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ABSTRACT

Objective: To analyze the origin, structure, relationships, and recent admixture in Mexican Native groups based
on 15 STRs commonly used in human identification.

Methods: We analyzed 39 Mexican Native population samples using STR databases based on the AmpFlSTRVR

Identifiler kit (n 5 3,135), including Mexican-Mestizos (admixed), European and African populations, as reference.
Results: Based upon effective population size (Ne) differences, Native groups were clustered into three regions: i)

Center-Southeast groups, characterized by larger Ne, migration rate (Nm), genetic diversity (He), and relative homo-
geneity principally in the Yucatan Peninsula; ii) Isolated southern groups from Chiapas and Oaxaca, characterized
by lower Ne, Nm, and He (i.e. higher isolation and genetic differentiation); iii) North-Northwest groups, which are
similar to the previous group but are characterized by generating the widest gene flow barrier in the Pre-Hispanic
Mexican territory, and currently by elevated admixture in some northern Native groups. Despite the relative congru-
ence between genetic relationships with cultural, linguistic, geographic criteria, these factors do not explain the
present-day population structure of Native groups, excepting in those linguistically related to the Mayan that show
higher homogeneity. The Isolation by distance model was demonstrated at long distances (>1,500 km), whereas geo-
graphic isolation stands as a determining factor to avoid both non-indigenous admixture and bottleneck processes.

Conclusions: Different dynamics of gene flow and drift were observed among Mexican Native groups, highlight-
ing the geographic barriers (mountains, canyons and jungle regions) as the main factor differentiating Pre-Hispanic
populations, and eventually helping to avoid Post-European contact admixture and population bottleneck. Am J
Phys Anthropol 160:298–316, 2016. VC 2016 Wiley Periodicals, Inc.

The Pre-Hispanic territory constituting the present-
day Mexico was inhabited by Native American groups
including three major cultural areas: Aridoamerica
(Northeast and Baja California Peninsula), Oasisamerica
(Northwest), and Mesoamerica (Center to Southeast).
The first two areas include part of the United States of
America (USA), whereas Mesoamerica covers approxi-
mately from Central Mexico until Central America and
is characterized by a large number of complex Pre-
Columbian societies that flourished in this area, such as
the Olmec, Maya, Teotihuacan, Totonac, and Aztec or
Mexica (Fiedel, 1992; L�opez-Austin and L�opez-Lujan,
2001). Since 7000 BC, Mesoamerican Native populations
began domestication of corn, beans, squash and chile, as
well as turkey and dog, which caused a transition from
nomadic hunter-gatherers to sedentary agricultural com-
munities that become highly stratified and intercon-
nected societies. The Mesoamerican traditions were
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subjugated by the Spanish conquest in the XVI century,
but their cultural heritages still survive among the
indigenous peoples of this region (Cavalli-Sforza et al.,
1994). Conversely, Aridoamerica is the name given to
the wide cultural area extending north of the Mesoamer-
ican limits, which has a dry and arid climate. Due to the
severe conditions, Pre-Columbian populations of Aridoa-
merica were mostly nomadic, and were known as Chichi-
mecas, meaning barbarian or uncivilized. Growing corn
reached Aridoamerica approximately 2100 BC, which led
to the creation of sedentary cultures, as the Hohokam
and Mogollon that formed a region known as Oasisamer-
ica (Fiedel, 1992; L�opez-Austin and L�opez-Lujan, 2001).

Currently, the Mexican population can be classified in
two principal groups: Mestizos and Native Americans.
Mestizos are the Spanish-speaking population result of
nearly 500 years of admixture between Native Ameri-
cans, Spaniards, and Africans, principally, they consti-
tute most of the present day Mexican population (�90%)
living in both urban and rural regions throughout the
Mexican territory (INEGI, 2005; Mart�ınez-Cort�es et al.,
2012). Conversely, the Native American groups repre-
sent about 10% of the total Mexican population, and
there are 156,557 indigenous settlements in 803 local-
ities in which >30% of the individuals speaks an Amer-
indian language; almost 80% of this Native population is
concentrated throughout the following eight Mexican
states: Chiapas; Oaxaca; Guerrero; Hidalgo; Yucatan;
Campeche; Veracruz and San Luis Potos�ı (INEGI, 2005).
Considering the use of language as a selection criterion,
there are more than 68 indigenous groups and more
than 85 languages and dialect variants in Mexico (Cis-
neros, 2004). Genetic studies in Mexican Native groups
are relevant because there are more than 12 million of
indigenous individuals living in �20% of the Mexican
territory (CDI, 2012). Analysis of this genetic pool offers
the opportunity to rebuild part of the human history
based on these Native American populations.

Ideally, noncoding or neutral genetic markers are cho-
sen trying to exclude the selection process to explain
patterns of human genetic diversity (Jobling et al.,
2004). Among these markers highlight the Short tandem
repeat (STR) loci due to their elevated polymorphism
and simplicity of analysis, which also explain that they
have become the markers of choice in human identifica-
tion. The implementation of STRs in forensic casework
requires population validation that includes estimation
of different statistical parameters, such as allele fre-
quencies, power of discrimination and exclusion, testing
of the Hardy-Weinberg and linkage equilibrium agree-
ment, among others (Butler, 2014). Therefore, a lot a
STR databases from worldwide populations have been
generated during the last years. However, this genetic
information also is worthy for anthropological studies
because allows analyzing the origin, structure, and rela-
tionships between human populations (P�erez-Lezaun
et al., 1997a,b; Bosch et al., 2000; Sahoo and Kashyap,
2005; Kraaijenbrink et al., 2014). During the last dec-
ade, a relative large number of forensic STR databases
of Mestizos from different Mexican states have been gen-
erated, and global analyses have been carried out (Rubi-
Castellanos et al., 2009; Salazar-Flores et al., 2015).
Nevertheless, in Mexican Native groups the progress
has been slower and only in recent years the number of
studied populations has increased importantly. For
instance, the 15 STRs highly used for human identifica-
tion purposes have been characterized in Choles

(S�anchez et al., 2005), Otomies and Huastecos (Barrot
et al., 2005), Tepehuas (Gonz�alez-Mart�ın et al., 2008),
Mayas, Pur�epechas and Triquis (Ibarra-Rivera et al.,
2008; Mart�ınez-Cort�es et al., 2010), and 10 indigenous
groups from Oaxaca (Quinto-Cort�es et al., 2010). More
recently 9 and 10 Native American groups from the
North and Northwest, as well as from the West, Center,
and Southeast of Mexico were reported, respectively
(Rangel-Villalobos et al., 2013, 2014). However, until
now this information has not been exploited to obtain
anthropological information regarding the Native Ameri-
can populations who represent important cultural
regions of Pre-Hispanic Mexico. Therefore, in this study
we collected 39 STR databases (Identifier AmpFlSTRVR

kit) from Mexican Native American groups to develop a
global anthropological analysis, including a new dataset
of Mayos from Sinaloa (North, Mexico). Particularly, we
aimed to explore the Pre-Hispanic demography of Mexico
based on the following features: i) genetic diversity,
including effective population sizes (Ne); ii) bottleneck
events; iii) genetic relationships; iv) gene flow based on
the number of migrants per generation (Nm); v) barriers
to gene flow; vi) population structure under different cri-
teria (i.e. linguistic, geographic, and cultural); and vii)
Post-Columbian admixture in Mexican Native groups.

MATERIAL AND METHODS

Population sample

A total of 3,135 unrelated volunteers from 39 Mexican
Native groups were included in this work, in addition to
three Mexican-Mestizo (n 5 562), one African (n 5 135),
and two European (n 5 315) populations, as ancestral
references. Details of the total population sample com-
prising 4,147 individuals are detailed in Table 1. To our
knowledge, there is not a consensus classification
regarding the geographic regions of the Mexican terri-
tory; thus, for discussion purposes, we clustered the
studied Mexican indigenous groups into five regions
according to their geographic location (Fig. 1). In the
Mayo population sample from Sinaloa (North, Mexico),
and samples collected by our research group (Mart�ınez-
Cort�es et al., 2010; Rangel-Villalobos et al. 2013, 2014),
it was verified that individuals were born in an indige-
nous community and that they or their parents speak
the corresponding Amerindian language. Prior to the
inclusion in the study, volunteers signed an informed
consent letter according to the ethical guidelines of the
Helsinki Declaration. The anonymity of the volunteers
included in this study was preserved at all time. The
project was approved by the Ethical Research Committee
of the Centro Universitario de la Ci�enega, at the Univer-
sidad de Guadalajara. The linguistic classification pro-
posed by Swadesh (1959) was taken into account for
analysis and discussion purposes, but with small modifi-
cations according to some anthropological descriptions,
as detailed in Supporting Information Figure S1.

Laboratory analyses

DNA was extracted from fresh blood samples by stand-
ard phenol-chloroform or salting-out method, as well as
directly from dried blood spotted on FTA paper for PCR
purposes. We used the human identification kit Identifi-
lerTM (Applied Biosystems, Foster City, CA), which co-
amplify the following autosomal STR loci: D8S1179;
D21S11; D7S820; vWA; D18S51; D3S1358; D13S317;
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D5S818, FGA, CSF1PO, D19S433, TPOX, TH01,
D16S539, and D2S1338. The amplified products were
separated by capillary electrophoresis using the ABI
PrismTM 310 and 3130 Genetic Analyzers following man-
ufacturer recommendations. The allelic ladder provided
with the kit and the software GeneMapper ID version
3.2 were utilized for STR genotyping.

Data analysis

Forensic parameters (Mayos from Sinaloa, North,
Mexico). For the Mayo population sample (n 5 88), we
carried out descriptive analyses including estimation of
allele frequencies and statistical parameters of forensic
importance, as well as Hardy-Weinberg equilibrium and
linkage disequilibrium (LD) exact tests (Table 1). For
these tasks, we used the programs PowerStats (Tereba,
1999) and Genetic Data Analysis (GDA) version 1.1
(Weir, 1996), respectively. The following forensic parame-
ters were reported by STR and the 15 loci system: Power
of discrimination (PD), Power of exclusion (PE), Hetero-
zygosity observed (H), Polymorphic informativity content
(PIC), Typical paternity index (TPI), and Minimum allele
frequencies (MAF).

Genetic diversity analysis. For the 39 Mexican
Native American groups, the following genetic diversity
statistics were calculated using the Excel complement
GeneAlEx 6.5 (Peakall and Smouse, 2006, 2012): number
of alleles (Na), number effective of alleles (Ne), observed
heterozygosity (Ho), expected heterozygosity (He),
inbreeding F-statistic (F). The theta value (h) was calcu-
lated for all populations (as described by Friedlaender
et al., 2008), which is linearly correlated with effective
population size; thus, theta is appropriated to represent
differences in effective population sizes among popula-
tions (e.g. a ratio of 2 between two populations indicate
twice effective population size between populations). The
Excel complement XL-STAT 3.07 for Windows was used
to perform the non-parametric Kruskal-Wallis test
checking significant differences among populations for h
and Ho, followed by Dun�ns multiple comparison test. In
addition, we estimated the number of alleles exclusively
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Fig. 1. Approximated geographic location of the Mexican

Native groups analyzed in this study. Gene flow barriers
detected between these populations are indicated. For abbrevia-
tions please check Table 1.
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observed in one population or “private alleles” with the
program ADZE (Allelic Diversity AnalyZEr), which uses
a rarefaction approach to trim unequal samples to the
same standardized sample size (g), and to assess the
sample size-corrected private allelic richness to any set
of populations (Szpiech et al., 2008). Finally, genotype
data were analyzed in Bottleneck 1.2.02 (Cornuet and
Luikart, 1996) to reveal the possible occurrence of recent
bottleneck in each Native American group.

Genetic relationship analyses. We evaluated the
genetic relationships among Mexican Native groups by
means of the following methods: 1) pairwise Fst distan-
ces using the program GeneAlEx 6.5 (Peakall and
Smouse, 2006, 2012) and GDA 1.1 (Weir, 1996). This dis-
tance based on STR data was selected because it has
been demonstrated that represents genetic differentia-
tion patterns by drift, corresponding with both genetic
and archeological records of human populations (P�erez-
Lezaun et al., 1997, Calafel et al., 1998); 2) the pairwise
Fst matrix was used to construct an unrooted neighbor
joining (NJ) tree evaluating the branch�s consistence by
means of 1,000 permutations with the package Phylip
3.695 (Felsenstein, 1989), program freely available at:
http://evolution.gs.washington.edu/phylip.html. Simi-
larly, we obtained a rooted NJ tree of Native American
groups but including the three Mexican-Mestizo and
ancestral populations with GDA 1.1 (Weir, 1996) and
TreeView (Page, 1996) softwares. Subsequently, to sim-
plify the landscape of genetic relationships we omitted
“outlier” populations with large differentiation level,
such as North and Northwest populations, plus Lacan-
dones and Tojolabales; in this way, we obtained a Multi-
dimensional Scaling (MDS) plot in the Excel-
complement XL-STAT 3.07 for Windows; 3) the intensity
of gene flow between Mexican Amerindian groups was
assessed as the number of migrants per generation (Nm)
according to the equation of Wright based on pairwise
Fst values between populations. The parameter Nm was
graphically represented in an Excel matrix based on
gray-black intensity differences; 4) the genetic bounda-
ries presence among indigenous populations throughout
the Mexican territory, presumably representing Pre-
Hispanic demographic events, was evaluated with the
program Barrier version 2.2 (Manni et al., 2004). This
program worked with the previously generated pairwise
Fst matrix; 5) in order to investigate whether Isolation-
by-distance (IBD) could explain genetic differentiation
among indigenous populations, we revised the correla-
tion between genetic and geographic distances among
these groups (Ramachandran et al., 2005). Based upon
genetic distances a FST/(1 2 FST) matrix was constructed
(Rousset, 1997), and distances in kilometers between
populations were estimated employing geographic coor-
dinates with the program GeneAlEx 6.5. In addition to
the correlation test using the complete dataset, subsets
of the population sample were clustered to test the IBD
model separately based on distance differences:
<1,000 km, >1,000, and >1,500 km. The statistical sig-
nificance of these correlations was evaluated by Mantel
tests using the software tool zt (Bonnet and Van de Peer,
2002), and the Isolation by Distance Web Service
(IBDWS) version 3.23 (Jensen et al., 2005), with the
default parameters as provided by the web service.

Genetic structure analysis. The STR genotype data-
set was further examined with the software STRUC-
TURE 2.3.2 (Pritchard et al., 2000; Falush et al., 2003,
2007) using the admixture model with correlation
between allele frequencies across clusters. The number
of clusters (K) presented ranged from 2 to 7; for each K
50 independent runs were carried out. Results from
K 5 5 and K>7 were omitted because they gave practi-
cally the same or unclear panorama than the already
obtained, probably due to the limitations of the 15 STR
loci used for this analysis. We utilized a 20,000-iteration
burn-in period followed by 20,000 iterations. In addition,
we assessed and detected the number of genetic groups
(K) that best fit to the data by means of the program
Structure-harvester (Earl and vonHoldt, 2012). For the
Mexican Native population dataset, we removed all
information concerning geographic label (unsupervised
analysis). In order to detect the probable presence of
European or African admixture in the Native American
population samples, we included ancestral references
and Mexican Mestizo populations (Table 1) and we per-
formed a supervised analysis identifying the genetic pool
of parental populations in the genetic dataset. A total of
50 repetitions were assessed following identical settings
as in the unsupervised method. Based on this analysis,
we estimated the proportion of Post-Columbian admix-
ture in the Mexican Native American groups, which was
plotted with the software Excel. For discussion purposes
of the admixture results by region, nearby Maya popula-
tions from Chiapas (Tzo, Tjo, Tze, and Lac) and those
closer to the Yucatan Peninsula (Chol, MayC, MayY,
MayQR) were clustered in separated groups (MayChiap
and MayPenin, respectively). Analysis molecular of var-
iance (AMOVA) was carried out in Mexican indigenous
groups with the software ARLEQUIN 3.1 (Excoffier
et al., 2005). For this purpose, populations were clus-
tered under different criteria such as geography, linguis-
tic classification, and historical records as properly
described in the text. Finally, we utilized the Spatial
analysis of molecular variance (SAMOVA) to define geo-
graphically and genetically homogeneous population
groups, as well as those groups sufficiently differentiated
from each other (Dupanloup et al., 2002).

RESULTS

Forensic parameters in Mayos from
Sinaloa group

Allelic distribution and statistical parameters of foren-
sic importance of the 15 STRs were estimated in Mayos
from Sinaloa, and all 15 loci were in Hardy-Weinberg
equilibrium (Supporting Information Table S1). Allelic
association between pairs of loci was discarded by the
linkage disequilibrium (LD) exact tests (result not
shown). The combined PD and PE for the system of 15
STRs were >99.99%, sufficient to solve most of the
human identification cases. This information validates
the employment of the 15-STR system in forensic case-
work and paternity cases in this indigenous community
(Supporting Information Table S1) (Butler, 2014). In
general, availability of STRs databases in Mexican
Native American groups potentially improves the inter-
pretation of genetic evidence in forensic casework and,
consequently, the administration of justice in these his-
torically vulnerable and discriminated populations. How-
ever, because this work has demographic and
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anthropological perspective, the forensic findings above
described will not be further discussed.

Genetic diversity parameters

Different parameters of genetic diversity and P values
of the bottlenecks test are described in Table 2. Although
heterozygosity was not different between populations
(P 5 0.65; Kruskal–Wallis test), Lacandones were pecu-
liar by presenting the smallest diversity values (Ho, He,
Nea, and theta) and largest inbreeding (F). Conversely,
comparison of theta (h) indicated significant differences
in effective population size (Ne) between populations
(Supporting Information Table S2). For discussion pur-
poses, we present graphically the comparison of theta
indicating three main population clusters that are par-
tially consistent with some geographical regions, as
shown in Figure 2. The North and Northwest groups in
addition to some isolated populations from Chiapas and
Oaxaca showed the lowest theta values among the Mexi-
can Native groups. Conversely, these values increase
slightly in Maya groups from the Yucatan Peninsula.
Although bottleneck effect was detected in most of the
Mexican Native groups (64%) (Table 2), between regions
the proportion displayed differences: North (3/5 5 60%),
Northwest (1/6 5 16.7%), Center (5/7 5 71.4%), Southern
(9/13 5 69.2%), and Southeast (6/8 5 75%). The compari-
son of private allele number (sample-size corrected) is
presented between regions (Fig. 3) and between popula-
tions into each region (Supporting Information Fig. S2).
The Northwest and North displayed the lowest number
of private alleles, respectively. In opposition, the Center
presented the highest number, and the South and South-
east had intermediate values very similar between each
other.

Genetic relatedness

Based on pairwise Fst distances between the studied
populations (Supporting Information Table S3), we
obtained and unrooted NJ tree where the most differen-
tiated populations (outliers) are indicated (Fig. 4a):
native groups from the North and Northwest regions
plus Lacandones and Tojolabales. In general, the popula-
tion clustering shown in the NJ tree is in agreement
with linguistic and geographic criteria, such as the
nearby Huicholes and Tepehuanos from a common lin-
guistic trunk; they are also adjacent to Tarahumaras,
Tepehuanes, Mexicaneros, and Coras whose cultural and
linguistic similarity is well known (Supporting Informa-
tion Fig. S1). In order to clarify the genetic relationships
among the majority of the Mexican Native groups and
Mestizos, in Figure 4b we obtained a MDS plot omitting
the outlier populations that allows distinguishing better
closer populations. In this MDS plot some populations
from Oaxaca were located in the periphery, suggesting a
relative higher degree of isolation. Conversely, the posi-
tion of the Mestizo populations seems to be related to
the ancestral proportion those presumably with higher
Amerindian and European ancestry (Yucatan and
Chihuahua, respectively) were located toward the center
and periphery, respectively (Fig. 4b). This is in agree-
ment with previous studies in Mexican Mestizos (Rubi-
Castellanos et al., 2009; Salazar-Flores et al., 2015).

Gene flow estimation (nm)

The number of migrants per generation (Nm) between
populations was plotted in a matrix with different inten-
sities of gray shades (Fig. 5). In counterpart, geographic
barriers to gene flow between the Mexican Native
groups were represented graphically (Fig. 1). Both
results showed—again—the largest isolation of Lacan-
dones and Tojolabales (Southeast, Mexico) followed by
populations from the North and Northwest regions and
some groups from Oaxaca, respectively. As could be
expected, this is in agreement with differences in effec-
tive population size (Fig. 2). Although the analysis of the
genetic differentiation between the complete dataset of
Native populations slightly seems to fit to the IBD model
(Supporting Information Fig. S3), a deeper analysis of
subsets of samples clarifies that IBD model fits only
when populations are separated by large distances, par-
ticularly >1,500 km (r2 5 0.10765; P 5 0.0002) (Support-
ing Information Fig. S3).

Population structure and admixture

The STRUCTURE results of the unsupervised and
supervised analyses with the total population dataset
are shown in Figure 6a,b. Three genetic groups was the
number that best fit for the data in the unsupervised
analysis. This genetic structure involved two Native
American components representing the North/Northwest
(purple) and Center/Southeast (orange) regions besides
to the non-Native American (sky blue) component pre-
dominant in the ancestral populations and Mexican Mes-
tizos (Fig. 6a; K 5 3). However, the European and
African components were not differentiated between
each other, probably due to the larger differentiation
level among Mexican Native groups than the observed
between the parental populations used as reference, as
below confirmed by the AMOVA results (Supporting
Information Table S4). Therefore, admixture detected
can be generically described as “no-indigenous” compo-
nent. The following structure results (K�4) make evi-
dent the differentiation of Lacandones and Tojolabales
from the rest of populations. The next genetic structure
levels presented suggest some peculiar genetic compo-
nents that allow clustering some North and Northwest
populations, in addition to indicate a peculiar genetic
structure of Tzotziles and Pur�epechas Valley, and
Nahuas from Mezcala (Fig. 6a; K 5 6 and 7).

Interestingly, Structure-harvester results for the
supervised analysis indicate that K 5 7 provides the
best fit to explain the population structure of the studied
population sample. Although unsupervised and super-
vised analyses practically offer the same panorama, the
latter allow separating the European and African popu-
lation references (Fig. 6b; K 5 7). Thus, the following
genetic components related to some specific populations
could be described: 1) European (sky blue); 2) African
(orange); 3) Lacandon-Tojolabal (bright pink); 4)
Tarahumara-Guarijios (fandango); 5) Huichol-Tepehuano
(pale pink); 6) Nahuas Mezcala (green) 7) Purepechas
Valley and Tzotziles (purple) (Fig. 6b; K 5 7). Subse-
quently, we estimated the admixture proportion in each
region and Mexican Native population (Fig. 7); for sim-
plicity, this was based on the no-indigenous component
obtained by the supervised analysis (Fig. 6b; K 5 3). By
region, the largest admixture was observed in the North
(23.9%) and Mayas from the Yucatan Peninsula (20.1%).
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Conversely, Mayas from Chiapas (9.4%) and the North-
west region (8.7%) displayed the lowest admixture. By
population, Mayos from Sonora (35.5%) and Huicholes
from Jalisco (6%) showed the maximum and minimum
admixture levels, respectively. In general, these results
suggest the presence of nonindigenous admixture in all
the present-day Mexican Native groups with important
differences between some geographic regions. However,
limitations of the STR loci to perform this task compel
careful interpretation of these preliminary admixture
estimates.

The population structure also was analyzed by
AMOVA including “main” population groups (Native
Americans, Mestizos, and ancestral populations) (Sup-
porting Information Table S4). Mexican Native groups
present the largest interpopulation differentiation,
sligtly larger than the ancestral reference (Fst 5 2.69 vs.
2.47%), whereas Mestizos displayed the lowest. By
region, the largest was shown in the North and the low-
est in the Center (Fst 5 2.74 vs. 1.44%). Interestingly,
omitting the most differentiated populations (Lacan-
dones and Tojolabales) was evident that the interpopula-

tion differentiation between Mexican Native groups
actually is lower in Mesoamerica (Fst 5 1.43%), and par-
ticularly in the Southeast region (Fst 5 0.82%) (Support-
ing Information Table S4). Comparison between main
the population groups demonstrates that the genetic dif-
ferentiation between Mexican Native groups and Mesti-
zos is low and non-significant (Fct 5 0.26%; P 5 0.2909).
The following AMOVA results analyze the genetic struc-
ture of Mexican Native groups under diverse geographic,
cultural and linguistic criteria (Supporting Information
Table S5). Genetic differentiation into-populations and
into-groups were significant in all cases. Interestingly,
differentiation between groups (Fct) was not significant
(P> 0.05) between linguistically related Macro-Mayan
groups clustered either by state or by geographic region.
Finally, SAMOVA tests at different levels (K 5 2 to 20)
separated to each Mexican Native group independently;
thus, any geographic population cluster was evident
with this test (data not shown).

DISCUSSION

To our knowledge, although this is the widest study
based on STRs regarding Mexican Native groups from a
genetic-demographic perspective, some considerations
should be taken into account for interpretation of these
findings: 1) uncontrollable sampling bias, such as the
inbreeding that is easily inferred by the elevated fre-
quency of particular surnames, but is difficult to detect
in indigenous communities without familial records. 2)
The small population sample size for some Mexican
Native groups, such as Guarijios (n 5 17) and Tzeltals
(n 5 20). For the latter issue, is worthy considering the
conclusions of Shriver et al. (1995) who stated that the
genetic distance variances based on STRs shows no sig-
nificant changes after 25 individuals (50 chromosomes).
In addition, their value is demonstrated by the congru-
ency of the established genetic relationships (Fig. 4),
which support their inclusion in this work. 3) Origin of
population samples coming from one or few communities
must be taken into account when particular historical
processes are inferred, such as bottleneck, genetic drift,
among others. For this reason, samples’ geographic ori-
gins are indicated in Table 1. 4) The possibility of admix-
ture estimation bias, as a result of ancestral reference
limitations and the poor ability of STRs to perform this
task. 5) Bottleneck inference, because this test does not
quantify—and rectify—effects such as admixture,
inbreeding, and population sample size; in addition, this
test does not indicate the period of time the bottleneck
event presumably occurred neither (Cornuet and Lui-
kart, 1996). 6) Unfortunately, the Pre-Hispanic human
movement is partially known; thus, some findings could
not have an immediate or obvious explanation. In brief,
the genetic landscape offered herein represents an
approximation that requires to be contrasted with addi-
tional genetic and non-genetic evidence to become signif-
icant, under considerations like the abovementioned.
The subsequent discussion arises from the comparison
regarding the effective population size (Ne) between pop-
ulations (Fig. 2), as the basic parameter that promotes
differentiation by genetic drift, reducing the genetic vari-
ability, and eventually modifying the genetic relation-
ships. This parameter and geography were used for
clustering Mexican Native groups and make easy to dis-
cuss the observed findings.

Fig. 2. Comparison of theta value (representing Ne)
between Mexican Native groups which were clustered for dis-
cussion purposes. For abbreviations please check Table 1.

Fig. 3. Private allele diversity (Y-axis) considering a stand-
ardized sample size (X-axis) compared between Mexican Native
groups clustered by region (based on ADZE program). For
abbreviations please check Table 1.
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Fig. 4. Genetic distances between Mexican Native groups represented in a NJ tree (a) and in MDS plot (b) omitting outlier
populations. For abbreviations please check Table 1.
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Gene flow and genetic relationships in the
Mesoamerican core

Based on theta value (Fig. 2), it is clear that most of
the Mexican Native groups of the Mesomerican core
(from the Center to Southeast) present similar effective
population size (Ne) and increased number of private
alleles respect to the rest of regions (Fig. 3). The exis-
tence of important gene flow (Nm) was estimated among
Mayas of the Yucatan Peninsula (Southeast) and differ-
ent Native groups from the Center and South (Fig. 5),
displaying a low and nonsignificant structure between
Mayan groups linguistically related (Supporting Infor-
mation Table S5). However, some groups from Chiapas
and Oaxaca displayed larger isolation and differentiation
represented as strong barriers (Fig. 1) and even as a
particular genetic structure level (i.e. Lacandones and
Tojolobales, followed by Tzotziles) (Fig. 6). The larger
genetic differentiation of these groups also indicated by
their lowest genetic diversity values (Table 2) and
peripheral position in the MDS plot (Fig. 4b). This find-
ing in the MDS plot has been interpreted as supporting
a demographic history characterized by large genetic
drift effects, as described among Mexican Native groups
based on mtDNA analysis (Gonz�alez-Mart�ın et al.,
2015). In fact, the impact of the most isolated Native
groups (i.e. Lacandones and Tojolabales) in the genetic
structure was evident when they were omitted to quan-
tify the interpopulation variability, which diminished
30.6% in the Mesomerican core (Fst 5 2.06 to 1.43%) and
62% in the Southeast region (Fst 5 2.13 to 0.82%) (Sup-
porting Information Table S4). In brief, omitting isolated
groups from Chiapas and Oaxaca, our results support
the existence gene flow among populations from the
Center to the Southeast of Mesoamerica.

The Mesomerican gene flow hypothesis is reinforced
by the Olmec origin of the proto-Mayan language that
would suggest a close genetic relationship between
Mayas (Southeast) and Huastecos (Center) (Coe and
Kootz, 2002; Sharer and Traxler, 2006). Interestingly, in
this study Huastecos displayed the lowest genetic dis-
tances with Choles and Mayas from Yucatan and Quin-

tana Roo (Fst 5 0.006; Supporting Information Table S3),
supporting an ancestral relationship between these
groups. This conclusion is in agreement with previous
studies with nine STRs (Mart�ınez-Cort�es et al., 2010)
and with the genomic analysis that suggest facilitating
routes (Moreno-Estrada et al., 2014), such as the Atlan-
tic corridor represented by the Gulf of Mexico coasts and
with the genetic barriers estimated herein (Fig. 1). In
general, this panorama is in agreement with the lack of
differentiation described for Mesoamerica respect to
Native American groups throughout the continent
(Wang et al., 2007), and the high population density con-
comitant to the agricultural development (Fiedel, 1992;
Cavalli-Sforza et al., 1994). Similarly, this finding par-
tially harmonizes with the elevated human mobility
described between groups from Oaxaca (Quinto-Cort�es
et al., 2010). Although our conclusions could be biased
by the relatively high admixture level detected in Native
groups from the Central region and Yucatan Peninsula
(Fig. 7), probably this was not significant given its con-
sistence with conclusions obtained in the genomic study
where admixture effects were controlled (Moreno-
Estrada et al., 2014).

Interestingly, the aforementioned hypothesis was dis-
carded in a previous study with 15 STRs due to the clear
differentiation between Mayas and Huastecos (Ibarra-
Rivera et al., 2008). In addition to the larger number of
Mexican Native groups studied in this study, the oppos-
ing conclusions could be explained by the large number
of missing STR data of the Huasteco’s database used in
both studies (Barrot et al., 2005), which could have
eclipsed the actual genetic relationships between popula-
tions in the previous study (Ibarra-Rivera et al., 2008).
Therefore, the STR database purification carried out in
this work (omitting incomplete DNA profiles) seems to
be critical to avoid obtaining different conclusions from
the same populations.

Gene flow between Maya groups

Southeast region. The Mayas of the Yucatan Penin-
sula and Choles had the largest Ne among the Mexican

Fig. 5. Pairwise estimates of the number of migrants (Nm) between the studied Mexican Native groups. Arbitrary black/gray
tones are indicated in the upper matrix to illustrate the gene flow intensity. For abbreviations please check Table 1.
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Native groups (Fig. 2). This value relates to their high-
est Nm values (Fig. 5), lack of barriers (Fig. 1), elevated
He (Table 2), close genetic similarity (Fig. 4), and the
lowest Fst value in the Southeast region (omitting
Lacandones and Tojolobales) (Supporting Information
Table S4) that explain the similarity between groups
linked to the Mayan language (Supporting Information
Table S5). This panorama is consistent with historical
records because Mayas are described as the largest
group that inhabited Mesoamerica with at least 3,500 to
4,000 years old, covering roughly a half of Mesoamerica
by the time of the Spanish conquest, from the eastern
border of the Isthmus of Tehuantepec in Mexico to Hon-
duras and El Salvador, and whose descendants now rep-
resent 7.5 million of people who speak more than 28
Mayan languages (Ibarra-Rivera et al., 2008). Alto-
gether, our results support the theories of extensive
gene flow and trade throughout the Maya empire
(Sharer and Traxler, 2006), as previously claimed by

Ibarra-Rivera et al. (2008). However, this work improves
the Pre-Hispanic perspective of this conclusion into a
broader context throughout the Mexican territory.

On the other hand, bottleneck signals were detected in
Peninsular Mayas and Chol groups (Table 2). Among the
relevant historical background about this finding, it
should be recalled that during the Pre-Classic era in the
Maya empire (400 BC–100 AD) emerged the like-
chiefdom political organization, leading to the birth of a
ruling elite and development of city-state government
system, which incited rivalries and warfare for control
trade routes between the Maya highlands and lowlands
(Sharer and Traxler, 2006). In the Classic period, it
becomes a dynamic entity that performs a series of
expansions and contractions, whereas for the Terminal
Classic (AD 800–900) there are massive declines in pop-
ulation size that caused the abandonment of central and
southern Maya territories, consistent with the bottle-
neck detected (Table 2). Explanations for this

Fig. 6. (a) Unsupervised and (b) supervised structure analyses with the complete population sample. Structure plots from K 5

3 to K 5 7 are presented. K 5 5 plot was omitted because gives the same information than K 5 4. For abbreviations please check
Table 1.
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phenomenon involve natural disasters, climate change,
famine, conflict escalation, environmental exploitation
and ecological collapse, although there is no agreed
explanation for this historical fact (Sharer and Traxler,
2006). In brief, different historical events could be
involved to explain the bottleneck effects detected in
Maya populations.

Southern native groups with high isolation and
genetic drift

A number of Mexican Native groups from Chiapas and
Oaxaca displayed lower effective population size (Ne)
and genetic flow (Nm) (Figs. 2 and 5), presenting higher
differentiation than the nearby Native populations from
the Mesoamerican core (Figs. 4 and 6). Interestingly, the
geographic isolation of these populations in the Moun-
tains of the Sierra Madre from Oaxaca and Chiapas
emerges as determinant to explain these characteristics.
Although we present a general discussion of these find-
ings, we avoid repeating discussions before accomplished
in the previous work with Native groups from Oaxaca
(Quinto-Cort�es et al., 2010), source of the STR dataset
included herein.

Lacandones and Tojolabales. As below described,
these groups displayed the highest isolation and differ-
entiation level in Mesoamerica that result in a particu-
lar population structure level (Fig. 6). This result seems
involving a common genetic origin supported by their
shared classification into the Maya-Chiapaneco linguistic
group (Supporting Information Fig. S1). However, a
scarce interaction between these groups has been
described, and even different geographic origins are
implied: Tojolabales from the Cuchumatanes of Guate-
mala, and Lacandones from the Yucatan Peninsula and
the Guatemalan Pet�en (Erosa-Solana, 1995; Ruz, 1995).
Therefore, a common origin would not be the unique (or
principal) explanation to their relative genetic similarity.
In addition to their Mayan ancestry, their similar social
organization system based on kinship to form family
groups (clans) probably has been determinant to result
in a shared extreme differentiation degree (Fig. 6);

although the highest degree of geographic dispersion
(isolation), including polygyny and inbreeding, could
have accentuated the genetic differentiation in Lacan-
dones (Erosa-Solana, 1995; Ruz, 1995).

Tzotziles and Tzeltales. Linguistically they are
related into the Maya-Chiapaneco group (Supporting
Information Fig. S1); they live closely in the highlands
of Chiapas and presented positive bottleneck signals
(Table 2). Their shared history is characterized by rebel-
lions and insurrections, such as the castas war, a social
movement that began in 1847 against the Mexican Cre-
oles and Mestizos in the Yucatan Peninsula, which cost
about a quarter of a million of lives, ending officially in
1901 with the occupation of the Maya capital of Chan
Santa Cruz by troops of the Mexican federal army
(Duch, 1998). Spaniard conquers submitted Tzotziles
and Tzeltales by means of reductions and indigenous
concentrations in “encomiendas” or communities where
they were forced to pay tribute. In fact, at the beginning
of the XVIII century these indigenous communities were
on the edge of economic and demographic collapse,
which eventually originated the first rebellion in the
region (Robledo-Hern�andez, 1995). In brief, bottleneck
signals detected in Tzotziles and Tzeltales are histori-
cally justified.

Zoques and Mixes from Oaxaca. Some historical
descriptions link to these Native groups as Olmec
descendants, and linguistically as members of the
Popoluca-Mixe-Zoque group within the Maya-macro
group (Supporting Information Fig. S1). In addition to
the reduced effective population size (Ne) and elevated
genetic differentiation (Figs. (1 and 2), and 4), bottleneck
also was detected in both groups (Table 2). In Zoques,
bottleneck could be related to the conquest and reduc-
tion history of the Zoque’s territory, by acculturation,
disease, and forced labor; including a massive relocation
of 12,000 individuals due to the eruption of the Chicho-
nal volcano that has increased significantly its geograph-
ical dispersion (Uriel del Carpio, 1995). In contrast, in

Fig. 7. Admixture proportion (%) in Mexican Mestizos and Native groups (by population and by geographic regions). Mayas
from Chiapas (MayChiap) and those from the Yucatan Peninsula (MayPenin) were separated for discussion purposes.

310 H. RANGEL-VILLALOBOS ET AL.

American Journal of Physical Anthropology



Mixes their history is characterized by conflicts to
defend their land and autonomy; in fact, they never
were conquered by their enemies, including Zapotecs,
Aztecs, Mixtecs or Spaniards. For this reason, the strat-
egy taken by the Spaniards to conquer Mixes during the
middle of the century XVI was different, they penetrated
through religion; the evangelization process was slow,
creating a religious syncretism between “Christian” and
“pagan” that is still observable (Reyes-G�omez, 1995).
Probably, their geographic isolation in highlands of the
“Sierra Mixe” and the Isthmus of Tehuantepec has been
crucial for the genetic differentiation and isolation proc-
esses, besides the aforesaid political and cultural protec-
tion. To explain the bottleneck signals detected, recent
demographic declines were described in Mixes during
1921 to 1930, and again in 1950 (Vald�es, 1988); although
the precise causes are unknown, serious interethnic con-
flicts that happened during those periods have been
implied (Reyes-G�omez, 1995).

Triquis. This Mexican Native group from Oaxaca pre-
sented a reduced effective population size and high
genetic differentiation (Figs. (1 and 2), and 4), as well as
positive bottleneck signal (Table 2). These characteristics
probably are related to their linguistic and cultural iso-
lation, probably helped by their geographic isolation. In
fact, they have been described as an “island” surrounded
by the high and low Mixteca region, but not inhabited
by Mixtecos, Mestizos (admixed), or another Native
groups. This isolation process seems to be reinforced by
communal land tenure and social organization with uni-
lineal descent groups, forming both outbred and inbred
clans (Huerta R�ıos, 1995).

Genetic findings in the central region of
Mesoamerica

The Mexican Native groups from the central region pre-
sented the largest number of private alleles (Fig. 3), ele-
vated effective population size (Fig. 2), gene flow (Fig. 5),
and relatively close genetic relationships (Fig. 4), similar
to different non-isolated groups from the South and South-
east of Mexico characterized by weak genetic barriers (Fig.
1). Based on these characteristics and geographic location,
we formed two central population clusters to perform the
discussion: 1) Center-West, closer to the Pacific Ocean,
which includes to Pur�epechas and Nahuas; and 2) Center,
closer to the Gulf of Mexico that comprises to Huastecos,
Tepehuas, and Otomies (Fig. 1). Again, we avoided, as
much as possible, to discuss the same anthropological find-
ings observed in the previous papers where the STR data
were originally reported (Table 1).

Pur�epechas and Nahuas. The above described char-
acteristics in Pur�epechas could imply diverse historical
facts: i) multiethnic origin, because records indicate that
they result from admixture at the ending of the century
XII between different Native groups, including Chichi-
mecas, Nahuas, and Pre-Tarascos groups (Argueta Villa-
mar, 1995). ii) Social development level, which explains
why Pur�epechas became the second most largest Prehis-
panic state in Mesoamerica at the moment of the Span-
ish Conquest, being one of the most important societies
of the Post-Classic period like opponents of the Mexicas,
who never were able that Pur�epechas pay tribute

(Argueta Villamar, 1995). Another interesting finding
was the bottleneck detected in Pur�epechas-Mountain
(Table 2) that is in agreement with the population
decrease detected in this group, because in the year of
1,500 a total of 200,000 inhabitants were calculated in
the Diocesis of Michoac�an area, which reduced to
�92,000 due to the war, genocide, diseases, and migra-
tion, principally. Eventually in 1920 and 1930 around
33,600 Pur�epecha inhabitants were censed in Michoac�an
(Argueta Villamar, 1995). Similarly, Nahuas (together
with Mayas) are descendants from large Mesomerican
civilizations, which correlates with relative large gene
flow (Fig. 5), effective population size (Fig. 2), and low
genetic differentiation (weak barriers) (Fig. 1), as
detected in these central populations. In fact, these char-
acteristics are concordant with the smaller proportions
of runs of homozigosity (ROH) detected in Nahuas in the
previous genomic analysis (Moreno-Estrada et al. 2014),
supporting our interpretation. In addition, a main
genetic finding is the bottleneck effect detected in
Nahuas (Table 2), which can be explained by the bloody
conquest process carried out in this area by the Spanish
Conquer Nu~no de Guzm�an. This process originated
many complains that the Spanish Crown decided to
prosecute and convict him, taking the provincial govern-
ment and sending back Nu~no de Guzman to Spain as
prisoner, where he died imprisoned in the castle of
Torrej�on de Velasco in 1544 (Riva-Palacio, 1991).

Otomi, Tepehuas, and Huastecos. In addition to the
relatively close genetic relationship among these central
Native groups from the state of Hidalgo, Tepehuas and
Huastecos showed bottleneck effects (Table 2). In Tepe-
hua this could be related to their demographic size
(roughly 9,500 people) and the high migration rate to
the USA and rapid acculturation process (Hern�andez-
Montes and Heiras-Rodr�ıguez, 2004). Similarly, this fact
explains why they present the lowest number of private
alleles in the central region (Supporting Information
Fig. S3) and reduced gene flow (Fig. 5). In Huastecos,
historical descriptions indicate that, because of its geo-
graphic location as output way to the sea, they were
most affected in the early years after the conquest
because they were the subject of numerous abuses of the
Spaniards. From 1523 to 1532 they were subject to slav-
ery to supply labor to the West Indies. In those 10 years
two indigenous rebellions happened, resulting 400
“principal” individuals and 60 “caciques” of indigenous
origin murdered. From the 16th century the most nota-
ble changes were the demographic decline and disposses-
sion of land to Huasteca communities (CDI, 2009a). In
Otomies, despite the historical descriptions of the impact
of diseases such as smallpox in this group, not bottle-
neck was observed. The precedent that could reconcile
this finding is that Otomies were valuable contributors
to the Spaniards, helping to evangelizing Chichimeca
peoples, which could have helped to avoid major demo-
graphic declines in Otomies, as observed throughout
Mesoamerica during and after the conquest (V�azquez-
Valdivia, 1995).

Distinctive characteristics of Mexican native
groups from the north and northwest

In general, these two regions were characterized by
reduced effective population size (Fig. 2), low genetic

GEOGRAPHIC BARRIERS, DIFFERENTIATION AND ADMIXTURE IN AMERINDIANS 311

American Journal of Physical Anthropology



diversity (Table 1) and gene flow (Fig. 5), which correlate
with higher differentiation and population structure
among the Mesomerican populations (Figs. 4a and 6).
This scenario is concordant with stronger genetic drift
effects originating the widest barrier to human gene
flow in this Pre-Hispanic territory that separates north
and northwest populations from the rest of Mesoamerica
(Fig. 1). This effect probably is helped by geographic bar-
riers consisting of mountains and canyons of the Sierra
Madre Occidental where these individuals live. In addi-
tion, the dry climatic conditions in great part of these
regions cause the habitat become less suitable for agri-
culture, which explains the lower population density
facilitating genetic drift differentiation of these groups
(Cavalli-Sforza et al., 1994). Genetic drift effects can be
seen as longer branches for these groups in the NJ tree
(Fig. 4a), particular genetic structure levels (Fig. 6a),
and their peripheral location in the MDS plot (unshown
plot). Conversely, the central plateau of Mexico enjoyed
a temperate climate that favored the early development
of agriculture and training of Pre-Hispanic empires (Fie-
del, 1992; L�opez-Austin and L�opez-Lujan, 2001).

The north of Mesomerica

The STRUCTURE results allow clustering the north-
ern Mexican Native groups: Seri and Mayo regarding
Guarijio and Tarahumara (Fig. 6; K 5 7). At the same
time, Seri and Guarijio were characterized by a reduced
genetic diversity (Table 2), effective population size (Fig.
2), and gene flow (Fig. 5) represented by strong genetic
barriers only comparable with those separating to
Lacandones and Tojolabales (Fig. 1). Conversely, Mayos
displayed the largest proportion of admixture among all
the Mexican Native groups (mean 33.1%; Fig. 7), which
also was supported by their increased genetic diversity
levels (Table 2), and descriptions indicating their daily
contact with Mestizos and easy access to their commun-
ities (Aguilar-Zeleny, 1995b). Interestingly, this value is
even higher than the observed in Mestizos from Yucatan
(30.1%). As a result, the nonindigenous admixture level
in the North was the largest among all the regions of
Mesoamerican regions considered in this work (23.9%)
(Fig. 7), which is expected considering some historical
facts: i) the low population density of the northern Mexi-
can territory since Pre-Hispanic times (N�arez, 2000); ii)
the demographic decrease of Native population due to
overwork, warfare, and epidemic diseases, principally
(Serrano-S�anchez, 1995); and iii) the economic develop-
ment brought by the Spaniards who formed large cities
and implemented productive activities (e.g. mining),
which increased simultaneously the population density
and admixture, as has been described in previous stud-
ies in Mexican Mestizos (Rubi-Castellanos et al., 2009;
Mart�ınez-Cort�es et al., 2012).

Seris. They presented one of the highest genetic differ-
entiation levels among the studied Mexican Native
groups that suggests genetic drift effects and relative
isolation by restricted gene flow (Figs. 1 and 4). This dif-
ferentiation also is consistent with their linguistic classi-
fication into the Macro-Yuma group, distinct to the
Native neighbors that belong to the Macro-Nahua group
(Uto-Aztecan) (Supporting Information Fig. S1). How-
ever, this result also involves to their nomadic lifestyle
without religious-farming culture, where bosses or

authority are not recognize, hampering their integration
after the Spanish conquest. This led to the near annihi-
lation of the Seri group that gradually was confined to
the most inhospitable part of its territory (P�erez-Ru�ız,
1995), which is in agreement with the bottleneck signal
detected herein (Table 2).

Guarijios and Mayos. The close genetic relationship
between Guarijios and Mayos observed in the NJ tree
(Fig. 4a) is in agreement with the geographic origin of
the Guarijio’s population sample (Sonora state), and
their close linguistic relationship into the Taracahita
family of the Uto-Aztecan group (Supporting Information
Fig. S1). Interestingly, despite the above described high
non-Native admixture level detected in Mayos (Fig. 7),
the genetic, linguistic, and historical congruence of these
results suggests that admixture does not alter signifi-
cantly our inferences concerning the studied Mexican
Native groups.

Guarijios are described as a link between Tarahuma-
ras from Chihuahua and Mayos from Sonora, because in
both states there are Guarij�ıos (Aguilar-Zeleny, 1995a).
Particularly, the close—and probable ancestral—rela-
tionship between Tarahumaras and Guarijios was con-
firmed by a common genetic structure component
observed in Figure 6 (K 5 7). The reduced effective popu-
lation size detected in Guarijios (Fig. 2) suggests a
greater differentiation by genetic drift aided by its
geographic-isolation (Fig. 5). This fact could be corre-
lated with the historical record scarcity implying a low
representation of Guarijios over other Mexican Native
groups from the North region. Interestingly, the bottle-
neck detected herein in Guarijios (Table 2) possibly is
related to the fission that they suffered in colonial times
after a severe Spanish repression causing that part of
the population were displaced from the Chihuahua state
towards the Sonora mountains (Aguilar-Zeleny, 1995a).

The northwest of Mesomerica

One peculiar feature of the Northwest region is the
lowest proportion of nonindigenous admixture and popu-
lations where bottleneck was detected (1/6 5 16.67%)
respect to the rest of Mesoamerica (>60%) (Table 2).
Their geographic isolation and the lack of economic
interest for their territories located into inaccessible
mountains and canyons seems to have been a significant
protective factor to be conquered and engaged in politi-
cal conflicts, wars, and epidemics suffered throughout
Mesoamerica after the Spanish contact. In agreement
with this explanation, the most isolated Native groups
from Chiapas (Lacandones and Tojolabales) neither pre-
sented bottleneck signals (Table 2) and showed low non-
indigenous admixture level (8.5 and 9.8%, respectively),
inferior to the global admixture level estimated in Mexi-
can Native groups (15.7%) (Fig. 7).

Tarahumara, Cora, and Mexicanero. A relative
close genetic relationship was observed among popula-
tions from the North (Tarahumaras) and Northwest
(Coras and Mexicaneros) (Fig. 4a), in addition to a com-
mon genetic component that is clearly appreciated in
green in the Structure supervised analysis (Fig. 6; K 5
6), which is more frequent in Tarahumaras. Therefore,
for discussion purposes this genetic component will be
called Tarahumara ancestry. Although linguistically the
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Tarahumara, Cora and Mexicanero groups are classified
into the same Uto-Aztecan group, they belong to differ-
ent families (Supporting Information Fig. S1): Taraca-
hita, Corachol and Nahuatl, respectively (Aguilar-
Zeleny, 1995a,b; CDI, 2009c). Consequently, based on
these linguistic criteria, a closer genetic relationship
would be expected among Tarahumara, Guarij�ıo, and
Mayos, and between Huichol and Cora groups, as par-
tially is observed in Figures 4a and 6. On the other
hand, Mexicaneros geographically are closer to Tepehua-
nos (Fig. 1), but under linguistic criteria they are closer
to Nahuas (Supporting Information Fig. S1). Although
previous studies and recent historical records did not
offer an obvious explanation to these findings, the con-
sistence of our results by genetic distances and Struc-
ture analyses (Figs. 4a and 6) allow suggesting an
ancestral relationship between North and Northwest
populations based on the presence of the “Tarahumara”
component in the Northwest (Fig. 6). This “Tarahumara
founder effect” probably imply a North-West migration
process, in agreement with the coastal routes suggested
for the America’s peopling (Wang et al., 2007; Reich
et al., 2012). Despite the large number of wars and
rebellions registered in Tarahumaras since the Spanish
contact (Heras, 1995), they did not present positive bot-
tleneck signal (Table 2), probably helped by their geo-
graphic isolation in mountains and canyons of the Sierra
Madre from Chihuahua, like most the Mexican Native
groups from the Northwest region.

Huichol and Tepehuanos. The observed genetic rela-
tionship between Huichol and Tepehuano groups (Figs.
4a and 6) is consistent with their linguistic affiliation
(Supporting Information Fig. S1), and with their geo-
graphic proximity into the canyons and mountains of the
Sierra Madre Occidental (Fig. 1). Interestingly, only the
Huichol of Nayarit group showed positive bottleneck sig-
nal throughout the Northwest region. Although we were
not able to obtain historic records concerning this spe-
cific Huichol group, we found that the southwestward
passage of the Spanish conquer Nu~no de Guzman was
through Nayarit, leaving a destruction trail that could
have affected specifically this Huichol group (CDI,
2009b), explaining the bottleneck signal detected herein.

Correlation between genetic relationships and
other aspects

Despite the general congruence between the genetic
relationships with cultural, linguistic, and geographic
criteria, the formal evaluation of these hypotheses was
not significant in most of cases (Supporting Information
Table S5). Probably this is due to the high genetic differ-
entiation of the Mexican Native groups described in pre-
vious studies based on different genetic systems (Wang
et al., 2007; Sandoval et al., 2009, 2012; Reich et al.,
2012; Moreno-Estrada et al., 2014). As previously noted,
the main exception involves to the Mayan groups (Sup-
porting Information Table S5), which is in agreement
with their previously stated larger similarity between
themselves (Ibarra-Rivera et al., 2008; Moreno-Estrada
et al. 2014), and relative lack of differentiation between
Mesoamerican populations (Wang et al., 2007). Finally,
the correlation between genetic and geographic distances
in Mesoamerica only was significant at large distances
>1,500 km (Supporting Information Fig. S3), as previ-

ously found in Mexican Native groups analyzed with Y-
linked loci (Rangel-Villalobos et al., 2008).

CONCLUSIONS

In brief, the analysis of 39 Mexican Native population
samples based on 15 STRs showed the following charac-
teristics: i) a low genetic differentiation level an elevated
gene flow in Mayan groups from the Yucatan Peninsula
and central groups; pattern interrupted by the presence
of more isolated—and differentiated—groups from Chia-
pas and Oaxaca; ii) The Native groups from North and
Northwest regions had the largest genetic differentiation
levels, setting the widest genetic gene flow barrier in
Mesoamerica; iii) the IBD model in Mexican Native
groups only adjusted at long distances (>1,500 km); iv)
geographic isolation stands as a determining factor to
avoid either nonindigenous admixture and population
bottleneck processes; v) despite the congruence between
the estimated genetic relationships with cultural, lin-
guistic, geographic criteria, most of these do not explain
the observed population structure, excepting by the
Mayan groups linguistically related that show a relative
homogeneity.
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