 
same basis) are accurately measuring ancestry derived from true 
pre-Colonial dingo populations. We found no evidence for 
recent domestic dog ancestry in the majority of modern dingo 
individuals we examined (Fig.  7)—the only exceptions are a 
modern dingo sample from the Gibson Desert and one alpine 
dingo sample from Victoria, which have detectable ancestry 
derived from recent admixture.
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Fig. 3.   PCA of nuclear genomic data from modern and ancient dingoes, New 
Guinea singing dogs, and worldwide diversity of other dogs (see SI Appendix, 
Fig. S2 for a PCA including only dingoes, New Guinea singing dogs, and Asian 
village dogs; see SI Appendix, Fig. S3 for a PCA expanded to include gray wolves). 
Samples with greater affinity to one another cluster closer together.

Alpine
K'gariGibson Desert

Kimberley
Northern Territory

Northern Queensland

Simpson Desert
Curracurrang 2033bp
Curracurrang 700bp
Curracurrang 2007bpNullarbor 1113bp

Test

3322

3344

3366

3388

34

36

38

40

30 32 34 36

N
ullarbor 892bp

(A19058)

C
ur

ra
cu

rra
ng

20
19

bp
(D

16
)

NNeeww GGuuiinneeaa SSiinnggiinngg DDoogg

D

Dingo_FraserIsland

AustraliaVillage

BorneoVillage

VietnamVillage

PapuaNewGuineaVillage

NewGuineaSingingDog_BNGS

NewGuineaSingingDog

America_pool

Russia_Baikal_7k

Israel_2300BP

IndiaVillage

ChowChow

Dingo_Alpine

Dingo_K'gari_E56

Dingo_FraserIsland_Y07

Dingo_K'gari_Y47

Dingo_Gibson_Desert

Dingo_Kimberley

Dingo_Northern_Territory

Dingo_Northern_Queensland

Dingo_Simpson_Desert

ChinaVillageYingjiang

−0.25 0.00 0.25 0.50 0.75 1.00
F3(Test; Curracurrang 2k, Nullarbor)

C

Zhokhov9500BP.CGG6

PapuaNewGuineaVillage

NewGuineaSingingDog_BNGS

Dingo_Alpine

Dingo_K'gari

Dingo_K'gari_E56

Dingo_K'gari_Y07

Dingo_K'gari_Y47

Dingo_Northern_Queensland

Dingo_Curracurrang_700bp_ph

Dingo_Curracurrang_2241bp_ph

Dingo_Curracurrang_2033bp_ph

Russia_Samara_3800BP.C5

Israel_7000BP.THRZ02

Israel_2300BP

Iran_ChL

Israel_Islamic.UZAA01

OL4222_Greece.OL4222

AfghanHound

AustraliaVillage

Dingo_Gibson_Desert

Dingo_Kimberley

Dingo_Northern_Territory

Dingo_Simpson_Desert

−0.01 0.00 0.01 0.02
F4(Curracurrang 2k, Nullarbor; Test, Fox)

B

America_pool

Karelia_Veretye

Zhokhov9500BP.CGG6

Yukon_QuartzCreek.SC19.MCJ010

Altai_Razboinichya.AL2744

Iran_ChL

Croatia_Neolithic_4900BP.SOTN01

ShibaInu

PapuaNewGuineaVillage

AustralianCattleDog

AustralianTerrier

Dingo_Northern_Territory

NewGuineaSingingDog_BNGS

Dingo_Alpine

Dingo_K'gari

Dingo_K'gari_E56

Dingo_K'gari_Y07

Dingo_K'gari_Y47

Dingo_Gibson_Desert

Dingo_Kimberley

Dingo_Northern_Queensland

Dingo_Curracurrang_700bp_ph

Dingo_Curracurrang_2241bp_ph

Dingo_Curracurrang_2033bp_ph

−0.025 0.000 0.025 0.050
F4(Nullarbor, Test; Curracurrang 2k, Fox)

A

Fig. 4.   Genetic affinities of ancient dingo clusters with modern and ancient canines. (A) Affinity f4-statistics of form f4 (Nullarbor, Test; Curracurrang 2k, Andean 
Fox) where Test represents ancient and present-day canine groups (see SI Appendix, Fig. S5A for additional comparisons). Positive values indicate excess shared 
drift between Nullarbor and Curracurrang and/or between Test and an outgroup. Negative values indicate excess shared drift between Test and Curracurrang and/
or between Nullarbor and an outgroup. (B) Symmetry f4-statistics were computed using f4 (Curracurrang 2k, Nullarbor; Test, Andean Fox), where Test represents 
ancient and present-day canine groups (see SI Appendix, Fig. S5B for additional comparisons). Positive values indicate excess shared drift between Curracurrang 
and Test and/or between Nullarbor and an outgroup. Negative values indicate excess shared drift between Nullarbor and Test and/or between Curracurrang 
and an outgroup. The error bars represent two SE units, and the fill color indicates the statistical significance (|Z| > 3 in red). (C) Admixture f3-statistics in the 
form f3 (Test; Curracurrang 2k, Nullarbor) where Test represents ancient and present-day canines. All observed values are positive, indicating that no Test group 
possesses allele frequencies that are consistent with being a mixture of the Curracurrang 2k and Nullarbor ancient dingo groups (see SI Appendix, Fig. S5C for 
additional comparisons). We document below multiple demographic processes that could be driving this signal, including those causing false negatives (40, 41). 
(D) Ternary plot showing the relative affinity of the Test populations (colored dots) to New Guinea singing dog (toward Bottom Right), Curracurrang 2019 bp (toward 
Bottom Left), and Nullarbor 892 bp (toward Top) respectively. Curracurrang 2007 bp, Curracurrang 2033 bp, and Curracurrang 700 bp had the greatest affinity 
to Curracurrang 2019 bp; Nullarbor 1113 bp, and modern dingoes from the Gibson Desert and the Kimberley had the greatest affinity to Nullarbor 892 bp; and 
Curracurrang 2033 bp, Curracurrang 700 bp, and modern alpine dingoes had the greatest affinity to New Guinea singing dogs compared to all other dingoes.D
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Discussion

Dingo Phylogeography, Population Structure, and Continuity of 
Ancestry. The results of our genomic and mtDNA analyses confirm 
that population structure had already emerged in dingo populations 
as early as 2,000 B.P. (our oldest ancient dingo samples), and since 
that time there has been some level of local continuity between 
ancient and modern dingo populations. Our results strongly 
support the inclusion of ancient dingo mtDNA haplotypes within 
the two previously recognized dingo mtDNA lineages (Fig. 2)—our 
ancient dingoes from coastal Western Australia and the Nullarbor 
are part of the modern NW dingo mtDNA lineage, while our 
ancient dingoes from coastal NSW are part of the modern SE 
dingo mtDNA lineage. Consistent with the results of previous 
studies (26, 44), we estimated that the common ancestor of each 
lineage (including our corresponding ancient samples) occurred 
between ~3,000 and ~8,000 B.P. (Fig. 2 and SI Appendix, Fig. S1), 
representing lower and upper bounds on the likely time frame for 
the introduction of dingoes to Australia and the beginning of their 
subsequent diversification and population expansion (2, 4, 45). 
However, because mtDNA is a single maternally inherited locus, it 
is susceptible to incomplete lineage sorting and other demographic 
biases. Consequently, we compared our mtDNA results to those 
obtained with our nuclear genomic dataset.

Our genomic analyses showed relationships between modern 
and ancient dingoes that were largely consistent with our mtDNA 
results (Fig. 4 A and B). While modern and ancient dingoes were 

generally closely related (Fig. 3), ancient dingoes from the 
Nullarbor had a greater genomic affinity for modern dingoes from 
the Kimberley and the Gibson Desert. In contrast, ancient dingoes 
from coastal NSW had a greater affinity for modern dingoes from 
K’gari and mainland QLD. However, we cannot exclude the pos-
sibility that whole-genome enrichment of our ancient coastal 
NSW dingoes with probes based on K’gari dingo DNA resulted 
in an ascertainment bias that at least partly explains these results. 
Nevertheless, the geographic delineation of mtDNA haplotypes 
substantially predates the arrival of domestic dogs and post- 
Colonial anthropogenic persecution and influence on dingo pop-
ulations. Finally, we found no evidence that any modern dingo 
group was formed as a mixture of ancestry from ancient dingoes 
from the Nullarbor and coastal NSW (Fig. 4C). However, mul-
tiple demographic conditions have been shown to increase the 
probability of false rejections, such as short periods between the 
split of the admixing sources and the formation of the admixed 
population, very small or large admixture proportions, and signif-
icant genetic drift in the admixed population post their forma-
tion, all of which are possible explanations for the relationship 
between ancient and modern dingoes (40, 41).

Ancient Dingo Genomes Are a Resource for Dingo Management 
and Conservation. We used f4 statistics based on genome-wide SNPs 
to estimate the proportion of dingo ancestry in the genomes of 14 
modern dingo individuals, 13 of which had previously been identified 
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Fig. 5.   Best fitting qpGraph models for relationships between ancient dingoes from the Nullarbor, ancient dingoes from coastal NSW, and modern New Guinea 
singing dogs (model framework based on best-fitting models for dog ancestry from Bergström et al.’s Fig. 4F (38). (A) Represents a simple phylogenetic model. 
(B) Model that explains the excess affinity between costal NSW dingoes and New Guinea singing dogs by a subsequent later split than eastern dingoes from the 
common ancestor. (C and D) Represent models that include admixture between dingoes and New Guinea singing dogs (Bottom Left and Bottom Right) fit better 
(i.e., lower likelihood score) than models without admixture (Top Left and Top Right); however, it is impossible to determine the direction of admixture with the 
available data (models are equally well-fitting; same likelihood score). The arrows and divergence points in the maps are indicative only, and should be treated 
as hypotheses for future research—our genomic data do not provide information about the geographical origins of lineages or their exact migration routes.D
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as pure dingoes using a microsatellite assay. In our comparisons, most 
of these pure dingoes exhibited no evidence for post-Colonial dog 
ancestry (Fig. 7), confirming that no pervasive undetected admixture 
with post-Colonial dogs occurred in the lineage of these modern 
individuals. However, two samples previously identified as pure 
contained detectable (though minimal) levels of post-Colonial 
dog ancestry; this suggests that tests for hybridization might be 
underpowered when a priori pure dingoes—like our ancient pre-
Colonial individuals—are not represented in comparative datasets. 
In addition, based on their analysis of genome-wide SNPs from 
modern dingoes, Cairns et al. (22) suggested that dingo population 
structure and biases in marker selection may cause microsatellite 
assays to underestimate the true proportion of dingo ancestry in dingo 
genomes (versus post-Colonial dog ancestry). Together, these results 
indicate that researchers and wildlife managers should treat the results 
of routine dingo microsatellite assays with caution. We emphasize 
that genetic tests for dingo “purity” need further refinement before 
they can reach their full potential robustness and usefulness; this 
refinement should include comparing a wider range of known hybrid 
individuals to genomic data from ancient dingoes. In this respect, 
our ancient dingo genomes represent a valuable resource for future 
developments in dingo management and conservation (27).

The Relationship between Dingoes and New Guinea Singing 
Dogs. While we cannot exclude that ascertainment bias from the 
whole genome enrichment accounts for some of the observed 
genomic affinity between ancient dingoes from coastal NSW and 
K’gari, it is notable that the New Guinea singing dog samples 
have the strongest signal of excess allele sharing with ancient 

dingoes from coastal NSW (Fig.  4B). The latter signal cannot 
be explained just as an artifact caused by ascertainment bias, 
because: 1) the strength of the affinity between ancient dingoes 
from coastal NSW and New Guinea singing dogs exceeds that of 
the affinity between the former and dingoes from K’gari (Fig. 4 
B and D), and 2) data from the New Guinea singing dogs and 
K’gari dingoes were obtained using shotgun sequencing (not 
whole genome enrichment). This result is particularly interesting 
because the ancient specimen from coastal NSW from which we 
have the highest depth-of-coverage genomic data (Curracurrang 
2019 bp) exhibited reduced stature and dental proportions relative 
to modern dingoes from populations to the west and north—
phenotypic characteristics shared with New Guinea singing dogs 
(20). Since our ancient dingoes—including Curracurrang 2019 
bp—predate any post-Colonial admixture with domestic dogs, 
our results present a unique opportunity to explore the origin 
of previously reported signals for relatedness between modern 
dingoes from the southeast of Australia and New Guinea singing 
dogs (4, 7, 20, 21, 26).

Our demographic model testing shows that simple models for the 
relationship between present-day New Guinea singing dogs, ancient 
dingoes from the Nullarbor, and ancient dingoes from eastern NSW 
that do not include admixture between any of these populations are 
a relatively poor fit (Fig. 5 A and B). Models that allow for admixture 
between present-day New Guinea singing dogs and ancient dingoes 
from coastal NSW (Fig. 5 C and D) are a better fit, but our data do 
not allow us to test the overall directionality of gene flow—i.e., New 
Guinea singing dogs may possess ancestry from ancient dingoes, or 
some dingoes may derive ancestry from a population related to 
present-day New Guinea singing dogs. In either case, this signal 
appears to be consistent with an initial split between dingoes and 
New Guinea singing dogs followed by a secondary pulse of inter-
breeding between 2,285 and 2,627 B.P. (mean = 2,456 B.P.; Fig. 6). 
This timeframe aligns closely with our mean age estimate for the 
most recent common ancestor of mtDNA haplotypes from two New 
Guinea singing dogs and their nearest relatives in the SE dingo 
mtDNA lineage (2,472 B.P., 95% HPD = 765 to 4,611 B.P.; 
SI Appendix, Fig. S1). These dates are also broadly consistent with 
population separation ages estimated using the cross-coalescence rate 
between X chromosome haplotypes from pairs of modern dingoes 
and New Guinea singing dogs (SI Appendix, Figs. S7 and S8)—
estimates of ≤2,500 B.P. were obtained for many pairs, though there 
was high variability overall and estimates for several pairs were as old 
as ~7,000 B.P.

Several previous studies have concluded that deep splits between 
dingo mtDNA haplotypes and/or Y chromosome haplotypes—
and the geographical distribution of these haplotypes—constitute 
evidence that dingoes descend from at least two populations that 
were independently introduced to Australia (4, 26) [contrary to 
some earlier assertions that dingoes descend from one population 
(24), or even introduction of a single pregnant female (46)]. Our 
results recapitulate these deep splits and allow us to enumerate 
several models for the timing and number of population move-
ments. One scenario that is consistent with our results involves 
the introduction of at least two genetically distinct canid popula-
tions to Australia: one population from which western dingoes 
(including our ancient Nullarbor dingoes) derive almost all of 
their ancestry, and—perhaps more recently—another population 
that was closely related, but with a greater affinity to present-day 
New Guinea singing dogs. In this first scenario, gene flow between 
the ancestors of New Guinea singing dogs and dingoes occurred 
outside of Australia, perhaps reflecting ancient structure or differ-
entiation within a shared ancestral population located somewhere 
in island southeast Asia. However, a scenario involving the 
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movement of New Guinea singing dog individuals to eastern 
Australia—and their subsequent absorption into the local dingo 
populations through interbreeding—could also explain our 
results. A final scenario involves the introduction of at least one 
ancestral dog population to Australia, which expanded and differ-
entiated into locally distinct dingo populations, one of which 
(from eastern Australia) subsequently transmitted alleles to the 
population from which present-day New Guinea singing dogs are 
primarily derived. These scenarios are not mutually exclusive, and 
using our data we cannot exclude that recent gene flow between 
dingoes and New Guinea singing dogs was bidirectional.

The cessation of land connection between Australia and New 
Guinea by the early Holocene means that humans were almost 
certainly implicated in facilitating subsequent gene flow between 
ancient dingoes and New Guinea singing dogs, which may have 
occurred only in the last 3,000 y (Figs. 2 and 6 and SI Appendix, 
Figs. S1, S7, and S8). Despite a lack of evidence for gene flow 
between Indigenous Peoples from Australia and New Guinea 
throughout most of the Holocene (47), some authors have sug-
gested that Aboriginal Australian Peoples from northern QLD 
share some cultural traits with other peoples from Near Oceania, 
including New Guinea and/or the Torres Strait Islands (48–51). 
Aboriginal Australian Peoples from northern QLD also appear to 
have been traveling between the mainland and offshore islands 
during the mid- to late Holocene (52). Finally, there is precedent 
for overwater movement of dingoes by Aboriginal Australian 

Peoples—the Butchulla People, Traditional Owners of K’gari, 
facilitated movement of dingoes between K’gari and the mainland 
in pre-Colonial times (53). Together, these observations suggest 
the possibility of cultural interaction and trade, however limited, 
that may have provided a conduit for movement between Australia 
and New Guinea during the Holocene.

Conclusion. In this study, we demonstrate that modern dingoes 
inherit their population structure and the overwhelming majority 
of their ancestry from ancient dingo populations, which had already 
differentiated within Australia by ~2,000 B.P. Our new data from 
ancient dingoes, which predate post-Colonial hybridization between 
dingoes and other dogs, will be a valuable resource for future 
refinement of assays for determining dingo ancestry in conservation 
contexts. Finally, we contribute insights into the complicated 
relationship between dingoes and New Guinea singing dogs and 
highlight several models that may be tested by future studies. 
Validating these models will require genetic data from ancient dogs 
from northern Australia, island southeast Asia (e.g., Indonesia, 
Borneo, and/or the Philippines), and/or New Guinea, to reveal the 
extent of differentiation in the population(s) ancestral to dingoes 
and New Guinea singing dogs prior to (and immediately following) 
their arrival in Sahul. Long-term DNA preservation is relatively poor 
in hot and humid environments; however, the recent publication of 
genomic data from mid-Holocene human remains from Sulawesi 
(54) indicates that it is technically feasible to obtain data of the 
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Fig. 7.   Proportion of modern dingo genomes ancestry 
derived from a population represented by our ancient 
dingo genomes (as opposed to the genomes of breed 
dogs). These modern dingoes had previously been 
subjected to a microsatellite assay that uncovered no 
evidence for hybrid ancestry (i.e., they were presumed 
pure dingoes) with the exception of Alpine_Bargo, for 
which the level of dingo ancestry had not previously been 
tested. Ancient dingo ancestry is represented here by 
either Curracurrang 2k (Left) or Nullarbor (Right)—results 
are highly consistent regardless of which ancient dingo is 
used in the test. Ancestry proportion is represented by α 
(the f4 ratio). (A) shows the aggregate α value for modern 
dingoes when grouped into populations, whereas panel 
(B) shows that there is variability between individuals 
within populations.
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necessary age and geographical origin to cast further light on the 
origin of dingoes—it may only be a matter of identifying suitable 
specimens.

Materials and Methods

Samples. We sampled 42 ancient dingo specimens (Dataset S1). Seven spec-
imens were collected from archaeological sites in coastal NSW: Curracurrang 
Rockshelter and Balmoral Beach—the archaeological context of the Curracurrang 
Rockshelter specimens was described by Koungoulos et al. (17). Twenty seven 
specimens were collected from limestone caves on the Nullarbor Plain between 
2016 and 2018 as part of paleontological fieldwork led by one of us (ER) with 
the assistance of members of the Australian Speleological Federation. Two 
additional specimens (a skull and an ulna) were collected from Koonalda Cave 
on the Nullarbor Plain in 2018 by Keryn Walshe with the assistance of Clem 
Lawrie (Senior Custodian and Native Title Holder). We also sampled six ancient 
dingoes from different sites in South Australia and Western Australia from the 
South Australian Museum and Western Australian Museum collections, respec-
tively. To identify any background lab contamination and/or cross-contamination, 
negative (no template) controls were included alongside each batch of ancient 
dingo samples in all laboratory and analysis steps; we observed no evidence that 
contamination occurred at any step during our study.

To compare with our ancient dingoes, we obtained three K’gari dingo tissue 
(ear tag) samples that were collected by the QLD Parks and Wildlife Service 
(QPWS) as part of routine QPWS activities (in 2005, 2012, and 2014). Based 
on QPWS observations, these dingo individuals were not immediately related 
to one another, though the island’s dingo population is small [~70 to 173 indi-
viduals (55, 56)]. Previous commercial analysis of these samples by Zoological 
Genetics (Adelaide, Australia) using the microsatellite assay established by 
Stephens (28) and Wilton et al. (29) indicated that all three individuals were 
pure dingoes [i.e., zero alleles diagnostic of dog ancestry; average 3Q scores 
>0.1 (43)]. We also downloaded previously published data from 11 other 
modern dingoes, six New Guinea singing dogs, and 372 other domestic dogs, 
wolves, and other canids (3, 5, 37–39, 57–62) (Datasets S2 and S3). The 10 mod-
ern dingoes from Zhang et al. (5) that we included in our dataset had also been 
subjected to a microsatellite assay (at the University of New South Wales)—this 
assay (performed as a service for Zhang et al. by an author of the present study, 
JWOB) suggested they were pure dingoes [i.e., zero alleles diagnostic of dog 
ancestry; lod scores >2 (42)]. The eleventh dingo from which we downloaded 
genomic data, published by Freedman et  al. (39), had not previously been 
subjected to microsatellite testing as far as we are aware.

AMS radiocarbon dating was carried out on bone and tooth samples from 29 
of the ancient dingo specimens (three at the Research School of Earth Sciences, 
Australian National University and 26 at the Oxford Radiocarbon Accelerator Unit, 
University of Oxford). Radiocarbon ages for five specimens were obtained from 
a published study (17). All ages were calibrated using OxCal (63) v4.4 with the 
Southern Hemisphere calibration curve SHCal20 (64) (Dataset S1).

Laboratory Work. DNA was extracted from 13 ancient dingo specimens at the 
Australian Research Centre for Human Evolution (ARCHE) at Griffith University. 
DNA was extracted from an additional 29 ancient dingo specimens at the 
Australian Centre for Ancient DNA (ACAD) at the University of Adelaide. DNA was 
extracted from the three modern K’gari dingo samples in the modern DNA labo-
ratory at Griffith University. See SI Appendix for detailed DNA extraction methods.

DNA extracted from dingo samples at the ARCHE at Griffith University was 
subjected to Meyer and Kircher’s (65) library preparation protocol with the addi-
tion of Rohland et al.’s (66) partial UDG treatment as described in Wasef et al. 
(33). DNA extracted from 27 of the dingo samples at the ACAD at the University 
of Adelaide was also subjected to Meyer and Kircher’s (65) library preparation 
protocol (using truncated Illumina adapters) with the addition of Rohland et al.’s 
(66) partial UDG treatment and ligation of unique 7-mer 5′ and 3′ barcoded 
adapters during the ligation step. Additional libraries were created at ACAD from 
DNA extracted from two additional samples (ACAD19054 and ACAD19058) fol-
lowing the same protocol as described above but omitting the addition of Uracil 
Glycosylase Inhibitor (New England Biolabs), such that all uracils were removed, 
and using nonbarcoded adapters. Sequencing libraries were created from the 
DNA extracted from the three modern K’gari dingo samples using the Ultra II 

kit (New England Biolabs) following the manufacturer’s manual protocol. See 
SI Appendix for detailed library preparation methods.

Libraries created at ARCHE for six ancient dingoes underwent whole genome 
hybridization enrichment using modern domestic dog DNA (Dataset  S1). The 
other seven ancient dingoes (Dataset S1) underwent whole genome hybridization 
enrichment using baits based on modern K’gari dingo genomic DNA. Libraries 
created at ACAD for two ancient dingoes (Dataset S1) underwent enrichment for 
mammal mitochondrial DNA following the protocol described by Mitchell et al. (67). 
See SI Appendix for detailed hybridization enrichment methods. Libraries created 
at ACAD for the remaining 27 ancient dingoes were not subject to hybridization 
enrichment, nor were the libraries created for the three modern dingoes from K’gari.

Enriched libraries from ancient samples created at ARCHE were sequenced on 
multiple lanes of an Illumina HiSeq 4000 (1 × 100 bp single-end) at The Danish 
National High-Throughput DNA Sequencing Centre in Copenhagen (for samples 
D2 to D8) or an Illumina Hiseq X (2 × 150 bp paired-end) by Macrogen (for sam-
ples D10 to D16). Libraries created at ACAD were sequenced across multiple flow 
cells on an Illumina NextSeq 500 (high-output mode, 2 × 75 bp paired-end) by 
the Australian Genome Research Facility (AGRF) and an Illumina HiSeq X (2 × 150 
bp paired-end) by the Kinghorn Cancer Centre at the Garvan Institute of Medical 
Research. Pooled libraries from the three modern K’gari samples were sequenced 
on an Illumina HiSeq X (2 × 150 bp paired-end) by Novogene Bioinformatics 
Technology Corporation Limited in Beijing, China. See SI Appendix for detailed 
high-throughput DNA sequencing methods.

Ancient Genomic Data Processing & Quality Control. All ancient DNA 
sequencing data were processed using EAGER pipeline (68) v2.3.5 running with 
NextFlow (69) v21.04.2. In brief, AdapterRemoval (70) v2.3.1, was used to detect 
and trim adaptor sequences, followed by collapsing overlapping reads, after 
which we removed reads shorter than 20 bases. The remaining reads were aligned 
to the canFam3.1 reference genome using BWA (71) aln v0.7.17-r1188 (-n 0.01 
-l 1024 -o 2), and we deduplicated the mapped reads using “MarkDuplicates.
jar” in Picard Tools v2.22.9 (https://github.com/broadinstitute/picard). Finally, we 
soft-clipped two bases from the mapped read termini using BamUtil trimBam 
(72) v1.0.14 to eliminate the impact of DNA damage on variant calling (uracils 
were enzymatically removed during library preparation, except at the terminal 
nucleotide in some libraries; Dataset S2).

To authenticate aDNA, we first used the DNA damage profile generated using 
DamageProfiler (73) v0.4.9. We further explored the impact of contamination 
on each library using angsd (74) v0.933, where the contamination levels are 
estimated by comparing the level of heterozygosity of chromosome X to the 
autosomes. We contrasted these results against the contamination levels on the 
mitochondrial genomes using the Calico package v0.2 (https://github.com/pon-
tussk/calico), where for each ancient genome, the minor alleles count to major 
alleles counts ratio is calculated, and the 95% CI is estimated by contrasting the 
results against a reference database.

Additionally, we used quality control and visualization tools in FastQC v0.11.9 
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and fastP (75) v0.11.9 
to check sequencing quality, duplication levels, overrepresented sequences, and 
detection of residual adapter/barcode content. Finally, we used endorS.py v0.4 
(https://github.com/aidaanva/endorS.py), MTNucRatioCalculator v0.7 (https://
github.com/apeltzer/MTNucRatioCalculator), Sex.DetERRmine (76) v1.1.2, and 
Qualimap (77) v2.2.2-dev to estimate the endogenous content for each library, cal-
culate the mitochondrial to nuclear genome mapping ratio, assign genetic sex, and 
generate depth of coverage and other useful alignment quality metrics respectively.

Published Reference Datasets. We supplemented the dataset of ancient din-
goes we are introducing here with 10 modern dingoes and two New Guinea 
singing dog whole-genome shotgun sequenced samples sourced from Zhang 
et al. (5) (Dataset S2). We processed the sequencing data from these samples 
using EAGER pipeline as well with the following differences: we did not collapse 
overlapping reads, we aligned the reads to the CanFam 3.1 reference genome 
using BWA MEM (v0.7.17-r1188) with default parameters, and did not perform 
any clipping of read termini.

In addition, we used publicly available genome-wide dataset of modern 
canids from Plassais et al. (37), obtained in VCF format, and ancient canids from 
Berström et al. (3, 38) (Dataset S3), who collated data from a number of earlier 
studies (3, 5, 37, 38, 57–62) in PACKEDANCESTRYMAP format provided by Anders D
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Bergström upon request. We explored the inclusion of SNP-array-based genotyp-
ing data from modern dingoes [e.g., Cairns et al. (25)]; however, ascertainment 
bias associated with the SNP array data mean they could not be compared with 
SNPs generated from our whole-genome datasets (SI Appendix, Fig. S9).

Variant Calling. As the confidence of de novo variant calls from ancient genomes 
is low, we adopted a similar SNP ascertainment process as the one used by 
Bergström et al. (38) where we start with the variable loci from the large Plassais 
et al. (37) dataset, and only retain transversion polymorphic loci in coyotes, a 
known outgroup with no evidence of admixture with any canid populations out-
side of North America (3, 38). We used SequenceTools pileupCaller (v1.14.0.5; 
https://github.com/stschiff/sequenceTools) to generate pseudohaploid calls, 
where a homozygote diploid call is created by sampling one random sequencing 
read (with a mapping quality threshold of 20) at each of the 19.1 million biallelic 
SNP loci retained, while controlling for the two alleles. For all further analyses, 
the genotype data was merged with a subset of the datasets from Plassais et al. 
(37) and Bergström et al. (3, 38).

Principal Component Analysis. We used a representative sample of worldwide 
canine diversity for this analysis in PACKEDANCESTRYMAP format with Eigensoft 
SmartPCA (78, 79) v16000 with newshrink, inbreed, and noxdata parameters 
turned on and the numoutlier parameter set to zero. We tested with and without 
projection (lsqproject) and found that in our case it made no substantial difference 
to the results. Final results were plotted using ggplot2 (80) and R (81) v4.3.0.

qpWave and Sample Clustering. We conducted hierarchical clustering on 
ancient dingo samples to form analysis groups and determine whether the 
geographical patterns observed in the mitochondrial genome are also present 
genome-wide. We generated a distance matrix based on -log10 transformed 
qpWave P-values where we performed pairwise analyses of dingo groups as 
the left set and specified a global reference set of 24 right groups building on 
Bergström et al. (3) to capture any unique ancestry among the ancient dingoes:

CoyoteCalifornia, Ireland_Neolithic.Newgrange, Sweden_Neolithic.C88, 
Sweden_BronzeAge.C62, Croatia_Eneolithic.ALPO01, Israel_7000BP.THRZ02, 
Sweden_StoraForvar_4000BP.C94, AL2397_Italy.AL2397, AL2946_Plocnik.AL2946, 
OL4029_Spain.OL4029, Karelia_Veretye, OL4222_Greece.OL4222, Israel_2300BP, 
Germany_LateNeolithic.CTC, Germany_7k, Croatia_Neolithic_4900BP.SOTN01, 
Sweden_PWC, America_pool, Russia_Baikal_7k, Iran_ChL, Russia_Samara_3800BP.
C5, NewGuineaSingingDog, GermanShepherdDog, and Zhokhov9500BP.CGG6.

For all qpWave analyses, we used ADMIXTOOLS 2 (82, 83), with parameters 
allsnps=TRUE. From the qpWave distances, we formed an igraph object through 
the igraph package v.1.4.3 (https://github.com/igraph) and performed hierarchi-
cal clustering with pheatmap v.1.0.12 in R.

f-Statistics. We confirmed the unique ancestries of the two dingo clusters 
through symmetry f4-statistics of form f4 (Curracurrang 2k, Nullarbor; Test, Andean 
Fox) where Curracurrang represents data from samples Curracurrang 2019 bp 
and Curracurrang 2007 bp, Nullarbor represents data from samples Nullarbor 
892 bp and Nullarbor 1113 bp, and Test represents data from other ancient and 
present-day canine groups. We then assessed the relative affinity of a diversity of 
ancient canines to the two dingo groups through f4-statistics of form f4 (Nullarbor, 
Test; Curracurrang 2k, Andean Fox) where Test represents ancient and present-day 
canine groups. The proportion of dingo ancestry in modern-day dingo genomes 
was calculated as the ratio between two f4-statistics:

� (Dingo Ancestry Proportion)=
f4(Russia_Baikal_7k, AndeanFox; Test Modern Dingoes, EnglishCockerSpaniel)

f4(Russia_Baikal_7k, AndeanFox; Ancient Dingo Clusters, EnglishCockerSpaniel)
.

Finally, we assessed whether present-day dingoes in addition to ancient or 
present-day canines, are consistent with being formed through a mixture of the 
two ancient dingo groups through f3-statistics in the form f3 (Test; Curracurrang 
2k, Nullarbor) where Test represents ancient and present-day canines. All f-statis-
tics were computed with ADMIXTOOLS 2 (82, 83) with parameters allsnps=TRUE.

qpGraph. To understand the sequence of events leading up to dingo arrival into 
Australia, we started with the preferred model tested in Bergström et al. (38) as 
a scaffold to which we appended SE and NW Dingoes ancient clusters at all four 

possible positions that fit the f-statistics tested. We used ADMIXTOOLS 2 (82, 83) 
package to fit the four tested topologies and compute the likelihood value for 
each of the models (Fig. 5).

Timing of Admixture. The two best-fitting models tested using qpGraph 
involved an admixture pulse between SE Dingoes and New Guinea singing dogs; 
we used the DATES (84) package v753 (https://github.com/priyamoorjani/DATES) 
to estimate the timing of the admixture pulse. We tested both pulse directions 
as populations, as well as where either the source or target is a single sample. 
All the tests showed consistent results (Fig. 6).

mtDNA Analyses. For those samples with >0.01× average depth-of-
coverage in our nuclear genomic analyses, we extracted the pileup of reads 
aligned to the mitochondrion scaffold of the canFam3.1 assembly. Data 
for the remaining ancient dingo samples were processed separately. Raw 
sequencing reads were demultiplexed using “sabre” (http://github.com/
najoshi/sabre) according to their unique 7-mer barcode combinations. 
Using AdapterRemoval (70) v2.1.2 we trimmed residual adapters and low-
quality bases (<Phred20 –minquality 4); merged overlapping paired-end 
reads (minimum overlap = 11 nt); and discarded merged reads <30 bp 
(–minlength 30). Read quality was visualized using fastQC v0.10.1 (https://
www.bioinformatics.babraham.ac.uk/projects/fastqc/) before and after trim-
ming to make sure the trimming was efficient. Merged reads for each sam-
ple were mapped to the mitochondrion scaffold of the canFam3.1 assembly 
using BWA (85) v0.7.8 (aln -t 8 -l 1024 -n 0.04 -o 2). Reads with a mapping 
quality Phred score >30 were selected and retained using the SAMtools 
(86) v1.4 view command (-q 30), and duplicate reads were discarded using 
“FilterUniqueSAMCons.py” (87).

Samples with fewer than 1,000 unique reads mapped to the mitochon-
drial reference were excluded from further analysis, as were any sequences 
from putatively ancient specimens of unknown age (i.e., for which no radi-
ocarbon date was available). A final 75% majority consensus sequence was 
then generated for each of the remaining samples (n = 30) using Geneious 
v10.2.6 (https://www.geneious.com), calling nucleotides only for sites with a 
minimum depth-of-coverage of 2×. We used the MUSCLE (88) algorithm, as 
implemented in Geneious, to align the consensus sequences generated in 
this step with previously published sequences downloaded from GenBank. 
We then used PopART (89) to create a median-joining haplotype network (90) 
from this alignment, which comprised sequences from 16 ancient dingoes, 40 
modern dingoes, three New Guinea singing dogs, and three other domestic 
dogs with closely related haplotypes.

We used BEAST2 (91) v2.7.3 to generate a time-scaled phylogeny from our 
mitochondrial sequence alignment. In preliminary experiments, we attempted 
to use only the age of our radiocarbon-dated ancient dingo sequences to 
calibrate our phylogeny and estimate the substitution rate; however, a date 
randomization test and leave-one-out cross-validation tests indicated that 
the temporal information encompassed by these ages did not provide suf-
ficient power to estimate the substitution rate. Consequently, we placed an 
informative prior distribution on the substitution rate (normal distribution 
with a mean of 8.1941*10E-8 and SD of 5.3*10E-9) based on the results 
presented by Zhang et al. (44). Our final BEAST2 analyses used a Coalescent 
Constant Size tree prior and Optimised Relaxed Clock model. We used the 

TN93 substitution model, which was the best-fitting model according to the 
Bayesian Information Criterion in ModelFinder (92) as implemented in IQTREE 
(93) v1.6.2.

We ran three Markov chain Monte Carlo chains for 10,000,000 generations 
and took a sample of 10,000 states from each chain. Convergence of parameter 
values between the three chains and combined effective sample sizes >200 were 
assessed using Tracer (94) v1.7.2. The first 10% of samples from each chain were 
discarded as burn-in, and we combined the remainder using LogCombiner (91) 
v2.7.3. A total of 27,000 trees were summarized using TreeAnnotator (91) v2.7.3 D
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to create a maximum clade credibility tree with mean TMRCAs (calculated only 
for branches with posterior probability ≥0.9).

Data, Materials, and Software Availability. The DNA sequencing reads gener-
ated for this study have been deposited in the European Nucleotide Archive (ENA) 
(PRJEB75610) (95). Mitochondrial genome consensus sequences constructed 
from these data are available on GenBank (PP812314-PP812321 & PP812323-
PP812333) (96). Genotype files and other supplementary data are available on 
Figshare (DOI: 10.25909/25885747) (97).
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