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Abstract
The past composition and genetic diversity of populations from Central Mexico during the Postclassic period (AD 900–1520) are
still little understood. Two of the largest centres of ancient groups, Tlatelolco and Cholula, declined after European conquest and
questions about their relationships with other Central Mexican cities and ritual activities have been debated. Tlatelolco was a
Mexica group that practiced the Quetzalcoatl cult and human sacrifice, including the sacrifice of children, while Cholula was
considered the main pilgrimage centre and multiethnic city during the Postclassic. This study analysed the mitochondrial DNA
control region of 28 human skeletal samples to estimate the genetic affinities of individuals buried at Tlatelolco and Cholula.
Amelogenin analysis and whole genome sequencing (WGS) were also applied to determine the sex of the 15 Tlatelolco subadults
from sacrificial contexts. Networks, PCoA and Nei genetic distances were calculated to compare Tlatelolco and Cholula
haplotypes with available ancient haplotype data from Mesoamerican groups and the two borderland areas, Paquimé and
Greater Nicoya. Mitochondrial haplogroups were characterized for 11 of the 15 samples from Tlatelolco (73%) and 12 samples
out of 13 fromCholula (92%), revealing the presence of four distinct Amerindian mitochondrial lineages at Tlateloloco, A (n = 6;
55%), B (n = 2; 18%), C (n = 1; 9%) and D (n = 2; 10%); and three lineages in Cholula, A (n = 5; 42%), B (n = 5; 42%) and C (n =
2; 16%). Statistical analysis of the haplotypes, haplogroup frequencies and Nei genetic distances showed close affinity of
Tlatelolco’s subadults with ancient Mexica (Aztecs) and closer affinities between Cholula and the Xaltocan of the Basin of
Mexico. Sex determination of Tlatelolco subadult sacrifice victims revealed that 83% were females, in contrast to previous
studies of subadult sacrificial patterns at the site. Together, these results demonstrate the multi-ethnic nature of religious and
economic centres in Postclassic Central Mexico.
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Introduction

Scholars have widely studied the ancient Mexican cities.
However, as technological advances progress, the genetic
composition of individuals living in these centres and the bi-
ological sex of infant ritual victims have been explored only
recently. During the Postclassic Period (AD 900–1520),
Tlatelolco and Cholula (located about 100 km apart) repre-
sented two important communities in Central Mexico, which
were contemporaneous to the Toltec and Aztec empires
(Nichols and Pool 2012; Carmack et al. 2007) (Fig. 1). The
most distinctive aspects of Tlatelolco and Cholula as religious
and economic centres were their ritual spaces (e.g., pyramids)
and large market plazas (Guillien Arroyo 1999; McCafferty
2007). Ethnohistorical accounts suggest cultural similarities
between the two cities (Carballo 2016), while other accounts
highlight their differences (Hirth 1996; Smith 2008a, b;
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Tsukamoto et al. 2014). However, information on the genetic
diversity of the inhabitants and their relation to other contem-
poraneous groups in Central Mexico is scarce.

Tlatelolco

Formed around AD 1337, Tlatelolco was a sister city of
Aztec Tenochtitlan, both now buried beneath present-day
Mexico City. The historical events associated with the ori-
gin of Tlatelolco and its development have been a subject of
controversy in the historical and archaeological literature
(Orozco y Berra 1960; Gonzales Rul 1996). Ethnohistoric
sources suggest that the Tlatelolcas descended from Tula,
mixed with other non-Toltec groups that repopulated the

Basin of Mexico after the collapse of the Tula Empire
(Davies 1977; Smith 1984; van Zantwijk 1985). Lake
Texcoco gave them advantages for the transportation of
goods and people and transformed into a large marketplace,
which later became a commercial city (Lopez Austin 2001).
Ethnohistoric sources identify Tlatelolco as the biggest and
most diversified marketplace in Mesoamerica during the
Late Postclassic. It may have served up to 50,000 people
daily, providing the opportunity for multicultural trade as
merchants, called pochteca, moved goods and captives over
long distances, and also contributed new slaves for sacrifi-
cial ceremonies (Gonzales Torres 2001; Lopez Austin
2001). Tlatelolco experienced a demographic explosion
during the transition from the Middle Postclassic (AD

Fig. 1 Site locations discussed in the text and noted in Table 1. ArcGIS
10.4 software (http://www.esri.com/software/arcgis) was used to generate
the figure. Service layer credits Natural Earth. Free vector and raster map
data @ naturalearthdata.com. We acknowledge the use of imagery from

the NASAWorldview application (https://worldview.earthdata.nasa.gov/)
operated by the NASA/Goddard Space Flight Center Earth Science Data
and Information System (ESDIS) project (ESDIS 2017; Patterson and
Vaughn Kelso 2017)
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1150–1350) to the Late Postclassic (AD 1350–1520) (Smith
and Berdan 2003), and the pre-Conquest population repre-
sented one of largest groups of Mexica origin, declining
rapidly after the Spanish conquest (Livi-Bacci 2006;
Vågene et al. 2017).

Tlatelolco was a neighbouring city to Tenochtitlan and was
populated by the same group of people, who were of Nahua
affiliation. In spite of their geographic proximity, Tenochtitlan
and Tlatelolco demonstrated differences in their religious
practices. On the one hand, Tenochtitlan followed the Aztec
religion that featured a polytheistic pantheon, with multiple
gods worshiped in each city but with particular patron deities,
while Tlatelolco followed the Quetzalcoatl cult, which includ-
ed human sacrifice, among other traditions. This human sac-
rifice coincided with battle celebrations, the end or beginning
of new seasons, and offerings to the deities of rain, fertility and
agriculture (de Sahagún et al. 1975; Gonzales Torres 2001).
Sacrificed victims were usually of Mexica origin and included
men and women, but young children were preferred for cer-
tain ceremonies dedicated to the rain god, Tlaloc (Roman
Berrelleza 1991; Gonzales Torres 2001). However, according
to Gonzalez Torres (2001), the pochteca also contributed to
the movement of slaves from potentially different groups in
Mesoamerica for sacrifices, ceremonies and other purposes. In
this study, we applied ancient mtDNA analysis to explore the
genetic affinity and sex of subadults found in a ritual context
in Tlatelolco; we hypothesized that subadults from the
Tlatelolco ceremonial context would display a genetic affinity
with other Mexica (Aztec) ancient samples.

Cholula

Cholula, in the Puebla-Tlaxcala Valley, was a sacred city in
central Mexico that had been continuously occupied since
about 1000 BC (Kubler 1968; McCafferty 2001). During the
Postclassic, Cholula represented a pilgrimage and religious
hub dedicated to the cult of Quetzalcoatl (McCafferty 1996).
The ethnic origins of the Cholula inhabitants has been debated
and apparently changed through time (McCafferty 2007).
Architectural, symbolic and sourcing materials have demon-
strated similarities between Cholula and Teotihuacan during
the Classic Period (AD 250–600), suggesting that the inhabi-
tants of these two cities shared an ethnic background
(McCafferty 2001). However, the arrival of Olmeca-
Xicallanca groups from the Gulf Coast also suggests an ad-
mixture of populations during the Epiclassic and Postclassic
Periods (AD 600–1520) (McCafferty 2007). According to
Carrasco (1971), Cholula was a multicultural city inhabited
by groups such as the Toltec, Chichimec and Mixtec during
the Postclassic Period. It is not clear how much of the Valley
was under the control of Cholula and other cities, but Cholula
became prominent during the Postclassic Period as a

pilgrimage core for people throughout Mesoamerica (Smith
and Berdan 2003; Lind 2012).

McCafferty (2007) suggests that Cholula’s ethnic com-
position changed through time in an unbroken sequence, but
supporting bioarchaeological evidence is not conclusive. In
contrast, Muller (1973) suggests that around AD 700,
Cholula suffered depopulation, and some inhabitants fled
as far as southern Central America. She suggests that
Cholula was later repopulated, and its core grew exponen-
tially during the Postclassic to become the Tlaxcala/Cholula
region during the Middle Postclassic (Smith and Berdan
2003). According to ethnohistoric sources, the original pop-
ulations in the Puebla Valley were the Otomangue-speaking
groups, which would have had multiethnic components
(Paddock 1987). A component of this population was the
Olmeca-Xicallanca, a Nahua-affiliated group that ruled in
Cholula from AD 800 to 1300, believed by some to be a
combination of Mixtecas and Chocho-Popolocas (Muller
1973). However, other ethnohistoric sources argue that
Nahuatl-speaking people arrived in Tlaxcala and the north
of the Puebla Valley between AD 1210 and 1230 (Smith
1984). Additional interpretations suggest the influence of
Gulf coast ethnic groups in Cholula during the Epiclassic
and Early Postclassic period (McCafferty 2007).

Cholula also functioned as an important economic heart; it
had a major international market, was a central point of pro-
duction and distributed elaborate polychrome ceramics
(McCafferty 2007). Its market stocked jewels, precious stones
and delicate featherwork (Duran 1971). Cholula’s cultural ma-
terial and religious expressions (which often featured the
feathered serpent iconography of the god Quetzalcoatl) can
be found in ceramics from the Basin of Mexico to Yucatan
and down to southern Central America, and it is worth noting
that Cholula was also the centre where Mixteca-Puebla style
goods were produced and traded (Duran 1971; McCafferty
and Steinbrenner 2005).

Ancient mitochondrial DNA could add valuable infor-
mation to understand the genetic links of the people living
in Cholula during the Postclassic. Given that Cholula has
been considered a multi-ethnic cultural hub, we hypothe-
sized that ancient Cholula inhabitants would have distinct
mitochondrial haplogroup profiles in comparison with the
Nahua of Central Mexico.

Ancient mitochondrial haplogroups and the genetic
landscape in ancient Central Mexico: implications
for Tlatelolco and Cholula

Previous studies of populations from Central Mexico have
contributed to an understanding of demographic changes
and sociocultural events. Mitochondrial ancient DNA studies
have revealed a higher frequency of haplogroup A over
haplogroup B, and low frequencies for haplogroups C and D
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(Table 1). The most studied Mesoamerican site using ancient
DNA (aDNA) is Tlatelolco, with mitochondrial haplogroup
information recovered in three separate studies conducted by
Kemp et al. (2005), Solórzano Navarro (2006), and De La
Cruz et al. (2008). Only one of these studies sequenced the
Hypervariable Region-I (HVR-I) of the mitochondria
(Solórzano Navarro 2006), usually studied for establishing
maternal lineages, while the other two explored general diag-
nostic mitochondrial DNA (mtDNA) haplogroup variants
(Kemp et al. 2005) and determined the sex of the children
sacrificed to Tlaloc (De La Cruz et al. 2008). These previous
studies provide haplogroup distributions for Tlatelolco rang-
ing from 46 to 65% for haplogroupA, 13–37% for haplogroup
B, 10–18% for haplogroup D, and finally, 4–7% for
haplogroup C. Similar results were obtained by Mata-
Míguez and colleagues (2012) using samples from Xaltocan,
an Early and Middle Postclassic site in the Basin of Mexico.
We expected to find a similar haplogroup distribution amongst
the Tlatelolco subadults in this study if, as suggested by eth-
nohistoric records, the sacrificial victims mostly belonged to
the local Mexica population.

Despite the predominance of haplogroup A in Central
Mexico (Solórzano Navarro 2006; Álvarez-Sandoval et al.
2015), a small group of samples (n = 10) from the
Xaltocan group has shown a different pattern, with equal
frequencies for both haplogroups A and B (Mata-Míguez
et al. 2012), leading the investigators to suggest that this
population was related to a different ethnic group, perhaps
the Otomí. Although these results could be strongly af-
fected by sample size, it could also indicate that the pop-
ulations in Mesoamerica may carry different haplogroup
patterns than expected. For example, Mayan aDNA sam-
ples from the Yucatan Peninsula have shown higher levels
of haplogroup A than other haplogroups, with the second
most frequent being haplogroup C (González-Oliver et al.
2001). In contrast, Mayan aDNA samples from Copán
reported by Merriwether and colleagues (2006) found an
absence of haplogroup A and B for a small group of
samples (n = 9), with the highest frequency being
haplogroup C (80%). Similar results were observed in
25 Mayan samples from an early colonial site in Belize
by Elwess and colleagues (2015) that reported a

Table 1 Mitochondrial
haplogroup frequencies of
Cholula and Tlatelolco sites and
selected Mesoamerican ancient
populations

Haplogroup frequency (%) Referencesa

Population/site N A B C D Century AD

Tlatelolco subadulta 11 55 18 9 18 1350–1519 This study

Cholula 12 42 42 16 0 250–1400 This study

Tlatelolco

1) Tlatelolcob 23 65 13 4 18 1325 (Kemp et al. 2005)

2) Tlatelolcob 30 46 37 7 10 1350–1400 (Solórzano Navarro 2006)

3) Tlatelolcoc 14 57 21 7 14 1454–1457 (De La Cruz et al. 2008)

Xaltocan

Pre-Aztec conquest (PrAz)d 10 30 30 0 40 1240–1541 (Mata-Míguez et al. 2012)
Post-Aztec conquest (PoAz)d 15 60 20 6 13

Tetetzontlilco 30 70 10 17 3 1531–1600 (Solórzano Navarro 2006)

Teotihuacán 36 58 25 14 3 300–700 (Aguirre Samudio et al. 2016)

Teopancazco 29 55 21 17 7 200–550 (Álvarez-Sandoval et al. 2015)

Yucundaa 41 54 24 17 5 1544 (Warinner et al. 2012)

Mayase 38 60 0 34 5 250–1500 (Ochoa-Lugo et al. 2016)

Xcaret 24 88 4 8 0 600–1521 (González-Oliver et al. 2001)

Copán 9 0 0 88 12 700–1300 (Merriwether et al. 2006)

Paquimé 15 20 47 27 7 1200–1450 (Morales-Arce et al. 2017a, b)

a These samples belong to individuals from a sacrificial context
b These samples belong to adults of the general population burial excavated in 1965 and 1966 from the ceremonial
center of Tlatelolco
c These samples were identified as male subadults, by molecular analysis, from a sacrificial context dedicated to
the God of the Rain
dHypothesized language and ethnic affiliations correspond to Otomí before the conquest of Xaltocan by Aztecs
(Mata-Míguez et al. 2012)
e These Mayan samples are from Mexico, mostly from archaeological sites in Tabasco and Chiapas and a few
from Yucatán and Quintana Roo (Ochoa-Lugo et al. 2016)
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haplogroup C frequency of 64% followed by D (28%) and
B (8%), highlighting also the absence of haplogroup A.
Overall, however, the amount of ancient genetic data on
Mayan groups is limited, and haplogroup distributions
may be significantly influenced by poor preservation and
DNA amplification bias. Nevertheless, these Mayan group
observations are relevant to the study of Cholula’s popu-
lations, as this city could have had Gulf Coast Maya
groups among its inhabitants during the Epiclassic period
(AD 600–900). Finally, only one group of ancient samples
(n = 9) had been previously analysed for Cholula (AD

1100–1500) that reported a frequency of 100% for
haplogroup A (Juárez Martín 2002). If Cholula’s popula-
tion was primarily composed of people of Central
Mexican origin, we expected that its inhabitants would
present higher frequencies of haplogroup A compared to
other haplogroups. Alternatively, higher frequencies of
haplogroups B or C would be observed if its population
was indeed composed of a more diverse, multi-ethnic
population.

Analyses of ancient DNA should be addressed cau-
tiously. Population dynamics models analysing genetic di-
versity of remaining Mesoamerican groups from Central
Mexico, such as Otomí, Nahua and Tepehua, suggest a
demographic expansion during the Archaic and
Formative periods, while their populations started to de-
cline after the Classic period, and abruptly in colonial
times (González-Martín et al. 2015). For this purpose, it
is necessary to increase the database of ancient samples
and DNA sequence coverage to better approach questions
on past Mesoamerican group compositions and move-
ments. Through ancient mtDNA analysis of 28 samples
from Central Mexico, 15 from Tlatelolco and 13 from
Cholula, our study aims to assess the genetic affinities
of these two sites with other ancient groups from
Central Mexico to augment the understanding of the past
genetic structure in correspondence with ritual practices
and culture history in Mesoamerica. Moreover, as the
sex of subadult skeletons is difficult to assess based on
morphological features alone, ancient DNA techniques are
also applied to accurately identify the sex ratio of the
subadult sacrificial victims from Tlatelolco.

Materials and methods

Archaeological sites and samples

The two archaeological sites analysed in this study date to AD

250–1520 (Table 2). The Tlatelolco samples correspond to the
Late Postclassic Period (AD 1350–1520). Excavations at
Tlatelolco were conducted between 1961 and 1962 in a cere-
monial context associated to the Templo Mayor (Guilliem
Arroyo 2016). Samples analysed from Cholula, Puebla, date
to the Postclassic Period (AD 900–1350), except for one sam-
ple that dates to the Classic Period (AD 250–600); these sam-
ples were excavated between 2009 and 2013 in San Andres,
Cholula, Puebla (Saenz Serdio and Cedillo Ortega 2016). A
graphical summary of the methods is provided in Fig. S3
(Supplementary Material 2).

A total of 28 individuals were selected for this analysis
(Table 2), with one skeletal element analysed per individual,
except for Cholula samples Cho#9 and Cho#10 which be-
long to the same individual (Table 3). Fifteen individuals
from Tlatelolco were sampled from the Dirección de
Antropología Física, INAH-Mexico D.F. by Jose Antonio
Pompa y Padilla, donated to the University of Calgary in the
early 1990s (Guilliem Arroyo 2016). Thirteen individuals
were sampled from excavations conducted by the INAH-
Puebla, donated for aDNA analysis to the University of
Calgary in 2015 (Saenz Serdio and Cedillo Ortega 2016).
A map with the approximate locations of the sites noted in
the text was created using Esri’s ArcMap 10 (Fig. 1).
Permission to sample the Cholula material and for
conducting destructive analysis was provided by the
INAH Puebla and Coordinación Nacional de Arqueología,
Mexico (#401-3-1922). For the Tlatelolco material, permis-
sion for sampling and analysis was granted by Dirección de
Antropología Física, INAH, Mexico.

DNA extraction

All 29 bone samples were first extracted within the dedicated
clean laboratory at the University of Calgary, Canada.
Subsequently, the 15 Tlatelolco samples were independently
re-extracted and analysed within the dedicated ancient DNA

Table 2 Archaeological sites,
dates and number of samples
processed

Site Period Date N Sample IDs

Tlatelolco Late Postclassic AD 1350–1519 15 IF #1–IF #15

Cholula Classic AD 250–900 1 Cho #5

Early Postclassic AD 900–1150 4 Cho #1–Cho #4

Middle Postclassic AD 1150–1350 8 Cho #6–Cho#13, Cho #24

Total 28
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laboratory in BioArCh, University of York, UK. Both labora-
tories follow comprehensive controls for the prevention and
detection of contamination including the use of UV filtered
ventilation and positive airflow, UV sources for workspace
decontamination; protective clothing such as Tyvex suits,
masks and disposable gloves; and separation of pre- and
post-PCR workspaces, equipment, and consumables. Non-

template controls (including blank extractions and negative
PCR controls) were processed alongside the experimental
samples during all the analytical steps to monitor for the pres-
ence of contamination. In the case of ribs, metacarpals and
tarsals, a ~ 1-cm2 piece of bone was cut for the extraction
process, while the entire tooth was used for dental samples.

In both laboratories, the bone samples were chemically
decontaminated through submersion in 6% sodium hypo-
chlorite for 10 min, rinsed twice with ultrapure water and
irradiated with 254-nm ultraviolet light for 30 min on two
sides. Subsequently, samples were reduced to powder and
incubated at 50 °C overnight in 5 ml of lysis buffer (0.5 M
EDTA, pH 8.0, 0.5 mg/ml proteinase K and 0.12% SDS).
After demineralization, DNA extraction and purification
followed the MiniElute silica spin column protocol by
Yang and colleagues (1998, 2008) and the DNAwas eluted
twice with 50 μl aliquots of TET buffer (in Calgary) or
Qiagen EB buffer (in York).

mtDNA amplification and sequence analysis

Mitochondrial DNA was analysed by amplification of the
Hypervariable Regions I and II (HVR-I and HVR-II)
covering ~ 300 bp per region. Eight overlapping frag-
ments of the HVR-I and HVR-II were amplified and
analysed following the procedures described in
Morales-Arce and colleagues (2017b) to determine ma-
ternal haplotypes of the individuals.

In addition, three overlapping fragments were used to rep-
licate amplifications and target the HVR-II and partial HVR-I
region in the Cholula samples (mt1–1 5′-TAACTCCACCAT
TAG CAC CC-3′, mt3–1 5′-CAC CCTATTAAC CAC TCA
CG-3′, mt4–2 5′-ATT ATT TAT GGC ACC TAC GTT C-3′)
as described in Katzenberg and colleagues (2005). PCR was
run for 40 cycles at 95 °C for 30 s (denaturing), 55 °C for 30 s
(annealing) and 72 °C for 45 s (extension), with an initial
12 min denaturing period at 95 °C. Extraction blanks and
PCR negative controls were run along with each PCR set.
Electrophoresis on 2% agarose gels was used to visualize
positive amplifications of targeted fragments. PCR products
were sequenced using forward and/or reverse primers at
Eurofins Genomics, Louisville, KY. The obtained sequences
were visually edited using ChromasPro software (www.
technelysium.com.au) and truncated to remove primer
sequences. Edited sequences were compared by alignment
against the Cambridge reference (rCRS NC_012920),
through BioEdit 7.2.5 software (Hall 1999).

Sequences were edited using the sequence coordinates of
the revised Cambridge Reference Sequence (rCRS) (Andrews
et al. 1999). Most of the sequences targeted the mtDNA con-
trol region from 16,024 to 16,410 (encompassing HVR-I) and
34 to 389 (encompassing HVR-II) (Stoneking 2000).
Haplotypes were assigned based on the observation of

Table 3 Archaeological samples processed

Sample ID
(laboratory)

Collection
name

Burial Individual Age at
deathd

Sample
type

Tlatelolcoa

IF #1 1 55 7–12 Rib

IF #2 2 103 4–6 Rib

IF #3 3 14 7–12 Metatarsal

IF #4 4 37 7–12 Rib

IF #5 5 51 0–3 Rib

IF #6 6 24 4–6 Rib

IF #7 7 13 4–6 Rib

IF #8 8 50 0–3 Rib

IF #9 9 12 4–6 Metatarsal

IF #10 10 93 0–3 Rib

IF #11 11 16 4–6 Rib

IF #12 12 1 0–3 Rib

IF #13 13 25 7–12 Rib

IF #14 14 35 4–6 Rib

IF #15 15 14D 0–3 Rib

Cholulab,c Sexd

Cho#1 Col-1 7 Male Tooth RP4

Cho#2 Col-2 16 Female Tooth LM3

Cho#3 Col-3 3 3 Female Tooth LM3

Cho#4 Col-4 11 Female Tooth RM3

Cho#5 R3-1 1 Male Metacarpal

Cho#6 S13-1 2B – Tooth I

Cho #7 S13-2 33G – Phalange

Cho#8 S13-3 105 – Phalange

Cho#9 S11-1 13 Female Metatarsal

Cho#10 S11-2 Metatarsal

Cho#11 S11-3 7 Female Metatarsal

Cho#12 S11-4 9 Male Tooth LM3

Cho#13 S11-5 14 – Tooth M

Cho#24 0–21K-13W 6 IV Female Metatarsal

a Samples from Tlatelolco were excavated between 1961 and 1962
b Cholula’s teeth identification followed the Standard’s book (Buikstra
and Ubelaker 1994)
c Samples excavated between 2009 and 2013, except for CHO#24 which
was excavated in 1967 (Guilliem Arroyo 2016; Saenz Serdio and Cedillo
Ortega 2016)
d Age at death and sex estimations are described in the site reports of
Tlatelolco and Cholula, respectively (Guilliem Arroyo 2016; Saenz
Serdio and Cedillo Ortega 2016)
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variable positions for each sequence in each sample in com-
parison with updated databases of the mitochondrial human
phylogeny in PhyloTree (van Oven and Kayser 2009; van
Oven 2015) and additional Web-based searches for near-
matches. Confirmation of haplogroups followed diagnostic
presence/absence of variants according to O’Rourke and
Raff (2010). To authenticate the mtDNA analysis results, sam-
ples from Cholula underwent repeat extraction and amplifica-
tion within the University of Calgary laboratory, while for the
Tlatelolco samples, mtDNA haplogroups were confirmed
through analysis of full and partial mtDNA genomes obtained
through whole genome sequencing (WGS) (see BWhole ge-
nome library preparation and sequencing^). Rather than un-
dertaking cloning, we confirmed haplotypes using those
mtDNA genomes with greater than 5× depth of coverage for
the Tlatelolco samples (Supplementary Material 1), and
through repeat sequencing for Cholula samples.

Statistical analysis and population comparison

First, genetic affinities of the Tlatelolco and Cholula sam-
ples were compared with other populations from Central
Mexico. The comparative populations were selected based
on available coverage of HVR-I (16,106–16,378 bp), and
contemporaneous time periods (AD 250–1519). The se-
quences from the published aDNA data corresponding to
the Mesoamerican Classic and Postclassic periods were
compiled from the literature (Solórzano Navarro 2006;
Mata-Míguez et al. 2012; Álvarez-Sandoval et al. 2015;
Morales-Arce et al. 2017b) corresponding in total to 105
HVR-I sequences and 62 variants. The comparative ancient
samples came from the sites of Tlatelolco (27 samples),
Basin of Mexico-Xaltocan (25 samples), Teopancazco (15
samples), Mayas from Mexico (38) samples, and finally an
external non-Mesoamerican group, Paquimé (15 samples).
Nei genetic distances between the populations and a haplo-
type PCoAwere calculated using the software GenAlex 6.5
(Peakall and Smouse 2006, 2012). Nei genetic distance is a
measure of differentiation between populations (Nei 1972).
The effect of geographic distance on the genetic affinities
was also considered (S4 Table). The statistical significance
of the correlation between geographic and genetic distance
matrices was evaluated by the Mantel test with 1000 permu-
tations (Mantel 1967). GenAlex 6.5 was used to make a
geographic distance matrix and to calculate the Mantel test.

The second approach to biological affinities/differentiation
was based on haplogroup frequencies available for
Mesoamerican prehistoric populations (Table 1). Nei genetic
distances for haplogroup frequencies were calculated with
Phyllip 3.696. Fisher exact tests, in Genpop (Raymond and
Rousset 1995; Rousset 2008), were used to evaluate the sta-
tistical significance of differences in haplogroup frequencies
between each pair of populations. Furthermore, a PCoA was

conducted using the haplogroup frequencies under standard
covariance assumptions.

Finally, for haplotypes, a median-joining network was built
separately for haplogroups A, B, C and D following Bandelt
and colleagues (1999) with default settings, notably without
changing position weight, using the software NETWORK
5.0. The network includes haplotypes belonging
to populations who lived between AD 200–1519; for nucleo-
tide positions from 16,106 to 16,378 of the HVR-I. The same
populations were used for genetic haplotype affinities, with
the exception of samples from Jícaro, Greater Nicoya,
that were added in the construction of the haplogroup B net-
work. These are the only extant haplotypes for ancient Central
America, a Mesoamerican borderland (Morales-Arce et al.
2017a). The Jícaro, Greater Nicoya, samples were omitted
from the other population analyses due to small sample size
(n = 3).

Sex determination and whole genome sequencing

Amelogenin analysis

Sex determination for the Tlatelolco subadults was conducted
through targeted PCR amplification of the amelogenin locus,
as well as throughWGS sex identification methods (Skoglund
et al. 2013). At the University of Calgary, PCR amplifications
targeted the amelogenin locus as described in Dudar and col-
leagues (2003) (Common primer 5′-TCA TGA ACC ACT
ACT CAG GRA GG-3′, XA 5′-TAG AGT GTG ACT ATC
TTA GAA TCA GG-3′, YA 5′-AAA GAG AGG AAA TTA
TAT GCC CAA AGT T-3′). Reactions were amplified for
60 cycles and co-amplified fragments of 120 bp for the Y-
chromosome, and 155 bp for the X-chromosome. The PCR
conditions consisted of 95 °C for 30 s (denaturing), 50.2 °C
for 30 s (annealing) and 70 °C for 45 s (extension), with an
initial 12 min denaturing period at 95 °C. The visualization of
X- and Y-chromosome PCR products was conducted on
MetaPhor agarose 3% stained with ethidium bromide. The
PCR blank reactions did not show spot contamination during
the collection of the data.

Whole genome library preparation and sequencing

At the University of York, the DNA extracts from all samples
were converted into double-stranded Illumina sequencing li-
braries for shotgun sequencing following the protocol by
Meyer and Kircher (2010) and modified according to Fortes
and Paijmans (2015). Libraries were prepared using 25 μl of
DNA, and individual P5 and P7 barcodes were included for
each sample. Libraries were constructed from blank extracts,
and negative controls were processed along with all samples
and monitored for contamination. Three microlitres of the
resulting libraries were amplified and indexed in a 25-μl
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reaction containing 1× AmpliTaq Buffer, 2 mM MgCl2,
0.1 mg/ml BSA, 0.25 mM dNTPs, 1.25 U AmpliTaq Gold
360, 0.2 μM IS4 Forward Primer and 0.2 μM each of individ-
ually barcoded P7 Indexing Primer. Amplification thermal
cycling conditions were as follows: 10 min at 94 °C; between
14 and 19 cycles of 30 s at 94 °C (denaturing), 45 s at 60 °C
(annealing) and 45 s at 72 °C (extension); and a final extension
step of 5 min at 72 °C. Amplified libraries were purified using
Qiagen MinElute PCR purification columns, quantified using
a Qubit 2.0 Fluorometer, and quality assessed on an Agilent
2100 Bioanalyzer, using a High Sensitivity Chip. The indexed
library from one sample (IF#4) was paired-end sequenced
(read length 75 bp) on a NextSeq platform at the University
of Potsdam to determine whether the endogenous DNA con-
tent would be sufficient for sex identifications. The remaining
successfully indexed libraries (12 of 15 samples) were pooled
in equimolar concentrations (along with blanks and negative
controls) and single-end sequenced (with read length 80 bp)
on a HiSeq2000 Illumina platform at the National
Highthroughput DNA Sequencing Centre, University of
Copenhagen, Denmark. Raw sequence data were deposited
in the GenBank database (http://www.ncbi.nlm.nih.gov/
genbank/; BioProject PRJNA423230; SRA accession:
SRP127309); the WGS results are presented in the
Supplementary Material 1.

Whole genome data analysis

The raw reads obtained from the sequenced libraries were
trimmed for adapter and P5 index sequences using cutadapt
v1.11 (Martin 2011). During P5 index trimming, one error in
the index sequence was allowed (parameter − e 0.125). The
reads were filtered to a minimum phred-scaled quality score of
20 (− q 20), and any sequence less than 20 bp in length (−m
20) or that did not match the correct P5 index was discarded
from analysis. The individual reads from each sample were
then mapped to the human reference genome (hg38) using the
Burrows-Wheeler Alignment 0.7.5a (Li and Durbin 2009)
with the following parameters (bwa aln −q 20 −n 0.01 −l
1024) to increase the maximum number of mismatches and
disabled the seed length (Schubert et al. 2012). Reads were
sorted and PCR duplicates removed using Samtools v0.1.19
(Li and Durbin 2009). Mean depth of coverage for the
mtDNA genomes was calculated using Samtools, taking into
account depth at all positions (including zero depth). Mean
fragment lengths were estimated using BAMStats (http://
bamstats.sourceforge.net/). Sequence length distributions and
damage patterns were assessed through the mapDamage2.0
package (Jonsson et al. 2013).

Sex identification was undertaken on the human genomic
sequences by calculating the ratio of reads aligning to the Y
chromosome to reads aligning to both sex chromosomes (Ry)
based on the method proposed by Skoglund and colleagues

(Skoglund et al. 2013). The 95% confidence interval (CI) was
computed as Ry ± 1.96 × Ry × (1 −Ry)/(Nx + Ny), where Nx
and Ny are the total number of reads aligning to the X chro-
mosome and Y chromosome, respectively. Only reads with a
mapping quality above 30 were considered.

To confirm the mitochondrial haplogroups of Tlatelolco
samples produced through HVR analyses, the obtained geno-
mic sequences were aligned to the rCRS using the same map-
ping parameters, as above and consensus mitochondrial ge-
nome sequences were called using Samtools mpileup.
Haplogroups were assigned based on definingmutations iden-
tified through mthap (http://dna.jameslick.com/mthap/).

Results

Ancient DNA preservation

Overall, the Tlatelolco and Cholula samples demonstrated
good preservation, considering their antiquity and prove-
nience. The success rate for PCR amplifications was
higher in Cholula (92%) than in Tlatelolco (73%), and
in total for this study, we amplified mitochondrial DNA
by PCR for 82% of the samples.

Indicators of DNA preservation from WGS of the
Tlatelolco samples were consistent with the results obtained
through PCR amplifications. The endogenous human DNA
content of the bones was quite variable, ranging from 0.04
to 86% with a mean of 25% ( Supplementary Material 1). At
Tlatelolco, the 10 samples with > 1% endogenous human
DNAwere all successful for HVR amplifications. Of the four
samples that failed mtDNA amplification, two contained <
0.5% human DNA (IF#10 and IF#12) and the other two
contained insufficient DNA for Illumina library preparation
(IF#8 and IF#14). Authentication of WGS results was under-
taken through the assessment of post-mortem degradation in-
cluding short sequence length and characterist ic
misincorporation patterns, particularly the deamination of cyto-
sine (C-T) at the 5′ ends of molecules (Jonsson et al. 2013;
Ginolhac et al. 2017). An increase in C-T mutations (3–20%,
mean = 13%) was observed towards the 5′ and 3′ ends of mole-
cules in all libraries, except for IF#12, whichwas discarded from
subsequentWGS analysis ( SupplementaryMaterial 1; S2 Fig.).

Mitochondrial DNA analysis

Based on HVR sequences, the mitochondrial haplogroups
were characterized for 11 of the 15 samples from
Tlatelolco (73%) and 12 samples out of 13 from Cholula
(92%). The results revealed the presence of four distinct
Amerindian mitochondrial lineages in Tlatelolco: A (n =
6; 55%), B (n = 2; 18%), C (n = 1; 9%) and D (n = 2;
10%). In contrast, only three Amerindian mitochondrial
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lineages are present in Cholula: A (n = 5; 42%), B (n = 5;
42%), and C (n = 2; 16%) (Table 4).

The HVR-I and HVR-II haplotype variants are shown in
Table 4. In eight samples, the sequence reading ranges were
fragmented and did not cover the complete targeted sequence
range, which caused difficulties in the use of software such as
HaploGrep to define haplogroups (Bandelt et al. 2012; Röck
et al. 2013). The sequences were deposited in GenBank
(http://www.ncbi.nlm.nih.gov/genbank/; accession numbers
MG550891–MG550915).

Distinctive transitions of the Native American haplogroups
were observed in both hypervariable regions. Samples_IF#1,
3, 4, 5, 7, 9, and Cho#3, 6, 7, 12, 24 assigned to haplogroup A
presented diagnostic transitions T146C, A153G, C16111T,

C16290T, G16319A, T16362C, except for sample_Cho#3
that instead showed transitions A235G and C16290T.

Samples_IF#2, 13, Cho#2, 5, 9, 9/10, 13 assigned to
haplogroup B showed the common Native American transi-
tion T16217C, except for sample_Cho#8 that presented tran-
sitions T16189C, T16298C and T16311C. HVR-I
transversion A16183C was observed in samples_IF#2, 13,
Cho#8, 9/10, and 13 for haplogroup B. Haplogroup C
samples_IF#11, Cho#4 and 5, presented transitions
T16325C, C16327T, and only sample_Cho#11 displayed a
deletion of base pairs 290–291 characteristic of haplogroup
C1. Finally, in haplogroup D, samples_IF#6 and 15 presented
transitions C16223Tand T16362C. Haplogroup D was absent
in the Cholula samples (Table 4).

Table 4 Mitochondrial haplotypes and haplogroups (H) of the HVR-I and HVR-II for each sample from Tlatelolco and Cholula

ID H

HVR-I HVR-II

1
6
0
2
6
C

1
6
1
1
1
C

1
6
1
3
6
T

1
6
1
4
5
G

1
6
1
4
7
C

1
6
1
5
3
G

1
6
1
7
2
T

1
6
1
8
2
A

1
6
1
8
3
A

1
6
1
8
9
T

1
6
2
0
1
C

1
6
2
1
7
T

1
6
2
0
9
T

1
6
2
2
3
C

1
6
2
3
4
C

1
6
2
3
5
A

1
6
2
4
0
A

1
6
2
4
1
A

1
6
2
9
0
C

1
6
2
9
8
T

1
6
3
0
0
A

1
6
3
0
1
C

1
6
3
1
1
T

1
6
3
1
9
G

1
6
3
2
5
T

1
6
3
2
7
C

1
6
3
4
2
T

1
6
3
4
5
A

1
6
3
4
8
C

1
6
3
4
4
C

1
6
3
6
2
T

1
6
3
7
7
C

4
1
C

4
8
C

6
4
C

7
3
A

1
3
0
G

1
4
2
T

1
4
6
T

1
5
2
T

1
5
3
A

1
9
5
T

2
1
7
T

2
3
5
A

2
6
3
A

3
1
0
T

3
2
0
C

3
2
5
C

3
2
7
C

3
4
0
C

3
7
7
C

IF#

1
A2 T A

N N N N N
T A C

T C G N N Y Y Y

IF#

3
A2 T C T A C

T G C C G G

IF#

4
A2 T N N N N T T G A C

G N N N N N N N N N N

IF#

5
A2 T T T A C

G C C G G

IF#

7
A2 T Y T G T A T C

G C G G G

IF#

9
A2 T C T T C A C

T G C G G G Y

IF#

13
B C C C

G Y Y N N N N N N N N N N

IF#

2
B M C C

G G C

IF#

11
C C T C C T R Y Y

G N N C C N

IF#

6
D Y N N A T T T G N N N N N N N N N C

Y T G R N N N N N G G N N N N N N

IF#

15

D4

h3
T A G T C C

Y G G

ID H

HVR-I HVR-II

1
6
1
1
1
C

1
6
1
2
9
G

1
6
1
8
1
A

1
6
1
8
3
A

1
6
1
8
9
T

1
6
2
1
3
G

1
6
2
1
7
T

1
6
2
2
3
C

1
6
2
3
9
C

1
6
2
4
0
A

1
6
2
7
8
C

1
6
2
9
0
C

1
6
2
9
8
T

1
6
3
1
1
T

1
6
3
1
9
G

1
6
3
2
5
T

1
6
3
2
7
C

1
6
3
5
4
C

1
6
3
6
2
T

1
6
3
9
1
G

4
4
.1
C

6
4
C

7
3
A

1
1
4
C

1
4
6
T

1
5
0
C

1
5
2
T

1
5
3
A

1
9
9
T

2
0
4
T

2
2
5
G

2
3
5
A

2
5
0
T

2
6
3
A

2
6
7
T

290-

291

del

3
0
9
.1

3
1
5
.1

Cho

#3
A2

T G T N N N N N T G C C G C A G

Cho

#6
A2

T A C T T A C N G C G G C C

Cho

#7
A2

T T T T A C N T G C C G G C C

Cho

#12
A2

T T T T A C C T G C C G G G C C

Cho

#24
A2

T A C N T G C G G G C C

Cho

#2
B

C N N N N N N N N N N N N N N N N N N

Cho

#5
B

N N C C N N N N N G G C

Cho

#8
B

C C N N N N N C C N N N G G T C C

Cho

#9
B4

C C A C T G T G C C

Cho

#10 C Y A C T G T G C C

Cho

#13
B4

C C C Y G G C C

Cho

#4
C

T N N N N N C C C T N N N N N N N N N N N N N N N N N N N N N

Cho

#11
C1

G T C C G G C

Cho

#1
?

N N T T A N N N N N N N N C C C G C C
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Nei genetic distances based on sequences of the HVR-I
(16106–16,378 bp) showed closer genetic affinity of the
Tlatelolco subadults with sequences from Tlatelolco and those
identified as Aztecs in Xaltocan (PoAz_Xaltocan), than to any
other group (0.007) (Table 5).

Sequences from Cholula displayed the closest relation-
ship with PrAz_Xaltocan (0.023) although the Tlatelolco
subadults were even more closely related to this group
(0.014) (Table 5; Fig. 2). Both Tlatelolco subadults and
Cholula presented the highest genetic distances with sam-
ples from Teopancazco (Teotihuacan) which represent a
multiethnic neighbourhood in Teotihuacan combining lo-
cals and migrants (Álvarez-Sandoval et al. 2015) (Table 5;
Fig. 2). Genetic distances with Paquimé and Mayas showed
similar results in relation to Tlatelolco and Cholula
(Table 5). To further investigate the patterns of genetic var-
iation in geographic space, the Mantel test was used to mea-
sure the correlation between geographic and Pairwise Nei
genetic distance matrices. The results showed a non-
significant correlation between the genetic and geographi-
cal distance matrices (r = 0.01589, P < 0.683), indicating
that the levels of genetic differences between these popula-
tions do not depend on geographic distances (S4 Table).

The analyses of haplogroup frequencies consistently
showed a closer genetic affinity of Tlateololco subadults to
the sacrificial victims from the same site reported by De la
Cruz and colleagues (2008) (0.003004) and also to the Po_Az
(0.00499) (Table 6; Fig. 3).

However, the haplogroup frequency distribution of the
Tlatelolco subadults was not statistically different from that
of most of the others at the 0.05 level of probability
(P < 0.0038with Bonferroni’s correction (Abdi 2007)), except
for the Maya sites of Copán and Xcaret (Table 7).

Based on haplogroup frequencies, Cholula shows closer
genetic affinity to Tlatelolco (0.03018) (Table 6; Fig. 3) than
to most others. However, Cholula’s haplogroup distributions
were only significantly different from those of PrAz_Xaltocan
(0.0013), Mayas (0.0001), Xcaret (< 0.0001) and Copán (<
0.0001) (Table 7).

The haplotype networks constructed for haplogroup A
(Table 4; Fig. 4) showed that Tlatelolco-subadult haplotypes
derive from other Central Mexican populations; however,
these subadults carried unique haplotypes, not related between
them, which is observable in the dispersion from the basal
node in the samples (Fig. 4). At the same time, Cholula hap-
lotypes derived fromMesoamerican haplotypes, and only two
individuals, sample_Cho#7 and Cho#12, carry identical hap-
lotypes which indicate most possibly maternally related indi-
viduals (Fig. 4). The same individuals share this haplotype
with two ancient samples from the Mexican Maya area de-
scribed by Ochoa and colleagues (2016), named T3E9 and
E7P65, from the sites of Comalco and Tenosique, respective-
ly, in Tabasco (AD 500–1000). Haplogroup B, C and D net-
works show that Tlatelolco and Cholula samples carried most-
ly unique haplotypes, and Tlatelolco samples are associated
with the Aztecs rather than other groups (Fig. 4). None of the
Cholula samples show an association to Teopancazco
(Teotihuacan) haplotypes in the networks (Fig. 4).

Finally, a larger sample size could increase the ability
to understand the association of the haplogroup D hap-
lotypes in Mesoamerica, especially from the Mayan ar-
ea, where this haplogroup has been described for past
populations (Merriwether et al. 2006). Maternal lineages
from Cholula did not derive from currently available
sequences from the Maya area (Ochoa-Lugo et al.
2016). The two haplogroup D samples from the
Tlatelolco subadults not only exhibit mutations
C16223T and T16362C but also carry unique haplotypes
(Fig. 4). Finally, there were no Cholula samples
assigned to this haplogroup. Unfortunately, the lack of
reported HVR-II sequences also limits the comparisons
of more control region variants with other populations
from ancient Central Mexico.

Sex identification of Tlatelolco subadults

Targeted amplification of the amelogenin locus was successful
for eight of the 15 samples from Tlatelolco, indicating a

Table 5 Pairwise population matrix of Nei genetic distances based on sequence data

Tlatelolco subadults Cholula Tlatelolco PrAz_Xaltocan PoAz_Xaltocan Teopancazco Paquimé Mayas

0.000 Tlatelolco subadults

0.023 0.000 Cholula

0.015 0.027 0.000 Tlatelolco

0.014 0.023 0.015 0.000 PrAz_Xaltocan

0.007 0.025 0.015 0.014 0.000 PoAz_Xaltocan

0.250 0.197 0.209 0.263 0.256 0.000 Teopancazco

0.028 0.022 0.024 0.015 0.030 0.270 0.000 Paquimé

0.022 0.030 0.022 0.021 0.021 0.281 0.030 0.000 Mayas
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female sex for all successful samples (S1 Fig.). Subsequent
WGS confirmed the female sex for these eight samples and
identified two additional females and two additional males
within the assemblage (10 females, two males total)
(Supplementary Material 1). Together, the sex identification
results indicate a sex ratio of 5:1, and a dominance of female
subadults within the sacrificial assemblage.

Authenticity of the obtained results

The authenticity of the obtained results can be demon-
strated through a number of criteria, including (1) good
overall preservation of DNA within the Tlatelolco assem-
blage, as evidenced by a mean endogenous DNA > 20%;
(2) repeat amplifications of the samples within the same
and different laboratories produced consistent mtDNA
haplotypes and haplogroups; (3) where one individual
was represented by two bone elements (Cho#9 and
Cho#10), consistent haplotypes were obtained from both
elements (Tables 2, 3); (4) the sex determination results
obtained through PCR amplification of the amelogenin
locus were consistent with those obtained through WGS;
(5) misincorporation patterns in the WGS data was con-
sistent with degraded templates (S2 Fig); (6) all of the
s amp le s p roduced hap lo t ypes cons i s t en t w i t h
Amerindian lineages, while none of the laboratory
workers in Calgary or York exhibit Native American
haplogroups; and (7) blank extractions and/or negative
controls failed to produced PCR amplifications in the
mtDNA or amelogenin analyses.

Discussion and conclusions

The analysis of Tlatelolco’s and Cholula’s genetic affinities
shows that their cultural history of rituals and ethnic compo-
sitions is also reflected in their genetic structure. As expected,
a higher frequency of haplogroup A was observed for the
Tlatelolco subadults. The observance of close genetic similar-
ities of the Tlatelolco subadults to Tlatelolcas and Aztecs sup-
ports the ethnohistoric accounts (Broda de Casas 1971) that
suggest that Tlatelolcas offered children from within their im-
mediate social group for ceremonial purposes. However, sex
determination of the Tlatelolco subadults also revealed that
ten of the victims (83%) corresponded to females, a pattern
different from the one found by De La Cruz et al. (2008), who
molecularly identified the sex of other sacrificed children as
exclusively male. This discrepancy could reflect the variety of
rituals in Tlatelolco, as depending on the Aztec calendar, in
which subadult females could have been preferred for certain
sacrificial practices (Motolinía 1950; Broda de Casas 1971).
For example, Broda de Casas (1971) suggests that young fe-
male ceremonial victims would impersonate the lake. The
study of additional skeletons associated with diverse ceremo-
nial contexts in Tlatelolco and Tenochtitlan is necessary to
understand the patterns of this Mexica practice further.

Secondly, this study aimed to evaluate Cholula’s
Postclassic population and its genetic affinity to other
Mesoamerican groups. We found in Cholula an equal repre-
sentation of haplogroups A and B (42%) and a complete lack
of haplogroup D; our finding contrasts with the rest of Central
Mexico where haplogroup A is more common, and

Fig. 2 Principal coordinates
(PCoA) based on Nei’s genetic
distances for the HVR-I haplo-
types (16,106–16,378 bp)
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haplogroup D is commonly observed in lower frequencies
(Table 3). The reason for Cholula’s different haplogroup dis-
tribution from others in Central Mexico is unknown but might
relate to ethnohistorical and archaeological evidence of ethnic
migration to the city in the Epiclassic period (AD 600–900)
(McCafferty 2007). Although Cholula sequence-based genet-
ic distances show closer affinity to PrAz_Xaltocan (Table 4),
the haplogroup distribution between them is significantly

different (Tables 6 and 7) probably due to the absence of
haplogroup D in Cholula, versus a 40% presence in the
PrAz_Xaltocan group (Table 5). However, haplogroup fre-
quencies do not evaluate directly the lineage relationships.
The use of only haplogroup frequencies limits the evaluation
of other relevant aspects of the demographic history such as
the extent of admixture, drift and natural selection (Kivisild
2015). A closer examination of haplotypes shows strong
similar i t ies between Cholula inhabitants and the
PrAz_Xaltocan populations (0.023), with several derived
variants, but it would be necessary to increase the dataset
from Xaltocan past groups to clarify this relationship. With
respect to mtDNA haplotypes, a higher genetic distance of
Cholula samples to Teopancazco (0.250) than to any other
Central Mexican population questions the hypothesized
population’s movements from Teotihuacan to Cholula after
the collapse of the Classic period. This point deserves much
further investigation by adding more samples for each peri-
od in Cholula. Lastly, Cholula also presented a significantly
different pattern from the Mayan populations here analysed
(Table 7), which would not currently support a significant
influx of Maya origin people to Cholula. Furthermore, the
Maya themselves were culturally diverse (Sharer and
Traxler 2006), and additional genetic evidence is required
to more fully characterize their genetic makeup.

Network analysis also revealed that most of the Cholula
individuals carry unique haplotypes. However, two samples,
_Cho#7 and _Cho#12, share identical haplotypes (Fig. 4),
which could suggest a maternal relation. The two individuals
belong to different archaeological excavations, both corre-
sponding to the Middle Postclassic. This maternal similarity
could be the product of a haplotype that was highly frequent in
the population at that time. Nevertheless, it is intriguing that

Fig. 3 Principal coordinates
(PCoA) based on Nei’s genetic
distances for ancient mitochon-
drial haplogroup frequencies
(Table 1) in Central Mexico

Table 7 P value comparisons between Cholula, Tlatelolco and
populations listed in Table 2. P values were calculated using Genepop
(Raymond and Rousset 1995; Rousset 2008). Results marked with a (*)
are statistically significant from one another at the 0.5 level, when
corrected with Bonferroni’s correction (α = 0.0038)

Tlatelolco
subadults

Cholula Region

1) Tlatelolco 0.7330 0.0019 Central Mexico

2) Tlatelolco 0.3337 0.2431 Central Mexico

3) Tlatelolco 1.0000 0.0848 Central Mexico

PrAz_Xaltocan 0.1585 0.0013* Central Mexico

PoAz_
Xaltocan

0.9689 0.0574 Central Mexico

Tetetzontlilco 0.0863 0.0076 Central Mexico

Teopancazco 0.4790 0.2025 Central Mexico

Teotihuacán 0.1089 0.2821 Central Mexico

Yucundaa 0.2087 0.3407 Mixtec

Mayas 0.0008* 0.0001* Maya

Xcaret 0.0019* < 0.0001* Maya

Copán < 0.0001* < 0.0001* Maya

Paquimé 0.1156 0.4667 Greater
Southwest
USA
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the same haplotypes have been described for ancient Maya in
Tabasco. The multiculturality suggested for Cholula is per-
haps reflected by the genetic analyses, as they are separate
from other Nahua-affiliated groups. However, it is necessary
to increase the sample size from Cholula to evaluate if its
genetic diversity reflects a multi-origin component of the pop-
ulation by period.

Other samples such as those from Jícaro, Greater
Nicoya, did not group in the haplogroup B network
analysis with any other derived haplotype from Central
Mexico, which supports the theory that Greater Nicoya
could have a different ancestry than suggested from

Central Mexico, and in contrast to traditional interpreta-
tions of migration out of Mexico (Fowler 1989;
McCafferty and Dennett 2013; Mccafferty 2015).
However, the analysis of whole mitochondrial genomes
and a larger number of samples from both areas would
be required to confirm this pattern.

Additionally, this study found that genetic distances are
not dependent on the geographic distances, which may
support a previous dental traits study by Willermet et al.
(2013), who argue that cultural differences, more than
geographic distances, explain the patterns of biological
differentiation in Central Mexico.

Fig. 4 Haplogroups A, B, C and D haplotype networks. Node size is dependent on the number of samples sharing that haplotype. Black circles represent
median vectors, haplotypes that were not sample in this study
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Furthermore, this study demonstrates the feasibility of
conducting molecular sex determination and ancestry
analysis in the diverse world of ancient Central Mexico.
Both sites, Tlatelolco and Cholula, showed a high per-
centage of mitochondrial DNA recovery considering their
excava t i on f rom geogr aph i c a r ea s cons ide r ed
unfavourable for ancient DNA preservation (Hofreiter
et al. 2015). The Cholula samples (represented mostly
by teeth) presented a higher mtDNA amplification rate
(92%) than Tlatelolco (73%) (consisting principally of
ribs and metatarsals). Nevertheless, the successfully am-
plified samples from the latter site demonstrated an aver-
age endogenous human DNA content > 20% (and as high
as 85%), which is exceptional for skeletal elements other
than the petrous portion of the skulls and tooth cementum
(Hansen et al. 2017).

Although several aDNA studies have been carried out
on Mesoamerican populations, the data continues to be
limited, predominantly concentrating on haplogroup fre-
quencies rather than sequencing HVR-I. As the availabil-
ity of technology increases, it is necessary to obtain
higher resolution genetic information to characterize
Central Mexican groups. Future paleogenetic research in
Mesoamerica could benefit from whole mitogenome se-
quencing and nuclear recovery techniques to expand pop-
ulation structure data and understand the geographic and
temporal dynamics. In this study, the HVR-II was not
used for comparison due to the lack of available data;
however, it was useful to clarify haplogroup determina-
tion, which is recommended for conducting comparisons
at the population level (Parson et al. 2014).

Finally, this study represents important progress in the
understanding of ancient Mexican populations. We have
demonstrated the possibility of conducting ancient DNA
analysis on highly degraded skeletal samples from
Mexico, which could be enhanced by the future applica-
tion of other methods such as Y-STR profiles to under-
stand paternal lineages and next-generation sequencing to
obtain whole mitogenomes and nuclear information.
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