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Abstract  
The advent of high-throughput sequencing techniques has yielded a wealth of genomic 

information about the human oral microbiome. This research has expanded with the direct 

sequencing of DNA from dental calculus (calcified dental plaque) from archaeological material. 

Archaeological dental calculus is a biomineral that contains remnants of the oral (subgingival) 

microbiome. While preserved DNA in dental calculus has been characterized from a number of 

archaeological contexts, similar research in Mesoamerica is needed. This study aims to provide 

empirical data about biomolecular preservation in Mesoamerican dental calculus by performing 

DNA sequencing on dental calculus recovered from the Plaza of the Columns Complex and the 

Moon Pyramid, two archaeological contexts at Teotihuacan. DNA was extracted using a 

modified Dabney et al. (2013) protocol. The extracts were built into high-throughput (Illumina) 

shotgun sequencing libraries. Quality filtered sequences were analyzed to evaluate overall DNA 

preservation (microbial and host), and characterize microbial community profiles. While the 

samples selected from the Moon Pyramid (n=3) showed strong evidence of post-depositional 

environmental contamination, a well-preserved microbial community was identified from the 

Plaza of the Columns sample (n=1). Therefore, this thesis suggests the recovery of biomolecules 

from a Mesoamerican context varies within a site and that dental calculus is susceptible to 

taphonomic processes.   
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Introduction  

Project Summary: 

• To assess the biomolecular preservation of dental calculus from two archaeological 

contexts at Teotihuacan, we conducted a high-throughput sequencing study on four 

dental calculus samples.  

• To assess the microbial community diversity, we applied two commonly-used 

microbiome analysis pipelines targeting distinct taxonomic markers: QIIME and 

MetaPhlAn. 

• To assess ancient DNA (aDNA) preservation, we applied three different authentication 

criteria: SourceTracker (microbial community profile), fragment length distribution and 

MapDamage (microbial and host DNA preservation).  

 

In 2007, the National Institute of Health established the Human Microbiome Project 

(HMP) to identify and characterize the human microbiome—the aggregate DNA content of 

microbes coexisting within the human body (Turnbaugh et al., 2007). Since the inception of 

HMP, the study of the microbiome in conjunction with advances in sequencing technology have 

reshaped our understanding how microbes impact human health and disease (Benn et al., 2018; 

Giongo et al., 2011; Gomez-Arango et al., 2016; Ojeda-Garcés et al., 2013). For instance, high-

throughput sequencing (HTS) technologies and bioinformatic methods have shown us how the 

composition and functional capacity of microbial communities in the gut can influence several 

diseases (Dave et al., 2012). Similar research on the microbial communities within the mouth has 

lagged behind (Zaura et al., 2014).  

The oral microbiome  

The human oral cavity encompasses a dynamic and diverse microbial community (Marsh 

et al., 2009). The HMP found that 185-355 genera, belonging to 13-19 bacterial phyla, dominate 

the oral microbiome (Zhou et al., 2013). Of these phyla, approximately 700 oral bacterial species 

dominate the oral microbiome (Benn et al., 2018; Wade, 2013). Some of these species play a role 
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in the development of periodontal, respiratory, neurological, cardiovascular and systemic 

diseases (Dewhirst et al. 2010; Huttenhower et al. 2012; Hujoel 2009; Leishman, Lien Do, and 

Ford 2010; Paranjapye and Daggett 2018). In addition to a wide-array of taxa, the oral cavity is 

also comprised of several ecological niches—teeth, the gingival sulcus, the attached gingiva, the 

tongue, the cheek, the lip, and the hard and soft palate, and saliva—and each promotes the 

development of different microbial communities.  

Dental plaque, an oral biofilm, is the accumulation of microbes on the tooth surface near 

the gingival margin and in the gingival sulcus (Struzycka, 2014). A number of species within this 

biofilm play an active role in the development and pathogenesis of oral diseases, including 

caries, gingivitis, and periodontitis (Mancl et al., 2013). For instance, Streptococcus mutans, a 

species that is commonly found in dental plaque, manufactures lactic acid which degrades 

enamel (Gao et al., 2016; Ojeda-Garcés et al., 2013; Okada et al., 2003; Simón-Soro and Mira, 

2015).  

Another example of a dental biofilm is dental calculus. Even though the exact 

mechanisms for dental calculus formation is unknown, dental calculus is formed when dental 

plaque, saliva, gingival crevicular fluid, and calcium phosphate minerals are present (Warinner et 

al., 2014). Dental calculus formation may also incorporate other particles, such as airborne and 

waterborne pollutants, plant and animal fibers, dietary microfossils, and the DNA from hosts and 

microbes (Warinner et al., 2015). HTS of archaeological dental calculus provides a critical 

source of information about the oral microbiome of past populations. This application in turn has 

enabled the study of variation and evolution of the oral microbiome.   
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Dental calculus and ancient oral microbiomes 

Dental calculus is a source of oral health and subsistence strategies from past populations 

(Warinner et al., 2015). The earliest studies on archaeological dental calculus focused on faunal 

diet reconstruction (Armitage, 1975; Brothwell, 1981; Rowles, 1961). Well-preserved organic 

materials, such as pollen grains, animal hair, and a variety of unidentifiable animal and plant 

tissues have also been recovered from faunal dental calculus (Dobney and Brothwell, 1988, 

1986). The same techniques have been applied to human dental calculus and as a result enabled 

the study of archaeological dental calculus to also focus on human diet reconstruction (Hansen 

and Medlgaard, 1991; Lilley, 1994). While Dobney and Brothwell (1988) observed and 

described calcified oral microbes by using a scanning electron microscope, they were unable to 

identify a specific oral species.  

In 1996, Linossier's et al.'s (1996) immunohistochemical analysis of dental calculus 

marked the first biomolecular investigation of archaeological dental calculus and was able to 

identify S. mutans (Linossier et al., 1996). In 2011, transmission electron microscopy confirmed 

the preservation of bacterial DNA within archaeological dental calculus (Preus et al., 2011). This 

finding was supported when PCR-based genetic approaches recovered DNA of  S. mutans and 

other oral taxa from archaeological dental calculus (De La Fuente et al., 2013). However, there 

are several limitations to PCR-based approaches. One limitation of PCR is that it generally 

requires DNA templates that are longer than 100 base pairs (bp) which is often not the case for 

most authentic ancient DNA (aDNA) sequences (Pääbo et al., 2004; Sawyer et al., 2012). 

Second, aDNA can require more than 35 PCR cycles for successful target amplification which 

also increases the risk of amplifying background and environmental contamination 

(Wintzingerode et al., 1997). Third, the nature of cloning and Sanger sequencing limit the 

investigation of template damage patterns (Hofreiter et al., 2015). Fourth, targeted PCR is 
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susceptible to amplification biases, including both off-target and skewed PCR amplification 

(Suzuki and Giovannoni, 1996). Fifth, aDNA scholars have been unable, at times, to replicate 

their findings using PCR (Pääbo et al., 2004; Poinar and Cooper, 2000; Stoneking, 1995). Thus, 

while this early PCR-based study on dental calculus paved the way for ancient oral microbiome 

research, it only provided a low-resolution survey of the microbial community present.  

The advent of HTS technologies revolutionized the study of DNA within dental calculus 

by providing high-resolution taxonomic profiles of microbial communities. In 2013, 16S rRNA 

amplicon sequencing of 34 dental calculus samples spanning from the Mesolithic to the present 

generated the first ancient oral microbiome HTS profiles (Adler et al., 2013). At the time, a 

finding in this study proposed that changes in the microbial diversity of dental calculus reflected 

the development of subsistence strategies, namely agriculture and industrialization. However, 

these inferences have been questioned due to amplification biases in 16S rRNA amplicon 

sequencing and due to preservation bias in dental calculus (Ziesemer et al., 2015).  

Following Adler et al., Warinner et al. (2014) employed an even higher resolution 

microbial community survey by using shotgun metagenomics, another HTS application, and 

metaproteomics on four Medieval dental calculus samples from Germany. They demonstrated 

that applying a shotgun-based approach allowed characterization of an ancient oral microbiome 

in a diseased state, recovered opportunistic pathogens as well as human-associated putative 

antibiotic resistance genes, and facilitated reconstruction of a pathogen genome associated with 

periodontal disease. Moreover, they demonstrated that dental calculus may retain up to a 

thousandfold more DNA than bone with most of it being microbial. Since then, several other 

dental calculus studies have been published using HTS technology and have been verified with 
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several authentication methods (Mann et al., 2018; Moorhouse et al., 2015; Ozga et al., 2016; 

Sawafuji et al., 2018; Weyrich et al., 2017).    

History of authenticating ancient DNA  

Authenticating aDNA has remained a persistent challenge in the field since its inception 

in the 1980s (Pääbo, 1985; Pääbo et al., 2004). For example, Austin et al. (1997) reported how 

aDNA scholars studying dinosaur remains were unable to replicate results (Golenberg et al., 

1990; Soltis et al., 1992; Woodward et al., 1994). A similar issue would arise as scholars began 

to analyze human aDNA because it was difficult to differentiate endogenous and exogenous 

content (Stoneking, 1995). The reoccurrence of this issue in the 1990s led Poinar and Cooper 

(2000) to publish an outline of nine key standards that minimized contamination. Despite their 

efforts, few studies applied all nine standards (Gilbert et al., 2005). However, technological 

advancements in HTS sequencing, (Schuster, 2007), contamination control (Champlot et al., 

2010), laboratory setup (Gilbert et al., 2005; Knapp et al., 2012), and the furtherance of 

bioinformatic applications tailored for aDNA research have enabled researchers to empirically 

test DNA preservation and levels of contamination of ancient samples, including archaeological 

dental calculus. For instance, HTS (untargeted) approaches have enabled the recovery of short 

DNA fragments (<100 bps) within a sample. Novel strategies to recover endogenous content 

have also increased the chances of success (Dabney et al., 2013). Bioinformatic tools, such as 

MapDamage and SourceTracker, have also provided additional strategies to authenticate aDNA 

(Ginolhac et al., 2011; Jónsson et al., 2013; Knights et al., 2011).  

Many aDNA studies employ MapDamage as a tool to quantify DNA preservation in their 

samples (Allentoft et al., 2015; Hofreiter et al., 2015; Rasmussen et al., 2015; Seguin-Orlando et 

al., 2014). MapDamage utilizes a Bayesian framework that models postmortem damage in DNA 
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molecules. In theory, DNA strands accumulate breaks because the enzymes involved in DNA 

repair in vivo no longer function once an organism dies (Briggs et al., 2007; Dabney et al., 

2013b; Green et al., 2009). The degree of damage is also impacted by environmental factors. 

Research has shown that the thermal age, the pH level and temperature of the soil, sample 

excavation and storage practices, and species and tissue types can also potentially the impact the 

fragmentation and decay rates of DNA (Kistler et al., 2017; Mitchell et al., 2005). However, the 

fragmentation of DNA is not stochastic. Empirical research shows that aDNA has increased 

cytosine deamination rates at 5’—overhangs, resulting in an increase in C→T substitution rates 

toward the 5’ end of the molecule and consequently have an increased rate of G→A substitutions 

toward the 3’ end of the molecule (Briggs et al., 2007). This model is applied in MapDamage 

and has enabled the comparison of DNA damage patterns of ancient datasets derived from 

various temporal and spatial contexts.  

Another authentication method is SourceTracker, which also applies Bayesian-based 

statistics (Knights et al., 2011; Tito et al., 2012). The tool utilizes taxonomic inventories 

generated from HTS data, and models the proportion of well-characterized environments or 

“source communities” (e.g. skin, gut, oral, laboratory, and soil) in an ancient substrate or “sink” 

such as a dental calculus sample. In addition to known sources, sinks can also have high 

“unknown” proportions, which is common since many of the microbes within an ancient sample 

may be uncharacterized or may occur in more than one environment (Tito et al., 2012). The 

efficacy of this bioinformatic tool to predict contamination has been well-demonstrated within 

ancient microbiome samples (Mann et al., 2018; Warinner et al., 2014).  

 These technological developments as well as the increased number of aDNA studies 

have led some scholars to agree that the field has entered into its “golden age” (Poinar in Culotta 
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2015). However, the lack of protocol standardization within the study of dental calculus and 

coprolites has some scholars uncertain about which ones are the most robust as well as the 

authenticity of the studies (Warinner et al., 2017). For instance, Santiago-Rodriguez et al. (2016) 

characterized the gut microbiome of Andean mummies dating to the 10th-15th centuries using 16S 

rRNA gene sequencing strategies. A reply to the editor noted that Santiago-Rodriguez and 

colleagues neglected to properly authenticate their ancient bacterial DNA (Eisenhofer et al., 

2017). Eisenhofer et al. questioned the use of agarose gels and the lack of including sequence 

data from extraction blank controls during the library amplification process. They state that 

agarose gels lack the sensitivity to detect bacterial contaminants present in extraction controls 

and the samples. Furthermore, they explain that Santiago-Rodriguez et al. did not report the 

reference sequence used for their MapDamage results. In theory, since the samples utilized in the 

study were coprolites, Santiago-Rodriguez et al. should have used a well-characterized gut 

microbe to authenticate their DNA. If they were to use a skin or oral microbe, the deamination 

rates would likely be different.   

 Toranzos, a co-author in the original study, and colleagues (2017) responded to 

Eisenhofer et al. by contending that there was no possibility of their reagents having 

contamination because they were kept in sterile environments. They also justified their use of 

agarose gels as a method for detecting contamination. Toranzos et al. also note that their 

genomes may “remain undegraded over millennia, if these ancient microorganisms were rapidly 

dehydrated, as is the case of the process of natural mummification.” However, the authors fail to 

cite any sources to support these arguments. Previous research would strongly suggest that 

reagent and laboratory contamination is always a risk and that the degradation of DNA occurs 
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regardless of environment, thermal age and geographic origin (Hofreiter et al., 2015; Salter et al., 

2014).  

 In order to resolve the lack of standardization in the study of ancient microbiomes, 

Warinner et al. (2017) provided a framework for ancient microbial research. This framework 

provided specific standards and guidelines that ranged from the equipment necessary to 

minimize contamination to the bioinformatic applications for assessing contamination and 

preservation. While these guidelines are informative and provide a roadmap for research on 

ancient substrates, there still needs empirical work to identify baseline patterns for dental 

calculus. Some of this effort has already started—Mann et al. (2018) employed HTS to paired 

dental calculus and dentin samples from 48 individuals spanning a number of regions and time 

periods across Europe, North America, and Asia. Their results suggested that the DNA in dental 

calculus is more abundant and less prone to contamination than the DNA in dentin. This global 

dataset along with ones from previous studies show that human-associated oral taxa dominate the 

microbial communities of dental calculus, whereas environmental sources dominate dentin 

(Warinner et al., 2014; Weyrich et al., 2017). In addition, Mann et al. (2018) found that the 

human DNA fragments obtained from dental calculus are on average shorter than the microbial 

DNA fragments in a paired dentin sample. Thus, Mann et al. found broadly consistent patterns 

across multiple archaeological contexts. However, their findings may not be found in other 

contexts where there is a history of taphonomic and post-depositional processes inhibiting aDNA 

research.  

Ancient DNA research in Mesoamerica  

Mesoamerica refers to a group of cultures that shared a suite of characteristics, including 

intensive agriculture, stone pyramids, ball courts, hieroglyphic writing, a calendrical system, and 
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the practice of human sacrifice (Kirchhoff, 1952). Genetics research on Mesoamerican cultures 

have been stymied due to the unfavorable environmental conditions for DNA preservation 

(Chatters et al., 2014; Mendisco et al., 2015; Schroeder et al., 2015). Nevertheless, successful 

aDNA studies have provided a glimpse of the population history of Mesoamerica prior to 

European contact. For instance, aDNA studies support that Mesoamerican populations had high 

frequencies of haplogroup A and moderate to low frequencies of haplogroup B (Álvarez-

Sandoval et al., 2015; González‐Oliver et al., 2001; Kemp et al., 2010; Merriwether et al., 1997). 

However, most studies have only been able to partially reconstruct mitochondrial genomes 

(mitogenomes) in Mesoamerica (Raff et al., 2011). HTS strategies have changed this narrative by 

reconstructing mitogenomes and whole genomes of Mesoamerican individuals (Álvarez-

Sandoval et al., 2015; Morales-Arce et al., 2019; Morales‐Arce et al., 2017). However, several 

Mesoamerican populations still remain unstudied.  

Situated in the Central Mexican highlands (Figure 1), the Teotihuacano culture had 

considerable influence throughout Mesoamerica during the Classic period (150-650 CE) (Robb, 

2017). In this period, the population of Teotihuacan supported more than 100,000 inhabitants 

who lived in different social and spatial units (Manzanilla, 2015). Current genetic evidence 

supports the notion that Teotihuacan was a multiethnic center (Álvarez-Sandoval et al., 2015). 

One such extra-local group are inferred to be Maya from lowland Mesoamerica to the south of 

Teotihuacan. Even though these two cultures dominated the Mesoamerican landscape during the 

Classic period, the socio-political relationships between them remain in question (Robb, 2017). 

For instance, scholars are still not certain about the relationships between Maya elites and 

Teotihuacanos (Carballo et al., 2018; Robb, 2017; Sugiyama et al., 2016). Genetic studies could 

potentially elucidate these relationships but destructive analyses of skeletal remains are not 
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always a viable option for aDNA research. Dental calculus from Mesoamerican contexts may 

serve as an alternative source for host DNA. Recent studies have shown that it is possible to 

obtain genomic-scale information from host DNA within dental calculus despite low abundance 

(Ozga et al., 2016; Ziesemer et al., 2019).  

Research Objectives  

In the present study, shotgun metagenome sequencing is utilized to characterize host and 

microbial DNA preserved in dental calculus from Teotihuacan. The host DNA was of special 

interest due to the unique burial context for each Teotihuacan sample. Preservation of host and 

microbial DNA in these samples is compared to patterns reported from previously published 

studies of dental calculus obtained from other spatial and temporal contexts (Mann et al., 2018; 

Weyrich et al., 2017). In addition, this study aimed to see whether there were sufficient host 

DNA within the four dental calculus samples to determine ancestry. The four individuals within 

this current study represent two Classic period sites—three individuals from burial 5 of the Moon 

Pyramid (PPL) and one individual from Front A of the Project Plaza of the Columns Complex 

(PPCC). The contexts of these four samples suggest connections with Maya populations. This 

led the archaeologists at the site to become interested in evaluating the possibility of 

reconstructing their ancestry. However, first the DNA preservation was evaluated to assess the 

viability of further work. The DNA preservation of the Teotihuacan samples was determined 

using four main measures: (1) microbial composition and abundance, (2) microbial DNA 

damage and fragmentation patterns, (3) human DNA content, and (4) human DNA damage and 

fragmentation patterns. The results indicate that the microbial profiles of the PPCC sample 

retained a robust signal of the human oral microbiome, whereas the PPL samples yielded soil and 

skin signatures. Although a considerable amount of human DNA was found in the PPL samples, 
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findings from MapDamage and fragmentation analyses indicate that they are modern 

contaminants. Thus, the results of this study strongly indicate that the microbial and human DNA 

in the PPCC sample preserved better than the PPL samples. 
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Figure 1. Satellite image of Central America. Site locations discussed in the text. The figure 

was generated with ArcGIS 10.4 software (http://www.esri.com/software/arcgis). Service layer 

credits Imagery. I acknowledge the use of satellite and aerial imagery from the USGS.  
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Materials and Methods  

Archaeological site and samples   

Between 1 CE and 650 CE the people of Teotihuacan built ceremonial precincts, 

monumental pyramids, ornate temples, communal areas, exchange sectors, and residential 

compounds (Price et al. 2000). Among these structures were the Moon Pyramid and the Plaza of 

the Columns Complex, both of which date to the Classic period (Figure 2). Dental calculus from 

several individuals in these two contexts were subsampled in July 2017 by Dr. Courtney 

Hofman. The Moon Pyramid samples (n=3) were excavated during the 1998-2004 field seasons 

(Sugiyama and Castro, 2007) while the Plaza of the Columns sample (n=1) was excavated during 

the 2017 season (Carballo et al., 2018). Both structures served as ceremonial precincts—the 

Moon Pyramid was a venue for religious events while the Plaza of the Columns was an 

administrative structure (Carballo et al., 2018; Sugiyama and Castro, 2007).    

Three of the four dental calculus samples in this study came from burial 5 of the Moon 

Pyramid. Archaeologists at the Moon Pyramid unearthed a series of earlier versions of the 

structure, as well as burials in the form of ritual offerings (Sugiyama and Luján, 2007). 

Sugiyama and Luján report six distinct burials, each associated with a different construction 

phase. The archaeological contexts suggest the skeletons in burials 1-4 and 6 were interred as 

sacrifices, burial 5 remains ambiguous. They report that burial 5 appeared undisturbed from later 

alteration or looting likely due to thick fill. Burial 5 includes three complete human skeletons 

(PPL 5A, PPL 5B, and PPL 5C) along with pumas, rattlesnakes, an eagle, and a variety of 

offerings (Sugiyama and Luján, 2007).  

Each human remain was seated facing west and in the lotus position, with their hands 

together in front and resting above their feet (Pereira et al., 2003). According to Sugiyama and 

Luján (2007), the individuals were willingly bound and buried since there were no signs of 

MOON PYRAMID 

PLAZA OF THE 

COLUMNS 

SUN PYRAMID 

AVENUE OF 

THE DEAD 
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struggle. An analysis of the sacra and ossa coxae of PPL 5A, PPL 5B, PPL 5C indicate that the 

individuals were male between the ages of 50-70, 40-50, and 40-45 years old (Spence and 

Pereira, 2007). In addition, almost identical emerald green jade pectoral chest ornaments adorned 

PPL 5A and _5B, who were seated juxtaposed near the west wall. From the Early and into the 

Late Classic, only the upper elite of the Maya society had access to these style of glyphs 

(Hammond et al., 1977; Taube, 2005). Since the anatomical positions and grave goods of the 

individuals in burial 5 are not observed in other Teotihuacan burial contexts, these individuals 

likely had special status (e.g. rulers, ambassadors, warriors, or merchants) who either had close 

connections with Maya dynasties or were members of the Maya elite (Pereira et al., 2004).  

One dental calculus sample came from non-burial fill within Front A of the Plaza of the 

Columns Complex (PPCC). The PPCC represents a civic-administrative structure and includes 

the largest three-temple complexes with the fourth highest pyramid, a main plaza (11,408 m2), 

and occupational layers that may date to the earliest urban foundations at Teotihuacan (Sugiyama 

et al., 2016). The PPCC is divided into five fronts (A, B, C, D, E, and F) with Front A, where the 

PPCC sample was excavated, comprising the southern sector. Ongoing excavations at PPCC 

have also unearthed sculptural motifs in the Maya style illustrating the strong relationships 

between Teotihuacan and Maya city-states.  

DNA Extraction  

  

Four dental calculus samples were collected at Teotihuacan in summer of 2017. These 

samples were processed in a dedicated ancient DNA laboratory at the Laboratories of Molecular 

Anthropology and Microbiome Research (LMAMR) in Norman, Oklahoma, USA. Appropriate 

non-template controls were included during the extraction and shotgun library build process. 

DNA extraction was performed following a modified Dabney et al. 2013 protocol. In brief, ~3.6-
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10.1 mg of calculus was gently rotated in 1 ml of 0.5 M EDTA for 15 minutes to remove surface 

contamination. Following pulverization, the samples were demineralized in a solution of 0.5M 

EDTA at room temperature overnight and 100 µl 20 mg/ml Proteinase K (Qiagen) was added the 

next day. Samples were incubated at room temperature for 4 days—until complete digestion. 

DNA was isolated using a column-based purification method eluted in 60 µl of EB buffer 

(Qiagen) and quantified using a Qubit 3.0 fluorometer.   

Illumina library preparation and sequencing  

  

Approximately 86.8 ng of DNA from the PPCC sample and an unknown quantity of 

DNA from PPL samples (<.01 ng) were used for shotgun Illumina library construction following 

Carøe et al. 2018 (with minor modifications). End repair was performed using 16 µl reactions—

consisting of T4 DNA ligase reaction buffer, dNTPs, T4 PNK, and T4 DNA polymerase—with 

14 µl of DNA extract and was incubated for 30 min at 20° C and 30 min at 65° C. Following 

end-repair, Illumina adapters were ligated in 20 µl reactions with 1 µl of BEDC3 adapter mix 

(28.14 µM). Reactions were incubated for 30 min at 20° C and for 10 min at 65° C followed by 

20 min at 80° C. For adapter fill-in, Isothermal amplification buffer, dNTPs, water, and Bst 2.0 

Warmstart Polymerase were incubated for 20 min at 65° C and for 20 min at 80° C in a final 

volume of 30 µl (Carøe et al., 2018). The reactions were purified using modified Speedbeads 

(Rohland and Reich, 2012). A quantitative PCR (qPCR, Lightcycler 480 Roche) was performed 

on each sample to evaluate the amount of DNA present in each library. Libraries were amplified 

in triplicate 25 µl PCR reactions using 4 µl template, 12.5 µl of a 2x KAPA HiFi HotStart Ready 

master mix, 6 µl H20, 1.5 µl DMSO, 1 µl BSA (2.5 mg/ml), and 0.75 µl each of barcoded 

forward and reverse indices (10 µM). Thermocycler conditions were 5 min at 95° C followed by 

a 12-25 cycles of 20 seconds at 98° C, 15 seconds at 60° C, and 30 seconds at 72° C, followed by 
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a final elongation step for 1 minute at 72° C. Pooled triplicate amplified libraries were then 

purified using Speedbeads and eluted in 30 µl EB. The libraries were quantified using 

quantitative PCR (qPCR, Lightcycler 480 Roche) and library size was estimated on a Fragment 

Analyzer. Libraries were pooled in equimolar ratios and a Pippin Prep was used to select DNA 

molecules between 150 to 500 bp. The pool was sequenced on an Illumina HiSeq 2500 using a 

paired-end, 2 x 150 bp, rapid-run chemistry at the Oklahoma Medical Research Foundation.  

Shotgun data analysis and quality filtering  

Low quality and adapter sequences were removed using AdapterRemoval (Schubert et 

al., 2016) with the following options: --trimns --trimqualities --minquality 20 --collapse --

minlength 30. The resulting analysis-ready reads were used for downstream analyses.  

Metataxonomic characterization  

Analysis-ready reads from the 4 dental calculus samples were mapped to the Greengenes 

(v13.8) 16S rRNA gene database (DeSantis et al., 2006) using bowtie2 aligner (Langmead and 

Salzberg, 2012). SAMtools (v. 1.5) was then used to sort and de-duplicate the mapped reads. 

Reads that mapped to the greengenes database were assigned to operational taxonomic units 

(OTU) using QIIME (v. 1.9.1). Taxonomic binning was performed against the greengenes 16S 

rRNA gene database (version 13.8) preclustered at 97% sequence similarity with the 

pick_closed_reference_otus.py script and the following options: --max_accepts 500, max_rejects 

500, --word_length 12, --stepwords 20, --enable_rev_strand_match True. The operational 

taxonomic unit (OUT) file was then rarefied to 1100 reads to explore metataxonomic diversity.  

Additionally, Metataxonomic Phylogenetic Analysis (MetaPhlAn) (v. 2.7.7) was also 

used to estimate phylum, genus, and species abundance. Merged reads were taxonomically 

binned using the metaphlan2.py script. The script generated two files for each sample, one 
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containing reads that mapped to specific sequence markers and the other containing the relative 

abundances at each taxonomic level.  

SourceTracker –a Bayesian approach to estimate endogenous and exogenous content  

Potential source contribution to samples were calculated from rarefied genus-level 

bacterial and archaeal taxonomic frequency tables from QIIME using Sourcetracker version 

0.9.8 (Knights et al., 2011). This analysis used comparative data from well-characterized source 

communities to predict source contributions to a given sample (Appendix Table A.1). Raw 

sequences were downloaded and processed in the same manner as the samples in the current 

study. These sources included ancient dental calculus (Mann et al., 2018; Weyrich et al., 2017), 

human gut (Gopalakrishnan et al., 2018; Rampelli et al., 2015), plaque (Lloyd-Price et al., 2017), 

saliva (Aleti et al., 2018; Lassalle et al., 2018), skin (Oh et al., 2016; Schmedes et al., 2016; 

Tirosh et al., 2018), and soil (DOE Joint Genome Institute, 2017; Lin et al., 2014). Additionally, 

ancient dental calculus samples—ElSidron1, ElSidron2, and OldSpy—were added as sources 

from Weyrich et al. (2017) and can be downloaded from https://www.oagr.org.au/.  

Human DNA analysis  

Analysis-ready reads were mapped to the hg 19 reference sequence (International Human 

Genome Sequencing Consortium, 2001). To determine mitochondrial haplotype, quality filtered 

reads were mapped to the human mitochondrial reference sequence (rCRS) (Anderson et al., 

1981; Andrews et al., 1999). Categorization of mtDNA haplogroups was done using HaploGrep 

(http://haplogrep.uibk.ac.at/).  

Ancient DNA authentication  

Alignments resulting from mapping to the hg19, Methanobrevibacter oralis, 

Streptococcus anginosus and Cutibacterium acnes references were used to authenticate the 

recovery of ancient DNA molecules. Methanobrevibacter oralis was chosen as it exhibited high 

https://www.oagr.org.au/
http://haplogrep.uibk.ac.at/
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relative abundance in the MetaPhlAn analysis and has also been well documented in dental 

calculus samples (Mann et al., 2018; Weyrich et al., 2017). Streptococcus anginosus was 

selected due to its presence in both the PPCC and PPL samples. Cutibacterium acnes was also 

chosen as it exhibited high relative abundance but also as a control since it is a well characterized 

skin bacterium (Chen et al., 2018; Oh et al., 2016). MapDamage 2.0 (Jónsson et al., 2013) was 

used to assess aDNA damage and fragmentation patterns. The relationships between DNA 

damage patterns, fragment length distributions, and other metadata were then visualized in R 

(version 3.5.2).  
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Figure 2. Aerial view of the Teotihuacan site. The Moon Pyramid is highlighted in blue and 

the area for the Plaza of the Columns is highlighted in purple. The Avenue of the Dead is 

demarcated with the bold white line and the Sun Pyramid is highlighted in yellow. 

Approximately 440 m separate the two areas. Both structures date to the Classic period (300-950 

CE).  
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Results  

Read Metadata  

The mean number of reads generated for each sample, excluding negative controls, is 

11,553,643 before quality filtering (minimum=9,974,121, median=11,415,281.5, 

maximum=13,409,888) (Table 1). The mean number of paired-end reads that successfully 

merged is 10,530,177 (minimum=8,929,205, median=10,807,185, maximum=11,577,133), 

which represents an average of 91.26% merged. The mean number of reads for the negative 

controls is 7,759,789.33 (minimum=408,363, median=11,014,302, maximum=11,856,703). The 

mean number of negative control paired-end reads that successfully merged is 7,094,963.33 

(minimum=12,007, median=11856703, maximum=11,856,703). The library negative was 

omitted from downstream analysis due to less than 50 unique reads mapping to any reference.  

Metataxonomic characterization  

The microbial community for each sample and negative control was characterized with 

QIIME and MetaPhlAn. According to Huynh et al. (2016), there are 10 core phyla found in 

dental calculus: Bacteroidetes, Proteobacteria, Actinobacteria, Firmicutes, TM7, Synergistetes, 

Chloroflexi, Fusobacteria, Spirochetes, and Euryarchaeota. QIIME identified all ten of these 

phyla in the PPCC sample and at least 5 of the phyla in the PPL samples (Figure 3). The relative 

abundances for the top three most abundant in each sample are shown in Table 2. Several genus 

representatives that have been found in dental calculus include Tannerella, Desulfobulbus, 

Actinomyces, and Streptococcus and Methanobrevibacter  (Dewhirst et al., 2010). QIIME OTU 

picking also showed that the PPCC sample had all of these genera. The PPL 5A was the only 

Moon Pyramid sample that had Streptococcus (Table 3). QIIME showed that the PPL samples 

had several genera mainly found in soil and skin microbiomes (e.g. Acidobacteria gen., 

Solibacteraceae, Xanthomonadaceae gen., and Rhodospirillacea gen.) (Chen et al., 2018; DOE 
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Joint Genome Institute, 2017; Oh et al., 2016). As a result, the PPCC sample visually had a more 

similar microbial profile at the genus level to other dental calculus samples than the PPL samples 

(Figure 4).  

The MetaPhlAn pipeline was used to corroborate the metagenomic communities 

characterized by QIIME. MetaPhlAn failed to identify Chloroflexi and TM7 in the Teotihuacan 

samples but was able to identify the other eight phyla (Figure 5). MetaPhlAn also showed that 

the PPCC sample had a different microbial profile from the PPL samples at the genus level 

(Figure 6). The species-level analysis from MetaPhlAn found several oral taxa in the PPCC 

sample with a few in the PPL samples (Table 4). MetaPhlAn estimated a high relative abundance 

of the skin bacterium, Cutibacterium acnes (formerly Propionibacterum acnes), with a mean of 

16.20% in the PPL samples but was less than 0.5% in the PPCC sample (Figure 7).  

Microbial Damage Patterns  

MapDamage 2.0 was used to authenticate the damage patterns of the microbial DNA 

from the PPCC and PPL samples using three references: Methanobrevibacter oralis, S. 

anginosus, and C. acnes. As a control, inferences were made with only samples that had more 

than 1000 reads mapped to the references. Only the analysis-ready reads from the PPCC, PPL 

5A, and PPL 5B samples show damage patterns at the 5’ and 3’ termini inserts expected for 

aDNA when mapped to the M. oralis (Figure 8). The reads from the PPCC and PPL 5A samples 

show damage when mapped to S. anginosus (Figure 9). None of the reads from the Teotihuacan 

samples show damage when mapped to C. acnes (Figure 10).  

Microbial fragment length analysis  

Based on the metataxonomic results, reads from each sample was mapped to three 

bacteria: M. oralis, S. anginosus and C. acnes. The median fragment length for the PPCC sample 

when mapped to M. oralis (93 bp) and S. anginosus (72 bp) were longer than the median for C. 
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acnes (44 bp) (Table 5). The PPL samples, on the other hand, had longer median fragment 

lengths when mapped to the human reference in comparison to the bacteria references. In 

addition, the fragmentation length distributions were also visualized in R. Fragmentation length 

distribution for aDNA generally have medians that are less than 100 bps (Kistler et al., 2017). 

This pattern was observed across all samples. However, the median for fragment lengths from 

the PPCC sample was longer than the median for the PPL samples when mapped to M. oralis 

(Figure 11). A similar pattern was also observed for the PPCC and PPL 5A sample when mapped 

to S. anginosus (Figure 12). This pattern could also be observed when the reads for the 

Teotihuacan samples were mapped to C. acnes (Figure 13). However, the damage patterns for 

each sample suggest that all C. acnes reads were modern contaminants.   

Bayesian source tracking  

SourceTracker was performed to estimate the environmental origin of the microbial DNA 

present within each sample based on a set of modern well-characterized reference communities 

sequenced from human dental calculus (Mann et al., 2018; Weyrich et al., 2017), human gut 

(Gopalakrishnan et al., 2018; Rampelli et al., 2015), plaque (Lloyd-Price et al., 2017), saliva 

(Aleti et al., 2018; Lassalle et al., 2018), skin (Oh et al., 2016; Schmedes et al., 2016; Tirosh et 

al., 2018), and soil (DOE Joint Genome Institute, 2017; Lin et al., 2014) (Figure 13). The oral 

and skin microbiomes share few taxa members of the genera Propionibacterium and 

Staphylococcus which are commonly found in the skin while Streptococcus dominates the oral 

cavity (Mann et al., 2018). Members of the phyla Acidobacteria generally dominate soil 

microbiomes although its relative abundance is highly variable (Lee et al., 2008). Only the PPCC 

sample visually showed a strong dental calculus signal (97% attributable to dental calculus), 

whereas the PPL samples showed a strong soil, skin, and unknown signature than dental calculus 

(less than 10% attributable to dental calculus for each) (Figure 14). This finding in the PPCC 
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sample is consistent with the SourceTracker analyses in Mann et al. (2018) and Weyrich et al. 

(2017) where they used soil, skin, plaque, and unknown as sources. These analyses suggest 

differential amounts of preservation and contamination between the PPCC and PPL samples.  

Human DNA Content  

The proportion of human endogenous DNA in dental calculus varies but is generally low 

(<1.0 %) (Mann et al., 2018). The proportion of human DNA recovered in the Teotihuacan 

samples is comparable to that found in other samples (Figure 15). However, a concerning issue 

for this study was that the second extraction blank had more unique reads mapping to hg 19 

(87,526) than any of the samples (Table 1).  

Mitochondrial haplotypes were characterized for the four samples and the results reveal 

the presence of H2a2a1 in all samples but this finding is due to the few numbers of reads 

mapping to the rCRS reference (Table 1). The H2a2a1 is the default haplotype given when there 

is a lack of complete information. For this reason, no downstream analyses estimating the 

ancestry of the Teotihuacan samples were made.  

Human Damage Patterns and Fragment Lengths   

Analysis-ready reads that mapped to the human genome for the PPCC sample visually 

show damage, whereas the PPL samples do not (Figure 16). This pattern suggests that the human 

DNA content in the PPL samples are modern contaminants.  

The human fragment length distributions for the four Teotihuacan samples were 

consistent with the microbial fragment length distributions (Figure 17). The median for the 

human PPCC fragment length distribution (55 bp) was shorter than the medians for M. oralis (93 

bp) and S. anginosus (72 bp). This was not the case for the PPL samples. The median for the 
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human PPL 5A fragment length distribution (79 bp), PPL 5B (64 bp), and PPL 5C (73 bp) were 

longer than their respective median fragment length distributions for M. oralis and S. anginosus.  
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Table 1. Summary of reads 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample 
Total 

Reads 

Analysis-

ready 

reads 

Unique 

rCRS 

Reads 

Unique 

hg 19 

Reads 

Unique  

M. oralis 

Reads 

Unique  

S. anginosus 

Reads 

Unique  

C. acnes 

Reads 

PPCC 12,033,608 11,547,192 2 1,593 1,064,306 44,689 1,318 

PPL 5A 10,796,955 10,067,178 38 59,334 612 3,531 6,665 

PPL 5B 13,409,888 11,577,133 48 32,770 1,550 10 4,901 

PPL 5C 9,974,121 8,929,205 16 9,449 71 4 3,184 

Teo.ExtNeg.1 11,014,302 10,261,598 10 6,970 115 7 1.447 

Teo.ExtNeg.2 11,856,703 11,011,285 40 87,526 62 8 878 

Teo.LibNeg 408,363 12,007 - 0 - 0 14 
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Table 2. Relative abundances for known oral bacterial phyla* from QIIME (Q) and 

MetaPhlAn (MP) within the samples  

*The taxa presented were at least 0.1% relative abundance in at least one sample, not 

including the extraction and library blanks.  

  

Taxa 

PPC

C 

MP 

PPC

C 

Q 

PPL 

5A 

MP 

PPL 

5A 

Q 

PPL 

5B 

MP 

PPL 

5B 

Q 

PPL 

5C 

MP 

PPL 

5C 

Q 

NegE

xt.1 

MP 

Neg

Ext.

1 

Q 

NegEx

t.2 

MP 

NegEx

t.2 

Q 

Lib

Ne 

MP 

LibN

eg. 

Q 

Firmic

utes 22.5 39.7 47.4 13.2 0.0 5.5 0.0 3.3 0.0 0.0 

 

0.0 0.4 

 

0.0 0.2 

Actino

bacteri

a 12.9 23.0 27.9 36.2 45.0 23.6 80.5 33.6 7.0 0.1 

 

42.1 0.1 

 

0.0 0.1 

Proteo

bacteri

a 5.9 3.2 18.4 35.6 7.7 36.9 19.6 26.8 93.0 0.6 

 

57.9 0.0 

 

0.0 0.1 

Bacter

oidete

s 4.1 2.0 0.0 2.1 0.0 3.0 0.0 1.7 0.0 0.1 

 

0.0 0.1 

 

0.0 0.2 

Fusob

acteria 0.1 0.4 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 

 

0.0 0.0 

 

0.0 0.1 

Euryar

chaeot

a 48.1 12.8 0.0 0.0 0.0 0.2 0.0 0.1 0.0 0.0 

 

0.0 0.0 

 

0.0 0.0 

Sacch

aribact

eria 1.5 5.5 0.0 0.4 0.0 0.6 0.0 0.1 0.0 0.0 

 

0.0 0.0 

 

0.0 0.0 

Acido

bacteri

a 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.2 0.0 0.0 

 

0.0 0.0 

 

0.0 0.0 
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Table 3. Relative abundances for bacterial genera* from QIIME and MetaPhlAn within 

the samples 

*The taxa presented were at least 0.1% relative abundance in at least one sample, not 

including the extraction and library blanks.  

  

Taxa 

PPC

C 

MP 

PPC

C 

Q 

PPL 

5A 

MP 

PPL 

5A 

Q 

PPL 

5B 

MP 

PP

L 

5B 

Q 

PPL 

5C 

Q 

PPL 

5C 

MP 

Neg

Ext.1 

MP 

NegEx

t.1 

Q 

NegExt

.2 

MP 

NegE

xt.2 

Q 

Lib

Neg 

MP 

Lib

Neg 

Q 

Actino

myces 9.7 16.0 16.0 0.9 0.0 0.2 0.6 0.0 6.4 0.0 

 

18.04 0.0 

 

0.0 

 

0.0 

Strept

ococc

us 10.0 3.6 1.4 1.3 0.0 0.7 0.1 0.0 0.6 0.0 

 

0.0 0.0 

 

0.0 0.0 

Veillo

nella 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

 

24.1 0.0 

 

0.0 0.0 

Metha

nobrev

ibacter 48.1 12.0 0.0 0.0 0.0 0.0 0.0 0.0 0.24 0.0 

 

0.0 0.0 

 

0.0 0.0 

Prevot

ella 0.0 0.0 0.0 0.1 0.0 0.3 0.0 0.0 33.5 0.0 

 

0.0 0.0 

 

0.0 0.0 

Mogib

acteria

ceae 0.0 0.1 0.0 0.3 0.0 0.0 0.0 0.0 59.2 0.0 

 

51.0 0.0 

 

0.0 0.0 

Fusob

acteriu

m 0.1 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 

 

7.0 0.0 

 

0.0 0.0 

Leptot

richia 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Neisse

ria 0.0 0.0 0.0 0.1 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Propio

nibact

erium 2.3 0.0 15.2 0.0 7.0 0.0 0.0 26.4 0.0 0.0 0.0 0.0 0.0 0.0 
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Table 4. Relative abundances for bacterial species* from MetaPhlAn  

*The top 6 most abundant species within the PPCC sample, top 3 in the PPL 5A, top 1 in 

the PPL 5B and 5C samples.  

  

Taxa 

 

 

 

 

PPCC 

 

 

 

 

PPL 5A 

 

 

 

 

PPL 5B 

 

 

 

 

PPL 5C NegExt.1 NegExt.2 LibNeg 

Methanobrevibacter 

unclassified 

 

48.0 

 

0.0 

 

0.0 

 

0.0 

 

0.0 

 

0.0 

 

0.0 

Cutibacterium 

acnes 

 

2.2 

 

15.1 

 

7.0 

 

26.4 0.6 

 

0.0 

 

0.0 

Desulfobulbus sp 

oral taxon 041 

 

5.6 

 

0.0 

 

0.0 

 

0.0 

 

0.0 

 

0.0 

 

0.0 

Bacteroidetes oral 

taxon_274 

 

0.7 

 

0.0 

 

0.0 

 

0.0 

 

0.0 

 

0.0 

 

0.0 

Treponema 

denticola 

 

0.7 

 

0.0 

 

0.0 

 

0.0 

 

0.0 

 

0.0 

 

0.0 

Tannerella forsythia 

 

3.0 

 

0.0 

 

0.0 

 

0.0 

 

0.0 

 

0.0 

 

0.0 

Staphylococcus 

hominis 

 

0.0 

 

28.3 

 

0.0 

 

0.0 

 

0.0 

 

0.0 

 

0.0 

Streptococcus 

anginosus 

 

7.0 

 

16.0 

 

0.0 

 

0.0 

 

0.0 

 

0.0 

 

0.0 

Bifobacterium 

pseudolongum 

 

0.0 

 

0.0 

 

0.0 

 

0.0 0.0 

 

24.1 

 

0.0 

Rhodopseudomonas 

palustris 

 

0.0 

 

0.0 

 

0.0 

 

0.0 0.0 

 

6.9 

 

0.0 

Bukholderia spp.  

 

0.0 

 

0.0 

 

0.0 

 

0.0 59.2 

 

51.0 

 

0.0 

Polynucleobacter 

necessaries  

 

0.0 

 

0.0 

 

0.0 

 

0.0 0.2 

 

0.0 

 

0.0 

Pseudomonas spp.  

 

0.0 

 

0.0 

 

0.0 

 

0.0 33.6 

 

0.0 

 

0.0 
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Table 5. Median Fragment Lengths (bp)  

 

 

 

  

  PPCC PPL 5A PPL 5B PPL 5C 

Human 55 79 64 73 

Methanobrevibacter oralis 93 66 48 50 

Streptococcus anginosus 72 64 42.5 59.5 

Cutibacterium acnes 44 70 62 61 
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Figure 3. Log transformed relative abundances of phyla identified by QIIME. High 

abundant taxa are in gradients for red while less abundant taxa are white and blue. The 

microbial communities depicted are from the Plaza of the Columns sample (PPCC), Moon 

Pyramid samples (PPL 5A-C, n=3), Neanderthals (n=3, Weyrich et al., 2017), various 

archaeological contexts (n=59, Mann et al., 2018), and Hunter Gatherers from the 

Phillipines (n=2, Lassalle et al., 2018). The 14 phyla were present in at least 10% of samples 

within this study with a relative abundance of at least 0.5%.  
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Figure 4. Log transformed relative abundances of genera identified by QIIME. The 19 

genera had a relative abundance of at least 0.5% and were present in at least 10% of 

samples. 
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Figure 5. Log transformed relative abundances of phyla identified by MetaPhlAn. The 13 

phyla had a relative abundance of at least 0.5% were present in at least 10% of samples.  
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Figure 6. Log transformed relative abundances of genera identified by MetaPhlAn. The 18 

genera had at least 0.5% relative abundance and were present in at least 10% of samples. 

Note that the PPL samples have different microbial profiles with other dental calculus 

samples. One notable taxon is Streptococcus anginosus and its high abundance in the PPL 

5A sample. As a result, this taxon S. anginosus was used as reference for downstream 

analyses.   
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Figure 7. Log transformed relative abundances of species identified by MetaPhlAn. The 20 

species had a relative abundance of at least 0.5% and were in at least 10% of samples. Note 

that the PPL samples have different microbial profiles with other dental calculus samples.  

  



 

35 

 

Figure 8. MapDamage results for M. oralis. The PPCC, PPL 5A, and PPL 5B samples 

exhibit expected damage patterns for aDNA, while PPL 5C does not. Unique read counts 

for each sample: PPCC: 1,064,306; PPL 5A: 612; PPL 5B: 1,550; PPL 5C: 71.   
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Figure 9. MapDamage results for S. anginosus. The PPCC and PPL 5A samples exhibit 

expected damage patterns for aDNA, while PPL 5B and PPL 5C does not. Unique read 

counts for each sample: PPCC: 44,689; PPL 5A: 3,531; PPL 5B: 10; PPL 5C: 4. 
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Figure 10. MapDamage results for C. acnes. None of the Teotihuacan samples exhibit 

damage patterns expected for aDNA. Unique read counts for each sample: PPCC: 1,318; 

PPL 5A: 6,665; PPL 5B: 4,901; PPL 5C: 3,184.  
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Figure 11. Fragment length distributions for the four samples when mapped to the M. 

oralis reference genome. Note that the PPL samples are also included in this graph but 

because of their scale, the line appears to be flat. Unique read counts for each sample: 

PPCC: 1,064,306; PPL 5A: 612; PPL 5B: 1,550; PPL 5C: 71. 
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Figure 12. Fragment length distributions for the four samples when mapped to the S. 

anginosus reference genome. Note that the PPL 5B sample is also included in this graph 

but because of their scale, their lines appear to be flat. Unique read counts for each sample: 

PPCC: 44,689; PPL 5A: 3,531; PPL 5B: 10; PPL 5C: 4. 
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Figure 13. Fragment length distributions for the four samples when mapped to C. acnes. 

Note that the PPCC had few DNA sequences mapped to C. acnes while the PPL samples 

had more than 500. Unique read counts for each sample: PPCC: 1,318; PPL 5A: 6,665; 

PPL 5B: 4,901; PPL 5C: 3,184. 
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Figure 14. Bayesian source-tracking results at the genus-level for ancient dental calculus 

and extraction blank samples. The PPCC sample almost entirely assigns to dental calculus 

sources from Neanderthals (Weyrich et al., 2017) and a global dental calculus dataset 

(Mann et al., 2018). The PPL samples assign partially to skin sources (DOE Joint Genome 

Institute, 2017).  
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Figure 15. Percent of human endogenous content among dental calculus samples. The data 

has been transformed. The four Teotihuacan samples are highlighted in teal while the 

dental calculus samples from Mann et al. (2018) are depicted in salmon. Note that the 

ExtNeg.2 sample has a much higher proportion of human reads than any other sample 

included in this study. The PPL 5B and PPL 5C also had a considerable proportion of 

human DNA, which has not yet been demonstrated in previous calculus studies. While 

standard precautions to minimize contamination were observed, human contamination 

seems to be an issue.  
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Figure 16. MapDamage results for the human genome. The PPCC exhibit expected damage 

patterns for aDNA, while PPL 5A, PPL 5B and PPL 5C do not. Unique read counts for 

each sample: PPCC: 1,593; PPL 5A: 59,334; PPL 5B: 32,770; PPL 5C 9,449.  
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Figure 17. Fragment length distributions for the four samples when mapped to the human 

reference genome. Unique read counts for each sample: PPCC: 1,593; PPL 5A: 59,334; 

PPL 5B: 32,770; PPL 5C 9,449. Although these patterns are consistent with previous aDNA 

samples, their damage patterns indicate that they are modern contaminants (Figure 16).  
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Discussion  
An initial aim of this study was to determine whether it was possible to estimate genetic 

ancestry from Mesoamerican dental calculus samples. The results presented here were unable to 

recover a sufficient amount of data to address this question. Nevertheless, this study was able to 

provide empirical data about DNA preservation of dental calculus in Mesoamerica, an 

archaeological context unrepresented in previous dental calculus studies (Mann et al., 2018; 

Warinner et al., 2014; Weyrich et al., 2017). Using several different approaches, we found that 

the preservation and contamination of microbial and human DNA in dental calculus differs 

between the samples from the Moon Pyramid and the Plaza of the Columns Complex.  

Identification of oral, skin, and soil microbes in the Teotihuacan samples  

As a result of the rapid development of software for metataxonomic classification, two 

different programs were utilized in this study—QIIME and MetaPhlAn. Both programs have 

been tested in silico mock communities with typical aDNA patterns and each has been shown to 

have advantages and disadvantages in profiling microbial communities (Velsko et al., 2018). For 

instance, MetaPhlAn underestimates the presence of Chloroflexi within a sample in comparison 

to other pipelines based on results from mock communities (Lindner and Renard, 2015). 

MetaPhlAn also has far fewer number of references (~17,000) in comparison to QIIME 

(~1,000,000). However, the database of MetaPhlAn enables the identification of several species 

since it uses specific clade markers to identify taxa. Thus, each program is susceptible to false 

positive and false negatives and applying more than one method is needed to verify results.  

In the Teotihuacan samples, both programs identified similar taxa at the phylum- and 

genus- level in all four samples—oral taxa for the PPCC sample and soil and skin taxa for the 

PPL samples. Previous research has suggested that 16S rRNA gene sequencing is more reliable 

in identification of genera (>90%) rather than in species (65 to 83%) (Janda and Abbott, 2007). 
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For this reason, only MetaPhlAn was used to identify species in the dental calculus samples. In 

the PPCC sample, MetaPhlAn identified several oral species, including Tannerella forsythia, 

Methanobrevibacter spp., and Desulfobulbus oral taxon 041 (Figure 13). It is well known that 

both T. forsythia and M. oralis have been associated with periodontitis in past and modern 

populations (Huynh et al., 2015; Warinner et al., 2014; Weyrich et al., 2017).  

It should be noted that the proportional relative abundance observed in dental calculus is 

not necessarily reflective of the relative abundance antemortem. Nevertheless, in the MetaPhlan 

analysis, Methanobrevibacter was the most abundant organism in the PPCC sample (48.11%). In 

the QIIME analysis, Methanobrevibacter was the second most abundant in the PPCC sample 

(12.0%) following Actinomyces (16.0%). In fact, based on the MetaPhlAn results, the PPCC 

sample had a higher relative abundance of Methanobrevibacter than any sample from Mann et 

al. (2018) and Weyrich et al. (2017). Furthermore, the only other sample that had 

Methanobrevibacter spp. as the most abundant species was SRR6877288 which is a dental 

calculus sample from the Caribbean that also dates to prior to European contact. However, only 

11% of the reads in the PPCC sample map to the Methanobrevibacter oralis reference genome. 

Mapping the PPCC sample to other Methanobrevibacter references may reveal a more accurate 

estimation of the relative abundance for Methanobrevibacter in the sample. Together these data 

suggest that there are differences between analytical pipelines. More information is needed to 

determine whether this finding in the two samples is due to a biological process that could be 

associated with lifestyles in the regions or they are the products taphonomic influences.  

The finding of high abundance of Methanobrevibacter may come as a surprise. Taxa with 

lower GC content genomes are more susceptible to denaturation because of their lower melting 

point (Mann et al., 2018). Methanobrevibacter has a low GC content of 27.78%. This 
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preservation bias for Methanobrevibacter may be a result of archaea having different cell wall 

properties than bacteria (Schleifer, 2009). These properties of archaea are potentially adaptive 

responses to harsh environments such as permafrost and volcanoes and may explain their robust 

preservation within dental calculus (Konings et al., 2002; Steven et al., 2009).  

The identification of soil taxa (e.g. Acidobacteria representatives), and skin taxa 

(Cutibacterium acnes, Staphylococcus hominis, and Staphyloccus epidermidis) in the PPL 

samples is problematic since their origin remains unclear. However, the curation history for the 

PPL samples may provide some insight. For instance, these samples have been handled for 

archaeological, osteological, and isotopic analyses (Spence and Pereira 2007; Sugiyama et al. 

2004; Sugiyama et al. 2015). Each analysis exposed the dental calculus enhancing their chances 

of acquiring contaminants. The samples were treated with UV irradiation in the lab but research 

has shown that this method as well as HCl treatment fails to completely eliminate contamination 

(Malmström et al., 2005). The contamination could also have been introduced during the 

laboratory process, but this is unlikely as the skin and soil taxa identified in the Moon Pyramid 

samples were not identified in the extraction blanks nor in the PPCC sample (Table 3). The 

PPCC sample was excavated in 2017, subsampled shortly after excavation, and yielded an oral 

microbiome signature. For this reason, it is recommended that archaeologists who are 

considering genetic analyses on dental calculus consider subsampling shortly after the materials 

have been unearthed. 

Authentication of the microbial sequences   

The microbial DNA obtained from the PPCC and PPL dental calculus samples derives 

from distinct communities (i.e. calculus, soil and skin) (Figure 14). In the past, dental calculus 

studies used SourceTracker to predict the proportion of the community attributable to dental 
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plaque within a dental calculus sample (Mann et al., 2018; Warinner et al., 2014). Since the rapid 

accumulation of ancient dental calculus sequence data, this current study is unique in that it used 

source data from dental calculus (Mann et al., 2018; Weyrich et al., 2017), plaque (Lloyd-Price 

et al., 2017), and saliva (Aleti et al., 2018; Lassalle et al., 2018) as sources. The SourceTracker 

analysis predicted 97.4% of the PPCC community could be attributed to dental calculus (Mann et 

al., 2018; Weyrich et al., 2017). By contrast, microbial DNA within the PPL samples is predicted 

to be from soil (𝑋 =48.38%) and bacteria from unknown sources (𝑋 = 41.2%), with minor 

contributions from dental calculus. Thus, the findings of this study differs from previous studies 

in that dental calculus was generally dominated by human-associated oral taxa (Mann et al., 

2018; Warinner et al., 2015, 2014). The state of DNA preservation found in the PPL samples 

may also suggest that dental calculus may not retain a robust oral microbial signature.  

Since the PPL samples were excavated at the same archaeological site and date to the 

same time period as the PPCC sample, it is unlikely that geography has had a significant effect 

on the DNA preservation of dental calculus. Burial environment might have had some influence 

on the differential preservation between the PPCC and PPL samples but more sampling from the 

Plaza of the Columns Complex as well as other Mesoamerican contexts are needed in order to 

determine whether the patterns observed for PPL samples are typical.   

Human DNA recovered from the Teotihuacan samples  

Previous studies have demonstrated that the amount of human DNA preserved in dental 

calculus varies but is generally less than one percent (Mann et al., 2018; Ozga et al., 2016) 

(Figure 15). This pattern was also observed in this study as the proportion of human DNA was 

low across all calculus samples (<1.0%). Dental calculus can yield enough authentic host DNA 

to estimate ancestry when using enrichment processes such as sequence capture (Ozga et al., 
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2016; Ziesemer et al., 2019). While sequence capture may be useful in identifying the ancestry of 

the PPCC sample, it may not be appropriate for the PPL samples as the human DNA in the PPL 

samples are likely modern contaminants. The PPL samples do not show the expected pattern of 

C→T substitutions at the 5’ ends and the lack of G→A substitutions on the 3’ ends (Figure 16). 

Although the PPCC sample exhibited aDNA damage and fragments with median lengths of 55 

bp, there was not enough coverage (<0.001) to accurately estimate mitochondrial ancestry using 

HaploGrep. However, further analyses could potentially estimate ancestry.  

Shotgun sequencing of dental calculus may still be useful in determining whether the 

human DNA within dental calculus is from the host or the result of contamination. For instance, 

Mann et al. (2018) found that human DNA fragments are generally shorter than microbial DNA 

fragments. This pattern was observed in the PPCC sample but not in the PPL samples (Table 5). 

This difference as well as the results from MapDamage and SourceTracker strongly suggests 

differential preservation of human and microbial DNA in the dental calculus from the PPL 

samples in comparison to other dental calculus samples. If the percent of human DNA is higher 

than 1% in calculus, and does not exhibit the expected damage patterns for aDNA, then the 

human DNA obtained from the dental calculus is likely from modern contaminants. Moreover, 

the application of other bioinformatic tools, such as Contamix, could also provide estimations of 

contamination (Schubert et al., 2014).  

The process of human DNA being entrapped into the dental calculus matrix antemortem 

is still poorly understood (Mann et al., 2018). However, the process of contaminant DNA 

incorporated into the matrix for sequencing is understood even less. Human contaminants in the 

PPL samples are not likely host but modern contaminants because they did not exhibit aDNA 

damage despite their fragmentation patterns. The PPCC sample, on the other hand, exhibit both 
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aDNA damage and the expected short DNA fragment lengths. The patterns observed in the PPL 

samples have not been observed in previous dental calculus studies (Mann et al., 2018; Warinner 

et al., 2014; Weyrich et al., 2017). Although the samples in the study were treated with UV 

irradiation, the application of NaOCl (bleach) to the surface of the calculus could also reduce the 

amount of contamination recovered (Boessenkool et al., 2017; Kemp and Smith, 2005). 

Understanding the processes that could have contributed to this differential preservation between 

the PPL and PPCC could be quite useful for future dental calculus research as more scholars 

request dental calculus samples (Austin et al., 2019).  

Conclusion  
This study represents a novel step towards assessing the DNA preservation of dental 

calculus from a Mesoamerican context, a region that has not been included in previous dental 

calculus studies (Mann et al., 2018; Warinner et al., 2014; Weyrich et al., 2017). The results 

presented here demonstrate that HTS methods can recover an extant oral microbiome from 

Teotihuacan, and that the resulting data provide noteworthy insights into the oral microbiome 

from a pre-European contact population. In contrast, the PPL samples demonstrate that dental 

calculus can be susceptible to contamination and that the curation history of samples can impact 

the recovery of biomolecules. While these initial results are promising, a larger sample size from 

Teotihuacan and Mesoamerica in general will be needed to broaden the understanding of DNA 

preservation in the region. Identifying the causal agents for this differential preservation and 

whether they could have been prevented is critical for future analyses.  
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Appendix A 

Table A.1: Sample metadata  
Sample 
ID/Source 
Accession 
Number 

Total Number 
of Reads Locality Environment Instrument Description 

ElSidron1 56,584,638 Spain Calculus Illumina HiSeq Weyrich_etal_2017 

ElSidron2 66,905,980 Spain Calculus Illumina MiSeq 300 Weyrich_etal_2017 

OldSpy 69,901,550 Belgium Calculus Illumina MiSeq 300 Weyrich_etal_2017 

SRR6877282 
            

19,199,306  Nepal Calculus Illumina HiSeq 2500 Mann_etal_2018 

SRR6877284 
            

44,932,086  Spain Calculus Illumina HiSeq 2500 Mann_etal_2018 

SRR6877286 
            

16,562,372  Spain Calculus Illumina HiSeq 2500 Mann_etal_2018 

SRR6877288 
            

22,746,512  Guadeloupe Calculus Illumina HiSeq 2500 Mann_etal_2018 

SRR6877290 
            

18,595,784  Guadeloupe Calculus Illumina HiSeq 2500 Mann_etal_2018 

SRR6877292 
            

27,888,566  Mongolia Calculus Illumina HiSeq 2500 Mann_etal_2018 

SRR6877312 
            

11,561,738  USA Calculus Illumina HiSeq 2500 Mann_etal_2018 

SRR6877310 
            

11,945,018  USA Calculus Illumina HiSeq 2500 Mann_etal_2018 

SRR6877393 
            

14,907,918  Netherlands Calculus Illumina HiSeq 2500 Mann_etal_2018 

ERR011323 12,479,816 Spain Human Gut 
IlluminaGenomeAnalyz

erII Ormerod_etal_2016 

ERR2162202 20,813,974 USA Human Gut Illumina_HiSeq_2000 Gopalakrishnan_etal_2018 

ERR2162205 21,616,115 USA Human Gut Illumina_HiSeq_2000 Gopalakrishnan_etal_2018 

ERR2162208 18,979,022 USA Human Gut Illumina_HiSeq_2000 Gopalakrishnan_etal_2018 

ERR2162209 20,006,202 USA Human Gut Illumina_HiSeq_2000 Gopalakrishnan_etal_2018 

ERR2162211 19,724,770 USA Human Gut Illumina_HiSeq_2000 Gopalakrishnan_etal_2018 

ERR2162212 19,119,666 USA Human Gut Illumina_HiSeq_2000 Gopalakrishnan_etal_2018 

ERR2162215 18,234,407 USA Human Gut Illumina_HiSeq_2000 Gopalakrishnan_etal_2018 

ERR2162216 21,516,313 USA Human Gut Illumina_HiSeq_2000 Gopalakrishnan_etal_2018 

ERR2162220 17,308,536 USA Human Gut Illumina_HiSeq_2000 Gopalakrishnan_etal_2018 

ERR2162221 18,980,740 USA Human Gut Illumina_HiSeq_2000 Gopalakrishnan_etal_2018 

ERR321065 11,165,183 Denmark Human Gut 
IlluminaGenomeAnalyz

erII Costea_etal_2017 

SRR1929408 31,843,136 Tanzania Human Gut 
IlluminaGenomeAnalyz

erIIx Rampelli_etal_2017 

SRR1930121 35,645,325 Tanzania Human Gut 
IlluminaGenomeAnalyz

erIIx Rampelli_etal_2017 

SRR1930123 3,732,121 Tanzania Human Gut 
IlluminaGenomeAnalyz

erIIx Rampelli_etal_2017 

SRR1930141 32,369,669 Tanzania Human Gut 
IlluminaGenomeAnalyz

erIIx Rampelli_etal_2017 

SRR1930145 16,695,141 Tanzania Human Gut 
IlluminaGenomeAnalyz

erIIx Rampelli_etal_2017 
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SRR1931170 16,744,111 Italy Human Gut 
IlluminaGenomeAnalyz

erIIx Rampelli_etal_2017 

SRR1931173 23,917,309 Italy Human Gut 
IlluminaGenomeAnalyz

erIIx Rampelli_etal_2017 

SRR1952513  32,056,125 Australia Plaque Illumina_HiSeq_2000 Lloyd.Price_etal_2017 

SRR1952567  32,453,927 Australia Plaque Illumina_HiSeq_2000 Lloyd.Price_etal_2017 

SRR1952611  28,677,800 Australia Plaque Illumina_HiSeq_2000 Lloyd.Price_etal_2017 

SRR1952623  42,484,177 Australia Plaque Illumina_HiSeq_2000 Lloyd.Price_etal_2017 

SRR2240834  28,592,053 Australia Plaque Illumina_HiSeq_2000 Lloyd.Price_etal_2017 

SRR2240920  27,386,137 Australia Plaque Illumina_HiSeq_2000 Lloyd.Price_etal_2017 

SRR3586059 16,735,210 USA Plaque Illumina_HiSeq_1000 Schmidt_etal_2014 

SRR3586060  47,986,616 USA Plaque Illumina_HiSeq_1000 Schmidt_etal_2014 

SRR3586063  12,545,392 USA Plaque Illumina_HiSeq_1000 Schmidt_etal_2014 

SRR3586064  14,935,707 USA Plaque Illumina_HiSeq_1000 Schmidt_etal_2014 

ERR1474568 41,891,239 Philippines Saliva Illumina_HiSeq_2500 Lassalle_etal_2017 

ERR1474580 33,510,069 Philippines Saliva Illumina_HiSeq_2500 Lassalle_etal_2017 

ERR1474585 18,384,662 Philippines Saliva Illumina_HiSeq_2500 Lassalle_etal_2017 

ERR1474586 40,615,282 Philippines Saliva Illumina_HiSeq_2500 Lassalle_etal_2017 

SRR7448290  33,977,611 USA Saliva NextSeq500 Aleti_etal_2018 

SRR7448291  31,509,401 USA Saliva NextSeq500 Aleti_etal_2018 

SRR7448292  16,188,903 USA Saliva NextSeq500 Aleti_etal_2018 

SRR7448294  18,614,551 USA Saliva NextSeq500 Aleti_etal_2018 

SRR7448307  116,315,187 USA Saliva NextSeq500 Aleti_etal_2018 

SRR7448312  27,142,636 USA Saliva NextSeq500 Aleti_etal_2018 

SRR1620017  29,006,012 USA Skin Illumina_HiSeq_2000 Schmedes_etal_2017 

SRR3644405  10,783,066 USA Skin Illumina_HiSeq_2000 Loshcher_etal_2015 

SRR7687997  16,588,845 USA Skin Illumina_HiSeq_2500 Tirosh_etal_2018 

SRR7992620  21,406,093 USA Skin Illumina_HiSeq_2500 Tirosh_etal_2018 

SRR7992621  20,812,370 USA Skin Illumina_HiSeq_2500 Tirosh_etal_2018 

SRR7992810  15,142,399 USA Skin Illumina_HiSeq_2500 Tirosh_etal_2018 

ERR2004605 21,032,723 China Soil NextSeq500 Ren_etal_2018 

ERR2004609 20,618,976 China Soil NextSeq500 Ren_etal_2018 

ERR2004615 20,997,843 China Soil NextSeq500 Ren_etal_2018 

SRR1157607 27,629,264 USA Soil Illumina_HiSeq_2000 Lin_etal_2014 

SRR1157609 52,421,485 USA Soil Illumina_HiSeq_2000 Lin_etal_2014 

SRR5277367  67,906,864 Canada Soil Illumina_HiSeq_2500 DOE_2017 

SRR8465122 7,302,341 Norway Soil Illumina_HiSeq_2500 DOE_2017 

SRR8465471 7,403,704 Norway Soil Illumina_HiSeq_2500 DOE_2017 

 

 


