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ARTICLE INFO ABSTRACT

Keywords: Y haplogroups, defined by Y-SNPs, allow the reconstruction of the human Y chromosome genealogy, which is
Y-SNP analysis important for population, evolutionary and forensic genetics. In this study, Y-SNPs were typed and haplogroups
Y haplogroup Q inferred with the MPS Ion AmpliSeq™ HID Y-SNP Research Panel v1, as a high-throughput approach. Firstly, the

Massively parallel sequencing
Population genetics
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Native American

performance of the panel was evaluated with different DNA input amounts, reagent volumes and cycle numbers.
DNA-inputs from 0.5 to 1 ng generated the most balanced read depth. Combined with full reagent and 19 cycles,
this offered the highest number of amplicons with a sequencing read depth of at least 20 reads. Secondly, the sub-
haplogroups of 182 admixed South Americans and Greenlanders belonging to haplogroup Q were inferred and
tested for potential improvement in resolution. Most samples were assigned to lineage Q-M3 with some samples
assigned to lineages upstream (Q-M346, L56, L57; Q-L331, L53; Q-L54; Q-CTS11969, CTS11970) or parallel (Q-
L330, L334; Q-Z780/M971) to Q-M3. Only one sample was assigned to a downstream lineage (Q-Z35615,
235616). Most individuals of haplogroup Q with NAM ancestry could neither be distinguished from each other,
nor from half of the Greenlandic samples. Typing additional, known SNPs within lineage Q-M3, Z19483 and
SA05, increased the resolution of predicted haplogroups. The search for novel variants in the sequenced regions
allowed the detection of 42 variants and the subdivision of lineage Q-M3 into new subclades. The variants found
in six of these subclades were exclusive to certain South American countries. In light of the limited differentiation
of haplogroup Q samples, the additional information on known or novel SNPs disclosed in this study when using
MPS Ion AmpliSeq™ HID Y-SNP Research Panel v1 should be included in the Yleaf software, to increase the
differentiation of lineage Q-M3.
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1. Introduction

Y haplogroups, which are defined by Y-SNPs, harbor crucial infor-
mation for evolutionary, population and forensic genetic studies [1].
The biallelic Y-SNPs with low mutation rates, lack of recombination and
paternal inheritance allow reconstruction of the human Y chromosome
genealogy. Y-SNP haplogroup analyses enable estimation of human
origin, migration patterns of male ancestors and dating of haplogroup
branch points. Furthermore, Y haplogroup frequencies in different
populations can be used to differentiate male lineages [1-3].

For the determination of Y haplogroups, the Single Base Extension
(SBE) technology or minisequencing is widely used in forensic labora-
tories. It is usually comprised of a multiplex PCR and one or more
multiplex SBE reaction(s). Here, the primer adjacent to the SNP is
extended with a fluorescently labelled ddNTP and the SBE products are
detected via Capillary Electrophoresis (CE) [4]. This technology is
robust and sensitive, making it suitable for forensic and evolutionary
purposes. However, it has low throughput and targeting multiple SNPs
requires several multiplex reactions [5-11].

In the last decades, the development of Massively Parallel
Sequencing (MPS) offered reproducible and simultaneous sequencing of
thousands of SNPs [12]. However, the highly repetitive nature of the
male-specific regions of the Y chromosome complicates the sequencing
process. The unique regions make up 8.97 Mb in total and are distrib-
uted across the Y chromosome and intermitted by non-unique regions
[13]. Targeted sequencing [14,15] or whole genome sequencing with
subsequent extraction of relevant positions [13,16,17] enabled
large-scale typing of SNPs. The phylogenetic relationships between
these SNPs were determined and represented in phylogenetic trees [14,
18-20]. SNPs at specific positions within the phylogenetic tree can be
selected for sequencing panels that could either cover as many broad
haplogroups as possible or focus on high-resolution sub-branches of
certain haplogroups [21,22].

The Ion AmpliSeq™ HID Y-SNP Research Panel v1 is a large-scale Y-
SNP typing panel that targets 602 amplicons with 884 SNPs. The ma-
jority of the sequenced bases (82%) lie within unique regions of the Y
chromosome [13]. The panel include SNPs, which are variable in most
human populations. The dominating markers included in the panel
target haplogroups in R, E and I branches [21].

Haplogroup Q has a wide geographic distribution ranging from parts
of Europe, the Middle East, Asia and the Americas [23,24]. The major
lineage is Q1, which subdivides into Qla and Q1b. Haplogroup Qla
branches into lineage Q-NWTO01, which is mainly found in regions
around the Arctic Ocean including Northern Canada and Greenland [25,
26]. Q1b is a widespread haplogroup found in the Middle East, China,
Mongolia, Siberia and the Americas [27-29]. Its subclade Q-L54 is more
represented in Northeast Siberia, and the Americas [9,26,30,31].

In the Americas most of the carriers of haplogroup Q are individuals
with patrilineal Native American (NAM) ancestry [31]. NAM Y chro-
mosomes are separated in only ten sub-branches [30,32] with very
limited haplogroup inference resolution. The majority (61-75%) of the
NAM Y chromosomes are assigned to the sub-lineage Q-M3, carrying a C
to T transition within the DYS199 locus [31,33-35]. NAM ancestry can
be found to a small extent in admixed modern-day South Americans.
Due to the European occupation in the late 15th century [36] and the
African slave trade from the middle of the 16th until the middle of the
19th century [37], the genetic profiles of modern South American
populations consist mainly of European, African and/or NAM ancestries
[38,39].

The present study aimed to evaluate the general performance of the
Ion AmpliSeq™ HID Y-SNP Research Panel v1 by testing different DNA
input amounts, reagent volumes and amplification cycle numbers. In the
second part, we assessed the sub-haplogroup inference of admixed South
Americans as well as Greenlanders belonging to haplogroup Q, when
using known Y-SNPs and new variation detected in the targeted
sequences.
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2. Material and methods
2.1. Samples, DNA extraction and quantification

The performance of the Ion AmpliSeq™ HID Y-SNP Research Panel
v1 was evaluated with the DNA 007 sample (Applied Biosystems, Foster
City, CA, USA) to determine the most adequate DNA input, cycle num-
ber, and reagent volume (Supplementary Figure 1).

For testing haplogroup Q inference, 167 samples from South America
and 15 from Greenland belonging to haplogroup Q were selected. The
samples were received and selected on the basis of previous studies, in
which more than 2000 samples were collected under informed consent
and were approved to be used for this study [25,38,40-44]. The study
was conducted according to the guidelines of the declaration of Helsinki
[45]. The blood samples were collected on FTA cards (Whatman Inc.,
Clifton, NJ, USA). The DNA was extracted using standard Chelex and
phenol-chloroform extraction methods, or with the BioRobot EZ1
Workstation (Qiagen, Hilden, Germany) following the manufacturer’s
recommendations. DNA concentrations were measured by the Qubit™
dsDNA High Sensitivity assay and the Qubit® 3.0 Fluorometer (Invi-
trogen, Carlsbad, CA, USA) following the manufacturer’s
recommendations.

2.2. Sample selection

The samples from unrelated men from different South American
regions and Greenland had previously been typed for different sets of Y-
STRs in connection to other studies [25,38,40-44]. Depending on the
STR kit used, data were partly or completely available for the following
27 Y-STRs: DYS19, DYS385, DYS389I, DYS389II, DYS390, DYS391,
DYS392, DYS393, DYS437, DYS438, DYS439, DYS448, DYS449,
DYS456, DYS458, DYS460, DYS481, DYS518, DYS533, DYS549,
DYS570, DYS576, DYS627, DYS635, DYS643, YGATAH4, DYF387S1.
The STR profiles were further investigated using the Y-DNA Haplogroup
Predictor NevGen (www.nevgen.org) to determine the most likely
haplogroup.

A total of 59 Y-SNPs were typed in 961 of the South Americans using
PCR-SBE-CE as previously described [43,46-50]. Ten of the targeted
SNPs belonged to haplogroup Q -M242, P36.2, M346, M3, M19, Z19319,
SAO1, Z19483, M557, SA05 [51] (Supplementary Figure 2).

After sample screening, 167 samples that belonged to the Native
American haplogroup Q were selected for this study from different re-
gions in Argentina (N = 38), Bolivia (N = 52), Brazil (N = 17), Ecuador
(N = 36) and Paraguay (N = 24). For an overview of collection sites,
please see Supplementary Figure 3. Fifteen individuals from Greenland
belonging to haplogroup Q were included in this study as possible out-
liers to the South American samples.

2.3. Ion S5 sequencing

The library preparation was conducted using the Ion AmpliSeq™
Library Kit 2.0 (Thermo Fisher Scientific, Waltham, MA, USA) according
to the manufacturer’s manual (Precision ID Library Kit on the Ion-
Torrent system by Thermo Fisher Scientific).

For the performance testing, different DNA input amounts (1 ng, 0.5
ng, 0.2 ng, 0.1 ng, 0.05 ng, 0.025 ng and 0.0125 ng), cycle numbers
during target amplification (19 and 21 cycles) and reagent volumes
during amplification and library preparation were used (volume rec-
ommended by the manufacturer and half the recommended volume).
For all conditions tested, samples were amplified and sequenced in du-
plicates. The library preparation of samples from haplogroup Q was
conducted using 1 ng of DNA when possible and either 19 cycles with
full reagent volume or 21 cycles with half reagent volume (Supple-
mentary Figure 1).

The libraries were purified manually (Precision ID SNP Panels with
the HID Ion S5™/HID Ion GeneStudio™ S5 System Application Guide)
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or on a Biomek® 3000 Laboratory Automation Workstation (Beckman
Coulter Inc., CA, USA) [52,53] by adding 45 pl of (1.5x) Agencourt®
AMPure® XP Beads (Beckman Coulter, Indianapolis, IN, USA) and
following the manufacturer’s manual. The eluted libraries were quan-
tified using the Library TagMan™ Quantitation Kit (Thermo Fisher
Scientific, Waltham, MA, USA) and pooled to a final concentration of 50
pM. For the South American and Greenlandic samples, libraries with
concentrations below 50 pM (range: 13-46 pM) were re-amplified with
8 cycles according to the manufacturer’s manual (Precision ID Library
Kit on the IonTorrent system by Thermo Fisher Scientific). For the li-
braries in the performance test with concentrations below 50 pM (range:
6-48 pM), re-amplifications were omitted in order to present the influ-
ence of the chosen experiment conditions. The libraries were pooled
with equal volumes.

Sequencing was carried out using the Ion S5™ Precision ID Chef &
Sequencing Kit (Thermo Fisher Scientific, Waltham, MA, USA) and 32
samples were loaded on each Ion 530™ Chip Kit (Thermo Fisher Sci-
entific, Waltham, MA, USA). Samples were sequenced on the Ion S5™
System with 650 run flows.

2.4. Sequence data analysis, Y-SNP calling and Y haplogroup inference

Sequence analysis was initially performed on the Torrent Suite
Server v.5.10.1 (Thermo Fisher Scientific, Waltham, MA, USA) including
alignment and base calling. BAM-files were generated using the
adequate target and hotspot BED-files in the Torrent Suite™ Software
and aligned to the hg19/GRCh37 reference.

The plugin coverageAnalysis v5.10.0.3 (Thermo Fisher Scientific,
Waltham, MA, USA) was used to observe the sequence coverage of the
targeted regions.

For variant calling, the plugin variantCaller v5.10.1.20 was used and
a minimum variant frequency of 98% was applied. BAM- and CSV-files
generated by the plugin were used for all further analyses.

The software Yleaf version 2.2 [54] was applied for Y-SNP calling
and Y haplogroup inference using bam and index files. The following
acceptance criteria were applied: minimum of 20 reads for each base,
quality threshold of 20 (1% error rate) for each read and majority base
threshold 95% (at least 95% of the reads of a base have to be identical).
The results of the haplogroup prediction in the Yleaf software were
based on the most downstream SNPs that passed these quality criteria.
For haplogroups that were represented by several alternative SNPs in the
panel, the software checks if at least one of the SNP positions carried an
ancestral allele, and if so, any additional information from the alterna-
tive SNP locations is disregarded. SNP data that did not meet the quality
thresholds were manually inspected.

For haplogroup inference, a position file is needed stating the loca-
tion of the SNP as well as the possible alleles. The Yleaf v.2.2 software
has different position files of targeted SNPs available: firstly, the 884 Y-
SNPs targeted by the panel and secondly SNPs sequenced by whole
genome sequencing. The latter contained 64812 unique SNP locations,
905 of which lie within the 602 amplicons and 56 of these are variable in
haplogroup Q. The Y-SNP distributions in scatter maps were generated
using the scattergeo function in the package plotly v4.14.3 in python
v3.6.8.

2.5. Verification of SNP variants

Novel variants found using the Torrent Suite Server’s variant Caller
plugin were validated using Yleaf and checked using the Integrative
Genomics Viewer (IGV). Variants that lie close to the amplicon start or
end and those in repetitive regions were confirmed by singleplex PCR-
SBE-CE analysis. DNA was amplified using the Qiagen Multiplex PCR
kit (Qiagen, Hilden, Germany) and a final concentration of 0.2 pM of the
forward and reverse PCR primers, respectively. In a thermal cycler, DNA
denatured at 95 °C for 15 min, followed by 35 cycles of 94 °C for 30 s, the
annealing temperature of the respective PCR primers (Supplementary
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Table 1) for 30 s and 72 °C for 30 s, and a final extension at 72 °C for 10
min. For the enzymatic clean-up 5 pul PCR product were combined with 2
ul Exo-SAP-IT™ (Thermo Fisher Scientific, Waltham, MA, USA) and
incubated at 37 °C for 60 min and 75 °C for 15 min. The SBE was con-
ducted by adding 2 pl SNaPshot™ Multiplex Ready Reaction Mix to 1 pl
of cleaned PCR product with the SBE primer at a final concentration of
0.2 pM. Thermal cycling was composed of 30 cycles of 96 °C for 10 s, the
corresponding SBE primer annealing temperature (Supplementary
Table 1) for 5 s and 60 °C for 30 s. The SBE products were treated with 1
ul SAP (Thermo Fisher Scientific, Waltham, MA, USA) at 37 °C for 30
min and 75 °C for 15 min

For capillary electrophoresis, 0.5 pl of the product was combined
with 0.5 pl GeneScan™ 120 LIZ® Size Standard and 9 pl Hi-Di form-
amide. The SBE fragments were separated and detected using the
Applied Biosystems® 3500 Genetic Analyzer (Thermo Fisher Scientific,
Waltham, MA, USA) and the FragmentAnalysis36_POPxl run module
(POP-4™ polymer, 36 cm capillary, Dye Set E5). The analysis of results
was conducted using GeneMapper® ID-X Software v.1.4 (Thermo Fisher
Scientific, Waltham, MA, USA).

All detected positions were checked in other sources to investigate if
they had previously been reported, namely in the ISOGG and in the
dbSNP databases and the Y-Phylotree [55], as well as via literature
research [9,30,51,56]. Additionally, VCF and CRAM files of publicly
available data have been investigated for the 42 variants (Supplemen-
tary Table 2). Novel SNPs not previously described have been submitted
to the dbSNP database.

2.6. Median-joining network analysis

Median-joining networks of Y-STR profiles including the loci DYS19,
DYS385a, DYS385b, DYS389I, DYS389II-I, DYS390, DYS391, DYS392,
DYS393, DYS437, DYS438, DYS439, DYS448, DYS456, DYS458,
DYS635 and YGATAH4 were built using the Network version 10.2.0.0
(http://www.fluxus-engineering.com/). The STR loci were weighted
proportionally to the reciprocal locus variance among all 182 samples as
suggested by [57] and rounded to a whole number.

3. Results and Discussion
3.1. Performance test

The performance of the panel was analysed by testing three criteria:
DNA input, cycle number during amplification, and reagent volume for
target amplification and library preparation.

As expected, a combination of high DNA input, higher PCR cycle
number and full reagent volume led to higher library concentrations
(Supplementary Figure 4).

For DNA input below 0.1 ng, all library concentrations were below
50 pM. Even for inputs above 0.2 ng, not all amplicons were amplified
and those that were amplified had differences in coverage. The
normalized amplicon balance (Supplementary Figure 5) showed pref-
erential amplification of some amplicons. This is most likely due to
differences in the PCR efficiency [58]. For DNA inputs of 1 ng or 0.5 ng,
the four experimental set-ups (19 or 21 cycles, full or half volume of
reagents) had very similar amplicon balance distributions whereas the
read depth variation was larger for libraries with a DNA input of 0.2 ng
(Supplementary Figure 5).

Looking at the amplicon read depth and its relation to the amplicon
size, it was observed that longer amplicons were more likely to have
read counts below the threshold of 20 reads, although a few exceptions
were detected. Amplicon length was significantly correlated with the
percentage of samples with coverage of > 20 reads (Kruskal-Wallis test
H=91.61, p = 3.07e-18) (Supplementary Figure 6).

Supplementary Figure 7 presents the number of amplicons per
sample with less than 20 reads. As expected, the number of under-
performing amplicons increased with a decrease in the DNA input
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amount. In the case of 0.2 ng DNA input or lower, 21 cycles and full
reagent volume resulted in higher read depths and lower number of
amplicons with less than 20 reads. For a DNA input of 0.5 ng or more,
the choice of cycle number and reagent volume was less critical. The best
results were achieved for set ups with at least 0.5 ng of DNA, full volume
of reagents and 19 cycles. However, for economic reasons, using half
volume of reagents and 21 cycles is a good alternative with only a
minimal decrease in performance.

Some amplicons failed to be amplified even under optimal conditions
(1 ng DNA input, 19 cycles, full volume of reagents). Six amplicons were
covered by less than 20 reads in all samples (Supplementary Table 3).
These make up 1% of all amplicons in the panel and vary in size from 38
to 127 bp. Sixteen SNPs are positioned on these amplicons and they
define branches of haplogroups A (2), B (1), C (1), E(3), G (1), H(1),I
(1), J (1), O (1), R (3), and Q (1); the latter, L529, belongs to a parallel
branch of Q-M3. Five of these SNPs have at least one alternative SNP of
the same sub-branch included in the panel. These alternative SNPs are
included in amplicons which are sequenced with more than 20 reads in
at least half of the samples (Supplementary Table 3).

3.2. Application of the Y panel on samples of haplogroup Q

Y-STRs and/or Y-SNPs were typed to identify admixed South
Americans that were likely to carry a Y chromosome within haplogroup
Q [38,40-44]. Of the 2041 South Americans, 167 were predicted to
belong to haplogroup Q. Furthermore, fifteen samples from Greenland
belonging to haplogroup Q were added as an outlier group to the South
American samples. All 182 samples were typed with the Ion AmpliSeq™
HID Y-SNP Research Panel v1 and the Y-SNP results confirmed that these
individuals belonged to haplogroup Q.

The haplogroup predictions based on the 56 Q-SNPs targeted by the
Y-MPS panel are presented in Fig. 1. The predictions were based on the
most downstream SNPs that met the quality control criteria (minimum
of 20 reads per base, quality threshold of 20 for each read, majority base
threshold of 95%). When SNPs from the position files of Yleaf (based on
the phylogenetic tree) were identified, additional SNPs of further
downstream haplogroups were analysed to achieve higher resolution. If
all alternative SNPs of a haplogroup failed the quality criteria, the
software assigned the upstream haplogroup as the predicted hap-
logroup. Therefore, the software does not necessarily report the true
haplogroup resolution of the sample, and the prediction is greatly
influenced by the quality of the data generated.

The distribution of Q haplogroups showed that the subclade Q-M3,
found in 145 out of 167 South American samples, was the most prom-
inent in all South American countries (Fig. 1). Nine additional samples
were predicted to belong to a haplogroup upstream of lineage Q-M3, due
to a lack of typed markers CTS7779 and M3. As shown in Supplementary
Table 4, eight of these samples belonged to lineage Q-M3 according to
SNaPshot results. For the remaining sample, SNaPshot data were not
available.

The only lineage downstream of Q-M3 detected was Q-Z35616,
which was found in one individual in Bolivia.

The two lineages parallel to the Q-M3 branch, Q-L330, L334 and Q-
M971/2780, were found in Northern Brazil and in samples from
Ecuador over the Bolivian Andean region to Southeast Argentina,
respectively. Haplogroup Q-M971/Z780 has not been described in
populations outside South America to date, and its presence in 12 in-
dividuals in our dataset is in accordance with findings in the literature,
where Q-Z780/M971 is suggested to be associated to Native Americans
[9,57,59].

Out of the 15 Greenlanders, eight had the same lineage Q-M3 as the
majority of the South American samples. The remaining seven Green-
landers carried the haplogroup Q-NWTO01/F746 from a parallel branch
(Fig. 1), which was in accordance with previous studies [25].

Overall, the haplogroup Q-SNPs in the Y-MPS panel were evenly
spread mainly over parallel and upstream branches of Q-M3. Therefore,
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the strength of the Ion AmpliSeq™ HID Y-SNP Research Panel v1 lies in
distinguishing samples from phylogenetically distant Q-branches, rather
than samples from phylogenetically close sub-branches of Q-M3.

The information based on Y-STR data showed that the 182 hap-
logroup Q samples had 167 unique Y-STR haplotypes, based on 17 Y-
STR data available for all samples (Supplementary Figure 8). The Y-STR
profiles of samples within lineage Q-M3 were very diverse most prob-
ably due to the ancient origin of this lineage [32]. The most distinct
Y-STR profiles were those within lineage Q-F746/NWTO01, which pre-
sents an earlier separation from other branches leading to Q-M3,
Q-M971/Z780 and Q-L330, L334. The two samples of lineage Q-L330,
L334 found in Brazil, had very similar Y-STR profiles. Most likely this is
due to a recent common ancestor of the two individuals. Alternatively,
this could indicate a more recent origin of the variation, when compared
to Q-M3 and Q-M971/Z780. Interestingly, as for Q-M3, STR profiles
inside haplogroup Q-M971/Z780 were very diverse, being in distant
branches of the network. This result hints to potential variation hidden
within these haplogroups that has not been disclosed by the SNP
markers analysed in this work. Further, the lack of clear separation of
the STR profiles between some Q-M3 and Q-M971/Z780 branches might
be due to recurrent microsatellite mutations.

3.2.1. Additional Y-SNPs improved the resolution of haplogroup Q

Out of the 167 South Americans, 133 samples were previously typed
for ten haplogroup Q SNPs using PCR-SBE-CE [43]. This information
resulted in higher resolution of six samples (Supplementary Figure 9).
Four samples from South Bolivia, North and East Argentina, and East
Paraguay had the Q-Z19483 variant and two samples from North Brazil
had the Q-SAOQ5 variant. Overall, these markers increase the resolution
within lineage Q-M3 and therefore can be used to differentiate in-
dividuals of this lineage.

3.2.2. Novel variations identified using the Ion AmpliSeq™ HID Y-SNP
Research Panel v1

The sequenced amplicons of South American and Greenlandic sam-
ples were further investigated with the variant caller plugin for potential
new variation not identified by Yleaf. The plugin reported 46 additional
variants. All variants were manually inspected using IGV and searched
for in public databases (ISOGG Y-DNA Haplogroup Trees 2016-2020,
dbSNP (last accessed in February 2022), Y-Phylotree [55]).

Two of these variants were annotated SNPs (rs1005041 at position
7570822 and rs7892914 at position 22293981 according to GRCh37)
that are not specific for haplogroup Q. The SNP rs1005041 specifies a
sub-clade of haplogroup R (the haplogroup of the reference sequence),
while rs7892914 was found in the derived allelic state in samples of
haplogroups Q, R and I and therefore, is not specific of haplogroup Q.
Two other variants (in positions 15702828 and 22505839) were
sequencing artifacts located in highly repetitive regions.

Of the remaining 42 variants, eleven were previously reported in the
dbSNP database [60] and 31 were, to our knowledge, not reported in
public databases. Further information on the alternative alleles of the 42
variants is presented in Supplementary Table 5. Six of the 31 variants (in
positions 7842069, 14125686, 17434355, 17922077, 22505875 and
22741690) were located close to the ends of an amplicon and/or in
repetitive regions. These variants were successfully confirmed by sin-
gleplex PCR-SBE-CE analysis (data not shown).

In order to refine the location of these new variants within the
haplogroup Q tree, information was collected from publicly available Y-
chromosomal data for South American individuals [9,17,30,51,55,56,
61-63].

Among the eleven previously reported SNPs, one SNP (rs4252209,
MEH2) was found in all haplogroup Q samples. Two SNPs
(rs541403360, rs564763483) were only absent in samples assigned to
haplogroups Q1al-F746/NWT01, Q1bla2-M971/Z780 and Q1lbla3-
L330,L334. These two SNPs (rs541403360, rs564763483) were previ-
ously suggested to have the same position in the tree as the marker Q-M3
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Fig. 1. (A) Phylogenetic tree with the typed Q-
SNPs in the Ion AmpliSeq™ HID Y-SNP
Research Panel v1. Different names for the same
SNP position are separated by ‘/’. Haplogroups
in white cells (A) were not found in any of the
typed samples. The other haplogroups were
found in at least one individual. Among the
detected lineages, Q-NWTO01/F746 was only
found in the typed samples from Greenland and
was absent in the samples from South America.
(B) The haplogroups that were predicted based
on the most downstream SNPs that met the
quality control criteria were illustrated in the
map for South American samples with the
colour code according to the legend presented
in (B).
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[63].

For variants downstream of lineage Q-M3, our findings suggest that
SNP rs779825282 is downstream of marker Z35616 (with missing in-
formation on Z35615). In another sample, Z35615 was suggested to be
positioned downstream of Z35616 (without carrying SNP rs779825282)
as shown in Supplementary Figure 10. SNaPshot results suggest that
marker SAO5 forms a parallel branch to all novel variants downstream of
lineage Q-M3. Among the three samples belonging to lineage Q-Z19483,
one carried the variants rs1603040369, rs779238512 and
rs1603557500. The resulting phylogenetic tree including all 42 variants
and relevant Q-SNPs is shown in Supplementary Figure 10.

In the 1000 Genomes dataset, one Peruvian sample (HG01967) of
haplogroup Qlblalalklal~ (according to ISOGG Haplogroup Tree
2019-2020) carried the SNP rs757579581. The SNP rs757579581 was
found in the same sample as marker Q-Z35764 [61,63]. Among the 11
individuals analysed by Karmin et al. (2015), one of the South American
samples from Colla, Argentina (GS000019960-ASM) carried the variant
at position 7192964. The individual with the variant at position
7192964 also carried the marker Q-B46 and was therefore assigned to
haplogroup Qlblalalk2~. A more detailed tree for the variants
downstream of lineage Q-M3 based on findings in the literature is pre-
sented in Supplementary Figure 11.

In order to understand whether some variants could be allocated to
certain geographic regions, nine variants found in more than one indi-
vidual were investigated in more detail. The phylogenetic relationships
of the nine variants, which are downstream of Q-CTS7779, M3, are
depicted in Fig. 2. Most of the nine variants were exclusive to samples
from Ecuador. Eleven samples from Ecuador had a derived allele at
position 15508183 (G—A), five of which additionally showed the
derived variant at location 22505875 (C—G) and one at both 19179327
(G—A) and 22505832 (G—T). Further derived variants were observed at
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position 17434355 (A—T) in three Ecuadorian samples, 7192964 (T—C)
in two Ecuadorian samples, 22797693 (A—G) in two Bolivian samples
and at both locations 7842069 (G—A) and 14495293 (T—A) in two
Paraguayan samples.

To evaluate if this new underlying SNP variation was reflected in the
Y-STR haplotypes, a median-joining network based on Y-STR profiles for
all Q-M3 individuals was constructed (Supplementary Figure 12).

Individuals with variants in the position 22797693 shared the same
Y-STR haplotype. Related profiles were observed in individuals carrying
variant 17434355. Similar was observed for individuals with variants in
positions 7842069/14495293. This points towards a more recent origin
of each of these variants. For individuals with variants in position
15508183 partial clustering of their Y-STR patterns was observed. The
two individuals that presented variation in position 7192964 showed Y-
STR profiles differing in 20 mutational steps.

In summary, the comparison of the data generated in this work with
data from other sources allowed the placement of six variants (MEH2,
rs541403360, rs564763483, rs757579581, rs779825282 and 7192964
within the phylogenetic Q-tree. For the remaining 36 variants infor-
mation on the phylogeny downstream of lineage Q-M3 is still limited.
The geographic distribution of nine SNPs present in more than one in-
dividual did not provide enough resolution to show clear patterns in the
samples from different South American populations. Sequencing of a
bigger region of the Y chromosome and increasing the number of ana-
lysed samples [13] could enable the discovery of additional variants that
are specific for certain sub-populations, and help to complete the
phylogenetic relationships between known and novel SNPs.

4. Conclusions

Here, we evaluated the performance of a customized Y-SNP panel

=g
—
—

CTS7779,M3

22797693 @
7842069/14495293 %

Fig. 2. Combined phylogenetic tree of 9 novel variants downstream of Q-CTS7779, M3 and the geographic origin of the 20 samples carrying at least one of the 9
novel variants. Six variants were exclusively found in Ecuador (magenta) and one in Bolivia (green) and Paraguay (yellow). Variant positions separated by ¢/’ were
observed in the same allelic state within all samples. The distribution and abundance of the samples carrying the respective variants are shown in maps of the
individual countries. The colour coding characterizes the sequencing quality: black — ancestral variant, above threshold (>20 reads); grey — ancestral variant, below
threshold (<20 reads); blue — derived variant, above threshold (>20 reads), red — derived variant, below threshold (<20 reads).
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developed for MPS. The panel was also used to type 182 samples
belonging to haplogroup Q (admixed South Americans and Green-
landers) in order to assess the sub-haplogroup inference within hap-
logroup Q.

The best performance was achieved with 1 ng DNA input, full vol-
ume of reagents and 19 cycles. Using half volume of reagents and
increasing the number of cycles to 21 did not greatly compromise the
panel performance.

The Q-SNPs included in the panel covered mainly sub-haplogroups
upstream and parallel to Q-M3, rather than downstream. Thus, the
haplogroup resolution of the typed South American and Greenlandic
samples was somewhat limited, since 85% of the samples (154 out of
182 samples) were assigned to lineage Q-M3.

Nine samples were assigned to haplogroups upstream of lineage Q-
M3 based on low quality data generated with the MPS panel. Eight of
these samples had SNaPshot data available and were confirmed to
belong to lineage Q-M3.

Due to its broad haplogroup coverage, this MPS panel can serve as a
first-tier screening tool and additional and more specific panels can be
designed to achieve higher resolution when needed.

For the specific case of Q-M3, it would be relevant to include known
downstream SNPs, such as Z19483 and SA05; and the novel variations
detected already targeted in the sequenced amplicons should be
included in the position file of the Yleaf analysis software. The latter
would allow further subdivision of the lineage Q-M3 into seven sub-
branches that so far have been exclusively found in samples from
Ecuador, Bolivia and Paraguay. This regional variation may hint to
wider continental patterns of diversity. Although not yet fully disclosed,
a broader and more exhaustive study of these lineages may reveal in-
formation on the ancestral paths of the Native Americans into and
throughout the continent.
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