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Abstract: Uniparental genetic systems are unique sex indicators and complement the study of
autosomal diversity by providing landmarks of human migrations that repeatedly shaped the
structure of extant populations. Our knowledge of the variation of the male-specific region of the
Y chromosome in Native Americans is still rather scarce and scattered, but by merging sequence
information from modern and ancient individuals, we here provide a comprehensive and updated
phylogeny of the distinctive Native American branches of haplogroups C and Q. Our analyses
confirm C-MPB373, C-P39, Q-Z780, Q-M848, and Q-Y4276 as the main founding haplogroups and
identify traces of unsuccessful (pre-Q-F1096) or extinct (C-L1373*, Q-YP4010*) Y-chromosome lineages,
indicating that haplogroup diversity of the founder populations that first entered the Americas was
greater than that observed in the Indigenous component of modern populations. In addition, through
a diachronic and phylogeographic dissection of newly identified Q-M848 branches, we provide the
first Y-chromosome insights into the early peopling of the South American hinterland (Q-BY104773
and Q-BY15730) and on overlying inland migrations (Q-BY139813).

Keywords: Y-chromosome variation; peopling of the Americas; haplogroups C and Q; phylogeny;
inland migrations

1. Introduction

The Americas were the last continents to be colonised by modern humans. For decades,
scientists of different disciplines have debated the modes and times of their peopling [1-5]
reaching a consensus on the Asian origin of the first settlers, their entrance from Siberia
across Beringia before 16 thousand years ago (kya) or even earlier [6,7], and a rapid south-
ward migration to the Southern Cone as attested by Monte Verde in Chile (~14.5 kya) and
other archaeological sites [8,9]. In the last decade, genomic analyses of modern and ancient
individuals have identified at least two ancestral Pleistocene components that, once entered
into North America, underwent splits and admixture while moving southward [10-12]. To
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explain these results, different models have been proposed [13]. More recently, additional
Pleistocene Indigenous components carried by still unsampled ancient populations (UPopA,
UPopl) were identified in Central and South America [11,14,15], adding further complexity
to the peopling scenarios. One of the main obstacles in obtaining a detailed genetic picture
of the Americas first peopling is the lack of clear and complete information about the
autochthonous gene pool because of the European colonization, the subsequent slave trade,
and numerous more recent events of gene flow. Due to the uneven male/female native
population decline and the high historical rate of European male-mediated admixture into
Native American communities, the Y chromosome gene pool was the most affected [16-19].

Although autosomal genome-wide data allow researchers to investigate genetic admix-
ture [20,21], and autosomes vs. X chromosome comparisons can assess sex-biased genetic
admixture [22-27], only the uniparentally transmitted genetic systems, the maternally
inherited mitochondrial DNA (mtDNA), and the male-specific region of Y chromosome
(MSY) provide direct insights into the paternal and maternal sources of genetic ancestry. In
addition, the fine-calibrated mtDNA and MSY molecular clocks [28-30] are key elements
to date prehistoric and historical events.

Although mtDNA founding haplogroups have already been well-characterised in the
literature [31-34], Native American MSY lineages still lack a high level of phylogenetic
resolution. This is mainly due to the heterogeneity of available data, consisting of markers
obtained either by sequencing targeted informative Y-chromosome regions [35-38], by
extracting Y-chromosome data from whole genome shotgun sequencing [15,29,39-41], or
through enrichment of selected sequences from ancient remains [14,42,43].

Here, we gathered Native American MSY sequence data from different approaches
and sources, which were analysed through a novel workflow. The aim was to obtain a
comprehensive and ascertainment-bias-free phylogeny as well as a diachronic view of
continental Indigenous MSY variation.

2. Materials and Methods
2.1. Dataset Construction

Our dataset was obtained by retrieving modern and ancient Y-chromosome sequences
potentially belonging to Native American haplogroups C and Q from the literature. In
addition, worldwide samples from the Human Genome Diversity Project [41] representative
of the major Y-chromosome haplogroups (A, B, C, E, I, G, ], O, R, and T) were included
in the phylogenetic analysis. All assessed samples are listed in Table S1, with additional
details, including the type of analysis performed.

The modern dataset consists of 425 males with Y chromosomes clustering within
haplogroups C or Q [10,29,36-41,44,45]. Sequences were divided into High Coverage (HC,
N = 147) and Low Coverage (LC, N = 278). The ancient dataset includes 293 samples
belonging to haplogroups C and Q [11,12,14,42,43,46-55]. The American double continent
is represented by 370 modern and 262 ancient subjects whose geographic locations are
shown in Figure S1. The phylogeography of the most common C and Q sub-haplogroups
was evaluated by also considering samples for which only the SNP genotyping classification
was available (Table S1).

2.2. Filtering and Coverage Estimation

Given the heterogeneity of the dataset, sequences were converted to the BAM format,
unless only VCEF files were available. The BWA-MEM algorithm v. 0.7.17 [56] was used
to align FASTQ sequences to the Hg19 human genome reference, and the SAMtools view
option [56] was employed to extract the Y chromosome from whole genome data.

Coverage estimation was assessed using the SAMtools depth command. Furthermore,
we calculated the percentage of positions covered in the total of ~10 Mb regions of interest
defined by Poznik et al. [35], by using a minimum depth threshold equal to 1. High
Coverage and Low Coverage samples were defined as those with a covered percentage
of the region of interest higher or lower than 66%, respectively. Samples that were only
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available in a VCF format were included in the HC category based on the filters applied in
the original studies [10,29].

2.3. Variant Calling, Merging, and Quality Control Filters

FreeBayes 1.3.4 [57] was used to perform variant calling within the ~10 Mb regions de-
fined by Poznik et al. [35], applying the following options: minimum mapping quality = 20,
minimum base quality = 20, minimum depth of coverage = 3, and non-ALT base exclusion
(-report-monomorphic); all the other settings were left as default. HC samples were merged
into a single VCF, excluding non-variant positions, InDels, Multi Nucleotide Polymorphism
(MNPs), as well as positions present in less than 90% of samples. Y-chromosome hap-
logroup assessment of each HC sample was performed with Y-LineageTracker [58], and
pivotal markers, coherent with the haplogroup classification, were imputed into the VCF
file. This was performed in order to minimise the bias caused by the heterogeneity of
sequenced regions.

Finally, the multi-VCF was converted into PHYLIP format using the python script
(vef2phylip.py) introduced by Ortiz [59].

2.4. Phylogenetic Analysis

RAXML v.8.2 (Randomized Axelerated Maximum Likelihood) [60] was used to per-
form the phylogenetic analysis, by running 1000 bootstrap replicates with substitution
model “ASC_GTRGAMMA” as in Pinotti et al. [38] and with ascertainment-bias correction
model “lewis”. A python script (Afterphylo.pl, https://github.com/qiyunzhu/AfterPhylo,
accessed on 3 December 2021) was employed to cut off from the final tree all the branches
that were drawn in less than 10% of bootstrap repetitions. Finally, the tree was re-rooted
with the Ete3 python package [61] setting the sample HGDP01029 (haplogroup Al) as
outgroup [41].

Phynder software (https://github.com/richarddurbin/phynder, accessed on 3 De-
cember 2021) was used to assign SNPs to the re-rooted tree, and pathPhynder [62] allowed
the classification of LC and ancient samples (AS). Finally, the output classification was
evaluated and manually adjusted for inconsistencies.

2.5. Time Estimates of Phylogenetic Nodes

The effective population size analysis was estimated on consensus multi-FASTA files,
produced from the combined multi-VCF dataset (assembled as described above) using
a reference-free python script created for this purpose, based on scikit-allel [63]. Molec-
ular dating of the main haplogroup Q sub-branches was then performed with a single
BEAST v2.6.6 analysis [64] using all HC samples. The following parameters were applied:
coalescent Bayesian skyline, a GTR substitution model (most fitting substitution model,
both in terms of BIC and AICc, as defined by “Find best DNA /Protein Models” MEGAX
function [65]), substitution rate of 1.74 x 10~10 [29], a relaxed clock rate, the median cali-
brated dates of ancient DNAs as calibration points, 50 million iterations, sampled every
1000 steps. The results obtained were combined after discarding the first 20% of each
replicate as burn-in using LogCombiner v.1.8.3 (http:/ /beast.community /logcombiner,
accessed on 3 December 2021). The trees were summarised using TreeAnnotator v.1.8.3
(http:/ /beast.community /treeannotator, accessed on 3 December 2021). The highest poste-
rior densities (HPD), which collect the most likely age distributions, were calculated for
each TMRCA considered, taking into account the Effective Sample Size (ESS) parameter.
Coalescent time estimates were obtained by combining .log files after discarding the first
2000 generations of each replicate as burn-in, and the results were visualised in Tracer
v1.7 [66]. Bayesian skyline plots (BSPs) were generated with Tracer v1.7 using as input the
files obtained in the previous BEAST analyses, recalibrated on the onset of a new generation
every 25 years and plotted with R [67].
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3. Results

Out of the 832 assessed Y chromosomes, 15 fell into haplogroup C and 703 into
haplogroup Q (Figure 1 and Figure 52). The remaining 114 sequences were excluded from
further analyses, as they were classified into non-American haplogroups (N = 51), or they
were too poor in quality to be placed in the phylogeny (N = 63).

American Non-American
(N=729) (N=103)
Modern | Ancient | Modern | Ancient
N =408 N =321 N=71 N=32
Q-M848 / Qlblalal 15 121 _ _
Q-M3 ‘Q-Y4276 / Qlblala2 3 5 . 9
Qlblala, b
Q-M1107 iQM3/Qlblala | oo 7
orss Q-7780 / Q1bla2 35 15
Q'lb‘la Q-1330/ Qlbla3 9 L
. QI54/Qlbla 5
Q-L53 7
QIbl Q-YP4010 / Qlblb- ) i 5
|
| Q-L53/Qlbl ‘
Q56 | T TTTTTTTTTTTTTTmTmTmmTmTmTTTomTOT
Qlb . Q-Y2659 / Q1b2~ 9
1
Q'gin L QL6 /_9}'2 ______ 1 31 1
Q-M212 S Ol 1 3 18 10
Q | pre-Q-F1096 / New 1 ) 1
CT Q1275/Q2 2 - 14
C-L1373 /C2a 4 1 1 4
C-M217 C-M217 / C2 R _ 1 1
C-M130 c /s mT T T mT T
C C-M38 / Clb2a 2 1
Samples not belonging to Hg-C or Hg-Q 36 2 12 1
Samples not included in the phylogeny (1) 2 57 4

Figure 1. Structure of the main haplogroup C and Q lineages observed in our dataset. In bold are
reported the absolute number (N) of American and non-American individuals analysed. Dashed
lines harbour samples classified into the related haplogroup but not better defined (missing positions
of informative downstream markers). ISOGG nomenclature (http:/ /www.isogg.org/tree/ Date of
access: 19 January 2022) is reported, when available; “New” indicate branches not reported. The
table reports the absolute number of individuals (N) belonging to each haplogroup. (1) Samples not
placed in the phylogeny due to their poor sequencing quality.

3.1. Phylogeny and Phylogeography of Haplogroup C'Y Chromosomes

Haplogroup C is a non-African haplogroup observed in Eurasia and one of the two
main clades characterising Native American Y chromosomes. It has been observed at
low frequencies in Athabascans and Algonquians from North America and in Indigenous
groups from north-western South America [17,68-73]. The North American Y chromosomes
were characterised by the marker P39 [69], whereas those from South America, initially
indicated as C3*, were recently classified as C-MPB373 [38], a sub-lineage of C-L1373, which
is mainly present in North Eurasia.

The phylogenetic structure of haplogroup C highlights the lack of American Hg C
Y chromosomes that could be useful to further resolve the phylogeny (Figure 2). Out of
the seven American Hg C samples included in our dataset, two ancient Brazilians (Bot15
and Bot17; ~500 years ago) belong to C-M38, a sub-haplogroup frequent in Indonesia
and Oceania [74]. Their presence in South America has been attributed to colonial ex-
changes [49]. The remaining are four modern samples from Colombia (PUT336, GUVS5,
and GVGO01) and Ecuador (9586_Waranka) and one ancient Brazilian specimen (CP19 from
Lapa do Santo; 9.85 kya). All of them fall into the recently described sub-clade C-L1373 [3§],
together with a few far-North-East Asians (Figure S3). In particular, the three Colombian
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and the Ecuadorian cluster into C-MPB373, suggesting that this branch might be specific to
north-western South America.

C-L1373%
CP19_Brazil T

C.MPB375 9586_Waranka_Ecuador

C2a2b

PUT336_NW_amz
C-MPB373
C2a2b GVG01_NW_amz

GUV85 NW_amz

C-F16218 ————— HGDP01244_China
New

CF1699xP39 17341_Russia T

NEO249 Russia T
C-L1373 C-F1699
C2a C2ala L 17340 Russia T

LP6005443-DNA_F05

1

1

! C-P39
1 C2alala

1

C-M217 e NEO239 Russia T

c2 C-F1067
C2b

HGDP01308_China

C-M130 S NEO253 Russia T

HGDP00545 New_Guinea

C-M38

Botl7 Brazil 1
Cl1b2a

Bot15 Brazil T

Figure 2. Phylogeny of haplogroup C sub-branches. C-L1373* identifies a Brazilian sample negative
for the markers of all other C-L1373 derived branches; dashed black lines indicate less-well-defined
samples (missing positions of informative downstream markers); (+) marks ancient samples. ISOGG
nomenclature (http:/ /www.isogg.org/tree/, accessed on 19 January 2022) is reported, when available;
“New” indicate branches not reported. The placement of the North American C-P39 (in red) is inferred
from Pinotti et al. [38].

Due to public raw data unavailability, our dataset does not include sequences be-
longing to C-P39, a branch that stems from C-F1699 according to Wei et al. [75] and
Pinotti et al. [38], parallel to C-F1699(xP39) that encompasses samples (ancient and mod-
ern) from Siberia and China.

Interestingly, the ancient Brazilian sample CP19 fell into C-L1373 but carried ancestral
alleles for C-MPB373, C-F1699, and downstream markers, including B473 that characterises
the North American C-P39 branch [38]. Therefore, the ancient specimen was classified as C-
L1373* identifying C-F16218, a new parallel branch comprising all the above-noted lineages.

3.2. Phylogeny and Phylogeography of Haplogroup Q Y Chromosomes

Haplogroup Q chromosomes are currently found in Eurasia and the Americas [76],
where they are almost entirely represented by the Q-M1107 clade [37,38]. Out of the
703 samples that we classified as members of haplogroup Q, 625 were from America and
only 9 of them belonged to lineages that are not American-specific: Q-L275, Q-F1096,
and Q-YP4010.

Q-L275 characterised two Central American samples (NA56 from Panama and AMZ139
from Colombia) belonging to its sub-branch Q-L245, which was previously reported across
Eurasia [30].

Q-F1096 was represented by Q-M120 (frequent in South-East Asia) in the Peruvian
HGO01944, and by Q-B143 (found in Siberia and North America) in ancient samples from
Alaska (I1126; 1.2 kya) and Greenland (Saqqag; 3.8 kya). Moreover, a 1.9 ky-old sample
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from Canada (I10427) was also classified as Q-F1096 but could not be better defined due
to the lack of informative markers for downstream haplogroups. Interestingly, a modern
sample from Alaska (Tsimshian) branches off prior to the Q-F1096 node, sharing only two
(out of 30) of its distinguishing mutations.

Finally, haplogroup Q-YP4010 (present across Asia), in America was only found in
two ancient samples: a 1.8 ky-old from Lovelock Cave, Nevada (Lovelock4) and a 500-year-
old Paleo-Aleut from the Aleutian Islands (10719). Both were classified outside a cluster of
ancient Siberians dated between 7 and 4.6 kya.

The vast majority of the American samples (575 individuals of the 670 placed in the
phylogeny, Figure 1) belonged to Q-M1107. This haplogroup includes Q-Z780 and Q-M3,
both previously described as pan-American founders [37,38], as well as Q-L804, observed
at very low frequency in Northern Europe [75,77] and not represented in the dataset used
to build our phylogeny. Haplogroups Q-Z780 and Q-M3 and their main branches (Figure 3
and Figure S2) are present in different proportions throughout the Americas. In particular,
Q-Z780 was observed at a lower incidence (50 over 670) compared to Q-M3 (525 over 670),
which was confirmed as the most frequent pan-American haplogroup (Figure 1). Within
haplogroup Q-M3, the sub-lineage Q-Y4276 was observed at relatively low frequency and
distributed mainly in North America, whereas Q-M848 characterised the great majority of
American Y chromosomes.

The phylogenetic structure of haplogroup Q-Z780 (Figure 4) was substantially enriched
in comparison with previous studies [37,38]. Its single well-characterised sub-branch, Q-
7781, encompasses the minor Q-Y2816 and the major Q-YP937. Whereas Q-Y2816 is almost
exclusively found in Mexico, the Q-YP937 sub-lineages, Q-MPB013 and Q-FGC12244,
occupy different areas.

Q-MPB013 was only detected in South America in an 8.6 ky-old ancient specimen from
Peru (10038), a 0.8 ky-old ancient sample from Chile (I11754), and two modern individuals
from Peru (9597_Aymara) and Brazil (9585_Maxacali). Moreover, Q-FGC12244, the other
Q-YP937 sub-lineage, was only observed from Mesoamerica to the Isthmo-Colombian
area. The structure of this sub-branch was noticeably improved in comparison with
previous studies, with the identification of Q-BZ1700 and its sub-lineages Q-Y166140 and
Q-Y166140d, which comprise almost exclusively Mexican samples.

It is of note that the previously reported Q-SA02 [37,78], parallel to Q-Z781, is not
represented in our phylogenetic analysis (Figure 3) due to the lack of HC data. Therefore,
two Panamanian LC samples (NA5 and NA62), classified as Q-SA02 by [37], are here
classified as Q-Z780 (xZ781). This minor lineage appears to be restricted to the Isthmo-
Colombian area.

Opverall, although Q-Z780 was observed throughout the double continent, its frequency
remains consistently inferior compared to Q-M3. In fact, Q-M848, the most represented
(Q-M3 sub-lineage, is by far the most frequent and widespread haplogroup throughout the
Americas [37,38].

In this work, 18 Q-M848 sub-lineages were observed, six reported here for the first time.
Most of Q-M848 sub-lineages include few samples, but some of them (Q-M925, Q-Z5906,
Q-Z5908, Q-Y780, and the new Q-BY104773 and Q-BY15730) appear well-structured and
locally differentiated, with no major signs of propagation in neighbouring areas.

Q-M925 (Figure 5) is most frequent in Mesoamerica and the Isthmo-Colombian area; it
includes three branches (Q-CTS748, Q-Y12421, and Q-Y26547) with different geographic
distributions: Q-CTS748 is mainly observed in Mexico and not reported south of El Salvador;
Q-Y12421 reaches considerable frequencies in the Isthmo-Colombian area [19]; Q-Y26547
is only found in three Brazilians from Amazonia [41]. Although not represented by any
sequence, Q-M925* was reported at a moderate frequency in Panama [19] and in a few
samples from Costa Rica, Guatemala, and Peru [37,79]. Our phylogeographic results
(Figure 5) are in accordance with previous reports. Moreover, the addition of ancient
samples (the Meso-American PS_07 and B_3 in Q-CTS748, the Venezuelan 117889, and the
Panamanian PAPV117 in Q-Y12421) highlights a territorial continuity of this lineage.



Genes 2022, 13, 220

7 of 22

Q-Y166140d

QBZ1718

QFGC12244f Q-BZ1021
-Z782
L) QY2816 2
Q-7780 oz
15.120.01 Q-z7%0
Q-Z780*
Q-Y4276
1420.02 QBY1365%2
-BY103727
Qosut o
-5K1956
Q—SK]955Q =
Q-SK195¢
Q-BY104773 QFT28196
1432002
Q-BY104773*
Q_M_l 107] QBY104773
QCTSH?
Q2775
QCT51002| o 2768 212286
Q-CTS4255)
_ QCTS25%5
e Gt
 ___ozven
Q-M925 QY1425
z Q-Y12421
13.5:0.03 QY2021
QY26547 Q-FT332038
D-M3
52z g
0.02 Q [
Q-BY15730
132+
0.02 T
Q-75908 ‘i .
10.7%0.01
219398
Q-Z19374, 2
Q-Z1939%]
QY817
Q-Y780
942002
Q-Z35764
Q-Z3915,
142006
Q-Z35841 12.3:0.03
e T
jres QCTSss7y
0.02 QCTS2731 f_:
11.4=0.06
-B43
Qz
Q-FGC4700;
Q-Y165186
10.6=0.02
Q-MPB117 7.5:0.06
Q-MPB09% 2.3+0.02
-PV821
QBYE986 fatict
2.820.04
Q-Y204724
Q18634
Q-FT336377
Q-FT273589
QFT274983
Q-SK1965
Q-M19
Q-5K1963
Q-Y210513
Q-Ms48

“Q-2780/ Qlbla
12632

°
929

go

Q-BY104773 / New
| e—taz0)

a®,

NS

S

Q-BY15730 / New

<
Y]
@9

P

Q-75908 / Qlblalali

- d

B o'

B

P i

Q-Y4276 / Qlblala2

%,

'Q-M925 / Qlblalale
. . * i
S

'. .
o, 5y
.. .
0
1057 o

A
Q-Z5906 /. Qlblalalh

¢
¢
k7

Q-Y780 / Qlblalalj

ﬁ ¢
E-.'g .

1 Q-M848/ Qlblalal 7

Number of subjects
1
10
20
230

Figure 3. Phylogenetic structure of the American-specific haplogroup Q-M1107. The maps on the
right show the geographic distribution of the major Q-M1107 sub-lineages. Ancient individuals are
indicated with their median calibrated age (cal BP, see Table S1 for details), or with a cross when age
was not available. ISOGG nomenclature (http://www.isogg.org/tree/, accessed on 19 January 2022)
is reported, when available; “New” indicate branches not reported. In the phylogeny, the estimated

ages of the main node (+5tDev) are reported in kya.
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Figure 4. Geographical distribution of Q-Z780 (ISOGG nomenclature: Q1lbla2—http://www.isogg.
org/tree/, accessed on 19 January 2022) and its main sub-lineages. Ancient individuals are indicated
with their median calibrated age (cal BP, see Table S1 for details), or with a cross when the age was
not available. The dashed line comprises Q-Z780 samples less well defined (missing positions of
informative downstream markers). In the phylogeny, the estimated age of the node (+StDev) is
reported in kya.

The newly identified Q-BY104773 lineage (Figure 6) includes two branches, Q-BY139813
and Q-FT281966. Both sub-lineages characterise modern individuals from North-West
Amazonia, but only Q-BY139813 also includes a group of ancient (~1.3-0.5 kya) Y chromo-
somes from the southern Caribbean area. A single ancient sample from Ayayema Cave
in Chile (A460; 5.1 kya) and a modern Brazilian (9595_Nambikwara, previously reported
as Q-M848 [38]), were classified as Q-BY104773*, as they did not belong to either of the
two branches.

The newly characterised Q-BY15730 (Figure 7) partially overlaps the distribution range
of Q-BY104773, and encompasses modern-day individuals from North-West Amazonia,
mostly from Tukanoan-speaking groups [36]. Eight sub-lineages were identified, showing
a gradient-like distribution from the Ecuadorian Andes to the border between Colombia
and Venezuela, with more basal sub-lineages in the West and younger-nested sub-lineages
in the East.

The remaining geographically well-structured Q-M848 lineages are distributed along
the Pacific Coast: the minor Q-Y780 sub-haplogroup is confined to the Andean territory,
whereas Q-25906 and Q-Z5908 include a fairly small number of individuals (2 out 122,
6 out 73, respectively) on the other side of the mountain range (Figure 8).
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Figure 5. Geographical distribution of Q-M925 (ISOGG nomenclature: Qlblalale—http://www.
isogg.org/tree/, accessed on 19 January 2022) and its main sub-lineages. Ancient individuals are
indicated with their median calibrated age (cal BP, see Table S1 for details), or with a cross when the
age was not available. The dashed line indicates Q-M925 samples less well defined (missing positions
of informative downstream markers). In the phylogeny, the estimated age of the node (+StDev) is
reported in kya.

For Q-Y780 a single sub-lineage, Q-Y817, was identified leaving nearly half of the
Q-Y780 sequences classified as Q-Y780%, including a 5.84 ky-old Peruvian sample.

In contrast, Q-Z25906 and Q-Z5908 are more frequent and more structured compared
to Q-Y780 and are highly frequent in Peru. Notably, Q-CTS4000, a major sub-branch of
Q-Z5906, was expanded with the identification of seven sub-lineages that comprise modern
and ancient Andean samples from Ecuador to Chile and an isolated Mexican individual
classified as Q-CTS4000 (xB37) as previously observed in [37]. Parallel to Q-CTS4000,
the minor sub-clade Q-Y165190 represents a few samples from the Andes, including a
4.08 ky-old sample from Chile (12260) and a modern individual from Argentina.

The distribution of Q-Z5908 resembles that of Q-Z5906 and it is mainly made up
of present-day Andean individuals. However, unlike Q-Z5906, Q-Z5908 includes more
samples out of the mountain range and a larger number of ancient individuals. In particular,
the 3.28 ky-old CUNO008 from Peru defines a new sub-lineage, Q-BZ2005, upstream of the
previously identified Q-25910 [37,38]. Q-BZ2005 harbours two ancient samples from
Bolivia (MIS7) and Peru (Lake Titicaca, IL7) both dated between 2 and 1 kya, together with
a modern Argentinian.
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Figure 6. Geographical distribution of Q-BY104773 (not reported in ISOGG, http://www.isogg.org/
tree/, accessed on 19 January 2022) and its main sub-lineages. Ancient individuals are indicated
by their median calibrated age (cal BP, see Table S1 for details), or with a cross when the age was
not available. The dashed line indicates Q-BY104773 samples less well defined (missing positions
of informative downstream markers). In the phylogeny, the estimated age of the node (£StDev) is
reported in kya.

Finally, other smaller and geographically poorly structured clusters were identified
downstream of Q-M848, namely: Q-Z19432, Q-Y165186, Q-FT336377, Q-CTS2731, Q-
SK1965, Q-BY65986, Q-M19, Q-Z35840, Q-SK1963, Q-Y210513, Q-MPB117, and Q-MPB096
(Figure 3 and Figure S2). Notably, most of these sub-clades, although quite rare, are un-
evenly scattered throughout South America (Figure S4). This suggests that they represent
what is left of unsuccessful lineages that originated before spreading throughout the subcon-
tinent, rather than the legacy of multiple recent locally restricted events. However, the small
number of encompassed samples limits the possibility of drawing clear-cut conclusions on
their origin and dispersal.

3.3. Age and Population Growth Estimates

Ages were estimated for all the main haplogroups of the phylogeny and, when the
number of represented samples allowed it, for their sub-haplogroups (Table S2). In ad-
dition, we compared the obtained estimates of the major clades with those previously
reported [37,38] (Figure 9).
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Figure 8. Geographical distribution of Q-Y780, Q-Z5906, and Q-Z5908 (ISOGG nomenclature:
Qlblalalj, Qlblalalh, and Qlblalali, respectively—http:/ /www.isogg.org/tree/, accessed on 19
January 2022) and their main sub-lineages. Ancient individuals are indicated with their median cali-
brated age (cal BP, see Table S1 for details). Dashed lines indicate samples less well defined (missing
positions of informative downstream markers). In the phylogeny, the estimated ages of the nodes
(£StDev) are reported in kya. (*) identifies samples negative for the markers of all derived branches.
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Finally, the effective population size estimates of Q-Z780 and Q-M848 are shown in
Figure 10.
100,000 Q-7780 100,000 Q-M848
10,0001 10,000
® B
é 10001 é 1000
Zz Z
100{ 100
0 i 8 2 16 0 4 8 12 16
Time (kya) Time (kya)

Figure 10. Bayesian skyline plots of Q-Z780 and Q-M848. Only Native American high coverage
(HC) Y chromosomes were considered (N =13, N = 81, respectively). The radiocarbon dates of the
following ancient individuals were used as priors for time estimates: Anzick-I[47], Ahur, Sumidouro5,
A460, [11], CUNOO08 [14] for haplogroup Q-M848; 12261 and 10038 [14] for Q-Z780. The x-axis is in
thousand years ago, and the y-axis shows changes in effective population size in logarithmic scale.
The darker lines trace the median estimates, and the shadings show 95% highest posterior density
intervals of the Ne. The time axis is limited to 16 kya, beyond which the curve remains flat.

The effective population size of Q-Z780 rapidly increases between 15 and 14 kya,
slowly reaching a plateau around 10 kya, until a second, slight sign of increase is observed
at 4 kya. In contrast, Q-M848 shows two rapid population growths, at 12.5 kya and at
9 kya, occurring in less than one millennium and separated by a very low, but steady, three
millennia expansion.

From the analysis carried out in the major Q-M848 sub-clades, it appears that the rapid
growths observed for Q-M848 are mainly due to the Q-M925 branch (Figure 11), which
masks the feeble increment of population size registered after 5 kya for the other lineages.
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Figure 11. Bayesian skyline plots of the most represented Q-M848 sub-clades. All Native American
(HC and LC) Y chromosomes were considered: the number of individuals per sub-lineage is reported
in the inset. Timing of events was estimated based on all the available ancient sample’s radiocarbon
dates (Table S1). The x-axis is in thousand years ago, and the y-axis shows changes in effective
population size in logarithmic scale. The coloured lines trace the median estimates of the related
clade. The time axis is limited to 15 kya, beyond which the curve remains flat.

4. Discussion

For decades, scientists have tried to shed light upon America’s first peopling and the
time and modes of the subsequent dispersal events. One of the main hurdles in disentan-
gling the genetic history of the American populations is the lack of detailed information
on their gene pool. This is due to the impact of European colonisation and the subsequent
slave trade. These events, associated with wars and diseases, led to a dramatic reduction of
the Indigenous people and therefore of their contribution to the present-day American gene
pool. This decrease was particularly accentuated for the Y chromosome, due to the uneven
male/female Native population decline and the high historical rate of male-mediated
admixture into Native American communities [27,37,80-82]. Now, archaeogenomics fills
this gap, allowing us to compare ancient with modern genomes [83], although merging all
types of Y-chromosome data is complicated by the heterogeneity of markers analysed and
regions investigated [62].

In this work, Y-chromosome data from several studies were employed to construct
the most up-to-date phylogeny of the Native American founding lineages. A dataset of
the Y-chromosome sequences potentially ascribable to American Indigenous clades was
assembled and a computational workflow was developed to insert modern LC and ancient
samples into a robust reference phylogeny built only with HC sequences. This approach,
based on the imputation of missing data in LC and ancient samples, allowed us to minimise
the bias caused by the different methods used in the original studies [62,84].

The phylogeny that we obtained supports and details the structure of Native American
haplogroups. We significantly increase the resolution of Q-M1107 and confirm haplogroups
C-MPB373, Q-2780, Q-M848, and Q-Y4276, together with C-P39 (not represented in our
phylogeny dataset), as the main Native American founding lineages. The paragroup C-
L1373*, observed only in one ancient sample, is a novel enrichment of the haplogroup C
phylogeny. The phylogeography of the major branches of the above-noted haplogroups
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indicates that C-L1373*, C-MPB373, Q-Z780, and Q-M848 were the first to colonize the
Americas, rapidly reaching the Southern Cone (Figure 12). However, the present-day
distribution of these clades as well the location and age of the affiliated ancient samples
indicate that their diffusion was due to different demographic events.
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Figure 12. Graphical summary of the main migratory events from North towards South America
according to the Y-chromosome variation. Dashed lines represent hypothetical migratory routes;
(t) marks archaeological sites.

First of all, haplogroup C, beside the North American C-P39, which entered the
continent with subsequent migrations [38], is only represented by a 9.85 ky-old C-L1373*
sample (CP19) from Lapa do Santo and by the C-MPB373 cluster. This sub-haplogroup
is placed downstream of C-L1373; it is mainly represented by present-day north-western
Amazonians, and a rough age estimate based mainly on LC data (only one sequence was
HC) suggests an ancient origin (9.4 + 0.1 kya). Thus, whereas the ancient Brazilian CP19
highlights the presence of C-L1373 in South America since at least 10 kya, the observation of
a different sub-clade in South-West America supports the scenario of two C-L1373 lineages
arriving with the first settlers. These lineages followed different routes and were probably
underrepresented, as one did not yield modern descendants and the other is now restricted
to very isolated Indigenous groups.

Q-Y4276, the minor clade of haplogroup Q-M3, is mainly observed in North America
and only sporadically in Siberia, Panama, and Brazil. Its age (13.9 kya) confirms an early
entrance, whereas its presence in Siberia has been attributed to a recent back migration [37].
No information is available to understand if the few subjects harbouring Q-Y4276 in Panama
and Brazil are the legacy of ancient migrations or the outcome of recent movements.

Unlike Q-Y4276, Q-Z780 and Q-M848 are observed throughout the Americas. Q-
7780 is the most ancient clade (15.1 kya) and has been found in ancient samples across
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the whole double continent—from Montana (Anzick-I, 12.6 kya) to Peru, Brazil, and
Argentina (9.2-8.6 kya). Yet, in modern individuals, Q-Z780 is mainly observed in Mexico
as Q-Z781. In contrast, Q-M848, which is slightly younger than Q-Z780 (14.8 kya), is
much more frequent and structured, including many parallel sub-clades, each with a
specific geographic localisation, suggesting several early differentiation events and a rapid
southward expansion.

Q-M925, occupying the northernmost region, is the Q-M848 sub-clade with the most
marked growth. Its distribution supports a Mexican origin as previously suggested [37],
and a differentiation while moving southward. Structure-wise, no major changes were
observed in the phylogeny of Q-M925. Notably, the presence of ancient samples from
Meso and South America (117889, 2.3 kya; PS_07, 1.5 kya; B_3) belonging to Q-Y12421
and Q-CTS748 suggests a territorial continuity of these lineages. Similarities can be recog-
nised between the distribution of Q-M925 and Q-Z780, in that they both harbour a major,
structured Mexican clade and a minor Isthmo-Colombian-specific lineage (Q-CTS748 and
Q-Y12421 for Q-M925, Q-YP921 and Q-SA02 for Q-Z780, respectively). However, the
spread of Q-M925 seems to have stopped with the entry in Colombia, as other Q-M848
sub-lineages characterise samples from South America.

In addition, we describe for the first time two geographically well-structured clades, Q-
BY104773 and Q-BY15730, which provide new insights into the peopling of South America.
They include samples from both the Andean mountain range and the Caribbean, thus
adding a missing tile to the genetic history of the subcontinent. Indeed, Q-BY104773
(14.3 kya), which is represented by modern individuals from North-West Amazonia, is
associated to a population growth slowly starting after 12.5 kya and then accelerating
before 5 kya, around the time when signs of intensive agriculture appeared along the
Neotropics [85]. A single ancient sample (A460; 5.1 kya) from Chilean Patagonia, classified
as Q-BY104773* would suggest the presence of the lineage amongst groups settled along
the Pacific Coast, although its expansion was clearly unsuccessful outside of North-West
Amazonia. The distinction between the Ayayema sample and the South American Q-
BY104773 cluster would be in line with genomic evidence that consider this individual
closer to the Lagoa Santa populations (10.4-9.8 kya) rather than to the rest of the Southern
continent [11]. It is likely that Q-BY104773 was present amongst the first settlers coming
from the Pacific Coast/Andes into the north-western Amazon (first signs of occupation in
the area date back to 14-12 kya [86]) and that the continuous population growth detected
represents their slow adaptation to the Amazonian environment. As previously pointed
out [87], resources were consistent along the Pacific Coast, favouring a rapid migration,
whereas tropical forests were not habitats with abundant and stable wild resources for
hunters and gatherers, and it would have taken several generations for the early settlers to
adjust to the new environment.

One Q-BY104773 sub-lineage, Q-BY139813, was also observed in ancient samples
(~1.3-0.5 kya) from the lower Caribbean. Interestingly, these specimens were all excavated
from Ceramic-associated sites, whereas ancient samples from archaeological contexts as-
sociated to the Archaic period (prior to the Ceramic) did not belong to the Q-BY104773
clade. This distribution provides further evidence for the migration of Ceramic Age people
into the Lesser Antilles and northwards, starting from ~2 kya, and points at the north-
western region of South America as their place of origin, in accordance with genomic
data [42,43]. Moreover, the absence of Q-BY104773 in Cuba is in agreement with archaeo-
logical data suggesting a stop of the Ceramic migration at the Greater Antilles, probably
due to the presence of Archaic-related groups [88]. In line with genomic analyses that
detected “two distinct ancestries in Cuba around 2700 to 2500 calBP [...] before the arrival of
Ceramic Age groups” [42], the two most ancient Cuban individuals (CIP009 and GUY002)
were classified as Q-M848 and Q-Z780, respectively. It seems natural to suppose that the
migration of Ceramic groups crossed Venezuela, but the absence of modern individuals
from this country does not allow us to assert it confidently. Furthermore, Q-BY104773 was
not observed in Ceramic-related samples from Venezuela, who instead appeared more
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related to Chibchan-speaking groups rather than to the Caribbean specimens, as also sug-
gested by autosomal data [43]. Indeed, one 2.3 ky-old Venezuelan individual fell into the
Isthmo-Colombian Q-Y12421. A further link between the Caribbean and the inner region of
South America is attested by the minor clade Q-SK1965 (Figure S3), which collects modern
individuals from Colombia, northern Brazil, and Puerto Rico.

Q-BY15730, the second major sub-clade reported here for the first time, tells a story
similar to that of Q-BY104773. Q-BY15730, observed in modern individuals from North-
West Amazonia, was dated at 13.2 kya, slightly before the first human traces in the area,
and its phylogeography draws a displacement from Ecuador/Colombia into the Amazon
region following river streams. The importance of rivers in the settlement and human
activities in this part of South America was previously discussed by Arias et al. [89], and
the distribution of Q-BY15730 points to a Pacific Coastal origin. It should be noted that
Q-BY104773, which is of similar age and occupies roughly the same area as Q-BY15730,
does not show such a marked cline in Colombia. A possible explanation for the peculiar
distribution of Q-BY15730 could be that it is mainly found in Tukanoan groups, where the
custom of patrilocality is particularly strong, thus strengthening the geographic separation
of male lineages [36,89].

Moving along the Pacific Coast, three main lineages (Q-25906, Q-Z5908, and Q-Y780)
are predominant. All three sub-clades stem directly from Q-M848 and are rather ancient,
with estimated ages of 12.4 kya, 10.2 kya, and 9.4 kya, respectively. Their near complete
absence outside the Andes attests the effectiveness of the mountain range in limiting the
movement of people and is in agreement with genomic data reporting a clear separation
between Andean and Amazonian populations [14,51,54,90]. Out of the three sub-clades,
Q-Y780 contains a limited number of mostly LC individuals, which restricts its analysis,
whereas Q-725906 and Q-Z5908 are comparable in distribution and level of structure. The
Bayesian Skyline analysis of these last two sub-clades reveals an early population growth
of Q-Z5908, starting from ~6.5 kya, shortly after the first appearance of crops in Peru [85],
and the expansion of Q-Z5906, accompanied by a steady minor growth of Q-Z5908, from
~2.5 kya, in conjunction with the expansion of agriculture and the rise of sedentary societies
in the region [91-98].

The remaining Q-M848 chromosomes either belong to small clusters or are ancestral
for the markers defining the sub-lineages noted above. Although it is difficult to draw
conclusions on the origin or dispersal of the minor sub-lineages, at the same time the
observation of still undefined Q-M848 individuals hints at the existence of different, yet-to-
be-identified Y-chromosome clades.

These results can be explained by the arrival of Q-Z780 and Q-M848 in Mexico prior to
15 kya, where they began differentiating while moving further South. This is in accordance
with the scenario originally proposed by Sandoval et al. [99] and later by Battaglia et al. [79].
In addition, our results suggest that as the Pleistocene populations spread rapidly across
the Southern continent, small groups settled in separate regions, differentiating locally.
The age estimates of the most ancient, major, and minor Q-M848 sub-lineages would
place these events around 14-12 kya (Table S2). With the subsequent adaptation to the
new environmental niches, the scattered populations grew at different times (as shown in
Figure 11), increasing the frequency of new local variants. Such a scenario is in agreement
with the most ancient archaeological sites distributed across South America, attesting a
stable occupation of the sub-continent around 14 kya [100].

As for the migration routes, the one along the Pacific Coast is evident in the distribution
of the major Andean Q-Z5906 and Q-Z5908 lineages, whereas the newly reported Q-
BY104773 and Q-BY15730 mark the entrance into the continental interior. The limited
number of individuals sampled from the remaining regions of South America prevents
us from fully comprehending times and modes of colonisation at the continental level. To
interpret the high level of variability already visible in the few individuals collected from
those areas would require further sampling along the Atlantic Coast as well as across the
central part of South America.
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5. Conclusions

Our analysis confirms haplogroups C-MPB373, C-P39, Q-Z780, Q-M848, and Q-Y4276
as the main Native American founding lineages. Moreover, the novel integration of modern
and ancient samples allowed us to trace unsuccessful or extinct Y-chromosome lineages,
revealing a broader haplogroup diversity among the human groups that initially entered
the Americas that cannot be retrieved using present-day DNA data alone. Namely, C-
L1373* was represented by the Brazilian 9.85 ky-old CP19, Q-YP4010* was found in the
1.8 ky-old Lovelock4 from Nevada, and pre-Q-F1096 was observed in the Tsimshian sample
from South Alaska.

Q-7780 and Q-M848, which include the majority of the American Indigenous Y chro-
mosomes, were most likely carried by the first settlers of the continent, together with
C-L1373. The distribution and age estimates of Q-Z780 and Q-M848 sub-lineages suggest
that they reached Mexico before 15 kya. From there, whereas some Pleistocene populations
started settling in the area giving rise to large local clusters (Q-YP921 and Q-CTS748, respec-
tively), others proceeded southward, settling as small groups along the way, differentiating
into local clades, like the Isthmian Q-SA02 and Q-Y12421, and the Andean Q-Z5906 and
Q-75908. The last two, as well as Q-Z780, best delineate the Pacific coastal route, where
consistently favourable conditions allowed a rapid spread.

Thanks to the identification of the two novel Q-M848 sub-branches, Q-BY104773 and Q-
BY15730, we provide the first Y-chromosome evidence of South American inland peopling.
In particular, Q-BY15730 (13.2 kya) marks an early migration from Ecuador/Colombia
into the Amazonian area, in accordance with traces of human settlement in the region
dating back to 12 kya. Similarly, Q-BY104773 (14.3 kya) probably reached the interior of
Colombia from the Pacific Coast and differentiated in North-West Amazonia. Moreover,
the Q-BY104773 sub-lineage Q-BY139813 provides further evidence for the migration of
Ceramic Age groups from the northern region of South America into the Lesser Antilles.

All the Q-M848 sub-clades noted above underwent local population expansions once
adapted to specific environmental niches, concomitantly with the improvement of climatic
and subsistence conditions.

In conclusion, this work assembles the most comprehensive Native American Y-
chromosome dataset to date and greatly improves the phylogenetic resolution of hap-
logroup Q. Furthermore, it helps to shed light on some aspects of the peopling of the
double continent, especially in South America, and emphasises that additional sampling in
areas that are still underrepresented, both for modern and ancient individuals, is necessary
to fully reconstruct the genetic history and demography of Indigenous Americans.
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Ancient individuals are indicated by a cross; Figure S3: Phylogeography of the C-L1373 branches
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