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Abstract The Mayan homeland within Mesoamerica

spans five countries: Belize, El Salvador, Guatemala,

Honduras and Mexico. There are indications that the

people we call the Maya migrated from the north to the

highlands of Guatemala as early as 4000 B.C. Their

existence was village-based and agricultural. The cul-

ture of these Preclassic Mayans owes much to the

earlier Olmec civilization, which flourished in the

southern portion of North America. In this study, four

different Mayan groups were examined to assess their

genetic variability. Ten polymorphic Alu insertion

(PAI) loci were employed to ascertain the genetic

affinities among these Mayan groups. North American,

African, European and Asian populations were also

examined as reference populations. Our results suggest

that the Mayan groups examined in this study are not

genetically homogeneous.

Keywords Mesoamerica � Polymorphic

Alu insertions � Genetic heterogeneity

Introduction

The Mayans, as a group, have exhibited over the ages

an extraordinary cultural cohesion despite the extent

and ecological diversity of their territory, a multitude

of languages and the presence of hostile groups that in

the past have included the Aztecs to the north, less

sophisticated groups to the south and, more recently,

the Europeans and the Spanish American civilization.

The highly heterogeneous geographic landscape of

their territory including deserts, rain forests and snow-

covered highlands could have served as barriers limit-

ing interaction within the region. Yet, the integrity of

the Mayans as a group is evident today in the strong

correlation between the Mayan family of languages

and culture (Coe 1992).

Neither archaeology nor linguistics has provided

much insight into the origins of the Mayans. It has been

theorized that the Mayans as a people settled in the

highlands of what is today western Guatemala about

6,000 years ago during the late Archaic period. The

fact that the Mayans shared with other Mesoamerican

groups certain characteristics like hieroglyphic writing,

complex calendars, a sophisticated knowledge of

astronomy and human sacrifice, which were developed

by the earlier Olmecs of southern Mexico, suggests that

much of the Mayan complex culture derives from the

Olmec mother culture. Since then the interchange of

ideas among Mesoamerican peoples has been pre-

valent. This by itself would tend to bring about cultural

homogeneity in the area.

Widespread genetic information on Native Ameri-

cans has been collected and reviewed (Salzano and

Callegari-Jacques 1988; Crawford 1998; Salzano 2002).

The last author evaluated the molecular variation

among (i.e., Gst) North, Central and South Native

American populations and found that the levels of

inter-population variation is higher in comparison to

other worldwide groups. In addition, limited variation

within populations (i.e., Ht) is found in American

natives as a whole when HLA polymorphisms (Black
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1991; Arnaiz-Villena et al. 2000), polymorphic Alu

insertions (PAIs) (Novick et al. 1998; Mateus-Pereira

et al. 2005), mitochondrial DNA (Bonatto and Salz-

ano 1997; Silva et al. 2002) and Y-chromosome data

(Santos et al. 1996; Bianchi et al. 1997, 1998) are

examined, supporting the idea of a limited number of

entries of founders into the American continent.

However, the genetic information is highly heteroge-

neous with respect to the populations and types of

genetic systems investigated (Salzano 2002). In an ef-

fort to better understand the genetics of Mesoameri-

can groups, we undertook this study of the Mayans. To

our knowledge, this work is the first to investigate the

genetic make up of several regional Mayan groups. To

accomplish this, the allelic frequencies of ten PAI loci

were examined. Alu repeats are the largest family of

SINEs in the human genome, comprising about 1

million copies per somatic cell and representing

approximately 10% of the genome of our species

(Carroll et al. 2001; Donaldson et al. 2002). There are

several advantages to using PAIs in human population

genetic studies. First, the insertions represent unique

events and reflect identity by descent. In other words,

the likelihood of an insertion being completely re-

moved leaving no detectable Alu sequences behind or

an element inserted twice independently at a specific

location is low (Batzer et al. 1994; Hillis 1999; York

et al. 1999). Second, the ancestral state of the char-

acter is known. The absence of the element at a spe-

cific chromosomal site represents the ancestral

condition. This information provides the polarity so

valuable in phylogenetic analyses (Batzer et al. 1994;

Martinez et al. 2005).

The principal goal of this study was to investigate

the degree of genetic variability among four geo-

graphically targeted Mayan groups. Our aim was to

examine whether the Mayan cultural uniformity and

linguistic commonalities discussed above are also

reflected in their genetic make-up. It is possible that

despite their extensive communication routes

throughout the empire, geographical barriers and the

spatial partitioning imposed by their city-state political

system have restricted gene flow for the development

of unique gene pools. For this purpose, we examined

the Mayan groups from the Buctzotz, Cakchiquel,

Campeche and Quiche.

Materials and methods

Subjects

The samples were collected from autochthonous do-

nors who could trace their specific Mayan ancestry at

least two generations back to specific tribes (e.g., the

Quiche). We defined individuals to each of the four

Mayan populations by last name and self identification

to specific tribes. These individuals were sampled in

rural locations known to be inhabited exclusively by

autochthonous people. These requirements minimize

the possibility of collecting from admixed populations.

Information concerning the geographical locations and

linguistic affiliations of the groups examined in this

study is given in Fig. 1 and Table 1. Six Native

Americans (four Mayan and two North Americans),

one European, two Asians and two Africans popula-

tions were examined. The Mayan groups have been

characterized as Amerindians, while the Navajo and

the Eskimo from North America are Na-Dene and

Eskimo-Aleut, respectively (Greenberg 1987). These

language families comprise the three major linguistic

groups spoken among the natives of the New World

(Greenberg 1987). The non-Mayan groups represent

reference populations.

Fig. 1 Geographic location of
the population groups
sampled in this study. Map
illustrating the location of the
reference populations. Map of
Mesoamerica indicating the
location of the Mayan groups
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Collection of samples and DNA isolation

All samples were collected as whole blood in EDTA

Vacutainer tubes from unrelated individuals traced

back at least two generations. Samples were procured

according to the ethical guidelines as indicated by

Florida International University’s Institutional Review

Board. Consent forms were distributed and subse-

quently explained in Spanish and in the corresponding

Mayan dialect. The blood cells were lysed and leuko-

cyte nuclei were separated from the rest of the blood

components as previously reported (Antunez de

Mayolo et al. 2002). DNA was then purified using

proteinase-K digestion and standard organic phenol-

chloroform extraction (Novick et al. 1995). All samples

were stored at –80�C when not in use.

DNA amplification of PAI loci

PCR amplification of each PAI was performed as de-

scribed previously (Novick et al. 1995) in 15-ll reac-

tions containing 5 ng/ll of each primer and 200 lM

dNTPs (Applied Biosystems) in 50 mM KCl, 1.5 mM

MgCl2, 10 mM Tris–HCl, pH 8.3 and 1.0 U of Ampli-

Taq DNA polymerase (Perkin Elmer). Samples were

cycled in a standard three-step PCR profile with the

parameters previously published elsewhere (Batzer

et al. 1996; Antunez de Mayolo et al. 2002). Sub-

sequent to DNA amplification, the samples were loa-

ded into 3% agarose, 1X TAE gels. Amplicons were

subjected to electrophoresis, visualized by staining with

ethidium bromide and photographed under UV light.

The primers used in this study were APO (Karathan-

asis 1985), ACE (Tiret et al. 1992), COL3A1 (Milewicz

et al. 1996), D1 (Batzer et al. 1996), F-13 (Batzer et al.

1996), NBC4 (Roy et al. 1999), PR (Antunez de

Mayolo et al. 1999), PV92 (Batzer et al. 1994), TCR

(Rowen et al. 1996) and TPA25 (Batzer and Deininger

1991) (see Table 2).

Previously reported allelic frequencies

The allelic frequencies for the ten loci are reported

here for the first time for the following populations:

Cakchiquel (Maya group from Guatemala; number of

samples, n=56); Quiche (Maya group from Guatemala;

n=27); Benin (West African population; n=109).

Rwanda from East Africa was previously reported

for the PR locus (Antunez de Mayolo et al. 1999). Five

loci (ACE, APO, FXIIIB, PV92 and TPA25) were

reported before for the following populations: Navajo

(n=41), Maya from Buctzotz, Yucatan, Mexico (n=21),

Maya from Campeche, Yucatan, Mexico (n=20) and

Alaskan Eskimo (n=46) (Novick et al. 1998). Also, the

same five loci mentioned above plus D1 were pub-

lished before for the following populations: Madras

from southeastern India (n=50) and Chinese (n=49)

(Antunez de Mayolo 2002). The Galician population

was examined previously for APO, COL3A1, PR,

PV92 and TPA25 (Antunez de Mayolo et al. 1999;

Terreros et al. 2005). The loci not mentioned for the

above-indicated populations are reported in the pres-

ent study for the first time.

Data analysis

Allelic and genotypic frequencies were estimated by

the gene-counting method (Li 1976). Unbiased esti-

mates of expected heterozygosity, its average per

population and standard errors were calculated utiliz-

ing the BIOSYS-2 program (Black 1996). The unbiased

estimate of expected heterozygosity was obtained as

Table 1 Populations analyzed

Populations Linguistic affiliation Language Geographic
location

Region

1. Cakchiquel Mayan/Quichean-Mamean/Greater
Quichean/Quichean/Cakchiquel

Cakchiquel Southern Guatemala Mesoamerica

2. Quiche Mayan/Quichean-Mamean/GreaterQuichean/
Quichean/Quiche-Achi

Quiche Central Guatemala Mesoamerica

3. Buctzotz Maya/Yucatecan/Yucatec Yucatec Yucatan, Mexico Mesoamerica
4. Campeche Maya/Yucatecan/Yucatec-lacandon Yucatec Yucatan, Mexico Mesoamerica
5. Navajo Na-Dene/Continental

Na-Dene/Athabaskan-Eyak/Athabaskan
Navajo Southwestern USA North America

6. Alaskan-Eskimo Eskimo-Aleut, Eskimo, Yupik Yupik, Central Alaskan Peninsula North America
7. Chinese-Han Sino-Tibetan Chinese Mainland China Asia
8. Madras Indo-European/Indo-Aryan, Gujarati Saurashtra Southwestern India Asia
9. Benin -Fon Niger-Congo/Volta-Congo, Fon Kwa Western Africa Africa
10. Rwanda-Hutu Niger-Congo/Benué-Congo, Bantu Bantu Eastern Africa Africa
11. Galicia Indo-European/West-Iberian, Galician Gallego Southwestern Europe Europe
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h=n (1–S pi
2)/n–1, where n is the number of chromo-

somes sampled and p is the frequency of the i allele

(Nei 1987). An exact test using Levene’s correction for

small sample sizes was employed to verify whether the

observed heterozygosity frequencies agreed with those

expected under the hypothesis of Hardy–Weinberg

equilibrium. All calculations were done using the

BIOSYS-2 program (Black 1996). The G test was

performed to assess the genetic differences between

members of all possible pairs of populations. This

analysis is designed to ascertain if the genetic differ-

ences between all pairs of populations are statistically

significant. In addition, a separate test to assess the

significance of population heterogeneity was per-

formed using the chi-square (Roff and Bentzen 1989)

analysis for small numbers.

The level of intra- and inter-population variability

(Hs, Gst and Ht) was assessed using the DISPAN pro-

gram (Ota 1993). Phylogenetic analyses based on the

Alu frequencies were conducted using CONTML, a

restricted Maximum-Likelihood (ML) routine in

PHYLIP Version 3.5C (Felsentein 1993). Interior

branch reliability was tested by means of 1,000 boot-

strap replications using the SEQBOOT program. A

Principal Component (PC) analysis (Sneath and Sokal

1973) based on the allelic frequency data was per-

formed to infer the relationships among the groups

using the NTSYSpc program (Rohlf 1998). The relative

degree of gene flow experienced by each of the Mayan

groups was estimated by plotting the distance from the

centroid versus the heterozygosity (Harpending and

Ward 1982). According to this analysis, under an island

model of population structure, it is postulated that a

simple linear relationship is expected between the

heterozygosity of a population and the distance of that

population from the centroid, which is defined as the

arithmetic mean of the allele frequencies. Mathemati-

cally, this relationship is defined as: ri = (pi–P)2/(P)

(1–P), where ri is the distance from the centroid, and pi

and P are the frequency of the insertion in population i

and in the four Mayan populations combined, respec-

tively. The expectation is that populations that have

experienced more gene flow and/or possess higher

effective population size than average will fall above

the theoretical prediction (regression line), while

populations that have had less gene flow will fall below.

A actual regression line was computed based on the

observed heterozygosity values to ascertain if the

populations examined comply with the premises of

the centroid analysis. Hierarchical determination via

the analysis of molecular variance (AMOVA), group-

ing populations according to geographic criteria (i.e.,

Mesoamerica, southwestern USA and Alaska) or

linguistic affiliations (i.e., Quichean, Yucatec, Na-Dene

Table 2 Primer sequences and PCR conditions for the amplification of the ten PAI loci studied

Locus 5¢ Primer 3¢ Primer Reference PCR
conditions
(�C)a

APO AAGTGCTGTAGGCCATTT AGTCTTCGATGACAGC Karathanasis
(1985)

94-58-72

ACE CTGGAGACCACTCCCATCCTTTCT GATGTGGCCATCACATTCGTCAGAT Tiret et al. (1992) 94-58-65
COL3A1b GAGTCCTTTAGAAGGATATGCTCTG ACCTGCAGCACCAGGAGGTCCT Milewicz et al.

(1996)
94-62-72

D1 TGCTGATGCCCAGGGTTAGTAAA TTTCTGCTATGCTCTTCCCTCTC Batzer et al.
(1996)

94-66-72

F13 TCAACTCCATGAGATTTTCAGAAGT CTGGAAAAAATGTATTCAGGTGAGT Batzer et al.
(1996)

94-58-65

NBC4 CATTCCACCCTGTCAGCATT GCTTTGGAAGTAGGCAGGTTAC Roy et al. (1999) 94-60-72
PR CAGACAGCCAAGATTATGAGCTA AGTATTTTCTTGCTAAATGTCTGTTT Antunez de

Mayolo (1999)
94-58-65

PV92 AACTGGGAAAATTTGAAGAGAAAGT TGAGTTCTCAACTCCTGTGTGTTAG Batzer et al.
(1994)

94-58-72

TCR GGCATGGGGAGTAACACAACAGG AAAGTGAGGACAAGGCTTCAGAAGT Rowen et al.
(1996)

94-62-65

TPA25 GTAAGAGTTCCGTAACAGGACAGCT CCCCACCCTAGGAGAACTTCTCTTT Batzer and
Deninger
(1991)

94-58-65

a After initial denaturation of 10 min at 95�C (APO and PV92 only), the target DNA was amplified for 35 cycles at the indicated
denaturation, annealing and elongation temperatures. Denaturation, annealing and elongation times were 1, 1.5 and 4 min, respec-
tively
b The 3¢ primer sequence of COL3A1 was modified from the original design to improve amplification efficiency. This modification did
not affect the original size of the PCR product, as stated in the referenced publication
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and Eskimo-Aleut), was conducted using the Arlequin

program (1,023 permutations) (Excoffier et al. 1992;

Schneider et al. 2000). The AMOVA test was per-

formed to ascertain any potential correlation between

genetic diversity and geographic or linguistic parti-

tioning.

Results

Intra-population diversity

Table 3 presents the Alu allelic frequencies as well as

the heterozygosity levels of the populations examined.

Additionally, genotypic distributions are given in

Table 4. Although the aim of this study is not to focus

on allelic frequencies of specific loci, certain tendencies

should be noted since they directly relate to the central

issue of this report. Among the four Mayan groups,

four (APO, COL3A1, NBC4 and TCR) of the ten loci

examined possess allelic frequencies at fixation for the

insertion or lack of insertion state. Of these four loci,

three (APO, NBC4 and PV92) represent fixation of the

insertion allele. Similarly, among the other two Native

American populations examined (Alaskan Eskimos

and Navajo) in the present study, allelic fixation was

detected in four of the ten loci (APO, COL3A1, F13

and TCR). In contrast, only two of the worldwide

reference populations studied demonstrate fixa-

tion—Benin at PR and the Han Chinese at PR and

TCR—for the absence of the insertion allele. None of

the non-Native American populations exhibit fixation

for the insertion allele. Also, contrary to the extreme

frequencies at or near fixation seen in the majority of

the loci among the Mayans and the other two Native

American groups, the other worldwide populations are

characterized, for the most part, by intermediate allelic

frequencies (i.e., 0.2–0.8).

Allelic frequencies and probability values concern-

ing Hardy–Weinberg equilibrium expectations are gi-

ven in Table 3. Among the Mayan groups, observed

heterozygosity for each population averaged across the

ten loci range from 0.133 in the Quiche to 0.249 in the

Buctzotz. The corresponding values for the other two

Native American populations are 0.114 in the Navajo

and 0.175 for the Alaskan Eskimo. The worldwide

populations excluding the Mayan groups as well as the

Navajo and Alaskan populations exhibit average ob-

served heterozygosities across all loci ranging from

0.238 to 0.361, representing the Han Chinese and Be-

nin, respectively. The highest average observed het-

erozygosities for all the loci were detected in the two

African groups. The lowest observed heterozygosity

values were detected among the Guatemalan Mayan

groups (0.133 for the Quiche and 0.171 for the Cak-

chiquel) and the Navajo (0.114) (Table 3). Of the 130

tests, 10 revealed departures from Hardy–Weinberg

equilibrium expectations, yet this value fell to 3 sub-

sequent to Bonferroni corrections. Considering that at

a 5% level of significance one would expect about se-

ven of the population-locus permutations to fluctuate

from Hardy–Weinberg equilibrium by chance alone,

some of the 10 cases of disequilibria may not represent

deviations due to factors other than chance. The three

populations/loci in disequilibrium at the 0.005 level

after Bonferroni corrections were D1 in Navajos and

NBC4 and TCR in Galicia.

Inter-population diversity

Significant differences in average allelic frequencies

were found between the Mayan groups and the other

Native American populations (P<0.001), Mayan and

European groups (P<0.001), Mayan and African pop-

ulations (P<0.001), Mayans and Asians (P<0.001),

Native Americans (other than Mayan) and Europeans

(P<0.0001), Native Americans and Asians (P<0.0001),

Native Americans and Africans (P<0.0001), Asians

and Europeans (P<0.001), Asians and Africans

(P<0.001) and Africans and Europeans (P<0.001)

(Roff and Bentzen 1989). When the G test was per-

formed, statistically significant genetic differences were

observed in all pair-wise comparisons of groups except

between the two Guatemalan Mayan populations from

Cakchiquel and Quiche, and the Navajo in relation to

the two Guatemalan groups (Table 5).

Genetic variance within populations (Hs) and be-

tween populations (Gst) was assessed (Table 6). The

intra-population and inter-population components of

genetic variance were examined for each locus

(Table 6). Gst is an estimation of the genetic differen-

tiation among populations. For this study, the groups

were segregated into three clusters: (1) the whole set of

populations, (2) Native American populations exclud-

ing the Mayan groups and (3) the Mayan groups.

Overall, the inter-population variation among the

Mayan groups is 18% of the total (Ht), while for the

other Native Americans, Gst is 20% of the total. As

expected, most of the variance, therefore, is found

within groups. The mean intra-population variance for

all ten PAIs is highest for the whole set of populations

(24%) and lowest for the Native Americans excluding

the Mayan groups (21%). The Hs value for the Mayans

is 22%. Except for three loci (D1, NBC4 and PV92),

the Mayan groups exhibit higher intra-population

variance than the other two Native American

J Hum Genet (2007) 52:129–142 133
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populations. The whole set of populations possesses

higher intra-population variance than the Mayan groups

in all but three of the markers (D1, PR and TPA).

In terms of inter-population variance, the average

value for all ten loci is highest for the whole set of

populations (30%) and the lowest for the Mayan

groups (4%). The Native American populations ex-

hibit a Gst value comparable to the Mayan groups

(5%). Six (APO, COL3A1, D1, NBC4, PR and TCR)

of the ten loci possess higher inter-population variation

in the Mayan groups in relation to the other two Native

American populations. Only D1 in the Mayan groups

and TPA in the Navajo and Alaskan-Eskimo exhibit

Gst values higher than the whole set of populations.

Phylogenetic and statistical analyses

To examine phylogenetic relationships among popu-

lations, the Mayan groups were examined in relation to

several worldwide reference populations (Alaskan

Eskimo, Navajo, Benin, Rwanda, China, Madras and

Galicia) using ML analysis. The ML tree (Fig. 2) was

rooted with a hypothetical ancestral population with

the insertion frequencies set at zero for each of the ten

loci (Batzer et al. 1994). Two clusters are observed in

the ML dendrogram. Nine bifurcations segregate these

11 populations plus the hypothetical ancestor group to

form the tree. Eight of the nine nodes are above 50%.

In one cluster, the hypothetical ancestral population

segregates in close proximity to the two sub-Saharan

African groups, Benin and Rwanda. In this same

branch, the two Caucasian populations from Galicia

and Madras are located away from the sub-Saharan

groups and closer to the other clade. In the second

cluster, the Cakchiquel Maya and Quiche Maya, both

from Guatemala, group as sister taxa. The two Mayan

populations from the Yucatan, Campeche and Buc-

tzotz, cluster within the same clade at some distance

from the Guatemalan Mayan populations. The Alas-

kan Eskimos segregate in between the Mayan popu-

lations from the Yucatan, while the Navajo holds an

intermediate position bisecting the Yucatan Mayan

populations from the Guatemalan Mayan groups.

A PC plot was constructed with the four Mayan

groups and the worldwide reference populations

(Fig. 3). PC1 and PC2 represent 69.5 and 18.3%,

respectively, of the total variance. PC1 separates the

African populations from Asians, Mayans and the

other Native American groups. The four Mayan groups

segregate within the Native American/Asian cluster.

The Mayan groups do not plot by themselves. The

distance of the Mayans from the Yucatan (Buctzotz

and Campeche) from the Mayan groups fromT
a
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Guatemala is equivalent to the one separating most of

the Mayan populations from the Navajo and Alaskan

Eskimo.

A centroid analysis was performed to ascertain rel-

ative gene flow and/or differences in effective popula-

tion size among the four Mayan groups (Fig. 4). The

solid regression line represents the theoretical average

values, while the dotted line is the actual regression

line based on the observed heterozygosity instead of

the expected. In this analysis, populations above the

theoretical linear regression line exhibit greater-than-

average gene flow and/or effective population size,

while populations below the regression line represent

groups with lower-than-average gene flow and/or

effective population size. In the centroid test, the

Buctzotz and the Campeche Mayan groups plot above

the regression line, indicating higher than average gene

flow and/or effective population size, while the Cak-

chiquel and Quiche segregate below the regression

line, pointing to lower than average gene flow and/or

effective population size. The Buctzotz and Quiche

groups are outliers further out on either side of the

regression line. For the purpose of assessing whether

geographical and/or linguistic affiliations partition

along the lines of genetic differences, the AMOVA test

was performed. In essence, the AMOVA test ascer-

tains whether there is a correlation or parallelism be-

tween genetic differentiation on one hand and

geographical categories or linguistic types on the other.

For this purpose, the comparison of genetics and

geography was made by grouping the Mesoamerica

populations from Cakchiquel, Quiche, Buczotcz and

Campeche together into one group; the second group

was assembled with the Eskimo and Navajo popula-

tions. In the case of linguistics, four groups were gen-

erated. The first is comprised by the two Mayan groups

from Guatemala, the second is made up of the two

groups from Yucatan, the Eskimos constitute the third

and the Navajo the fourth. With these groupings, the

AMOVA performed comparisons between popula-

tions within groups as well as among groups of popu-

lations. Of all of these comparisons, only linguistic and

Table 5 G-test results

Abbrev. CAK QUI BUC CAM NAV ALA MAD CHI BEN RWA GAL

Cakchiquel CAK 7.3191 42.1205 80.8034 17.2796 53.0149 70.7426 69.1580 374.6248 285.1948 246.2521
Quiche QUI 0.9900 41.5750 71.2193 18.4831 44.9236 58.6933 57.1864 243.8630 196.5950 170.7898
Buctzotz BUC 0.0030 0.0000 58.0744 35.3766 32.3419 40.7174 61.0639 119.9855 108.1753 108.6488
Campeche CAM 0.0000 0.0000 0.0000 86.0648 50.6990 68.6970 35.5107 207.7462 172.4670 200.4817
Navajo NAV 0.4810 0.3770 0.0160 0.0000 52.7999 86.5409 88.9259 309.7981 252.7315 215.5233
Alaska ALA 0.0000 0.0000 0.0230 0.0000 0.0000 55.2856 62.1930 242.2724 184.3814 151.9093
Madras MAD 0.0000 0.0000 0.0030 0.0000 0.0000 0.0000 60.8201 129.2034 123.3056 108.5762
Chinese CHI 0.0000 0.0000 0.0000 0.0200 0.0000 0.0000 0.0010 202.0052 147.7599 182.2030
Benin BEN 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 80.0655 284.0620
Rwanda RWA 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 232.8865
Galicia GAL 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

The G-test scores and P-values occupy the upper and lower levels of the diagonals, respectively. The non-significant P-values are in
bold (alpha =0.05)

Table 6 Components of genetic variance across all the populations

Genetic system HS (intra-populations) GST (inter-populations) HT (total)

WP NA MP WP NA MP WP NA MP

ACE 0.3727 0.3410 0.3561 0.2463 0.1214 0.0905 0.4946 0.3881 0.3916
APO 0.1784 0.0761 0.1087 0.4880 0.0432 0.0720 0.3485 0.0795 0.1171
COL3A1 0.0969 0.0000 0.0103 0.1780 0.0000 0.0054 0.1179 0.0000 0.0104
D1 0.3793 0.4827 0.4661 0.1185 0.0002 0.0401 0.4303 0.4828 0.4856
F13 0.2134 0.0761 0.1644 0.5407 0.0432 0.0084 0.4648 0.0795 0.1658
NBC4 0.2657 0.2139 0.1682 0.3356 0.0013 0.0934 0.4000 0.2142 0.1855
PV92 0.3119 0.3834 0.2888 0.3625 0.0500 0.0213 0.4893 0.4036 0.2952
PR 0.1069 0.1188 0.1396 0.0483 0.0007 0.0113 0.1123 0.1189 0.1412
TCR 0.0916 0.0000 0.0475 0.1145 0.0000 0.0256 0.1035 0.0000 0.0487
TPA 0.4219 0.4527 0.4646 0.1557 0.0807 0.0114 0.4998 0.4925 0.4699
All loci 0.2439 0.2145 0.2214 0.2953 0.0506 0.0418 0.3461 0.2259 0.2311

WP whole set of populations, NA Native American populations (excluding the Mayan groups), MP Mayan populations
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genetic differences correlated significantly at the level

of among groups of populations. Comparisons between

genetic partitioning in relation to geography and lin-

guistic affiliations generated insignificant P-values

among populations within groups (see Table 7). The

analyses described above suggest that the Mayan

groups examined may not represent a genetically

homogeneous population.

Discussion

Previous studies involving PAIs indicate higher inser-

tion frequencies among Native American and Asian

populations in comparison to African groups (Stone-

king et al. 1997; Watkins et al. 2001). The allelic fre-

quencies observed in the four Mayan groups examined

in the present study corroborate these previous

observations. Only the COL3A1 and TCR loci exhibit

higher insertion frequencies in the African populations

from Benin and Rwanda than in Native American,

Asian and European groups. It is likely that the high

allelic frequency levels at or near fixation in the Mayan

and the other Native American groups is the result of

genetic drift, bottle neck events and/or founder effects.

The Navajo display the lowest observed heterozy-

gosity of all the populations examined. The second and

third populations with the lowest observed heterozy-

gosity are the Quiche and Cakchiquel Mayan groups

from Guatemala. These low heterozygosity values

most likely reflect reduced genetic diversity resulting

from founder effect, genetic isolation and/or inbreed-

ing. Relative to the Mayan groups from the Yucatan

Peninsula, the two southern Guatemalan groups pos-

sess lower observed heterozygosity. The marked dif-

ferences in observed heterozygosity between these two

geographical regions may be related to higher levels of

gene flow experienced by the Buctzotz and Campeche

groups at the northern fringes of the Mayan range as

compared to the Cakchiquel and Quiche at the

southern extreme of their territory. Limited gene flow

among the Guatemalan groups is corroborated by the

China
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Rwanda
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Benin
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650

601

555Buctzocz

 Alaskan Eskimo
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606 Navajo
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530
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Fig. 2 Maximum-likelihood tree illustrating human phylogenetic
relationships. This tree was generated directly from the allelic
frequencies of ten Alu insertion polymorphisms. Bootstrap
values based on 1,000 replications are shown for each internal
branch
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position of these two groups below the regression line

of the centroid analysis. The extensive commerce and

interaction with technologically advanced neighboring

northern tribes including the Aztecs and Toltecs could

at least in part explain the greater observed heterozy-

gosity of the Yucatan Mayans in relation to their

southern counterparts with a limited number of trading

partners. In addition, the inaccessibility of the moun-

tainous terrain occupied by the Cakchiquel and Quiche

as compared to the unstructured, easy-to-travel Yuca-

tan plateau may have contributed to the relative ge-

netic isolation of the Guatemalan groups.

The overall intra-population genetic diversity is

highest for the worldwide set (24%) of populations

compared to the Mayan groups (22%) and the two

other Native American populations (21%). Overall

inter-population diversity is also highest in the world-

wide populations (30%), while the Native American

and Mayan sets exhibit comparable much lower values

(5 and 4%, respectively). The Gst for the worldwide set

of populations is higher than those reported for

17 proteins (10%) and 6 VNTR/STR (19%) loci

(Bortolini et al. 1998). The GST values for the Native

American set are in the range of previously reported

data from other genetic systems. Somewhat higher Gst

values were obtained when studying protein (9–10%)

(Bortolini et al. 1998) and blood group/protein

(8–17%) (Fagundes et al. 2002) polymorphisms in

Amerindians. Both intra- and inter-population vari-

ability among the Mayan groups are similar to the ones

observed for the other Native American populations in

this study. These results may suggest that the genetic

diversity and uniqueness of the Mayan groups is com-

parable to the values obtained for geographically dis-

tant and linguistically distinct (i.e., Na-Dene and

Eskimo-Aleut) Native American populations. The G

test demonstrated that except for the comparisons

between the two Guatemalan Mayan groups, all pair-

wise combinations involving the four Mayan groups

exhibit significant genetic differences. The Navajo was

found to be genetically similar to both of the Guate-

malan Mayan groups. These data may be indicative of

the lack of genetic homogeneity among the four Mayan

groups, especially when comparing the Guatemalan to

the Yucatecan groups. These results do not support a

homogeneous Mayan population.

The loose segregation of the four Mayan collections

among the Alaskan Eskimo and Navajo in the ML tree
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Fig. 4 The heterozygosity of
each Mayan group is plotted
against the distance of the
population from the centroid

Table 7 AMOVA

Source of variation Geographic % of variation P value Linguistic % of variation P value

Among groups 0.02 0.4076 0.21 0.0166
Among populations within groups –0.15 1.0000 –0.33 1.0000
Within populations 100.13 1.0000 100.12 0.9980

Geography (two groups): 1-Cachiquel, Quiche, Buctzocz, Campeche; 2-Alaska, Navajo. Linguistic (four groups): 1-Cachiquel, Quiche;
2-Buctzocz, Campeche; 3-Alaska; 4-Navajo

P value is significant at <0.05
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also argues for their genetic heterogeneity (Fig. 2). The

Guatemalan Cakchiquel and Quiche populations

group in close proximity with the geographically dis-

tant, Na-Dene-speaking Navajo, while the Eskimo-

Aleut-speaking Alaskan Eskimos segregate in between

the Campeche and Buctzotz Mayans from the Yucatan.

The four Mayan populations failed to group together

into a Mayan cluster. Instead, the Mayan populations

are found scattered within the Native American clade.

The scattered distribution of these four Mayans

collections within the Asian and Native American

populations in the PC plot (Fig. 3) likewise suggests

the lack of an intimate genetic affinity among these

Mayan groups. The expectations based on strong ge-

netic relationships are a tight agglutination of the four

Mayan groups away from the rest of the Asian/Native

American populations, which is not observed. Al-

though the genetic relationships reflected in the PC

graph are not the same as in the ML dendrogram, in

both analyses the Mayan groups often exhibit greater

similarity to non-Mayan populations than to them-

selves. As expected, the populations from West and

East Africa, traditionally exhibiting greater genetic

diversity, segregate somewhat distantly from each

other in the upper left-hand quadrant of the plot, while

the Galicians map in the right lower portion of the

graph away from the African and Asian/Native

American clusters. The population from Madras seg-

regates intermediately between the Galician and the

Asian/Native American cluster, but considerably closer

to the latter, probably reflecting some Asiatic influ-

ence.

The overall AMOVA using all ten loci was per-

formed to determine if genetic variability correlates

with geographic and/or linguistic partitioning. Signifi-

cant parallelism was detected along linguistic lines

when groups of populations were compared. These

results may indicate the existence of significative ge-

netic differences between the linguistically distinct

northern Mayan groups in the Yucatan peninsula

(Yucatec language subfamily) and the southern Gua-

temalan Mayans (Cakchiquel and Quiche; Quichean

language subfamily). These data also underscore the

genetic distinctness of the Guatemala and the Yucatan

Mayan groups.

The centroid test provides information on the

effective population size and/or relative genetic flow

among the groups being analyzed (Harpending and

Ward 1982). In the plot, groups above the regression

line possess a higher-than-average effective population

size and/or experience greater gene flow. The opposite

is expected of groups below the linear regression. Since

the centroid test assumes an island model of popula-

tion structure involving gene flow among groups, this

analysis is particularly useful in the assessment of rel-

ative gene flow among groups of comparable size and

capable of interbreeding due to their geographical

proximity. Considering that the four Mayan groups

under investigation are of comparable size, their seg-

regation within the centroid plot should be indicative

of gene flow. In order to assess how suitable the

assumptions of the centroid model of population

dynamics are for the Mayan groups examined in this

study, actual and theoretical regression lines were

generated using the observed and expected heterozy-

gosity values, respectively. The almost identical slopes

of both lines indicate that the Mayan groups examined

do not violate the premises of the centroid analysis. In

the present study, it is interesting that the two Mayan

groups from the Yucatan peninsula segregate above

the regression lines, suggesting greater-than-average

gene flow for these ten PAI markers. On the other

hand, the Cakchiquel and Quiche from southern

Guatemala map below the line, indicating lower-than-

average gene flow. Historical events and different

degrees of geographical isolation may provide expla-

nations for the greater levels of gene flow exhibited by

the two peninsular groups as compared to the Cak-

chiquel and Quiche at the southern range of the Mayan

empire. Historically, northern Mayan groups inter-

acted with people to the north such as the Aztec. In

addition, the geographical proximity and the flat

accessible terrain of the Yucatan plateau provided for

extensive contact with technologically sophisticated

populations to the north such as the Toltecs. In con-

trast, the two southern Mayan groups occupy less

accessible mountainous regions that may have con-

tributed to greater geographical isolation. In addition,

the Cakchiquel and the Quiche may not have been

involved in extensive interaction with the relatively

less-advanced neighbors to the south. The greater

levels of heterozygosity exhibited by the two northern

Mayan groups may suggest a longitudinal divide

among Mayan groups. It also suggests a lack of genetic

uniformity among the Mayans. Our findings, although

thought-provoking, need to be tempered and consid-

ered preliminary until additional Mayan and other

Native American populations as well as greater num-

bers of individuals per population are examined.

In conclusion, a number of parameters of population

genetic interest were assessed in the present study.

Overall, the data generated suggest that genetic het-

erogeneity exists among the four Mayan collections

examined. The Mayan groups sampled represent two

from the northern and two from the southern range

of their historical empire. These four collections
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encompass the Cakchiquel and Quiche from the tra-

ditional mountainous Mayan homeland as well as the

Buctzotz and Campeche at the northern fringes of their

empire in the Yucatan plateau. These four Mayan

groups exhibit extreme allelic frequencies at or close to

fixation for the insertion or lack of insertion allele.

Except for one pair test, the G test for genetic homo-

geneity among populations indicates that the Mayan

groups are statistically different from each other. Also,

the inter-population variation among the four Mayan

groups is comparable to that of non-Mayan Native

American populations, corroborating similar levels of

heterogeneity. Phylogenetic analyses in the form of a

ML tree and a PC plot indicate genetic affinities among

the four Mayan groups comparable to geographically

distant Native American populations. In addition, the

AMOVA test demonstrated that genetic diversity

correlated to linguistic partitioning when groups of

populations were compared. Since two of the groups of

populations studied included two distinct Mayan lan-

guage families, these results also suggest intra-Mayan

subpopulation structure along linguistic lines. Fur-

thermore, the Buctzotz and Campeche groups from the

north seem to have experienced greater gene flow in

comparison to the Guatemalan Mayans. However, the

significance of our findings needs to be tempered and

considered preliminary due to the paucity of the Ma-

yan and other Native American populations as well as

individuals examined in this study.
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