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a  b  s t  r a  c t

Short  tandem  repeats  (STRs)  of the  combined DNA index  sys-
tem  (CODIS) are  probably  the  most employed  markers  for  human
identification purposes.  STR  databases  generated to interpret  DNA
profiles  are  also helpful for  anthropological  purposes.  In  this  work,
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we report admixture, population structure,  and  genetic  relation-
ships  of Mexican Mestizos  with  respect  to  Latin  American  and
Caribbean  populations based on 13 CODIS-STRs.  In  addition,  new
STR population data were  included from Tijuana,  Baja  California
(Northwest,  Mexico), which  represents an interesting  case of
elevated genetic  flow  as  a bordering city with  the  USA. Inter-
population analyses  included CODIS-STR data  from  11  Mexican
Mestizo,  12 Latin American  and four Caribbean  populations,  in addi-
tion to European,  Amerindian,  and  African genetic  pools as  ancestral
references.  We report  allele frequencies  and  statistical  parame-
ters  of forensic interest  (PD,  PE,  Het, PIC,  typical  PI),  for  15  STRs
in  Tijuana,  Baja  California.  This Mexican border  city was peculiar
by  the  increase of African ancestry,  and  by  presenting three STRs
in  Hardy–Weinberg disequilibrium,  probably  explained  by  recur-
rent gene  flow. The  Amerindian  ancestry in Central and  Southeast  of
Mexico was the  greatest  in Latin America  (50.9–68.6%),  only  compa-
rable  with  the  North of  Central  America  and  Ecuador  (48.8–56.4%),
whereas  the  European ancestry  was prevalent  in South Amer-
ica  (66.7–75%). The African ancestry in Mexico was the  smallest
(2.2–6.3%)  in Latin  America  (≥2.6%),  particularly  regarding  Brazil
(21%), Honduras  (62%),  and  the  Caribbean  (43.2–65.2%).  CODIS-STRs
allowed  detecting  significant population structure  in Latin  America
based on greater  presence  of European,  Amerindian,  and  African
ancestries  in Central/South  America,  Mexican  Mestizos,  and the
Caribbean,  respectively.

©  2014  Elsevier  GmbH.  All rights  reserved.

Introduction

The microsatellites or short tandem repeats (STRs) have demonstrated to be useful for linkage
and segregation analyses, and human and non-human (e.g. dogs and cattle) identification. This is
due to their elevated heterozygosity, genome abundance, high mutation rate, and simple analysis
based on the polymerase chain reaction (PCR) (Butler, 2006). For  anthropological purposes, their high
mutation rate allows approaching historical questions such as admixture, structure, and migratory
events, among others (Wang et al., 2008). Probably, STRs used in  forensic and paternity testing are
the most commonly employed markers, specifically the core of 13 STRs that comprise the combined
DNA index system (CODIS). The inclusion of CODIS-STRs in  commercial human identification kits has
increased the number of population databases that can be used in  molecular anthropology studies
(Butler, 2006).

The admixture process presupposes the contact of ancestral populations that have been previously
in relative isolation from each other and generated hybrid populations, whereas the population struc-
ture implies differences between individuals of one or more populations. This knowledge is  essential in
tasks such as association mapping, forensic casework, disease susceptibility prediction, wildlife man-
agement, and evolutionary studies (Sans, 2000). In Latin-America, hybrid populations have emerged
since the European contact with the New World in  1492, and currently reflect a complex genetic struc-
ture from old and recent admixture processes (Bryc et al., 2010; Wang et al., 2008). In Mexico, the
European colonization began in 1519, when Spaniards arrived to the Southeast; they crossed the cur-
rent state of Tabasco and settled in  Veracruz. After the conquest, about 85% of the Spaniards remained
in conquered territory. Based on historical records, their origins are described as follows: 33% from
Andalusia, 51% from Leon, Extremadura, the Old and New Castile, 14% from other regions of Spain, and
some foreigners (6.2%) mainly from Portugal and Genoa, Italy (Grunberg, 2004). In  Mexico, in addition
to the European component, African ancestry was  incorporated subsequently by means of slave trad-
ing from various African countries, such as Cabo Verde, Guinea, and Congo (Aguirre-Beltrán, 1989).
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In fact, studies of mitochondrial DNA (mtDNA) suggest that West and West-Central Africa regions
are the most important providers of African ancestry in  Central America and North America (Salas
et al., 2004). Nevertheless, African genes could have also arrived in  Mexico by Spanish migrants with
Moorish ancestry, which in  turn, was a  result of the Islamic occupation of Iberian Peninsula (Gerard
et al., 2006).

Currently, most of the Mexican population speaks Spanish and is the result of admixture between
Spaniards, Native Americans and African populations through approx. 500 years. They are  called Mes-
tizos and predominantly disclose the European and Native American components, with low levels of
African ancestry (<5%) (Bryc et al., 2010; Silva-Zolezzi et al., 2009). However, a Mexican Mestizo is
defined as a person born in the country, having a  Spanish-derived last name, with family antecedents
of Mexican ancestors, at least back to  the third generation (Sánchez-Serrano, 1996). A tri-hybrid model
has been used to explain the biological diversity of Mexican-Mestizos, where specific ancestral com-
ponents increase in different geographical areas: European in  the North, Amerindian in the Center and
Southeast, and the African in  the coast. This model has been illustrated in  a  tripolar diagram where
the edges are very narrow, indicating a  negligible number of individuals “genetically pure” of any of
the three ancestries (Gorodezky et al., 2001).

The admixture analysis in  Latin America shows a complex genetic structure and high variation of
the Amerindian and European components, principally. These studies have included genome-wide
SNPs (Silva-Zolezzi et al., 2009; Bryc et al., 2010) and autosomal STRs in  different Latin American
populations (Godinho et al., 2008; Marino et al., 2006 Wang et al., 2008), and particularly CODIS-STRs
in Mexican populations (Rubi-Castellanos et al., 2009a). However, during the last years further STR
datasets used in forensic casework have been reported in Mexican-Mestizo populations (Table 1),  and
the current inter-populational analyses have not included the continental context. In this study, we
analyzed the ancestry, structure, and genetic relationship of Mexican Mestizos with respect to Latin
America and the Caribbean, based on 13 CODIS-STRs population datasets. For  that purpose, we included
reference genetic pools representing the European, Amerindian, and African ancestries. In addition, we
included new STR genotype data of Tijuana, Baja California (BC), the border city located in the North of
Mexico where thousands of migrants pass to  the United States of America. Interestingly, this human
mobility comes from various countries, principally Mexico but also Salvador, Guatemala, Honduras,
Nicaragua, Panama, Costa Rica, and Belize, respectively (Brick et al., 2011). Therefore, Tijuana border
city represents an interesting case to analyze gene flow effects in  human populations (INEGI, 2010).

Materials and methods

DNA extraction and genotyping

DNA was extracted from buccal swabs or peripheral blood by standard phenol-chloroform method
from 409 unrelated Mestizos resident of the Tijuana City, Mexico. The individuals signed a  written
informed consent according to the Helsinki Declaration. We amplified 15 STRs markers (D3S1358,
TH01, D21S11,  D18S51, D5S818, D13S317, D7S820, D16S539, CSF1PO, vWA, D8S1179, TPOX, FGA, D2S1338

and D19S433) as recommended in the PCR AmpFlSTR Identifiler kit  (Applied Biosystems, Foster City,
CA). The amplicons and reference allelic ladders were analyzed by capillary electrophoresis in the
genetic analyzer ABI-PRISM 310. Results were interpreted using the software GeneMapper 3.2.

Statistical analysis

In the population sample from Tijuana, we  estimated the following forensic parameters with the
software PowerStats (Tereba, 2001): allele frequencies, heterozygosity (Het), power of discrimination
(PD), power of  exclusion (PE), polymorphic information content (PIC), typical paternity index (TPI), and
minimum allele frequencies (MAF). Furthermore, for each STR we  tested the Hardy–Weinberg equi-
librium (HWE) and linkage disequilibrium (LD) to check associations between pairs of loci. Fisher
exact tests based on 3200 simulations were carried out with the program Genetic Data Analysis
(GDA 1.1) for these purposes (Lewis and Zaykin, 2001). Inter-population analysis was based on 13
CODIS-STR datasets including 2221 Mestizos from 11 Mexican populations, 1125 individuals from
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Table 1

Geographic region, abbreviation, sample size and reference of the admixed population analyzed in this  study.

Admixed population Abbr. Sample Reference
Mexico (Region) Size

Tijuana (Northwest) Tij 409 This study
Chihuahua (North Center) Chi 162 Martínez-González et  al. (2005)
Nuevo León (Northeast) NL 143 Cerda-Flores et  al. (2002)
Jalisco (West) Jal 200  Rubi-Castellanos et  al. (2009a,b)
Nayarit (West) Nay 200  González-Herrera et al. (2010)
Guanajuato (Center West) Gto 200  Rangel-Villalobos et al. (2010)
Mexico City (Center) Mex 200  Luna-Vázquez et  al. (2005)
Puebla (Center) Pue 200  Rubi-Castellanos et  al.,  2009
Veracruz (Center-East) Ver 200  Rangel-Villalobos et al. (2010)
Chiapas (South) Chia 107 Sánchez et al., 2005
Yucatán (Southeast) Yuc 200  Rubi-Castellanos et  al. (2009a,b)
Central America

Guatemala Gua 200  Martinez-Espín et al. (2006)
El Salvador Sal 200  Monterrosa et al. (2006)
Honduras1 (Center-South) Hon1 176 Matamoros et  al. (2008)
Honduras2 (Caribbean coast, Black Garifuna) Hon2 198 Herrera-Paz et al. (2008)
Nicaragua Nic 151 Gutiérrez et al. (2011)
Costa Rica CR 200  Rodríguez et al. (2007)
South America

Venezuela Ven 45 Bernal et  al. (2006)
Colombia Col 200  Porras et al. (2008)
Ecuador Ecu 200  González-Andrade et al. (2003)
Brazil Bra 200  Fridman et al. (2008)
Paraguay Par 181 Martínez-Espin et al. (2003)
Argentina Arg 200  Marino et al. (2006)
The Caribbean

Bahamas Bha 162 Budowle et al. (1999)
Nueva Providencia NP 221 Simms  et al. (2008)
Jamaica Jam 160 Budowle et al. (1999)
Trinidad and Tobago TT 85 Budowle et al. (1999)

Ancestral Pools

Amerindian

From Mexico (Purepechas, Huastecos,  Otomíes,
Tepehuas, Amuzgos, Chinantecos, Choles,
Chontales,  Huaves, Mixes, Mixtecos,
Mazatecos,  Triquis,  Zapotecos Zoques, and

Mayas)  and Ecuador (Woaranis and  Kichuas)

Amer 915 González-Martín et al. (2008),
Quinto-Cortés et al. (2010),
Ibarra-Rivera et  al. (2008),
González-Andrade et al. (2007)

European

From Iberian Peninsula (Spain and  Portugal)  Eur 642 Camacho et al. (2007), Coudray et al.
(2007), Lopes et al. (2009)

African

From West Africa (Guinea Bissau,  Equatorial

Guinea,  and Angola)
Afr 265 Calzada et al. (2005), Alves et  al. (2005)

six Central-American populations, 1026 persons from six  South-American populations, and 628 indi-
viduals from four Caribbean populations (Table 1, Fig. 1). In addition, we included into the analysis
genetic datasets representing the three main ancestral components in Latin American populations:
Amerindian, European and African (Table 1).

The software Arlequin 3.5.1.3 (Excoffier and Lischer, 2010)  and the aforementioned population
databases were employed to perform pairwise comparisons, Analysis Molecular of Variance (AMOVA),
and FST genetic distances were plotted by multidimensional scaling (MDS) with optimum stress of
0.01 using the program SPSS 10.0 for Windows. In  addition, genetic distances of Nei (1978) were esti-
mated with the software GDA 1.1, and were represented in  a  neighbor joining (NJ) tree by means of
TreeView 3.2 (Page, 1996). Different population groups were established considering genetic and geo-
graphical criteria using the software SAMOVA 1.0 (Dupanloup et al., 2002). The coordinates (longitude
and latitude) were obtained in  Google earth (http://www.google.com/intl/es/earth/index.html). The

http://www.google.com/intl/es/earth/index.html
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Fig. 1. Geographic location of the Mexican, Central America, South American, and Caribbean populations analyzed here. Shadow
areas  indicate the Mexican states and countries included in this study. Abbreviation meaning can be consulted in Table 1.

components of admixture were estimated in  individuals and populations with the software Struc-
ture 2.3.3 (Falush et al., 2003), with a  burn-in-period of 10,000 iterations in  each parameter and 25
repetitions for each run (K), using the mixture model, allele frequency correlation, and �-value sepa-
rated for populations, with three populations groups identified as the ancestral references (supervised
analysis).

Results

Genetic relationships

Genetic distances and pairwise comparisons were estimated between all Mexican-Mestizo, Central
American, South American, and Caribbean populations (Suplementary Table 1). Nei and FST distances
were represented in  a  NJ tree and a  MDS  plot, respectively (Fig.  2A and B). In Mexico, the almost per-
fect similarity (p >  0.0019; after Bonferroni correction) between populations from the same region is
noticeable when they are separated into Northwest and Central-Southeast regions, and differentiation
between populations from the opposite region is  visible, supporting the existence of two consistent
population clusters of Mexican-Mestizos (Fig. 2A). In Central America, Honduras2 (Black Garifuna),
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Fig. 2. (A) MDS  plot of FST genetic distances among Mexican (+), Central America (�),  South American (�), and Caribbean (*) populations. Significant clusters are  indicated between Mexican
populations,  as well as two Caribbean populations. (B) NJ tree based on Nei’s genetic distances between populations from Mexico, Central America, South American, the Caribbean, and
ancestral references (Afr, Eur, Ame). For abbreviations’ meaning consult Table 1.
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Table 2

Population structure analyses (AMOVA) based on  13 CODIS-STRs in Mexico, Central America, South America and The Caribbean.a

AMOVA Pop Groups Into populations FIT (%) Between groups FST (%)

Mexico 11 1 99.48 FST = 0.52; p =  0.0000
Central America 6 1 96.58 FST =  3.42; p = 0.0000
South America 6 1 99.28 FST = 0.72; p =  0.0000
The Caribbean 4  1 99.78 FST =  0.22; p  =  0.0009

SAMOVA (Mexico) Pop Groups Into populations FIT (%) Between groups FCT (%) Between populations
into groups FSC (%)

Nuevo Leon + Chihuahua +
Nayarit vs. Mexico City +

Guanajuato + Jalisco +  Veracruz

vs. Chiapas vs. Yucatan vs.
Tijuana vs. Puebla

11 6 99.60; p = 0.00587 0.55; p =  0.00000 −0.15;  p =  0.32845

a Results of Spatial Analysis Molecular of Variance (SAMOVA) in Central America and South America and The Caribbean are
not  presented here because they have not shown congruent population clusters.

Costa Rica, and Nicaragua presented differences from all Latin American populations included in this
study, and this was more evident for Costa Rica and Honduras2 in  the NJ tree (Fig. 2B). Moreover,
Guatemala, Salvador and Honduras1 were similar among each other and to some Mexican-Mestizo
populations (p >  0.01) (Supplementary Table 1). In South America, most of the comparisons were sig-
nificant (p < 0.0019), except Venezuela that was similar to Colombia, Brazil, and Argentina (p > 0.01).
However, this finding could be the result of the small population sample size of Venezuela (n = 45).
Among the Caribbean populations, similarity was  observed among Bahamas, New Providence and
Jamaica, whereas the geographically more distant Caribbean population of Trinidad and Tobago was
different from all the populations studied here.

Population structure

Analysis molecular of variance (AMOVA) showed a low but significant inter-population variabil-
ity (p ≤ 0.0009). In this study, the greater population structure was  detected in Central America
(FST = 3.42%), regarding South America, Mexican Mestizos and the Caribbean (FST = 0.72, 0.52 y 0.22%,
respectively). In  Mexican Mestizos, the inclusion of genetic and geographic criteria to  cluster popu-
lations sequentially by means of the SAMOVA tests, showed in  the first clusters the separation of
southeastern populations (data not shown). The most congruent population structure, characterized
by significant differences between populations of different groups, but not between populations of
the same group, indicated the existence of two main clusters: (1) North and West: Chihuahua, Nuevo
León, and Nayarit; and (2) West and Center: Jalisco, Guanajuato, Mexico City and Veracruz. The rest of
Mexican Mestizo populations – principally from the Southeast – remained isolated (Tijuana, Puebla,
Chiapas, and Yucatán) (Table 2). In Central America, South America and the Caribbean, SAMOVA test
failed to obtain congruent population clusters; only there were evident the most differentiated popu-
lations: Costa Rica and Honduras2 in  Central America; Brazil and Ecuador in South America; and
Trinidad and Tobago in  the Caribbean (data not shown).

Admixture components

In Mexican Mestizos, the European ancestry increases to the Northwest, and vice versa the
Amerindian counterpart increases to the Southeast, whereas the African ancestry is low and con-
stant throughout the Mexican territory (2.2–6.3%) (Fig. 3A).  Conversely, in Central America has been
partially shown that the European ancestry increases to the South, whereas the Amerindian ancestry
increases to the North (Fig. 3A and B). However, Honduras2 and Nicaragua were the two  major excep-
tions from the aforementioned pattern due to  the sudden increment of African ancestry (13.6–62%). In
South America, the European ancestry was prevalent (66.7–75%) but there were two exceptions: (1)
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Fig. 3. (A) Admixture components (k =  3)  estimated in populations from Mexico, Central America, South America, the  Caribbean,
and ancestral references: Amerindian (Ame), African (Afr), and European (Eur). (B) Supervised analysis with STRUCTURE to
obtain  ancestry estimates in Latin American and Caribbean populations. Individual ancestry is  represented in vertical bars.
Abbreviation meaning can be consulted in Table 1.

Ecuador with elevated Amerindian ancestry (56%), similar to some Mexican-Mestizo populations, and
Guatemala and Salvador in Central America (56.4 and 48.8% respectively); (2) Brazil with high propor-
tion of African origin (21%). Finally, contrasting with the aforementioned Latin American populations,
the  Caribbean was characterized by the African ancestry predominance (43.2–65.2%) (Fig.  3).

In order to observe the admixture components variation, we  plotted the standard deviation of indi-
vidual ancestry for each population studied here (Fig. 4). For most of the Latin American populations,
the standard deviations of Amerindian and European ancestries were relatively homogeneous, about
two to three times greater than the standard deviation of the African ancestry, except in  Honduras2,
Brazil, and Caribbean populations, where the African dispersion was higher (range 0.286–0.375),
always at the expense of the Amerindian ancestry (Fig. 4). Interestingly, the population of Tijuana,
characterized by  elevated gene flow, showed the highest African standard deviation (0.157) among
the Mexican-Mestizo populations (range 0.04–0.094). In Central and South America, the standard
deviation of African ancestry was heterogeneous by  the exceptions aforementioned, whereas all four
Caribbean populations showed elevated dispersion of African and European ancestry.

Fig. 4. Standard deviation (�)  of European (Eur), African (Afr) and Amerindian (Ame) components in populations from Mexico,
Central America, South America, and the Caribbean. Abbreviation meaning can be consulted in Table 1.
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Forensic parameters for the 15 STRs in Tijuana

Allele frequencies and statistical parameters of forensic importance are presented in Table 3.  The
STR markers with minor allele diversity (n =  8)  were D7S820,  D16S539, and TPOX, whereas D18S51

displayed the largest number of alleles (n =  22). On the other hand, FGA showed the highest values of
PD (97.5%) and PIC (87.5%), whereas D2S1338 had the largest PE  (72.9%), Het (86.7%), and TPI (3.7). The
15 STR system showed a combined PD and PE > 99.9999%, with an average heterozygosity of 78.3%
(Table 3). Five STRs were in Hardy–Weinberg disequilibrium (p <  0.05), but after applying the Bon-
ferroni correction (p <  0.0033) only three loci  remained in  disequilibrium: TH01, D21S11, and FGA.
Although association analysis showed three loci combinations in LD, these cases implied the afore-
mentioned loci in  Hardy–Weinberg disequilibrium, which partially explain this finding and does not
deserve further discussion (data not shown).

Discussion

In this work, we  analyzed the genetic structure, relationships and admixture components of
Mexican-Mestizos based on published CODIS-STR databases from a  continental point of view, integrat-
ing Latin American and Caribbean populations. When ancestral components are analyzed in hybrid
populations, ancestral gene pool references are challenging to obtain because they are part of the
past; thus, population geneticists take one or more current populations inhabiting the region that
presumably represent each ancestry. Similar previous studies in  Mexican-Mestizos with CODIS-STRs
and genome-wide SNPs used only one or few populations to  represent the European, African and
Amerindian ancestries (Rubi-Castellanos et al., 2009b; Silva-Zolezzi et al., 2009). In this study, a  larger
ancestral gene pool was obtained (Table 1), which theoretically improved the admixture component
estimation regarding the previous study with CODIS-STRs (Rubi-Castellanos et al., 2009a).

It is important to note that  the focus of this study is  the Mexican Mestizo population, and not  an
analysis of the particular genetic admixture, relationships or structure in  Latin American and Caribbean
populations. In fact, this analysis is not possible because in most of the cases we included only one pop-
ulation from these countries; however, these issues have been addressed in  previous studies (Corach
et al., 2010; de Assis Poiares et al., 2010; Marino et al., 2006; Rojas et al., 2010; Wang et al., 2008).
Another essential issue is the forensic origin of a  large number of population samples, because these
commonly include both resident and native individuals from the populations that they represent. Con-
versely, some population samples include only “native” individuals (e.g. with both parents born in the
represented population), which are difficult to  obtain and –more importantly– they do  not include
the variable proportion of recent gene flow received by  the population. Therefore, considering the
increased human mobility among Mexican urban populations (Valencia-Rojas, 2000), forensic popu-
lation samples probably represent adequately the current genetic diversity of urban populations, such
as those studied herein.

It is important to mention that CODIS-STRs were not designed to  estimate ancestral components,
unlike admixture informative markers (AIMs), and neither have the power of genome-wide SNPs for
that purpose. Consequently, results offer valuable population genetic estimates concerning the human
STR diversity. For instance, the generated knowledge facilitates forensic geneticists with a  choice of
alternative STR databases for Mexican Mestizo populations in order to interpret DNA profiles, when
these are not available. However, our preliminary admixture estimates could be helpful in the biomed-
ical area for complex disease analysis (i.e. case–control studies) where population genetic composition
and dynamics of the admixture processes should be  clearly understood (Parra et al., 1998). Therefore,
we can predict that  Mestizo or Latin American populations with similar ancestral proportions will
have similar prevalence of certain diseases; if this is  not observed, we can imply environmental fac-
tors, which should be confirmed in  each case. For example, we  described high Amerindian and African
ancestry in Mexico and Jamaica, respectively, but it has been reported that both have high incidence
of diabetes mellitus at younger ages (14.4% and 17.9%, respectively) (Irving et al., 2011). Finally, the
importance of our results in  the anthropological field is obvious because they directly contribute to
the knowledge of the origin and history of human populations.
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Table 3

Allele frequencies and statistical parameters of forensic importance for 15 STRs (Identifiler kit) in Mexican Mestizos from Tijuana, Baja California State (Northwest), Mexico (n =  409).

Allele D3S1358 TH01 D21S11 D18S51 D5S818 D13S317 D7S820 D16S539 CSF1PO vWA  D8S1179 TPOX FGA D2S1338 D19S433

5 0.003
6 0.259 0.003 0.006
6.3  0.005
7 0.341 0.062 0.016 0.005 0.004
7.3  0.006
8 0.080 0.006 0.083 0.088 0.007 0.007 0.007 0.540
8.3  0.005
9 0.107 0.042 0.192 0.066 0.099  0.026  0.010 0.048 0.001
9.3  0.180
10  0.001 0.015 0.006 0.058 0.112 0.256 0.180  0.239 0.093 0.052 0.003
10.2  0.001
11 0.001 0.025  0.434 0.227 0.314 0.286  0.303  0.081 0.220 0.009
11.2  0.001 0.004
12  0.096  0.275 0.207 0.223 0.297  0.351 0.111 0.129 0.048
12.2  0.001 0.011
13  0.010 0.109  0.115 0.097 0.034 0.109  0.061  0.002 0.284 0.210
13.2  0.001 0.085
14  0.058 0.178 0.007 0.077 0.004 0.020 0.006 0.073 0.274 0.001 0.289
14.2  0.053
15  0.416 0.135 0.004 0.002 0.081 0.111 0.142
15.2  0.001 0.005 0.089
16  0.280 0.114 0.001 0.352 0.026 0.032 0.041
16.2  0.001 0.014
17  0.141 0.174 0.001 0.262 0.004 0.186 0.003
17.2  0.001
18 0.083 0.076  0.143 0.009 0.078
18.2  0.003
19 0.007 0.034  0.072 0.087 0.211
19.2  0.001
20  0.022  0.010 0.097 0.146
20.2  0.002
21 0.001 0.112 0.037
21.2  0.001 0.001
22 0.009 0.143 0.058
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Table 3 (Continued)

Allele D3S1358 TH01 D21S11 D18S51 D5S818 D13S317 D7S820 D16S539 CSF1PO vWA  D8S1179 TPOX FGA D2S1338 D19S433

22.2 0.001
23  0.004 0.116 0.131
23.2  0.001
24  0.002 0.165 0.075
24.2  0.001
25 0.113 0.034
26 0.001 0.093 0.007
26.2 0.001
27  0.010 0.039 0.004
27.2 0.002
28 0.090 0.007 0.001
28.2 0.002
29 0.201
29.2 0.006
30 0.329 0.005
30.2  0.006
31 0.064 0.001
31.2  0.009 0.001
32  0.023 0.003
32.2  0.119
33 0.003
33.2 0.045
34 0.001
34.2 0.002
36 0.005
MAFa 0.0069 0.0074 0.0076 0.0078 0.0069 0.0074 0.0077 0.0074 0.0071 0.0071 0.0074 0.0066 0.0076 0.0079 0.0078

Statistical parameters of forensic importancea

PD 0.8802 0.8998 0.9399 0.9712 0.8787 0.9524 0.9105 0.9101 0.8686 0.9174 0.9333 0.827 0.9753 0.9655 0.9513
PE  0.409 0.5927 0.6401 0.7104 0.4541 0.6109 0.5829 0.6027 0.5014 0.5235 0.5981 0.316 0.6528 0.7299 0.6888
Het  0.6873 0.7966 0.8218 0.8578 0.7164 0.8064 0.7912 0.8020 0.7451 0.7579 0.7995 0.6203 0.8284 0.8676 0.8469
PIC  0.6752 0.7313 0.7934 0.8657 0.6733 0.8126 0.7371 0.7409 0.6744 0.7376 0.7779 0.5957 0.875 0.8492 0.8105
TPI  1.6 2.46 2.81 3.52 1.76 2.58 2.4 2.52 1.96 2.07 2.49 1.32 2.91 3.78 3.27
HWEb 0.0042 0.0002 0.0000 0.0782 0.9543 0.0659 0.9381 0.633 0.0702 0.1003 0.0961 0.312 0.0006 0.4739 0.0119

a MAF, minimum allele frequency; PD, power of discrimination; PE,  power of exclusion; Het, heterozygosity observed; PIC, polymorphic informativity content; TPI, typical paternity
index.

b p-value of Hardy–Weinberg equilibrium (HWE) test evaluated with corrected significance level according to  Bonferroni (p < 0.0033). In italics p-values indicating disequilibrium.
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Mexican Mestizo populations

In Mexico, CODIS-STRs allowed inferring a  significant genetic structure similar to that described
in the previous study of Rubi-Castellanos et al. (2009a).  The clearest picture of this structure was
obtained from pairwise comparisons and genetic distances graphically represented (Fig. 2A), which
allow suggesting two principal population clusters: Northwest (Tijuana, Chihuahua, Nuevo Leon,
Jalisco, Nayarit and Guanajuato) and Center-Southeast (Mexico City, Puebla, Veracruz, Chiapas and
Yucatan). However, SAMOVA test pointed out important differentiation of some populations, such as
Puebla (Center), Chiapas and Yucatan (Southeast), which could be explained by the higher Amerindian
ancestry that characterizes this region. In  fact,  this finding agrees with the previous proposal stating
that the present-day ancestry of Mexican populations approximates the Pre-Hispanic Mesoamerican
demography (Rubi-Castellanos et al., 2009a). Conversely, the differentiation observed in Tijuana could
be attributable to  the increment of allele diversity, result of the increased gene flow. Interestingly,
Tijuana displayed the greatest African ancestry, which is  probably related to the increasing number
of immigrants from Central America passing each year to  the USA (Brick et al., 2011). Supporting
this interpretation, our results indicate that some Central American populations show greater African
ancestry than that observed in Mexico, such as those observed in Honduras, El Salvador, Nicaragua
and Costa Rica (Fig. 3). However, Chi-squared test demonstrated that the African ancestry was homo-
geneous among all 10 Mexican Mestizo populations (Yates p-value =  0.9935); thus, we cannot justify
a deeper discussion of this finding.

The admixture component pattern obtained in  Mexican Mestizo populations is  similar to the pre-
viously described by  genome-wide SNPs and CODIS-STRs (Rubi-Castellanos et al., 2009a; Silva-Zolezzi
et al., 2009). However, the African ancestry obtained with CODIS-STRs was lesser than those previ-
ously reported. This is  explained by  software Leadmix employed before for that purpose (Wang, 2003),
whereas in this study the program Structure was  used (Falush et al., 2003). This program has been
selected because results are  similar to ancestry estimates based on genome-wide SNPs (Silva-Zolezzi
et al., 2009), which are presumably more reliable.

Central America and the Caribbean

In Central America, population structure was greater than in Mexico, South America and the
Caribbean (FST = 3.42% vs.  0.52, 0.72 and 0.22%). Interestingly, Mexico shows similarity between popu-
lations with elevated Amerindian ancestry (Guatemala, El Salvador and Honduras1), but this gradually
decreases to the South (56.4–36.2%). In addition, Honduras2 (Black Garifuna), Costa Rica, and Caribbean
populations were characterized by greater differentiation (Fig. 2A), attributable to greater African com-
ponent (Fig. 3A). In Costa Rica, historical records describe the large scale arrival of western African
workers to build the Atlantic railroad, which explains the increase in  African ancestry in this country
(Putnam, 2000). In Honduras, the Afro-descendant presence has been constant since the Spanish con-
quest to the present, in  fact, historical records describe the presence of four Afro-descendant towns
from the 16th to  the 20th century (Amaya, 2002):  (i) Black slaves, brought to  work in mining areas
and states; (ii) Miskito ethnic groups, mixed with runaway slaves and maroons, which could have lead
to inbreeding processes, and even promote differentiation between them; (iii) Black Garifuna (repre-
sented herein by  Honduras (2), who arrived in the late 18th century and extended into the North of
Belize, and the South of Nicaragua; and finally (iv) Black English or Creole, who arrived in the country
to work in banana companies, not only in Honduras but also in Panama and Costa Rica.

For the Caribbean, our results detect the elevated African genetic legacy received by the popula-
tions studied herein, and show a significant differentiation between some of them (Fig. 2,  Table 2).
The prevalence of African component is  attributable to  the trans-Atlantic slave trade that entered
the Bahamas from West Africa (Duncan et al., 1996). These facts cause that Caribbean people share
similarity (up to 83.6% of their gene pool) to countries such as Angola, Equatorial Guinea, Kenya, and
Madagascar, specifically New Providence (Simms  et al., 2008). Interestingly, two  pulses of African
migration to the Caribbean were described in a genomewide population study (Moreno-Estrada et al.,
2013): the first pulse representing genetic component more similar to coastal West African regions
involved in early stages of the trans-Atlantic slave trade; the second pulse more similar to  present-day
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West Central African populations of a  later transatlantic deportation. This peculiar admixture process
seems to be critical to  explain the differences between Caribbean populations, and the inland Latin
American populations.

South America

In South America, pairwise comparisons and genetic distances showed larger population structure
than in Mexican Mestizos (Fst = 0.72%, Fig. 2A and B). The unique population that showed similari-
ties with another South American populations was Venezuela (Table supplementary 1), but this is
explained by the limited sample size (n = 45). Interestingly, the European ancestry is  prevalent in  all
South American populations (66.7–75%, Fig. 3A and B), excepting in Ecuador where the Amerindian
ancestry predominates (56%), similar to some Mexican populations (Fig. 3A and B), such as displayed
in the NJ tree (Fig. 2B). Probably this is  a  result of the greater Pre-Hispanic population present in both
Mesoamerica and the Andean Region in South America, as previously described (Wang et al., 2007;
Rubi-Castellanos et al., 2009b). That larger Pre-Hispanic population in  America historically has been
attributed to the presence of agricultural societies that  formed chiefdoms and states, such as Olmec,
Teotihuacan, Toltec, Maya, Aztec and Inca civilizations (Fiedel, 1992).

Variation of ancestry in Latin American and the Caribbean populations

In most of the Latin American populations, standard deviations of Amerindian and European
ancestries were two to three times larger than the African ancestry, except for Brazil, Honduras2
and Caribbean populations (Fig. 4). In Mexico, it is interesting that Tijuana had elevated dispersion
levels for the three ancestries, particularly the African one, which could be  the result of the high
immigration rate aforementioned (Cornejo-Portugal and Fortuny-Loret de Mola, 2011; Brick et al.,
2011). Interestingly, the increased variability in African ancestry observed in the western Mexican
populations of Nayarit and Jalisco (Fig. 4), is  consistent with a  recent study of paternal lineages in
Mexico where Jalisco presented the largest African ancestry (8.8%) (Martínez-Cortés et al., 2012). It  is
interesting that the increase of African variability (standard deviation) diminished the variability of
Amerindian ancestry, whereas European variability remained relatively constant throughout all the
American populations studied herein (Fig. 4). This result illustrates the significant European genetic
legacy in the current populations of Latin America and the Caribbean. Conversely, the increase of
Amerindian ancestry throughout Latin America (Figs. 3 and 4)  is closely related with the Pre-Hispanic
population densities, as previously claimed (Wang et al., 2008; Rubi-Castellanos et al., 2009). Finally,
the time and intensity of African slave trading (Moreno-Estrada et al., 2013) seems to be  crucial to
delineate the actual distribution of African ancestry in Latin American and Caribbean populations.

Statistical parameters of forensic interest in Tijuana City

We  report allele frequencies and statistical parameters of forensic interest in Tijuana,. The estimated
informativity for the 15-STR system is sufficient to  solve the majority of forensic and paternity cases
in this city. The loci TH01, D21S11, and FGA were in Hardy–Weinberg disequilibrium (Table 3), which
explains the subsequent LD in some combinations involving these three STRs. Because in  Tijuana City
there is not one obvious factor affecting the Hardy–Weinberg equilibrium (i.e. mutation, selection
or genetic drift), excepting the elevated gene flow, we  think this is the most plausible explanation
for these findings, in agreement with the greatest mean number of alleles observed in this city (8.7)
compared to the rest of Mexican Mestizo populations (range 5–6.9). Interestingly, Mexico City, the
capital of the country – also characterized by elevated gene flow-presented the second most elevated
mean number of alleles (6.9). Socio-demographic records regarding the high gene flow in  Tijuana
include the following: (1) Tijuana, along with San  Ysidro Port in  the south of San Diego (USA), are one
of the most transited sites in  the world, with about 55 million crossings of migrants per year (COBBH,
2000); some people who fail crossing the border, finally end as residents of Tijuana. (2) There is  also an
important immigration of “patients without borders”, who eventually are settled in  Tijuana looking for
health services and motivated by the lack of health insurance, language limitations, and preference for
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Latino physicians of their own culture. (3) The immigration of: (i) medical professionals, surgeons, and
nurses to care for USA patients; (ii) tourists traveling for business; (iii) USA retired persons (∼250,000)
living in the Tijuana-Ensenada coastal corridor (Ramírez de Arellano, 2006; Vargas-Hernández, 2011).
This immigration can involve variable periods of time (temporary) or the rest of life (permanent). (4)
The aforementioned Tijuana’s immigration involves individuals from different nationalities (INEGI,
2010). In brief, the effects here detected in Tijuana that could be attributed to elevated gene flow
include Hardy–Weinberg disequilibrium in  three of 15 STRs (20%), increment of the allele diversity
and African ancestry. Although it is considered that Hardy–Weinberg disequilibrium in one locus has
small effect for estimating the DNA profile frequency (Budowle et al., 1995), in  forensic casework
this can be handled employing the largest estimates between the observed and expected genotype
frequencies in order to  be conservative.

In conclusion, the genetic structure previously inferred in Mexican Mestizos by differences in
ancestry throughout the country was detailed from a  continental landscape. Structure and admixture
components were analyzed by  means of CODIS-STRs in Latin American and Caribbean populations,
which displayed higher levels of European and African ancestries. Conversely, Mexican Mestizos
present the greatest Amerindian ancestry, only comparable with Latin American populations with
elevated Pre-Hispanic demography. Forensic parameters for 15 STRs were estimated for Tijuana, and
gene flow effects were inferred in this border population.
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