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Abstract: The Isthmus of Panama was a crossroads between North and South America during the conti-
nent’s first peopling (and subsequent movements) also playing a pivotal role during European colonization
and the African slave trade. Previous analyses of uniparental systems revealed significant sex biases in
the genetic history of Panamanians, as testified by the high proportions of Indigenous and sub-Saharan
mitochondrial DNAs (mtDNAs) and by the prevalence of Western European/northern African Y chromo-
somes. Those studies were conducted on the general population without considering any self-reported
ethnic affiliations. Here, we compared the mtDNA and Y-chromosome lineages of a new sample collection
from 431 individuals (301 males and 130 females) belonging to either the general population, mixed groups,
or one of five Indigenous groups currently living in Panama. We found different proportions of paternal
and maternal lineages in the Indigenous groups testifying to pre-contact demographic events and genetic
inputs (some dated to Pleistocene times) that created genetic structure. Then, while the local mitochondrial
gene pool was marginally involved in post-contact admixtures, the Indigenous Y chromosomes were
differentially replaced, mostly by lineages of western Eurasian origin. Finally, our new estimates of the
sub-Saharan contribution, on a more accurately defined general population, reduce an apparent divergence
between genetic and historical data.

Keywords: Isthmus of Panama; mitochondrial DNA; Y chromosome; uniparental transmission;
phylogeography; indigenous American lineages and genetic history; sex bias
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1. Introduction

The Isthmus of Panama was an obligatory passage for the first peopling of the Ameri-
cas and has served as a crossroads in the movement of people and goods ever since, also
playing a pivotal role during European colonization and the African slave trade [1-3].
According to palaeoecological and archaeological data, a human presence in Panama is
attested from ~216,000 years ago (kya) [4,5]. Agriculture incorporating domesticated plants
developed 8.6 kya, and by 5.0 kya, it had strongly impacted forested landscapes in regions
with intense dry seasons favoring human burning [6,7]. Around 3 kya, three Cultural
Regions can be distinguished along the Isthmus: Greater Chiriqui (today the western
provinces of Chiriqui and Bocas del Toro, extending into present-day Costa Rica, and the
Indigenous Comarcas of the Naso Tjér Di, and the Ngébe and Bugle), the most coherent
historical unit [8], speaking Nuclear Chibchan languages [9]; Greater Coclé (today the
central provinces of Coclé and Veraguas, and the Azuero Peninsula), a culturally coherent
unit, even though it is not known whether it was linguistically united; Greater Darién
(East Panama and Darién provinces, and four Indigenous Comarcas—three Guna and one
Embera and Wounaan). By 1500 Common Era (CE), much of Greater Darién was inhabited
by people speaking the language of Cueva, which was more likely to be a lingua franca
of social communication than a vernacular. It is argued that some vernaculars spoken at
pre-contact villages in the Pacific watershed of today’s Darien and East Panama provinces
were of Chocoan heritage [10-12].

This heterogeneity in culture and organization persisted upon the arrival of the
Spaniards at the beginning of the 16th century CE, who described Panama’s Indigenous
communities as spanning from small tribes to large chiefdoms, speaking different lan-
guages and trading all kinds of goods [1]. The arrival of Europeans had a severe impact
on autochthonous populations. Many epidemics have been reported in Central Amer-
ica during the first century of colonization [13]. Indigenous peoples were decimated
by infectious diseases—one of the main causes of the strong population decline in the
Americas—such as smallpox, measles, and typhus, among others, for which Indigenous
populations had no immunity [14,15]. Other factors contributing to the population de-
cline disproportionately impacted Indigenous men, who took part in warfare and could
be forced to labor in the mines and pearl fisheries [16]. The area’s high mortality and
increasing demand for labor led to the importation of enslaved men and women from other
American territories, including Nicaragua, Peru, and Venezuela, as well as sub-Saharan
Africa. Panama became a principal redistribution point for the slave trade and mixture
among African and Indigenous peoples became common in areas inhabited by Africans
and their descendants [17].

Beginning in the sixteenth century, European, African, and Indigenous populations
converged on the Isthmus of Panama, leading to unions among people of different geo-
graphic and ethnic origins. The ensuing relations, coerced as well as consensual, often
took place between European men and women of Indigenous American and, subsequently,
African origins and descent. Free and enslaved members of African, Afro-descendent, and
Indigenous communities also mixed in the cities, villages, and rural areas despite royal
attempts to establish distinct Spanish, Indigenous, and Black towns [18,19]. Although
the early and permanent settlement of newcomers on the Isthmus of Panama following
Spanish contact changed the autochthonous gene pool, perceptions vary regarding differ-
ent ethnic groups’ cultural and social impact. According to the latest Panamanian census
(https:/ /inec.gob.pa/, accessed on 7 October 2021), the percentage of citizens who identify
themselves as Afro-descendants is 9.2%, while 12.3% consider themselves Indigenous. The
latter comprise seven groups (from west to east): Naso Tjér Di (or Naso), Bribri, Ngébe,
Bugle/Bokota (or Bogota), Guna, Embera, and Wounaan. During the 20th century CE, the
Ngébe, Bugle, Guna, Emberd and Wounaan were granted territories, called “Comarcas”,
administered by Indigenous authorities. At the end of 2020 CE, the Naso received their
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comarca (Republic of Panama, Ley 188 de 4 de diciembre de 2020, GACETA 29170—A,
https:/ /www.gacetaoficial.gob.pa/, accessed on 7 October 2021), whereas the Bribri in the
Chiriqui and Bocas del Toro provinces remain unprotected by comarca status.

Recent genomic analyses of populations currently living in the Americas confirmed
the existence of sex biases in the convergence of diverse ethnic groups following European
contact and colonization [20-22]. This sex bias was often documented by the differential
inheritance of uniparental lineages with three distinct geographic/population origins:
Indigenous America (IAm), Western Eurasia (WEu, including also Northern Africa), and
Southern (sub-Saharan) Africa (SAf) [23-26]. In Panama, the general population (individu-
als without self-declared ethnic affiliations living on the Isthmus for at least two genera-
tions) has shown two striking differences between the uniparental markers: (1) the high
persistence of IAm mtDNA lineages and a strong impact of WEu paternally-transmitted
lineages; and (2) a significant SAf contribution to modern mtDNA legacies (more than
twice) with respect to the Y chromosome [27,28]. The first outcome contrasts with the
demographic data of the last official census of 2010, when less than 12.3% of Panamanians
identified themselves as Indigenous. Likewise, the very limited genetic input from African
and Indigenous American males and their descendants detected in such uniparental stud-
ies clashes with historical evidence of the forced migration of more African men than
women to the Americas from the sixteenth through the eighteenth centuries CE [17,29-34].
More recently, archaeogenomics [35] has begun to shed light on Isthmian prehistory, with
surprising results. Capodiferro et al. (2021) [36] detected a previously undescribed ancestry
among ancient Indigenous peoples of the Americas, which was representative of a still
unsampled Late Pleistocene population of the Isthmus (UPopl) unique to this region. It was
detected in ancient pre-Hispanic individuals from excavations in Panama Viejo and adja-
cent Coco del Mar as well as among the self-identified members of present-day Indigenous
communities and Moreno and Mestizo groups. This genome-wide analysis also provided
some clues about the impact of European colonization. As expected, present-day Morenos
show prevalent African ancestry (=62%), but with a significant European contribution
(=13%), in ADMIXTURE analyses [36]. Surprisingly, Mestizos present a larger fraction
of Indigenous (~44%) than African (~32%) and European (~13%) genomic components
and traces of East Asian variants (=11%). As for the current Indigenous groups, Guna
and Ngébe preserved almost entirely an Indigenous gene pool (>99%), while present-day
Bribri derive a fraction of their genome from European (~13%) and African (~26%) sources.
A common feature of most indigenous groups was the population decline that probably
started before contact, earlier in the Guna group, and intensified with the conquest. These
findings inspired the present research to re-evaluate the modern Panamanians’ uniparental
gene pool in light of the DNA donors’ self-declared affiliations.

2. Materials and Methods
2.1. DNA Sample Collection

A total of 475 healthy individuals were enrolled in this study, during a sampling
campaign conducted in Panama starting in 2016. The biological specimens (saliva) were
collected through mouthwash rinsing, using the saliva DNA isolation kit from Norgen
Biotek. In addition to their informed consent, all participants were asked to provide ge-
nealogical information (for at least two generations) as well as ethnic affiliation and spoken
language. These data were used to identify two generations Panamanian subjects unrelated
on the maternal and paternal sides and belonging to different population groups. The
final group of 431 unrelated individuals sampled (Supplementary Table S1) encompassed
130 females and 301 males; 200 declared themselves as part of one of five different Indige-
nous groups (Bribri, Naso, Ngiabe, Guna, and Emberd), while 21 individuals identified
themselves as either Mestizo (N = 10) or Moreno (N = 11). These groups include mostly
individuals of mixed Hispano-Indigenous and African ancestries, respectively. Finally, a
total of 210 Panamanians did not self-identify as affiliated with any of the ethnic categories
listed above and were grouped together as representative of the general population for
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the purposes of the present study. Genomic DNA was extracted from saliva samples
and purified either following a standard phenol/chloroform protocol or with automated
extraction performed with the Maxwell® RSC Instrument from Promega Italia srl (Milan,
Italy) according to the manufacturer’s protocol.

2.2. Mitochondrial DNA Sequencing and Haplogroup Classification

Even if a deeper classification into sub-haplogroups could be achieved through a mas-
sive sequencing of entire mitogenomes and non-recombining regions of the Y chromosome,
the main goal of the present work was to compare the different sources of uniparental
haplogroups. To this aim, the Y-chromosome classification was achieved through a hier-
archical screening of biallelic markers, while Sanger sequencing of the mtDNA control
region allowed identifying informative SNPs for a correct mitochondrial classification, as
in previous studies on the general population of Panama [27,28].

The mtDNA control region was amplified through standard PCR for 475 individuals,
using the following primers: nucleotide position (np) 15877 forward (5'-CAAATGGGCCTG
TCCTTGTA-3') and np 727 reverse (5'-AGGGTGAACTCACTGGAACG-3'). A segment of
the control region (nps 16024-250) was sequenced at the BMR Genomics (https://www.
bmr-genomics.it/) through Sanger sequencing using the Brilliant Dye terminator 1.1 kit.
The sequencing primers included a forward primer (np 15973, 5-AACTCCACCATTAGCA
CCCA-3') for all individuals and a reverse primer (np 305, 5-GGGTTTGGTGGAAATTTTT-
3’) for those harboring the transition T16189C, which results in a poly-C tail causing
premature termination of the sequencing reaction.

Electropherograms were aligned to the mitochondrial reference sequence (rCRS) [37]
using Sequencher v4.9 (http:/ /www.genecodes.com/), which was also used to manually
determine haplotypes. Haplogroup classification was obtained with HaploGrep2 [38].
Most of the B2 sequences were initially classified as B4 due to the lack of distinguishing
B2 marker positions in the analyzed segment of the control region. This makes it difficult
to distinguish between the two lineages [39,40]. This issue was addressed by classifying
the B4 sequences as B2 based on the complete mitogenome information for some of them,
which is already available in [36].

Of the 475 initially sequenced individuals, only 431 (Supplementary Table S1) were
included in subsequent mtDNA analyses. Forty-four were excluded either because a
detailed assessment of the available genealogical records revealed that they were maternally
related (N = 39) or due to the poor quality of the sequencing data (N =5).

2.3. Y-Chromosome Genotyping and Haplogroup Classification

A total of 301 unrelated Panamanian males were sampled. Of these, 248 were suc-
cessfully classified into Y-chromosome haplogroups (Table S1), including 43 male subjects
genotyped with the Affymetrix Human origin 600K chip and previously analyzed in [36].
The Y-chromosome haplogroup classification was obtained by hierarchical order analysis
of 54 biallelic markers of the male-specific region of Y chromosome (MSY), following the
latest Y-chromosome phylogeny (https://www.yfull.com/tree/; https://isogg.org/, both
accessed on 7 October 2021) and according to [41].

2.4. Data Analyses

The analysis of mtDNA molecular diversity indices was performed with DnaSp
v.6 [42]. Heterogeneity was computed using the standard method of Nei [43].

Haplogroup frequencies and distributions for both genetic systems were compared for
statistically significant differences with either the Chi-square test of independence or the
Fisher’s exact test of independence, which were computed using R [44] and the XLSTAT
add-on for Excel.

Uniparental genetic pairwise distances between individuals were computed using
MEGA X [45], as the proportion of nucleotides at which two sequences are different (p-
distance method). Distances were calculated on both mtDNA (N = 248) and Y-chromosome
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(N = 248) data, using only variable sites (disregarding indels) from the sequenced control-
region portion and from the tested SNPs, respectively. We calculated intra-population
distances for each system by keeping only pairwise comparisons of individuals belonging
to the same population group. Conversely, we used all pairwise values to compute the
mean of Y-chromosome and mtDNA distances and convert it into a dissimilarity matrix,
using the R functions mean and xtabs [42]. The resulting matrix was used to perform a
multidimensional scaling (MDS) using the R function cmdscale [44].

Principal Component Analysis (PCA), on both mtDNA and Y-chromosome hap-
logroup frequencies, was computed using prcomp from the stats R package [42] with the
center and scale arguments set as true. Correspondence Analysis (CA) was performed
on the same haplogroup frequencies using the CA function from the FactoMineR R pack-
age [46], as in [47]. All plots were generated using the R packages ggplot2 [48] and factoextra
(https:/ / github.com /kassambara/factoextra).

3. Results
3.1. MtDNA

We generated mtDNA control-region data for 431 maternally unrelated individuals,
which were sampled among the general population (N = 210) as well as five Panama-
nian Indigenous groups (N = 200): Naso, Bribri, Ngibe, Guna, and Embera (Figure 1;
Supplementary Table S1). The two admixed groups, Mestizo (N = 10) and Moreno (N = 11),
were represented in the final dataset.

¢ 1P lati mtDNA haplogroups

12°N ( Genera opulation Indigenous Sub-Saharan Western
(N _ 210) American African  Eurasian

A2 LO H2

: A2afl L1 U2

Mestizo Moreno o L2 U3

= = B2 L3 X2¢

(N=10) (N=11) B2 L X2

D1
@ Q@

Bribri
(N=14)

10°N

Latitude

9°N

8°N

7°N

83.5°W 82.5°W 81.5°W 80.5°W 79.5°W 78.5°W 77.5°W 76.5°W
Longitude

Figure 1. Map showing the haplogroup distribution of the 431 mtDNAs according to the self-
reported affiliation of the participants in the study. Location of Indigenous groups corresponds to
their specific Indigenous Comarca (Naso Tjér Di, Ngabe, Guna, and Embera). As for the Bribri, most
of them live within Costa Rican borders, and about 3000 are settled in Panama. The size of each
pie chart is proportional to the number of individuals from each group. Haplogroup origins are
indicated by shades of different colors. Diereses and accents were not considered when labeling the
different groups.

The analyzed sequences covered nps 16024-250, thus including the complete hyper-
variable segment I (HVS-I, nps 16024-16383) and part of the HVS-II (nps 57-372), for a total
of 796 sites, of which 161 are polymorphic. The total dataset includes 173 distinct haplo-
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types (haplotype diversity, Hd = 0.971; Supplementary Table S2. High-diversity values
are found in the general population (Hd = 0.988) and in the Moreno group (Hd = 0.945),
which also show lower proportions of IAm haplogroups. Among Indigenous populations,
the highest Hd value is observed in the Embera (0.971), whereas Naso and Bribri are
characterized by the lowest diversity (Hd = 0.575 and 0.538, respectively).

The classification into mitochondrial haplogroups (Figure 1; Supplementary Table S2)
revealed a prevalence of the Indigenous pan-American founding lineages (A2, B2, C1,
D1), totaling 86.3% of the entire dataset and 75.7% of the general population, which is
in agreement with [27]. All individuals from IAm populations belonged to Indigenous
lineages, except for one Embera whose mtDNA was identified as haplogroup R*.

The macro-haplogroup A2 is the most represented, accounting for 51.7% of all indi-
viduals, which was followed by B2 (27.1%) and C1 (6.0%). D1 is found with the lowest
frequency (1.4%) and only in the Emberd group. Non-Indigenous lineages account for
13.7% of the total, with West Eurasian haplogroups representing 2.3% and SAf haplogroups
representing 11.4%. A2 could be further classified into two main sub-lineages. A2w rep-
resents 11.8% of the entire dataset and is found among the Ngébe (43.7%), the Mestizo
(60.0%), and the general population (6.7%). A2afl (24.6% of the total) is found across
all Indigenous groups (except for the Embera), even though its proportions within each
particular Indigenous group are significantly different (Chi-squared test, p-value < 0.01)
and reach the highest frequencies in Guna (52.0%) and Naso (56.3%) populations. This
lineage is found in one Mestizo individual and is also the most represented in the general
population (26.2%).

The haplogroup B2 is found among all Panamanian populations sampled, with sig-
nificant differences between the Indigenous groups (Chi-square test, p-value < 0.01). The
highest frequencies are reached in Embera (46.9%) and Bribri (64.3%) populations. The
haplogroups C1 and D1 are almost exclusively found in the eastern populations (Guna and
Embera), with D1 present only in the latter and C1 equally distributed (Chi-square test,
p-value = 0.83) in both groups (~=20-22% in each population).

The Western Eurasian haplogroups (H2, U2, U3, X2¢, R*) are only found in the general
population (4.3%) with the exception of the previously cited R* mtDNA found in one
Embera. The Mestizo individuals do not present any European mtDNA lineage, showing
conservation of Indigenous ancestries with no European contribution from a matrilineal
point of view. Conversely, sub-Saharan African haplogroups are found in the general
population (20.0%) and in the Moreno group (63.7%). In the latter group, showing a greater
presence of mixed ancestries along the maternal line, the sub-Saharan maternal ancestries
are represented by L2 (36.4%) and L3 (27.3%) lineages.

3.2. Y Chromosome

A total of 248 Panamanian males were successfully classified into 25 Y-chromosome
haplogroups, with three main geographic origins: Indigenous America (haplogroup Q),
sub-Saharan Africa (haplogroups B-M60 and E-M2), and Western Eurasia/North Africa
(the remaining haplogroups) (Figure 2; Supplementary Table 54).

In agreement with previous observations [41,49], the Indigenous component is repre-
sented by haplogroups Q-M848 and Q-Z780. However, each of these haplogroups shows
only one of its known sub-clades. For Q-M848, only the Q-M925 branch is observed, in
which ~82% of individuals belong to its sub-branch Q-Y12421, which has been so far
reported in Panama, Mexico, and in the southwestern United States [41]. The remaining
Q-M848 Y chromosomes are negative for the signature markers (CTS4000, 25908, M925,
CTS2731, and Y780) of its major downstream clades, and therefore, they are classified as
Q-M848* (paragroup). As for Q-Z780, about 50% of the Y chromosomes belong to the
Q-SA02, which is a clade that has been previously observed in few subjects from Costa
Rica and Panama [41], and from Coyaima groups of Colombia [50]. The remaining Q-Z780
chromosomes (negative for SA02 and Z781) are reported as Q-Z780*.
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Figure 2. Map showing the haplogroup distribution of the 248 Y chromosomes according to the
self-reported affiliation of the participants in the study (see Figure 1 for further details).

As shown in Figure 2, the Y-chromosome lineages of different geographic origins
(IAm, SAf, and WEu) are distributed quite unevenly among the populations. In the general
population sample, most (69.8%) of the Y chromosomes fall within Western Eurasian
haplogroups, namely I-M258, 11-M253, K-M9(xM242), R1a-M17, R1b-M269, R1b-U106,
R1b-5116, G2-M547, and G2-P15 [51-54]; the South/West-Eurasian J2-M172 (xPage55)
and J2-PAGES5S5 [55,56]; the Mediterranean (including North and East African) E-M123,
E-M78, E-M81, J1-PAGEQ08, and T-M70 [55,57,58]. Amongst these haplogroups, the Iberian
R1b-5116 [59] stands out, being by far the most frequent lineage in the general population
(28.2%). The second most frequent source is represented by African haplogroups (16.8%),
with the West sub-Saharan African E-M2 [60] being second in frequency (15.4%) after the
Iberian R1b-5116, and the South sub-Saharan African B-M60 [61,62] represented only by
two individuals. Lastly, the least represented source refers to the Indigenous American
haplogroup Q sub-lineages, accounting for 13.4%, mainly represented by the Isthmo-
Colombian Q-Y12421 (6.7%) [41], whose frequency is not very distant from that of all the
remaining IAm haplogroups.

Among the admixed groups, Mestizo and Moreno present different genetic com-
positions reflecting their respective origins. Mestizo accounts for, in order of frequency,
Indigenous American, Western Eurasian, and African contributions, while amongst the
four Moreno Y chromosomes, three were E-M2 and one was J2-M172, thus identifying a
predominantly African paternal ancestry (E-M2).

Most individuals who self-declared Indigenous affiliations have retained an IAm
paternal ancestry (80.9%). Only the Bribri differ from this trend, as six out of the eight
males analyzed harbored Y chromosomes not belonging to haplogroup Q (five of European
ancestry and one from Africa). The only two haplogroup Q Y chromosomes (25.0%)
found in the Bribri both belong to Q-M848*. The frequency of this paragroup ranges
from 33.3% in the Ngédbe and the Naso to 59.4% in the Guna. The most frequent sub-
haplogroup among Indigenous groups is the Isthmo-Colombian Q-Y12421, which reaches
its highest frequencies (~=31%) in the Guna and the Naso. Other clades highlight a number
of differences between IAm populations: (i) the Q-Z780 sub-haplogroup Q-SA02 is only



Genes 2021, 12, 1921

8of 17

observed in western groups (Naso and Ngibe), while all the Q-Z780 remain classified as
Q-Z780* in the Embera (from the eastern part of the country); (ii) no Q-Z780 Y chromosomes
were identified in the Guna; (iii) Q-M925* is almost exclusively found in the Ngébe with
the exception of one Guna.

Heterogeneity values were calculated for each group considering both the total-
ity of the observed haplogroups (Hit) and the Indigenous haplogroups only (Hygg)
Hiot values reveal that Indigenous groups are almost as heterogeneous (values between
0.742 and 0.893) as the admixed general population (H = 0.883), with the only exception of
the Guna (H = 0.565). On the other hand, Hyg values show that, apart from external contri-
butions, a certain diversity of the IJAm component is maintained in all Indigenous groups.

3.3. Combining MtDNA and Y-Chromosome Results

To compare Y-chromosome and mtDNA data, we first restricted the total mtDNA
dataset of 431 individuals to the one used for Y-chromosome analyses (248 males unrelated
on both the paternal and maternal sides). We did not find any statistically significant
difference when comparing the mtDNA haplogroup distribution between the two datasets
(Fisher’s exact test, p-value = 0.998). The mtDNA haplogroup frequencies for this dataset
are summarized in Table S3 and Supplementary Figure S1.

The proportion of Indigenous lineages is higher for the mtDNA than for the Y chro-
mosome in all Indigenous groups, except for Naso, as well as in the general population
(Figure 3). In particular, Panamanian Indigenous groups reach a frequency of 100% of
Indigenous lineages when looking at the maternal side, but with an important WEu contri-
bution for the paternal side. This contribution is predominant in the Bribri, who also show
one individual belonging to the sub-Saharan Y-chromosome lineage E-M2. As expected, the
Moreno group shows the lowest proportion of IAm lineages for both systems, since most
of the individuals bear SAf haplogroups. The admixed Mestizo and the general population
groups are characterized by similar patterns, having predominant IAm ancestries for the
mitochondrial DNA and substantial WEu and SAf Indigenous contributions for the Y
chromosome. Here, in contrast to previous estimates [27,28], the general population shows
the same proportion of SAf lineages (16.8%) for both uniparental systems.

’
100] 100 100 -
12°N ; —‘ | Haplogroup origin
075 075 075 ] Indigenous American
050 050 050 B Sub-Saharan African
I Western Eurasian
025 025 025
o00{ = 00 000
11°N root r oot r oot
s&e -v(’ &\Qé -v(/ &\Oe 4"’
Mestizo Moreno General Population
(N=6) (N=4) (N=149)

Naso

10°N

Latitude

9°N

8°N

83.5°W 82.5°W 81.5°W 80.5°W 79.5°W 78.5°W 77.5°W 76.5°W
Longitude

Figure 3. Map showing the distributions of mtDNA and Y-chromosome haplogroup origins (indi-
cated by different colors) among 248 Panamanian males.
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Genetic diversities, computed as heterogeneity based on haplogroup frequencies [43]
(Supplementary Tables S3 and S4; Figure 4A), show higher values for the Y-chromosome
than mtDNA among the Bribri, Ngébe, Embera, Mestizo, and general population, which
all bear some non-Indigenous male lineages (in different proportions). The opposite trend
is observed for the Moreno and Guna groups, which present higher heterogeneity for
mtDNA. The Naso show similar values for the two. This observation is also confirmed
by the comparison of intra-population pairwise uniparental genetic distances (a measure
of genetic diversity, Figure 4B): a much higher median value on the mtDNA gene pool
is recorded for Bribri, Guna, and Moreno, thus testifying to a more diversified mtDNA
gene pool with respect to the Y-chromosome one. Higher heterogeneity of the mtDNA
pool is in accordance with the hypothesis of a very ancient IAm mtDNA legacy [36]. The
high median values of the Y-chromosome heterogeneity estimates among the Mestizo may
be due to the various allochthonous paternal contributions (both Western Eurasian and
sub-Saharan African) in post-contact times, although this pattern does not appear in the
general population.
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Figure 4. Heterogeneity based on haplogroup frequencies (A) and intra-population uniparental
genetic pairwise distances (B) of different Panamanian groups computed for mtDNA and the Y-
chromosome. In panel A, heterogeneity bars are shaded (from blue to red) according to the proportion
of Indigenous lineages in each population. In panel B, dashed lines represent the mean value of all
distances for mtDNA (above, mean = 0.12) and for the Y-chromosome (below, mean = 0.14).

The combinations of uniparental lineages that can be found in each individual from
the different population groups are summarized in Figure 5. As expected, external contri-
butions in the Indigenous groups mostly derive from WEu Y-chromosome haplogroups,
with the mtDNA:Y-chromosome Indigenous lineage ratio ranging from 1:0.2 in the Bribri to
1:0.6 in the Guna and the Embera. This is also confirmed for the mixed groups, with ratios
of 1:0.4 in the Mestizo and 1:0.35 in the general population. The only notable exception
is the Naso group where we find only IAm uniparental lineages (ratio 1:1), while the SAf
source is predominant in the mtDNA pool of the Moreno group (1:0.75).
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Figure 5. Connections between mtDNA and Y-chromosome haplogroups across Panamanian groups.
Uniparental haplogroups found in Indigenous and mixed groups are listed in two columns (mtDNA
haplogroups on the left, Y-chromosome on the right) and colored according to their geographical
origin. Each line connects the maternal and paternal haplogroups of an individual; the intensity of
the line is proportional to the frequency of that specific combination in the ethnic group.

To summarize the contribution of both uniparental lines to the gene pool of each
individual, we took the mean of Y-chromosome and mtDNA pairwise distances and used
the resulting dissimilarity matrix to compute an MDS (Figure 6). In the MDS, the first
dimension separates individuals with both paternal and maternal Indigenous haplogroups;
this separation is due to Y-chromosomes, while Indigenous mtDNA haplogroups form
two main clusters along dimension two. The first cluster (quadrants I and II) includes
only individuals belonging to A2, whereas the cluster in the third and fourth quadrants
encloses all individuals belonging to the other haplogroups (B2, C1, and D1) together
with individuals bearing European or African lineages (quadrant IV). These findings
indicate that the Indigenous uniparental lineages largely contributed to the current genetic
structure in Panama and further highlights the strong footprint of the mitochondrial
lineages A2afl and A2w. The same analysis has been performed on each population group,
and the representativeness of the first two dimensions has been checked and confirmed
(Supplementary Figures S2 and S3).

Taking into account the discriminatory power of haplogroups, we performed PCA
analyses on both uniparental systems highlighting the separation of the Panamanian
groups as a result of different histories in pre- and post-contact times.

As for the Indigenous groups, the mtDNA confirms the greater genetic proximity of
the western Panamanian groups (Figure 7A and Figure S4A), particularly between Naso
and Bribri, as already identified in genome-wide analyses [36] and here further confirmed
by the Correspondence Analysis (CA, Figure S4B). These features are not confirmed on the
paternal side (Figure 7B and Figure S4C,D), which is mainly due to the high incidence of
WEu lineages in the Bribri group, which are comparable to the general population. Both
uniparental systems confirm the distinctiveness of the Moreno due to post-contact SAf
haplogroups, while the Mestizo lie in an intermediate position due to the admixture of pre-
and post-contact lineages in their gene pool. It is worth mentioning that although mtDNA
lineages of Mestizos are all pre-contact, they are typical of different Indigenous groups.
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graphs on the right represent the variable correlation plots, which are colored according to the
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4. Discussion

Previous studies have shown greater Indigenous maternal legacy [27] in the general
population of Panama and a much lower Indigenous paternal component [28], which
is mostly characterized by Y-chromosome lineages of Western Eurasian origin. This sex
bias has been interpreted as a result of asymmetric coupling between male newcomers
and Indigenous American as well as African women. A related hypothesis suggests that
this sex bias could have been caused by more Indigenous men than women perishing or
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being deprived of reproductive rights after contact. This imbalance has been attributed
to warfare and forced displacements of enslaved Indigenous males, which consolidated
the female bias of post-contact Indigenous American survival. Another peculiar feature of
these previous studies concerned the general population of Panama presenting a lower
African male than female genetic legacy, which contrasts with the forced exportation of
approximately two men for every woman in the trans-Atlantic slave trade [30,31] and may
be related to subsequent social and cultural preferences [17,29].

In order to verify if and to what extent these genetic peculiarities characterize different
population groups living in Panama today, we analyzed the mtDNA and Y-chromosome
variation of a new sample collection, in which the individuals were grouped based on self-
declared ethnic affiliations. These analyses confirmed a sex bias in the general population,
which is characterized by high frequencies of Indigenous lineages for mtDNA (75.7%) and
much lower for the Y-chromosome (13.4%). This trend is confirmed in other population
contexts around the Isthmus, such as Mexico [40,63-65] and Colombia [24], with the
extant admixed population showing mostly Indigenous mtDNAs (>90%) combined with
European Y chromosomes (between ~50% and 94%). However, this is not proved for
other admixed populations. In Brazil, a predominant European origin is confirmed for the
Y-chromosomes, but only ~33% of mtDNAs on average (with local fluctuations) belong to
Indigenous lineages [66]. Different yet not mutually exclusive hypotheses could explain
these different patterns, including unbalanced or statistically inadequate datasets and the
low resolution of uniparental screening of only modern individuals, but certainly, they
testify to the complexity of admixture processes between populations with various cultural
and biological backgrounds. An additional proof of this complex scenario is the different
patterns detected in the Indigenous groups currently living in Panama: Indigenous mtDNA
lineages reach 100% in all Indigenous groups, while the Y-chromosome haplogroups range
from 25% in the Bribri to 100% in the Naso. Similar patterns, with a modest impact of
allochthonous lineages on the maternal line (<5%) and paternal lineages from external
sources present in varying proportions, have been detected in Indigenous groups currently
living both to the north (Costa Rica, Nicaragua, and Mexico) [21,63,65] and to the south
(Colombia) [26] of Panama, as well as in other regions [67]. Within the Isthmus, we
pointed out a differential post-contact impact of allochthonous Y-chromosome lineages
on the Indigenous genomic pool of the western Panamanian groups that were the most
homogeneous in pre-Hispanic times [36]. In addition to a potential sample bias, particularly
for the groups represented by less than ten individuals in our Y-chromosome dataset
(Bribri and Naso), the alternative hypothesis based on the cultural system of the different
population groups should be taken into account. Therefore, it is possible that Bribri
women intermarried or otherwise coupled with men of both Western Eurasian and sub-
Saharan African origins, and the newborns were considered members regardless of their
paternal origin. Notably, the Ngidbe show admixture only with the WEu counterpart.
Indigenous females and males of different origins formed part of the genetic heritage in
the Mestizo and Moreno groups. It is noteworthy that we have re-evaluated estimates
of African contributions to the general population when comparing the mtDNA and Y
chromosome. The same values for both uniparental markers (16.8%) appear somewhat
closer to historical data. These estimates are probably more accurate than those obtained in
previous studies [27,28] where the self-declared ethnic affiliation was not recorded during
sampling. Therefore, it is likely that some individuals of the general population were
actually members of the Indigenous communities, where the incidence of sub-Saharan
Y-chromosome lineages is much lower (=1%; Supplementary Table S54).

Another outcome of the present work is the similarity between the two systems with
respect to the significant difference in the haplogroup distribution among the Panamanian
Indigenous groups (p-value < 0.001 for both systems). Indeed, mtDNA haplogroup A2w,
previously found in North and Central American modern individuals [36,68-73] and more
recently in an ancient pre-Hispanic individual excavated in Panama City [36], is only
present in the Ngibe group of our present sample. Likewise, in our sample, the male
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paragroup Q-M925* is exclusively found (except for one Guna individual) in the Ngébe.
The mtDNA haplogroups C1 and D1 are found in Embera and Guna (only C1) in the east
and not observed in western groups. Similarly, Q-Z780 Y-chromosomes from the west
(Naso and Ngébe) all belong to the sub-lineage Q-SA02, while those in the east (Embera)
remain classified as Q-Z780*.

Among the most frequent Panamanian sub-lineages are the mtDNA haplogroup
A2afl and the Y-chromosome paragroup Q-M848*. A2afl has been mostly found in
the Isthmo-Colombian area, including pre-Hispanic individuals [27,36,72], and in a few
individuals from Central Mexico [40], aligning with a probable origin from the north. On
the other hand, Q-M848* shows the same pattern of the mtDNA lineage A2afl, with high
frequencies across all Panamanian Indigenous populations, especially in the Guna group
(59.4% and 52.0%, respectively). This hints at the existence of an Isthmo-specific male
source yet to be identified, which could mirror the A2afl maternal side, indicating the
Guna group as the most representative of a specific Pleistocene ancestry identified in the
Isthmo-Colombian area (UPopl). Age estimates for A2afl (15.82 & 4.09 kya, [36]) and node
Q-M848 (14.78 & 0.02 kya; Unpublished data) are in line with this hypothesis. The low
level of Guna Y-chromosome heterogeneity is probably due to a strong bottleneck in the
population size before contact and/or loss of male lineages in post-contact times.

5. Conclusions

In summary, it is clear that both pre- and post-contact events contributed to shaping
the uniparental gene pool of modern Panamanians. In pre-Hispanic times, the Indigenous
groups probably developed in relative isolation from each other, forming three main
clusters. A western Isthmian cluster encompasses Bribri, Naso, and Ngibe, in spite of some
dissimilarities in the latter (i.e., the mitochondrial A2w and the Y-chromosome Q-M925%).
This cluster is only clear on the maternal side because of the matriarchal organization
of many Indigenous groups, which leaves open the possibility of male introgressions of
non-Indigenous lineages. In the eastern Isthmus, the Guna, who preserve the greatest
traces of the newly defined autosomal ancestry UPopl, show a major legacy of very ancient
uniparental footprints, the previously defined mtDNA haplogroup A2afl, and the Y-
chromosome paragroup Q-M848*, while the Emberd show traces of inputs from the south
(e.g., the mtDNA haplogroup D1). These different footprints are still evident mostly in the
mitochondrial gene pool because the matrilineal lines of Indigenous populations were only
marginally involved in post-contact admixtures.

A cultural implication of our findings is that the individuals who participated in
this study declared themselves as belonging to Indigenous groups with reference to both
sides of their genealogies, unaware of the non-Indigenous male components among their
ancestors and confirming their matrilineal identifications. As for the post-contact input, we
have confirmed a sex bias introgression of only paternal non-Indigenous lineages into local
communities, but our findings also updated previous assessments concerning sub-Saharan
African genetic input in post-contact times. Here, our new estimates regarding the general
population, defined more accurately as individuals not identifying as members of any spe-
cific population group, contribute to solving an apparent discrepancy between genetic and
historical data. However, this and other issues should be further investigated and directly
tested through the analyses of (admixed) ancient genomes from colonial times. The impor-
tance of the ancient DNA analysis was already proved by our archaeogenomic analysis on
the Isthmus of Panama [36], as well as in many other Indigenous population contexts [74]
and references within. Therefore, our inferences on sex-biased admixture, here highlighted
by the haplogroup sources of uniparental systems in present-day Panamanian groups,
should be verified through a diachronic comparison with pre- and post-contact ancient
individuals, in order to provide also a more accurate reconstruction of the demographic
fluctuation over time in the Isthmian area.



Genes 2021, 12, 1921

14 of 17

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10.3
390/ genes12121921/s1, Figure S1: Map showing the haplogroup distribution of the 248 mtDNAs
according to the self-reported affiliation of the participants in the study (see Figure 1 for further
details); Figure S2: MDS plots computed on the mean of mtDNA and Y-chromosome pairwise
distances. The graph is divided by populations, and the total dataset is shown in the bottom right
corner; Figure S3: (A) Elbow plot showing the eigenvalue for each dimension. The typical elbow
is seen starting from the third dimensions, which implies that even two dimensions are enough
to explain the variability in the data. (B) Shepard diagram showing the goodness of fit for the
multidimensional scaling. The correlation was computed using the Spearman’s correlation test
and Spearman’s rho and the associated p-value are reported on the plot; Figure S4: PCA and
Symmetric Correspondence Analysis (CA) computed on frequencies of mtDNA (A and B) and
Y-chromosome (C and D) haplogroups. Colored dots represent the populations, while gray arrows
show the variables’” (haplogroup) contributions. Table S1: Panamanian individuals analyzed in this
study; Table S2: Distribution of mtDNA haplogroups in the Panamanian populations analyzed.
Frequencies (absolute and percentage) are also listed for the entire dataset (N = 431); Table S3:
Distribution of mtDNA haplogroups in the Panamanian populations analyzed. Frequencies (absolute
and percentage) are also listed for the entire male sample (N = 248); Table S4: Distribution of Y-
chromosome haplogroups in the Panamanian populations analyzed. Frequencies (absolute and
percentage) are also listed for the entire male sample (N = 248).

Author Contributions: Conceptualization, U.A.P, B.A,, AT, ] M., OS., A.A;; methodology, N.R.M.,
G.C,MR.C,LM., AM.C.O., AR, OS., A.A,; software, N.RM., G.C.,, M.R.C., LM., A.R,; validation,
N.RM., G.C, MR.C, LM, AR, AGM, VG, RC., NS.-G.,, AO., B.A,, AT, O.S, AA,; formal
analysis, NRM.,, G.C,, M.R.C,, LM, AR, investigation, N.R.M., G.C.,, MR.C.,,LM.,, AM.CO., AR,
0.5S., A.A,; resources, M.T.,, M.G., C.C.,S.G., A.T,,JM., OS., A.A,; data curation, N.R.M., G.C., M.R.C,,
LM, AM.CO, AR, AGM,OS,, A A,; writing—original draft preparation, NRM., G.C.,, M.R.C,,
LM, O.S., A.A,; writing—review and editing, N.R.M., G.C, M.R.C,,LM.,, AM.C.O,, AR, UAP,
M., G.L, VG, LFE,RC,NS.-G, A.O.,, BA, AT, OS., A A, visualization, N.RM., G.C., LM.;
supervision, ]. M., O.S., A.A_; project administration, ]. M., O.S., A A ; funding acquisition, ].M., O.S.,
A.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research received support from: the Italian Ministry of Education, University and
Research (MIUR) for Progetti PRIN2017 20174BTC4R (to A.A.) and Dipartimenti di Eccellenza
Program (2018-2022)—Department of Biology and Biotechnology “L. Spallanzani,” University of
Pavia (to L.E, A.O., AT, OS. and A.A.); the European Research Council (ERC), Horizon 2020
Consolidator Grant CoG-2014, No. 648535 (to B.A. and A.A.); the University of Pavia—INROAd
program (to A.A.); the Fondazione Cariplo project no. 2018-2045 (to A.O., A.T. and A.A.).

Institutional Review Board Statement: The study was conducted in the frame of a Memorandum of
understanding between the Instituto Conmemorativo Gorgas de Estudios de la Salud (ICGES, Gorgas
Memorial Institute for Health Studies) of Panama and the Department of Biology and Biotechnology
of the University of Pavia signed on 9 August 2016. The ICGES was also in contact with Indigenous
communities’ leaders, explaining the project in their own language. Sample collection procedure was
approved by the Comité de Bioética de la Investigacion del Instituto Conmemorativo Gorgas, while
all the experimental procedures and individual written informed consent forms were reviewed by
the Ethics Committee for Clinical Experimentation of the University of Pavia, Board minutes of 5
October 2010 and 11 April 2013.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: All novel 431 mtDNA control-region sequences have been deposited
in GenBank under accession numbers: OL344098-01344528.

Acknowledgments: We are grateful to all volunteers who generously participated in this survey and
made this research possible.

Conflicts of Interest: The authors declare no conflict of interest.


https://www.mdpi.com/article/10.3390/genes12121921/s1
https://www.mdpi.com/article/10.3390/genes12121921/s1

Genes 2021, 12, 1921 15 0f 17

References

1.  Cooke, R. Prehistory of Native Americans on the Central American land bridge: Colonization, dispersal, and divergence. J.
Archaeol. Res. 2005, 13, 129-187. [CrossRef]

2. Cooke, R.G; Sanchez, H.L.A_; Smith-Guzman, N.; Lara-Kraudy, A. Panama Prehispinico. La Nueva Historia General de Panamd;
Castillero-Calvo, A., Ed.; Editora Novo Art, S.A.: Panama City, Panama, 2019; Volume I, pp. 39-114.

3. Hernandez Mora, I.; Martin, J.G.; Aram, B. The first Cathedral on America’s Pacific coast. Hist. Archaeol. 2021, 55, 219-237.
[CrossRef] [PubMed]

4. Cooke, R.; Ranere, A.; Pearson, G.; Dickau, R. Radiocarbon chronology of early human settlement on the Isthmus of Panama
(13,000-7000 BP) with comments on cultural affinities, environments, subsistence, and technological change. Quat. Int. 2013, 301,
3-22. [CrossRef]

5. Ranere, A.].; Cooke, R.G. Late glacial and Early Holocene migrations, and Middle Holocene settlement on the lower isthmian
land-bridge. Quat. Int. 2021, 578, 20-34. [CrossRef]

6.  Piperno, D.R. Prehistoric human occupation and impacts on Neotropical forest landscapes during the Late Pleistocene and
Early /Middle Holocene. In Tropical Rainforest Responses to Climatic Change; Springer: Cham, Switzerland, 2007; pp. 193-218.
[CrossRef]

7. Piperno, D.R. The origins of plant cultivation and domestication in the New World tropics: Patterns, process, and new develop-
ments. Curr. Anthropol. 2011, 52, 5453-5470. [CrossRef]

8. Ulloa, EC. La Gran Chiriqui: Una historia cada vez mas profunda. Canto Rodado 2017, 11, 27-58.

9.  O’Connor, L.; Muysken, P. The Native Languages of South America: Origins, Development, Typology; Cambridge University Press:
Cambridge, UK, 2014.

10. Costenla, A. Chibchan languages. In The Indigenous Languages of South America; Campbell, L., Grondona, V., Eds.; De Gruyter
Mouton: Berlin, Germany, 2012.

11. Loewen, J.A. Choc6 I: Introduction and bibliography. Int. . Am. Linguist. 1963, 29, 239-263. [CrossRef]

12.  Romoli, K. Los de la Lengua de Cueva; Ediciones Tercer Mundo; Instituto Colombiano de Cultura: Bogota, Colombia, 1987; pp.
25-50.

13.  Cook, N.D. The Columbian exchange. In The Cambridge World History; University of California Press: Berkeley, CA, USA, 2015;
pp. 103-134.

14. Dobyns, H.F. Disease transfer at contact. Annu. Rev. Anthropol. 1993, 22, 273-291. [CrossRef]

15.  Nunn, N.; Qian, N. The Columbian exchange: A history of disease, food, and ideas. J. Econ. Perspect. 2010, 24, 163-188. [CrossRef]

16. Castillero Calvo, A. Conquista, Evangelizacion y Resistencia: Triunfo o Fracaso de la Politica Indigenista? Editora Nova: Panama City,
Panama, 2017.

17.  Castillero Calvo, A. (Ed.) La Esclavitud Negra. Nueva Historia General de Panamd; Editora Novo Art, S.A. & Comision Panama 500:
Panama City, Panama, 2019.

18. Aram, B.; Garcia-Falcon, MLE. Rice revisited from Colonial Panama. Its cultivation and exportation. In American Globalization,
1492-1850. Trans-Cultural Consumption in Spanish Latin America; Yun-Casalilla, B., Berti, I., Svriz-Wucherer, O., Eds.; Taylor &
Francis: Abingdon-on-Thames, UK, 2021; pp. 146-168.

19. National Library of Madrid, ms. 3064, f. 53-82, Description of Panamd and Its Province, 1607. Available online: https:
/ /artempire.cica.es/historic/documents /2874 (accessed on 7 October 2021).

20. Ongaro, L.; Scliar, M.O.; Flores, R.; Raveane, A.; Marnetto, D.; Sarno, S.; Gnecchi-Ruscone, G.A.; Alarc én-Riquelme, M.E.; Patin,
E.; Wangkumhang, P; et al. The genomic impact of European colonization of the Americas. Curr. Biol. 2019, 29, 3974-3986.
[CrossRef]

21. Ongaro, L.; Molinaro, L.; Flores, R.; Marnetto, D.; Capodiferro, M.R.; Alarcon-Riquelme, M.E.; Moreno-Estrada, A.; Mabunda,
N.; Ventura, M.; Tambets, K. Evaluating the impact of sex-biased genetic admixture in the Americas through the analysis of
haplotype data. Genes 2021, 12, 1580. [CrossRef] [PubMed]

22. Fortes-Lima, C.; Verdu, P. Anthropological genetics perspectives on the transatlantic slave trade. Hum. Mol. Genet. 2021, 30,
R79-R87. [CrossRef]

23. Melton, PE.; Baldi, N.F,; Barrantes, R.; Crawford, M.H. Microevolution, migration, and the population structure of five
Amerindian populations from Nicaragua and Costa Rica. Am. |. Hum. Biol. 2013, 25, 480-490. [CrossRef]

24. Carvajal-Carmona, L.G.; Soto, I.D.; Pineda, N.; Ortiz-Barrientos, D.; Duque, C.; Ospina-Duque, J.; McCarthy, M.; Montoya, P.;
Alvarez, VM.; Bedoya, G.; et al. Strong Amerind /white sex bias and a possible Sephardic contribution among the founders of a
population in northwest Colombia. Am. J. Hum. Genet. 2000, 67, 1287-1295. [CrossRef]

25. Seielstad, M. Asymmetries in the maternal and paternal genetic histories of Colombian populations. Am. J. Hum. Genet. 2000, 67,
1062-1066. [CrossRef]

26. Mesa, N.R.;; Mondragon, M.C.; Soto, L.D.; Parra, M.V.; Duque, C.; Ortiz-Barrientos, D.; Garcia, L.E; Velez, 1.D.; Bravo, M.L,;
Munera, J.G.; et al. Autosomal, mtDNA, and Y-chromosome diversity in Amerinds: Pre- and post-Columbian patterns of gene
flow in South America. Am. |. Hum. Genet. 2000, 67, 1277-1286. [CrossRef] [PubMed]

27. Perego, U.A,; Lancioni, H.; Tribaldos, M.; Angerhofer, N.; Ekins, ].E.; Olivieri, A.; Woodward, S.R.; Pascale, ].M.; Cooke, R.; Motta,

J.; et al. Decrypting the mitochondrial gene pool of modern Panamanians. PLoS ONE 2012, 7, e38337. [CrossRef]


http://doi.org/10.1007/s10804-005-2486-4
http://doi.org/10.1007/s41636-020-00275-z
http://www.ncbi.nlm.nih.gov/pubmed/34720370
http://doi.org/10.1016/j.quaint.2013.02.032
http://doi.org/10.1016/j.quaint.2020.06.002
http://doi.org/10.1007/978-3-540-48842-2_7
http://doi.org/10.1086/659998
http://doi.org/10.1086/464740
http://doi.org/10.1146/annurev.an.22.100193.001421
http://doi.org/10.1257/jep.24.2.163
https://artempire.cica.es/historic/documents/2874
https://artempire.cica.es/historic/documents/2874
http://doi.org/10.1016/j.cub.2019.09.076
http://doi.org/10.3390/genes12101580
http://www.ncbi.nlm.nih.gov/pubmed/34680976
http://doi.org/10.1093/hmg/ddaa271
http://doi.org/10.1002/ajhb.22382
http://doi.org/10.1016/S0002-9297(07)62956-5
http://doi.org/10.1016/S0002-9297(07)62936-X
http://doi.org/10.1016/S0002-9297(07)62955-3
http://www.ncbi.nlm.nih.gov/pubmed/11032789
http://doi.org/10.1371/journal.pone.0038337

Genes 2021, 12, 1921 16 of 17

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Grugni, V.; Battaglia, V.; Perego, U.A.; Raveane, A.; Lancioni, H.; Olivieri, A.; Ferretti, L.; Woodward, S.R.; Pascale, ]. M.; Cooke, R.;
et al. Exploring the Y chromosomal ancestry of modern Panamanians. PLoS ONE 2015, 10, e0144223. [CrossRef]

Castillero Calvo, A. (Ed.) Color y Movilidad Social. Nueva Historia General de Panamd; Editora Novo Art, S.A. & Comision Panama
500: Panama City, Panama, 2019; Volume 1, pp. 475-516.

Newson, L.; Minchin, S. From Capture to Sale: The Portuguese Slave Trade to Spanish South America in the Early Seventeenth Century;
Brill: Leiden, The Netherlands, 2007.

Vega Franco, M. El Trdfico de Esclavos con Ameérica (Asientos de Grillo y Lomelin, 1663-1674); Escuela de Estudios Hispano-Americanos
de Sevilla: Sevilla, Spain, 1984.

Bowser, E.P. The African Slave in Colonial Peru, 1524-1650; Stanford University Press: Palo Alto, CA, USA, 1974.

Wheat, D. Atlantic Africa and the Spanish Caribbean, 1570-1640; UNC Press Books: Chapel Hill, NC, USA, 2016.

Garcia-Monton, A. The rise of Portobelo and the transformation of the Spanish American slave trade, 1640s-1730s: Transimperial
connections and intra-American shipping. Hisp. Am. Hist. Rev. 2019, 99, 399-429. [CrossRef]

Achilli, A.; Olivieri, A.; Semino, O.; Torroni, A. Ancient human genomes-keys to understanding our past. Science 2018, 360,
964-965. [CrossRef]

Capodiferro, M.R.; Aram, B.; Raveane, A.; Rambaldi Migliore, N.; Colombo, G.; Ongaro, L.; Rivera, J.; Mendizabal, T.; Hernandez-
Mora, I; Tribaldos, M.; et al. Archaeogenomic distinctiveness of the Isthmo-Colombian area. Cell 2021, 184, 1706-1723.e1724.
[CrossRef] [PubMed]

Andrews, RM.; Kubacka, I.; Chinnery, PF,; Lightowlers, R.N.; Turnbull, D.M.; Howell, N. Reanalysis and revision of the
Cambridge reference sequence for human mitochondrial DNA. Nat. Genet. 1999, 23, 147. [CrossRef]

Weissensteiner, H.; Pacher, D.; Kloss-Brandstatter, A.; Forer, L.; Specht, G.; Bandelt, H.].; Kronenberg, F,; Salas, A.; Schonherr, S.
HaploGrep 2: Mitochondrial haplogroup classification in the era of high-throughput sequencing. Nucleic Acids Res. 2016, 44,
W58-W63. [CrossRef] [PubMed]

Wood, M.R,; Sturk-Andreaggi, K.; Ring, ].D.; Huber, N.; Bodner, M.; Crawford, M.H.; Parson, W.; Marshall, C. Resolving
mitochondrial haplogroups B2 and B4 with next-generation mitogenome sequencing to distinguish Native American from Asian
haplotypes. Forensic Sci. Int. Genet. 2019, 43, 102143. [CrossRef]

Bodner, M.; Perego, U.A.; Gomez, J.E.; Cerda-Flores, R.M.; Rambaldi Migliore, N.; Woodward, S.R.; Parson, W.; Achilli, A. The
mitochondrial DNA landscape of modern Mexico. Genes 2021, 12, 1453. [CrossRef] [PubMed]

Grugni, V.; Raveane, A.; Ongaro, L.; Battaglia, V.; Trombetta, B.; Colombo, G.; Capodiferro, M.R.; Olivieri, A.; Achilli, A.; Perego,
U.A,; et al. Analysis of the human Y-chromosome haplogroup Q characterizes ancient population movements in Eurasia and the
Americas. BMC Biol. 2019, 17, 3. [CrossRef]

Rozas, J.; Ferrer-Mata, A.; Sanchez-DelBarrio, J.C.; Guirao-Rico, S.; Librado, P.; Ramos-Onsins, S.E.; Sanchez-Gracia, A. DnaSP 6:
DNA sequence polymorphism analysis of large data sets. Mol. Biol. Evol. 2017, 34, 3299-3302. [CrossRef]

Nei, M. Molecular Evolutionary Genetics; Columbia University Press: New York, NY, USA, 1987.

R Core Team. A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 2021.
Kumar, S; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular Evolutionary Genetics Analysis across Computing
Platforms. Mol. Biol. Evol. 2018, 35, 1547-1549. [CrossRef]

Le, S.; Josse, ].; Husson, E. FactoMineR: An R package for multivariate analysis. J. Stat. Softw. 2008, 25, 1-18. [CrossRef]

Arias, L.; Barbieri, C.; Barreto, G.; Stoneking, M.; Pakendorf, B. High-resolution mitochondrial DNA analysis sheds light on
human diversity, cultural interactions, and population mobility in Northwestern Amazonia. Am. J. Phys. Anthropol. 2018, 165,
238-255. [CrossRef]

Wickham, H.; Chang, W.; Wickham, M.H. Package ‘ggplot2’. Create Elegant Data Visualisations Using the Grammar of Graphics.
Version 2016. Volume 2, pp. 1-189. Available online: https://ggplot2.tidyverse.org/reference/ggplot2-package.html (accessed
on 7 October 2021).

Pinotti, T.; Bergstrom, A.; Geppert, M.; Bawn, M.; Ohasi, D.; Shi, W.; Lacerda, D.R.; Solli, A.; Norstedt, J.; Reed, K. Y chromosome
sequences reveal a short Beringian Standstill, rapid expansion, and early population structure of Native American founders. Curr.
Biol. 2019, 29, 149-157.e143. [CrossRef]

Jota, M.S.; Lacerda, D.R.; Sandoval, ].R; Vieira, P.P; Ohasi, D.; Santos-Junior, J.E.; Acosta, O.; Cuellar, C.; Revollo, S.; Paz-y-Mifio,
C.; et al. New native South American Y chromosome lineages. J. Hum. Genet. 2016, 61, 593-603. [CrossRef]

Rootsi, S.; Magri, C.; Kivisild, T.; Benuzzi, G.; Help, H.; Bermisheva, M.; Kutuev, L; Barag, L.; Perici¢, M.; Balanovsky, O.; et al.
Phylogeography of Y-chromosome haplogroup I reveals distinct domains of prehistoric gene flow in europe. Am. |. Hum. Genet.
2004, 75, 128-137. [CrossRef]

Cruciani, F.; Trombetta, B.; Massaia, A.; Destro-Bisol, G.; Sellitto, D.; Scozzari, R. A revised root for the human Y chromosomal
phylogenetic tree: The origin of patrilineal diversity in Africa. Am. J. Hum. Genet. 2011, 88, 814-818. [CrossRef]

Myres, N.M.; Rootsi, S.; Lin, A.A.; Jarve, M.; King, R.J.; Kutuev, I.; Cabrera, V.M.; Khusnutdinova, E.K.; Pshenichnov, A.;
Yunusbayev, B.; et al. A major Y-chromosome haplogroup R1b Holocene era founder effect in Central and Western Europe. Eur. J.
Hum. Genet. 2011, 19, 95-101. [CrossRef]

Underhill, P.A.; Poznik, G.D.; Rootsi, S.; Jarve, M.; Lin, A.A.; Wang, J.; Passarelli, B.; Kanbar, J.; Myres, N.M.; King, R.J.; et al. The
phylogenetic and geographic structure of Y-chromosome haplogroup Rla. Eur. |. Hum. Genet. 2015, 23, 124-131. [CrossRef]


http://doi.org/10.1371/journal.pone.0144223
http://doi.org/10.1215/00182168-7573495
http://doi.org/10.1126/science.aat7257
http://doi.org/10.1016/j.cell.2021.02.040
http://www.ncbi.nlm.nih.gov/pubmed/33761327
http://doi.org/10.1038/13779
http://doi.org/10.1093/nar/gkw233
http://www.ncbi.nlm.nih.gov/pubmed/27084951
http://doi.org/10.1016/j.fsigen.2019.102143
http://doi.org/10.3390/genes12091453
http://www.ncbi.nlm.nih.gov/pubmed/34573435
http://doi.org/10.1186/s12915-018-0622-4
http://doi.org/10.1093/molbev/msx248
http://doi.org/10.1093/molbev/msy096
http://doi.org/10.18637/jss.v025.i01
http://doi.org/10.1002/ajpa.23345
https://ggplot2.tidyverse.org/reference/ggplot2-package.html
http://doi.org/10.1016/j.cub.2018.11.029
http://doi.org/10.1038/jhg.2016.26
http://doi.org/10.1086/422196
http://doi.org/10.1016/j.ajhg.2011.05.002
http://doi.org/10.1038/ejhg.2010.146
http://doi.org/10.1038/ejhg.2014.50

Genes 2021, 12, 1921 17 of 17

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.

71.

72.

73.

74.

Semino, O.; Magri, C.; Benuzzi, G.; Lin, A.A.; Al-Zahery, N.; Battaglia, V.; Maccioni, L.; Triantaphyllidis, C.; Shen, P.; Oefner, PJ.;
et al. Origin, diffusion, and differentiation of Y-chromosome haplogroups E and J: Inferences on the neolithization of Europe and
later migratory events in the Mediterranean area. Am. |. Hum. Genet. 2004, 74, 1023-1034. [CrossRef] [PubMed]

King, R.J.; Di Cristofaro, J.; Kouvatsi, A.; Triantaphyllidis, C.; Scheidel, W.; Myres, N.M.; Lin, A.A.; Eissautier, A.; Mitchell, M.;
Binder, D. The coming of the Greeks to Provence and Corsica: Y-chromosome models of archaic Greek colonization of the western
Mediterranean. BMC Evol. Biol. 2011, 11, 69. [CrossRef] [PubMed]

Sahakyan, H.; Margaryan, A.; Saag, L.; Karmin, M.; Flores, R.; Haber, M.; Kushniarevich, A.; Khachatryan, Z.; Bahmanimehr, A.;
Parik, J.; et al. Origin and diffusion of human Y chromosome haplogroup J1-M267. Sci. Rep. 2021, 11, 6659. [CrossRef] [PubMed]
Mendez, EL.; Karafet, TM.; Krahn, T.; Ostrer, H.; Soodyall, H.; Hammer, M.F. Increased resolution of Y chromosome haplogroup
T defines relationships among populations of the Near East, Europe, and Africa. Hum. Biol. 2011, 83, 39-53. [CrossRef]
Valverde, L.; lllescas, M.J.; Villaescusa, P.; Gotor, A.M.; Garcia, A.; Cardoso, S.; Algorta, J.; Catarino, S.; Rouault, K.; Férec, C.; et al.
New clues to the evolutionary history of the main European paternal lineage M269: Dissection of the Y-SNP S116 in Atlantic
Europe and Iberia. Eur. J. Hum. Genet. 2016, 24, 437-441. [CrossRef]

D’Atanasio, E.; Trombetta, B.; Bonito, M.; Finocchio, A.; Di Vito, G.; Seghizzi, M.; Romano, R.; Russo, G.; Paganotti, G.M.; Watson,
E.; et al. The peopling of the last Green Sahara revealed by high-coverage resequencing of trans-Saharan patrilineages. Genomne
Biol. 2018, 19, 20. [CrossRef]

Wood, E.T.; Stover, D.A_; Ehret, C.; Destro-Bisol, G.; Spedini, G.; McLeod, H.; Louie, L.; Bamshad, M.; Strassmann, B.I.; Soodyall,
H.; et al. Contrasting patterns of Y chromosome and mtDNA variation in Africa: Evidence for sex-biased demographic processes.
Eur. J. Hum. Genet. 2005, 13, 867-876. [CrossRef]

Naidoo, T.; Xu, J.; Vicente, M.; Malmstrom, H.; Soodyall, H.; Jakobsson, M.; Schlebusch, C.M. Y-Chromosome variation in
Southern African Khoe-San populations based on whole-genome sequences. Genome Biol. Evol. 2020, 12, 1031-1039. [CrossRef]
[PubMed]

Gonzalez-Sobrino, B.Z.; Pintado-Cortina, A.P,; Sebastian-Medin, L.; Morales-Mandujano, F; Contreras, A.V.; Aguilar, Y.E,;
Chavez-Benavides, J.; Carrillo-Rodriguez, A.; Silva-Zolezzi, I.; Medrano-Gonzalez, L. Genetic diversity and differentiation in
urban and Indigenous populations of Mexico: Patterns of mitochondrial DNA and Y-chromosome lineages. Biodermogr. Soc. Biol.
2016, 62, 53-72. [CrossRef] [PubMed]

Martinez-Cortés, G.; Salazar-Flores, J.; Haro-Guerrero, J.; Rubi-Castellanos, R.; Velarde-Félix, J.S.; Mufioz-Valle, ].E.; Lopez-
Casamichana, M.; Carrillo-Tapia, E.; Canseco-Avila, L.M.; Bravi, C.M.; et al. Maternal admixture and population structure in
Mexican-Mestizos based on mtDNA haplogroups. Am. J. Phys. Anthropol. 2013, 151, 526-537. [CrossRef] [PubMed]
Rangel-Villalobos, H.; Munoz-Valle, ].F.; Gonzalez-Martin, A.; Gorostiza, A.; Magana, M.T.; Paez-Riberos, L.A. Genetic admixture,
relatedness, and structure patterns among Mexican populations revealed by the Y-chromosome. Am. J. Phys. Anthropol. 2008, 135,
448-461. [CrossRef]

Alves-Silva, J.; da Silva Santos, M.; Guimaraes, E.; Ferreira, A.C.; Bandelt, H.J.; Pena, S.D.; Prado, V.E The ancestry of Brazilian
mtDNA lineages. Am. . Hum. Genet. 2000, 67, 444—461. [CrossRef]

Bisso-Machado, R.; Fagundes, N.J. Uniparental genetic markers in Native Americans: A summary of all available data from
ancient and contemporary populations. Am. J. Phys. Anthropol. 2021, 176, 445-458. [CrossRef]

The Genomes Project Consortium. A global reference for human genetic variation. Nature 2015, 526, 68. [CrossRef]

Behar, D.M.; van Oven, M.; Rosset, S.; Metspalu, M.; Loogvili, E.L.; Silva, N.M.; Kivisild, T.; Torroni, A.; Villems, R. A “Copernican”
reassessment of the human mitochondrial DNA tree from its root. Am. J. Hum. Genet. 2012, 90, 675-684. [CrossRef] [PubMed]
Lippold, S.; Xu, H.; Ko, A.; Li, M.; Renaud, G.; Butthof, A.; Schroder, R.; Stoneking, M. Human paternal and maternal demographic
histories: Insights from high-resolution Y chromosome and mtDNA sequences. Investig. Genet. 2014, 5, 13. [CrossRef]

Just, R.S.; Irwin, J.A.; Parson, W. Mitochondrial DNA heteroplasmy in the emerging field of massively parallel sequencing.
Forensic Sci. Int. Genet. 2015, 18, 131-139. [CrossRef] [PubMed]

Rieux, A.; Eriksson, A.; Li, M.; Sobkowiak, B.; Weinert, L.A.; Warmuth, V.; Ruiz-Linares, A.; Manica, A.; Balloux, F. Improved
calibration of the human mitochondrial clock using ancient genomes. Mol. Biol. Evol. 2014, 31, 2780-2792. [CrossRef] [PubMed]
Sochtig, J.; Alvarez—Iglesias, V.; Mosquera-Miguel, A.; Gelabert-Besada, M.; Gomez-Carballa, A.; Salas, A. Genomic insights on
the ethno-history of the Maya and the ‘Ladinos’ from Guatemala. BMC Genom. 2015, 16, 131. [CrossRef] [PubMed]

Willerslev, E.; Meltzer, D.J. Peopling of the Americas as inferred from ancient genomics. Nature 2021, 594, 356-364. [CrossRef]
[PubMed]


http://doi.org/10.1086/386295
http://www.ncbi.nlm.nih.gov/pubmed/15069642
http://doi.org/10.1186/1471-2148-11-69
http://www.ncbi.nlm.nih.gov/pubmed/21401952
http://doi.org/10.1038/s41598-021-85883-2
http://www.ncbi.nlm.nih.gov/pubmed/33758277
http://doi.org/10.3378/027.083.0103
http://doi.org/10.1038/ejhg.2015.114
http://doi.org/10.1186/s13059-018-1393-5
http://doi.org/10.1038/sj.ejhg.5201408
http://doi.org/10.1093/gbe/evaa098
http://www.ncbi.nlm.nih.gov/pubmed/32697300
http://doi.org/10.1080/19485565.2015.1117938
http://www.ncbi.nlm.nih.gov/pubmed/27050033
http://doi.org/10.1002/ajpa.22293
http://www.ncbi.nlm.nih.gov/pubmed/23754474
http://doi.org/10.1002/ajpa.20765
http://doi.org/10.1086/303004
http://doi.org/10.1002/ajpa.24357
http://doi.org/10.1038/nature15393
http://doi.org/10.1016/j.ajhg.2012.03.002
http://www.ncbi.nlm.nih.gov/pubmed/22482806
http://doi.org/10.1186/2041-2223-5-13
http://doi.org/10.1016/j.fsigen.2015.05.003
http://www.ncbi.nlm.nih.gov/pubmed/26009256
http://doi.org/10.1093/molbev/msu222
http://www.ncbi.nlm.nih.gov/pubmed/25100861
http://doi.org/10.1186/s12864-015-1339-1
http://www.ncbi.nlm.nih.gov/pubmed/25887241
http://doi.org/10.1038/s41586-021-03499-y
http://www.ncbi.nlm.nih.gov/pubmed/34135521

	Introduction 
	Materials and Methods 
	DNA Sample Collection 
	Mitochondrial DNA Sequencing and Haplogroup Classification 
	Y-Chromosome Genotyping and Haplogroup Classification 
	Data Analyses 

	Results 
	MtDNA 
	Y Chromosome 
	Combining MtDNA and Y-Chromosome Results 

	Discussion 
	Conclusions 
	References

