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Abstract

Objectives: The main aim of this work was to contribute to the knowledge of pre-Hispanic genetic

variation and population structure among the South-central Andes Area by studying individuals

from Quebrada de Humahuaca, North-western (NW) Argentina.

Materials and methods: We analyzed 15 autosomal STRs in 19 individuals from several archaeo-

logical sites in Quebrada de Humahuaca, belonging to the Regional Developments Period (900–

1430 AD). Compiling autosomal, mitochondrial, and Y-chromosome data, we evaluated population

structure and differentiation among eight South-central Andean groups from the current territories

of NW Argentina and Peru.

Results: Autosomal data revealed a structuring of the analyzed populations into two clusters which

seemed to represent different temporalities in the Andean pre-Hispanic history: pre-Inca and Inca.

All pre-Inca samples fell into the same cluster despite being from the two different territories of

NW Argentina and Peru. Also, they were systematically differentiated from the Peruvian Inca

group. These results were mostly confirmed by mitochondrial and Y-chromosome analyses. We

mainly found a clearly different haplotype composition between clusters.

Discussion: Population structure in South America has been mostly studied on current native

groups, mainly showing a west-to-east differentiation between the Andean and lowland regions.

Here we demonstrated that genetic population differentiation preceded the European contact and

might have been more complex than thought, being found within the South-central Andes Area.

Moreover, divergence among temporally different populations might be reflecting socio-political

changes occurred in the evermore complex pre-Hispanic Andean societies.

K E YWORD S

Andean groups, autosomal STRs, NW Argentina, pre-Hispanic populations

1 | INTRODUCTION

Genetic studies of Native American populations have become widely

used to unraveling their evolutionary history, especially when the main

focus is put on the peopling process (e.g., Achilli et al., 2013; Llamas

et al., 2016; O’Rourke & Raff, 2010; Reich et al., 2012; Tamm et al.,

2007). Considering that America was the last continent populated by

human groups and probably as a result of genetic drift, Native Ameri-

cans exhibit lower levels of genetic variation compared to populations

in other continents (e.g., Wang et al., 2007). Moreover, since the first

groups followed a north-to-south migration route, a clinal pattern of

genetic diversity appeared. Not only lower heterozygosity levels were
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found in South American native populations (Wang et al., 2007), but

also the settlement in the Southern Cone was accompanied by the loss

of maternal lineages, for example (e.g., Crespo, Russo, Hajduk, Lanata,

& Dejean, 2017; de la Fuente et al., 2015).

However, numerous studies have demonstrated that isolation,

settlement, and diversification across the different regions of South

America allowed the emergence of new genetic variants (e.g., de

Saint Pierre et al., 2012; García, Pauro, Nores, Bravi, & Demarchi,

2012; Wang et al., 2007) and high levels of differentiation among

populations (Wang et al., 2007). Current South American groups

showed strong population structuring when studied from distinct

genetic approaches such as mitochondrial DNA (mtDNA) (Rothham-

mer, Fehren-Schmitz, Puddu, & Capriles, 2017), genome-wide auto-

somal STRs (Wang et al., 2007), and a combination of several

markers (Yang et al., 2010). These studies revealed a diversification

across a west-to-east cline, mainly differentiating the Andean popu-

lations from the eastern groups, although structure patterns might

have been more complicated than previously thought principally in

the Andes (Cabana et al., 2014).

Albeit the great usefulness, studies on current South American

populations have limitations related to the complex demographic proc-

esses occurred since European colonization. First, even the presumably

most isolated native groups might exhibit at least some level of admix-

ture with European and African populations (e.g., Crossetti et al., 2008;

Reich et al., 2012), which strongly affects the allele frequencies intro-

ducing new variants. Also, the European colonization produced severe

social and demographic changes leading to a population decrease (e.g.,

O’Fallon & Fehren-Schmitz, 2011) and the resulting loss of genetic vari-

ability. These processes and their consequences over allele frequencies

call attention to the precautions that must be taken when inferring

past events by studying only current human groups (Pickrell & Reich,

2014) and emphasize the need for increasing ancient DNA (aDNA)

studies.

Genetic analyses of pre-Hispanic South American groups represent

one of the most useful tools for understanding population dynamics

and complementing archaeological studies. Most aDNA studies focused

on mtDNA due to its advantage for extraction and PCR amplification in

comparison with nuclear DNA, mainly caused by the difference in

genome copy number (Pakendorf & Stoneking, 2005). Nevertheless,

population analyses gain resolution power when several molecular

markers are combined, such as mitochondrial and Y-chromosome line-

ages along with autosomal markers.

In this study, we present autosomal STR data of pre-Hispanic

Andean populations from the Quebrada de Humahuaca valley in

North-western (NW) Argentina belonging to the Regional Develop-

ments Period (RDP) (1050–520 years BP). During this period, these

human groups experienced significant social changes. From the pre-

vious small, relatively egalitarian societies, they went through a con-

centration process into large settlements throughout the central

ravine (Nielsen, 2001). Also, they were actively involved in an

increasingly long-distance exchange of goods from the Pacific coast

to the eastern valleys and plains (Nielsen, 2013). The end of this

period is determined by the Incas arrival and the concomitant socio-

political changes, including the relocation of entire local groups in

order to exercise control over them (Williams, 2000; Williams, Ville-

gas, Gheggi, & Chaparro, 2005). Later, around 414 yBP the Inca rule

was interrupted by the Spaniard conquerors arrival to the current

NW Argentina (B�arcena, 2007) and the consequent strong socio-

political disruption.

The main aim of this work was to contribute to the knowledge of

genetic variation among native South American populations by means

of analyzing autosomal genetic markers on pre-Hispanic individuals

from Quebrada de Humahuaca (NW Argentina) and comparing them

with other South-central Andean groups. Moreover, we aimed to inves-

tigate whether socio-political changes among regions and temporalities

might have been reflected in population structure.

2 | MATERIALS AND METHODS

2.1 | Archaeological sample

We analyzed 19 individuals from seven archaeological sites in

Quebrada de Humahuaca (Jujuy province, NW Argentina) (Figure 1).

Based on archaeological context and radiocarbon dating it was estab-

lished that all individuals belonged to the RDP (Table 1). These

samples were included in a previous study in which mitochondrial and

Y-chromosome data was obtained (Mendisco et al., 2014).

2.2 | DNA extraction and autosomal STR amplification

From each individual, at least two teeth were analyzed independently.

First, teeth were washed with a bleach solution, rinsed with ultra-pure

water (Milli-Q®, Millipore) and finally ultraviolet (UV) irradiated for 15

min each side to remove surface exogenous DNA contaminants. Then,

the powder was obtained through total milling in liquid nitrogen (6870

SamplePrep Freezer Mill®, Fisher Bioblock, Illkirch, France) and DNA

extraction was performed using 200 mg of powder following a previ-

ously described protocol (Mendisco et al., 2011). Two independent

extractions were done for every tooth. Extracts were quantified

through real-time PCR using QuantifilerTM Human Identification kit

(Applied Biosystems) on the ABI PRISM® 7000 (Applied Biosystems)

detection system, following manufacturer’s recommendations.

From each of the four available extracts, PCR amplifications of

autosomal STRs were carried out systematically. Following a previously

published protocol (Russo, Mendisco, Avena, Dejean, & Seldes, 2016),

a total of 15 autosomal STRs (D2S1338, D3S1358, vWA, FGA,

D5S818, D7S820, D8S1179, D13S317, D16S539, D18S51, D19S433,

D21S11, TH01, CSFPO, and TPOX) were analyzed with AmpFlSTR®

IdentifilerTM kit (Applied Biosystems). We also used AmpFlSTR®

MiniFilerTM kit (Applied Biosystems) which amplified only nine of them

but in shorter amplicons. This kit allows a more effective amplification

of degraded samples because while with IdentifilerTM six loci are ana-

lyzed with amplicons larger than 250 bp, all loci evaluated with MiniFi-

lerTM are amplified in shorter fragments (only one up to 280 bp). The

combined strategy enabled not only a better genotyping of large STRs

but also confirming the results. Both kits also allowed amplification of
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the Amelogenin gene region used for sex determination. A consensus

genotype was obtained for each individual from at least four PCR

products.

2.3 | Authenticity criteria

All analyses were conducted at laboratories exclusively dedicated to

aDNA studies following strict protocols to prevent contamination

(Cooper & Poinar, 2000; Gilbert, Bandelt, Hofreiter, & Barnes, 2005).

Both pre- and post-PCR working areas were physically isolated. Sample

processing was done wearing protective disposable clothes, sterile

gloves, and face masks. All materials used during analysis were steri-

lized by autoclave and a long UV exposure. Extraction and amplification

blanks were used as negative controls in each step. Finally, all results

were replicated at different times, from multiple extracts and amplifica-

tions of the same sample.

For one individual we had the possibility of analyzing both upper

jaw and jaw teeth (sample TIL5). Given that in funerary contexts they

are often disjointed, this situation was an opportunity to confirm that

the upper jaw and jaw belonged to the same individual and also to

improve the authenticity of the results.

2.4 | Database compilation

Analysis of autosomal markers from aDNA extracts represents a chal-

lenging task. To date, only a few studies had included autosomal STR

amplification of ancient samples across the South-central Andes Area.

In the current territory of Peru, three sites from the Inca Period (Baca,

Molak, Sobczyk, WeRgle�nski, & Stankovic, 2014), and a rock shelter with

human remains from the Pre-Ceramic and Formative Periods (Fehren-

Schmitz et al., 2015) have autosomal STR data available.

The remaining autosomal genetic data came from archaeological

sites in NW Argentina. On one hand, an early study (Carnese et al.,

2010) analyzed some STRs markers in individuals buried during the

Formative Period in Las Pirguas site (Salta province). On the other

hand, in two RDP sites from Quebrada de Humahuaca STR amplifica-

tion has been accomplished: Muyuna (Russo et al., 2016) and Los Ama-

rillos (Mendisco et al., 2018).

FIGURE 1 Location of the archaeological sites analyzed in this study (stars) and the South-central Andean populations used for compari-
sons (triangles). The punctuated line indicates the north-south subdivision of Quebrada de Humahuaca.1: Pe~nas Blancas, 2: San Jos�e, 3:
Huacalera, 4: Banda de Perchel, 5: Juella, 6: Sarahuaico, 7: Tilcara, 8: Muyuna, 9: Los Amarillos, 10: Las Pirguas, 11: Tompullo 2, 12: Puca,
13: Acchaymarca, 14: Lauricocha. Map constructed from the obtained with the R package ggmap (Kahle & Wickham, 2013)
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Altogether, we compiled autosomal STR data of 91 individuals

from pre-Hispanic South-central Andean populations (Figure 1 and

Table 2).

2.5 | Population analyses for autosomal markers

Before running population analyses, we excluded individuals with first-

degree relatives (parent, offspring, and/or full siblings) in the same

archaeological site. Pairwise kinship relationships were investigated

using Familias3 (Kling, Tillmar, & Egeland, 2014) following a previous

study (Russo et al., 2016). This software allows to calculate posterior

probabilities for specific family relationships based on Maximum Likeli-

hood estimations. We found several pairs with a relatively high

posterior probabilities for parent–offspring and sibling relationships in

Tompullo 2 and Puca (Baca et al., 2014), and confirmed previous kin-

ship estimations for Muyuna (Russo et al., 2016) and Los Amarillos

(Mendisco et al., 2018) (Table S1 in Supporting Information). Consider-

ing the results, eight individuals were excluded for population analyses

(Table 2 and Table S1 in Supporting Information).

Each archaeological site with more than five individuals was

defined as a distinctive population. Except for the Lauricocha samples

(Fehren-Schmitz et al., 2015) that were considered one population

despite being only four individuals because of their geographical and

chronological differentiation, the sites with less than five individuals

came from Quebrada de Humahuaca (including the ones analyzed in

this study) and were assigned to either a Northern or Southern group.

We took the so-called Angosto de Perchel (23829’24.5” S, 65821’47.5”

W, approximately) as the limit of the north-south subdivision (Figure 1).

Therefore, a total of eight pre-Hispanic South-central Andean popula-

tions were considered for analyses: Northern Quebrada, Los Amarillos,

Southern Quebrada, Las Pirguas, Tompullo 2, Acchaymarca, Puca and

Lauricocha (Figure 1 and Table 2).

We first evaluated population differentiation through AMOVA

using Arlequin v. 3.5.2.2 (Excoffier & Lischer, 2010). Pairwise FST were

calculated based on the sum of squared differences (RST-like), linearized

with Slatkin’s method (Slatkin, 1995), and graphically displayed using

the R (R Core Team, 2017) extension. We chose 10,000 permutations

for significance. For these analyses, neither Las Pirguas nor Lauricocha

was included due to the former’s low number of genotyped STRs and

the small sample size of the later. We used a total of 12 STRs since

D3S1358, D2S1338 and D19S433 were not available for Tompullo 2,

Acchaymarca and Puca populations (Baca et al., 2014). A hierarchical

structure was tested by grouping the populations into two regions: the

current territories of NW Argentina and Peru.

TABLE 2 Pre-Hispanic South-central Andean populations analyzed in the present study

Current
region

Population
group n

Included archaeological
sites

Period (radiocarbon
dates in yBP) References

NW
Argentina

Northern
Quebrada

6 (7) Banda de Perchel,
Huacalera,
San Jos�e,

RDP (900640 to 850670)a,b This study

Muyuna Russo et al., 2016

Los Amarillos 13 (17) Los Amarillos RDP (915685 to 505650)a Mendisco et al., 2018

Southern Quebrada 9 Juella, Sarahuaico,
Tilcara

RDP (940660 to 6356140)a This study

Las Pirguas 18 Las Pirguas Formative (1310640) Carnese et al., 2010

Peru Tompullo 2 14 (16) Tompullo 2 Late horizon (474–416) Baca et al., 2012

Acchaymarca 11 Acchaymarca LIP to late horizon (950–416) Baca et al., 2014

Puca 8 (9) Puca LIP to late horizon (950–416) Baca et al., 2014

Lauricocha 4 Lauricocha cave Pre-ceramic to ceramic
(7871630 to 3337622)

Fehren-Schmitz
et al., 2015

Total 83 (91)

n: sample size. Parenthesis indicates total n without excluding close relatives. RDP: Regional Developments Period. LIP: Late Intermediate Period.
aNielsen, 2001. bRivolta, 2007.
All NW Argentinean and Lauricocha samples dated to pre-Inca moments.

TABLE 1 Archaeological sites from Quebrada de Humahuaca (NW
Argentina) analyzed in the present study

Radiocarbon dates

Archaeological site yBP cal. AD n

Banda de Perchel 850670 1036–1281a 3

Huacalera n.d. n.d. 1

San Jos�e 889657 1020–1271b 1

Pe~nas Blancas n.d. n.d. 1

Juella 6356140 1066–1613b 5

Sarahuaico 690680; 730670 1164–1413b 2

Tilcara 940660 989–1222b 6

Total 19

All sites dates belong to the Regional Developments Period.
aRivolta, 2007; bNielsen, 2001. n.d.: not determined. n: sample size.
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To further test population structure within the South-central

Andes Area, we employed a Bayesian approach implemented in

STRUCTURE v. 2.3.4 (Falush, Stephens, & Pritchard, 2003; Pritchard,

Stephens, & Donnelly, 2000). Default priors were chosen except for

alpha, which value was set to 0.5 following the 1/K recommendation of

Wang (2017). We ran 1,000,000 MCMC steps with a burn-in period of

100,000. The number of panmictic clusters was estimated from five

replicates for each K using the Evanno method (Evanno, Regnaut, &

Goudet, 2005) available in Structure Harvester (Earl & von Holdt,

2012). Final individual Q-values were obtained using CLUMPP v. 1.1.2

(Jakobsson & Rosenberg, 2007), available at Mobyle SNAP Workbench

portal (Monacell & Carbone, 2014).

Finally, genetic distances between individuals were calculated and

used for a Principal Coordinates Analysis (PCoA) in GenAlEx v. 6.5 (Pea-

kall & Smouse, 2012). GenAlEx was also used to test for sex-biased dis-

persal in the analyzed populations by calculating the corrected mean

assignment index (AIc) (Favre, Balloux, Goudet, & Perrin, 1997).

2.6 | Comparison with uniparental markers

Most individuals from the analyzed populations had already been typi-

fied for mtDNA (HVR-I sequencing) and Y-chromosome (STRs) in previ-

ous studies (Baca, Doan, Sobczyk, Stankovic, & WeRgle�nski, 2012; Baca

et al., 2014; Carnese et al., 2010; Fehren-Schmitz et al., 2015; Men-

disco et al., 2011, 2014; Russo et al., 2016). Using the available infor-

mation, we tested whether uniparental lineages could also account for

population structuring in the South-central Andes.

The populations that could be analyzed in such fashion varied

depending on whether mitochondrial or Y-chromosome data was avail-

able. Whenever possible, we tried to sustain the same grouping proposed

for autosomal STR data, but the differential availability of uniparental

markers made it difficult. Nevertheless, it was possible to group the pre-

Hispanic Andean individuals analyzed in this study into nearly the same

populations used for autosomal data (Table S2 in Supporting Information).

AMOVA was again employed using Arlequin to test for population

differentiation. For mitochondrial sequences, Tamura and Nei (1993)

substitution model was chosen using MEGA6 (Tamura, Stecher, Peter-

son, Filipski, & Kumar, 2013) for UST calculation, and the hierarchical

population structuring into two regions (current territories of Peru and

Argentina) was tested. For Y-chromosome STRs pairwise FST were

calculated based on the sum of squared differences (RST-like). In both

cases, a Slatkin’s linearization of FST was employed and we run 10,000

permutations for significance. Because of the small sample sizes, Lauri-

cocha was excluded from these analyses and the individuals from Los

Amarillos were included in the Northern Quebrada group based on

geographical proximity (Table S2 in Supporting Information).

Additionally, we evaluate haplotype sharing between clusters by

constructing median-joining networks (Bandelt, Forster, & R€ohl, 1999)

for both maternal and paternal lineages using Network v. 5.0.0.1. For

mitochondrial data, site weights were assigned following Soares et al.

(2009) mutation rates, polycytosine-associated mutations at positions

16182 and 16183 were excluded, and a parsimonious post-processing

(Polzin & Daneschmand, 2003) was applied. For Y-chromosome line-

ages, the median-joining network was constructed after having proc-

essed the data with the reduced-median method (Bandelt, Forster,

Sykes, & Richards, 1995) and loci weights were set proportional to the

inverse of their variance.

Because locus DYS385a/b is duplicated in the Y-chromosome, it

was excluded from analyses due to the impossibility of assigning each

allele to the proper duplicate.

3 | RESULTS

3.1 | Nuclear aDNA recovering

Genotyping of autosomal markers and sex determination was accom-

plished for 12 of the 19 analyzed individuals from Quebrada de Huma-

huaca (Table S3 in Supporting Information). This 63% rate is a

successful result considering the intrinsic difficulty of recovering

nuclear DNA from ancient samples. Further, complete profiles of the

15 STR loci were obtained for eight individuals. Among the remaining

four individuals, three had a 6.67% of missing data (only one locus), and

one 20% (three loci), allowing their inclusion in statistical analyses.

These rates of autosomal genotyping and missing data are similar

to the obtained in previous studies on ancient Andean samples. Among

the reference populations compiled in this study, for Tompullo 2 16

out of 25 (64%) analyzed individuals were genotyped and a maximum

of 8.33% missing data (one locus) was found in only three of them

(Baca et al., 2012). In Acchaymarca, genotyping of 11 of 22 (50%) indi-

viduals was accomplished, with 16.67% of missing data (two loci) in

FIGURE 2 Structure analysis of the pre-Hispanic South-central Andean populations analyzed in this study
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one individual and 8.33% (one locus) in other (Baca et al., 2014). A

lower genotyping rate was obtained for Puca site: 9 of 37 (24%) (Baca

et al., 2014). But again, most individuals had no missing data since only

one had a 16.67% rate (two loci) and three 8.33% (one locus). Out of

five Lauricocha samples, four reached autosomal genotyping (80%)

with no missing data (Fehren-Schmitz et al., 2015). Finally, 17 out of 21

individuals (81%) from Las Pirguas were genotyped, but in this case, a

higher missing data rate was found (between 11% and 44%) and almost

all individuals had at least one locus without data (Carnese et al., 2010).

3.2 | Population structure in pre-Hispanic

South-Central Andes

Considering the data obtained in this study, the compiled database,

and the excluded individuals based on kinship relationships (Table S1 in

Supporting Information), a total of 83 individuals from eight pre-

Hispanic South-central Andean populations (Figure 1 and Table 2) were

included in the STRUCTURE analysis. The estimation of K gave an opti-

mum number of two clusters (Figure S1 in Supporting Information).

This structure reflected the assumed regional division into NW Argenti-

nean or Peruvian with the only exception of the grouping of Lauricocha

samples (from current Peru) with NW Argentina populations (Figure 2).

The signal of structuring into two clusters (NW Argenti-

na1 Lauricocha and Peruvian Inca) was supported by the PCoA analy-

sis. Genetic distances were minimal among the Peruvian Inca

populations showing a strong differentiation from the remaining sam-

ples while individuals from Quebrada de Humahuaca and Lauricocha

were clearly grouped (Figure 3).

This analysis also revealed a differentiation of Las Pirguas popula-

tion from the remaining samples including those presumably belonging

to the same cluster (Figure 3). Nevertheless, this result could be an effect

of the lower available information for this site since only nine autosomal

STRs were typified (Carnese et al., 2010), which could also be the reason

for the poorer assignment of these individuals into one of the clusters

discovered by STRUCTURE (Figure 2). Despite the higher levels of miss-

ing data, excluding Las Pirguas population from the analysis did not

change the differentiation between the NWArgentina1 Lauricocha and

the Peruvian Inca groups (Figure S2 in Supporting Information).

The structure tested by the hierarchical AMOVA supported the

differentiation between NW Argentina and Peruvian populations. Even

though variation between regions was not significant (p50.103),

genetic differentiation was found among populations (p50.047; Table

S4 in Supporting Information) and specifically, strong levels among pop-

ulations from different regions (Figure 4a and Table S5 in Supporting

Information).

This pre-Hispanic population structure in the South-central Andes

Area revealed by autosomal STRs was supported by uniparental

markers, although with some considerations. First, AMOVA based on

Y-chromosome data indicates strong variation among populations

(p<0.00001; Table S6 in Supporting Information) and pairwise com-

parisons showed a clear differentiation between the Peruvian site Tom-

pullo 2 and all NW Argentinean groups (Figure 4b and Table S7 in

Supporting Information).

FIGURE 3 Principal coordinates analysis (PCoA) based on
individual genetic distances obtained with autosomal STRs data.
Percentage of variance explained by each coordinate is shown in
parenthesis. Colors were assigned according to the two clusters
discovered with structure

FIGURE 4 Pairwise population differentiation (linearized FST) for autosomal (a), Y-chromosome (b), and mitochondrial (c) available data. 1:
Northern Quebrada, 2: Los Amarillos, 3: Southern Quebrada, 4: Las Pirguas, 5: Tompullo 2, 6: Acchaymarca, 7: Puca

6 | RUSSO ET AL.



Second, considering mitochondrial HVR I sequences, stronger lev-

els of population differentiation were found through AMOVA (Table

S8 in Supporting Information). Although variation between regions was

not significant (p50.302), high levels of differentiation among popula-

tions were found (p50.0001). Nevertheless, in this case, pairwise dif-

ferences did not show a clear structure pattern since some UST were

high even between populations from the same cluster or low between

populations from different clusters (Figure 4c and Table S9 in Support-

ing Information).

Despite this AMOVA result, haplotype composition was clearly dif-

ferent between clusters. For all mitochondrial haplogroups, the two

clusters did not share haplotypes besides the nodal lineages, while

most derived haplotypes (particularly within A2, B2, and D1) were

shared among at least two and up to six individuals of the same cluster

(Figure 5a).

Finally, Y-chromosome haplotypes network also showed the diver-

gence between the two clusters having no haplotypes shared and con-

sistent with autosomal-based results, Lauricocha individuals were again

linked to the NW Argentina samples (Figure 5b). This divergence could

be caused mainly by allelic differences at DYS392 locus. All individuals

of the Peruvian Inca cluster had allele 16 at this system (Baca et al.,

2014), while NW Argentinean had the allele 14 (Mendisco et al., 2014)

along with most Lauricocha samples (Fehren-Schmitz et al., 2015). Only

one individual from Lauricocha (LAU6) was an exception, carrying the

allele 15 (Fehren-Schmitz et al., 2015). NW Argentinean samples

17886 and 17891 from Las Pirguas site (Carnese et al., 2010) lacked

information for this locus which could be one of the reasons of their

position on the network.

4 | DISCUSSION

The results presented in this study can be reasonably considered

authentic given the various precautions followed during the analysis.

Also, the developed strategy combining the analysis of various genetic

markers was extremely valuable. In addition, (i) all consensus genotypes

were determined from many replications (from different extracts and

amplifications performed at different times and from different samples);

(ii) genetic profiles originating from the researchers who directly

handled the samples were never observed during the analyses; (iii) neg-

ative controls used confirmed that there was no exogenous or crossed

contamination; (iv) results obtained from different markers were all

consistent. Moreover, it is unlikely that the pattern of genetic variation

FIGURE 5 Median-joining networks for uniparental lineages of the pre-Hispanic South-central Andean populations analyzed in this study.
Colors reflect the clustering resulted from STRUCTURE analysis. (a) Most parsimonious haplotype trees for mitochondrial haplogroups. (b)
Y-chromosome haplotypes. n: sample size. Mutations are shown below branches
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and the phylogeographic coherence found systematically using mito-

chondrial, Y-chromosome, and autosomal data could be explained by

contamination. Finally, missing data seemed not to influence the results

mainly because (a) most individuals had a very low percentage of miss-

ing information, and (b) excluding the population with the highest rate

of missing data did not change the results (Figure S2 in Supporting

Information).

Genetic variation among Native Americans is relatively small in

comparison with other human populations from the rest of the major

continents. Nevertheless, they present strong structuring signals even

within South America (e.g., Wang et al., 2007), the last subcontinent

populated by humans. Most of the available information for South

America came from studies on current native groups, but patterns of

genetic variation and structuring might have been strongly affected

after European colonization and so might not reflect the actual pre-

Hispanic situation. Therefore, a more precise characterization of native

groups could be achieved by aDNA analysis.

In the present study, we presented autosomal STRs data of individ-

uals recovered from several archaeological sites in Quebrada de Huma-

huaca, NW Argentina, contributing to the knowledge of genetic

variation of pre-Hispanic South-central Andean populations. Combining

the data here obtained with the available in the literature (Table 2) we

found a genetic structure across this area, mainly differentiating the

pre-Hispanic groups of NW Argentina from those of the current Peru,

with the exception of the most ancient Peruvian samples which were

linked to the NW Argentinean cluster (Figure 2). This result has several

considerable implications.

First, by analyzing aDNA we showed that genetic population differ-

entiation in native South-central Andean groups preceded the European

contact. Also, this study is in concordance with previous analysis of pop-

ulation structure in the Andes showing a much more complex pattern

than the assumed west-to-east differentiation (Cabana et al., 2014). Par-

ticularly, chronological differences between clusters could explain the

found structure. All the analyzed NW Argentinean and Lauricocha sam-

ples were linked into the same cluster and systematically differentiated

from the remaining Peruvian populations (Figure 2–4a). Interestingly,

the populations from this Peruvian cluster belonged to the Inca Period

(Baca et al. 2014), while all NW Argentinean samples and Lauricocha

individuals dated from pre-Inca moments (Carnese et al., 2010; Fehren-

Schmitz et al., 2015; Mendisco et al., 2018; Russo et al., 2016).

Taking this into consideration, it is possible to call the NW Argen-

tina and Lauricocha the “ancestral” cluster being the Peruvian Inca pop-

ulations the “derived.” On one hand, this is in concordance with a

common origin for pre-Hispanic Andean populations of current territo-

ries of Argentina and Peru, with a posterior regional differentiation and

demographic increase resulting from the emergence of complex soci-

eties (e.g., Nielsen, 2001). Later, genetic differentiation could have pre-

vailed among some populations despite their unification under the Inca

State (Williams et al., 2005), favoring the establishment of particular

derived variants. Further, in the current Peru, temporal genetic discon-

tinuity among pre-Hispanic populations have been discovered using

mtDNA data, although also associated with climate fluctuations (Feh-

ren-Schmitz et al., 2014).

On the other hand, it is possible that the analyzed Peruvian Inca

populations have had a different origin compared to the ancient Peru-

vian and NW Argentinean samples, probably as a result of the resettle-

ment of entire groups among different regions, which was a common

Inca practice during the Empire development (Williams, 2000; Williams

et al., 2005). In every case, our results showed that pre-Hispanic popu-

lation structure patterns might be reflecting socio-political changes not

only among regions but also among temporalities.

The temporal population structure was mostly supported by uni-

parental markers. Based on Y-chromosome STRs, we found high levels

of differentiation between the NW Argentinean populations and the

individuals from Tompullo 2 (Figure 4b). Nevertheless, it must be con-

sidered that this was the only Peruvian site that could be included in

the analyses. Therefore, differentiation might be the result of the singu-

larity of this small, isolated population (Baca et al., 2014), since consid-

ering autosomal STRs it was significantly differentiated even from the

populations of the same cluster (Table S5 in Supporting Information).

Despite the limitations, the Y-chromosome haplotypes network also

supported the population structure and reinforced the link between

NW Argentinean samples and Lauricocha individuals (Figure 5b).

Considering maternal lineages, a higher amount of genetic differ-

entiation was found since even populations from the same cluster

exhibited significant differences (Figure 4c). The highest UST values

were found between the Northern Quebrada de Humahuaca group

and most of the remaining populations. This differentiation could be

thought as the result of highest levels of endogamy or isolation for the

Northern Quebrada populations especially in Los Amarillos site, where

most individuals shared mitochondrial haplotypes (Mendisco et al.,

2011). However, analyzing autosomal and Y-chromosome STRs, no

such differentiation was found (Figure 4a,b). Thus, another explanation

could be proposed for the different pattern of population differentia-

tion found with mtDNA.

It is possible that different patterns of sex-biased dispersal were

acting on diverse pre-Hispanic Andean populations. To test whether

sex-biased dispersal could explain the results; we calculate the cor-

rected mean assignment index (AIc) (Favre, Balloux, Goudet, & Perrin,

1997) for the analyzed groups (data not shown). Although not signifi-

cant, negative AIc values were found in male individuals from most

groups, including Quebrada de Humahuaca, whereas for the Peruvian

sites Tompullo 2 and Acchaymarca, males had a positive AIc. This

means that males could have been the most dispersive sex in most of

the analyzed pre-Hispanic populations explaining the higher levels of

differentiation found with mtDNA (Figure 4c). On the other hand,

some groups like Tompullo 2 could have had a patrilocal residence pat-

tern being the females the most dispersive sex and confirming previous

estimations (Baca et al., 2014). This is also in concordance with the

higher amount of differentiation considering Y-chromosome STRs

between Tompullo 2 and the rest of the analyzed groups (Figure 4b).

Nevertheless, all these results must be taken with caution due to the

low availability of autosomal data for Andean archaeological sites.

Clearly, the study of pre-Hispanic residence patterns continues to be

an intriguing subject for which increasing aDNA information could

make significant contributions.
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Finally, the nearly null mitochondrial haplotype sharing between

the two clusters also supported the temporal structure found. More-

over, derived haplotypes were only shared among individuals of the

same cluster particularly within B2 haplogroup (Figure 5a).

Because we are probably witnessing a temporal effect causing the

differentiation revealed in this study, it becomes necessary to increase

the autosomal genetic data for ancient Andean populations in order to

further investigate pre-Hispanic population structure. Also, we cannot

discard a sampling effect due to the small sample sizes of the analyzed

populations and the few archaeological sites with available genetic and

specifically, autosomal data.

The importance of increasing studies like the present lies not only

in improving the knowledge of the pre-Hispanic genetic variability but

also in the need of proper reference populations for studies of kinship

and residence patterns. Given the genetic complexity exposed by this

kind of studies, it is not possible to assume a single residence pattern,

an only cause of population structuring, or a general population

dynamic that can account for all the diverse pre-Hispanic societies

across the South-central Andes.
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