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Abstract

Objectives: The study of the ancient populations of Central Argentina has a
crucial importance for our understanding of the evolutionary processes in the
Southern Cone of South America, given its geographic position as a crossroads.
Therefore, the aim of this study is to evaluate the temporal and geographical
patterns of genetic variation among the groups that inhabited the current terri-
tory of Cérdoba Province during the Middle and Late Holocene.

Methods: We analyzed the mitochondrial haplogroups of 74 individuals and
46 Hypervariable Region I (HVR-I) sequences, both novel and previously
reported, from archeological populations of the eastern Plains and western
Sierras regions of the province of Cérdoba. The HVR-I sequences were also
compared with other ancient groups from Argentina and with present-day
populations from Central Argentina by pairwise distance analysis and identifi-
cation of shared haplotypes.

Results: Significant differences in haplogroup and haplotype distributions
between the two geographical regions were found. Sierras showed genetic
affinities with certain ancient populations of Northwestern Argentina, while
Plains resembled its neighbors from Santiago del Estero Province and the Pam-
pas region. We did not observe genetic differences among the pre 1200 and post
1200 yBP temporal subsets of individuals defined by the emergence of horticul-
ture, considering both geographical samples jointly.

Conclusions: The observed patterns of geographical heterogeneity could indi-
cate the existence of biologically distinct populations inhabiting the mountain-
ous region and the eastern plains of Cérdoba Province in pre-Hispanic times.
Maternal lineages analyses support a scenario of local evolution with great
temporal depth in Central Argentina, with continuity until the present.

This is especially the case for Native American
populations, whose genetic diversity has been shaped by

The analysis of genetic diversity is useful for studying the
evolutionary history of human populations. However, the
patterns of variation observed in present-day populations
do not necessarily reflect those that existed in the past.

processes related to the European Conquest, such as pop-
ulation reduction due to epidemics, warfare and slavery
(Livi-Bacci, 2006; Llamas et al., 2016). In addition, mas-
sive input of European and African genes in subsequent
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centuries has further masked the patterns of genetic
diversity existing in pre Columbian times (Homburger
et al., 2015; Montinaro et al., 2015; Ongaro et al., 2019).

The analysis of ancient DNA (aDNA), that is, the study
of genetic material of archeological origin, has helped to
overcome these limitations, proving to be a valuable tool for
understanding human population dispersal, settlement pat-
terns, interactions between prehistoric populations, and
development of regional population histories (Raff
et al., 2011). There is a growing body of research on the
genetic profile of ancient American populations, which pro-
vides a temporal context for the study of the peopling of the
continent (de la Fuente et al., 2015; Lindo et al., 2018; Llamas
et al., 2016; Moraga et al., 2010; Moreno-Mayar et al., 2018;
Nakatsuka, Lazaridis, et al., 2020; Posth et al., 2018). Besides,
several aDNA studies of pre-Hispanic populations from
Argentina have been published, covering most of the terri-
tory (Arencibia et al., 2019; Carnese et al., 2010; Crespo
et al.,, 2016, 2018, 2020; Garcia et al., 2021; Mendisco
et al., 2014; Motti et al., 2015; Nakatsuka, Luisi, et al., 2020;
Nores & Demarchi, 2011; Nores et al., 2011, 2017; Parolin
et al., 2020; Postillone et al., 2017, 2020; Roca-Rada
et al., 2021; Russo, Dejean, et al., 2018; Russo et al., 2017;
Russo, Mendisco, et al., 2018; Tavella et al., 2020).

The focus of this work are the ancient populations that
occupied the current territory of the province of Cérdoba
in Central Argentina during the Holocene, which have
been studied since late nineteenth century (Ameghino,
1885). The archeological evidence indicates that this
region has been inhabited by humans since the
Pleistocene-Holocene transition, about 11 000 years ago
(Cattaneo et al., 2016; Rivero, 2010; Rivero et al., 2019). It
was proposed that the colonization of this territory was
made along the least-cost routes, through plain rivers with
an east-west direction (Fabra et al., 2007). These
populations occupied different environments with a sub-
sistence strategy based mainly on the hunting of deer
(Ozotoceros bezoarticus) and guanaco (Lama guanicoe),
and the gathering of wild fruits (Laguens et al., 2009).
About 1500-1000 years BP, they incorporated small-scale
cultivation of maize (Zea mays), squash (Cucurbita sp.),
and beans (Phaseolus sp.), but maintained a mixed subsis-
tence strategy (Fabra & Gonzdlez, 2019), supplemented
with the collection of algarrobo (Prosopis sp.), chariar (Geo-
[froea decorticans) and caranday palm (Trithrinax cam-
pestris) fruits (Medina et al., 2014; Tavarone et al., 2019).

For the last two millennia, some features of the mate-
rial culture (Serrano, 1945), diet, physical activity (Fabra
et al., 2012), and mortuary practices (Fabra et al., 2009),
suggest that distinctive regional developments emerged
between the groups that inhabited the western moun-
tains (Sierras) and those from the eastern plains (Plains)
of the province of Cérdoba. The populations from the

Sierras region lived in semi-subterranean dwellings, for-
ming scattered villages (Berberidn, 2020) close to water
courses and nearby farms (Pastor & Berberidn, 2007).
Regarding the burial of the dead, simple primary burials
in a lateral decubitus position with hyperflexed legs,
without grave goods, are most frequent (Fabra
et al., 2009). In the Plains, archeological information is
scarce, although recent investigations confirm occupation
in the area since at least 4500 BP (Laguens et al., 2009),
in close connection with the lake environment of the
Mar Chiquita lagoon (Bonofiglio, 2011; Fabra, 2020). In
comparison with what was reported in Sierras,
populations from the Plains buried their dead in a dorsal
decubitus position with arms and legs extended, gener-
ally without grave goods (Fabra et al., 2009).

The study of the ancient populations of the Sierras
and Plains regions of Coérdoba Province is of crucial
importance for our understanding of the population
dynamics of the Southern Cone of South America, given
the province's geographic position as a crossroads. In a
recent study by our group (Garcia et al., 2021), we
reported 92 modern mitogenomes from Central
Argentina (provinces of Cérdoba, San Luis, and Santiago
del Estero) and 22 ancient mitogenomes from archeolo-
gical sites of Cordoba Province. The analysis of these data
revealed a large number of new clades within the mito-
chondrial DNA tree, including several local clades of
great temporal depth with continuity until the present,
suggesting that they originated in Central Argentina and
expanded from there to neighboring regions. Besides, we
detected the presence of characteristic lineages of other
regions (Gran Chaco, Western, Northeastern and North-
western Argentina), revealing the existence of gene flow
to Central Argentina.

Although that work provided substantial information
about the past populations that inhabited Central
Argentina, many questions arising from the archeological
and the genetic evidence remain unsolved: Was there
biological variability across this wide and ecologically
diverse region, consistent with the archeological evi-
dence, or was its human population homogeneous? Did
the populations of Sierras and Plains of the current terri-
tory of Cérdoba Province have different genetic affinities
with surrounding populations? Did the horticultural
groups described in the early colonizers' chronicles
replace the ancient hunter-gatherers that inhabited the
region since at least 11 000 years ago, or was there a pop-
ulation continuity over time, accompanied by local cul-
tural development? How do the ancient groups relate to
present-day populations of the region?

Here, we report new mitochondrial DNA data of
human remains from different archeological contexts and
analyze them together with previously reported data



NORES ET AL.

ﬁ{j American Journal of Human Biology_Wl L EY 3 of21

(Garcia et al., 2012, 2021; Nores et al., 2011, 2017
Nores & Demarchi, 2011). The aim of this study is to
investigate the evolutionary history of the late Middle
and Late Holocene populations from Cérdoba Province,
focusing on the temporal and geographical patterns of
genetic variation.

2 | MATERIALS AND METHODS

2.1 | The area of study

The samples come from an area located approximately
between 30° and 33° S and 62° and 65° W, covering part
of the territory of Cérdoba Province (Figure 1). The Sierras
region occupies the west of the province, spanning the
mountain chains known as Sierras Grandes, Sierras
Chicas, and Sierras Occidentales (Capitanelli, 1979). The
latter continues to the southwest with the Sierras de Co-
mechingones, extending into San Luis Province, altogether
constituting the archeological region of Sierras Centrales
(Gonzalez, 1952). The Plains region, towards the Northeast
of the province of Cérdoba, comprises Mar Chiquita, the
largest salty lagoon in South America and the fifth in the
world (Fabra, 2020). This body of water is characterized by
its periodic variation in extension (ranging between 2000
and 8000 km?), depth, and salinity over time (Piovano
et al., 2009).

2.2 | The sample

Eighty-three individuals from 40 archeological sites were
included in this study (Supplementary Table 1), both
novel (N = 26) and previously reported (Garcia
et al., 2012, 2021; Nores et al., 2011, 2017; Nores &
Demarchi, 2011). Figure 1 shows the approximate loca-
tion of the archeological sites from which the human
remains were unearthed.

The skeletal remains are housed in the collections of
the Museo de Antropologia (Facultad de Filosofia y
Humanidades, Universidad Nacional de Coérdoba) and
other public and private museums of Cérdoba Province.
Sixty samples were dated by AMS (Accelerator Mass
Spectrometry), corresponding to 63 individuals (three
double inhumations were included in this study).
Twenty-nine of them (one newly reported) were
processed in the Graduate School of Frontier Sciences,
University of Tokyo (MTC); 15 in the W. M. Keck Carbon
Cycle Accelerator Mass Spectrometry Laboratory, Univer-
sity of California, Irvine (UCI AMS); 14 in the NSF-
Arizona AMS Laboratory, University of Arizona (AA);
and two (one newly reported) in the Laboratorio de Tritio

FIGURE 1
from which the human remains analyzed in this work originate.

Geographical location of the archeological sites

Sierras: 1. San Esteban, 2. Dique El Cajon, 3. Ayampitin, 4. Ischilin,
5. Constantinopla, 6. Cerro Colorado, 7. La Granja, 8. El Vado,

9. Agua de Oro, 10. Cuesta Blanca, 11. Rosca Yaco, 12. Guasmara,
13. Loma Bola, 15. Copina, 16. Cafiada Larga, 19. Charquina, 22.
Nunsacat, 23. Loteo 5, 24. Banda Meridional del Lago, 25. Potrero
de Garay, 26. Embalse Rio Tercero, 26. Central Nuclear, 27.
Quillinzo, 35. Campo Potrero del Monte. Plains: 14. El Diquecito,
14. Laguna del Plata, 14. Los Surgentes, 17. Marull, 18. Isla
Orihuela Costa Sur, 20. Pozo de las Ollas, 21. Estancia La Elisa, 28.
Miramar, 28. Colonia Muller, 28. Mar Chiquita, 29. Orihuela, 30.
Costasacate, 30. Rincon, 31. Isla Tigre, 32. El1 Mistolar, 33. Laguna
de la Sal, 34. La Rueda, 34. Costa La Fortuna, 36. La Para, 37.
Cosme, 38. Alpa Corral, 39. Club UBSISA - Amboy, 40. Potrerillo
de Larreta. Inset: Location of Cérdoba Province within Argentina,
and Argentina within South America, along with the locations of
ancient groups and current populations included in distance
analysis. Abbreviations of ancient groups: CSP: Central-southern
Patagonia, Ka: Kawéskar, LA: Los Amarillos, MSal: Salesian
Mission in Tierra del Fuego, NPC: Northern Patagonia coast, PAM:
Pampas region, PG: Pampa Grande, PPT: Pampa-Patagonia
transition, PLA: Plains of Cérdoba, Pu: Puna, QdH: Quebrada de
Humahuaca, SAE: Santiago del Estero, SIE: Sierras of Cérdoba,
STdF: Southern Tierra del Fuego, VC: Valles Calchaquies, Ya:
Yamana. Modern groups: PDPla: Present-day populations of the
plains of Cérdoba Province, PDSAE: Present-day populations of
Santiago del Estero Province, PDSie: Present-day populations of
Sierras Centrales (Cérdoba and San Luis Provinces)

y Radiocarbono-LATYR, Universidad Nacional de La
Plata (LP). Direct radiocarbon dates ranging from 4525
+ 20 to 345 + 20 yBP were calibrated with OxCal 4.4
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(Bronk Ramsey, 2009), using the SHCal20 Southern
Hemisphere calibration curve (Hogg et al., 2020) (Supple-
mentary Table 1).

In order to assess geographic variability in the distri-
bution of mtDNA haplogroups, we separated the total
sample in two regional sets. Sierras (N = 37) includes
individuals from sites located in the mountainous region
(average age of 1245 cal yBP from 34 dated samples).
Plains (N = 46) is composed by samples from sites of the
eastern plains: 43 from the shores, islands or nearby the
Mar Chiquita lagoon, and 3 from the area of Rio Segundo
city (average age of 1459 cal yBP from 29 dated samples).
To investigate possible temporal trends in the genetic var-
iation, we also defined two temporal subsamples based
on the subset of 63 individuals dated by AMS, separated
according to the average calibrated date (Supplementary
Table 1). The subsample pre 1200 yBP (N = 17) comprises
individuals dated from 4525 + 20 to 1585 + 15 yBP, span-
ning a temporal range of 3699 calibrated years, while the
post 1200 yBP (N = 46) includes samples dating from
1280 + 20 to 345 + 20 yBP, covering a period of 791 cali-
brated years (Supplementary Table 1). The dividing line
between the two temporal subsamples was defined based
on the timing of the incorporation of horticulture and
pottery production (Fabra & Gonzilez, 2019; Laguens
et al., 2009), a marked increase in the demographic den-
sity in the region (Fabra, 2020) and the differences
observed in the treatment of the dead, among other indi-
cators (Fabra et al., 2009; Gonzalez & Fabra, 2019).

2.3 | Ethical statement

This study was performed following ethical guidelines for
working with human remains (Aranda et al.,, 2014),
treating these deceased individuals respectfully. Skeletal
samples were analyzed with the proper permits from the
Province of Cdérdoba Government, which includes the
express consent and authorization of the Council of Com-
munities of Indigenous Peoples of the Province of
Cérdoba. Our research program on ancient human
remains was approved by the Ethics Committee of the
CEMIC (Comité de Etica en Investigacién, Centro de
Educaciéon Médica e Investigaciones Clinicas “Norberto
Quirno”).

2.4 | DNA extraction

Several precautions were taken to avoid contamination of
the ancient DNA with modern DNA templates (Pid#bo
et al., 2004). To rule out recent contamination, we ana-
lyzed the mtDNA from the co-authors that handled the

remains. Sample collection was done by MF, whose mito-
chondrial lineage is J (16069 16126 16311 16519), while
all the laboratory analyses were performed by RN, whose
maternal lineage is T2e (16126 16153 16294 16519), both
of European origin.

We followed an extraction protocol based on decal-
cification and digestion. Bone and tooth samples were
decontaminated with 6% bleach for 5-15 min, rinsed
multiple times with sterile water, and then allowed to
dry overnight. Samples were powdered using a dental
drill. About 0.25 g of pulverized sample was decalcified
and digested in 1 ml of 0.5 M EDTA and 1 mg of pro-
teinase K at 56°C, incubating for 24-48 h with mild
rocking. The DNA was subsequently extracted from the
supernatant, obtained after centrifugation at 5000g for
5 min, using the Wizard SV Gel and PCR Clean-Up
System (Promega). An extraction blank was included
for every set of six archeological samples processed.
The extraction procedure was carried out at least twice
with different samples of each skeletal individual, and
the aDNA obtained was used for independent
determinations.

2.5 | APLP analysis

Mitochondrial haplogroups were determined for each
ancient sample by amplified product-length polymor-
phisms analysis (APLP) (Umetsu et al., 2005). The deter-
mination of the four main Native American haplogroups
was performed using two PCR reactions in a final vol-
ume of 20 pL, one of which contained the primers to
determine the haplogroups A and D, and the other for B
and C. PCR reactions included 1X GoTaq Buffer
(Promega), 0.20 mM dNTPs (Promega), 0.28 pM of each
primer, 0.05 U/ul GoTaq DNA Polymerase (Promega),
0.1 mg/ml BSA, and 2 pL of DNA extract. To character-
ize haplogroups A, C, and D we used the set of three
primers described in Umetsu et al. (2005), and those
published by Wrischnik et al. (1987) for direct
genotyping of haplogroup B. The PCR program included
an initial cycle of 6 min DNA denaturation at 94°C,
40 cycles of denaturation for 30 s, annealing at 53°C for
45 s and elongation at 72°C for 30 s, and a final elonga-
tion step of 5 min. Each PCR reaction included a nega-
tive control and an extraction blank to identify false-
positive amplification and exogenous DNA contamina-
tion during extraction of aDNA, respectively. The prod-
uct of both PCRs was seeded with a molecular size
marker in native gels of 8% acrylamide:bisacrylamide
(19:1), subsequently stained for 30 min with SYBR Safe
1:10000 (Invitrogen) and visualized in UV light
transilluminator.
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2.6 | Sequencing of hypervariable region
I of mtDNA

Once individual Native American haplogroups were
determined by APLP, a portion of the HVR-I mtDNA of
up to 400 base pairs (bp) long was sequenced. This was
done by using two or three pairs of overlapping primers,
whose sequences and coordinates are listed in Supple-
mentary Table 2. Although widely used in aDNA HVR-I
studies, these amplification strategies leave small (8-
23 bp) interspersed gaps of endogenous aDNA without
coverage in overlapping primer positions (Supplementary
Table 2). PCR reactions were carried out with the same
reagents and cycling parameters as in APLP, but using 5-
6 uL of aDNA template in a final volume of 55 ul, and
50 cycles of amplification. PCR products were sent for
purification and sequencing to Macrogen (Seoul, Korea).
To detect the presence of sequencing errors, both DNA
strands were sequenced and any ambiguities were solved
by resequencing.

The obtained sequences were manually edited and
then aligned with the revised Cambridge Reference
Sequence (Andrews et al., 1999) using Sequencher ver-
sion 5.3 (Gene Codes Corporation). Sub-haplogroups
were determined with reference to Phylotree mtDNA tree
Build 17 (van Oven & Kayser, 2009) and published data.

2.7 | Statistical analysis at intra-
population level

Intra-population molecular diversity indices of the tem-
poral and geographical samples were calculated over the
HVR-I sequences from np 16024 to np 16400 (regardless
of the coverage gaps generated by the sequencing strat-
egy), after removing mutational hotspots following van
Oven and Kayser (2009). Genetic differences between
geographical regions and temporal subsamples were
studied employing the Exact test (Raymond &
Rousset, 1995) to compare haplogroup frequencies, and
through the analysis of molecular variance (AMOVA) on
the haplotype distribution. All the above-mentioned ana-
lyses were performed with Arlequin software version
3.5.2.2 (Excoffier & Lischer, 2010).

2.8 | Comparison with ancient and
contemporary populations from Argentina

The HVR-I sequences from the Plains and Sierras samples
were compared with other ancient groups from Argentina
to investigate their affinities (references in Supplementary
Table 3). Sequences from different archeological sites and
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chronologies were grouped together based on their geo-
graphical proximity (Figure 1), except for the Los
Amarillos site, located in Quebrada de Humahuaca,
which was considered as a separate population given its
relatively large sample size and its unusually high inci-
dence of haplogroup (Hg) A2 (Mendisco et al., 2011;
Russo, Mendisco, et al., 2018). The ancient data were also
compared with those of contemporary individuals with
Native American lineages from small, semi-rural
populations of Central Argentina (Garcia et al., 2018;
Pauro et al., 2013) to check for population continuity up
to the present (Supplementary Table 3). Localities from
Cérdoba and San Luis Provinces that roughly overlapped
with the archeological sites were grouped into the two
geographical regions defined in this study for the ancient
individuals (Present-day Sierras Centrales and Present-
day Plains). Finally, two populations from the southern
plains of Santiago del Estero Province, located to the
northwest of the Mar Chiquita lagoon, were included in
the Present-day Santiago del Estero group. The sample
from the capital city of Cérdoba (Garcia et al., 2018) was
not included to reduce the possibilities of misrepresenting
the local genetic diversity, since it is a cosmopolitan city
with many recent migrants from other regions of
Argentina and neighboring countries.

Sequences were trimmed to a common region
between positions 16024-16410. Five sequences with
major reading gaps, two from Plains (#85 and #118) and
three from Misién Salesiana “La Candelaria” (Motti
et al., 2019), were removed. Phylogenetically uninforma-
tive sites such as indels or poly-C stretches at positions
16182-16183 and 16193 were excluded from the analyses,
as recommended (van Oven & Kayser, 2009). The ®ST
distance calculation was performed with Arlequin 3.5.2.2
(Excoffier & Lischer, 2010), using the substitution model
with the lowest BIC in MEGA 6 (Tamura et al., 2013).
Significant comparisons after 10 000 permutations (p <
0.05) reject the null hypothesis of no difference between
populations. The pairwise ®ST distances were linearized
with Slatkin's method (Slatkin, 1995) and used as input
for both a hierarchical clustering, performed with the
UPGMA algorithm of the hclust function from R stats,
and a nonmetric multidimensional scaling (MDS), calcu-
lated with the metaMDS function in the vegan R package
(Oksanen et al., 2019). The dendrogram and MDS were
plotted with factoextra (Kassambara & Mundt, 2017) and
ggpubr (Kassambara, 2018) R packages, respectively.

To further investigate the geographic distribution of
the haplotypes identified in the pre-Hispanic populations
of Cérdoba Province, we constructed separate median-
joining networks (Bandelt et al., 1999) for haplogroups
A2, B2 and D1 using Network 10.2.0.0 (http://www.
fluxus-engineering.com/sharenet.htm). The ancient and
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contemporary sequences used for the distance calcula-
tions (Supplementary Table 3) were trimmed to a frag-
ment spanning from np 16101 to np 16365, prioritizing
the reading frame obtained in this study. Two sequences
from Quebrada de Humahuaca (Postillone et al., 2017)
and a sequence from Sierras (#117) were removed due to
their short length after trimming. The C1 haplotype net-
work was not generated because the length of the
selected fragment prevents the differentiation of its main
sub-haplogroups (C1b, Clc and Cld), which in turn
makes it impossible to establish any robust phylogenetic
hypothesis. The haplotype networks were processed
using the maximum parsimony (MP) calculation
(Polzin & Daneshmand, 2003) and visualizing the mini-
mum number of trees necessary for explaining the origi-
nal network. Both the weighting of homoplastic sites and
the geographic coherence of the haplotypes’ distribution
were considered in order to avoid and/or resolve non-
phylogenetic reticulations.

3 | RESULTS

Throughout the study, both the extraction and PCR con-
trols consistently showed negative results. We obtained
17 successful haplogroup determinations by APLP out of
the 26 newly analyzed individuals. These results were
added to previously published data from our group
(Garcia et al., 2012, 2021; Nores & Demarchi, 2011;
Nores et al., 2011, 2017) to generate a database of 74 gen-
otyped individuals in total (Table 1) for further statistical
analyses of the ancient genetic variation in the province
of Cérdoba.

3.1 | Haplogroup distribution between
temporal and geographical samples

The relative frequencies of each haplogroup in the total
sample and in each geographical and temporal sample
are presented in Table 2. The total sample from Cérdoba
Province showed a high incidence of haplogroup C, while
the other three haplogroups were present at intermediate
frequencies. However, the haplogroup distribution was
not homogeneous across the geographic space, with sta-
tistically significant differences between Sierras and
Plains (Exact test p value = 0.0005 + 0.0003). The most
conspicuous difference was the high incidence of hap-
logroup B in Sierras (39.4%), whereas in Plains only one
individual (2.4%) carried this haplogroup. Conversely,
haplogroups A, C, and D were more frequent in Plains
than in Sierras. In contrast, temporal subsamples showed
nonsignificant differences (Exact test p value = 0.2177
+ 0.0041).

3.2 | Sequence analysis

Reliable mtDNA HVR-I sequences are reported from
46 of the 74 individuals with an assigned Hg (Table 1),
16 of which are newly obtained and 30 were previously
published (Garcia et al., 2012, 2021; Nores et al., 2017).
mtDNA sequencing of 62% of the total sample was an
expected result in degraded aDNA samples. The better
performance of APLP to determine mtDNA haplogroups
(74 out of 83 samples, 89%) was due to the smaller frag-
ment sizes amplified with APLP primers. In all cases the
HVR-I sequences were consistent with the haplogroup
determination (Table 1).

From the 46 analyzed sequences, 20 different haplo-
types were identified. Nucleotide diversity for the whole
Cordoba Province sample was n© = 0.0131. Relatively
higher diversity was found in the Sierras sample com-
pared to Plains, while there was no difference between
post 1200 yBP and pre 1200 yBP nucleotide diversity levels
(Supplementary Table 4).

The AMOVA results revealed significant differentia-
tion between Sierras and Plains samples (FST: 0.1821,
p = 0.000), but there were no differences between the pre
1200 yBP and post 1200 yBP temporal subsamples (FST:
—0.0033, p = 0.441). Therefore, Sierras and Plains were
considered separately for genetic distance calculations. It
was not possible to test the temporal differentiation
within each ancient geographical sample given the small
N obtained after both partitions.

3.3 | Population comparisons

Genetic distances between the Plains and Sierras samples
and 14 ancient groups from Argentina, as well as three
modern populations from Central Argentina, are pres-
ented in a UPGMA tree and a MDS plot (Figure 2A, B).
Distinctive clusters, highlighted in different colors in
both graphics, showed a coherent geographic pattern.
Plains (PLA) clustered together with the ancient and con-
temporary samples from the southern plains of Santiago
del Estero Province (SdE and PDSAE) and with the
ancient population of Pampas region (PAM). Sierras
(SIE) was close to the population from the Pampa Grande
archeological site in Northwestern Argentina. It is inter-
esting to note that, while Sierras differed significantly
from its modern counterpart (PDSie), Plains had a non-
significant genetic distance not only with the current
populations living in the area (PDPIa) but also with the
present-day population of Sierras Centrales (PDSie) (Sup-
plementary Table 5). Finally, the ancient populations
from Northern and Central-Southern Patagonia, and
Tierra del Fuego (STdF and MSal) all clustered together.
It is important to take into account that some of these
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TABLE 2
temporal and geographical subsamples

Date range Average Coverage
Sample group (yBP) date (yBP) (years)
Total® 4525-345 1178 4180
Plains 4525-370 1274 4155
Sierras 4450-345 1085 3015
pre 1200 yBP 4525-1585 2447 3695
post 1200 yBP 1280-345 743 791
Plains pre 1200 yBP 4525-1585 2368 3284
Plains post 1200 yBP 1241-370 759 822
Sierras pre 1200 yBP 4450-2156 2573 2080
Sierras post 1200 yBP 1280-345 731 735

Distribution of Native American mitochondrial haplogroups (percentage values in parentheses) in the total sample and in the

N Hg A Hg B HgC HgD
74 (of 83) 13 (17.6) 14 (18.9) 33 (44.6) 14 (18.9)
41 (of 46) 8 (19.5) 1(24) 22 (53.7) 10 (24.4)
33 (of 37) 5(15.2) 13 (39.4) 11 (33.3) 4(12.1)
15 (of 17) 1(6.7) 3 (20.0) 10 (66.6) 1(6.7)
43 (of 46) 8 (18.6) 11 (25.6) 15(34.9) 9(20.9)
9 (of 10) 0 (0) 1(11.1) 7 (77.8) 1(11.1)
18 (of 19) 5(27.8) 0(0) 7 (38.9) 6 (33.3)

6 (of 7) 1(16.7) 2(33.3) 3 (50.0) 0 (0)
25 (of 27) 3(12.0) 11 (44.0) 8(32.0) 3(12.0)

Sixteen of the positive samples in this study have not been dated yet, so the total N of 74 does not coincide with the sum of the number of individuals in the

temporal subsamples.

Note: Date range, average date, and coverage refer to samples with positive results for Hg determination, as well as N, with the total value between parentheses.

02
Height

FIGURE 2

(A) UPGMA dendrogram of pairwise ®ST distances, cut at k = 6 to enhance clusters visualization. (B) MDS plot of the

pairwise ®ST genetic distances between Plains and Sierras subsamples (red triangles) and 17 ancient and modern populations (references in
Supplementary Table 3). Stress = 0.1269. Color ellipses highlight main population clusters. Abbreviations of ancient and modern groups are

detailed in the legend of Figure 1

configurations in the UPGMA and the MDS plots could
have been affected by the small sample sizes of the
ancient groups, and therefore may not reflect actual
genetic affinities.

A number of ancient populations appeared as outliers
for several possible reasons. Geographically isolated
groups such as the Kawéskar and Yamana from Tierra del
Fuego had significant genetic distances with all other
populations, while the Pampa-Patagonia transition sample
(PPT), with a high frequency of Dl1g, as well as Los
Amarillos sample (LA), mostly constituted by A2

haplotypes, were also genetically differentiated from the
remaining samples (Figure 2 and Supplementary Table 5).

3.4 | Ancient maternal lineages of
Central Argentina in the regional context

We report sequences of the mtDNA HVR-I for five indi-
viduals identified as Hg A, all of which have different
haplotypes (Table 1 and Figure 3). Two samples exhibited
a reversion at np 16111, which has been described in
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FIGURE 3

D Northwestern Argentina

. Santiago del Estero (ancient and modern)

. Ancient Plains of Cérdoba

D Present-day Plains of Cérdoba

. Ancient Sierras of Cérdoba

D Present-day Sierras Centrales

D Argentinian Pampas

D Patagonia (Argentina & Chile)

Median-joining network of haplogroup A2 HVR-I (16101-16365) haplotypes from ancient and present-day individuals of the

Southern Cone of South America (Supplementary Table 3). Colors reflect the geographic sources of the included sequences. Areas of circles

are proportional to haplotype frequencies

several South American populations, likely as a result of
the high-mutation rate at this position (Soares
et al., 2009). The transition at np 16192, another highly
homoplastic site observed in an ancient sample from
Plains (H15 in the network), has been previously
reported in both ancient and contemporary South Ameri-
can populations, but without a consistent geographical
pattern that would allow any phylogenetic hypothesis to
be established. Sample #35 from Sierras, which shared
haplotype A2, 617> (H12) with present-day individuals
from the Sierras Centrales region, has been recently
included into a new local clade (A2bbl) within the
A2, 5 lineage (Garcia et al., 2021), characteristic of the
populations of Central and Western Argentina (Garcia
et al., 2021; Motti, 2012; Motti et al., 2017). The haplo-
types A2, 16263 (H14), observed in sample #57 from the
Mar Chiquita lagoon, and A2, 4175 (H13) of sample #41
from Sierras, were described as derived haplotypes of
another new local clade, A2bc, also within the A2 ;s

lineage (Garcia et al., 2021). Neither A2, ;59 16263 NOr
A2, 5016173 have been identified in any other modern or
ancient populations from South America.

We also obtained nine B2 HVR-I sequences (most of
them from previously published mitogenomes), eight
from Sierras and one from Plains subsamples, ranging
from 4450 + 80 to 420 + 41 yBP (Table 1 and Figure 4).
Six samples from Sierras presented the B2, 414, motif
(H2 in the network), which was shared with individuals
currently inhabiting this region and also found in an
ancient individual from Pampa Grande site, in North-
western Argentina (Carnese et al., 2010). It is worth
mentioning that none of the ancient Plains sequences
belonged to this clade, and only one individual from
present-day Plains carried a derived haplotype with two
additional mutations (H15). Two individuals (#105 and
#94) displayed the B2 nodal haplotype (H1) within the
reading frame of this study, although it should be noted
that #105 had a mutation at np 11590 that is diagnostic
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FIGURE 4 Median-joining network of haplogroup B2 HVR-I (16101-16365) haplotypes from ancient and present-day individuals of the
Southern Cone of South America (Supplementary Table 3). Colors reflect the geographic sources of the included sequences. Inferred missing

haplotypes are presented as black dots. Areas of circles are proportional to haplotype frequencies

of sub-haplogroup B2ak (Garcia et al., 2021); while #94
had an additional transition at position 16093, a fast-
evolving site (Hasegawa et al., 1993; Meyer et al., 1999;
Wakeley, 1993) that is present in many branches of the
mitochondrial phylogenetic tree (Soares et al., 2009).
Haplogroup C is the most represented lineage in our
pre-Hispanic sample, as well as among the contempo-
rary inhabitants of the province of Cérdoba (Garcia
et al., 2018). We report 22 C1 HVR-I sequences, 17 from
Plains and 5 from Sierras (Table 1). Seven of the Plains
sequences were drawn from EI Diquecito site and
already published by Nores et al. (2017), while eight Hg
Cl sequences were trimmed from complete
mitogenomes (Garcia et al., 2021). Given the extent of
the considered fragment, it was only possible to distin-
guish the sub-haplogroup C1d from other C1 sequences,
while C1b and Clc diagnostic sites fell outside of range.

For this reason, most of the samples without
mitogenome information (N = 12) were assigned to the
C1 nodal haplotype, and only one was identified as C1d
by the presence of a transition at np 16051. This
sequence from El Diquecito site, dated in 2438 yBP, dis-
played additional polymorphisms at np 16259, 16271
and 16311, which represent a motif that was originally
reported in a modern mitochondrial genome from Salta
Province, Argentina, assigned to Cldlb (Perego
et al., 2010), and recently redefined as C1d1b2 (Garcia
et al., 2021). Haplotype C1d 16250-16271-16311 Was detected
in present-day populations of Gran Chaco, Northwestern
and Central Argentina (Cabana et al., 2006; Garcia
et al., 2018, 2021; Motti, 2012; Pauro et al., 2013; Perego
et al., 2010; Sevini et al., 2013), Uruguay (Figueiro
et al., 2011), and in an ancient individual from Santiago
del Estero Province (Tavella et al., 2020).
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D Northwestern Argentina
. Santiago del Estero (ancient and modern)
. Ancient Plains of Cérdoba
D Present-day Plains of Cérdoba
H22
Q . Ancient Sierras of Cérdoba
H12 D Present-day Sierras Centrales
1629 L 17 D Argentinian Pampas
D Patagonia (Argentina & Chile)
6189
16177
16380 16}129
H37 H10 H13
H29_ _— H32
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™ 16150
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FIGURE 5 Median-joining network of haplogroup D1 HVR-I (16101-16365) haplotypes from ancient and present-day individuals of the

Southern Cone of South America (Supplementary Table 3). Major sub-haplogrups are labeled. Colors reflect the geographic sources of the
included sequences. Inferred missing haplotypes are presented as black dots. Areas of circles are proportional to haplotype frequencies

Three C1 samples from Plains differed from the nodal
sequence by a mutation at np 16390, while two of them
had an additional polymorphism at np 16092 (note that
the third sequence starts at np 16101). In Argentina, the
Cl,16390 motif is found in sequences belonging to
haplogroups C1b and Clc. As whole mitogenomes are
available for both samples from El Diquecito site, it is
possible to determine that they belong to C1b by the pres-
ence of the diagnostic mutation at np 493. The co-
occurrence of transitions 16092 and 16390 observed in
the mitochondrial control region of these ancient Clb
samples was not detected in any other individual from
South America (Garcia et al., 2021). The motif C1 16343,
observed in an undated sample from the Plains, was
reported in six individuals from Brazil (Cardena
et al., 2013; Poletto et al., 2019). Finally, a sample from
Ayampitin site, in Sierras (600 yBP), presents the motif
C1, 16189-16294> SO far not reported in any South American
population.

Ten sequences assigned to haplogroup D1 are
reported in Table 1 and Figure 5. Two sequences carried
the nodal D1 haplotype (H1 in the network). Four

individuals (two from Plains and two from Sierras)
belonged to the sub-haplogroup D1g (D1,16157) With
additional mutations at positions 16189 and 16209 (H9),
which are diagnostic of lineage DI1g5 (Bodner
et al., 2012). D1g5 is mainly distributed in populations
from Patagonia, both modern (de Saint Pierre et al., 2012;
Gémez-Carballa et al., 2016), and ancient (Arencibia
et al., 2019; Crespo et al., 2017, 2020; Motti et al., 2019;
Parolin et al., 2019). It was also found in modern
populations of Western Argentina (Garcia et al., 2018;
Motti, 2012), Central Chile (Gomez-Carballa et al., 2016),
and in ancient samples from the Puna in Northwestern
Argentina (Postillone et al., 2017) and from the Pampas
region (Roca-Rada et al., 2021).

Three ancient individuals from Plains belonged to D1j
lineage (D1 16242-16311, H6), and one of them exhibited an
additional mutation at np 16093 (not displayed on the D1
network since it falls outside the selected range). D1j is
very frequent in Central and Western Argentina (Bodner
et al., 2012; Garcia et al., 2012, 2018, 2021; Motti, 2012;
Pauro, 2015) and was present in ancient samples from
Santiago del Estero (Tavella et al., 2020), Patagonia
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(Crespo et al., 2017), Parana Delta (Nores et al., 2019), the
eastern  Pampa-Patagonia  transition  (Postillone
et al, 2020), and the Pampas region (Roca-Rada
et al.,, 2021). Finally, one individual had the D1 nodal
motif plus T16189C (H15), an haplotype only detected
before in the current population of Cérdoba city (Salas
et al., 2008) and in Gran Chaco (Sevini et al., 2014).

4 | DISCUSSION

One of the questions this study aimed to address was
whether the cultural differences observed between the
groups that inhabited the two main ecological regions of
Cérdoba Province in the Holocene were correlative to the
genetic divergence among them. Our results show signifi-
cant differences in mtDNA haplogroup frequency and
haplotypes distribution between the ancient samples
from Sierras and Plains, mainly explained by the high fre-
quency of Hg B in Sierras, where it reaches 39.4%
(N = 13), against 2.4% (N = 1) in the Plains (Table 2).
These genetic differences are clearly reflected in the
pairwise distances, calculated from the HVR-I sequences.

The recent report of 92 modern mitogenomes from
Central Argentina and 22 ancient mitogenomes from
Cérdoba Province allowed the description of a large num-
ber of new mitochondrial clades, many of which have an
ancient local origin and later spreading to surrounding
regions. The same study also detected lineages in Central
Argentina that are characteristic of other regions, reveal-
ing a complex dynamic of gene flow to and from this
region (Garcia et al., 2021). In the present work, after
confirming the genetic differentiation between Sierras
and Plains, we assessed the comparison of each group
separately with ancient and modern populations from
Argentina.

While the pre-Hispanic inhabitants of the Sierras
show genetic affinities with ancient groups of Northwest-
ern Argentina, those who inhabited the eastern Plains
resemble their neighbors from Santiago del Estero Prov-
ince and the Pampas region. The genetic dissimilarity
between Plains and Sierras, together with the significant
morphological differences between both groups (Fabra &
Demarchi, 2013), could indicate the existence of biologi-
cally distinct populations inhabiting the mountainous
region and the area spanning the eastern plains and the
Mar Chiquita lagoon of Cérdoba Province during the late
Middle and Late Holocene. As mentioned before, differ-
ences in some features of their material culture
(Serrano, 1945) and, particularly, mortuary practices
(Fabra et al., 2009) also support this statement.

Another question we introduced was whether the
horticultural groups described by the early colonizers'
chronicles replaced the ancient hunter-gatherer

populations or if, instead, there was a biological continu-
ity over time accompanied by a local cultural develop-
ment. The high incidence of Hg B in Sierras in the post
1200 yBP subsample (44%, Table 2) was interpreted in a
previous work (Nores et al., 2011) as a signal of gene flow
into the Sierras region from populations with high inci-
dence of Hg B, such as the South-Central Andean region,
including modern day Peru, Northern Chile and North-
western Argentina (Russo, Mendisco, et al., 2018), or the
Gran Chaco region (Demarchi et al., 2001). However, our
analysis of mtDNA haplogroups and HVR-I sequences
does not support this hypothesis, since no genetic struc-
ture was observed between temporal subsets. Further-
more, seven of the eight Hg B2 samples from Sierras
belong to B2ak, and five of them are grouped in the
exclusive ancient clade B2akla, diagnosed by a mutation
in the coding region at np 13145 (Garcia et al., 2021). The
distribution and high frequency of lineage B2akl
(B2, 16142) in present-day populations from Central and
West-Central Argentina (Garcia et al., 2018; Motti, 2012),
as well as its occurrence in the oldest Sierras individual
(4450 + 80 yBP), support instead a scenario of local ori-
gin with great temporal depth and a later dispersal to
Northwestern Argentina. This process would explain the
presence of B2ak1 in a later individual of 1300 yBP from
Pampa Grande site (Carnese et al., 2010). In line with this
hypothesis, the coalescent age for this clade was esti-
mated at 8945 yBP (Garcia et al., 2021).

Four individuals (two from Plains and two from
Sierras) carry the haplotype D1g, 16189-16200 (D1g5). This
lineage is widely distributed in extant populations of
Western, Northwestern and Central Argentina (Motti
et al., 2019; Posth et al., 2018). Even though it is also
found in Patagonia, this lineage constitutes one of the
many widespread D1g haplotypes in that region. The
finding of the basal D1g lineage in a Middle Holocene
sample (~7800 cal yBP) and a Late Holocene derived
D1g5 sample (~1600 cal yBP) was postulated as evidence
of the presence of D1g5 in the Pampas before populations
bearing these mtDNA lineages migrating southwards
(Roca-Rada et al., 2021). Considering that the ages of the
D1g5 individuals from this study range between 889 and
387 yBP, we propose that the observed distribution of
Dlg5 in Central and Western Argentina could be
explained by a single demographic event, probably more
recent than the spread of the other D1g variants across
Patagonia. This scenario is coherent with the estimation
of a divergence time of only 6000 years for D1g5 (Roca-
Rada et al., 2021).

Three sequences from the Plains belong to D1j, a line-
age characterized by the transitions T152C, C16242T, and
T16311C, which is observed at high frequency in current
populations from Central and Western Argentina (Garcia
et al., 2012; Motti et al., 2017). Most interestingly, one of
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them is the oldest sample included in this study (Garcia
et al,, 2012), belonging to an individual found at the
shores of the Mar Chiquita lagoon who was dated in
4525 + 20 yBP, which evidences the deep roots of this lin-
eage in the region. This finding was considered additional
support for the hypothesis of a local origin for the D1j lin-
eage in West-Central Argentina, based on its present-day
distribution (Garcia et al., 2012). However, a recent find-
ing of D1j in an Early Holocene mitogenome from
Laguna de los Pampas site (~10 000 cal yBP) points
towards an origin in the Argentinian Pampas for D1j,
from where it may have spread across the Southern Cone
(Roca-Rada et al., 2021), explaining more recent occur-
rences in Coérdoba Province, Patagonia (Crespo
et al., 2017), Parana Delta (Nores et al., 2019), and the
eastern transition of the Pampa-Patagonia regions
(Postillone et al., 2020).

Finally, we assessed the relationship between the
ancient groups and the current populations of the region.
On one hand, we found three samples that exhibit the
private haplotypes A2,1s50-16178, A21150-16263, and
C1.16189-16204> SO far not found in any modern popula-
tion, which would suggest they represent extinct ancient
lineages. Given that those haplotypes were identified in
relatively recent samples (578 and 608 cal yBP), it is pos-
sible that they were lost during or closely after the Span-
iard conquest. On the other hand, we detected a
remarkable similarity in the mitochondrial lineages of
the ancient Plains individuals and the contemporary
populations of Central Argentina, suggesting genetic con-
tinuity until the present.

Even though further work incorporating more sam-
ples from a wider geographical and temporal range is
needed to answer some of the questions raised in this
study, it constitutes a step forward towards a better
understanding of the maternal evolutionary history of
the populations that inhabited Central Argentina during
the Middle and Late Holocene.
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