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Recent genomic studies of both ancient and modern indigenous
people of the Americas have shed light on the demographic
processes involved during the first peopling. The Pacific Northwest
Coast proves an intriguing focus for these studies because of its
association with coastal migration models and genetic ancestral
patterns that are difficult to reconcile with modern DNA alone.
Here, we report the low-coverage genome sequence of an ancient
individual known as “Shuka Kaa” (“Man Ahead of Us”) recovered
from the On Your Knees Cave (OYKC) in southeastern Alaska (ar-
chaeological site 49-PET-408). The human remains date to ~10,300
calendar (cal) y B.P. We also analyze low-coverage genomes of
three more recent individuals from the nearby coast of British
Columbia dating from ~6,075 to 1,750 cal y B.P. From the resulting
time series of genetic data, we show that the Pacific Northwest
Coast exhibits genetic continuity for at least the past 10,300 cal y
B.P. We also infer that population structure existed in the late
Pleistocene of North America with Shuka Kaa on a different an-
cestral line compared with other North American individuals from
the late Pleistocene or early Holocene (i.e., Anzick-1 and Kenne-
wick Man). Despite regional shifts in mtDNA haplogroups, we con-
clude from individuals sampled through time that people of the
northern Northwest Coast belong to an early genetic lineage that
may stem from a late Pleistocene coastal migration into the Americas.
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he initial peopling of the Northwest Coast has received much

attention because of its proximity to Beringia and associated
implications for an initial coastal migration into the Americas
(1-3). Genetic clues for the peopling of the Northwest Coast,
however, may be obscured by later demographic events in the
region. Studies based on mtDNA and Y-chromosomal markers
suggest that populations in the region likely experienced ad-
mixture from other groups that entered the region after the
initial peopling (4-6). Studies using genome-wide data (7-9)
inferred ancient gene flow into North America likely stemming
from subsequent movements after the initial settlement. How-
ever, because of the limited genomic data from populations in
this geographic region, those studies leave questions regarding
the degree of temporal genetic continuity of Northwest Coast
populations.

In the Americas, the oldest thus far whole genome stems from
Anzick-1, dating back to ~12,600 calendar (cal) y B.P. and re-
portedly associated with Clovis technology (10, 11). Anzick-1 has
proven to be surprising in a broader genetic sense, showing

www.pnas.org/cgi/doi/10.1073/pnas.1620410114

greater affinity with Central and South American groups than
with Northern groups, despite the ancient burial existing in
North America (but comparative indigenous populations from
the United States are currently lacking). Shuka Kaa, unearthed
from On Your Knees Cave (Prince of Wales Island, AK), is not
associated with Clovis culture but instead, is associated with a
maritime tradition consistent with a coastal migration model and
has been dated at ~10,300 cal y B.P. (3). Shuk4 Kaa exhibited the
same mitochondrial haplogroup as Anzick-1 (12), suggesting a
link in maternal lineage. Approximately 300 km southeast of the
On Your Knees Cave archaeological site is Lucy Island off the
coast of British Columbia, Canada. This Il is the location of q:16
an individual, cataloged as 939, who died ~6,075 cal y B.P. (13).

Significance

The peopling of the Americas has been examined on the con-
tinental level with the aid of SNP arrays, next generation se-
quencing, and advancements in ancient DNA, all of which have
helped elucidate evolutionary histories. Regional paleogenomic
studies, however, have received less attention and may reveal a
more nuanced demographic history. We present genome-wide
sequences of individuals from the northern Northwest Coast
covering a timespan of ~10,000 y and show that continental pat-
terns of demography do not necessarily apply on the regional
level. Compared with existing paleogenomic data, we show
that geographically linked population samples from the North-
west Coast exhibit an early ancestral lineage and find that
population structure existed among Native North American
groups as early as the late Pleistocene.
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Fig. 1. Sampling locations of ancient samples and their associated mtDNA
haplogroups.

Individual 939 displays genetic affinity to Pacific Northwest coast
groups, such as the Coast Tsimshian (henceforth Tsimshian),
that currently live in the same region, but it is difficult to reject
939 as ancestral to both North and South American groups (9).

The only other ancient genome from North America is the
Ancient One (also known as Kennewick Man), unearthed in the
US state of Washington and dating back to ~8,545 cal y B.P.
(14). Kennewick Man also displays surprising results as an early
Holocene individual who resided in the Pacific Northwest. His
mtDNA belongs to the northern North America limited hap-
logroup X2a, but his nuclear genome shows affinities with Central
and South American populations, similar to patterns observed for
Anzick-1. However, a direct ancestry test shows the greatest link to
living individuals from the Confederated Tribes of the Colville
Reservation, a Native population living in the same geographic
region as Kennewick Man (14). On a broader scale, numerous
areas of the Americas exhibit patterns consistent with genetic
continuity of peoples in the same geographic region over time (9).

To test hypotheses related to different demographic scenarios
for the peopling of the Northwest Coast, we generated a low-
coverage genome (including the complete mitochondrial ge-
nome) for Shukd Kda from Alaska (Fig. 1 and Table 1). In ad-
dition, we generated two ancient low-coverage genomes, 302 and
443, from Prince Rupert Harbor (PRH), British Columbia (Fig.
1 and Table 1) dating to 2,500 and 1,750 cal y B.P., respectively.
Along with previously described genomes from the Americas, we
test two hypotheses about the peopling of the Northwest Coast.
First, we test whether the people of this geographic region show
temporal genetic continuity dating back to at least 10,300 cal y
B.P. Second, we test whether the ancestors of the Northwest
Coast experienced additional gene flow in the mid-Holocene to

further explore the previously observed shift in mtDNA hap-
logroups on the Northwest Coast (13).

Community Engagement

It is important to note that the interactions between scientists
and indigenous community members associated with this study
were and continue to be respectful. Shuka Kaa is the indigenous
name given to the ancient individual found in On Your Knees
Cave on Prince of Wales Island in southeast Alaska. His remains
were identified in 1996, the same year in which the Ancient One
was unearthed from the banks of the Columbia River near
Kennewick, WA. However, unlike the antagonistic relationships
that were to develop over the handling of the Ancient One’s
remains, T.E.F., a US Forest Service archaeologist, and other
researchers engaged with Tlingit- and Haida-speaking commu-
nities in Alaska and developed strong working relationships with

community members (details are in Datasets S1-S4). With ap-q:17

propriate tribal engagement and discussions, our analyses were
conducted on the last remaining tissue subsampled from Shuka
Kaa’s molars for DNA analysis before his repatriation to the
Tlingit and reburial in his ancestral land.

Farther south, J.S.C. and R.S.M. established a partnership with
the Metlakatla and Lax Kw’alaams First Nations in 2007 to aid in
the study of the population histories of those communities. They
are located in the PRH region of British Columbia. As part of the
active partnership, J.S.C. and R.S.M. visit the communities on a
regular basis to develop research studies and discuss interpreta-
tions of results as well as manuscripts written for peer review
publication. The First Nations agreed to allow destructive DNA
methods of samples of ancestral individuals analyzed in this study.

Results

A Mitochondrial Genome Reassessment. The complete mitochon-
drial genome of the Shuka Kéa individual belongs to haplogroup
D4h3a and was compared with 52 modern (available in Gen-
Bank) and 2 ancient D4h3 mitochondrial genomes (939 and
Anzick-1) (11, 13). The resulting tree (Fig. S1) clearly shows that
Anzick-1 is ancestral to the entire D4h3a clade, whereas the
ancient Northwest Coast mitochondrial genomes belong to two

different subbranches known as D4h3a9 and D4h3al2, with the q:18

latter here defined and encompassing a modern sample of an
individual currently living in Bolivia (SI Text).

Today, the haplogroup D4h3a is virtually absent in northern
North America. To the contrary, the mitochondrial genomes of
the more recent ancients from the Northwest Coast (443 and
302) are classified as A2 (Table 1), the most commonly reported
mitochondrial haplogroup of native North America. Thus, based
on the mtDNA data alone, it might be plausible that the native
people of the northern Northwest Coast experienced a drastic
change in their mtDNA gene pool in a rather short period,
possibly because of additional gene flow in the mid-Holocene
(mitochondrial genome change hypothesis). However, considering
that the mtDNA haplogroup frequencies are likely to change

Table 1. Sequencing results and whole-genome coverage

Sequencing Libraries Mean read  Whole-genome
Sample Age "CB.P. Age (cal yB.P.) mtDNA haplogroup Sex* strategy sequenced depth coverage
Shuka Kaa 9,200 + 50 10,344 + 83 D4h3a M Genome enrichment 8 2.85 0.059
443 1,820 + 55 1,750 + 70 A2d M Genome enrichment 2 4.01 0.560
302 2,440 + 75 2,498 + 142 A2p F Genome enrichment 2 4.74 0.701
939" 5,710 + 40 6,075 + 185 D4h3a7 F N/A N/A 5.15 0.343

F, female; M, male.

*Sex was determined from sequence reads using the method described by Skoglund et al. (27).
"Previously described by Raghavan et al. (9). Cal year conversion from radiocarbon dates was achieved with the method described by Fairbanks and

coworkers.
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radically because of drift in small populations over time (15), such a
mitochondrial genome discontinuity might simply be the result of
the limited number of complete mitochondrial genomes analyzed
from the area, particularly from ancient individuals (16). Thus,
because the mitochondrial genome can describe only part of the
ancestral genetic history of the Northwest Coast, we extended the
analyses to the entire genome to test alternative hypotheses.

Autosomal Genome Assessment. We used outgroup f; statistics to
assess the shared ancestry among the ancient individuals and
169 worldwide populations (9). Outgroup f5 statistics of a world-
wide dataset show that all four ancient individuals (Shukd Kaa,
939, 443, and 302) display greater affinity with Native American
groups than with other worldwide populations (Fig. 24 and Fig.
S3). Ranked outgroup f; statistics suggest that 939, 443, and
302 tend to share greatest affinity with Northwest Coast groups,
whereas Shuka Kéa ostensibly shows closer affinity to groups far-
ther south (Fig. S4). However, because of the low coverage of the
Shukéd Kaa sample, the relationship is not statistically significant.

To further elucidate the relationship among the ancient indi-
viduals of the Northwest Coast and their relationship to modern
populations, we examined maximum likelihood trees created with
TreeMix (17). C/T and G/A polymorphic sites were removed from
the dataset to guard against the most common forms of post-
mortem DNA damage (18). We observe that 302 and 443 form a
sister clade to the modern Tsimshian (masked for European an-
cestry) (Fig. S5 A and B, respectively). Individual 939 is an out-
group to both North and South Americans (Fig. S5C) as is Shuka
Kaa (Fig. 3B). However, adding a migration event introduces an
edge connecting Europeans and Shuka Kaa, which leads to Shuka
Kaa forming a clade with the Tsimshian and Athabascan (Fig. S6).
The signal may represent Native American dual ancestry (19) or
be a result of possible contamination (Table S1).

Principal components analysis reveals a tight clustering of 939,
443, and 302, which also overlap with modern North American in-
digenous populations (Fig. 2C and Fig. S7). Shuké K4a falls in close
proximity but overlaps with both North and South American groups.
The admixture clustering analysis shows a more complicated pattern,
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Fig. 2. Genetic affinity of Shuka Kaa and the other Northwest Coast prehistoric humans to global and regional indigenous populations. (A) Heat map
represents the outgroup f; statistics estimating the amount of shared genetic drift between Shuk4 Kéa and each of 156 contemporary populations since their
divergence with the African Yoruban population. (B) Maximum likelihood tree generated by TreeMix using whole-genome sequencing data from Raghavan
et al. (9) and with the Tsimshian genome masked for European ancestry. (C) Principal components analysis projecting Shuka Kaa, 939, 302, 443, Anzick-1 (11),
Saggaq (30), and Kennewick Man (14) onto a set of non-African populations from Raghavan et al. (9), with Native American populations masked for non-
native ancestry. (D) Cluster analysis generated by ADMIXTURE for a set of indigenous populations from the Americas, Siberia, the Arctic, and Greenland and
the Anzick-1, Kennewick, MA-1 (19), Saqqgaq, Shuké Kéa, 939, 302, and 443 samples. The number of displayed clusters is K = 8, which was found to have the

best predictive accuracy given the lowest cross-validation index value.

Lindo et al.

PNAS Early Edition | 3 of 6

ANTHROPOLOGY

311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330

338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620410114/-/DCSupplemental/pnas.201620410SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620410114/-/DCSupplemental/pnas.201620410SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620410114/-/DCSupplemental/pnas.201620410SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620410114/-/DCSupplemental/pnas.201620410SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620410114/-/DCSupplemental/pnas.201620410SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620410114/-/DCSupplemental/pnas.201620410SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620410114/-/DCSupplemental/pnas.201620410SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620410114/-/DCSupplemental/pnas.201620410SI.pdf?targetid=nameddest=SF7

373
374
375
376
3717
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434

443
302 Arctic

i p 443 ; Chim Northwest
enm A?noelf'tlga Chimp 303 Chimp Coast ﬁ%uépica P Coast
H : Northwest : .
Rejected Not Rejected  ggaet Not Rejected Rejected

Fig. 3. Hypothetical scenarios for the regional peopling of the Northwest Coast. (A) Scenario tested by the D statistic where Anzick-1 is basal to both Shuka
Kaa and South America, which is rejected, indicating a closer affinity to South America. (B) Scenario tested by the D statistic where Shuka Kaa is basal to
939 and both contemporary and ancient Northwest Coast individuals, which is not rejected. (C) Scenario tested by the D statistic where Shuka Kaa is basal to
ancient and modern Northwest Coast and South America, which is not rejected. (D) Scenario tested by the D statistic where 939, 443, and 302 are basal to the
Arctic (Yup'ik and Inuit) and contemporary Northwest Coast populations, which is rejected, indicating a closer affinity to contemporary Northwest Coast

populations. Supporting D statistics are listed in Table S2.

where Shukd Kda exhibits mainly components identified in
North American and Siberian/Arctic individuals as well as
smaller fractions found in South American populations (Fig.
2D). However, individuals 939, 302, and 443 all exhibit a major
component found in North American populations.

To further test the hypothesis that people of the Northwest
Coast exhibit a close genetic relationship with ancient individuals
from the same region, we used the D statistic (20). Given the
TreeMix admixture results between Shukd Kéa and European
populations, we performed a contamination correction to the D
statistic as described in the work by Raghavan et al. (19) using
observed D statistics with European populations (SI Text). Hy-
pothetical scenarios based on the D statistics are depicted in Fig.
3. The D statistic does not support a scenario of genetic conti-
nuity between Anzick-1 and Shukd Kda with respect to South
Americans (Fig. 34 and Table S2). The relationship of Shuka
Kaa, however, is more complex when examined with specific
North American ancient and modern groups. Comparing Shukd
Kaa with 939 and the more recent ancient individuals from the
Northwest Coast (443 and 302), we cannot reject an equally di-
verged relationship with respect to Shuké Kaa (Fig. 3B and Table
S2). However, we see the same relationship when the compari-
son is performed between both ancient and modern Northwest
Coast individuals and individuals from South America, where
Shuka Kéa is basal to both groups (Fig. 3C and Table S2). In-
dividual 939 displays a similar pattern with TreeMix and D sta-
tistics (Fig. S5C and Table S2), where the individual seems basal
to both the Northwest Coast and South America. However, the
admixture results show a predominately “North American”
component, and contamination-corrected D statistics for 939 in-
dicate a significant relationship toward the Northwest Coast
(Table S2, tests 17 and 18).

The D statistic did not reveal a signal of gene flow between
Arctic populations (Inuit and Yup’ik) and either the modern or
ancient Northwest Coast populations compared with Shuka Kda
(Table S2, tests 19-28). However, comparing the more recent
ancient individuals, the tree was rejected with 939, 302, and 443,
indicating greater affinity toward the Northwest Coast pop-
ulations than the Arctic (Fig. 3D and Table S2).

Because certain D (Table S2, tests 8 and 9) and f3 (Fig. S4D)
statistics yielded nonsignificant results, we next wanted to ex-
amine whether the basal relationship that Shuk4 Kda exhibited
to Northwest Coast and South American populations could be
caused by its age relative to the split time of those groups.
To address this hypothesis, we simulated genetic data with
FastSimCoal2 (21), which allowed us to sample Shuka Kéda 10,300 y
in the past (SI Text). We considered one scenario (scenario 1), in

40of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1620410114

which Shuké Kéa is on the branch leading to the Northwest Coast,
and another scenario (scenario 2), in which the sample was on a
branch that diverged earlier than the split of the Northwest Coast
and South American populations (Fig. S84). Results for
1,000 simulated replicates under each scenario are plotted in Fig.
S8B, indicating that only a small fraction of simulated replicates
from scenario 1 could reject the null hypothesis that Shuka Kéa is
equally diverged to the Northwest Coast and South American
lineages, although the simulations placed Shukd Kda on the
Northwest Coast branch. However, the reason for this lack of power
may be because of the amount of data (which we controlled to yield
a similar number of D statistic informative sites as the empirical
data). We, therefore, also considered a set of simulations where we
increased the expected number of D-statistic informative sites by an
order of magnitude. Results from these simulations (Fig. S8C) show
that the clear majority of simulated replicates from scenario 1 could
reject the null hypothesis that Shuka Kaa is equally diverged to the
Northwest Coast and South American lineages, with Shukd Kaa
having higher affinity to the Northwest Coast. Furthermore, results

Anzick-1
N
X
R
3
Saqqaq <
i a
>
Siberia Inuit Northwest South
America

d g
i

Fig. 4. Shuka Kaa in relation to other Native American groups. Schematic
showing Shuka Kaa placed on the branch leading to North Americans, which
is supported by simulation-based D statistics.
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for scenario 2 indicate that the null hypothesis is generally not
rejected as expected from the simulated scenario (Fig. S8 B and C).

We next considered models that examine a less direct re-
lationship between Shuké Kéa and the more recent ancient in-
dividuals in addition to the spread of the D4h3a mtDNA
haplogroup across the Americas. Because Anzick-1 from Mon-
tana predates Shuka Kda (~12,600 vs. ~10,300 y B.P.) and shares
the same mtDNA haplogroup, we performed D statistics to as-
sess their relationship. The tree with Shukd Kéa and 939 as sis-
ters relative to Anzick-1 is not rejected (Fig. S94). The trees with
modern Northwest Coast (mtDNA haplogroup A2) as sister to
either 443 (mtDNA haplogroup A2) or 302 (mtDNA haplogroup
A2) relative to 939 (mtDNA haplogroup D4h3a) are also not
rejected (Fig. S9B). These results are inconsistent with a change
in the overall gene pool of the Northwest Coast after the early
Holocene, although it led to the observation of very different
mitochondrial haplogroups detected over time in the region.

We also explored the relationship of Shuk4 Kda to Kennewick
Man (14), who was unearthed in Washington and dates to
~8,545 cal y B.P. Although Kennewick Man does not share the
same mtDNA haplogroup with Shuka Kéa, they coexisted within
1,700 y of each other (about 68 generations). In all tests with the
D statistic, Shukd Kdaa displayed a basal relationship to both
ancient and modern Northwest Coast populations with respect to
Kennewick Man (Fig. S9C and Table S2).

Discussion

These data support a shared ancestry for the indigenous peoples
of the Northwest Coast dating back to at least ~10,300 cal y B.P.
The individual supporting this scenario is Shukd Kaa, who be-
longs to mtDNA haplogroup D4h3a. Although both Anzick-1
and 939 also belong to this mtDNA haplogroup, later ancient
and modern individuals of the Northwest Coast do not (13, 22).
Despite belonging to different mtDNA haplogroups, Shukd Kaa
exhibits a close nuclear DNA relationship with 302 (~2,500 cal y
B.P.) and 443 (~1,750 cal y B.P.), both of whom belong to
mtDNA haplogroup A2, which is observed today at high fre-
quencies among modern Northwest Coast populations (22).
Thus, based on the limited mtDNA data alone, the hypothesis of
a change in the genetic composition of the Northwest Coast
appearing by the time of 302 and 443 might be plausible. How-
ever, our more extended genome-wide analysis does not support
a change in the genetic composition of the Northwest Coast
appearing by the time of 302 and 443, both of whom form a sister
clade with the Tsimshian (Fig. S5). Instead, we observe a trend of
genetic continuity through time, which is exemplified by individual
939 who displays affinities with both the more recent Northwest
Coast ancient individuals and Shukd Kda. Individual 939 shares
the same mtDNA haplogroup D4h3a as Shukd Ké4a while be-
longing to the predominant North American ancestry component
observed in 443 and 302 (Fig. 2D). Furthermore, previously
published complete mitochondrial genome data from individual
938 (13), who is similar in age and found on the same island site as
939, exhibit an A2 mtDNA haplogroup. These results indicate that
the two haplogroups were already present in the ancestral pop-
ulation and are not the result of later gene flow into the area.
Also of interest is the evidence for the placement of Shuka
Kdéa on different lineages than Anzick-1 and Kennewick Man
(Fig. S9D). Despite their shared North American geographies
and time periods as well as evidence that a single peopling event
occurred in the late Pleistocene (23), our analyses show that
population structure existed in the late Pleistocene of North
America. These data are concordant with the late Pleistocene
archaeological record documenting distinct contemporaneous ar-
chaeological cultures in different regions of North America (24).
We find that the placement of Shuka Kéa (based on D-statistic
simulations) is consistent with residing on a branch with modern
day indigenous people from the Northwest Coast, whereas Anzick-1
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Table 2. Ancient overlapping sites used for autosomal-based
analyses

PCA and
| 1 [ | f3 ADMIXTURE TreeMix
Shuka Kaa 245 (minimum); 1,906 (median); 2,327 1,044
1,914 (maximum)
302 7,656 (minimum); 56,400 (median); 59,205 29,592
56,500 (maximum)
443 9,881 (minimum); 75,000 (median); 79,233 35,620

75,170 (maximum)

fits separately on a branch that leads to the southern lineage,
including populations from Central and South America (Fig. 4).
Our result suggests that Shuké Kaa was part of a population closely
related to the ancestors that gave rise to the current populations of
the northern Northwest Coast.

On a broader scope, ADMIXTURE analysis revealed a com-
ponent that dominates contemporary North American populations,
which increases over time regarding the Northwest Coast (Fig. 2D).
We also observe a small fraction of this component in the 24,000-y-
old MA-1 individual from Siberia (19) (Fig. 2D). This result sug-
gests that the North American component reflects an early an-
cestral lineage that has drifted through time to high frequency on
the Northwest Coast.

It should be noted that, because of the highly degraded nature of
the DNA extracted from Shuka Kaa coupled with the lack of ad-
ditional available sample, the autosomal analyses had less than the
optimal number of overlapping sites (Table 2). This I is likely
the cause for the lack of significance in both the ranked f5 and D
statistics when regarding Shuka Kaa. In light of this [, pro-
jections that consider missing data and contamination corrections
were used to help mitigate the low number of sites available (S/
Text). Despite these limitations, the analyses presented here, taken
as a whole and compared with higher-depth samples, paint a sen-
sible and convincing picture of the peopling of the Northwest Coast.

We conclude that the Northwest Coast exhibits an ancestral
lineage that stems from the initial peopling of the region. The
observed temporal change of mtDNA haplogroups in the area
was probably caused by sampling, and no clear signs of gene flow
into the area after the first settlement have been identified.
Shuké Kaa, who lived some 10,300 y ago, was part of an ancestral
population that may have first populated the region but was dis-
tinct from ancestral populations related to Anzick-1. Although we
cannot use our data to identify the specific ancestral location of this
coastal lineage, the facts that Shuka K4a lived over 10,000 y ago
and that Anzick-1 is related to the South American lineage suggest
that the ancestral population likely existed north of the continental
ice before the deglaciation of the interior corridor sometime after
12,600 y B.P. (23). This inference is supported by both the
ADMIXTURE analysis showing a large component of an-
cestry of Shukd Kda shared with Siberian populations (the
yellow component) and previous analysis by Verdu et al. (25)
that suggests a closer relationship to Northeast Asian groups
by Pacific Northwest populations than Central and South
American populations.

The collaborative approach of this study shows an example of
how indigenous community members and scientific researchers
can work together in a positive and mutually beneficial way. In
addition, the results presented here reveal the power of regional
studies to elucidate demographic complexities, shedding light on
the peopling of the Northwest Coast and the early ancestral
lineages of North America.

PNAS Early Edition | 5of 6

ANTHROPOLOGY

Q33,34 559

560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578

586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620410114/-/DCSupplemental/pnas.201620410SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620410114/-/DCSupplemental/pnas.201620410SI.pdf?targetid=nameddest=SF9
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620410114/-/DCSupplemental/pnas.201620410SI.pdf?targetid=nameddest=SF9
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620410114/-/DCSupplemental/pnas.201620410SI.pdf?targetid=nameddest=SF9
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620410114/-/DCSupplemental/pnas.201620410SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620410114/-/DCSupplemental/pnas.201620410SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620410114/-/DCSupplemental/pnas.201620410SI.pdf?targetid=nameddest=SF9
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620410114/-/DCSupplemental/pnas.201620410SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620410114/-/DCSupplemental/pnas.201620410SI.pdf?targetid=nameddest=STXT

621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645 Q:23,24
646 Q25

647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682 Q:27

Q:26

Methods

DNA Extraction and Library Preparation. We used standard ancient DNA ex-
traction methods following stringent guidelines to work with ancient human
remains and conducted these in dedicated ancient DNA laboratories. DNA was
extracted from three teeth belonging to individuals Shuka Kaa, 302, and 443.
Furthermore, each DNA extract was converted into Illumina libraries (S/ Text).

Genome Enrichment. We captured from eight libraries of Shuka Kaa DNA with
the MyBaits whole-genome enrichment kit enhanced with protocol modi-
fications recommended for the study of ancient DNA (S/ Text). The eight
captured libraries from each individual were pooled and sequenced (single
end) on four lanes of an Illumina HiSeq 2000 run. Two captured libraries
from 302 and 443 were pooled and run on two additional lanes.

Contamination Estimates. Contamination estimates using the mitochondrial
genome were run on all three samples using the Scmutzi program described
by Renaud et al. (26). The method jointly estimates present day human
contamination and reconstructs the endogenous mitochondrial genome by
considering both deamination patterns and fragment length distributions.
Because Shuka Kaa and 443 were typed as male using the method described
by Skoglund et al. (27), contamination based on the X chromosomes was also
performed for these samples using the method described by Korneliussen
et al. (28) and applied through the ANGSD software suite (www.popgen.dk/
angsd/index.php/ANGSD). The Shuké Kéa sample did not have sufficient
coverage along the X chromosome to perform the estimate.
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f; And D Statistics. To test the genetic affinity of the ancient individuals with
global populations, we performed f; outgroup statistics using the method out-
lined by Patterson et al. (20). We also examined the genetic affinities of each
individual and various populations using ranked f; statistics, which are shown in
Fig. S4. To examine the relationship between the ancient individuals (Shuké Kaa,
939, 443, 302, and Anzick-1), we performed an ABBA-BABA test or D statistic (29)
using the definition used by ANGSD (28). The chimpanzee genome was used as an
outgroup sequence. The tests also included the whole genome of a contemporary
Tsimshian (9), which was masked for European ancestry, and all comparisons with
Shuka Kéa used a correction for European contamination as did several com-
parisons with 939 (S/ Text). To guard against potential bias from DNA damage in
the ancient individuals, transitions were not considered during the tests.
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SI Text

Community Engagement for Analysis of Shuka Kaa. Because this
study provides a positive example of how scientific researchers
and indigenous community members can engage with each other,
we are providing details of the communications between the two
that can be used as an example.

When human skeletal remains were identified at On Your
Knees Cave on July 4, 1996 during permitted paleontological
investigations on the Thorne Bay Ranger District of the Tongass
National Forest, the researchers halted their investigations and
notified the local Forest Service authorities. T.E.F., then a US
Forest Service archaeologist, after inspecting the remains and the
site, notified tribes that might consider this area traditional
territory. During the week after the finding of ancestral remains
and discussion with potential researchers and tribal culture
specialists, T.E.F., representing the Tongass National Forest,
engaged with representatives of three tribes: the Klawock Co-
operative Association (KCA), the Craig Community Association
(CCA), and the Organized Village of Kake (OVK).

Members of the KCA, the CCA, and the Sealaska Heritage
Institute (SHI) discussed whether to allow scientific research of
the ancestral remains. The OVK opted to defer to the KCA and
the CCA on this issue. Other Prince of Wales Island tribes were
notified of the ancestral remains but chose not to participate in
the decision process. In July of 1996, the KCA and the CCA
drafted and adopted resolutions giving approval to radiocarbon
date and analyze the artifacts and human remains identified at On
Your Knees Cave (Datasets S1-S4). In 2004, B.M.K. engaged
with the KCA, the CCA, and the SHI to discuss the potential for
ancient DNA analysis. After extensive discussions, although not
unanimous, the Tlingit supported the DNA study because of
their belief that indigenous ancestors lived in southeast Alaska
“since time immemorial” and also, because of the Tlingit cultural
value of Haa Shuk4 that the current generation is tied to both
ancestral and future generations and that the ancient individual
offered himself to learn about the past. The SHI adopted a
resolution to allow for destructive analysis of a molar from the
ancient individual for DNA analysis (Datasets S1-S4). Through
acumen of scientific and legal arenas, Tlingit community mem-
bers developed strong working relationships with scientists and
government managers that resulted in positive and mutually
beneficial relationships. The scientists and tribes created a
partnership where tribal representatives were involved in nearly
all aspects of the scientific research project.

In 2007, Kemp et al. (12) published mtDNA and Y-chromosome
analysis of the ancient individual, and the ancestral remains were
returned to the indigenous communities. The name Shuka Kéa is
the Tlingit name given to the ancient person by a Council of
Elders in 2008 shortly before the remains were reburied. A
marble headstone donated by Sealaska Corporation with Shukd
Kaa’s presumed date of birth and death marked the grave where
he was buried on September 25, 2008. The KCA and Craig
Tribal Association (CTA; formerly known as the CCA), with the
support of the SHI, Sealaska Corporation, and the Tongass
National Forest, celebrated Shuka Kdéa’s life on September
26 and 27, 2008. The Shuk4d Kda Honor Ceremony was attended
by over 600 guests, including the research scientists and tribal,
local, state, and federal dignitaries.

In 2014, B.M.K. engaged with R.W. on using the last remains of
the extracted molar for genomic analysis in this study. The results
of this study were shared and discussed with members of the SHI,
the KCA, and the CTA. Since the time of the burial, the spelling
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of the name of the ancient individual was corrected from Shuka q:2

Kda to Shuké Kaa.

Archaeological Context.

Shuka Kéa. The skeletal remains of Shukd Kéa are dated to
~9,200 + 50"*C y B.P. (12, 31) and were unearthed from On
Your Knees Cave (Site 49-PET-408) located on northern Prince
of Wales Island, AK. The spatial distribution of the remains
within the cave suggests that the individual was not intentionally
buried but instead, was deposited or redeposited in the cave,
possibly as a result of accidental death and postdepositional
taphonomic agents (3). The paleontological record of the south-
east Alaskan coast suggests that large areas were refugia during
the last glacial maximum, with continual use starting at about
17,200 y B.P. (32). Humans may have made use of the cave as
early as 12,000 y B.P.

Isotope analysis of the bone collagen revealed a long-term diet
of marine foods, with little sustenance derived from land sources
(3). The stone tools occurring in the same stratigraphic level as
the human remains but not directly associated with the individual
were manufactured with materials originating from nearby islands
and at least one mainland source. This evidence suggests that the
population associated with Shukd Kda comprised maritime-
adapted coastal navigators who participated in established
trade networks between adjacent islands and the mainland (3).
Lucy Island and PRH ancient individuals. The archaeological context of
the ancient individuals recovered from the PRH region, ranging
in age from ~6,500 to 1,750 cal y B.P., shows cultural continuity
between the ancient history of the region and the Coast Tsim-
shian communities described in historical times. Two of the
ancient individuals (302 and 443) derive from the PRH excava-
tion sites (33), whereas individual 939 (previously described in
refs. 9 and 13) stems from the Lucy Islands site 19 km west of
PRH. Seasonal occupations in the region date back to almost
10,000 y B.P. The Lucy Islands also have some of the earliest
evidence for housing in the form of a rectangular depression
dating to about 5,400 y B.P. The human remains recovered from
the site, including individual 939, were found adjacent to the
house depression and are the same age or slightly older. The
house depression is similar to more recent rectangular depres-
sions found in the PRH region dating from 2,500 to 1,500 y B.P.
(34). They likely were precursors of the ethnohistorical house
structures of the Coast Tsimshian.

DNA Extraction and Library Preparation. DNA extractions were
completed in ancient DNA laboratories at the University of II-
linois Urbana-Champaign, Washington State University, and the
University of Copenhagen. Ancient DNA extractions and PCR
amplification setups were completed in the ancient DNA labo-
ratory facility at the University of Illinois. The ancient DNA
laboratory is a positively pressured clean room with hepafiltered
air. The clean room contains an anteroom, and air flows from
the ancient DNA laboratory to the anteroom to the hallway.
Personnel working in the ancient DNA laboratory wear disposable
hairnets, facemasks, laboratory coveralls, and booties. All equip-
ment, reagents, and consumables are dedicated for use in the
ancient DNA laboratory. The ancient DNA laboratory is routinely
cleaned with bleach, and all containers are wiped with DNA Away
before placed in the ancient DNA laboratory. Personnel are re-
stricted from entering the ancient DNA after being in a contem-
porary DNA laboratory. A database containing mitochondrial
control region sequences is maintained of all personnel working in
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the ancient laboratory. Negative controls were used with every
DNA extraction and PCR setup to detect contamination origi-
nating from reagents or inadvertently caused during the proce-
dures. Also, a series of negative controls is routinely performed
in the ancient DNA laboratory to assess for general contami-
nation of the laboratory.

Teeth were used from each ancient individual for the extrac-
tion. Each tooth was soaked in 6% sodium hypochlorite for 3 min,
rinsed three times with UV-irradiated molecular-grade water, and
dried in a UV Crosslinker for 10 min to remove surface con-
tamination. Approximately 0.20 g tooth powder was incubated in
4 mL demineralization/lysis buffer (0.5 M EDTA, 33.3 mg/mL
Proteinase K, 10% N-lauryl sarcosine) for 24 h at 37 °C. The
digested sample was then concentrated to ~250 pL using Amicon
centrifugal filter units. After concentration, the digest was run
through silica columns using the MinElute Qiagen PCR Purifi-
cation Kit (Qiagen, Hilden, Germany) and eluted in 60 pL. DNA
extract.

Washington State University laboratory. The Washington State Uni-
versity laboratory was the former location of the ancient DNA
laboratory of B.M.K. Subsamples of tissue weighing ~54-121 mg
were carefully removed from subsections of Shukd Kéa’s first
and second molars reserved for genetic analyses before his
repatriation to the Tlingit and reburial. These samples of molars
were decontaminated by submersion in 6% (wt/vol) sodium hy-
pochlorite for 4 min (35). The sodium hypochlorite was poured
off, and the tissue was rinsed twice by submersion in DNA-free
water. DNA was extracted from the tissue following the modified
protocol of Kemp et al. (12) described by Moss et al. (36). Be-
cause this individual was previously determined to belong to
mitochondrial haplogroup D, each extract was screened for the
definitive marker of the haplogroup (i.e., Alul site loss at nu-
cleotide position 5,176) following the work by Kemp et al. (12).
After an extract was confirmed to contain mtDNA belonging to
haplogroup D and be free of contamination (i.e., exhibiting no
visual trace of nonhaplogroup D mtDNA on the gels after en-
zymatic digestion of the amplicons with Alul), it was sent to the
University of Illinois for additional processing.

Centre for GeoGenetics, Copenhagen, Denmark. A separate Shukd Kaa
sample was extracted and underwent shotgun sequencing at the
Centre for GeoGenetics in Copenhagen, Denmark using the pro-
tocols described in the work by Rasmussen et al. (11). The sample
was not subjected to enrichment or the uracil-specific excision
reagent specified below to permit detection of postmortem DNA
damage patterns (Fig. S1).

Library build. Libraries were created using the New England
Biolabs Ultra Kit (E7370S) following the manufacturer’s protocol
with the modifications performed in the work by Lindo et al.
(37). DNA purification was conducted with the MinElute Re-
action Cleanup Kit (Qiagen). The libraries were constructed with
the NEB USER Enzyme, which excises uracil bases that may be
a consequence of deamination. Library amplification was done
in two steps. The first round of amplification used the kit’s re-
agents and protocol with 12 cycles of 10 s at 98 °C, 30 s at 65 °C,
and 30 s at 72 °C. For the second round, we achieved a sufficient
DNA concentration for the whole-genome enrichment (~500 ng),
without excessive amplification, by creating four PCR reactions
from the initial amplified product and then pooling them before
applying the Qiagen MinElute PCR Cleanup Kit. For the second
PCR, we created a 50-pL reaction using 0.2 pM primers
P5 (5-AATGATACGGCGACCACCGA) and P7 (5'-CAAGCA-
GAAGACGGCATACGA) (38), 5 pL initial PCR, 25 pL Phusion
High-Fidelity PCR Master Mix with HF Buffer (New England
Biolabs), 3% DMSO (New England Biolabs), and 0.2 mg/mL BSA
(New England Biolabs). PCR conditions were as follows: 4 min at
98 °C and 10 cycles of 10 s at 98 °C, 30 s at 62 °C, and 30 s at 72 °C
with a final extension at 72 °C for 10 min. Library fragment sizes
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were confirmed via a BioAnalyzer High Sensitivity assay to be
above 130 bp.

Genome Enrichment and Illumina Sequencing. For each of the PRH
ancient samples (302 and 443), two whole-genome enrichments
were performed using the MyBaits Whole Genome Capture Kit
(Mycroarray). These individual captured libraries were pooled
and run on two lanes (single end; 100 bp) of the Illumina HiSeq
2000 at the High-Throughput Sequencing Division of the
W. M. Keck Biotechnology Center at the University of Illinois
Urbana—Champaign. Shuk4d Kda underwent eight whole-genome
enrichments and was sequenced on four lanes of the Illumina
HiSeq 2000. For the capture, the manufacturer’s protocol was
used with the following modifications: the hybridization tem-
perature was decreased to 50 °C for 24 h, the Qiagen MinElute
PCR Cleanup Kit was used instead of beads, a final heat elution
from the Streptavidin beads was performed with molecular
biology-grade water at 90 °C for 2 min, and the postcapture
amplification involved 12 cycles. Because of the degraded nature
and low endogenous DNA content (~0.22%) of the Shuka Kaa
sample, multiple rounds of PCR were needed after both library
construction and enrichment.

Genome Mapping and Shuka Kaa Special Processing. Raw data from
the Illumina HiSeq 2000 platform was base called with CASAVA
1.8.2. Sequences were demultiplexed with a requirement for a full
match of six nucleotide indexes that were used for library prepa-
ration. [llumina adapter sequences were trimmed using Trimmomatic-
0.32 (39) with a minimum length of 25 and by removing leading and
trailing quality or N bases below a quality score of three. Five bases
were additionally trimmed at each end of the reads to minimize the
effects of postmortem DNA damage. Trimmed reads were aligned
to the human reference genome hgl9 using Bowtie2-2.2.5 (40)
with a local realignment option and a seed length set to 1,000.
SAMtools-1.2 (41) was used to sort and remove duplicate reads
based on mapping positions. Because of the low average read depth
of the PRH and Shuka K4a individuals, genotypes were not called.
The resulting alignment files were further filtered for downstream
statistical analysis using a minimum mapping quality of 30 and a
minimum base quality of 30.

The Shuka Kda sequences exhibited extensive damage in both
tranversions and transitions at both the 3’ and 5’ ends, which was
likely caused by the heavy amplification needed to proceed with
enrichment and sequencing. The sample, therefore, was trimmed
for reference (hgl19) mismatches that exceeded a ratio of 0.1 using
BamUtil’s filter option (genome.sph.umich.edu/wiki/BamUtil:_
filter) before proceeding with all downstream analyses.

DNA Damage Patterns. DNA damage was assessed by examining
the C — T substitution rates toward sequencing starts and
complementary increase in G — A rates toward read ends using
MapDamage 2.0 (42). A specific pattern of DNA damage has
been identified in other ancient DNA studies (30, 43). These
studies show a pattern of increased DNA damage at the begin-
ning and end of degraded DNA fragments. MapDamage was run
on the shotgun sequencing runs without trimming. The results
show signatures of DNA, which suggest that the PRH ancient
and Shukd Kda sequences originate from ancient DNA tem-
plates and do not originate from modern contaminants (Fig. S1).

TreeMix Using Whole-Genome Sequencing Data. TreeMix (17) was
applied to the dataset to generate maximum likelihood (ML)
trees and admixture graphs from allele frequency data. For each
ancient sample, reads with mapping quality below 30 and nu-
cleotides with quality below 20 were not considered. A single
allele was sampled from each ancient sample and intersected with
the combined whole-genome sequence dataset used in the work
by Raghavan et al. (9). Sites in the Tsimshian individual were
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masked for European ancestry using the exact masking of
Raghavan et al. (9). Sites used for each individual were Shuka
Kaa, 1,044; 939, 20,270; 302, 29,592; and 443, 35,620.

The Yoruban population was used to root the tree (with
the —root option). We accounted for linkage disequilibrium
by grouping M adjacent sites (with the -k option), and we chose
M, such that a dataset with L sites will have approximately
L /M =~20,000 independent sites. At the end of the analysis (i.e.,
number of migrations), we performed a global rearrangement
(with the —global option). We considered admixture scenarios with
m =0 to m =2 migration events. Each migration scenario was run
with 100 replicates, and the replicate with the highest likelihood
was chosen to represent the ML tree (m =0) or graph (m > 0) for
the given migration scenario.

Fig. 2B and Fig. S5 display the results for the ML tree with no
admixture (m =0) events. Here, both 302 and 443 fall as sisters
to the contemporary Tsimshian (Fig. S5 4 and B). Both 939 (Fig.
S5C) and Shuké Kaa (Fig. 2B) form an outgroup to North and
South American groups. However, with one migration event,
gene flow appears between Shukd Kda and European pop-
ulations (Fig. S6). This result may be a product of sample con-
tamination. Adding additional migration events with 302 and
443 does not change the positions of 302 and 443 relative to the
Tsimshian.

Outgroup f; Statistics. To test the genetic affinity of the ancient
individuals with global populations, we preformed outgroup f3
statistics (19) using the method outlined by Patterson et al. (20).
For each ancient sample, reads with mapping quality below
30 and nucleotides with quality below 20 were not considered. A
single allele was sampled from each ancient sample and inter-
sected with the SNP chip dataset in the work by Raghavan et al.
(9) that included 2,081 contemporary individuals sampled from
across the world. Sites in Native Americans were masked for
European ancestry using the exact masking used by Raghavan
et al. (9). We computed outgroup f; statistics of the form f3(A,
M; Yoruba), where A is one of four ancient individuals, M is a
contemporary non-African population from the SNP chip dataset
of Raghavan et al. (9), and Yoruba is an African population rep-
resenting the outgroup. Each individual had the following
overlap with the modern SNP data: Shuka Kaa, 245 (minimum),
1,906 (median), and 1,914 (maximum); 939, 5,720 (minimum),
43,310 (median), and 43,360 (maximum); 302, 7,656 (mini-
mum), 56,400 (median), and 56,500 (maximum); and 443, 9,881
(minimum), 75,000 (median), and 75,170 (maximum).

The f5(A, M; Yoruba) statistic measures the amount of shared
genetic drift between A and M since their divergence with
Yoruba. Lower values indicate less shared genetic drift, and
higher values indicate more shared genetic drift. Contemporary
non-African populations M for which an ancient sample A has
the highest f3(A, M; Yoruba) represent populations for which
the ancient sample has highest genetic affinity.

The genetic affinities of four ancient individuals with different
combinations of non-African populations are depicted in Fig. 24
and Fig. S3. We also examined the genetic affinities of each
individual and various populations by ranking outgroup f5 sta-
tistics, which are shown in Fig. S4. The two least ancient samples
from PRH (302 and 443) display highest affinity to populations
from the Northwest Coast (Fig. S4 A4 and B), reflecting the
findings from TreeMix, in which 302 and 443 fall with the Ath-
abascan and Tsimshian clade (Fig. S5.4 and B). The other ancient
sample from PRH (939) shows highest affinities to populations
from southwestern American and the Northwest Coast (Fig. S4C),
which is consistent with the TreeMix results, in which 939 falls
ancestral to all of the Native American samples (Fig. S5C). The
Shukd Kéa sample from Alaska shows highest affinity to individ-
uals from southwestern, Central, and South America (Fig. S4D),
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although the error bars are wide because of the samples’ low
coverage.

Sequence Data-Based D Statistic. To examine the relationship be-
tween the ancient individuals (Shuka Kda, 939, 443, and 302) and
other populations, we performed ABBA-BABA tests or D sta-
tistic (29) using the definition used by ANGSD (28). The statistic
tests the tree [((P1, P2), P3), O], where O is an outgroup to
populations P1, P2, and P3. If the null hypothesis, where D = 0,
cannot be rejected, then there is no evidence for gene flow either
between P1 and P3 or between P2 and P3. If there is a significant
deviation from zero, then we can reject the hypothesis of the tree
[((P1, P2), P3), O], and the data are consistent with gene flow
between P1 and P3 or between P2 and P3 depending on the sign
of the D. A Z score was used to determine the significance of the
test, whereby an absolute value greater than three (|Z] > 3) was
used as a critical value (29). The chimpanzee genome was used
for the outgroup. The tests also included the masked whole ge-
nome of a contemporary Tsimshian (T60) (9), which was masked
for European ancestry, and the whole genome of a Karitiana
individual (HGDP00998) (44). We also used the genomes of
Athabascan_1, Esk_17, and Greenlander_1 from ref. 9 to guard
against DNA damage from the ancient individuals; transitions
were not considered during the tests.

D-Statistic Contamination Correction. Given the TreeMix result for
Shukd Kda with one migration event (Fig. S6), where gene flow
is approximated between the ancient individual and a European
population, we performed a contamination correction before
proceeding with the D statistic. We also performed the correc-
tion with 939 with scenarios that approached significance. We
used the sequence of a Great Britain (GBR) individual from the
1,000 Genomes Project (HG00118) as a representative of the
population presumed to be the source of the contamination. We
then followed the method performed by Raghavan et al. (19).
Let Dgpurs kaa denote a D statistic involving the potentially con-
taminated Shuka Kda sample, and let Dgpr denote the identical
D statistic substituting GBR for the Shukd Kda sample. Fur-
thermore, let Dy, .. ... denote the D involving the Shuka Kaa
sample if it was not contaminated. Assuming a contamination rate
of ¢, we can write the D statistic for the potentially contaminated
Shukd Kaa sample as Dgyus ko = (1 = €)Dgpei kaa +¢DcBr. Rear-
ranging, we can estimate the D statistic corrected for contamination as

D _ Dk kia —¢Daar
Shuka Kaa — 1—c :

For the contamination rates, we used the mtDNA-based esti-
mate of 2.16% (c = 0.0216). We observed that the tests that
involved Northwest Coast populations exhibited significant
changes after the correction was performed, suggesting that the
contamination rate was affecting our results that were near signif-
icance (Table S2).

Simulation-Based D Statistics. Because D statistics did not reject
scenarios in which Shukd Kéa was basal to the split of the
Northwest Coast and South America, we wanted to test whether
we had power to reject the null hypothesis that Shuk4d Kda had
equal affinity to the Northwest Coast and South America. We
considered one scenario (scenario 1), in which Shukd Kaa was on
the branch leading to the Northwest Coast populations, and
another scenario (scenario 2), in which Shukd K4a was on a
separate branch that diverged from the ancestor of the North-
west Coast and South American lineages (Fig. S84).
Simulations were performed using FastSimCoal2 (21). We
simulated four sequences: one from chimpanzee, one from Shuka
K4a, one from the Northwest Coast lineage, and one from the
South American lineage. The sequence from Shukd Kda was
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sampled at 10.3 kya. We assumed a divergence time of 5 My of
chimp with humans and a split time of 15 kya of the Northwest
Coast and South American lineages. In addition, for scenario 2,
the separate lineage containing Shukd Kéa diverged from the
Northwest Coast and South American lineages 18 kya. We as-
sumed a constant effective size of 10,000 diploid individuals
across the tree, per-site per-generation recombination and mu-
tation rates of 2.5 x 107%, and a generation time of 25 y. We
performed 1,000 simulated replicates under each scenario, where
each replicate was based on 200 independent 100-kb genomic
regions. These parameters yielded a similar number of D-statistic
informative sites as we observed in our empirical dataset with
Shukd Kaa. For each set of 200 genomic regions (a simulated
replicate), we computed the D statistics as well as a Z score
based on a block bootstrap.

Principal Component Analysis. Principal component analysis was
performed on a subset of individuals from the dataset of
Raghavan et al. (9), which excluded African populations, using
EIGENSOFT (45) and included 199,285 sites. Each ancient in-
dividual had the following overlap with the modern dataset:
Shukd Kéa (2,327); 302 (59,205); 443 (79,233); and 939 (43,441).
Native American populations in the dataset were masked for
nonnative ancestry. Shuka Kéa, Anzick-1, Kennewick Man, 939,
443, 302, and Saqqaq were projected onto the components
inferred from these sets of contemporary individuals by using the
“Isqproject” option of smartpca. Heterozygote genotypes were
converted to homozygous before the analysis by randomly sam-
pling reads if positions were covered by multiple reads in each
ancient individual. To prevent DNA damage from skewing the
results, C - T and G — A transitions were removed from both
the contemporary and ancient individuals.

ADMIXTURE Analysis. We performed model-based clustering analysis
using the ML approach implemented in ADMIXTURE (46). We
ran ADMIXTURE on a reference panel of 917 individuals from
the work by Raghavan et al. (9), only including populations from
North America, Central America, South America, Siberia, the
Arctic, and Greenland. The analysis included 199,285 sites.
Each ancient individual had the following overlap with the
modern dataset: Shuka Kaa (2,327); 302 (59,205); 443 (79,233);
and 939 (43,441). Native American populations in the dataset
were masked for nonnative ancestry. We assumed K =3 to K = 15

Lindo et al. www.pnas.org/cgi/content/short/1620410114

ancestral clusters. For each value of K, 10 replicate runs were
performed, and the run with the greatest likelihood was se-
lected for additional analysis. Clusters K=2 through K = 7 are
presented in Fig. S10.

Because the ancient individuals had varying overlap with the
contemporary reference panel, we projected the ancient indi-
viduals onto the ancestral cluster allele frequencies inferred from
the contemporary individuals with the same method described in
ref. 47. This method also prevents the ancient genotypes from
affecting the clustering solutions of the contemporary individuals.
The low-coverage ancient genotypes were called in the same
manner as in the principal coordinate analysis. C - T and G —
A transitions were removed from both the contemporary and
ancient individuals.

Mitochondrial Genome Analyses. The complete mitochondrial ge-
nomes of 3 ancient and 52 modern individuals belonging to the
haplogroup D4h3a were phylogenetically compared by building a
tree under the maximum parsimony criterion (Dataset S1) as
previously described (6), and it is the only method that allows for
the identification of exact motifs of new subhaplogroups. Co-
alescence ages were estimated by using both ML and Bayesian
Evolutionary Analysis Sampling Trees (BEAST) computations.
In particular, the ML estimates were calculated using PAML 4.5,
in which the entire mitochondrial genome was partitioned into
control and coding regions and analyzed under the HKY85-type
substitution model with I"-distributed rates. The clock hypothesis
was confirmed by a likelihood ratio test. We used the same
model (HKY85 with I'-distributed rates plus invariant sites) and
a strict clock for the Bayesian computation performed with
BEAST 1.8.3. Radiocarbon dates of ancient specimens were
used as priors, and the entire D4h3 clade was set as mono-
phyletic using rCRS (48) as an outgroup and approximating the
maximum root eight (corresponding to the L3 node) at ~65 kya
(95% confidence interval = 60-70 kya) as in previous studies (6).
The chain length was set at 107, disregarding the first 10% of
data and logging the parameter values every 10* states. The final
trace was explored using Tracer 1.6. The same BEAST settings
were used to estimate the ages of haplogroup D4h3 (and its
subclades) and infer population size changes in the population(s)
carrying the D4h3 haplogroup through a Bayesian skyline plot.
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Fig. S2. DNA damage patterns for the ancient individuals. Random subset of all mapped reads for each ancient individual. The mismatch frequency is relative
to the reference as a function of read position: Cto T in red and G to A in blue.
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Fig. S3. Genetic affinity of the ancient individuals to contemporary human populations: (4) 302, (B) 443, and (C) 939 all show greater genetic affinity with
Native American groups than other global populations. Heat maps summarize the outgroup f3 statistics that estimate the amount of shared genetic drift
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Fig. S4. Ranked outgroup f3 statistics examining shared genetic history: (A) 302 and (B) 443 both show a close relationship to indigenous populations from
the Northwest Coast, and (C) 939 also has close affinity to individuals from the Northwest Coast but also, the Yaqui from the American Southwest. (D) Shuka

Kaa shows a close affinity to populations from the American Southwest; however, the rank is not statistically significant.
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Fig. S5. ML trees. ML tree generated by TreeMix using whole-genome sequencing data, with the Tsimshian genome masked for European ancestry: (4) 302,

(B) 443 and (C) 939.
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into the Pacific Northwest clade (Athabascan and Tsimshian), with an edge connecting Shuka Kaa and Europeans. This result may be a product of contami-

nation (Table S2).
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Fig. S7. Principal components (PC) analysis (PC2 and PC3). Shuka Kaa, 939, 302, 443, Anzick-1 (11), Saqgaq (30), and Kennewick Man (14) are projected onto a

set of non-African populations from the work by Raghavan et al. (9), with Native American populations masked for nonnative ancestry.
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Fig. S8. Simulated Z-score distributions for different scenarios relating Shuka Kéa to Northwest Coast and South American lineages. (A) Two scenarios relating
Shuka Kaa to Northwest Coast and South American linages. Scenario 1 places Shuka Kaa on the branch leading to Northwest Coast groups. Scenario 2 places
Shukéa Kaa ancestral to both Northwest Coast and South American groups. (B) Distributions of Z scores under each scenario, in which each distribution is
computed from 1,000 independent simulated replicates and where each replicate is based on 200 independent 100-kb genomic regions. The number of
D-statistic informative sites is similar to the number in our empirical dataset with Shuka Kaa. Only a small fraction of simulated replicates for scenario 1 is able
to reject the null hypothesis, although Shuka Kaa is on the Northwest Coast branch. In contrast, the majority of replicates for scenario 2 cannot reject the null
hypothesis as expected. (C) Distributions of Z scores under each scenario, in which each distribution is computed from 1,000 independent simulated replicates
and where each replicate is based on 200 independent 100-kb genomic regions. The number of D statistic informative sites is an order of magnitude larger
than in B. A large fraction of simulated replicates for scenario 1 is able to reject the null hypothesis, indicating that Shuka Kaa has higher affinity to the
Northwest Coast than to the South American lineage. Therefore, more data provided us with the power to reject the null hypothesis. In contrast, the majority
of replicates for scenario 2 still cannot reject the null hypothesis as expected.
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Fig. S9. Scenarios tested by the D statistic involving the spread of mitochondrial haplogroups in the Northwest Coast. A supports Anzick-1 being basal to both
Shuka Kaa and 939, which all share the D4h3a haplogroup. B supports Anzick-1 being basal to 939 and 443/302, which carry the mitochondrial haplogroup A2.
Csupports Shuka Kaa as basal to Kennewick Man and the younger ancients from the Northwest Coast. D supports a closer relationship between Anzick-1 and
Kennewick Man than to Shuka Kéa. Table S2 shows sequence-based D-statistic results.
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Fig. $10. Cluster analysis generated by ADMIXTURE. Set includes indigenous populations from the Americas, Siberia, and the Arctic, Greenland and the
Anzick-1, Kennewick, Saqqgaq, Shuka Kaa, 939, 302, and 443 samples. The number of displayed clusters is K = 2 through K = 7.

Table S1. Contamination estimates based on mitochondrial and X-chromosomal data

Sample Method Mean coverage Contamination estimate ~ Pvalue  95% Confidence intervals
Shuka Kaa Mitochondria 101.46 0.02 N/A 0.01-0.03

Shuka Kéa X chromosome  Insufficient coverage — — —

302 X chromosome 3.98 0.008 1.23x107°

302 Mitochondria 164.39 0.01 N/A 0.00-0.02

443 Mitochondria 183.90 0.01 N/A 0.00-0.02
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Table S2. Sequence-based D statistics

Test V4 Y X D statistic SE Z score D statistic corrected* SE Z score Figure
1 Anzick-1  Shuka Kaa 443 0.07639752 0.01890633 4.040844 0.07425173 0.01126007  6.594251  Fig. S6
2 Anzick-1  Shuké Kaa 302 0.1215492  0.02157855 5.632872 0.132017 0.02036344  6.48304 Fig. S6
3 Anzick-1  Shuka Kaa 939 0.05583756 0.02655283 2.102885 0.05890426 0.03539308  1.664287  Fig. S6
4 Anzick-1 | Shuka Kda | Kennewick | —-0.1488178 0.03776425 —3.940706 —0.1399817 0.03768238 —3.714778  Fig. S6
5 Anzick-1 | Shuka Kaa | Karitiana | —0.1 0.01634114  -6.119523 —0.1091605 0.01603733 -6.806647  Fig. 3A
6 Shuka Kéa Tsimshian Athabascan -0.03193613 0.03147981 —1.014496 0.1039187 0.03577532  2.904699 —
7 Shuka Kaa Athabascan Kennewick -0.04731861 0.05731246 —0.825625 -0.0437018 0.0507274  -0.861502 —
8 Shuka Kéa  Karitiana  Athabascan —0.0223518  0.02228589  —1.002957 —0.02941176 0.04035663 —0.728796  Fig. 3C
9 Shuka Kaa Karitiana Tsimshian 0.01579467 0.02425089 0.6513026 0.01526104 0.02447883  0.6234384 Fig. 3C
10 Shuka Kaa 939 443 0.05988701 0.03436534 1.742657 0.03121808 0.04262305  0.7323999 Fig. 3B
11 Shuka Kaa 939 302 0.1008264  0.04208303 2.395893 0.1383589 0.05131352  2.696321  Fig. 3B
12 Shuka Kaa 939 Tsimshian  —0.09117221 0.0380607 —2.395443 —0.02724043 0.01451433 -1.876795  Fig. 3B
13 Shuka Kaa 939 Kennewick —0.04035874 0.06831446 —0.590779 0.005610852 0.08670631  0.0646166 Fig. S6
14 Shuka Kaa 302 Kennewick  0.01503759 0.06298859 0.2387352 0.01526104 0.02447883  0.6234384 Fig. S6
15 Shuka Kaa 443 Kennewick —0.0437018 0.0507274 —0.861502 —0.04761905 0.132735 —0.358752  Fig. S6
16 Shuka Kaa 939 Athabascan —0.02339181 0.03708638 —0.630738 —0.04035874 0.06831446 -0.590779  Fig. 3B
17 939 Athabascan  Karitiana 0.03644538 0.00917138 2.973817 0.02750544 0.00736812  3.733041 —
18 939 Tsimshian Karitiana 0.04521475 0.00956955 2.724854 0.03587975 0.00969878  3.699408 —
19 Shuka Kda Tsimshian Yup'ik 0.06519655 0.02374105 2.746152 0.07499347 0.01714268  4.374664 —
20  Shuka Kaa Tsimshian Inuit 0.05819593 0.0220833 2.635291 0.08775409 0.02309288  3.800049 —
21 Shuka Kaa Athabascan Inuit 0.03925417 0.02249508 1.745011 0.06118252 0.0178027 3.436698 —
22 Shuka Kaa Athabascan Yup'ik 0.0343853  0.02322224 1.480705 0.06519655 0.02374105  2.746152 —
23 Shuka Kaa Inuit 302 —0.08787432 0.02235151 —3.931472 —0.01849764 0.00906124 —4.041402 —
24 Shuka Kaa Inuit 443 —0.07419712 0.02015663 —3.681027 —0.04598959 0.01015894 -4.527009 —
25  Shuka Kaa Inuit 939 0.02229055 0.02857812 0.7799864 0.0210728 0.03066293  0.6872402 —
26  Shuka Kaa Yup'ik 302 —0.08775409 0.02309288 —3.800049 —0.03443418 0.00787645 -4.371786 —
27  Shuka Kaa Yup'ik 443 —0.09149856 0.01999172 —4.576824 —0.04298268 0.00773691 —5.555533 —
28  Shuka Kaa Yup'ik 939 —0.01936483 0.0282451 —0.685599 —0.04068522 0.05322185 -0.764445 —
29 939 Inuit Athabascan -0.07921773 0.00851659 —9.301574 N/A N/A N/A Fig. 3D
30 939 Yup'ik Tsimshian | —0.07381749 0.00986385 —7.483635 N/A N/A N/A Fig. 3D
31 302 Inuit Athabascan —0.09807331 0.00810703 -12.09731 N/A N/A N/A Fig. 3D
32 302 Yup'ik Tsimshian | —0.1061131  0.00963526 -11.013 N/A N/A N/A Fig. 3D
33 443 Inuit Athabascan -0.08621938 0.00762381 —11.30922 N/A N/A N/A Fig. 3D
34 443 Yup'ik Tsimshian = —0.1005294  0.00975614 —10.30421 N/A N/A N/A Fig. 3D

The sequences from Yup'ik (Esk17), Athabascan (Athabascan 2), Inuit (Greenlander 2), and masked Tsimshian are from the work by Raghavan et al. (9); the
sequences from the PaleoEskimos are from the work by Raghavan et al. (8). The Kennewick sequence is from the work by Rasmussen et al. (14), and the
Karitiana sequence derives from the work by Rasmussen et al. (11). Significant D statistics are those associated with scores of |Z| > 3. For the D statistics of the
form D(Chimp, (Z, (Y, X))), population Z is closer to population X than to population Y for D < 0, and it is closer to population Y than to population X for D > 0.
Significant D statistics are color-coded blue, where a closer relationship is represented between populations in blue relative to the third population in white in
the test [the Kennewick sequence from the work by Rasmussen et al. (14)].
*The corrected D statistic was performed for tests including Shuka Kaa and 939 as described in S/ Text, Sequence Data-Based D Statistic.
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AUTHOR QUERIES

AUTHOR PLEASE ANSWER ALL QUERIES

Q: 1_In SI Text, supplemental documents citations were changed to Datasets S1-S4. Please verify.
Q: 2_Please clarify “corrected” information in sentence “Since the time of the burial, the spelling...”

Q: 3_PNAS uses roman type for restriction enzymes and sites. Please check throughout the proof and
confirm/correct as necessary.

Q: 4_Figs. S1-S4 legends match Figs. S2, S1, S4, and S3. Please verify the figure order.
Q: 5_Please define “N/A” in Table S1 legend.

Q: 6_A-D deleted from Fig. S6 citations in Table S2, because they do not appear in the figure. Please
verify.

Q: 7_Please verify information in Table S2 legend and footnote and define “N/A.”






