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Abstract

An intense gene flow between Native, European, and African groups, since the colonial period, has led to complex admix-
ture patterns throughout Colombia. To investigate this genetic structure, we analyzed 23 Y-STRs in 975 males from five
major regions of the country: Andes, Pacific, Caribbean, Orinoquia, and Amazon. To explore the paternal lineages and
to reconstruct the underlying historical and demographic processes, a subset of 175 individuals was genotyped for 859
Y-SNPs using massively parallel sequencing. A high haplotypic diversity was found for the 23 Y-STRs (0.9998), compared
to other Latin American populations studied. Pairwise genetic distance analyses (Fgr and Rgy) showed a clearer differ-
entiation among Colombian regions, when increasing the number of Y-STRs from 17 to 23. In population comparisons,
Caribbean and Orinoquia regions clustered closer to European and Admixed populations, while the Pacific region moves
towards African populations. The Amazon clustered with Peru and Ecuador that have high Native American ancestry. The
predominant paternal ancestry in the Caribbean and Andes was European (79% and 87.9%, respectively), with macrohap-
logroup R being the most frequent (39% and 64%, respectively). In the Caribbean region, sub-Saharan African lineages
are the second most prevalent (16%), while in the Andean region the Native American lineages are the second most
represented (7.6%), followed by a smaller proportion of sub-Saharan African lineages (4.5%). The results attest to the
extensive regional genetic diversity within the country. The Y-STRs showed good intra and inter-population discrimination
capabilities and support the establishment of specific regional databases for forensic purposes.
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Introduction

Due to its haploid nature and advantageous location within
the non-recombining region, Y-chromosomal specific mark-
ers are commonly applied in forensic investigations and
population genetic research [1]. The forensic application of
this type of markers depends on the availability of haplo-
typic data that allows an accurate estimation of the weight
of evidence. Nonetheless, haplotype data for Y-chromo-
somal STRs (Y-STRs) included in the kits currently used in
forensics are still scarce for Colombian populations.

Colombia is located in northwestern South America, shar-
ing borders with Ecuador and Peru to the south, and Venezu-
ela and Brazil to the east. It faces the Pacific Ocean to the west
and the Caribbean Sea to the north. The country comprises 32
administrative departments and a Federal District, and it is
geographically divided into six natural regions: Caribbean,
Andes, Orinoquia, Pacific, Amazon, and Insular.

Colombia exhibits high ethnic diversity, primarily
resulted from extensive admixture between the Native
American populations and people arriving in the territory
during the Spanish colonization that started in the 16th cen-
tury. During this period, the Native American people faced
enslavement, displacement, or extermination. Subsequently,
during the transatlantic slave trade, Africans arrived in the
Colombian territory, mainly through the port of Cartagena.
Initially, enslaved African people that were taken to Carta-
gena came mainly from Upper Guinea [2]. In the mid-17th
century, Angola became the main source of enslaved indi-
viduals, a situation that lasted until 1640, when the Spanish
lost access to Portuguese trade entrepdts for human traffick-
ing [2]. After that, the enslaved Africans arriving in Carta-
gena were brought mainly from the Gold Coast and Bight of
Benin regions, until the beginning of the 18th century [2].
In the last century, migratory movements were mainly from
neighboring countries [3].

In 2024, the Colombian population was approximately
53 million. According to the latest census conducted by
the Colombian Administrative Department of Statistics in
2018 [4], the Colombian population is largely concentrated
in urban areas, with 77.1% living in municipal capitals and
15.8% are in rural zones. The population is mostly concen-
trated in the Andean region, followed by the Caribbean.
The forested regions of Colombia, comprising the Orino-
quia and Amazon, are the largest in land area but remain the
least densely populated. The indigenous population, self-
declared within 115 distinct ethnic groups, corresponds to
4.4% of the total population [4]. They are distributed across
24 departments, mainly covering rural areas, with smaller
proportions in urban centers. The indigenous population is
prevalent in the eastern departments of the Orinoquia and
Amazon regions, accounting for more than 57% of the
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population. In the province of La Guajira, in the Caribbean
region, the indigenous population is also significant, cor-
responding to approximately 48% of the population. Afro-
descendant groups represent 9.34% of the total Colombian
population, and are concentrated in the Caribbean and
Pacific Coasts, as well as in the Insular region.

As for most South American populations, a high genetic
diversity has been reported in Colombia. Studies using
ancestry-informative autosomal markers (AIMs) show
distinct admixture patterns across the country. In admixed
populations, the European component generally predomi-
nates, except in the Amazon and Pacific regions, where the
Native American and African components are, respectively,
higher [5].The Native American component is the sec-
ond most prevalent throughout the country, except in the
Caribbean region, where the African component is higher
than the Native American one [5-8]. Contrasting results
have been reported when analyzing the non-recombining
mtDNA and Y-chromosomal genomes in admixed popula-
tions. A predominance of maternal lineages from Native
American ancestry have been reported in populations from
the Andean, Caribbean and Pacific regions [9-11]. For the
paternal lineages, European ancestry prevails in most popu-
lations, except for those on the Insular region [9, 10, 12-16].

The main aim of this study was to expand Y-STR hap-
lotype data for forensic use in admixed Colombian popula-
tions. A single study was identified that report Colombian
population data [17] for the currently used forensic Y-STR
kits, namely the Yfiler Plus (Thermo Fisher Scientific) and
the PowerPlexY23 (Promega Corporation). Most studies
included a subset of the loci in current forensic kits [9, 12,
18-28], and only a few analyzed all the 17 loci present in the
Yfiler kit (Thermo Fisher Scientifc) [14, 16, 29, 30]. More-
over, for the Yfiler Plus and PowerPlex 23 kits, no Colombian
data are currently available at the Y-Chromosome Haplotype
Reference Database (YHRD, Release R69; https://yhrd.
org). Data included in the YHRD comprise shorter datasets,
namely 1,507 Y17 profiles, 1,857 Y12 profiles, and 3,453
profiles for the Minimal haplotype (Release R69).

In this study, a sample of 975 unrelated admixed indi-
viduals from the five main regions of Colombia (Amazon,
Andean, Caribbean, Orinoquia, and Pacific) was selected
and genotyped for the 23 Y-STRs included in the PowerPlex
23 kit (PPY23). This allowed the dataset available for foren-
sic and population studies in Colombia to be considerably
expanded, both in terms of the geographic scope of previ-
ous studies and the number of loci analyzed. Particularly, (i)
samples from the Orinoquia were included, a region that had
only been previously analyzed for 6 Y-STRs [9]; (ii) data for
the Pacific and Insular regions was only available for a set of
17 Y-STRs (n =58 [17], and n = 54 [14], respectively); (iii)
Yfiler Plus data is only available for Andes, Caribbean and
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Amazon (n=699 [16, 17,30],n=353[17,29],n=65[17],
respectively); and (iv) no data were previously available for
the full set of Y-STRs from the PowerPlexY23.

Given the distinct admixture processes from various
continental origins that contributed to the present-day
Colombian population, differences are expected in the
genetic composition of populations from different regions
of the country. Population substructure affects accuracy of
forensic parameters and should be considered in haplotype
databases. Therefore, to evaluate male-mediated admixture
patterns, a subset of 175 samples from this study were also
genotyped for 859 Y-SNPs, using the lon AmpliSeq™ HID
Y-SNP Research Panel v1 [31].

Materials and methods
Population sampling

A total of 975 unrelated males from 27 Colombian depart-
ments along the five main natural regions of the country
were selected for this study (see sampling locations and
sizes in Fig. 1). DNA extraction was performed from blood
samples using a Chelex method [32] or a salting-out proto-
col as described by Miller et al. [33].

This research follows the ethical principles stated in the
Helsinki Declaration (2000) of the World Medical Associa-
tion. The samples were collected under written informed

Caribbean (n=364)

1. La Guajira (n=10)
2. Cesér (n=9)

3. Atlantico (n=9)

4. Magdalena (n=13)
5. Bolivar (n=277)
6. Sucre (n=27)

7. Cordoba (n=19)

Andean (n=480)

8. Norte de Santander (n=33)
9. Santander (n=104)
10. Antioquia (n=138)
11. Boyaca (n=17)
e 12. Cundinamarca (n=26)
13. Cundinamarca - Boyaca (n=32)
14. Caldas (n=31)
15. Risaralda (n=19)
16. Quindio (n=20)

A 17. Tolima (n=26)
et 18. Huila (n=16)
19. Valle del Cauca (n=9)
-3 20. Cauca (n=3)

21. Narifio (n=6)

Pacific (n=52)

22. Chocé (n=52)
Orinoquia (n=35)
23. Arauca (n=32)
24. Casanare (n=2)
25. Meta (n=1)
Amazon (n=44)

26. Putumayo (n=31)
27. Caqueta (n=8)
28. Amazonas (n=3)

Fig. 1 Map of Colombia showing sampling locations and the number of samples collected by natural region and Department
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consent. The project and informed consents were approved
by the ethics committees from the Universidad Industrial de
Santander (CEINCI—11/08/2023) and from the University
of Cartagena (approval number: 040).

Y-STR genotyping

All samples were genotyped for 23 Y-STRs using the Pow-
erPlex Y23 kit (PPY23), following the manufacturer’s
recommendations (Promega Corporation, Madison, WI).
Amplified fragments were separated and detected on a 3500
Genetic Analyzer and genotyped using the GeneMapper™
Software v4.1 (Applied Biosystems).

Y-SNP genotyping

A total of 175 samples were randomly selected from Andes
(n = 66), Caribbean (n = 100) and Amazon (n = 9) regions.
This subset is representative of the Andean and Caribbean
regions, where more than 90% of the population is con-
centrated [4], with differences expected compared to other
regions, based on Y-STR results. Samples were genotyped
for Y-SNPs using the Ion AmpliSeq™ HID Y-SNP Research
Panel v1 [31] developed for massively parallel sequencing
in the TonS5 System (Thermo Fisher Scientific). The panel
contains 884 Y-SNPs located in 602 amplicons with an
average amplicon size of 130 bp [31].

DNA amplification was performed by combining 4 pL
of lIon AmpliSeq™ HiFi Mix, 10 pL of Ion AmpliSeq™
primer pool (2X), 1-5 uL of gDNA template (1-5Sng) and
the remaining volume of water to complete the 20 pL PCR
reaction. A negative control was used in each PCR batch to
confirm the absence of contamination. Library preparation
was performed according to the manufacturer’s protocol.

Eluted libraries were quantified using the TagMan™
Library Quantitation Kit (Thermo Fisher Scientific) and
pooled to a final concentration of 50-80 pM. Libraries
with concentrations below 80 pM were re-amplified with
8 cycles according to the manufacturer’s manual (Precision
ID Library Kit on the Ion Torrent system by Thermo Fisher
Scientific Pub. No. MAN(0015802) to guarantee enough
genomic material for normalization.

Template preparation and chip loading were performed
on the Ion Chef™ Instrument (Thermo Fisher Scien-
tific). 32 libraries were loaded into each Ion 530™ Chip
(Thermo Fisher Scientific). Sequencing was performed
on the Ion PGM S5™ instrument (Thermo Fisher Scien-
tific) with 650 run flows, using Ion S5™ Sequencing Kit
(Thermo Fisher Scientific).
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Statistical analysis

Data analyses were performed after grouping data from this
study with published data from Colombia. From the avail-
able studies, we have selected those from admixed popula-
tions (excluding Native or Afro-descent communities) with
complete haplotype profiles for the Y-Filer STRs (Supple-
mentary Table S1) [14, 16, 17, 29, 30].

The NEVGEN software (https://www.nevgen.org/) was
used to predict haplogroups from PPY23 haplotypes in sam-
ples with intermediate, duplicated, or null alleles. In cases
where NEVGEN attributed a probability of less than 90%,
the haplogroup assignment was confirmed using previously
described SNaPshot multiplexes [34].

For Y-SNP data, coverage statistics for the 602 target
regions were generated using the Coverage Analysis plu-
gin v5.10.0.3. A minimum coverage threshold of 20 reads
per amplicon was applied for quality trimming. The Y-leaf
software version 3.0 [35] was run for Y-SNP variant calling
and to infer the haplogroups using BAM files. The threshold
criteria for the haplogroup inference were set as follows:
minimum of 20 reads for each base, quality threshold of 20
for each base read, and majority base threshold of 95%. The
Integrative genomics viewer (IGV) software was used to
inspect ambiguous variation [36].

Haplogroup frequencies were calculated by direct count-
ing. The haplotype/haplogroup diversities (HD) and the
total number of observed and unique haplotypes were cal-
culated using the Arlequin software v3.5.1.2 [37]. The same
software was used in population differentiation analyses of
Colombian samples, based on pairwise genetic distances
(Fgr and Rgp), and in the analysis of molecular variance
(AMOVA). In multiple tests, the significance level of 0.05
was adjusted by sequential Bonferroni procedure [38].

In pairwise genetic distance analyses, the number of
repeats in DY S3891 was subtracted in DY S38911. Moreover,
for Rqr analyses DYS385 was excluded, and microvariant
alleles, duplications, and null alleles were coded as “?”.

Pairwise genetic distances (Fgp and Rgp) based on 23
Y-STR haplotypes were also calculated between our pop-
ulation samples and populations from Europe and Africa,
as well as Native American and other admixed populations
from South America (Supplementary Table S1) [39—44].

Multi-Dimensional Scaling (MDS) plots of pairwise
genetic distances were generated with the software STATIS-
TICA v.14.0.0.15 (TIBCO Software Inc.).

A Y-STR-based phylogenetic network was built for
R-V88 chromosomes from African and European popula-
tions [45-53] for haplotypes defined by 8 loci shared with
the available datasets and using the software Network 4.6.1.1
(Fluxus-Engineering), with the median-joining algorithm.
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Results and discussion
Haplotype diversity and allelic variation

Haplotype profiles and haplogroups obtained in this study
are shown in Supplementary Table S2.

A high value of HD (0.9998 + 0.0001) was observed in
the general sample from Colombia, consistent with those
reported in other admixed South American populations
[39-41, 43, 54, 55]. In the Colombian samples analyzed,
913 distinct haplotypes were identified: 861 were singletons
(observed only once), 44 were shared by two individuals,
six by three individuals, and two haplotypes were shared by
four individuals.

An allele 6 at DYS391 locus was detected in four Colom-
bian samples. Although rare, this allele is represented in
YHRD in samples from East Asia, and with a lower fre-
quency in admixed populations from South America. It was
previously reported in the Andean region of Colombia and
associated with a novel Native American lineage within
Q1a2-M346*(xM3) [16]. In this study, the allele DYS391*6
was also detected in the Andes, as well as in both the Carib-
bean and Amazon regions in samples predicted to belong
to haplogroup Q1bla2-Z780, according to results from the
NEVGEN online tool (three samples with probabilities >
98.1% and one sample with a probability of 42.2%).

Intermediate, duplicated and null alleles were detected in
64 out of the 975 unrelated male samples genotyped in this
study (Table 1). To investigate the origin of these alleles,
haplogroups of four samples were attributed based on
Y-SNP genotyping using the Ion AmpliSeq™ HID Y-SNP
Research Panel v1. For the other 60 samples, haplogroups
were predicted from each corresponding haplotype using
the NEVGEN software. In 20 samples, haplogroups were
predicted with less than 92% probability. Of these, 16 sam-
ples were genotyped for relevant Y-SNPs by SNaPshot, and
the results were compatible with the haplogroup predicted
by NEVGEN in all cases. No reliable results were obtained
for four samples from the Andes, namely (i) one carrying
a DYS458*17.2 allele, assigned to J1a2ala2-P58; (ii) one
carrying a DYS458*15,16 duplication, with no haplogroup
predicted (100% Unsupported subclade); (iii) one carry-
ing a DYS448%19,20 duplication, assigned to Ela-M132;
and (iv) one carrying a DYS 458%16.2 allele, assigned to
Jla2ala2-P58.

Seventeen different intermediate alleles were observed
in the complete dataset at the following loci: DYS437,
DYS458, DYS385, DYS570, DYS635, and DYS438
(Table 1). Intermediate alleles at Y-STRs have been widely
reported at various loci in different populations. In the pres-
ent dataset, DY S458 exhibited the highest number of inter-
mediate alleles, followed by DYS385. For both markers,

intermediate alleles were detected in samples from differ-
ent regions, with no geographic specificity being found
(Table 1).

Samples with DY S385 intermediate alleles were assigned
to haplogroups Ala, J2al, and different sub-lineages within
R1b, indicating that these intermediate alleles likely arose
from multiple independent events. It is noteworthy that the
two haplotypes classified within haplogroup Ala, in addi-
tion to allele 17.2 in DY S385 also had allele 6 at DYS533, a
rare variant found just in one sample in the YHRD Admixed
Metapopulation. Most samples with non-consensus alleles
at DYS458, including three individuals simultaneously
carrying 9.2 at DYS438 and 19.2 at DYS458, were clas-
sified within J1a, except one that was assigned to the R1b
haplogroup. This finding aligns with previous associations
of DYS458 intermediate alleles with J1a-M267 and R1b3-
M405 haplogroups [56]. The remaining intermediate alleles
at DYS437, DYS570 and DYS635 were assigned to sub-
lineages within haplogroup R1b, which was the most fre-
quent in the studied Colombian samples. The low number of
observations does not allow inferences regarding the origin
of these alleles.

Duplicated alleles were observed at DY 'S448, DYS456,
DYS576, DYS3891 and DYS437 (Table 1). Deletions,
duplications, and triplications are frequently observed in
ampliconic regions of the Y chromosome, since this chro-
mosome is under low selective pressure [57]. On the long
arm of the Y chromosome, the Azoospermia Factor regions
(AZFa, AZFb, AZFc) are susceptible to frequent structural
rearrangements. Y-STRs used in forensic genetics that are
located inside these regions (e.g. DYF387S1, DYS385,
DYS3891I/1I, DYS391, DYS392, DYS437, DYS438,
DYS439, DYS448, DYS460, DYS549 and DYS635) tend
to present duplications and/or deletions, as a result of non-
allelic homologous recombination between palindromes
[58-61]. This mechanism can explain the duplications
involving both DYS437 and DY S3891 (Table 1), located in
the AZFa [62], as well as the seven duplications at DY S448,
located in the AZFc. The lack of association of the DY S448
duplications with a specific haplogroup point to at least
three independent duplication events. Balaresque et al.
[58] identified DY S448 duplications in samples belonging
to haplogroups O3e, C*, C3c, G, 02, D*, and E3b, sup-
porting independent deletion and duplication events within
AZF regions, making it challenging to assign a specific geo-
graphic origin to the duplications and null alleles observed
in this study.

DYS456 and DYS576 are both located on the short arm
of the Y chromosome. For the sample with the duplication
at DYS456, the NEVGEN software could not predict any
haplogroup. The two samples with duplication at DYS576
are from the Pacific region, and they were predicted as
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Table 1 Intermediate, duplicated Y-STR Genotype Region (n) NEVGEN - Haplogroup Predicted”
and nuu alleles detected in a Intermediate alleles
{’Opmauon sample of 975 unre- DYS385 17,17.2 Caribbean (2) Ala-M31
ated males from Colombia
DYS385 10.2,12 Andean (1) R1b-DF27
DYS385 11,13.2 Andean (1) / Caribbean ~ *R1blala2ala2albla/R1b-U152
()
DYS385 11.2,12 Andean (1) R1b-DF27
DYS385 13,14.2 Caribbean (1) J2al-L26
DYS385 13.2,16 Caribbean (1) R1b-V88
DYS437 132 Andean (1) R1b-DF27
DYS437 142 Andean (1) R1b-U106
DYS438/DYS458 9.2/19.2 Andean (3) J1a3-Z1828
DYS458 16.2 Andean (3) / Caribbean 1 R1b-Z2103 /5 J1a2ala2-P58
3
DYS458 17.2 Andean (6) / Caribbean 12 J1a2ala2-P58/ 1
(6) / Orinoquia (1) *J1a2ala2d2b2b2c
DYS458 18.2 Andean (5) / Caribbean 6 Jl1a2ala2-P58/1
(1) / Pacific (1) *J1a2ala2d2b2b2c4c
DYS458 19.2 Andean (1) / Caribbean 3 J1a3-Z1828 / 1 J1a-PH77
(2) / Pacific (1)
DYS458 20.1 Caribbean (2) 1 E1b1b-M81 /1 J1a-PH77
DYS458 20.2 Caribbean (1) J1a3-Z1828
DYS570 17.2 Andean (1) R1b-DF27
DYS635 23.1 Andean (1) R1b-DF27
Duplications
DYS389I/DYS437 12,13/14,15 Caribbean (1) RI1b-L51
DY 'S448 18,20 Andean (1) R1b-U106
DY 'S448 20,21 Caribbean (2) Ela M132
DYS448 19,20 Andean (1) / Caribbean 1 R1b-P312/2 Ela-M132
(1) / Orinoquia (1)
*Haplogroups predicted by the DYS448 19,21 Caribbean (1) Ela-M132
NEVGEN with probability DYS456 15,16 Andean (1) 100% Unsupported subclade
below 90% were confirmed by DYS576 15,17 Pacific (2) Elbla-V38
genotyping diagnostic Y-SNPs Null alleles
by SNaPshot, with no discrep- DYS19/DYS392 0 Andean (1) RIb-L21
ancies observed. *Haplogroup DYS390 0 Andean (1) RIb-L21
assigned based on Y-SNP geno-
typing using the Ion AmpliSeq™ DYS448 0 Andean (3) / Caribbean 3 R1a-M198 /1
HID Y-SNP Research Panel vl (1) *R1blala2alalc2b2alblbla

belonging to the African haplogroup Elbla. This finding is
consistent with the previous detection of this duplication in
a sample from Benin [39] and with the high levels of Afri-
can ancestry in the Colombian Pacific region [5].

Null alleles were also observed at DYS448, DY S390,
DYS19 and DYS392. In the case of DYS448, the null alleles
can also be due to non-allelic homologous recombination
within the AZFc, which explains the 4 instances observed
in Andes and Caribbean within two different haplogroups
(R1a and R1b).

Null alleles at DYS390, DYS19 and DYS392 are out-
side palindromic regions and, therefore, they most likely
resulted from mutations at the primer binding regions.
Null alleles at these loci were described in Ghana [44]
and South Africa [63, 64], and reported in YHRD in
admixed South American, Native American and African
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populations. In our samples, the haplotype carrying null
alleles simultaneously at DYS19 and DYS392, as well as
the haplotype with a null allele at DYS390, were predicted
to belong to haplogroup R1b-L21.

Comparison of Y-STR haplotypes in
Colombian populations

To assess population structure across Colombian departments
and regions, pairwise genetic distances (Fgr and Rgyr) were
calculated using data from this study and from previous pub-
lications that included at least the Y17 loci (Supplementary
Tables S1 and S3). Departments with less than 16 haplotypes
were excluded from these analyses: Casanare (n=2), Meta
(n=1) and Caqueta (n=06). Genetic distances were calculated
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for both 17 Y-STRs and 23 Y-STRs, with less populations
available for the larger Y-STR set (Supplementary Table S1).
The results obtained are presented in Supplementary Table
S3 and represented in an MDS plot (Fig. 2).

In all analyses, Putumayo and Amazonas showed no
significant differences among them, and appeared geneti-
cally distinct from all other departments, showing signifi-
cant differences with all departments except Risaralda. This
pattern is probably related to the higher Native American
ancestry of the Amazonian populations when compared to
other regions, which is supported by data from ancestry-
informative markers [5].

A significant genetic differentiation from other depart-
ments was also evident for the department of Choco,
which only showed non-significant low differences when

(A) Fs7 17 Y-STRs Stress =0.1035
SAA
ARA
CUN *
i PRO
suc MAG
CAL LAG  RATL
SAN * s COR
o > o +BOL
TOL Fy RIS CHO
HUI VALK oo
NOR  BOY ANT CAU
NAR
PUT
AMA
(C) Rt 1S Y-STRs Stress =0.1784
AMA
PUT
RIS
ARA
NAR i
CAL
SAA
Qui CES
HUI >
CUN| octB
TOL— o G
goy cau o MR e
e CHO
& VAL ¢ ATL
COR
MAG
suC ANT ”
BOL

Purple: Caribbean (LAG - La Guajira, CES - César, ATL - Atlantico, MAG - Magdalena, BOL - Bolivar and SUC - Sucre);

compared with Providencia and San Andrés for the 15
Y-STR set, probably due to shared African ancestry [8].
Studies using ancestry-informative markers also identi-
fied statistically significant differences between Andean
populations (Antioquia, Bogota, Norte de Santander) and
Choco [5, 65].

Among the Andean populations, significant differentiation
was obtained for the department of Cauca, Narifio and Tolima
in both Fgr and Ry analyses for the smaller Y-STR set (Fig. 2A
and C). It is worth noting that Narifio and Cauca showed the
lowest genetic distances values with Putumayo, which is geo-
graphically close. The geographic proximity of these depart-
ments to the Amazon may have contributed to gene flow and,
possibly, a greater Native American ancestry than the other
departments in the Andean region. Indeed, a previous study

(B) Fs7 23 Y-STRs Stress = 0.1289
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Tolima, HUI - Huila, VAL - Valle del Cauca, CAU - Cauca and NAR - Narifio);

: Amazon (PUT - Putumayo, AMA - Amazonas);

- Pacific (CHO - Chocd);

- Insular (PRO - Providencia and SAA - San Andréas); Pink: Orinoquia (ARA-Arauca).

Fig. 2 MDS plots based on Fg; and Ry genetic distances. The num-
ber of loci varied in each analysis. In the Fg; analysis the complete
sets of 17 Y-STRs (A) and 23 Y-STRs (B) were included, while in the
Rgp analysis only 15 Y-STRs (C) and 21 Y-STRs (D) were used, by

excluding DYS385 loci. Purple, gray and blue circles include popula-
tion samples from the same Colombian region with non-statistically
significant differentiation and genetic distances below 2%
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using ancestry-informative markers showed that the south-
western Andean region, which comprises the departments of
Narifio, Cauca, and part of Putumayo, preserved a significant
proportion of Native American ancestry (37—44%) [5].

When comparing the five geographic regions of
Colombia, the populations from Orinoquia, Andes, and
Caribbean tend to cluster together (Fig. 2), with an over-
lap of the clusters of the Andes and Caribbean popula-
tions in the analyses performed for a smaller set of
markers (Fig. 2A and C). In the analyses performed with
21 and 23 Y-STRs, a clearer separation of the five regions
is observed (Fig. 2B and D).

Taken as a whole, the genetic distance results obtained
demonstrate differences in paternal lineages between the
five geographic regions of Colombia, which should be con-
sidered when evaluating forensic evidence. Although some
differences were also observed between populations within
the regions, the overall results did not reveal a statistically
significant differentiation.

To assess the robustness of the groupings based on
the genetic distances between pair of populations defined
in Fig. 2, an AMOVA analysis was performed. Colom-
bian departments included in the present study, together
with previously published data [14, 16, 17, 29, 30], were
grouped into six major regions: Insular, Andes, Caribbean,
Orinoquia, Pacific, and Amazon for the analysis of 17-STRs
and 23-STRs. The results obtained from the two sets of
Y-STR markers indicated that majority of genetic varia-
tion occurred within populations (> 97.81%), while up to
1.53% of the variation was attributed to differences among
groups, and less than 0.66% to differences among popula-
tions within groups.

Although the genetic differentiation between Colombian
departments was low in both sets, it was statistically sig-
nificant (Fgp > 0.01914 and p=0.00000). Also, values of
among groups’ fixation index (Fr) were low (<0.05), indi-
cating small but statistically significant genetic differences
among the regional groupings.

In the AMOVA based on 23 Y-STRs, values of among
populations within groups’ fixation index (Fg-) were not
statistically significant (Fg- = 0.00179, p=0.16109). On
the other hand, with the 17-STRs marker set, significant
genetic differences were detected among populations within
the regions (Fg- = 0.00737, p=0.00000). These findings
suggest that an increase in the number of Y-STR markers
appears to improve the resolution for identifying regional
differences. Thus, based on the AMOVA results and genetic
distance analyses, the regional groupings of the Colombian
departments established for the 23 Y-STR markers set were
adopted for further analyses.

Finally, it is worth noting that sampling in the Andean
and Caribbean regions far exceeds that of Amazon, Pacific,

@ Springer

and Orinoquia regions, reducing the statistical power and
precision of estimates involving these regions. Therefore,
future studies should increase sampling efforts in geneti-
cally unique but sparsely populated regions to achieve bal-
anced sample sizes across regions, enabling more robust
inter regional comparisons.

Comparisons of admixed South American
populations

For comparative purposes, PPY23 haplotype datasets
from the Colombian regions were compared with those
from admixed South American, Native American, Euro-
pean, East Asian and African populations, for which data
were available for the same set of markers. The results
are presented in Supplementary Table S4. As shown in
Fig. 3A, populations from the Andean, Caribbean, and
Orinoquia regions cluster with European and other
admixed populations, indicating stronger genetic affini-
ties with Argentina, Paraguay and Brazil, all showing
high genetic proximity to Iberian populations [41, 43,
60]. These results are historically consistent, as the colo-
nization of South America was predominantly carried out
by settlers from the Iberian Peninsula beginning in the
early 15th century. It is also important to highlight that
Germany appears more distant from this cluster, particu-
larly according to the Rgy results.

Although pairwise genetic distances (Fg and Rgy) indi-
cate statistically significant differentiation between Colom-
bian regions and African groups, the Pacific region still
shows a greater proximity to the western African popula-
tions. As previously reported for Y-SNPs in the Caribbean
in this study, this region exhibits a significantly higher
frequency of sub-Saharan lineages, highlighting stronger
genetic affinities with African populations.

The Amazon population clusters with Peru and Ecuador,
showing no significant differences, likely due to the strong
Native American component shared among these groups.
However, although the Amazonian population is genetically
closer to Bolivia, the increased distance and significant dif-
ferences relative to Bolivian natives suggest that the Andean
Native component of Bolivia is distinct from the Amazo-
nian component found in Colombia.

The Amazon population clusters with Peru and Ecuador,
showing no significant differences, likely due to the strong
Native American component shared among these groups.
However, although the Amazonian population is geneti-
cally closer to Bolivia, the increased distance and signifi-
cant differences relative to Bolivian natives suggest that the
Andean Native component of Bolivia is distinct from the
Amazonian component found in Colombia.



International Journal of Legal Medicine

(A) Fs7 23 Y-STRs Stress =0.1027
BOL-NAM A
BOL
GHA
YOR
SGC A AMA -
PER
ECU PAC
AND ARG

PAR CAR

ZBW

A CHN

Purple: Caribbean (CAR); : Andean (AND); : Amazon (AMA):

(B) R 21 Y-STRs Stress =0.0781
sEN . YOR
Rt GHA
SPA ¢ POR
ox PAR
P
AND BRA PAC
ARG CAR
SGC A .
FER AMA
BOL-NAM A
BOL
ZBW
A PN
A CHN
GER A

: Pacific (PAC): Pink: Orinoquia (ORI): : African populations (YOR-

Yoruba, GHA-Ghana, BEN-Benin): Gray: South American populations (BRA-Brazil, ARG-Argentina, PAR-Paraguay, ECU-Ecuador, BOL-Bolivia, PER-Peru):
Black: European populations (POR-Portugal, SPA-Spain, GER-Germany, UK-United Kingdom); Dark Blue: Asian populations (JPN-Japan, CHN-China), Dark
Green: Native American populations (BOL-NAM-Native Americans from Bolivia, SGC-Native American from S&do Gabriel da Cachoeira, Brazil).

Fig. 3 MDS plot of populations comparisons. A) MDS plot based on
Fgp genetic distances between Colombian regions and other popula-
tions, based on 23 Y-STRs (B) MDS plot based on Rgy genetic dis-

Y-SNP analysis and haplogroup diversity in the
Andes and Caribbean regions

Haplogroup frequencies and diversity

In agreement with what was previously reported [66], seven of
the 602 amplicons failed to meet the 20x threshold in > 90%
of the samples and were excluded from downstream analyses.
Despite this, haplogroup assignment was still possible since
the panel contained alternative Y-SNPs for the same hap-
logroup, or downstream Y-SNPs relative to those that failed.

From the 859 Y-SNPs claimed to be included in the panel,
two of the Y-SNPs are in regions outside the amplified ampli-
cons, 16 Y-SNPs were excluded for lower coverage, and 569
Y-SNPs were not variable in the samples analyzed, present-
ing the ancestral allele in all samples. The final dataset con-
sisted of 272 variable Y-SNPs (i.e., with ancestral and derived
states in the 175 samples), defining 64 haplogroups.

Yleaf prediction results for the 175 samples are provided
in Supplementary Table S2. Five Andean samples pre-
sented an additional derived allele that has been observed
within the context of other haplogroup phylogenies. One
sample classified as I-M36 (AN475 in Supplementary Fig-
ure S1) presented a derived allele at M7 usually observed
within haplogroup O. Two samples from haplogroup
Q-M3 (AN437 and AN444), one from haplogroup R-V88
(AN471), and one from haplogroup J-L283 (AN424)

tances between Colombian regions and other populations, based on 21
Y-STRs, by excluding DY S385 loci

presented a derived allele in variant L729, originally
reported within haplogroup N [31].

These positions were all above the coverage threshold,
but the majority base threshold was below 95% for three of
them. Further inspection on the IGV software confirmed that
these positions were not sequencing artefacts and may repre-
sent recurrent mutations (Supplementary Figure S1). Indeed,
in the ISOGG Tree (https://isogg.org/tree/index.html) L729
is associated to sub-lineages inside haplogroups R (L729.2)
and J (L729.2), in the UYSD (https://ysnp.erasmusmc.nl/y
snp_database/) and YFull (https://www.yfull.com/tree/) it
is described within haplogroup N, and Yleaf included this
mutation as diagnostic for haplogroup R1blalblalalblala.
To the best of our knowledge, position M7 has not been previ-
ously reported as recurrent, and L729 has not been observed
in haplogroup Q or R-V88 backgrounds. More studies will be
needed to understand if these positions define novel branches
within haplogroups 12alal, Qlblala and R1bla2.

The frequencies of the haplogroups detected in the
Andean, Caribbean and Amazon regions are shown in
Fig. 4A. Since only nine Y chromosomes were analyzed
from the Amazon region, these samples were not used to
make population inferences.

The macrohaplogroup R-M173 was the most prominent
haplogroup in both Colombian regions, with frequencies
of 64% in the Andean region and 39% in the Caribbean.
This lineage is subdivided in R1a-M420, found in Eastern
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Europe, and R1b-M269, more frequent in Western and
Central European populations [67-69]. Lineages inside the
R1b-P312 branch predominate in both the Caribbean and
the Andes, with a frequency of 85% within haplogroup
R1b-M269 (Fig. 4B). This is one of the most frequent hap-
logroups in Western Europe and particularly in the Iberian
Peninsula [67, 70]. A high diversity of R1b-P312 sub-lin-
eages were found in our data.

A sample from haplogroup R-V88 was observed in our
Colombian dataset. This lineage is more frequent in Africa
[46, 71], although it has been also described in current pop-
ulations from Sardinia and Corsica islands [52, 53, 71]. To
determine the most likely origin of this R-V88 lineage, a
network was constructed using haplotypes with 8 Y-STRs
from Sub-Saharan African and European populations (Sup-
plementary Figure S2). The Colombian haplotype shows
greater affinity with African haplotypes and, therefore, its
continental origin was inferred to be African.

Other European lineages were also identified in Colombia.
The G sub-lineages represented 1.81% of our dataset, while
haplogroup I represented 13.86%. Sub-haplogroup I showed
the highest incidence in Caribbean. Haplogroup J was identi-
fied in 7.83% of the Colombia samples, and haplogroup T
was the less frequent (1.2%). Although haplogroups G, I, J
and T can be found in other continents [72—77], in the his-
torical context of Caribbean and Andean populations, these
lineages were most likely introduced by Europeans.

Haplogroup E was more frequent in the Caribbean (27%)
than in Andean region (10.6%). In the Caribbean, the most fre-
quent sub-haplogroup was E-M2 (Fig. 4C), widely distributed
in sub-Saharan Africa and associated with the Bantu expan-
sion [46, 78]. The presence of E-M2 lineages in Colombia
most likely resulted from transatlantic slave trade, mainly from
West and Central-West Africa, as well as from Mozambique
on the East African coast. On the other hand, Andes exhibited
a higher frequency of lineages inside sub-haplogroup E-M35
(Fig. 4C). E-M35 lineages (E-M78; E-M310 and E-M34) are
frequent both in Eurasia and Africa [74, 79, 80].

Concerning clade Q, only the Q-M3* lineage was detected
in the present study with a low frequency in the total dataset
(6.02%). Haplogroup Q is found approximately in 85% of
Native Americans [75, 81, 82]. The low frequencies observed
in both the Caribbean and Andes are consistent with histori-
cal records documenting low Y-chromosomal Native ances-
try, due to sex-biased admixture between Native women and
non-Native men, mostly from Europe [9].

The high diversity of lineages found in our samples
reflects the intense migratory flow and admixture resulting
from the arrival of colonizers from the Iberian Peninsula,
accompanied by enslaved Africans. Future studies with a
broader analysis of the distribution of Y-STR haplogroups,
including the Pacific, Amazonian, and Orinoco regions,

would be relevant for a more comprehensive view of
Colombian history, particularly for African lineages linked
to the transatlantic slave trade and for Native American lin-
eages associated with early migrations.

Colombian ancestry

Lineages belonging to haplogroups E-M35, G, I, J,
R-M173*(xV88) and T are consistent with a predominant
European paternal contribution in Colombia and were
inferred to have been introduced during colonization and
later reinforced by more recent European migrations into
the country. Although a Middle Eastern contribution of
lineages from haplogroups E, G, J and T cannot be fully
excluded, considering the historical and migratory move-
ments to Colombia, the introduction of these lineages was
most likely mediated by males coming from Europe. An
African ancestry was attributed to the remaining E-lineages,
all of them carrying the M2 derived allele, as well as to
haplogroup R-V88 detected in one sample (Fig. 4). Native
American ancestry was inferred by the proportion of sam-
ples belonging to haplogroup Q-M3, and no sub-lineages
were detected inside this haplogroup.

The largest proportion of paternal lineages in Andean
and Caribbean regions was of European origin, 87.9% and
79.0%, respectively. In the Andes, Native American ances-
try (7.6%) exceeded African ancestry (4.5%), whereas in the
Caribbean, African lineages (16.0%) were more frequent
than the Native American ones (5.0%).

These findings are in accordance with previous studies
showing that European lineages represent the main contrib-
utor of the paternal ancestry in Colombia due to the Span-
ish colonization of this country [16]. The higher frequency
of sub-Saharan African lineages in the Caribbean region,
also previously reported by others [15], can be explained by
the role of Cartagena as one of the most important ports in
South America during the transatlantic slave trade.

Forensic relevant parameters

Molecular diversity parameters were recalculated using
the complete haplotype dataset for Colombia, considering
the regions and the department’s populations. High lev-
els of haplotype diversity (HD > 99.92%; Table 2) were
observed for all regions of Colombia, except for Orinoquia.
The Andean region was the only region that shared haplo-
types with the others (six haplotypes with the Caribbean,
one with Orinoquia, and three with Amazon). In the studied
populations, the HD values were similar to those previously
reported from Colombia admixed individuals analyzed
with YFiler [14, 16, 17, 29, 30]. Urban populations such
as those analyzed in this study, are expected to show high
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Table 2 Diversity for 23 Y-STR haplotypes and Y-SNP haplogroups for Colombian regions

Population Y-STR haplotypes Y-SNP haplogroups
N Different haplotypes Haplotype diversity N Different haplogroups Haplogroup diversity

Andes 480 454 0.9997+0.0002 66 38 0.9068+0.0323
Caribbean 364 343 0.9997+0.0002 10 41 0.9539+0.0093
Orinoquia 35 29 0.9832+0.0131 - - -

Pacific 52 51 0.9992+0.0040 - - -

Amazon 44 44 1.0000+0.0048 9 6 0.8333+0.1265
Total sample 975 913 0.9998+0.0001 - - -

levels of admixture and uniparental-lineage diversity due to
colonization, the slave trade, and more recent immigration
waves [5, 9, 16].

Given that different marker sets commonly used in foren-
sics include Y-STRs with differential mutation rates, the prob-
ability of finding at least one haplotype difference between
related individuals due to mutation depends on the average
mutation rate and the number of analyzed loci. In Table 3 are
the proportion of related males (separated by 1 to 5 meiosis)
that are expected to present different haplotypes, consider-
ing previously reported mutation rates [83—85]. The results
show that the average mutation rate among loci is higher
for PPY23 compared to previous kits including fewer mark-
ers, but lower than for larger kits. The Yfiler Plus marker set
shows the highest average mutation rate, reflecting the inclu-
sion of rapid mutating markers. As expected, the probability
of differentiation between related individuals increases with
the inclusion of a greater number of markers.

Conclusions

This study provides a comprehensive overview of pater-
nal lineages and their regional patterns of variation within
Colombia. The analysis of Colombian haplotypes in this
study reinforces the extensive regional genetic diversity
within the country. Genetic distance results among regions

revealed marked differences in paternal lineages across
the five main geographical regions of Colombia, prevent-
ing the use of a unified national database of Y-haplotype
frequencies for an accurate evaluation of forensic evidence
at regional level. This diversity pattern, also reported in
studies using other genetic markers, reflects the country’s
colonization history, which begins with the exclusive pres-
ence of Native American groups, followed by European
colonization in 15th century, and subsequently the forced
introduction of enslaved Africans.

As a consequence, genetic distance analyses based on
Y-STR data from different Colombian regions, compared
with reference populations of European, African, and
admixed South American groups, unsurprisingly indicate
closer affinities with Iberian populations, particularly for
Andean, Orinoquia, and Caribbean regions. This pattern is
further supported by the predominance of the European hap-
logroup R1b-P312 among male lineages in the Andes and
Caribbean, a lineage commonly found at high frequencies
in the Iberian Peninsula, reinforcing historical records of
the predominant contribution of Iberian settlers. In contrast,
the Amazonian region shows closer affinities with Native
American populations, whereas the Pacific region displays
stronger genetic proximity to African groups.

The studied populations exhibited high HD, consistent
with what has been observed for South American popu-
lations shaped by admixture from at least three different

Table 3 List of Y-STR kits with corresponding number of markers (N), average mutation rate over markers, and the expected probability of finding
at least one haplotype difference between individuals separated by 1 to 5 meiosis

Marker set N Av. mutation rate Expected frequency of different haplotypes between individuals separated by one to

five meiosis*

1 2 3 4 5
Minimal 8 0.22% 1.76% 3.48% 5.18% 6.84% 8.48%
PPY12 11 0.22% 2.41% 4.77% 7.07% 9.31% 11.50%
YFiler 16 0.27% 4.18% 8.18% 12.01% 15.69% 19.21%
PPY23 22 0.34% 7.29% 14.05% 20.32% 26.13% 31.52%
Yfiler Plus and 25 0.49% 11.64% 21.93% 31.02% 39.06% 46.15%
STRtyper-27
Argus-28 27 0.47% 12.02% 22.60% 31.91% 40.10% 47.30%
AGCU Y37 34 0.45% 14.30% 26.56% 37.06% 46.07% 53.78%
Yfiler Platinum 35 0.44% 14.44% 26.79% 37.36% 46.41% 54.15%
PathFinder Plus 37 0.43% 14.66% 27.17% 37.85% 46.96% 54.74%
and GoldenEye

*Calculated according to Palha et al. [86]
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continental sources. The PowerPlex Y23 markers demon-
strated a high capacity for intrapopulation discrimination
among Colombian regional groups, supporting their use in
forensic applications.
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