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Summary  

Paleopathology has evolved into an interdisciplinary field with contributions from anatomical, 

biomedical, bioarchaeological, histological, microbiological and biomolecular specialties. 

Traditionally founded in the practice of morphological skeletal observations, today there is an 

increasing reliance on Next Generation Sequencing (NGS) methods leading to ancient pathogen 

genomes providing the primary evidence for infectious diseases that circulated amongst human 

populations in the past. The increase in ancient pathogen genomes provides valuable insight to 

human-pathogen migration, evolution and ecology for infectious diseases which still burden the 

world’s population today. In this dissertation, I apply skeletal and molecular methods to evaluate 

the presence of disease in Indigenous groups of North and South America. Here, I employ recent 

molecular and computational developments to detect, reconstruct, and characterize ancient 

tuberculosis (TB) genomes from the pre-colonial Americas.    

In the first paper I investigate the presence of the metabolic bone disease, skeletal fluorosis, at the 

Ray Site, Illinois, USA. I evaluated 117 individuals of the archaeological community of this 

Middle/early-Late Woodland site (BCE 50 – 400 CE) constructing biological profiles and recorded 

paleopathological data of skeletal and dental material. I identified eight individuals displaying a 

shared set of osseous changes including osteosclerosis, ossification of tendinous and ligamentous 

attachments, high frequency of fractures, and dental defects. The development of a differential 

diagnosis in conjunction with evaluation of environmental factors led to the conclusion that the 

observed condition was most likely skeletal fluorosis. This is the first description of skeletal 

fluorosis from an archaeological community in North America.   

In the second paper, I applied both skeletal and molecular methods to investigate the presence of 

infectious disease in communities from Huari, Peru, the former capital of the Wari Empire located 

in the Ayacucho Basin of the Andes. Groups included in this study were recovered from 

commingled skeletal deposits of three sectors of the site dating to terminal Wari and post Wari 

eras of the Late Intermediate Period (LIP, 1000 – 1400 CE). I selected 34 skeletal samples for 

molecular analysis including skeletal elements presenting indicators of bacterial infection, likely 

tuberculosis or brucellosis, and those with little to no change. Due to the commingled nature of 

this collection, it is unknown if the skeletal elements selected for this study that presented no 
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pathological changes represented individuals who did not have a skeletal response to the disease.  

The generation of NGS data and application of metagenomic pathogen screening revealed the 

presence of DNA fragments belonging to Mycobacterium tuberculosis complex (MTBC) 

members, the causative agent of tuberculosis, in 8 of the vertebral samples, including those which 

show osseous lesions characteristic of TB and those presenting little to no pathological change. 

The history of paleopathological investigations of TB in the Andes is discussed with the 

demonstration of a taxonomic binning tool for broad pathogen screening of shotgun sequenced 

data, and its value when analyzing commingled skeletal elements including those which display 

non-specific or slight pathological changes. 

The third paper investigates MTBC evolution and ecology on a local scale in Huari populations 

who experienced dramatic socio-political and climatic shifts during the LIP. Here, I expand the 

previous detection of MTBC strains in LIP populations at Huari, to incorporate 69 more skeletal 

samples that represent a spectrum of osseous changes. MALT analysis allowed for identification 

MTBC strains in an additional 6 vertebrae. Subsequently, I reconstructed 7 MTBC genomes 

belonging to the M. pinnipedii strain group, associated with modern seals and sea lions. Analysis 

shows that although these strains are closely related to the coastal genomes, the M. pinnipedii 

strains recovered from the three contemporaneous sectors of Huari demonstrate diversity within a 

discrete geographical area and time period.  

My fourth manuscript presents a reconstructed ancient MTBC genome from the eastern Andean 

slopes recovered from the Chachapoya chullpa of Diablo Huasi located in Amazonas, Peru. This 

skeleton displayed pathological changes that were non-specific in lesion distribution and 

morphology. Although I employed a broad pathogen screening method with limited ascertainment 

bias, TB was the only pathogen detected. Its preservation permitted the subsequent reconstruction 

of a 15-fold TB genome. Phylogenetic analysis reveals that the Diablo Huasi TB strain is closely 

related to those from the neighboring ancient coastal and highland populations. I discuss the utility 

of molecular methods for paleopathological analyses resulting in atypical pathological 

presentation and highlight the value of incorporating skeletal and molecular data to 

paleopathology. This work expands the known geographic range of ancient M. pinnipedii strains 
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to the eastern piedmont of the Northern Peruvian Andes, thus providing insight into their local 

ecology and evolution.  

 

For the fifth manuscript, I present preliminary data for a collaborative project investigating 

tuberculosis from archaeological human remains recovered from pre-colonial contexts across the 

Americas including Peru, Chile, Mexico, and the USA. A total of 28 samples found to be putatively 

positive in PCR detection were sequenced and subsequently analyzed. Here, I present challenges 

in ancient TB DNA analysis and the laboratory methods and computational analyses we employ 

to overcome these challenges. I discuss the generation of new data for downstream analysis. 

 

Zusammenfasung 

 

Die Paläopathologie hat sich zu einem interdisziplinären Feld entwickelt, welches Beiträge 

anatomischer, biomedizinischer, bioarchäologischer, histologischer, mikrobiologischer und 

biomolekularer Fachgebiete integriert. In der Tradition der Praxis morphologischer 

Skelettbeobachtungen begründet, wächst die Bedeutung von NGS-Methoden. Die so 

rekonstruierten alten Pathogengenome liefern den Hauptbeweis für, in der Vergangenheit 

verbreitete, Infektionskrankheiten. Die Zunahme von verfügbaren Genomen alter 

Krankheitserreger liefert wertvolle Einblicke in die Migration, Evolution und Ökologie der 

Menschen und ihrer infektiösen Krankheitserreger wie TB, welche die Weltbevölkerung bis heute 

belasten. In dieser Dissertation wende ich paläoanthropologische und molekulare Methoden an, 

um Krankheiten in indigenen Gruppen Nord- und Südamerikas nachzuweisen. Ich nutze neue 

molekulare und bioinformatische Techniken um alte TB-Genome aus dem vorkolonialen Amerika 

zu erkennen, zu rekonstruieren und zu charakterisieren. 

 

In der ersten Arbeit untersuchte ich das Auftreten einer metabolischen Knochenerkrankung, der 

Skelettfluorose, am Ray-Standort in Illinois, USA. Anhand von 117 Personen aus der 

archäologischen Gemeinschaft dieser mittel- / früh- und spätzeitlichen Woodland Stätte (BCE 50-

400 CE), erstellte ich biologische Profile und zeichnete paläopathologische Daten zu Skelett- und 

Zahnmaterial auf. Ich konnte acht Personen mit häufigen Knochenveränderungen indentifizieren. 

Die Veränderungen schlossen Osteosklerose, Ossifikation von Sehnen- und Bandansätzen und 
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eine hohe Häufigkeit von Frakturen und Zahndefekten ein. Die Entwicklung einer 

Differentialdiagnose, in Verbindung mit der Bewertung von Umweltfaktoren, führte zu dem 

Schluss, dass der beobachtete Zustand höchstwahrscheinlich dem Befund einer Skelettfluorose 

entsprach. Dies ist die erste Beschreibung einer Skelettfluorose aus einem archäologischen 

Kontext in Nordamerika. 

 

In der zweiten Arbeit wendete ich paläoanthropologische und molekulare  Methoden an, um das 

Vorhandensein von Infektionskrankheiten in Gemeinden aus der ehemaligen Hauptstadt des Wari-

Reiches, Huari, im Ayacucho-Becken der Anden,, zu untersuchen. Die in diese Studie 

einbezogenen Gruppen wurden aus einer Mischung aus Skelettfunden dreier Sektoren des Gebiets 

gewonnen. Die Sektoren datieren auf die späte und letzte Wari- Periode und die daran 

anschließende späten und mittlere Periode (LIP, 1000 - 1400 CE ). Ich wählte 34 Proben für die 

molekulare Analyse aus, einschließlich solcher, die Zeichen einer vermuteten bakteriellen 

Infektion durch Tuberkulose oder Brucellose aufwiesen, aber auch Skelette mit wenigen oder 

keinen skelettalen Veränderungen. Mittels MALT wurde das Vorhandensein verschiedener 

Pathogene analysiert und Vertreter des Mycobacterium tuberculosis complex (MTBC), dem 

Erreger der Tuberkulose, in 8 der Proben nachgewiesen. Die positiven Fälle schlossen Skelette mit 

typischen TB-ähnliche Läsionen ein, aber auch Skelette die nur geringe bis keine pathologischen 

Veränderungen aufweisen. Der erfolgreiche Nachweis der Krankheitserreger in Skelett Elementen 

unterschiedlicher Herkunft und unterschiedlichem Ausprägung der Krankheiten zeigt den Wert 

der hier angewandten Kombination aus Shotgun-Sequenzierung und breitem Pathogen-screening. 

 

In der dritten Publikation untersuche ich die die MTBC-Evolution und -Ökologie auf lokaler Ebene 

in Huari-Populationen, welche während des LIP dramatische gesellschaftspolitische und 

klimatische Veränderungen erfuhren. Durch die Untersuchung von weiteren 69 Skelettproben 

verschiedener Verknöcherungsgrade durch MALT-screening erweiterte ich den Nachweis auf von 

MTBC-Stämmen auf 6 weitere Individuen. In allen Individuen erfolgte der Nachweis in Wirbeln. 

Anschließend rekonstruierte ich 7 MTBC Genome der M. pinnipedii-Stammgruppe, die heute 

Robben und Seelöwen befällt. Die Analyse zeigt eine enge Verwandschaft zu den an der Küste 

vorkommenden Stämmen, jedoch eine hohe Vielfalt innerhalb der Stämme aus verschiedenen 

Sektoren von Huari. 
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Mein viertes Manuskript zeigt ein rekonstruiertes altes MTBC-Genom aus den östlichen 

Andenhängen, gewonnen aus dem Chachapoya chullpa von Diablo Huasi im Amazonasgebiet 

Perus. Dieses Skelett zeigte pathologische Veränderungen, die in Bezug auf Läsionsverteilung und 

Morphologie nicht spezifisch waren. Obwohl ich eine breite Pathogen-Screening-Methode 

einsetzte, war TB das einzige nachgewiesene Pathogen. Die gute Erhaltung ermöglichte die 

anschließende Rekonstruktion eines 15 fach abgedecken TB Genomes. Die phylogenetische 

Analyse zeigt, dass der Diablo Huasi TB Stamm eng mit denen der benachbarten alten Küsten- 

und Hochlandpopulationen verwandt ist. Ich diskutiere den Nutzen molekularer Methoden für 

paläopathologische Analysen und hebe den Wert der Einbeziehung von Skelett- und molekularen 

Daten in die Paläopathologie hervor. Diese Arbeit erweitert das bekannte geografische 

Verbreitungsgebiet der alten M. pinnipedii Stämme auf das östliche Piemont der nordperuanischen 

Anden und gibt so Einblick in ihre lokale Ökologie und Entwicklung. 

 

Für das fünfte Manuskript präsentiere ich vorläufige Daten für ein größeres Projekt zur 

Untersuchung der Tuberkulose aus archäologischen menschlichen Überresten. Diese wurden aus 

vorkolumbianischen Kontexten in ganz Amerika, einschließlich Peru, Chile, Mexiko und den 

USA, geborgen. Insgesamt 28 Proben wurden beim PCR Nachweis als mutmaßlich positiv 

befunden und anschließend sequenziert und analysiert. Hier stelle ich Herausforderungen in der 

Analyse alter TB Dann, sowie die Labormethoden und Computeranalysen vor, die wir zur 

Überwindung dieser Herausforderungen anwenden. Ich diskutiere die Generierung neuer Daten 

für die anschließende Analyse. 
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1 Introduction  
1.1 Paleopathology: The past informs the present 

Mortui viventes docent: “the dead teach the living” – Paleopathology Association 

Throughout time, diseases have influenced the global human population, shaping societies and 

cultures, political frameworks, economic structures, and human biology. Archaeological data, 

paleopathological data, historical records and molecular analysis have contributed to our 

understanding of diseases of the past and their social impacts. Infectious disease outbreaks have 

had a massive effect on the human population and societies, leading to significant population 

decline and, in some cases, changing the course of history. European scholars note the example of 

the fall of feudalism following the Black Death, demonstrating the power of infectious disease on 

socio-political structures (Herlihy, 1997). For scholars researching Indigenous populations of the 

Americas, we consider the introduction of pathogens to the Americas during European 

colonization as contributing to one of the most significant demographic and population shifts ever 

recorded. Although, disease, be it infectious, genetic, or metabolic, was not absent from Indigenous 

American populations prior to European arrival, the introduction of infectious microbes and 

viruses through colonization effected a population decline with estimates up to 90% of the 

Indigenous population (Kaplan et al., 2011; Koch et al., 2019) and contributed to the fall of the 

Aztec and the Inka empires (De Rojas, 2012).  

The devastating social and demographic impacts of disease appear to have been recognized and 

weaponized very early in history. The employment of infectious disease in political conflicts is 

exemplified in accounts of the Spanish attempts to provide their French adversaries wine with the 

blood of those afflicted Hansen’s Disease (leprosy) (Frischknecht, 2003) and, the most infamous 

and controversial event of the Golden Horde’s launching of plague ridden human corpses over the 

walls of Kaffa to drive out the Genoese merchants (Derbes, 1966; Wheelis, 2002). In the Americas, 

throughout history and under successive political officials, infectious agents have been used and 

disease outbreaks have been capitalized on to promote colonial expansion (Dávalos et al., 2020). 

It is believed smallpox was the most frequently used biological weapon in colonial histories of the 
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Americas from Spanish Conquest to the ‘Conquest of the West’ with the infamous so-called 

smallpox blankets given to Indigenous groups (Selgelid, 2003). 

In contrast, historic infectious outbreaks have also led to examples of human perseverance and 

ingenuity with the development of outbreak management strategies and therapies, including the 

precaution of quarantine, the development of health councils and increase sanitation measures, 

many still used today (Gall et al., 2016; Kinzelbach, 2013; Tognotti, 2013). Studies of historic and 

ancient outbreaks demonstrate the precautions to be taken in the midst of infectious outbreaks and 

the consequences for indifference (Giles-Vernick et al., 2010). In fact, in 2013, David Morens 

(NIH) with Anthony Fauci (NIH), now leader of the US coronavirus task force, drew upon historic 

outbreaks and outlined environmental and social influences of disease emergence, including shifts 

in climate and ecosystems, as well as, socio-cultural factors such as animal-human interactions, 

political tensions, malnutrition, poverty and social inequality. They warned that the major factors 

underlying infectious disease emergence and reemergence as observed in historic records were 

once again at play and the world was primed for another pandemic (Morens and Fauci, 2013). In 

the first two decades of the 21st century alone we have seen the epidemics and pandemics of 

infectious diseases including Ebola (2014) and SARS-CoV2 (2019). During these modern 

outbreaks, some political and social bodies demonstrate the application of the lessons learned in 

from past pandemics in effort to control and combat the spread of disease.  

It is not only historic records which provide valuable information about diseases of the past but 

also the field of paleopathology. Morphologically based paleopathology provides for the 

identification of disease, evaluation of pathological changes of individual case studies, 

understanding the geographic distribution of diseases and permits the detection of shifts in 

population health and disease over time. When viewed within the environmental and cultural 

contexts, anatomical morphological analysis has the ability to signal environmental risks of disease 

in a population which may have long been overlooked. One study demonstrating the value of such 

studies was led by Pierpaolo Petrone and colleagues who reported the metabolic disease skeletal 

of fluorosis in a population recovered from Herculaneum dating to 79 CE (Petrone et al., 2011). 

The paleopathological analysis and description of fluorosis was followed by the publication of 

additional supporting data including radiography, chemical tests and the inclusion of modern 
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epidemiological data of children from Naples, Italy (Petrone et al., 2013). The inclusion of modern 

data revealed that fluoride toxicity was endemic in the area at levels greater than what was 

previously assumed. Thus, drawing attention to the extreme human health hazard of the drinking 

water in modern day Naples. 

Likewise, the synergism of morphological and molecular methods has provided valuable 

information on relevant infectious diseases. The specialization of molecular paleopathology, 

which is the application of ancient DNA (aDNA) methods to archaeological and historic human 

remains, has produced a number of unexpected and valuable results helping to provide solutions 

and providing insight to pathogen evolution. The reconstruction of ancient genomes permits 

phylogenetic and evolutionary analyses through the evaluation of genetic change over time, 

contributing information on strain diversity, adaptation and virulence. The accumulation of 

beneficial mutations in response to a new host or environment allows a pathogen to emerge or re-

emerge (Siddle and Quintana-Murci, 2014). Therefore, to develop effective preventative and 

management strategies for infectious disease outbreaks it is necessary to have an in-depth 

understanding of their evolutionary histories. One such example is the pioneering study involving 

molecular paleopathological research on the great influenza pandemic of 1918-1919 that led to the 

characterization of the causative influenza strain (Reid et al., 1999). This finding laid the 

foundation for the development of antiviral drugs, therapies and vaccines (Drancourt and Rauolt, 

2005;); thus, demonstrating the value of aDNA pathogen research to help combat modern 

outbreaks. Furthermore, advances in aDNA research have allowed for the recovery of certain 

ancient pathogens in unexpected regions of the world (Majander et al., 2020; Vågene et al., 2018), 

the identification of possible changes in transmission mode in ancient pathogens (Rasmussen et 

al., 2015; Spyrou et al., 2018) and for the genomic investigation of factors influencing the rise and 

decline of historic outbreaks through genome wide comparisons of ancient and modern strains 

(Schuenemann et al., 2013). Additionally, molecular paleopathology has revealed previously 

unknown evolutionary histories concerning one of the world’s greatest disease burdens today, 

tuberculosis (TB) (Bos et al., 2014). This study contributed insight to ancient zoonotic events 

which are currently considered the most significant infectious disease threat for human populations 

(Jones et al., 2008; Morens and Fauci, 2013). 
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Historic and modern studies have established that the success of an infectious disease to emerge 

and disseminate is dependent on multiple factors of socio-cultural responses, the pathogen’s ability 

to reproduce and adapt, environmental changes and the susceptibility of the population (Bliven 

and Maurelli, 2016; Cohen, 2000; Morens and Fauci, 2013). To develop effective preventative and 

management strategies for infectious disease outbreaks it is necessary to have an in-depth 

understanding of their evolutionary histories. Together, archeological, historical and aDNA data 

can provide a comprehensive view of the disease-scape of the past to prepare us for the future.  

 1.2   The interdisciplinary study of ancient disease 

Paleopathology is defined as the study of ancient disease, however, this definition may give a false 

sense of simplicity. The dynamic relationship between disease and the factors (social, biological, 

environmental, etc.) through which diseases emerge and spread are complex and incompletely 

understood (Maurens and Fauci, 2013). Therefore, it is understandable that nature of 

paleopathology would necessitate an interdisciplinary approach to adequately address questions of 

population health and disease (Buikstra, 2010).  

The genesis of the field dates to the mid-19th century, where interest in ancient disease moves 

beyond the so-called Antecedent Phase (16th – 19th century) involving excavation and collection of 

pathological cases toward the first systematic studies of ancient disease (Aufderheide and 

Rodríguez-Martin, 1998; Buikstra, 2010). Since conceptualization of the field it has developed 

from interested physicians (e.g. Rudolf Virchow, Grafton Elliot Smith, Frederic Wood Jones) 

producing uncontextualized clinical case reports to dedicated physical anthropologists and 

paleopathologists developing rigorous differential diagnoses (Buikstra, 2010; Grauer, 2012; 

Grauer, 2018; Klaus, 2017). During the 1960’s, paleopathology emerged as a tool to understand 

past populations and cultural dimensions between health and society (Møller-Christiansen, 1961). 

This New Paleopathology contributes broader population studies (Toyne et al., 2020), deeper 

individual cases and relevant interpretations and discussions of disease (Buikstra and Williams, 

1991a, b).  

Paleopathology has evolved into an interdisciplinary field combining the humanities, biomedical 

science, and social studies (Buikstra, 2010; Grauer, 2012). The increased interaction with multiple 
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disciplines, including archaeologists, bioarchaeologists and historians, has permitted 

comprehensive and holistic studies of disease in past populations. The inclusion of historical 

records, environmental data, oral histories and artistic depictions from archaeological and historic 

sources provides a broader understanding of disease presentation (symptoms and signs), the 

dissemination of disease, the socio-political and cultural interpretations of disease and population 

responses to disease. Modern paleopathology applies an interdisciplinary and multi-method 

approach producing multiple lines of data for individual cases, as well as, population-based studies 

(Roberts, 2016).  Yet, the field of paleopathology is still coming to terms with its nature as an 

interdisciplinary endeavor where actors in this research share overlapping research agendas with 

sometimes drastically different end-goals. However, within paleopathology, each research foci 

(within broader projects and without) produces a variety of transdisciplinary contributions, all of 

equal value towards understanding infectious disease. Moreover, the synergy of molecular and 

morphological methods has encouraged method-driven approaches, leading to significant 

advances in the field and yielding an abundance of relevant information concerning population 

health and disease.   

1.2.1 Morphology based methods and the study of ancient disease  

Traditionally, the field of paleopathology has been based on morphological analysis of skeletal 

and soft tissue remains of past peoples in a laboratory setting (Ortner, 2003) with little interaction 

with field-based archaeology. Thus, research has focused on diseases which manifest in the 

remaining tissues found and recovered from archaeological excavations or maintained in historical 

anatomical collections. Primary data in the field of paleopathology is generated through a multi-

dimensional process of observation, description and diagnosis. This begins with morphological 

anatomical/skeletal analysis in which the construction of biological profile is then followed by the 

recording and describing of abnormal or pathological anatomical and skeletal changes (Buikstra 

and Ubelaker, 1994). Finally, the development of a differential diagnosis, which is a complex 

probabilistic exercise, involves three general steps: 1) the description of the observed pathological 

condition, 2) the identification of possible pathological etiologies and 3) the comparison to known 

disease patterns and removal of contrasting forms of disease from consideration. This process has 

led to the identification of genetic, metabolic, degenerative, developmental, neoplastic and 

infectious diseases (Buikstra, 2010; Klaus, 2014; Suby, 2020; Titelbaum, 2020).  
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Interpretation of morphological data based on abnormal skeletal changes requires knowledge of 

bone anatomy, physiology, etiology and various causative factors of pathological bone formation 

(Klaus 2014; Ragsdale and Lehmer 2012). Paleopathological texts (Aufderheide and Rodriguez 

Martin, 1998; Buikstra, 2018; Ortner et al., 2003) typically showcase extreme or obvious cases of 

skeletal manifestation of disease which can lead to a bias in morphologically based 

paleopathological research. Therefore, detecting slight to moderate skeletal pathology requires 

specialized training. This is even more necessary for identifying variations in pathological 

morphology and distribution (Toyne et al., 2020). Through interdisciplinary research we gain a 

deeper understanding of lesion formation, thus enabling recognition of early and later stages of 

pathological changes associated with specific conditions. Clinical data, incorporated with 

anatomical knowledge and pathophysiological research, illuminates the spectrum of changes 

expected in a condition, which is frequently broad and varied; thus, providing insight to 

demographic patterns in population disease. 

 Among the skeletal and soft tissue signs of disease there are some that are considered diagnostic 

for a specific disease based on morphology and/or skeletal distribution.  However, a fundamental 

challenge to this field is that many skeletal pathologies are non-specific and cannot confidently be 

attributed to a disease. Pathological processes can result in the manifestation of indistinguishable 

patterns of abnormal bone formation or destruction (Ortner, 2003). Likewise, many diseases and 

infectious agents have varying rates of osseous response or more commonly leave no skeletal 

evidence of their presence (Ortner, 2003; Roberts, 2016). A further confounding problem is 

introduced by taphonomic changes resulting from postmortem manipulation in which 

environmental causes, looting and various burial programs/practices are to blame for visible 

changes on skeletal remains. These postmortem changes complicate observations as they can be 

difficult to distinguish from skeletal pathologies. Damage the bone and soft tissue surfaces can 

obscure observations and/or result in incomplete skeletal individuals, thus prohibiting the 

observation of disease distribution (Aufderheide, 2011; Grauer, 2018). Likewise, 

paleopathologists must recognize a key assumption inherent to the field: we assume conditions 

and diseases manifest on the skeleton similarly in the past as they do today (Buikstra, 2010). 

Acknowledgement of this assumption and awareness of variation in human response to pathogens, 
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in addition to the aforementioned challenges, encourages interdisciplinary approaches and the 

application of ancient DNA methods. 

 

Paleopathological studies based on morphological data have revealed the presence of diseases in 

unexpected populations (Buikstra, 1976; Vlok et al., 2020), raising questions to the origin and 

dissemination of the disease (Alison et al., 1981). Additionally, they have provided a broader 

understanding of population health and disease (Buikstra and Williams, 1981) and developed 

complex interpretations of disease in the past (Scaffidi et al., 2020). These accomplishments were 

not without a history of critique and subsequent development. Most notable would be the criticisms 

by Medical Historian Saul Jarcho (1966), who called out the field for shortcomings in 

communication, data sharing and development, and the failure to develop relevant contributions. 

Although many issues still persist, paleopathology has since established methods and standards 

for recording data (e.g. Buikstra and Ubelaker, 1994; Brickley and McKinley, 2004; Ragsdale, 

1992), in addition to the development of shared databases (WORD, Osteoware) (Bekvalac, 2017; 

Wilczak and Dudar, 2011), the increase in interdisciplinary work and, in doing so, has seen great 

advances in invasive and non-invasive methods. 

 

1.2.2 Ancient DNA methods and the study of ancient disease 

Ancient DNA research involves the analysis of DNA molecules recovered from a variety of sample 

and tissue types originating from museums, anatomical collections, environmental and 

archaeological contexts (e.g. Bos et al., 2011; Mascher et al., 2016; Pääbo et al., 2004; Rasmussen 

et al., 2010; Sabin et al., 2020; Warinner et al., 2014). As observed with archaeological remains of 

skeletons, textiles and architecture, DNA is subject to the effects of time with progressive 

degradation and decomposition by enzymatic, microbial, oxidative and hydrolytic processes 

(Lindahl, 1993; Pääbo et al., 2004). Without active cellular DNA repair mechanisms to counteract 

these processes, aDNA becomes damaged and fragmented, typically less than 100 base pairs (bp) 

(Dabney et al., 2013a; Sawyer et al., 2012). This damage is usually the hydrolytic damage of 

cytosine (C) to uracil (U) and can result in nucleotide misincorporations across the sequence 

fragment (Briggs et al., 2007; Dabney et al. 2013a; Pääbo et al., 2004). Over time, ancient DNA 

molecules sustain multiple types of damage which can vary across samples in the degree and pace 
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of damage accumulation due to influence of environmental factors (Adler et al., 2011; Allentoft et 

al., 2012). Yet, many aDNA fragments still retain valuable information of the organism, providing 

unique biological data to our understanding of the past.  

Early studies in molecular paleopathology were based on Polymerase Chain Reaction (PCR) 

methods (Saiki et al., 1985). For the first time, genetic evidence of ancient infectious disease 

through the amplification DNA elements deriving from ancient pathogens could be contributed to 

paleopathological analyses (Arriaza et al., 1995; Drancourt et al., 1998, 2004; Hershkovitz et al., 

2008; Salo et al., 1994; Zink et al., 2001). This method, applied to paleopathology, involves the 

targeted amplification of DNA sequences believed to be specific to pathogenic organisms for 

detection of a pathogen. Although PCR methods offer high sensitivity, the level specificity is 

highly variable depending on the organism, the target regions and the length of primers used in 

amplification. Additionally, this method introduces a bias towards well preserved, long fragments 

which are most commonly deriving from modern sources and contaminants (Pääbo and Wilson, 

1988). This early research on ancient pathogens did not yet have quality measures or standardized 

methods, nor was there any ability to authenticate the antiquity of the pathogen understudy (Cooper 

and Poinar, 2000). Furthermore, findings were often contested due the inability to independently 

validate results (Gilbert et al., 2005; Shapiro et al., 2006). Additionally, ancient pathogen DNA 

research using PCR methods has been largely limited to detection-based analyses. At this time, 

arguments against the use of molecular methods were put forth stating that destructive methods 

can only ethically be applied if they can provide results morphological assessments cannot, and 

many diseases of interest were well documented in historical records or manifested in diagnostic 

skeletal signs challenging the ethical application of the destructive PCR methods (Roberts et al., 

2016). 

The introduction of high-throughput Next Generation sequencing (NGS) methods transformed the 

field. This method allowed large-scale parallel sequencing of untargeted DNA molecules for the 

first time (Bentley et al., 2008; Mardis et al., 2008; Margulies et al., 2005), enabling the detection 

of ancient pathogens, the recovery of metagenomic samples and the reconstruction of whole 

genomes. This provided a new level of sensitivity and resolution which permitted confident 

genome wide analysis for evolutionary studies and thus, enabled the development of authentication 
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measures of ancient DNA. Since the first ancient Yersinia pestis genome was reconstructed in 

2011 (Bos et al.), application of this technology has become the gold-standard with studies 

increasing at a rapid pace. With high-throughput sequencing (HTS), the application of aDNA 

methods moved beyond detection only to the goal of understanding ancient pathogen evolution, 

migration and ecology through characterizing ancient bacterial pathogens at a genomic level. 

The early challenges faced by aDNA, are now being addressed by methodological advances 

accompanying the NGS revolution. With NGS, developments have been made to overcome issues 

of contamination with measures of data quality and authentication of ancient DNA (Key et al., 

2017). Where DNA damage once posed limitations to PCR based research, NGS permits not only 

the recovery of fragments shorter than 100 bp but the observation of DNA degradation for the 

authentication of its antiquity. Methods for recovery of ancient DNA have been optimized for short 

fragments to accommodate this feature of highly fragmented ancient DNA (Dabney et al., 2013b). 

Likewise, research and developments exploring optimal sampling strategies for both human and 

pathogen DNA recovery are now guiding aDNA research design (Pinhasi et al., 2015).   

Of particular benefit to molecular paleopathology is that NGS methods allow for the generation of 

metagenomic data through large scale paralleled sequencing of non-target reads. In contrast to the 

targeting of specific regions of DNA in PCR based methods, NGS methods produce an abundance 

of data representing the host and organisms that constitute an extracted DNA sample. This results 

in the recovery of host and microbial DNA. However, unlike targeted approaches, this method 

limits ascertainment bias and permits the detection of multiple pathogens or multiple strains from 

a single sample (Barquera et al., 2020; Giffin et al., 2020; Kay et al., 2014). As a result, this has 

allowed for the detection and genomic reconstruction of ancient pathogens from various samples 

including skeletal remains from contexts that challenge diagnosis including skeletal remains 

presenting non-specific pathological changes or do not present skeletal pathology (Bos et al., 2014; 

Spyrou et al., 2018; Vågene et al., 2018; papers II, III, and IV of this thesis). Owing to these 

technological advances, molecular paleopathology has resulted in the identification and 

evolutionary analysis of multiple pathogens from a variety of archaeological human remains (Bos 

et al., 2014; Kay et al., 2014; Schuenemann et al., 2018; Spyrou et al., 2018; Warinner et al., 2014).  
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The value of ancient DNA is well demonstrated; however, similar to morphological 

paleopathological studies, it is not without limits and challenges. Some archaeological samples 

that present pathological lesions may not yield detectable pathogen DNA. This could be due to 

poor sampling location, preservation issues where no detectable level of pathogen DNA remains, 

or perhaps the current lack or scarcity of available genetic data for the pathogen. Likewise, diseases 

which originate from metabolic syndromes or genetic influences may not be well characterized in 

the biomedical world, and therefore, the application of aDNA methods is of limited benefit. In 

such cases, morphological skeletal analysis still provides insight to the health and disease of the 

individual or population under study (Buikstra, 2010; Roberts, 2016). This is the case with skeletal 

fluorosis in which genetic markers associated with increased susceptibility to the condition have 

been identified in mice, however, such genetic markers have not yet been identified in human 

populations. Morphology and distribution of skeletal changes in fluorosis are well documented in 

modern clinical populations as are the environmental and dietary influences leading to the disease. 

Therefore, a well-developed differential diagnosis should include an interdisciplinary approach 

with multiple lines of evidence and be accompanied by dietary and environmental data (Nelson et 

al., 2019).  

1.2.3 The promise of molecular and morphological paleopathology  

The complementary nature of morphological and molecular analyses in paleopathological research 

has allowed for the identification of diseases across broad temporal and geographic spaces. 

Constructing a confident differential diagnosis is highly challenging in the absence of diagnostic 

skeletal lesions or in cases that originate from problematic burial programs which obscure 

observations. Ancient DNA provides the possibility for pathogen identification, genomic 

characterization and evolutionary analyses, increasing the biomedical relevance of the field. The 

synergy of molecular and morphological paleopathology holds the possibility for greater 

understanding of ancient and historic infectious disease outbreaks involving highly virulent 

pathogens and acute infections which likely leave no skeletal signs yet may be reflected in 

mortuary patterns (Buikstra, 2010).  

The inclusion of ancient DNA methods to paleopathology, specifically NGS methods, has 

encouraged and facilitated the already aborning paradigm shift away from one-dimensional 
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identification and description of skeletal pathologies toward evolutionary thought and 

investigations of the emergence of infectious disease and evolution of pathogens. This 

interdisciplinary approach in paleopathology has allowed for more comprehensive interpretations 

in a biocultural approach: exploring infectious and non-infectious disease and the dynamic 

interaction of humans and environmental and socio-cultural influences on disease (Armelagos, 

2008; Zuckerman et al., 2012). Comprehensive studies including skeletal analyses, archeological 

data and aDNA of both humans and pathogens have begun to explore the interplay of environment, 

social histories, human biology and infectious disease (Barquera et al., 2020). While this thesis 

focuses on pathogen DNA to explore ancient disease, human DNA research presents an exciting 

opportunity to explore one of the key aspects of The Osteological Paradox (Wood et al., 1992): 

hidden heterogeneity in susceptibility to disease. Through continual advances for overcoming 

challenges in the field, molecular paleopathology has become a bridge for sub-disciplines and 

related disciplines to address a multitude of questions pertaining to a variety of aspects concerning 

disease including socio-cultural and environmental influences of disease, as well as, evolutionary 

studies. The reconstruction of ancient genomes has the potential to add molecular insights to view 

the human population and disease dynamics in epidemiological transitions throughout human 

history (Harper and Armelagos, 2010) to help us better prepare for future transitions in this ever-

changing world. 

1.3 Molecular Paleopathology and pre-colonial tuberculosis  

With the advent of NGS, results of the first studies incorporating whole genome reconstruction 

and genomic analysis to paleopathology were unprecedented, providing deep time information on 

the evolution and ecology of infectious organisms. This was most certainly the case for the first 

reconstructed ancient tuberculosis genomes (Bos et al., 2014). Tuberculosis is caused by a closely 

related group of mycobacteria, the Mycobacterium tuberculosis complex (MTBC). These bacillary 

bacteria spread most commonly through respiratory transmission and are known to cause disease 

in both humans and other mammals. The MTBC is comprised of 9 lineages that are 

phylogeographically distributed and have some level of association with geographic populations 

(Gagneux et al., 2006; Ngabonziza et al., 2020). Today, lineage 4 dominates Europe and the 

Americas, thus suggesting introduction through European colonization. However, skeletal 

evidence of TB in the Americas prior to European contact is abundant, particularly in Chile and 
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Peru, with the earliest case appearing in Chile, South America ca. 290 CE (Allison et al., 1981; 

Roberts and Buikstra, 2003). Although an abundance of skeletal data existed and TB had been 

identified through PCR methods (Salo et al., 1994), existence of pre-colonial TB was still contested 

(Wilbur and Buikstra, 2006). Because tuberculosis was believed to be an “Old World” disease, 

introduced to the Americas during European colonization, some argued the skeletal changes were 

likely caused by another infectious agent and that the PCR results were sequences of closely related 

environmental organisms causing false positive detection. To support this idea, critics called 

attention to the susceptibility of Indigenous Americans to TB during European colonization, 

hypothesizing this susceptibility came from the novelty of the pathogen to the naïve Indigenous 

immune system (Stead et al., 1995; Stead 1997). 

In 2014, the application of NGS methods led to the reconstruction of the Mycobacterium 

tuberculosis complex genomes from pre-colonial South American archaeological remains (Bos et 

al., 2014). This study provided new insights to MTBC evolution, ecology and strain distribution 

through the characterization of an unanticipated strain infecting ancient human populations, M. 

pinnipedii, adapted for modern seals and sea lions. This study provided evidence suggesting 

possible zoonotic transmission of ancient TB to pre-colonial populations of the Americas (Bos et 

al., 2014). Additionally, Bayesian molecular dating of the MTBC, including these ancient strains, 

estimated the most recent common ancestor to be as young as approximately 6,000 yBP. This 

contradicted an earlier study using modern strains which suggested scenarios of out-of-Africa 

dispersals of the MTBC (Comas et al., 2013). The evidence presented in this work debunked 

previously established ideas of initial introduction of MTBC during European colonization by 

presenting the pinniped hypothesis whereby authors posit a scenario of seals introducing MTBC 

to the Americas (Bos et al., 2014). These findings overturned old arguments contesting pre-

colonial TB despite the existence of an abundance of paleopathological skeletal evidence from 

archaeological contexts across the Americas (Stead et al., 1995; Stead 1997). They currently 

remain the only published genomes of pre-colonial MTBC from the Americas.  

Tuberculosis led to 1.5 million deaths in 2019 (WHO, 2019) and it continues to be one of the 

leading causes of death in the world. The spread and success of TB is largely due to features of the 

organism such as latency and a broad range of host species, leading to multiple zoonotic events 
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(Brites and Gagneux et al., 2015). Considered one of the most successful pathogens, the 

reemergence of TB is closely linked to increased virulence and pathogenicity through genetic 

changes leading to multi-drug resistant (MDR) and extensively drug resistant (XDR) strains 

(Morse, 2004). In order to develop successful countermeasures for this global burden the 

evolutionary history of MTBC species across multiple populations, ecologies and hosts must be 

well understood (Karesh et al., 2004). Although TB is one of the most devastating diseases and 

has a long history of human infection, there remains no broadly effective vaccine (Orr et al., 2013). 

The need for infectious disease research on both past and present populations has never been more 

relevant or urgent. To that end, the molecular portions of my thesis (papers II-V) focus on adding 

to the known strain diversity of pre-colonial TB in the Americas in order to better understand the 

evolution and ecology of the MTBC. 
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2 Thesis objectives 
In this thesis, my primary goals are to demonstrate the relevance and value of paleopathology as 

an interdisciplinary study to our understanding of ancient disease, specifically tuberculosis. While 

highlighting the synergistic relationship between the traditional morphology-based paleopathology 

and the more recently introduced molecular paleopathology, I add to the current understanding of 

ancient pre-colonial MTBC strains.  

 

The complementary nature of aDNA methods to paleopathological research has been demonstrated 

in a number of projects. However, both methods are not without their limits and each specialization 

is experiencing continual development. Morphology based paleopathology involves challenges 

rooted in the archaeological context, the environment, cultural practices, the absence of skeletal 

manifestation of disease and the occurrence of non-specific skeletal changes shared across multiple 

diseases. Molecular paleopathology is limited by incomplete databases, methodological or 

environmental issues in pathogen DNA recovery, the need for improved authentication measures 

and the abundance of microbes existing in interment matrices which challenge confident 

reconstruction of ancient pathogen genomes (Spyrou et al., 2019; Warinner et al., 2017). However, 

in recent years, collaboration between bioarchaeologists and aDNA specialists has led to the 

development of advances in both methodologies and research design. In this thesis, I present 

papers which illustrate the strengths and limitations of both fields concerning ancient disease 

research. This is accomplished through the presentation of a metabolic disease affecting the 

skeleton known as skeletal fluorosis, which at this time cannot be investigated using genetic means 

and is therefore reliant on the development of a rigorous and comprehensive differential diagnosis. 

In contrast, I present three papers (II-IV) in which the sample sets resulted in a broad differential 

diagnosis due to either the commingled nature of the archaeological remains or the presentation of 

unusual skeletal pathology. Complementing these studies with the application of molecular 

methods permitted the identification of infectious agents and provided multiple lines of evidence 

for a confident diagnosis of TB, thus permitting the reconstruction of ancient MTBC genomes and 

the evolutionary analysis of the identified strains. 

 

Tuberculosis has a long history of human infection yet remains one of the leading causes of death 

today, killing more people than any other infectious agent (WHO, 2019). Archaeological evidence 
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of tuberculosis from pre-colonial contexts in the Americas suggests a significant increase in TB 

during the Late Intermediate Period (1000 – 1400 CE), a time period characterized by climatic, 

cultural and political shifts in Peru. Understanding environmental, socio-political, cultural and 

biological influences that may have promoted this increase in TB holds great relevance for today 

as these factors remain at play. Skeletal and molecular methods must come together to produce 

data that will provide environmentally and culturally contextualized genomic information on strain 

diversity. In this thesis, I present the contextualization of ancient MTBC genomes from ancient 

populations across geographically dispersed locations and ecologies. Furthermore, I work to 

demonstrate the value and relevance of interdisciplinary approaches in paleopathology, not only 

for a comprehensive view of ancient disease, but also to help address infectious diseases which 

hold relevance for today such as TB.
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3 Results 
3.1 Skeletal fluorosis at the Ray Site, Illinois, USA (paper I) 
Title: “Evidence of skeletal fluorosis at the Ray Site, Illinois, USA: a pathological assessment 

and discussion of environmental factors”  

Elizabeth A. Nelson, Christine L. Halling, and Jane. E. Buikstra  

Published in the International Journal of Paleopathology, 2019, 26, 48-60. 

 

Study synopsis 

Fluorosis is a metabolic disease that occurs when toxic levels of fluoride are consumed. The 

pathological effect of fluoride on the skeleton, called skeletal fluorosis, is an endemic problem in 

populations at risk of chronic ingestion of excess fluoride. Today, fluorosis is most frequently 

associated with anthropogenic factors such as industrial pollutants and socio-cultural practices. 

However, many regions of the world have natural environments conducive to the development of 

skeletal fluorosis. Archaeological evidence of skeletal fluorosis has been studied from such 

environments in Bahrain, Naples and the United Arab Emirates. However, despite American 

regions of high fluoride content in soils and water, this condition was absent from 

paleopathological studies focused in the Americas. In this study, I present a paleopathological 

survey of a cemetery population from an area of naturally high fluoride content, the Illinois River 

Valley in western Illinois, USA. The main results of this paper are the following: 

 

1. Skeletal pathological analysis of 117 individuals resulted in the identification of a shared 

suite of pathological changes in eight individuals.  

 

2. Shared pathological changes were largely non-specific and include osteosclerosis, 

enthesopathies, periosteal bone formation, dental pitting and dental mottling. Analysis of 

skeletal distribution of pathological changes revealed the condition was bilateral/systemic 

and that the axial skeleton was more affected than the appendicular skeleton. 

Morphological estimations of biological sex and age-at-death estimations revealed 

middle aged (~40-50 years of age) males were more frequently affected with this skeletal 

syndrome.  



 
 
 

 28 

 

3. The result of the analysis was a broad differential diagnosis, however, the environmental 

context of high levels of fluoride in soil and water suggests the observed pathology is 

most likely skeletal fluorosis. This result is the first description of skeletal fluorosis from 

an archaeological context in the Americas and demonstrates the development of a 

rigorous differential diagnosis and inclusion of environmental data for a comprehensive 

assessment. 

 

Although the observed pathological changes were not considered severe and present a minimal 

to moderate skeletal response to excess fluoride, the inclusion of environmental data supports 

this finding. This work should support further paleopathological research on skeletal fluorosis in 

the Americas and encourage the development of comprehensive analyses incorporating multiple 

lines of data.  

 
3.2  Advances in molecular detection of tuberculosis in Andean paleopathology 
(paper II) 
Title: “Advances in the molecular detection of tuberculosis in pre-contact Andean South America” 

Elizabeth A. Nelson, Jane E. Buikstra, Alexander Herbig, Tiffiny A. Tung, and Kirsten I. Bos 

Published in the International Journal of Paleopathology, 2020, 29, 128 -140 

 

Study synopsis 

The Andean region of South America has played a central role in the field of paleopathology. 

Archaeological investigations in this region have made significant contributions to tuberculosis 

research, where a number of pioneering paleopathological studies that adopted different analytical 

approaches have permitted in-depth investigation of the disease during the pre-colonial period. 

This paper presents a discussion of advances in the field of paleopathology and highlights the 

strengths and limitations of current approaches for the molecular detection of ancient pathogens, 

with focus on tuberculosis. As an example of valuable advances to the field of paleopathology, 

this paper demonstrates and describes a molecular screening approach for the detection of ancient 

tuberculosis in individuals from Late Intermediate Period (1000 – 1400 CE) contexts at the site of 

Huari, Peru. The main results of this paper include: 
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1. The identification of skeletal pathology in commingled vertebrae from Late Intermediate 

Period contexts (1000 – 1400 CE) of Huari, Peru, in the Andean highlands. Vertebrae 

displayed lytic lesions consistent with bacterial infection, namely tuberculosis or 

brucellosis, in addition to non-specific changes. A broad differential diagnosis was 

developed which includes tuberculosis, brucellosis and mycotic infections.  

 

2. Through the application of high-throughput sequencing and broad pathogen screening 

methods, Mycobacterium tuberculosis complex DNA was identified in eight out of 34 

vertebrae. These samples included two vertebrae displaying well developed tuberculosis-

like lesions, however, the remaining six vertebrae showed either slight, non-specific 

reactive bone, hypervascularity which may be considered within normal variation or no 

macroscopically observable skeletal pathology.  

 

3. Molecular analysis of the composition of each extracted sample revealed a dominance of 

environmental bacteria DNA in the samples. This evaluation will assist in designing 

appropriate measures for DNA recovery and genome reconstruction. 

 

This paper highlights the value of molecular methods as a complement to morphological skeletal 

analyses for the identification of past disease. This is demonstrated through the application of this 

method to commingled skeletal remains which, by their nature, impede the development of 

confident differential diagnoses. Furthermore, despite the abundance of environmental bacteria, 

this method enabled the confident detection and evaluation of molecular signatures of tuberculosis 

infections despite the complex environmental signal derived from the depositional context. 

  

3.3 Seven Pre-colonial MTBC genomes from Huari, Peru (paper III) 

Title: “Tuberculosis in the wake of Wari Imperial Decline” 

Elizabeth A. Nelson, Aditya K. Lankipalli, Maria Spyrou, Susanna Sabin, Åshild Vågene, Ainash 

Childebeyeva, Ben Rohrlach, James A. Fellows Yates, Martha Cabrera, Jose Ochotama, Tiffiny 

A. Tung, Alexander Herbig, and Kirsten I. Bos 

Manuscript ready for submission (winter 2020) 
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Study synopsis 

Demographic patterns of tuberculosis are structured by environmental and socio-political factors, 

including malnutrition, socio-political distress and climatic variability. Such trends may also be 

observed in past archaeological contexts such as the Late Intermediate Period (LIP, 1000–1400 

CE) of the Andes, a period of climatic and socio-political transitions. This time was characterized 

by the decline of the first Andean empire, the Wari, which was followed by a shift to more 

dispersed settlements, dietary changes, an increase in lethal and sub-lethal violence and the 

appearance of skeletal changes suggestive of tuberculosis. Late Intermediate Period archaeological 

contexts present the largest number of paleopathological reports of Andean tuberculosis. 

Application of molecular methods to LIP skeletal evidence of tuberculosis has resulted in the 

reconstruction of Mycobacterium tuberculosis complex (MTBC) members and subsequently 

revealed the strain infecting coastal pre-colonial populations of the Osmore River Valley, Peru, as 

closely related to modern M. pinnipedii, a strain known to affect modern seals and sea lions. 

However, the full geographic expanse of this strain, and likewise, the full diversity of MTBC 

strains circulating in the Andes has remained largely unknown. This study presents evidence of 

MTBC strains closely related to the previously identified ancient, coastal M. pinnipedii strains 

circulating in populations experiencing the fall and wake of the Wari empire located in the central 

Andes over 500 km away from the coast. The key findings of this paper are as follows: 

 

1. Through molecular analysis of 103 skeletal samples, I have reconstructed seven ancient 

MTBC genomes from three sectors of Huari, the former capital of the Wari empire dating 

to the Terminal Wari (950-1050 CE) and post-Wari (1275-1400 CE) eras. Phylogenetic 

analysis reveals these strains as closely related to the previously characterized ancient M. 

pinnipedii genomes recovered from the coastal Osmore River Valley (ORV) sites. 

Furthermore, analysis shows unexpected strain diversity circulating within a narrow 

geographic and temporal context with strains from one sector, Vegachayoq Moqo, being 

more closely related to the coastal ORV strains than to the neighboring contemporary 

sector, Monqachayoq, located within less than a kilometer away. 
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2. Using Bayesian molecular dating methods, the divergence time of this subclade of ancient 

MTBC strains with the modern M. pinnipedii strains is estimated to be less than 1,000 years 

ago. Suggesting skeletal evidence of tuberculosis from contexts earlier to this time period 

may come from an ancestral species contributing similar pathological skeletal changes.  

 

This work presents the first molecular evaluation of ancient MTBC strains on a local scale in 

a population experiencing the wake of imperial decline and additional environmental stressors. 

Likewise, this may reflect that the Late Intermediate Period increase in skeletal tuberculosis 

was caused by the broad circulation of similar MTBC strains closely related to M. pinnipedii.  

 

3.4 A pre-colonial MTBC genome from the Chachapoya site of Diablo Huasi (paper IV) 
Title: “Tuberculosis in a pre-colonial Chachapoya individual from the northeastern Peruvian 

Andes” 

Elizabeth A. Nelson, Evelyn Guevara, J. Marla Toyne, Alexander Herbig, Johannes Krause, 

Kirsten I. Bos  

Manuscript ready for submission (Spring 2021).  

 

Study synopsis 

Although ancient Mycobacterium tuberculosis complex strains closely related to M. pinnipedii 

have been identified and described from contexts of the coastal and highland regions of Late 

Intermediate Period (LIP, 1000 – 1400 CE) Peru, tuberculosis has yet to be molecularly 

characterized in the eastern Andean subtropical forest. However, skeletal evidence of tuberculosis 

from this region is described in reports of the Chachapoyas cultural region. A population-based 

study of Kuelap in the Chachapoyas region of the eastern Andean slopes revealed that 

approximately 6% of the population exhibited skeletal signs of tuberculosis (Toyne et al., 2020). 

However, these individuals displayed skeletal changes of tuberculosis that appear as a variant in 

both morphology and lesion distribution compared to populations from the western regions of the 

Andes. The study included this thesis discusses one such individual from the Chachapoyas cliff 

side tomb of Diablo Huasi located in the subtropical forest of the Amazonas region of Peru. The 

individual under study displayed pathological skeletal lesions that are described as having some 

similarities with tuberculosis skeletal manifestation yet are atypical of tuberculosis and therefore 
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may be caused by other pathological processes. Skeletal pathological analysis resulted in a broad 

differential diagnosis and therefore a metagenomic approach was used to perform broad pathogen 

screening to detect infectious agents which may be contributing to the unusual skeletal pathology. 

Here, I present the first LIP MTBC genome from the eastern piedmont of the northern Peruvian 

Andes. Analysis of this genome has led to the following findings: 

 

1. The reconstruction of a 15-fold ancient MTBC genome from Diablo Huasi, Peru. This 

finding supports skeletal evidence of the presence of TB in the subtropical cloud forests of 

the Chachapoyas region.  

 

2. Phylogenetic analysis of the Diablo Huasi MTBC genome reveals this strain is closely 

related to the previously described contemporaneous MTBC strains from coastal and 

highland populations of the Andean cultural region.  

 

3. Although the phylogenetic placement and radiocarbon dating of the sample offer some 

support of the sample’s antiquity, further authentication of the antiquity of this genome 

was not possible through observations of DNA damage typical of ancient DNA. 

Furthermore, it was not possible to attribute this low DNA damage to contamination by a 

modern pathogen or closely related environmental mycobacteria as analysis of the capture 

product showed little evidence of incorporated environmental mycobacteria in the 

reconstruction of this genome.   

 

In conclusion, this paper demonstrates the value of high throughput sequencing and metagenomic 

methods applied to archaeological cases that show unusual presentation of skeletal pathologies. 

Although radiocarbon dating of the individual and the phylogenetic placement of the recovered 

genome support the antiquity of the pathogen DNA, this genome presents low DNA damage. The 

recovery of this genome provides a greater understanding of geographic and ecological diversity 

of ancient M. pinnipedii strains adding MTBC representation from the eastern cloud forest of 

Amazonas, Peru.  
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3.5 Preliminary steps in identifying, authenticating and reconstructing ancient MTBC 
genomes (paper V) 
Title: “Preliminary investigations of MTBC across the pre-colonial Americas” 

Elizabeth A. Nelson, Kelly E. Blevins, Jane E. Buikstra, Josefina Mansilla Lory, Alexander 

Herbig, Johannes Krause, Anne C. Stone, Kirsten I. Bos  

Manuscript ready for submission (2021) 

 

Study synopsis 

Skeletal evidence of tuberculosis is found throughout American continents, however, our 

understanding of Mycobacterium tuberculosis complex (MTBC) strain diversity is currently 

limited to western South America. Likewise, we have only identified ancient MTBC strains in the 

Americas which are closely related to the modern M. pinnipedii. This paper includes samples from 

various pre-colonial site locations across North and South America to further explore MTBC strain 

diversity and ecology in the Americas and gain a better understanding on the geographic and 

temporal presence of M. pinnipedii. In this study, we present the challenges that are often in present 

in ancient DNA research including many that are unique to ancient MTBC studies. Most ancient 

samples are recovered from environmental matrices teeming with closely related environmental 

mycobacteria. While environmental contamination is not a concern unique to ancient MTBC 

studies, this body of research is fraught with challenges due to the novel nature of ancient MTBC 

research and the abundance of environmental mycobacteria closely related to the MTBC. The 

measures taken in the construction of ancient MTBC genomes for confident identification, 

authentication and evaluation of data are presented in this work and highlighted as results show 

evidence of a new strain of MTBC recovered from the Mesoamerican region of North America. 

Key findings in this work are as follows: 

 

1. Four ancient MTBC genomes were reconstructed from archaeological samples recovered 

from Chile and central Mexico. Phylogenetic analysis reveals a strain circulating in central 

Mexican populations prior to European arrival which has not yet been identified. This 

strain is outside of the current known subclade of ancient South American MTBC and 

modern M. pinnipedii strains.  
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2. Inspection of the sequencing data reveals these genomes do not exhibit DNA damage 

typical of ancient DNA. This will be of particular importance for the ancient strains in 

Mexico, as they show a unique phylogenetic position and will need further authentication 

to support this finding.  

 

3. One ancient MTBC genome was recovered from a tooth. This will be the first identification 

of ancient MTBC from a dental sample and is an unexpected finding due to the known 

behavior and pathophysiology of MTBC members which have an affinity for oxygen rich 

environments. However, this finding is not impossible as in very rare cases, tuberculosis 

may become septicemic.  

 

4. Metagenomic evaluation of the microbial composition of the extract from the tooth 

yielding the MTBC genome found no oral microbial signature. This is unusual for a dental 

sample even in the presence of decontamination measures.  

 

In summary, this work had many promising results, but due to problems that arose in initial data 

preparation, transport of the samples and inconsistencies in the quality of data, new extractions 

and data generation were performed. This sample set provides an excellent example of the 

importance of authentication measures that should be performed. To present these new findings it 

is important to have support from authentication measures and quality assessments.  
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Figure 1. Map showing the site locations of pre-colonial genomes presented in this thesis. This thesis 

presents 12 newly reconstructed genomes from five archaeological sites across North and South America.  

The number of genomes from each site are as follows: Tlatelolco (n=1), Tenochtitlan (n=1), Diablo Huasi 

(n=1), Huari (n=7), Pica 8 (n=1).   The previously published pre-colonial South American genomes (Bos et 

al., 2014) are shown as blue triangles. This figure was created with assistance from Kathrin Nägele.
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4 Discussion 
 4.1 Morphological analysis of skeletal pathology (papers I, II, III) 
 
For this thesis, a total of 117 complete skeletal individuals (Ray Site) (paper I), 2,226 commingled 

vertebrae and more than 11 commingled ribs (sectors of Huari) (papers II and III) were analyzed 

by E.A.N. (doctoral candidate) for pathology using morphology-based methods. These sample sets 

demonstrate the value of preservation and skeletal completeness (Ray Site population, paper I) 

with the contrast of challenges introduced by burial programs such as commingling and disturbed 

burials (Huari populations, papers II and III). Likewise, the skeletal manifestation of the diseases 

identified in these populations differ drastically in their specificity, and subsequently, the ease at 

which etiological identification is possible. For example, in some cases tuberculosis will cause 

diagnostic skeletal changes, however, skeletal fluorosis results in non-specific changes with 

characteristic distribution across the skeleton. Diseases associated with dietary toxicity and 

metabolic syndromes such as skeletal fluorosis often have gradual effects that accumulate through 

chronic ingestion or exposure of toxic elements. Therefore, clinical and paleopathological 

investigations of skeletal fluorosis must take into account the full spectrum of progressive changes 

and inferred symptoms (Petrone et al. 2013; Littleton 1999; Teotia and Teotia, 1988). As 

demonstrated in paper I of this thesis, early signs of skeletal fluorosis result in slight to moderate 

skeletal expressions of the disease which are shared across multiple diseases (Brickley et al., 2020; 

Izuora et al., 2013; Littleton, 1990). Because the observed pathological changes were non-

diagnostic and may result in multiple conditions, analysis of the Ray Site remains resulted in a 

broad differential diagnosis. Fortunately, due to the skeletal completeness of these individuals, the 

distribution of skeletal changes could be taken into account and the shared suite of pathological 

changes across the skeleton and across the affected population were observed. This allowed for a 

narrowing of the possibilities and increased the confidence of the differential diagnosis. Skeletal 

fluorosis is a key example for the influence environment may directly have on population health. 

Therefore, it is paramount that in the development of a differential diagnosis the environmental 

context is considered.  

 

In contrast, TB may manifest on the skeleton with diagnostic pathological lesions and lesion 

distribution. As discussed in paper II, distribution of tuberculosis infection varies between adult 



 
 
 

 37 

and subadults, whereby subadults present more frequent cranial involvement with lytic lesion 

development on the frontal bone (Ortner, 2003; Roberts and Buikstra, 2019; Straus, 1933). 

Typically, adult skeletal tuberculosis results in spinal destruction by the development of lytic 

lesions, usually on the thoracic and lumbar vertebrae, as first described by Percival Pott in 1779. 

Although the now termed “Pott’s disease”, or destruction of the intervertebral disc space and 

adjacent vertebrae, is the most common manifestation of skeletal tuberculosis, extraspinal lesions 

are possible (Tuli, 2016) as described in paper II. However, archaeological contexts often present 

varied skeletal completeness due to weathering, looting, bioturbation or burial programs of the 

cultures under study (papers II and III). Skeletal assessments to construct a confident differential 

diagnosis of pathology are highly dependent on skeletal completeness and the quality of 

preservation. For example, when assessments include a limited number of skeletal elements of the 

individual the evaluation of lesion distribution and patterning across the skeleton is not possible 

and the resulting differential diagnosis will include many possible conditions (papers II, III, and 

IV). These observations of commingled burials and atypical lesion distribution represent 

opportunities for the incorporation of molecular methods.   

 

4.1.1 The value of morphological analysis to molecular research (papers II, III, IV) 
 
As demonstrated in papers II, III and IV of this thesis, sample selection is an important aspect of 

successful recovery of pathogens and is directly related to understanding the pathophysiology of 

an infectious disease, such as tuberculosis. Pathogens have differing behavior and varied responses 

on the human skeleton. Paleopathological and pathophysiological knowledge contribute to sample 

selection in two ways, both involved in identifying the sample most likely to yield pathogen DNA 

based on 1) pathogen behavior, and 2) the stage of disease (active or healing).  

 

Knowledge of pathogen behavior and physiology influences the anatomical location in which a 

pathogen is most likely to be recovered (paper II). For example, MTBC bacilli disseminate through 

the body and commonly concentrate in areas of arterial blood supply and high oxygen tension 

which promotes mycobacterial growth. Therefore, well vascularized, marrow-rich bones, such as 

vertebrae, will likely yield the richest recovery of TB DNA (paper II). Furthermore, direction of 

pathogen spread is reflected in vertebral lesions where the central type and skipped lesions, 



 
 
 

 38 

paradiscal lesions and anterior type lesions are each representative of the vessels involved in the 

hematogenous delivery of the bacilli (Tuli, 2016). Septicemic tuberculosis is rare and therefore, 

skeletal signs such as these should indicate presence of TB bacilli in these elements and by 

extension the possible DNA. This is in contrast to bloodborne infections such as Yersinia pestis, 

in which teeth serve as the most appropriate sample for ancient pathogen recovery (Bos et al., 

2011; Margaryan et al., 2015; Rasmussen et al., 2015; Spyrou et al., 2018). The study in paper IV 

may illustrate this point as MTBC was recovered from the vertebra of individual DIA002, yet no 

trace of MTBC DNA was detected in the tooth or petrous. In fact, all positive detections of MTBC 

DNA included in this thesis were recovered from vertebral samples, except for sample reported to 

come from a tooth (paper V). Although this tooth sample was deemed as questionable due to the 

lack of any oral signature in the sample, it should be noted that TB septicemia, although rare, could 

lead to detection of MTBC DNA in the dental pulp chamber.   

 

Understanding the stage of disease and the ability to identify active or healing stages of disease in 

osteological samples is of particular importance for ancient TB research. Tuberculosis-like lesions 

develop in the bone generally 2 to 3 years after the primary infection of bone by way of vascular 

channels (Girling et al., 1988). Vertebrae are the most frequently affected where lesions typically 

form in the intervertebral joint space (the anterior or inferior surfaces of adjacent vertebrae) or on 

the anterior surface of the vertebral body. As discussed in paper II, lesions are produced by the 

intercellular infection of multinuclear osteoclasts, leading to the dysregulation of the cell and 

pathological activation of an osteolytic response (Hoshino et al., 2014). This osteolytic response 

continues throughout active TB infection, however, during latency the disease regresses and bone 

may heal resulting in extensive new bone development (Mousa, 1998). Therefore, it is believed 

skeletal samples which show bone destruction in the form of resorptive lesions with a loss of the 

extracellular matrix and present little to no bone formation serve as the most likely candidates for 

MTBC DNA recovery.   

 

For population-based studies it should also be considered that skeletal changes in response to 

MTBC infection occur in only a small percentage of the infected population and varies widely 

across populations (1-20%) (Davidson & Horowitz, 1970; Davies, 1994; Jaffe, 1972; Resnick & 

Niwayama, 1988). This suggests the observation of TB skeletal lesions in a single individual likely 
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represents a much larger number of infections. In such cases, slight and non-specific skeletal 

changes should be included in consideration for molecular testing as presented in papers II and III 

of this thesis. In these papers (II and III), the Huari vertebrae displayed a spectrum of skeletal 

presentation ranging from characteristic lytic TB lesions to non-specific changes to no detectable 

pathology.  

 

Molecular paleopathology uses inherently destructive methods on human remains to generate data 

and these remains are often limited and of significant scientific and cultural value (Margaryan et 

al., 2018; Roberts, 2016). Therefore, the need to optimize sample selection to limit destruction to 

collections of human remains and increase experiment success should be a priority. Ethical 

research design includes the selection of skeletal samples based on knowledge of pathogen 

behavior and skeletal disease process to increase the likelihood of successful retrieval of ancient 

pathogen DNA and justify destruction of the sample.   

 

4.1.2 The value of molecular analysis to TB paleopathological research (papers II-V) 
 
The value of NGS molecular methods for puzzling cases of commingled burials, incomplete 

skeletons, non-specific skeletal changes or the absence of skeletal manifestation is evident 

throughout this thesis (papers II, III, and IV). The ability to indiscriminately sequence the 

microbial composition of an extraction allowed for the detection of MTBC through a metagenomic 

screening approach with the Megan Alignment Tool (MALT) (Vågene et al., 2018). Many of the 

vertebrae from Huari which yielded MTBC DNA showed only slight skeletal changes or no 

macroscopically detectable skeletal changes (papers II and IV). Additionally, the application of 

metagenomic methods allowed for the evaluation of environmental background included in an 

extraction (papers II, III, IV, V). As demonstrated in this thesis, this enables efficient research 

design to not only detect pathogens but also for the selection of samples for efficient in-solution 

capture and genome reconstruction. The recovery of genome wide data permits phylogenetic 

analysis and evaluation of pathogen evolution. The application of NGS methods to paleopathology 

provides an opportunity for the evaluation of pathognomonic data to understand evolutionary 

histories of ancient diseases at an unprecedented resolution increasing the biomedical relevance 

and value of the field.  
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In analyses of MTBC strain evolution and ecology using aDNA methods, the quality and 

confidence in genome reconstruction are of utmost importance for all evolutionary analyses that 

will follow. The method employed in this thesis for targeted enrichment and subsequent genome 

reconstruction was an in-solution hybridization capture (Fu et al., 2013) in which amplified 

indexed libraries were added to a solution of single stranded DNA probes complementary to DNA 

of MTBC members, saturating the sample and binding to the target MTBC DNA. These probes 

were based on a computationally constructed ancestor for MTBC (Comas et al., 2010) 

hypothetically allowing for the recovery of ancient and modern MTBC members. Although these 

probes are specific for MTBC in great measure, environmental mycobacteria are ubiquitous and 

their genetic similarity may result in the unintentional inclusion in capture product (Warinner et 

al., 2017). Therefore, in papers III – IV, following genome reconstruction and preparation of the 

sequenced data through quality filtering and removal of duplicate reads, authentication of the 

observed genetic variation was performed using SNP Evaluation 

(https://github.com/andreasKroepelin/SNP_evaluation) based on parameters outlined by Keller et 

al., 2019 but augmented for MTBC DNA. The evaluation of variant positions allowed for the 

detection and removal of non-confident SNPs which may have derived from environmental 

microbes and permitted the production of a reconstructed MTBC genome with high confidence 

and quality. The application of these methods allowed for the reconstruction of 12 ancient MTBC 

genomes from various skeletal samples across multiple environments in the pre-colonial Americas 

(papers II – V) (Figure 2). Although four of the genomes presented in this thesis are of a 

preliminary nature, the remaining eight could be used for confident phylogenetic and evolutionary 

analysis to evaluate MTBC strains circulating in the Late Intermediate Period (~1000 – 1400 CE) 

of the South American Andean cultural region.  
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Figure 2. Phylogeny of the reconstructed MTBC genomes presented in this thesis.  This Maximum 

Parsimony phylogeny was constructed with a 98% partial deletion of data thereby using 36,684 sites out of 
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a total of 56441. The tree was constructed using a Subtree-Pruning-Regrafting model. The values on the 

nodes are bootstraps generated with 500 iterations. The Huari, Chachapoya and Bos et al., 2014 genomes 

were filtered to remove any non-confident positions which may be deriving from environmental bacteria. 

Due to the low coverage of sample 18881/427 a 3-fold coverage minimum for SNP calling was used. The 

alignment was prepared using MultiVCFAnalyzer v0.85 (Bos et al., 2014). This phylogeny was prepared 

using MEGA7 (Kumar et al., 2016).  

 

4.2 Tuberculosis in the Late Intermediate Period Andean region (papers II – V) 
 
The Late Intermediate Period (LIP, ~1000 – 1400 CE) of Andean South America was characterized 

by significant cultural transitions and climatic variability. The early LIP was ushered in by the 

decline of the Wari empire and the disintegration of the Tiwanaku state (Isbell, 2008), 

contemporaneous with a severe drought in the Andean highlands and a movement to more 

dispersed settlements (Fehren-Schmitz et al., 2014; Seltzer and Hastorf, 1990; Tung, 2012). 

Concurrent with these climatic and socio-political shifts, there is a rise in cases of skeletal 

tuberculosis from North and South American archaeological contexts (Buikstra and Roberts, 

2003). Archaeological evidence shows the highest density of cases in South America existing in 

Peru and Chile giving rise to the hypothesis that this was the region where MTBC first developed 

in the Americas. The largest skeletal series of ancient TB from the Andean cultural region during 

the LIP comes from the Estuquiña in the Moquegua Valley where 37 individuals were identified 

(Buikstra and Williams, 1991). Additional sites across the Andean cultural region provide skeletal 

evidence of TB during this time period (discussed in paper II). However, pre-colonial cases reach 

a peak during the LIP and TB seems to decline during Inka rule in the Late Horizon (1475 – 1534 

CE).  

 

This thesis contributes genomic evidence to support further investigations of how the LIP climatic 

and socio-political shifts, and their associated consequences, promoted the spread of TB across the 

Andean region (papers II and III). Specifically, I present analyses of reconstructed LIP genomes 

from multiple sites which reveal closely related ancient MTBC strains from across the Andean 

cultural region. Phylogenetic analysis of these genomes reveals the ancient MTBC strains are 

clustering together with some diversity and are closely related to modern M. pinnipedii strains 

(Figure 2). The identification of ancient strains, closely related to the modern M. pinnipedii, from 
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coastal, highland and high-altitude subtropical forests of the northeastern Andean slopes reveals a 

previously unknown geographic and ecological presence of this strain. Although this landscape 

may appear challenging and seem impassible, Andean cultures have a long history of interaction, 

trade and movement across multiple ecological zones (Covey, 2008; Guengerich, 2015; Pomeroy, 

2013; Toohey, 2016). For LIP populations, such activities certainly would have facilitated the 

movement of infectious disease. However, due to the broad host tropism of MTBC members 

(Brites et al., 2018), it is not possible speak to human-to-human transmission as several alternative 

mammalian hosts are found this region, including llamas, alpacas and guinea pigs, all of which are 

known to contract and transmit TB (Grange and Yates, 1994).  

 

The conditions of the LIP and the rise of skeletal TB reflects the dynamics of socio-political 

disruption, climatic fluctuations, dietary shifts and migration (movement to dispersed settlements), 

all of which are known influence the spread of TB (Lönnroth et al., 2009). Additional reconstructed 

genomes from archaeologically and environmentally contextualized pre-colonial Andean TB cases 

will provide greater resolution to understand factors related to this increase in TB and their possible 

influence on MTBC evolution and spread. There currently exists only three published ancient 

South American MTBC genomes, however this thesis adds 12 genomes to the known diversity of 

MTBC in the pre-colonial Americas. Thus, further developing a database to address broader 

questions of biological, climatic, environmental and socio-cultural interplay influencing 

tuberculosis.  

 

4.2.1 Open questions on ancient South American MTBC research (papers II-V) 
 
Although morphological reports of skeletal tuberculosis are abundant across South America, only 

a few ancient genomes exist (Bos et al., 2014; papers II-V) providing limited temporal and 

geographic representation. Therefore, the breadth of diversity and geographic presence of MTBC 

strains remain not well understood. With the development of more data crossing a larger time 

transect we may begin to understand not only strain diversity but the rise of TB during the LIP and 

its subsequent decline during the Late Horizon (1400 – 1532 CE). Likewise, because human M. 

pinnipedii is no longer known to regularly circulate in human populations, this may shed light on 

the evolutionary fate of the ancient M. pinnipedii strains. For South American populations M. 
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pinnipedii is believed to have been replaced by European associated strains of TB (L4), however, 

there remains a lack of understanding of when (if ever) and why this lineage ceased to infect 

humans. Furthermore, despite the proposed “pinniped hypothesis” of initial MTBC introduction 

to the Americas by way of seals or sea lions, the phylogenies presented in this thesis have yet to 

offer strong support for this idea. Likewise, much earlier skeletal evidence of TB exists throughout 

North and South America which has not yet been molecularly characterized (Allison et al., 1973; 

Allison et al., 1981; Ritchie, 1952; Roberts and Buikstra, 2003). Therefore, the origin of MTBC to 

the Americas remains unconfirmed. To address this, further faunal and human archaeological 

samples will need to be analyzed.  

 

Currently, global ancient MTBC research is growing and methods are developing at a rapid pace. 

Due to the limited number of ancient TB genomes in existence (Bos et al., 2014; Kay et al., 2015; 

Sabin et al., 2020), certain aspects of this research remain unstandardized and uncharacterized. 

One challenge faced in this dissertation is the authentication of ancient TB genomes which has 

been complicated by unusual patterns of DNA damage in some select samples (papers IV and V). 

Reconstructed genomes from papers IV and V demonstrate DNA damage below expectations for 

ancient DNA. A similar pattern was observed previously for another mycobacterial disease, 

Mycobacterium leprae, whereby the pathogen DNA had little to no damage (Schuenemann et al., 

2013). This was attributed to the pathogen’s waxy cell wall composed of lipids and mycolic acids, 

believed to help protect the DNA from environmental degradation. The same argument could be 

made for Mycobacterium tuberculosis complex strains as they are of the same genus and possess 

the same cellular wall structure (Brennan, 2003). However, this assessment is complicated by the 

variability in TB DNA damage across the currently existing reconstructed ancient TB genomes 

(Figure 3).  
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Figure 3. Scatterplot of DNA damage patterns of selected ancient TB genomes illustrating variability in damage 

patterns. The orange circles indicate genomes from Huari, Peru (paper III). The green circle indicates the genome 

reconstructed from the Chachapoyas region of Peru (paper IV). The black circles indicate ancient TB genomes from 

Peru (Bos et al., 2014). The blue circle indicates an ancient TB genome from Sweden (Sabin et al., 2020). Shotgun 

data was mapped to the human reference (Hg19) and the reconstructed MTBC ancestor using BWA-aln (Li and 

Durban, 2009) and damage was calculated using mapDamage (Jónsson et al., 2013). All samples are vertebrae from 

the LIP (1000-1400 CE) except for LUN001.A which is a 17th century lung nodule. Figure 3 shows the genomes 

prepared in this thesis have a noticeably lower TB DNA damage. Samples from paper V were not shown as those 

samples were not shotgun sequenced and only TB capture data was available. 
 

The field of paleopathology currently faces questions on best practices and best methods for 

ancient pathogen research. Sampling strategies have been explored and established for ancient 

human DNA (Pinhasi et al., 2015). In contrast, best sampling strategies vary across pathogens and 

samples. Additionally, ancient pathogen research requires a variable quantity of samples for 

successful discovery depending on the project design and the disease being researched. For 

example, an ancient MTBC genome was recovered and reconstructed from one lung nodule (Sabin 
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et al., 2020), whereas the seven Huari MTBC genomes presented in paper III were recovered after 

analysis of 103 skeletal elements. Analysis of MTBC DNA recovery and anatomical location of 

the sampling site of the Huari vertebrae showed no relationship between MTBC DNA and 

sampling location (paper III). How do we create better sampling strategies and better research 

design? This problem is confounded by the many ancient pathogens that are of interest and the 

variability in samples likely to yield their DNA (Nelson et al., 2020). For all the achievements that 

have been made in molecular paleopathology there is still a need for principal methodological 

developments. 

 

 4.3 Molecular paleopathology: evolutionary thought and the biocultural approach 
 

My final point of discussion involves the role of anthropological theory in molecular 

paleopathology. In the past decade alone, the study of ancient disease has seen continuous rapid 

and innovative growth with the development of new analytical methods and technologies. High-

throughput sequencing platforms revolutionized bioarchaeological studies of past populations and 

ancient disease. Application of molecular methods to paleopathology answers the call for more 

technological advancements in methods of diagnosis (Ortner, 1991; Ubelaker, 2003). While this 

thesis has addressed the utility of molecular methods in identifying diseases that may have gone 

unrecognized, the merging of molecular and morphological methods should be viewed as an 

opportunity to explore the context of disease and develop more complex interpretations involving 

human biology, microbial threats, environmental factors and the cultural contexts (Grauer, 2012; 

Wright and Yoder, 2003). The abundance of data from high-throughput sequencing permits 

investigations of evolution, phylogeny, adaptation and ecology of both well-known and relatively 

under researched organisms in paleopathology (Zuckerman et al., 2012). These analyses have great 

value to understanding pathogens and disease today. However, the nature of these data can lead to 

a form of evolutionary thought at the risk of leaving the biocultural approach behind. When 

research begins to focus on the biological aspects of pathogen presence and evolution without 

considering socio-cultural factors, the study of ancient disease becomes isolated from the multi-

factorial, dynamic event of disease (Zuckerman and Armelagos, 2011). Social relations and status, 

cultural practices, political frameworks, economic and environmental factors are a few of those 

which influence the emergence, transmission and persistence of disease, and by extension its 
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success. Because of this morphological and molecular paleopathology, in the study of ancient 

population health and disease, should contextualize evolutionary analyses to be relevant to modern 

populations and gain full scientific and ethical value (Armelagos and Van Gerven, 2003).  

 

Disease is a powerful and complex phenomenon involving interplay of the environment, culture, 

society and biology. It has been involved in the restructuring of society (Herlihy, 1997), used as a 

tool in the intentional structured violence against marginalized groups (Selgelid, 2003; Davalos et 

al., 2020), and affected great influence on our own biology (Krause-Kyora et al., 2018; Lindo et 

al., 2016). Disease arises and propagates in these intersectional landscapes and without recognizing 

it within the appropriate theoretical frameworks, a great opportunity is lost to make meaningful 

reason of infectious disease emergence and success. Synthesizing information and contextualizing 

results require interdisciplinary contributions providing valuable insight on the pathogen and the 

context. Each specialization of paleopathology and by extension each actor in this research shares 

unique insight to contribute valuable insight to actively shape and reshape our understanding of 

disease. Paleopathology as a whole has never been better positioned to contribute to broad, 

comprehensive understandings of disease and provide transdisciplinary and widely relevant 

insights. The subfields of paleopathology still have challenges, yet through increased 

communication and collaboration we have the opportunity to extraordinarily impact population 

health and disease research across time and space. 

 

 5 Conclusion 
 

In this thesis, I have used both morphological and molecular methods to conduct comprehensive 

paleopathological investigations of metabolic and infectious diseases in the pre-colonial Americas. 

I demonstrate the use of morphologically based paleopathological methods on a skeletal 

population from an environment rich in natural fluoride to present the first description of skeletal 

fluorosis from an American archaeological population. In addition, I present morphological 

assessments of TB and molecular analyses of ancient MTBC genomes from a variety of contexts 

across the Americas. In their respective manuscripts these results are discussed through a 

contextual framework including environmental, cultural, geographic and socio-political factors.  
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The value of comprehensive paleopathological analyses has been confirmed in this thesis which 

includes studies of skeletal samples presenting a variety of pathological changes, both non-specific 

and diagnostic. In this thesis, the incorporation of environmental and molecular data provides a 

greater understanding of disease in the Americas prior to European colonization. Although skeletal 

fluorosis is now considered a rare disease in North America, the study presented in this thesis 

contributes new knowledge to the field of North American paleopathology. This study argues for 

the consideration of fluorosis in studies presenting paleopathological differential diagnoses as it is 

likely this disease was far more common in populations from this region than previously 

recognized. Future bioarchaeological and paleopathological efforts may reveal more cases in time.  

 

Alternatively, the investigation of MTBC strains presented in this thesis provides evolutionary 

information on an infectious organism that currently considered one of the world’s greatest disease 

burdens (WHO, 2019). The insights provided in this thesis on MTBC strain diversity in the 

Americas and the geographic and ecological expanse of ancient M. pinnipedii strains suggest more 

connections will be made through future research efforts including ancient data sets from across 

the Americas. As there currently exist only three published ancient MTBC genomes from the 

Americas, in addition to the 12 presented in this thesis, additional sampling efforts will need to be 

made in order to draw confident conclusions on pre-colonial tuberculosis. As molecular data 

increase so should our incorporation of the biocultural context. As demonstrated in this thesis we 

gain insight on the success and dissemination of TB when we view our genomic results through 

the biocultural and environmental contexts. Through interdisciplinary endeavors we will gain 

insight to the introduction and evolution of MTBC in ancient South America and beyond.  
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7 Figures 

Figure 1 - Map showing the site locations of pre-colonial genomes presented in this thesis. 

(appears on page 35) 

Figure 2 - Phylogeny of the reconstructed MTBC genomes presented in this thesis. (appears on 

page 41) 

Figure 3 - Scatterplot of DNA damage patterns of selected ancient TB genomes illustrating 

variability in damage patterns. (appears on page 45) 
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8 Appendix 

The following five papers are included and discussed in this dissertation:  

 

I. Elizabeth A. Nelson, Christine L. Halling, Jane E. Buikstra. Evidence of Skeletal 

Fluorosis at the Ray Site, Illinois, USA: a pathological assessment, discussion of 

environmental factors. International Journal of Paleopathology, 26, 48-60. 

 

II. Elizabeth A. Nelson, Jane E. Buikstra, Alexander Herbig, Tiffiny A. Tung, Kirsten I. 

Bos. Advances in Paleopathology of Tuberculosis in Pre-contact Andean South 

America. International Journal of Paleopathology, 29, 128-140. 
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Supplementary Appendix A 
 
Nelson et al 
Advances in the Molecular Detection of Tuberculosis in Pre-contact Andean 
South America 
 

Thirty-four vertebrae were collected from the site of Huari, Peru for DNA 
extraction and sequencing. Vertebrae that originated from the Cheqo Wasi (n=4) and 
Vegachayoq Moqo (n=14) sectors were excavated by Enrique Bragayrac (Bragayrac, 
1991). Vertebrae from the Monqachayoq sector (n=16) were excavated by Francisco 
Solano (Solano, 1981). All three sites contained mass burials with commingled remains 
(Tung 2014). Vertebrae were macroscopically analyzed for preservation level, 
estimation of age (Scheuer and Black, 2004), and presence of pathological changes 
(Buikstra and Ubelaker, 1994). 
 

Each vertebra was sampled for DNA extraction in the dedicated ancient DNA 
laboratory at Max Planck Institute for the Science of Human History (Jena, Germany). 
Sampling was performed using a dental drill to yield approximately 50mg of pulverized 
bone, with a sampling location preference for lesions on vertebral bodies. Extraction of 
ancient DNA was performed following established protocols (Dabney et al., 2013). 
Double indexed libraries were subsequently manufactured from 10μl of extract 
following established methods (Meyer et al., 2012). Libraries were sequenced on the 
Illumina platform (Illumina HiSeq 4000) to a depth of ca. 5 million reads per sample.  

 
To assess host DNA preservation, shotgun data were first mapped to the hg19 

human reference genome (GRch37.p13) with the Burrows Wheeler Aligner (BWA) (Li 
and Durbin, 2010) as implemented in EAGER (Peltzer et al., 2016). We applied BWA 
mapping parameters of low stringency, which allow for short read lengths (-l 16), 
limited allowance of nucleotide mismatches to the reference (-n 0.01), and a map 
quality filtering (-q) of 37. These parameters are suitable for ancient DNA datasets 
where taphonomic damage in DNA fragments has not been enzymatically repaired. The 
proportion of detectable DNA damage in the Huari samples was evaluated with 
mapDamage2 (Jónsson et al., 2013).  

 
Datasets were further screened for pathogens with MALT (Vågene et al, 2018) 

using a database constructed from all bacterial genomes available on NCBI RefSeq as 
of December 2016. Read alignments against curated references were inspected for 
authentication purposes. Though some genetic difference from the reference is 
expected in ancient DNA, particularly at the ends of DNA fragments where chemical 
damage can accumulate, true MTBC reads should show very few (one or two) genetic 
differences from the reference sequence (Key et al., 2017; Warinner et al., 2017).  
 

Reads were mapped to a computationally reconstructed genomic sequence 
made to represent a hypothetical ancestor of the MTBC (Comas et al., 2010), again 
using BWA (Li and Durbin, 2010) as implemented in EAGER (Peltzer et al., 2016). 
This mapping was performed using the parameters described above for the human DNA 
analysis. Authentication of ancient DNA via damage pattern analysis followed, with 
methods described above (Figure S1). Both human and MTBC mapping results for the 
samples putatively positive for M. tuberculosis DNA are reported in Table 1. 
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Abstract 
Archaeological evidence suggests a significant increase in tuberculosis (TB) infection 

during the Late Intermediate Period (~1000-1400 CE, LIP) in the Andean region of 

South America. Osteological identification and subsequent molecular analyses of LIP 

human remains from three sites in the Osmore River Valley (ORV) revealed the LIP 

MTBC strain as M. pinnipedii, a variety circulating in modern seals and sea lions. The 

rise in TB during the LIP coincides with significant cultural and climatic transitions 

including the wane of the Wari Empire, one of the most influential cultures of the LIP. 

Populations residing in the former administrative center of Wari, Huari, during the 

decline and in the wake of the empire display osseous lesions consistent with TB. To 

better understand the geographic spread and evolution of pre-colonial Andean MTBC 

strains we perform molecular analysis of 92 vertebral bodies and 11 ribs from three 

sectors of Huari, located in the Peruvian Andes. Here, we present seven ancient 

Mycobacterium tuberculosis complex (MTBC) genomes recovered from Huari, 

permitting the evaluation of MTBC strain diversity on a local scale. Results of 

phylogenetic analysis indicate the MTBC strains at Huari as being closely related to the 
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previously identified ancient MTBC strains, M. pinnipedii. Genomic analyses reveal 

unexpected diversity with extensive microevolution of different contemporaneous 

clades existing within a narrow geographic range. The molecular confirmation of TB 

at Huari in the wake of imperial decline supports bioarchaeological data that show an 

increase in skeletal tuberculosis during the LIP and suggests this extinct strain was 

widely circulating amongst pre-contact Andean populations.  

 
Significance Statement 
Although the rise of TB in the Late Intermediate Period (LIP, 1000-1400 CE) is 

evidenced in the archaeological record, only three TB genomes, have been 

characterized revealing a variant adapted for seals and sea lions, M. pinnipedii, 

circulating in coastal sites. Thus, the geographic expanse of M. pinnipedii and MTBC 

strains in the LIP Andes remained unknown.  Here, we present seven LIP TB genomes 

from Huari, the former Wari imperial core. Our results allow for the evaluation of 

MTBC strain diversity on a local scale and provide insights into the evolution of MTBC 

in a population experiencing socio-political and climatic stressors. Our work expands 

the known geographic distribution of pre-colonial M. pinnipedii strains to the highland 

Andean region suggesting this strain was widely circulating.   

 
Introduction 
Tuberculosis (TB) is a socially disruptive, deadly disease that has been a central focus 

of research investigation into the human past. Today, TB is one of the largest global 

disease burdens with recent estimates of 10 million new infections and 1.5 million 

deaths in 2018 alone (World Health Organization, 2019). In humans TB is caused by a 

group of closely related mycobacterial species, the Mycobacterium tuberculosis 

complex (MTBC), that is comprised of seven main globally distributed lineages (L1-

L7) and one newly identified lineage (L8) whose regional distribution suggestions a 

long history of co-adaption with humans (Gagneux et al., 2006; Ngabonziza et al., 

2020). Additionally, a clade of MTBC strains has been isolated from a diverse group 

of mammalian species, of which several have caused disease in humans as well (Orgeur 

and Brosch, 2018; Gonzalo-Asensio et al., 2014). Members of the MTBC possess 

features such as latency (Blaser and Kirchner, 2007) and broad transmissibility which 

are influenced more by demography and contact rates than by host species (Brites et 
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al., 2018). These features have made the MTBC one of the most globally ubiquitous 

and successful groups of pathogenic bacteria.  

 

The tendency of advanced MTBC infections to cause diagnostic skeletal and 

mummified soft tissue lesions has facilitated identification of TB in archaeological 

contexts (Allison et al., 1981; Roberts and Buikstra, 2003), which led to molecular 

detection (Salo et al., 1994) and subsequent genomic characterization of ancient strains 

(Bos et al., 2014; Chan et al, 2013; Kay et al, 2105; Sabin et al, 2020). However, clinical 

studies report that diagnostic skeletal changes occur in only a small percentage of 

infected individuals (CDC, 2018; Cowie and Sharpe, 1997; Lešić et al., 2010; Tuli, 

2016). This implies the disease was more prevalent in the past than can be estimated 

based solely on morphological analysis.  

 

Osteological observations have long been reported from Andean South American 

contexts as early as 200 CE, with the most robust evidence being from the Chilean 

Atacama Desert as early as 700 CE (Allison et al., 1981). The presence of skeletal TB 

increases slightly in the Middle Horizon (~600 to 1000 CE) (Roberts and Buikstra, 

2003), which coincides with the expansive phase of the Tiwanaku and Wari empires, 

as well as Lambayeque on the North Coast of Peru (Jennings, 2006; Schreiber, 1991; 

Vogel, 2018). Although there are accounts of purported skeletal TB in various regions 

of Peru dating to the Middle Horizon (MH, ~600 – 1000 CE), the majority of 

paleopathological observations of skeletal TB from the Andean region date to the Late 

Intermediate Period (LIP, ~1000 – 1400 CE) (Allison et al., 1981; Arriaza et al., 1995; 

Rivas Boada, 1988; Bos et al., 2014; Buikstra and Williams, 1991; Burgess 1992, 2000; 

Klaus et al., 2010; Owen, 1993; Roberts and Buikstra, 2003; Salo et al., 1994; Toyne 

et al., 2020). This includes the three cases of TB confirmed via genomic evidence from 

the Chiribaya culture of the Osmore River Valley (ORV), where molecular 

investigation identified Mycobacterium pinnipedii, an MTBC strain adapted for seals 

and sea lions, circulating in LIP coastal populations (Bos et al., 2014). The 

identification of M. pinnipedii in human populations suggests a zoonotic origin for pre-

colonial Andean TB. Archaeological evidence of maritime practices and utilization of 

seals as resources in ancient Andean populations supports the possibility of a zoonotic 

transmission of M. pinnipedii (Alcalde, 2005; Quilter, 1990). However, the genetic 
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diversity of the MTBC strains circulating in the Andean highland region during the LIP 

TB rise remains largely unexplored. 

 

The LIP is ushered in by the decline of the prolific Wari Empire that, during the MH, 

exercised its influence from the highland capital of Huari, 3,000 meters above sea level 

and approximately 500km from the ORV coastal sites. During the LIP an intense 

climatic shift to severe aridity coincident with cultural transitions led by the decline of 

the Tiwanaku state and Wari empire evidenced by a movement to more dispersed 

settlements (Fehren-Schmitz et al., 2014; Seltzer and Hastorf, 1990; Thompson et al., 

2013). For those who remained at Huari during the terminal-Wari and post-Wari eras 

of the LIP, the intense drought led to a shift in diet and the disintegration of the Wari 

empire with socio-political upheaval signaled by an increase in lethal and sublethal 

violence (Schittek et al., 2014; Tung 2008, 2014; Tung et al., 2016). Such 

environmental, dietary and socio-political factors have been implicated in modern 

epidemiological studies as drivers of TB epidemics (Lönnroth et al., 2009). Likewise, 

LIP Huari populations display skeletal lesions suggestive of bacterial infection, namely 

tuberculosis (paper II of this thesis). In order to investigate the presence of MTBC 

strains and strain diversity in Huari populations experiencing the decline and fall of the 

empire in the midst of climatic, socio-political and dietary shifts we applied molecular 

methods and analyses.  

 

Here we present the molecular detection and phylogenetic characterization of ancient 

MTBC strains circulating in terminal and post-Wari populations recovered from the 

former capital of the Wari Empire, Huari. Using a broad pathogen screening method to 

analyze these commingled remains, we were able to identify MTBC reads in 14 

vertebrae. We demonstrate the use of filtering methods to authenticate the genetic 

variation observed and subsequently reconstruct the largest of number of published 

ancient TB genomes from one site to date allowing for the evaluation of MTBC strain 

diversity on a local scale. Our work provides a deeper understanding of TB across the 

LIP Andes and insight to the evolution and ecology of MTBC strains in this 

archaeological community experiencing climatic variability, dietary shifts, and socio-

political instability, from the heart of the former Wari Empire, in the Peruvian Andes. 
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Ethics Statement 
In this study we apply pathogenomic analyses to answer archaeological questions of 

biomedical relevance. In effort to understand the health and disease of post-Wari 

populations we incorporate archaeological studies, paleopathological analysis and 

genomic methods to analyze human remains. Our work was performed with active 

communication and involvement with Peruvian archaeologists and community of 

archaeologists and students at the Universidad Nacional de San Cristóbal de Huamanga 

(UNSCH). Our research was conducted with the permission of UNSCH and research 

approval and authorization were given by the Peruvian Ministry of Culture through 

which the appropriate permits were obtained. Our research demonstrates the application 

of molecular methods to a well-studied archaeological context to inform local 

Peruvians, and by extension, a global audience, on the history of TB, a disease that 

continues to burden the world today that we may shed more light on our understanding 

the evolution, ecology, and success of this pathogen.  

 

Results  
 

Skeletal Analysis. We examined 2,226 vertebrae from LIP commingled contexts from 

three sectors of the site of Huari: Cheqo Wasi (CW, 1044 – 1155 CE), Vegachayoq 

Moqo (VM, 1305 CE – 1405 CE) and Monqachayoq-Solano (MQS, 1321 CE – 1425 

CE) (Figure 1). Dates for each sector were obtained through AMS dating 

(Supplementary Table 1). Our results show 132 vertebrae presented pathological 

lesions and abnormal skeletal changes. Furthermore, we find that juvenile thoracic 

vertebrae were more frequently affected with pathological skeletal changes (n=83, 

12.2% of thoracic vertebrae examined) compared to adult thoracic vertebrae (n= 20, 

1.3% of thoracic vertebrae). Conversely, adult lumbar vertebrae were more frequently 

affected than juvenile vertebrae. Of the 132 vertebrae, only 5 showed signs confidently 

associated with tuberculosis while the remaining 127 displayed a spectrum of skeletal 

presentation including slight, non-specific skeletal changes such as slight reactive bone 

on the vertebral body, resorptive lesions on the superior-anterior aspect of the vertebral 

body, and hyper-vascularity of the vertebral body which may or may not be considered 

within normal variation.  
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As TB is known to cause skeletal changes in only a small percentage of people 

experiencing TB infections (Jaffe, 1972) the low frequency of skeletal changes 

suggestive of TB is expected and represents a small percentage of the infected 

population (~1-20%). Therefore, due to the low frequency of skeletal changes in an 

infected population, we selected skeletal elements which display severe pathological 

manifestation as well as skeletal elements showing only slight changes and those which 

may be considered within normal anatomical variation. The resulting sample set 

included a total of 103 skeletal elements, 92 vertebrae and 11 ribs, across multiple age 

groups from three sectors of Huari (CW, MQS, and VM) (Supplementary Table 2). 

 

Broad Pathogen Screening and Detection of MTBC DNA. Here we employed high 

throughput sequencing and broad pathogen screening methods to 69 skeletal samples 

that showed some evidence of pathology, 58 of which were vertebrae and 11 were ribs. 

All skeletal elements were sampled in a laboratory dedicated to aDNA using a dental 

drill to collect approximately 50mg of bone powder. Ancient DNA extractions were 

prepared using protocols customized for ancient DNA (see methods). Subsequent 

amplified libraries were sequenced to a depth of 5 million reads on Illumina platforms 

(NextSeq 500 or HiSeq 4000). Pathogen screening was performed using the HOPS 

pipeline which incorporates the taxonomic identification of preprocessed sequencing 

reads using the Megan Alignment Tool (MALT) (version 0.3.8) (Vågene et al., 2018) 

and authentication of ancient DNA (Hübler et al., 2019). MALT taxonomic 

assignments of microbial content were performed against the NCBI Nucleotide (nt) 

database (November 2017) using a minimum sequence identity of 95% and results were 

visualized in MEGAN (Huson et al., 2016). Six vertebrae harbored reads that assigned 

to the MTBC ranging in number from 13 to 8,308 (Table 1). Further visual inspection 

of the alignments supported this identification. These results were combined with 

screening data from an additional 34 Huari samples presented elsewhere (Nelson et al., 

2020), which yielded a total of 14 vertebrae that demonstrated potential molecular 

survival of MTBC DNA. This subset consisted of at least two vertebrae from each of 

the three sectors of Huari sampled for this project (Table 1) (Supplementary Figure 1).  
 
To further explore MTBC DNA preservation, subsequent reference-based mapping of 

pre-processed reads to a reconstructed MTBC ancestral reference genome (Comas et 

al., 2010) was performed using BWA as part of the EAGER pipeline (Peltzer et al., 
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2016) (Table 1). This process revealed between 1,131 (HUA051) to 16,993 (HUA093) 

unique mapping reads per library, with percent MTBC DNA comprising 0.02% - 0.4% 

of total DNA content. These results are on par with DNA yields that permitted genome 

reconstruction in material from similar geographical locations and time periods (Bos et 

al., 2014). Sequenced reads were also mapped to the human reference genome (Hg19) 

which yielded between 252 (HUA037) – 259,993 (HUA041) unique reads after quality 

filtering with 0.006% - 7.06% endogenous human DNA content (Supplementary Table 

4). Authenticity of ancient DNA was assessed by observing cytosine deamination 

patterns on the 5’ and 3’ ends of DNA molecules.  Observations for both human and 

TB mapping showed damage patterns typical of ancient DNA (Table 1 and 

Supplementary Tables 3 and 4) (Supplementary Figure 2) (Jónsson et al., 2013).  

 

Hybridization capture and MTBC genomic recovery. All libraries that putatively 

demonstrated MTBC DNA preservation, along with a positive control of known MTBC 

DNA content, were prepared for targeted in-solution hybridization enrichment of 

MTBC DNA (see methods). Uracil-DNA-Glycosylase (UDG) was used excise the 

uracil residues (Briggs et al., 2010) DNA “damage” typical of aDNA. The removal of 

this damage allows for more confident SNP calling in downstream evolutionary 

analyses. In-solution hybridization of MTBC DNA was performed using single-

stranded DNA probe set based on the reconstructed MTBC ancestor (Comas et al., 

2010). We performed two rounds of in-solution capture and sequenced the capture 

products to a depth of 10,000 reads (see methods). 

 

After in-solution capture and sequencing all data were mapped to the MTBC ancestor 

reference (Comas et al., 2010) using BWA and the EAGER pipeline (Peltzer et al., 

2016). Results revealed MTBC endogenous DNA values ranging from 1.13% – 19.02% 

of the total sequencing data and mean coverage of the reference genome ranging from 

0.09 – 6.26. Our positive control showed expected values of 37.67% endogenous TB 

DNA and a mean coverage of 21.2, thus indicating good experimental conditions 

(Supplementary Table 5).  

 

Non-pathogenic mycobacteria are ubiquitous in the environment, with an abundance of 

species identified in water and soil (Falkinham, 2002; Torvinen et al., 2010). The 



 
 
 

 115 

porous nature of bone allows for soil mycobacteria to infiltrate the sample and by 

extension contaminate the extraction. This similar genetic composition of 

environmental mycobacteria from soils can complicate pathogen studies of 

archaeological material through becoming unintentionally included in targeted capture 

and genome reconstruction (Warriner et al., 2017). To investigate the influence of non-

target environmental mycobacteria on genomic MTBC coverage, we performed MALT 

analysis to calculate estimations of target MTBC reads in all capture products. Thus, 

permitting the evaluation of nontarget environmental mycobacteria inadvertently 

enriched during the TB capture and subsequently incorporated in the reconstructed 

genomes. The samples varied in the percent of reads able to be taxonomically 

assignment ranging from 0.85% to 12.8% (Supplementary Table 6). However, 

calculations estimating the percentage of MTBC specific reads within each sequenced 

library revealed several datasets to contain a high amount of non-target environmental 

mycobacterial DNA (Supplementary Table 6). In this analysis, all samples that showed 

an upper boundary estimation of at least 85% of MTBC reads and lower boundary 

estimation of at least 50% of MTBC or greater would be included in downstream 

analysis (Supplementary Table 6). We identified seven samples which met or exceeded 

the threshold of upper and lower boundary MTBC estimates. However, estimates 

indicate six samples contained high levels of non-target mycobacterial background of 

the capture product; although there was target MTBC DNA, the confident recovery of 

this DNA would likely be challenged by the abundance of non-target mycobacteria. 

Based on the results of this analysis, individuals HUA004, HUA006, HUA016, 

HUA037, HUA041, HUA051, and HUA057 only were carried forward for downstream 

analyses (Figure 2).  

 

The selected vertebrae (HUA004, HUA006, HUA016, HUA037, HUA051, HUA057) 

were resampled taking approximately 50 mg of bone powder that was extracted and 

prepared into UDG treated libraries for in-solution capture of MTBC DNA and 

subsequent genome reconstruction. Recovery of high-quality data is challenged by the 

previously mentioned incorporation of environmental background and while human 

aDNA studies have worked to identify skeletal elements yielding efficient human DNA, 

sampling strategies have not yet been optimized for ancient MTBC DNA. Therefore, 

in this second sampling we tested the influence of sampling location on MTBC DNA 
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recovery via comparison of MTBC DNA yield from several anatomical locations of the 

vertebrae, normalized against approximately 50mg of starting material.  The seven 

vertebrae were systematically sampled an additional four to ten times from the 

following anatomical aspects of the vertebral body: anterior aspect, lateral aspects (left 

and right), superior, inferior, the trabecular bone of the vertebral body, and lesion(s) (if 

present) and trabecular bone posterior to any present lesion(s). The number of sampling 

locations per vertebrae varied with the presence and number of morphologically 

detectable lesions consistent with TB. Extracted DNA from each sampled site was 

prepared as individual UDG treated libraries with unique barcodes such that data DNA 

yields could be compared. Together with the initial seven libraries generated 

previously, a total of 53 unique libraries from various sampling sites formed the basis 

of this analysis. Libraries were all captured for MTBC DNA as described above, and 

comparisons were based on the number of reads that mapped to the reconstructed 

ancestor. Although there is some variation in recovery of MTBC DNA across the 

different sampling locations (Supplementary Table 7), our statistical analysis of the 

resulting libraries showed no significant Spearman’s correlation existed between 

sampling site and TB endogenous DNA recovery. Therefore, endogenous yield of TB 

DNA seems to be independent of sampling location.   

 

Ancient genome reconstruction. All sequencing data of the in-solution hybridization 

capture was pooled by individual vertebrae and mapped to the MTBC ancestor 

reference (MTB_anc) revealing endogenous TB DNA percentages ranging from 2.034 

to 9.402 (Table 2). In addition, the mean coverage of each reconstructed genome ranged 

from 5.308-fold to 33.529-fold coverage, with 76.89% of the MTBC ancestor reference 

covered at least 2-fold in all reconstructed genomes (Table 2, extended: Supplementary 

Table 8). As all vertebrae were recovered from commingled depositions, estimation of 

the minimum number of individuals represented is based on age at death assessments 

and archaeological context (sector of origin). From this we estimate our dataset to 

represent at least 5 individuals.   

 
Authenticating Genetic Variation in Ancient MTBC Genomes. The samples that 

were selected for full genome capture and reconstruction showed relatively low to 

moderate environmental mycobacterial background with upper estimations of MTBC 

DNA composition of the sample ranging between 77% - 98% (Supplementary Table 
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6). However, due to the highly conserved regions of mycobacteria this background of 

closely related mycobacterial species can map to the MTBC ancestor reference and lead 

to false positive SNPs producing longer branches in the reconstructed genome (Bos et 

al., 2019). False positive SNPs can complicate evolutionary and phylogenetic analyses 

and lead to wrong topologies and the formation of artificial branches in phylogenetic 

trees (Keller et al., 2019). To filter out variant calls from co-enriched non-target 

mycobacterial species we evaluated the unique and shared variant positions in our 

dataset via an evaluation tool that compares coverage at a given position under 

conditions of 1) stricter and 2) more permissive mapping 

(https://github.com/andreasKroepelin/SNP_evaluation) (Keller et al., 2019). In this 

process, coverage in the 50bp window around each SNP is considered under the two 

mapping parameters. SNPs that exceed a predefined threshold of proportional coverage 

increase under relaxed mapping parameters are removed (see methods). Furthermore, 

we excluded each position in which we observe the existence of additional 

heterozygous positions in the same read within the 50 bp window. Additionally, we 

filtered out any position which lacked full genomic coverage in the 50bp window as 

deletions might result in mapping errors (Keller et al., 2019). This analysis was 

performed on all ancient Peruvian genomes, which included all UDG-treated Huari 

libraries and the previously published ORV TB genomes (Bos et al., 2014). Our 

evaluation resulted in the removal of 1566 out of 6302 shared positions and 402 out of 

514 unique positions (Supplementary Table 9). 

 

Phylogenetic analysis. A set of 30 genomes composed of 11 modern M. microti 

genomes, 9 modern M. pinnipedii genomes and 10 ancient MTBC genomes dating to 

the LIP, three previously published ancient coastal TB genomes (Bos et al., 2014) and 

our seven reconstructed MTBC genomes from Huari, were included in our phylogenetic 

analysis (Supplementary Table 10). The Mycobacterium microti clade was used as the 

outgroup. 

 

Our Maximum Likelihood (ML) tree constructed from the SNP alignment include 

2,026 variant positions resulted in the phylogenetic placement of the ancient MTBC 

genomes from Huari as closely related to modern M. pinnipedii strains and the 

previously published ancient TB genomes from the ORV (Bos et al., 2014). This reveals 
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that the pinniped strain of MTBC circulated not only in ancient coastal Peruvian 

populations but also contemporaneously circulated in ancient highland populations 

from the Andean Basin, over 500 km away. The topology shows variation in the strains 

present at Huari with genomes from all three sectors of Huari clustering separately and 

radiating out from a polytomy. The MTBC strain from the Cheqo Wasi (HUA004) 

sector is unique and has no shared derived position. Furthermore, Vegachayoq Moqo 

(HUA006, HUA016, HUA051, HUA057) and Monqachayoq-Solano (HUA037, 

HUA041) are contemporaneous and geographically located closer to each other than 

the earlier Terminal Wari site of Cheqo Wasi (Figure 1). Yet, our phylogeny shows the 

MTBC strains recovered from the Vegachayoq Moqo sector (HUA006, HUA016, 

HUA051, HUA057) being more closely related to the ORV MTBC strains (54U, 58U, 

and 64U) (Bos et al., 2014) with bootstrap support of 90% (Figure 3).  

 

To evaluate the effect of the SNP filtering process on the topology we constructed an 

alignment generated from the filtered dataset in addition to an alignment that was 

generated from a dataset which had not been filtered. The results of this analysis show 

all genomes now present reduced branch lengths (Supplementary Figure 4). This affect 

is most noticeable in HUA004 in which the shared branch between HUA004 (CW) and 

HUA037 (MQ) and HUA041 (MQ) was reduced to now show a polytomy. Examination 

of the snpTable generated by MultiVCFAnalyzer (Bos et al., 2014) confirmed there are 

no shared informative positions between these genomes (Supplementary Table 11).  

Further evaluation of the snpTable identified 299 variant positions that occur in at least 

one of the ancient genomes from Huari. A total of 42 variants are shared among the M. 

pinnipedii genomes and the Huari and ORV ancient TB genomes. 

 

Functional analysis of variant positions. Functional analysis of variant positions was 

carried out on the same dataset of 30 genomes which was also used for phylogenetic 

analysis using SnpEff (v. 3.1) (Cingolani et al., 2012). For this analysis we focus on 

variants that would lead to the formation of new amino acids 

(NON_SYNONYMOUS_CODING) or variants which may disrupt the function of a 

gene through the formation of a STOP codon (STOP_GAINED) or variants causing a 

loss of STOP codons (STOP_LOST) and the loss of start codons (START_LOST) 

thereby forming pseudogenes. Of the 299 variant positions, 116 are unique to the 
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ancient genomes and do not occur in the M. microti or M. pinnipedii genomes and 

within those, 56 are nonsynonymous coding variants. Only one position occurring in a 

coding region was unique to ancient MTBC strains and is confidently shared between 

all ancient MTBC genomes (Huari and ORV). This SNP (S601R), located on position 

(1050212), creates a non-synonymous amino acid change in a gene (Rv0939). Detailed 

results of SnpEff analysis can be found in (Supplementary Table 11). 

 

The CW genome (HUA004) has 13 unique variant positions five of which are 

categorized as non-synonymous and include variants in genes involved with the 

formation of conserved hypothetical proteins (Rv2390c), cell wall processes (mmpL8), 

intermediary metabolism and respiration (rbsK), and information pathway (sigJ). 

Functional changes of the variant at position 2683723 also causes an upstream effect 

(about 11 bases) on gene rpfD (Rv2389c) which is involved in cell wall processes, 

specifically resuscitation and growth of dormant, non-growing cells and the disruption 

of this gene has been demonstrated to provide a growth advantage for in vitro growth 

of H37Rv strains (De Jesus et al., 2017). Furthermore, SnpEff analysis of HUA004 also 

revealed a variant causing a STOP codon (STOP_GAINED), in a gene (Rv2303c) 

associated with virulence and detoxification, the product of which is a probable 

antibiotic resistance protein (Rustad et al., 2014). This suggests the gene is disrupted 

and non-functional. Additional SNP effects occurring within HUA004 include an 

upstream effect (72 bases) in a gene known to be involved in lipid degradation, fadD5 

(RV0166). 

 

The MQS genomes (HUA037 and HUA041) possess 56 SNPs which are unique to their 

group and 1 additional SNP (position: 1164571) that is shared between the MQS 

HUA037 genome and the ORV ancient MTBC genomes. It should be noted that this 

position is not well covered in the other ancient TB genomes (HUA004, HUA051, 

HUA057), including HUA041 so it may be possible this variant is not uniquely shared 

between HUA037 and the ORV genomes. In fact, there exist no variant positions 

unique to either of the MQS genomes (HUA037 or HUA041) in which the other does 

not present an ambiguous call and consequently we cannot confidently identify SNPs 

truly unique to either genome. However, between these two genomes there exist 28 

SNPs categorized as NON-SYNONYMOUS_CODING, five of these involved in the 
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probable formation of hypothetical proteins, six involved in cell wall and cellular 

processes including the formation of integral proteins (Rv2180c), membrane proteins 

(Rv0012), secreted proteins (RV3605c), and ATP-binding and transport proteins 

involved in active transport of glutamine (Rv0073) and other unidentified substrates 

(Rv1447). Additionally, these genomes possess several non-synonymous variants in 

genes involved in intermediary metabolism and respiration, lipid metabolism, and 

regulatory proteins, with variants in genes blal and Rv2011c both of which are involved 

in transcription repression. MQS genes also possess SNPs in genes associated with 

virulence, detoxification, and adaptation such as Rv2190c of which the function is not 

fully known in addition to vapC15 and mazF7 which are part of the well characterized 

toxin-antitoxin (TA) systems of MTBC (Solano-Gutierrez et al., 2019; Tandon et al., 

2020). 

 

Analysis of variant positions in the VM genomes (HUA006, HUA016, HUA051, 

HUA057) revealed a total of 43 positions that occurred in at least one of the VM 

genomes. As the highest coverage genome, all variants were present in HUA016, 

however, these show as ambiguous sites in the other 3 VM genomes. These SNPs 

included a total of 22 nonsynonymous coding variants, eight of which were coding for 

hypothetical conserved proteins, one (Rv0674) of which has been found to be an 

essential gene (Sassetti and Rubin, 2003). Four variant positions are involved in cell 

wall and cellular processes, including corA which is thought to be involved in the 

transport of magnesium and cobalt ions across the membrane, and ctpC which functions 

to produce metal cation-transporting ATPase possibly catalyzing the transport of metal 

cations. The remaining two variant positions occur in genes coding for membrane 

proteins essential for in vitro growth (Rv0102 and Rv2609c) (DeJesus et al., 2017). 

Five nonsynonymous coding variants occur in genes involved in intermediary 

metabolism and respiration including gnd1 and Rv1882c in which disruption of the 

gene is known to cause a growth advantage for H37Rv (DeJesus et al., 2017). Four 

nonsynonymous coding SNPs were identified in genes involved with lipid metabolism 

(mas, tesB2, tgs4, ppt) with only ppt having been demonstrated to be essential for in 

vitro growth (DeJesus et al., 2017). Analysis reveals HUA016 possesses a variant at 

the position 2201019 affecting the gene vapC14 (Rv1953), which is involved in 

virulence, detoxification and adaptation and is part of the toxin-antitoxin operon 
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demonstrated to have a growth advantage for in vitro growth in association with gene 

disruption (DeJesus et al., 2017).  

 

The VM genomes and ORV genomes share variant positions including within a highly 

conserved intergenic region with downstream effects (33 bases) in the gene mrp 

(Rv1229c) involved with intermediary metabolism and respiration through likely 

producing ATP binding proteins. This gene has been demonstrated to be essential for 

in vitro growth of H37Rv (DeJesus et al., 2017).  HUA016 and 64U share a SNP at the 

position 1345945 effecting the gene Rv1202, involved in biosynthesis of succinyl-

diaminopimelate desuccinylase (dapE) and is an essential gene for in vitro growth 

(DeJesus et al., 2017; Sassetti and Rubin, 2003; Griffin et al., 2011). 

 

Analyzing selection pressure on S601R. To investigate selective pressure and 

possible signals of adaptation in the ancient Peruvian TB strains, we analyzed the non-

synonymous SNP (S601R) that was identified to only be present in ancient isolates. 

This codon is conserved in the animal-adapted M. tuberculosis strains (bovis_ravenel, 

M_orygis, capraeRW044, Pinnipedii7739, capraeD028, capraeRW079, 

Pinnipedii_G0149, Pinnipedii_G01222, Pinnipedii7011, MicrotiERR027294, 

chimpanzee_bacillus, Pinnipedii_G01491, Pinnipedii_G01492), as well as the other 

human-specific strains of MTBC. The function of the gene Rv0939 is largely unknown. 

According to the Mycobrowser database, Rv0939 is a non-essential gene, however, it 

is possibly involved in cellular metabolism, degradation, and respiration.  

 

We performed a codon-by-codon analysis of the gene Rv0939 in ancient MBTC and 

M. microti and M. pinnipedii animal strains. We used the Fast Unconstrained Bayesian 

Approximation (FUBAR) method from the datamonkey server (Pond and Frost, 2005), 

and identified codon S601R as being potentially under selection with posterior 

probability of positive selection at the site (p= 0.873) and the posterior probability of 

negative selection at the site (p=0.080). We also performed a site-wise analysis of 

positive selection using codeml as implemented in the PAML package for the gene 

Rv0939 (Yang, 2007). We compared models M8a (no site can have a dN/dS > 1) and 

M8 (sites are allowed to have dN/dS >1) using a likelihood ratio test, which showed 

that the two models were not significantly different for the gene Rv0939 (ΔLRT=0.36, 
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p-value= 0.55 based on X2 df =1). The site S601R was identified as potentially under 

selection via the Bayes Empirical Bayes (BEB) analysis in codeml (Supplementary 

Table 12).Although S601R was shown as being potentially significant by FUBAR 

(0.873) and the codeml Bayes Empirical Bayes (BEB) analyses, we cannot rule out the 

possibility of genetic drift acting on this codon.  

 

Molecular dating. Molecular dating analysis was performed on 2,026 SNPs curated 

from a genome-wide alignment of 30 genomes. The alignment consists of ancient 

genomes recovered from human samples and modern M. pinnipedii and M. microti 

strains isolated from animals. An ML tree was reconstructed using RAxML 

(Stamatakis, 2014) for the SNP alignment with a GTRGAMMA model of substitution 

for 1000 bootstrap replicates. TempEst analysis assessed the presence of a temporal 

signal in the historic genomes given the ML tree and radiocarbon dates. The root to tip 

analysis of sample dates and genetic distances of the rooted ML tree (after selecting 

best fitting root) revealed a strong linear relationship with R2 = 0.96 correlation 

coefficient of 0.97. This hinted at the presence of a temporal signal between the ancient 

and modern genomes. In order to estimate the emergence of the subclade including the 

ancient MTBC, M. microti and M. pinnipedii, we performed a Bayesian Skyline 

analysis using BEAST2 version 2.5.2 (Bouckaert et al., 2019). The mean values of 

radiocarbon ages (Supplementary Table 1) were used to calibrate the tips of ancient 

genomes while 2010 was considered as the tip age for the remaining 20 modern 

genomes (Sabin et al., 2020). The distribution of rate heterogeneity among the sites was 

estimated with a Gamma site model for 8 categories, wherein the shape (1.0) and 

proportion of invariant (0.1) parameters were estimated. The rate of nucleotide changes, 

and nucleotide frequencies were estimated with a GTR model of substitution (rate of 

change from C to T was set to default 1.0).  The rate of conversion along the branches 

of the tree is modelled as an uncorrelated relaxed clock model, with rates sampled from 

a log-normal probability distribution for a set of discrete rates (-1) equal to the number 

of branches in the tree. An initial clock rate of 4.6E-8 was set for the analysis as prior 

(Bos et al., 2014).  A Maximum Likelihood phylogeny was provided as an initial tree. 

A Coalescent Bayesian Skyline model was considered as tree prior and all the 

associated parameters were fixed as default. Additionally, two priors were assigned for 

all M. microti strains fixed as a monophyletic clade and other genomes as another 
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monophyletic clade. An MCMC chain was run for 300,000,000 iterations with a burn-

in of 1,000,000 and logged the tree states at every 1000 steps. Tracer v 1.7.1 (Rambaut 

et al., 2018) was used to evaluate the convergence of all the parameters and reconstruct 

the demographic history. The run converged and a Maximum Clade credibility tree was 

determined and the node ages of both the M. microti and ancient genomes were 

estimated.  

 

Using the Bayesian skyline model, we estimated a mutation rate of 1.359E-4 

substitutions per site per year (1.1305E-4 – 1.6094E-4 95% HPD). The most recent 

common ancestor (MRCA) age estimate for the historic and M. pinnipedii was 973 yBP 

(890 – 1036 yBP 95% HPD). The age of the MRCA of M. microti was 1394 yBP (1313 

– 1512 yBP 95% HPD) (Supplementary Table13).  

 

Our Skyline analysis further revealed evidence of a fluctuation in population 

demographics of the ancient MTBC and M. microti strains (Supplementary Figure 6). 

This fluctuation is estimated to have occurred between 1300 – 1400 CE years, possibly 

suggestive of a bottleneck event, then followed by a rapid population expansion 

between 1400 – 1500 CE that stabilizes throughout the modern era.   

 

Discussion 
 

Detecting and recovering MTBC DNA. We present the largest set of reconstructed 

pre-colonial MTBC genomes from a single site to date and subsequently more than 

doubled the current existing dataset of ancient South American TB genomes. There was 

no identification of MTBC in rib samples, however, recovery of MTBC DNA was 

successful from vertebrae which did not show pathological changes that are broadly 

considered to be diagnostic and therefore may have gone overlooked. This was made 

possible through exerted effort in skeletal sampling, DNA extraction, genome 

sequencing, capture and possibly most importantly, efforts in mitigating against 

environmental mycobacterial contaminants for authentication of the observed genetic 

variation. Among the many challenges in ancient pathogen DNA research is the 

existence of environmental microbes and complications in reconstructing ancient 

pathogen genomes (Warriner et al., 2017). Archaeological contexts primarily yield 
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samples which have been surrounded by environmental matrices of soil, water, plants, 

and more. The breadth of microbial organisms existing in the environment infiltrate 

porous skeletal samples and reside on sample surfaces resulting in the unavoidable 

inclusion of exogenous and non-target microbial DNA in extracted samples. This 

challenge is particularly emphasized in studies of ancient mycobacterial diseases, i.e. 

tuberculosis and Hansen’s disease. The strong conservation of genomic regions within 

mycobacteria results in shared genetic information across the genus in both pathogenic 

and environmental organisms. Here we circumvent the challenge of reconstructing 

genomes which include non-specific mycobacterial reads by utilizing MALT (Vågene 

et al., 2018) as a tool to evaluate the metagenomic background and specifically evaluate 

the mycobacterial composition of samples with special attention to non-target 

mycobacterial reads within extracts (Spyrou et al., 2019). By evaluating the proportion 

of non-target mycobacterial reads to MTBC reads we were able to infer which samples 

would most likely yield sufficient target MTBC reads in hybridization capture and 

allow for a “cleaner” reconstructed MTBC genome. Furthermore, for those samples 

selected for capture, we filtered the reconstructed genomes removing questionable 

positions most likely deriving from environmental mycobacteria and allowed for a 

more conservative and thus more confident reconstruction of ancient MTBC genomes 

(Keller et al., 2019).  

 

 MTBC pinniped strains at Huari. Unlike the Chiribaya archaeological contexts of 

the low land ORV ancient TB genomes (Bos et al., 2014), Huari is located the 

approximately 500km away in the central highland region near present-day Ayacucho, 

Peru. At the Andean site of Huari, there is evidence of interaction and domestication of 

camelids and cuy (guinea pig), yet no evidence of pinniped exploitation or exchange. 

The Huari faunal assemblages found in contexts contemporary with those from which 

we identified TB possibly indicate additional mammalian hosts and/or strains. 

Likewise, the expanse of the Wari and later evidence of post-Wari population dispersal 

would facilitate movement of the pathogen via infected people, and by extension 

animals, across a large geographical range resulting in the geographic spread of TB. In 

fact, during the Middle Horizon there appears to be little genetic exchange between 

lowland and highland populations of the Andes. Genetic and archaeological evidence 

suggests that it is not until the LIP that there is visible movement with increased 
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population densities in lowland sites (Reindel and Wagner, 2009) and population 

homogenization as seen by a decrease in genetic distances between lowland and 

highland populations (Fehren-Schmitz et al., 2014). This increase in population 

movement between the highlands would most certainly facilitate the movement of 

pathogen and spread of tuberculosis.  

 

The shared variant positions, similar genomic architecture, and phylogenetic placement 

of the Huari MTBC genomes as closely related to the contemporaneous Chiribaya ORV 

strains reveals a broad geographical presence of M. pinnipedii in human hosts during 

the LIP. Although all TB genomes from Huari contexts are closely related to the ORV 

TB strains, the phylogenetic analysis reveals somewhat unexpected genetic diversity 

within the Huari genomes. While the genomes do cluster together reflecting the sector 

from which they were recovered, TB genomes from the two sectors most closely 

located, being less than one kilometer apart in distance, and dated to be 

contemporaneous sectors, Vegachayoq Moqo (1305 CE – 1405 CE) and Monqachayoq-

Solano (1321 CE – 1425 CE), are unexpectedly distantly related from one another. 

Additionally, Vegachayoq Moqo is more closely related to the ORV Chiribaya TB 

genomes (Bos et al., 2014) than any of the other Huari strains. The diversity observed 

within this geographic and temporally narrow range may suggest tuberculosis 

outbreaks were widespread in the LIP Andean cultural region thus supporting 

archaeological observations which show and increase in skeletal signs of tuberculosis 

in the LIP, indicating a greater number of infected people than what can be observed 

through osteological analysis. Indeed, our recovery of MTBC genomes from vertebrae 

which show little to no pathological change further supports this premise.  

 

Molecular dating and currently characterized ancient Andean MTBC strains. 

Previously, tuberculosis in the pre-colonial Americas was understood by the presence 

of skeletal changes, yet now with the reconstruction of ancient MTBC genomes we 

move closer to a better understanding on the evolution and ecology of the disease prior 

to European colonization (Bos et al., 2014). The identification of these MTBC strains 

as closely related to the seal adapted species, M. pinnipedii, suggests the appearance of 

TB in these communities may have been the result of a zoonotic event and provides a 

possible explanation as to the initial introduction of TB to the pre-colonial Americas.  
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However, results of our Bayesian molecular dating results suggest the currently 

characterized ancient MTBC strains of the Americas represent an only recently 

emerged subclade with an MRCA age estimate for the ancient and modern M. 

pinnipedii at approximately 973 yBP (890 – 1036 yBP 95% HPD). Furthermore, age 

of the MRCA of M. microti which is basal to all currently characterized M. pinnipedii 

genomes was estimated to be 1394 yBP (1313 – 1512 yBP 95% HPD). The age of the 

earliest radiocarbon date for our Huari samples is 1044 CE (HUA004, Cheqo Wasi) 

which suggests our genomes are some of the earliest representatives of this subclade.  

However, skeletal evidence of TB has been recovered from contexts dating much 

earlier than estimated MRCA dates of this subclade (Buikstra and Roberts, 2003). Some 

of the earliest evidence dates to 200 CE from Tarapaca, Chile and the most robust 

evidence being from the Chilean Atacama Desert as early as 700 CE (Allison et al., 

1981). Although more molecular research with a broader time transect is needed, these 

data may suggest that earlier skeletal manifestations of TB developed from an ancestral 

species contributing similar paleopathological manifestations which was ultimately 

replaced by ancient M. pinnipedii strains. Likewise, with European colonization, we 

see complete replacement of these MTBC strains that once broadly infected human 

Andean populations with L4 strains known to be strongly associated with European 

populations (Gagneux et al., 2006).  

 

The Late Intermediate Period rise in tuberculosis. The Late Intermediate Period 

(1000-1400 CE) of the South American Andes is a time of climatic and cultural 

transitions with a severe drought leading to a shift in diet and lifeways, to the rise in 

skeletal tuberculosis and the fall of this first expansive empire of the Andean cultural 

region. Cessation of the Wari Empire came after approximately 500 years of power 

across a large portion of the vast Andean region with evidence of Wari influence 

reaching to the northern Peruvian Andean highlands across to the northern and southern 

Peruvian coastlines with some limited evidence of influence in the lower valleys (Tung, 

2012). During the Middle Horizon (~600-1100 AD), the Wari exercised authority out 

from the established administrative center of Huari, located approximately 2900masl 

(meters above sea level) in the Ayacucho Basin of the central Andes. The Wari empire 

achieved a large sphere of influence incorporating many cultures over various Andean 

landscapes evidenced by ceramics with Wari style artistic depictions (Jennings, 2006; 
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Williams et al., 2019), agricultural developments (Valencia Zegarra, 2005), language 

diffusion (Heggarty and Beresford-Jones, 2012), and Wari imperial monumental 

architecture (Isbell and McEwan, 1991).  

 

For reasons not yet fully understood, the decline of the Wari Empire began around 1000 

to 1100 CE in the terminal Wari era of the LIP (Tung, 2012). While it remains unclear 

what lead to the decline of the Empire it is certainly clear that Wari influence spread 

far and wide across the Andes. Similarly, the rise of skeletal tuberculosis during the 

LIP is still attempting to be understood. Previous reports summarizing identification of 

skeletal TB from archaeological populations across the Americas show less than five 

cases during the Middle Horizon, yet in there are over 68 published identifications of 

skeletal TB from the LIP (Roberts and Buikstra, 2003). However, it must be considered 

that the observance of an increase in cases of skeletal tuberculosis during the LIP may 

in fact be an artifact of archaeologically invisible populations which may not have been 

excavated or analyzed as of yet. Yet, if we consider the previously discussed factors 

associated with the emergence and spread of TB (i.e. malnutrition, stress, social and 

political instability, and population displacement) we find many of them are consistent 

with the events of the LIP (Tung, 2012; Tung et al., 2016; Fehren-Schmitz et al., 2014; 

Thompson, 2011).  

 

Furthermore, the impressive reach the Wari had across the Andean landscape evidenced 

by cultural and artistic influences as well as constructions of sites and of road networks 

would support the movement of people and pathogens. Likewise, the terminal-Wari and 

post-Wari TB genomes illustrate that this MTBC strain, M. pinnipedii, had a geographic 

presence away from the coast and into the Andes within cultures that have no 

association with seal exploitation but are known to have culture of expansion and large 

networks of cultural influence. It is likely with the movement away from monumental 

and administrative centers to more dispersed settlements that disease was able to 

migrate with people and successfully spread across the Andean regions which would 

be consistent with archaeological evidence from Peru, Chile, and Colombia (Rivas 

Boada, 1988; Correal and Florez, 1992; Romero Arateco, 1998; Allison et al., 1981). 

While the existence of this strain in the Andean highlands may be the result of human-

to-human transmission, more data and research are needed to confidently conclude 
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adaptation for human-to-human transmission and the existence of additional 

mammalian vectors remains a possibility. Tuberculosis has been identified in a number 

of animals and MTBC animal adapted strains do not appear to hold a strict sense of 

host-species specificity (Brites et al., 2018) and thus, further complicate investigations 

of MTBC origin and transmission in the pre-colonial Americas. Although, much 

remains to be understood and further research is needed, the detection of diverse MTBC 

strains at Huari likely reflects biological and cultural interplay with socio-cultural and 

environmental pressures influencing MTBC spread and evolution. 

 

Conclusion 
 

Our application of aDNA methods to address bioarchaeological questions concerning 

the health and disease of terminal and post-Wari communities and the rise of TB during 

the LIP not only support archaeological observations but, also, add to our understanding 

of population health and disease in the wake of the Wari Empire and the provide insight 

into the  ecology and evolution of MTBC in the LIP Andes. This is the first study in 

which ancient MTBC diversity has been molecularly evaluated on a local scale. As 

such our work offers, for the first time, a view into the disease-scape, focused on TB, 

of a community experiencing the decline and wake of an expansive empire through the 

application of molecular methods. We present in this paper the largest number of 

ancient MTBC genomes from one site, more than doubling the number of pre-colonial 

MTBC genomes published to date. We demonstrate methods to overcome the challenge 

of environmental mycobacterial background and increase confidence that genetic 

variation observed in reconstructed ancient genomes derives from MTBC rather than 

environmental mycobacteria. Our contribution further adds to the current 

understanding of the geographic range human TB infections caused by M. pinnipedii 

and to the diversity in strains existing during the LIP.  

 

Our results show evidence of microevolution of different contemporaneous clades 

recovered from populations that resided in a single site. Furthermore, our results show 

that in the wake of sociopolitical turbulence and climatic variability, tuberculosis was 

present in communities residing in what was once the administrative core of the Wari 

Empire. The social and environmental features of the LIP are known to promote this 
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very infectious, gradually debilitating and wasting disease. With the incorporation of 

previously published datasets we provide evidence for the existence of MTBC strains 

closely related to M. pinnipedii across contemporaneous yet variable environmental and 

geographic contexts throughout the Andes. The existence of ancient M. pinnipedii 

strain diversity recovered from archaeological communities experiencing climatic 

variability, disruption in socio-political systems, dietary changes, and shifts in 

settlement patterns suggests this observation may be the result of environmental and 

cultural transitions promoting the spread of TB. However, with additional ancient South 

American MTBC genomes from archaeologically and historically contextualized 

sources we will be able to shed further light on defining how cultural practices, 

environmental shifts, dietary change, and animal reservoirs play a role in the success of 

this devastating infectious disease.    

 

 

Materials and Methods 
 

Sectors of the site and samples. The skeletal samples come from populations of three 

separate sectors within the site of Huari: Cheqo Wasi (CW), Monqachayoq-Solano 

(MQS), and Vegachayoq Moqo (VM). These sectors are located within an 

approximately 1 km stretch of Huari (Supplementary image – map) and provide a time 

transect dating from the Terminal Wari era (CW, 1044 – 1155 CE) to the post-Wari era 

(1321 – 1425 CE for MQS and 1305-1405 CE for VM) of the LIP. Dating was 

performed using ASM and all samples were calibrated with OxCal, results are 

presented in detail in Supplementary Table 1. All individuals at these sectors were 

commingled, therefore, skeletal analyses were limited to a single element. The samples 

included a total of 92 vertebrae and 11 ribs with estimated age-at-death ranges from 

infant to adult. The selected skeletal elements included those which presented some 

pathological bony changes, including those consistent with TB and those with non-

specific pathological changes, to those that presented no external macroscopically 

observable pathological change. This variation is described in previously published 

analyses (Nelson et al., 2020). Detailed site descriptions with a table of all screened 

samples and radiocarbon dating results can be found in the SI appendix. 
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Drilling of skeletal samples and extraction. All laboratory work was performed in 

ancient DNA dedicated facilities in Jena, Germany at the Max Planck Institute for the 

Science of Human History. A total of 92 vertebrae and 11 ribs were drilled using a 

dental drill to collect approximately 50mg of bone powder for DNA extraction. Drilling 

locations of the ribs were focused on the presence of bony exostoses and periosteal 

reactive bone that appeared consistent with descriptions of pathological changes to ribs 

associated with TB (Baker et al., 1999). These exostoses primarily appeared on the 

pleural surface of the ribs. The sample aspects of vertebrae are outlined in 

Supplementary Table 7.  

 

Extractions were performed using a protocol customized for ancient DNA recovery 

(Dabney et al., 2013).  The bone powder was collected in a 2ml tube and was suspended 

with 1ml of extraction buffer (0.45M EDTA, pH 8.0, and 0.25 mg/ml proteinase K) and 

incubated for approximately 18 hours at 37° Celsius. Upon being removed from 

incubation, the tubes were centrifuged, and the supernatant was collected from each 

sample. The remaining bone pellet was saved and stored at -20 ° Celsius. The 

supernatant was added to 10 ml of GuHCl-based binding buffer in High Pure Extender 

Assembly Roche silica membrane spin columns. The columns were spun for 9 min at 

1500 rpm setting. Once the DNA was bound to the silica membrane, the DNA was then 

purified using the High Viral Nucleic Acid Kit (Roche). The DNA that was now bound 

to the silica membrane of the column and purified was eluted in 50ul of TET (10mM 

Tris-HCl, 1mM EDTA pH 8.0, 0.05% Tween20) with a saturation time of 2 minutes 

before centrifugation at 14,000 rpm for 1 min. The elution step was repeated to collect 

a total of 100ul elute. A sample of a cave bear bone of known DNA concentration 

served as the positive control for all extraction batches. Likewise, extraction blanks 

were included to with every batch to act as negative controls.  

 

Library preparation. All extracts were first prepared as libraries without UDG 

treatment in order to authenticate the antiquity of the skeletal samples by observation 

of DNA damage consistent with ancient DNA. Ten μl of extracted DNA from each 

sampled were prepared as individual double-stranded DNA libraries following a 

modified protocol (Meyer and Kircher, 2010). This protocol begins with the repair of 

DNA fragment overhands using a blunt -end repair method whereby 10 μl of each 
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extract is treated with 10 μl of H2O, 5 μl of NEB Buffer 2 (New England Biolabs), .2 

μl of dNTP mix, 2 μl BSA, 5 μl ATP (10mM), 2 μl T4 PNK (polynucleotide kinase), 

and 0.4 μl T4 polymerase to equal 50 μl of total reaction for each sample. Each reaction 

was incubated at 15°C for 15 minutes, then at 25°C for 15 minutes in the thermocycler. 

The reactions were then subjected to a purification step in which they were then 

combined in a 1.5 ml LoBind tube with 600 μl of PB buffer (Qiagen). Each reaction 

was then loaded onto a MinElute column and incubated at room temperature for 1-2 

minutes. The columns were then centrifuged for 30 seconds at 13000 rpm and upon 

completion the flow through supernatant was discarded. To remove salts and purify the 

DNA bound to the MinElute column we then added 650 PE wash buffer (Qiagen) to 

each column and immediately centrifuged these samples for 30 seconds at 13000 rpm. 

The flow through was again discarded and the columns were then “dry spun” in the 

centrifuge for 1 min at 13000 rpm, the columns were then rotated 180 ° and spun again 

to ensure the removal of all flow through. The column was then inserted into a new 1.5 

ml LoBind tube and eluted in 20 μl of elution buffer containing .05% Tween. Adapter 

ligation was then performed by adding the elute to 20 μl of Quick Ligase Buffer, 1 μl 

of adapter mix, and 1 μl of Quick ligase to create an adapter ligation reaction that was 

incubated at 22 ° C for 20 minutes. The reaction was then purified as outlined above 

with a final elute of 22 μl of EB and Tween. Adapter fill in was then performed by 

adding 4 μl of Thermopol Buffer, 2.1 μl of dNTPs, 2 μl of Bst polymerase, and 13.8 of 

H2O to each purified eluate of the ligation assay. This was then incubated at 37 ° C for 

30 minutes and then 80 ° C for 10 minutes in the thermocycler. The process resulted in 

40 μl of DNA library. An extraction blank and library blank were included for each 

batch to evaluate the cleanliness of the process and reagents used. The positive control 

sample from extraction was also carried forward. Libraries were then quantified with a 

qPCR reaction with 1 μl of DNA from each prepared ancient DNA library, 10 μl of 

Dynamo, 1 μl of each primer (IS7 and IS8), 7 μl of H2O, and 1 μl of 12 DNA standards 

from 10^3 to 10^8 quantities along with two qPCR blanks. The remaining amount of 

prepared library was stored at -20 ° C for storage in the ancient DNA “clean lab”. After 

quantification the prepared libraries were then barcoded individually giving each 

sample library a distinct 8 base pair identifier index for later reference, evaluation, and 

analysis of the DNA unique to that sample. Indexing was performed across two days, 

separating the library into two equal halves to ensure the successful indexing and 
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recovery of DNA. Indexing was performed using Pfu Turbo Cx Hotstart DNA 

Polymerase (Agilent) and modified to be most efficient by splitting the library to a 

number of reactions based on the concentration of DNA (a maximum of 2 x 1010 

molecules of DNA) in the library to ensure the appropriate amount of index primers to 

be added so that all DNA fragments would be recovered. Libraries were split a 

minimum for 4 times and adjusted for higher concentrations for maximal efficiency of 

the indexing reaction. Based on a split of four the library would be divided across four 

reactions with each reaction receiving 10 μl of Pfu Turbo Buffer, 1.5 μl of BSA, 1 μl 

of dNTPs, 1 μl of Pfu Turbo Polymerase, 9 μl of H2O and 2 μl of each primer (P5 and 

P7). The reaction was amplified with an initial denaturation at 95 ° C for 2 minutes and 

10 cycles of 95 ° C for 30 seconds with a following 58 ° C for 30 seconds and 72 ° C 

for 1 minute ending with an elongation at 72 ° C for 10 minutes and holding the 

reactions at 10 ° C. All indexed reactions were then purified using a MinElute Kit using 

one column for a maximum of four reactions. All indexed libraries were quantified 

using qPCR with IS5 and IS6 primers to calculate the efficiency of the indexing 

reaction. The total result of all indexing resulted in 50 μl of index library. The prepared 

libraries were then amplified to 10nM and sequenced as paired-end 75 base pair reads 

using a HiSeq 4000 or sequenced as single-end 75 base pair using a Next-Seq 500.  

 

MALT analysis and detection of ancient MTBC DNA. These libraries were 

sequenced without enrichment to allow for the screening of the samples microbial 

content in order to detect infectious agents, as well as, produce a metagenomic profile 

of the samples and thus evaluate the environmental background of non-pathogenic 

mycobacteria. Pathogen DNA screening was performed using the HOPS pipeline 

(Hübler et al., 2019) which incorporates the Megan Alignment Tool (MALT) (version 

0.3.8) (Vågene et al., 2018) with evaluations by quality measures customized for 

ancient DNA and provides visual outputs for the detection of pathogens. Samples were 

screened using a minimum of 95 percent identity to be matched with an organism 

against the NCBI full nucleotide database (nt) (Nov. 2017) which includes bacteria, 

viruses, and eukaryotes. These methods are further outlined in our previously published 

paper discussing the shotgun pathogen screening of these samples (Nelson et al. 2020).  

 

UDG treated library preparation. All extracts of samples in which MTBC DNA was 
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detected were prepared as double-stranded DNA libraries using a volume of 50 ul of 

DNA. The UDG treatment and library protocol differ in the first stage of library 

preparation where we first treated the libraries with uracil-DNA-glycosylase (UDG) to 

remove postmortem damage (Briggs et al., 2010). Using a total of 50 μl of DNA we 

then added to the reaction a master mix of 15 μl of NEB Buffer 2, 15 μl of ATP, .75 μl 

of BSA, 1.8 μl of dNTPs, 6 μl of T4 PNK, 9 μl of USER enzyme and 22.45 μl of H2O. 

The reaction was incubated at 37 ° C for 3 hours. The reaction then received 6 μl of T4 

polymerase to each library and was incubated for an additional 20 minutes at 25 ° C 

and 10 minutes at 12 ° C. The reaction was purified using the MinElute kit as previously 

described and the remainder of the protocol follows the traditional library preparation 

from adapter ligation forward. The UDG-treated libraries were quantified on a 

quantitative PCR (qPCR) using IS7/IS8 primer combinations. The quantification of 

DNA was used to calculate the necessary quantity of barcodes needed for each sample. 

Subsequently, libraries were divided into multiple PCR reactions for double indexing 

(Meyer and Kircher, 2010; Kircher et al., 2012) based on their initial quantification and 

measurement, in order to ensure maximal amplification efficiency. Indexing reactions 

were split across two days to safeguard against any error that may be introduced in the 

process. Index combinations consisting of unique 8 base pair identifier for each library 

was used to ensure identification of DNA from each sample. Index combinations were 

ligated to DNA library molecules and run in a 10-cycle amplification reaction described 

above. All reactions were purified using the MinElute DNA purification kit as 

previously described, and eluted in TET (10mM Tris-HCl, 1mM EDTA pH 8.0, 0.05% 

Tween20). Indexed libraries were then quantified on a qPCR using IS5/IS6 primer 

combinations and the indexing efficiency was calculated to ensure maximum 

efficiency. The indexing procedure was the repeated on the remaining UDG library and 

efficiency was calculated and the two indexed libraries were combined. After indexing 

all libraries, the concentration of each library was measured and then calculations for 

amplifications were performed to split each library across 3 reactions so the combined 

products would meet the required concentration of 200-300 ng/ul for in-solution TB 

capture. Amplification was performed on the indexed libraries using Herculase II 

Fusion DNA Polymerase (Agilent). The amplified indexed libraries were subsequently 

purified using the MinElute DNA purification kit (Qiagen), and eluted in TET (10mM 

Tris-HCl, 1 mM EDTA pH 8.0, 0.05% Tween20).  
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In-solution Whole genome MTBC capture. In-solution MTBC capture was 

performed using single stranded DNA probes computationally designed to reflect the 

genome of the MTBC ancestor (MTB_anc) (Comas et al., 2010) by reverting 

phylogenetically informative derived positions to the ancestral alleles in the H37Rv 

reference genome (NC_000962.1). The reconstructed ancestor is equidistant to all 

MTBC lineages with the exception of rate variation and thereby provides the breadth 

of sequence diversity of the MTBC. Capture probes are 60 base pairs in length with 52 

bases as the complimentary MTBC sequences and 8 bases as a linker sequence (5’ 

CACTGCGG 3’). Capture probes have a 5 bp overlap and upon removal of duplicate 

and low complexity probes, provide a set of unique 852,164 probes. Preparation of the 

capture was carried out according to previously published protocols (Fu et al., 2013; 

Vågene et al., 2018).  

 

MTBC enrichment was carried out on all samples for two rounds of capture with a 

positive control (58U) of known ancient TB quantity previously demonstrated (Bos et 

al., 2014). Each sample was captured separately in a single well of a 96 well plate.  

Blanks with non-overlapping index combinations were captured together in a single 

well on the same plate. 

 

Sequencing data of captured products. All captured libraries were sequenced on 

Illumina platforms as either paired-end 75 bp or 50 bp reads using a HiSeq 4000 or 

sequenced as single-end 75 bp using a Next-Seq 500. The sequence data were then 

sorted, assigned, and demultiplexed. Using the EAGER pipeline (v.1.92.55) (Peltzer et 

al., 2016) reads were prepared for analysis beginning with removal of Illumina adapters 

using AdapterRevmoal v2 (Schubert et al., 2016). All data from each TB positive 

sample were concatenated after adapter removal and merging (if paired-end). The 

pooled data were mapped to the MTBC ancestor reference genome with BWA-aln (v. 

0.7.12)(Li and Durbin, 2009) using strict mapping parameters (-l 32, -n 0.1,) for TB 

captured samples and positive controls and reads with low quality mapping were 

removed using SAMtools quality filtering (-q 37). Relaxed mapping parameters and 

lower threshold for SAMtools quality filtering (-q 24) were used for negative controls 

(-l 16, -n 0.01). The removal of duplicate reads was performed using MarkDuplicates. 
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A small subset of captured libraries that were not treated the UDG and thus the 

deamination of cytosine to uracil would remain. Therefore, these libraries were 

evaluated using mapDamage2.0 (Jónsson et al., 2013) in order to visualize DNA 

damage patterns (Supplementary Figure 2). All reconstructed ancient MTBC genomes 

which showed at least 5-fold mean coverage were carried forward for further analyses.  

 

Removing reads from contaminant reads, evaluating genomes for heterozygous 

calls and authentication of informative positions. All MTBC genomes reconstructed 

from UDG treated libraries with a minimum of 5 -fold coverage were included in an 

evaluation of variant positions to validate authenticity of the genetic variation observed. 

We estimated the number of heterozygous variant calls within our reconstructed 

genomes by considering the “haploid” nature of Mycobacterium tuberculosis complex 

members, in which we assume “heterozygous” SNPs are the result of closely related 

environmental bacteria mapping to the TB reference or evidence of a mixed infection. 

We performed SNP calling with the UnifiedGenotyper in GATK (DePristo et al., 2011). 

We then constructed a table of all variant positions, including heterozygous positions, 

across our dataset using MultiVCFAnalyzer v0.85 (Bos et al., 2014). Heterozygous 

variant positions were called at a minimum of 5-fold coverage. Using R v3.4.1 we 

produced histograms of allele frequencies for all SNPs with allele frequencies between 

10-90% read support for all reconstructed genomes. (Supplement Figure 3). 

Using the SnpEvaluation tool (https://github.com/andreasKroepelin/SNP_evaluation) 

we filtered out any positions originating from contaminant environmental mycobacteria 

and to authenticate the informative variant positions as deriving from MTBC members 

so they may be confidently included in phylogenetic analysis. For this evaluation we 

followed the use of this tool as outlined by Keller et al., (2019) with some customization 

for MTBC based analyses whereby we used a relaxed threshold ratio of 1.1. For this 

analysis we mapped sequencing reads using BWA (Li and Durbin, 2009) twice: all 

Huari TB positive samples to the MTBC ancestor reference were mapped first using 

strict mapping parameters (-n 0.1, -l 32) that allow for few mismatched positions and 

secondly mapped using relaxed mapping parameters (-n 0.01, -l 32) which allow for 

more mismatched positions. Using the snpTable generated by MutliVCFAnalyzer we 

compared VCF files of the two mappings within the SNPEvaluation tool, evaluating 

each position within a 50-bp window, observing for coverage within the window, 
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additional heterozygous position, and the coverage of the position in both strict and 

relaxed mapping parameters. Positions would be considered of low confidence and 

filtered out if within the 50-bp window there were regions that were not covered, there 

were heterozygous positions, or the ratio of mean coverage between strict and relaxed 

mapping was higher than 1.1 (Supplementary Table 9). The evaluation criteria were 

consistent for both shared and unique positions within each genome.  

Following the removal of contaminant of questionable SNPs, we again produced 

histograms of allele frequencies illustrating the number of heterozygous sites to 

compare the effect of SNP filtering using the same parameters on the genomes 

(Supplementary Figure 3).  

 

Phylogenetic Analysis. All reconstructed MTBC genomes recovered from Huari were 

included in phylogenetic analysis after the filtering of questionable SNPs and 

authentication of informative positions through the use of SNPEvaluation. The Huari 

MTBC genomes were analyzed together with using a dataset including the three 

previously published ancient coastal TB genomes (Bos et al., 2014) and 20 modern 

MTBC genomes: 11 M. microti genomes and 9 M. pinnipedii genomes.  We performed 

calling of variant SNPs within our reconstructed genomes using the tool 

UnifiedGenotyper (v. 3.5) from the Genome Analysis Toolkit (GATK) (DePristo et al., 

2011). Using MultiVCFAnalyzer (https://github.com/alexherbig/MultiVCFAnalyzer) 

we produced tables for downstream SNP analysis including a table of all variant 

positions across all genomes and a SNP alignment for phylogenetic tree construction. 

Our parameters selected for a minimum of five-fold coverage of all variant positions 

and a minimum genotype quality of 30. In addition to these quality measures, our SNP 

analysis and construction of the SNP alignment also included the removal of regions 

such as repetitive elements, tRNAs, mRNAs, and rRNAs. The Maximum Likelihood 

(ML) tree was constructed using RAxML v.8 (Stamatakis et al., 2014) using the 

GTRGAMMA substitution model. The ML tree was generated using the SNP 

alignment with authenticated informative positions generated by MultiVCFAnalyzer 

(Bos et al., 2014) with criteria of a minimum 5-fold coverage of each genome and 

incorporating all of the data (using the full SNP alignment = 2,026 sites) with inclusion 

of missing and ambiguous (N) sites.  
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Phylogenetic trees were constructed on both filtered and unfiltered datasets using 

consistent parameters to compare the effect of SNP filtering on phylogenetic analysis 

and tree topology (Supplementary Figure 4). 

 

Functional Analysis of SNPs and Adaptive Signals. All variant positions in Huari 

MTBC genomes were analyzed for functional changes using output generated by 

MultiVCFAnalyzer (snpTableForsnpEff.tsv). This analysis included the dataset used 

for phylogenetic analysis (n=30) (Supplementary Table 11). Variant positions were 

called at a minimum of 5-fold coverage with at least 90% read support. All positions 

that were previously authenticated in the SNP filtering process described above, were 

included in the SNP table for analysis. Functional analysis was performed using 

SNPEff (v 3.1) (Cingolani et al., 2012) whereby the annotation for variant calls within 

all genomes were generated by including an annotated custom reference database of 

protein-coding and non-protein coding genes of the MTBC ancestor (MTB_anc) 

reference. Special attention was given to NON_SYNONYMOUS_CODING, 

STOP_GAIN and START_LOST. Investigation of upstream or downstream variants 

was limited to 100 bp (-ud 100). Both positions unique to each genome and positions 

shared across Huari genomes were investigated.  

 

Bayesian molecular dating of MTBC. Molecular dating analysis was performed on 

the snpAlignment.fasta output from MultiVCF analyzer generated for 30 genomes 

(2026) sites that consist of ancient genomes recovered from human samples and 

modern M. pinnipedii and M. microti isolated from animals. Dates used in the 

molecular dating analysis were calculated using the mean values of AMS radiocarbon 

dates calibrated (cal) using OxCal. In the case of HUA051, no AMS dates were 

provided therefore dates were assumed (Supplementary information). We performed 

Coalescent Bayesian Skyline analysis using Beauti setup version 2.5.2. We used the 

Gamma site model with a default substitution rate (1.0) and gamma category count of 

8 with a shape estimate of 1.0, proportion invariant of 0.1 (estimate) and substitution 

model – GTR (all 1.0 and estimated, rate CT is constant 1.0). Estimations were 

created using a relaxed clock log with -1 as the number of discrete rates (normalized) 

and a clock rate of 4.6-8 based on Bos et al., 2014. Three independent chains were run 
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with lengths of 300,000,000. Once all three chains converged, log chains were not 

combined and the log files were analyzed using Tracer and the Bayesian Skyline 

analysis was performed using BEAST2 version 2.5.2 (Bouckaert et al., 2019).  
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Figures 1 - 3 

 
Figure 1. Map of the location of the site of Huari, the capital of the Wari Empire. 
The inset shows the location of the three LIP sectors of Huari from which skeletal 
samples were included in this research: 1) Cheqo Wasi 1044 – 1155 CE 2) 
Vegachayoq Moqo 1305 CE – 1405 CE and 3) Monqachayoq 1321 CE – 1425 CE. 
These sectors cover a time transect across the LIP and are within approximately 1 km 
of each other.  
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Figure 2. Skeletal elements of the reconstructed genomes. The seven vertebrae 
from Huari positive for MTBC from which we extracted DNA and reconstructed 
ancient MTBC genomes. Each sector and time period are represented: Cheqo Wasi 
(HUA004), Vegachayoq Moqo (HUA006, HUA016, HUA052, HUA057) and 
Monqachayoq-Solano (HUA037, HUA041). 
 
 
 
 

HUA004 HUA006 HUA016 HUA037

HUA041 HUA051 HUA057
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Figure 3. Phylogenetic Tree. Maximum Likelihood tree with full SNP alignment of 
2,026 variant positions from a set of 30 genomes including 11 modern M. microti 
genomes, 9 modern M. pinnipedii genomes, three ancient LIP TB genomes (64U, 
54U, 58U) (Bos. et al., 2014) and the 7 ancient TB genomes from Huari marked in 
orange. The node labels are showing the bootstrap values (1000 iterations).  The M. 
microti subclade was used as the outgroup. 
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Supplementary Figure 1. The 14 samples from Huari in which MTBC DNA was 
detected using MALT. These include both sub-adult and adult vertebrae. Only HUA002 and 
HUA004 display typical skeletal lesions suggestive of tuberculosis. The remaining 12 
vertebrae show variation in skeletal presentation with some hypervascularity (HUA016, 
HUA024, HUA037) that may be considered outside of normal variation, in addition to slight 
reactive bone (HUA041, HUA051), and some vertebrae that may be considered within 
normal human variation (HUA025, HUA050, HUA055, HUA057, HUA080, HUA093).  
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Supplementary Figure 2. DNA damage plots of HUA004. Damage plot generated from 
HUA004 mapping directly to the human reference (Hg19) mapping (left) and to the MTBC 
ancestor (MTB_anc) (right) reference genome. Characteristic patterns of DNA damage are 
displayed for both analyses. Damage profiles were produced using mapDamage2.0 (Jónsson 
et al., 2013). 
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Supplementary Figure 4. Phylogenetic trees before and after SNP evaluation and 
filtering. Our dataset prepared as maximum likelihood phylogenetic trees with both the a) 
unfiltered dataset and the b) filtered dataset after SNP evaluation and removal of non-
confident positions. Here we show a reduction in branch length and correction of branches 
formed from false positive informative SNPs.   
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Supplementary Figure 5. The Maximum Clade Credibility tree for trees skyline with 
starting tree. The burn-in for the MCC tree is 10%. The 95% HPD date ranges are specified 
at the internal nodes. The branches are colored based on posterior probability (red [0.0] –blue 
[1.0], black [0.5]). The time scale is specified at the bottom, with the recent age 2010 (here as 
0 and goes backwards in time). The dates are proportional to the age estimated from the 
present. The tree is not rooted.  
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Supplementary Figure 6. Bayesian skyline plot illustrating the demographic history of 
ancient MTBC and M. microti strains. The time is specified in years before the present on 
x-axis, and the change in effective population size (Ne) is specified on y-axis in log-scale. 
The mean (red) and median (green) line represents the estimates of effective population size 
through time. The blue area represented the 95% highest posterior density interval of the 
effective infections at time. This skyline plot indicates the demographic change starting from 
2010. The population demographics appears to fluctuation between 1300 – 1400 CE, 
probably a bottleneck event, then followed by rapid population expansion between 1400 – 
1500 CE that stabilizes throughout the modern era.



 
 
 

 161 

Supplementary Text 
 
Archaeological Context  

Our research focused on terminal and post-Wari populations within the site of Huari, the former 

administrative center of the Wari empire located in the 2900 meters above sea level in the Andean 

highlands of Peru within the Department de Ayacucho. Huari is a large site spanning 3-5 km in 

size when considering the central architecture but can be expanded to nearly 15 square kilometers 

when including habitations surrounding Huari. (Isbell et al., 1991; Tung, 2008). A total of 103 

skeletal elements from Huari were included in this study were collected from the Universidad de 

San Cristobal de Huamanga archaeological collections in Ayacucho, Peru (Supplementary Table 

2). We focused our study on terminal and post-imperial contexts from three sectors of the site: 

Cheqo Wasi (CW, Terminal Wari ca. 1000 – 1150 CE) and the contemporary Vegachayoq Moqo 

(VM) and Monqachayoq-Solano (MQ, post-Wari ca. 1200-1450). The two sectors of VM and MQ 

are centrally located within the site only 150 meters apart in distance and are some of the earliest 

constructions in Huari (Isbell, 1997) yet had continued use into the LIP. However, the samples we 

collected from both correspond to the post-Wari era of the last half of the Late Intermediate Period. 

 

Cheqo Wasi. Cheqo Wasi was excavated by Benavides in the late 1880’s. This sector was an area 

for high status individuals with ceremonial spaces and craft production. Four vertebrae were 

obtained from CW for this study, most likely reflecting elite individuals from the terminal Wari 

period experience imperial decline. 

  

Vegachayoq Moqo. Vegachayoq Moqo was first excavated by Enrique Bragayrac in the 1980s 

(Bragayrac, 1991) and is one of the largest Huari excavations (González and Bragayrac, 1986;, 

Gonzales, 1997; Pérez Calderón, 1999). This sector has been classified as a ceremonial center with 

gateway access and bordered by stone worked walls containing a D-shaped structure and a deep 

courtyard or mesa for displaying ceremonial objects (Isbell, 1997). In the later years of the Wari, 

a long rectangular stone wall with burial niches was constructed on the eastern border of the 

courtyard where it still stands today. However, archaeological analyses report the burial program 

of the analyzed samples as varying from the traditional post-Wari mortuary program wherein the 

skeletons were commingled and deposited, or “dumped” (Kuzminsky et al., 2016) as secondary 
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burial bundles along the wall of the D-shaped structure located in Vegachayoq Moqo (González 

Carre et al., 1996; Tung ,2014).  

 

Monqochayoq-Solano. Excavations at Monqachayoq were led by Francisco Solano in 1977-1978 

(Solano and Guerrero 1981). This central site includes spacious underground gallery tombs, four 

of which have been excavated (Solano and Guerrero, 1981; Tung, 2008). Solano reports that two 

of the galleries which contained human remains were badly looted and disturbed (Solano and 

Guerrero 1981: 186; Tung, 2008). Therefore, the remains were commingled and provenance of 

original interment within the galleries is not known. However, multiple lines of evidence, 

including ceramic styles (Solano and Guerrero, 1981) and AMS dating (Tung, 2008), have 

revealed the continued use of the underground mortuary galleries into the post-Wari era of the LIP. 

 

Detailed information on the archaeological contexts has been previously published (Tung, 2012; 

Bragayrac, 1991; Solano, 1981) and discussed in regard to sample selection for this project (Nelson 

et al., 2020). 

 

Skeletal Analysis 

All skeletal samples (vertebrae and ribs) displayed excellent preservation with little to no 

taphonomic damage. Each skeletal element was macroscopically analyzed using a 10x handheld 

loop and documented using skeletal recording standards as outlined by Buikstra and Ubelaker, 

1994. Skeletal analysis included documentation of preservation estimation, cultural modification 

(cinnabar), and the presence of pathological changes including trauma. Estimations for age-at-

death were performed by observing neural arch development and fusion, neural arch and centrum 

fusion, and epiphyseal appearance and fusion (Scheuer and Black, 2004; Baker et al., 2005). 

Because skeletal observations were limited to a single element, age estimations are limited and 

broad after reaching the age category of adult (A). Difference in appearance and fusion for the 

skeletal elements were considered when analyzing thoracic versus lumbar vertebrae (Scheuer 

and Black, 2004).  

 

Pathological analysis was performed using standard pathology recording codes (Buikstra and 

Ubelaker, 1994) accompanied by detailed descriptions of lesion location, appearance, if the 
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process was active at time of death or healing, and extent of skeletal involvement (Buikstra and 

Ubelaker, 1994). In this paleopathological assessment we chose to include not only pathological 

changes consistent with advanced-stages of skeletal tuberculosis, such as penetrating lytic 

lesions, but also include minor osseous lesions which may be reactive bone associated with early 

stages of tuberculosis skeletal involvement. Likewise, we also chose to select skeletal elements 

displaying other skeletal changes that are not diagnostic but have more recently been attributed 

to tuberculosis as early stage osseous changes. These “early stage osseous changes” include: 

hypervascularization (abnormal severe pitting) of the vertebral body (Pálfi, 2002), hypertrophic 

osteoarthropathy (HOA) and periosteal development on the visceral aspect of the ribs and 

associated exostoses (Baker, 1999; Kelley and Micozzi, 1984; Roberts et al., 1998). Because we 

know skeletal manifestations of tuberculosis occur in small percentages of the affected 

population and likely reflect a much larger infected population, we also include a set of vertebrae 

from the same contexts which display vascularization of the body which may be considered 

within normal variation.   
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ABSTRACT 
 
The application of molecular methods to paleopathology has revealed a strain of tuberculosis (TB) 
closely related to a variety currently adapted to seals and sea lions that caused human infection in 
the western Andes of pre-colonial South America. Our understanding of ancient TB distribution 
in terms of geography and genetic diversity is, however, limited since genome-level evaluations 
have thus far been restricted to only a small number of individuals of the western Andean region. 
Here we present a reconstructed ancient TB genome from the eastern Andean slopes recovered 
from the Chachapoya funerary site Diablo Huasi, located in the subtropical mountain forests of 
Amazonas, Peru. Because this skeleton displayed pathological changes that were non-specific in 
lesion distribution and morphology, we employed a broad pathogen screening method with limited 
ascertainment bias. TB was the only pathogen confidently detected and its preservation permitted 
the subsequent reconstruction of a greater than 15-fold TB genome. Our phylogenetic analysis 
reveals that the Diablo Huasi TB strain is closely related to those from the neighboring ancient 
coastal and highland populations. Our results demonstrate the utility of molecular methods for 
paleopathological analyses and expand the known geographic range of ancient TB strains thus 
providing insight into their local ecology and evolution.  
 
 
INTRODUCTION 
 
Molecular paleopathology is a synergistic field of study bringing together osteological and 
anatomical observations with molecular methods. Morphologically based paleopathological 
studies can be limited by factors which obfuscate the detection or diagnosis of infectious disease. 
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Archaeological and environmental conditions can negatively affect bone preservation or skeletal 
completeness prohibiting the development of a differential diagnosis. Furthermore, many 
pathogenic infections do not manifest in skeletal tissues or may result in unspecific osseous 
responses which are shared across multiple conditions (Buikstra, 2010). Likewise, infectious 
skeletal response may vary between hosts and/or populations. Application of molecular methods 
to paleopathology have served to assist in the identification of diseases which may have otherwise 
gone unidentified. The utility of molecular methods has been well demonstrated in challenging 
paleopathological cases which included remains which did not present any morphologically 
detectable pathology (Spyrou et al., 2016; Vågene et al., 2018) or displayed nonspecific skeletal 
changes (Schuenemann et al., 2018). Even more impressive is the application of NGS methods 
applied to molecular paleopathology which permits the identification of co-infections of ancient 
pathogens through the use of broad pathogen screening methods (Giffin et al., 2020). With the 
advent of Next Generation Sequencing (NGS) methods, ancient DNA paleopathology has begun 
to generate an abundance of informative data contributing to evolutionary analyses and providing 
insight to ancient human pathogen evolution and ecology. In American paleopathology, 
characterizing the pre-colonial disease-scape has taken spotlight to better understand host-
pathogen coevolution and migration in the Americas prior to European colonization.  
 
The study of ancient tuberculosis (TB) in pre-colonial American contexts serves as an example to 
the utility and benefit of interdisciplinary studies employing both skeletal and molecular methods. 
Tuberculosis, caused by members of the Mycobacterium tuberculosis complex (MTBC), is one of 
the deadliest and most socially disruptive infectious diseases and as such, it has been at the center 
of medical and anthropological research. The MTBC is composed of eight globally distributed 
lineages with lineage 4 (L4) predominantly associated with European populations, currently 
dominating across Europe and the Americas (Gagneux et al., 2006; Ngabonziza et al., 2020). At 
first glance, it would seem these modern data suggests TB was first introduced to the Americas 
through European colonization. Even before the characterization of modern strain distribution, 
many argued that TB was not present prior to European arrival due to the limited skeletal evidence, 
lack of consensus on skeletal evidence and supposed low population densities of Indigenous 
Americans (Buikstra, 1999; Hrdlicka, 1909; Morse, 1961; Cockburn, 1963; Roberts and Buikstra, 
2003). However, there exists an abundance of skeletal evidence of tuberculosis across the pre-
colonial Americas (Allison et al., 1981, 1973; Buikstra and Williams, 1991; Garcia Frias, 1940; 
Klaus et al., 2010; Lombardi and García Cáceres, 2000). Application of PCR methods to pre-
colonial skeletal and soft tissue evidence of TB resulted in the detection of genetic sequences 
reported to be specific to TB (Salo et al., 1994). However, tuberculosis continued to be contested 
by critics who argued the disease to have a European origin. The susceptibility of Indigenous 
Americans to TB during European colonization was used to support this claim (Stead 1997, 2000). 
Conversely, a body of osteological and molecular research continued to grow further 
demonstrating the existence of pre-colonial TB in South America (Arriza et al., 1995; Konomi et 
al., 2002; Klaus et al., 2010; Guichón et al., 2015). In 2014, by combining morphologically based 
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paleopathology and molecular methods to samples from pre-colonial South American contexts 
researchers not only identified the presence of MTBC DNA but also provided species level 
identification of the causative MTBC member (Bos et al.).  
 
The first genomic characterization of ancient TB from the Americas (Bos et al., 2014) came from 
three vertebrae with TB lesions recovered from three LIP Chiribaya sites in the Osmore River 
Valley, not far from the coast of Peru (Owen, 1993; Burgess, 1992). Phylogenetic analysis revealed 
the member of MTBC that infected these archaeological populations was closely related to a strain 
associated with modern seals and sea lions, M. pinnipedii. The identification of M. pinnipedii led 
to the hypothesis that TB had been introduced to the Americas through a zoonotic event, perhaps 
from marine mammals. Since that time, additional studies have applied those methods to contexts 
to generate additional genome-level data on TB across the pre-colonial Americas (paper III and 
V) to evaluate strain diversity in the Americas prior to European arrival and to gain a better 
understanding of MTBC ecology and evolution. Thus far M. pinnipedii has been genomically 
characterized from coastal and highland sites from the Andean cultural region. However, this strain 
has yet to be identified in the eastern region of the Andes.  
 
Recently, skeletal tuberculosis was identified in 13 individuals (6.3% in the total population) 
dating to pre-colonial contexts from the Chachapoyas site of Kuelap (Toyne et al., 2020). 
According to studies of modern populations, the development of skeletal lesions in association 
with tuberculosis occurs in a small percentage of affected populations, with conservative estimates 
at approximately 5-7% (Steinbock, 1976). This suggests that TB was circulating in high numbers 
in this population. Toyne and colleagues describe the Kuelap population-based study of advanced 
mutli-focal tuberculosis (TB) with distributions of skeletal lesions that were not consistent across 
the group (Toyne et al., 2020). Likewise, there appears to be variation in skeletal manifestation of 
TB compared to what has been observed in previously described contemporaneous populations 
(Buikstra and Williams, 1991; Toyne et al., 2020). Therefore, they conclude TB may manifest 
differently in the Chachapoya populations as compared to Peruvian populations further west and 
south, in which skeletal TB has been well described (Buikstra and Williams, 1991; Klaus et al., 
2010).  
 
This paper investigates one such case in which the individual was recovered from a Chachapoya 
cliff side funerary site and presents diffuse lytic skeletal lesions with an unusual distribution and 
atypical morphology leading to a broad differential diagnosis (Toyne et al., in press) 
(Supplementary Figure 1). To accommodate a broad differential diagnosis and limit ascertainment 
bias, we sampled multiple anatomical locations and employed a non-targeted approach with a 
broad pathogen screening method in effort to detect infectious agents which may be involved in 
the observed skeletal response.  Here we present the first pre-colonial MTBC genome recovered 
from the Chachapoyas region in the northeastern Andean high-altitude subtropical rainforest.    
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INDIVIDUAL UNDER STUDY AND CONTEXT  
 
Bioarchaeological Context 
On the eastern slopes of the Andes in the North of Peru lies the Chachapoyas region covering 
approximately 150,000 km2 of jungled terrain (Church and Guengerich, 2017; Toyne et al., 2020). 
The archaeological culture of the Chachapoya is still being understood due to the limited amount 
of systematic intensive archaeological investigations (Toyne et al., in press). However, 
iconographic programs, architectural style, mortuary practices, and genetic data suggest the 
communities of the Chachapoya region show some level of shared identity across what was likely 
a confederation of autonomous chiefdoms (Nystrom, 2009; Schjellerup, 1997; Toyne and Narváez 
Vargas, 2014; Toyne et al., 2020). The culture thrived from the late Middle Horizon across the 
Late Intermediate Period (CE 800-1470) and although the geographic location is relatively isolated 
there is evidence of interaction between Amazon and western Andean groups.  
 
Diablo Huasi is a Chachapoya funerary complex that is made up of more than 40 tombs etched out 
of cliffside limestone escarpments. The individual included in our study comes from Estructura 
Funeraria (EF01), which appeared to be disturbed prior to archaeological investigation despite the 
challenges of accessing this cliff side construction due to its vertical orientation (Toyne et al., in 
prep). The individual included in this study was found with an additional 11-13 mummified 
individuals. Radiocarbon dating estimates the individual’s interment to the LIP (CE 1296-1396 
cal.). Skeletal analysis and morphological pathology assessments were performed prior to this 
study (Toyne et al., in prep). Results of the skeletal analysis estimate the individual was likely a 
male between 30-39 years of age at death. Observations of pathological changes describe 
involvement of the spinal column with multi-focal lytic lesions on the anterior aspect of vertebral 
bodies from the 7th thoracic (T7) vertebra to the 12th thoracic (T12) vertebra. The individual also 
displays kyphosis at T11 and T12 due to lytic destruction of the vertebral bodies (Toyne et al., in 
prep). Posterior aspects of the vertebral body and neural arch do not show any pathological 
involvement. However, lytic lesions were present on the necks of the left and right 11th ribs. 
Additionally, radiographs show evidence of cranial involvement with extensive unhealed 
macroporosity in the endocranial surface. Pathological skeletal changes appear to be active at time 
of death, but some skeletal signs exist of healing (Toyne et al., in prep). Based on observations the 
authors conclude tuberculosis, brucellosis and mycotic infections as the likely candidates in their 
differential diagnosis with mycosis being most consistent with the observed skeletal changes.  
 
Skeletal elements included in study  
Three samples from the individual interred at Diablo Huasi, DIA002, were included in this study. 
Three separate anatomical elements were sampled including the right mandibular first molar 
(DIA002.A), the petrous portion of the left temporal bone (DIA002.B), a thoracic vertebra 
(DIA002.C) (Supplementary Figure 2). Petrous portion of the temporal bone and teeth are known 
to be rich sources of endogenous host DNA (Pinhasi et al., 2015), however the petrous portion is 



 
 
 

 170 

not yet known to harbor ancient pathogens likely due to the limited vascularization of the skeletal 
feature (Anson et al., 1966; Margaryan et al., 2018). In contrast, teeth are also excellent sources of 
pathogen DNA from septicemic cases where pathogens become blood borne and travel to teeth via 
the inferior and superior alveolar blood vessels (Rombouts et al., 2017; Spyrou et al., 2019). 
However, the pathophysiology of some microbes, including MTBC members, make it unlikely 
that the microbe will be identified in teeth as they favor high-oxygen, marrow rich environments 
such as vertebrae. Therefore, a vertebra displaying pathological lesions was also selected for 
sampling. Three anatomical elements (tooth, petrous portion, vertebra) from the individual, 
DIA002, were sampled for DNA extraction, converted into libraries and shotgun sequenced. 
 
RESULTS 
 
Sequencing 
The selection of multiple anatomical elements (petrous portion of the temporal bone, tooth and 
vertebra) decreases the bias introduced by sampling location for this study. Data from DIA002.B 
(petrous portion) was intended for human population genetic analysis and therefore the library was 
prepared with partial UDG treatment which would allow for partial removal of damage which had 
accumulated over time, typical of ancient DNA (Rohland et a., 2015). The partial removal of DNA 
damage maintains an amount of damage which does not influence the accuracy for typical human 
analyses. Therefore, these libraries are economically beneficial particularly when large sample sets 
are included as they can be used for downstream analyses. However, the tooth (DIA002.A) and 
the vertebrae (DIA002.C) were prepared as libraries which were not treated with UDG for the 
observation of damage patterns in pathogen DNA which may be detected permitting the 
authentication of the pathogen’s antiquity (Jonsson et al., 2013). The resultant libraries were 
double indexed, giving each a unique barcode for downstream reference and sequenced using an 
Illumina HiSeq 4000. Libraries prepared from the tooth (DIA002.A) and the petrous portion 
(DIA002.B) were sequenced using a paired-end 50 base pair kit to a depth of 5 million reads. The 
library from the vertebra (DIA002.C) was sequenced to a depth of 10 million reads using a single-
end 75 base pair kit. Sequencing data was then prepared using the EAGER pipeline (Peltzer et al., 
2016) and mapped to the human refence genome (hg19) with BWA. Results show a range of 
419,174 to 1,995,340 sequencing reads mapping to the human genome after quality filtering and 
removal of duplicates, with the petrous portion yielding the greatest amount of human DNA (Table 
1). Authentication of ancient DNA was performed through the observation of damage patterns 
using mapDamage2 (Jonsson et al., 2013) which shows a damage percent of approximately 6 – 
11% on DNA fragments from the three samples, typical of aDNA. 
 
Pathogen screening  
Microbial composition of the samples was evaluated using MALT (Vågene et al., 2018) within the 
HOPS pipeline. Analysis was performed in reference to a database constructed to include complete 
sequences and assemblies of bacteria, viruses, some eukaryotic parasites, and a human reference 
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(hg19) (full-bac-full-vir-etal-nov_2017). The HOPS (Hübler et al., 2020) pipeline evaluated each 
sample for the presence of ancient pathogens. Ancient MTBC reads were detected in the vertebral 
sample (DIA002.C) with a total of 1145 summarized reads on the MTBC node. However, no 
evidence of MTBC was found in samples taken from the tooth or petrous portion of the same 
individual. The tooth of the individual shows evidence for Salmonella enterica subspecies enterica 
infection, however, the HOPS analysis indicates this identification lacks the appropriate edit 
distance distribution to be considered confident. Surprisingly, HOPS analysis of the sample taken 
from the petrous portion yields evidence of a parasitic infection by Schistosoma mansoni with 151 
reads assigning to the organism at 100% identity. 
 
Evaluation of detected pathogens 
Schistosoma mansoni is a water-borne parasite also known as a blood fluke primarily infecting the 
lower intestinal system (Barsoum et al., 2013). However, S. mansoni ova may gain access to other 
regions of the body including the central nervous system and result in cerebral schistosomiasis. In 
order to investigate the detection of Schistosoma mansoni from the petrous portion sample, 
sequencing data was mapped to a complete genome reference of the organism (NC_0315102.1) 
using EAGER (Pelzer et al., 2016). Mapping metrics showed 0.03% endogenous S. mansoni DNA 
with a mean genomic coverage of 0.0007. Further inspection of the reads in IGV revealed a few 
sporadic sequencing reads mapping to the reference genome in regions not specific enough to 
confidently confirm the presence of this organism. Schistosoma mansoni was not detected in the 
tooth or vertebral sample.  
 
Detection of MTBC reads in sample DIA002.C (vertebra) was further confirmed by mapping of 
the shotgun data to the TB ancestor (MTB_anc) reference genome (Comas et al., 2010) using 
EAGER (Peltzer et al., 2016). Results show a total of 3209 reads mapping to the TB reference 
with an estimated 0.0419 mean coverage of the reference genome (Table 2). Mapping values also 
showed good distribution of coverage across the genome with percentage values typical for 
positive shotgun detection of MTBC (1-fold = 2.21, 2-fold = 0.25, and 3-fold = 0.14) (Table 2). 
However, the mapping to the TB ancestor showed unexpectedly low damage with values of 0.0139 
for the 3’ end of the sequencing reads and 0.0147 for the 5’ end. Because so many bacteria that 
are closely related to the MTBC exist in the environment they subsequently may be in the 
extraction and library of the vertebra (DIA002.C). The inclusion of genetically similar 
environmental microbes can compromise evaluation of damage of the MTBC as they may also 
map to the reference in some capacity. To investigate this further, this library was included in an 
in-solution hybridization capture of MTBC reads for the evaluation of damage. This library was 
partnered with a UDG treated library from the same extract to permit phylogenetic analysis.    
 
Ancient Chachapoya MTBC genome 
Detection of MTBC reads in the vertebral sample (DIA002.C) was followed by the preparation of 
a double indexed UDG treated libraries and subsequent in-solution hybridization capture for 
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MTBC reads from both the non-UDG treated library (DIA002.C0101) and UDG treated library 
(DIA002.C0102). The capture product was sequenced to a depth of 10 million reads and 
sequencing data was processed and mapped to the TB ancestor using EAGER (Peltzer et al., 2016). 
Two rounds of in-solution capture of the UDG treated library (DIA002.C0102) resulted in the 
recovery of MTBC DNA with endogenous DNA values after quality filtering of 5.06% and a mean 
MTBC genome coverage of 5.7 fold (Table 3). However, TB mapping values also show that only 
85% of the reference genome had a coverage greater than 1-fold. However, the low ratio of mapped 
reads prior to duplicate removal to the number of mapped reads after duplicate removal (1.58), 
known as the cluster factor, indicate adequate genetic diversity remains within the library. This 
would thereby permit deeper sequencing to improve coverage across the genome. Deeper 
sequencing to a depth of 20 million reads and concatenation of all sequenced capture data for the 
UDG treated library (DIA002.C0102) enabled the reconstruction of an MTBC genome with 15.67-
fold coverage (Table 4). The amount of the reference genome that is now covered greater than 1-
fold is 94.35%, permitting phylogenetic analysis. 
 
Concerning the library for the vertebra (DIA002.C0101), evaluation of DNA damage after 
enrichment revealed a slight increase with a percentage of approximately 2% (Table 3). Damage 
profiles produced by mapDamage2 (Jónsson et al., 2013) show background signals which may 
still be interfering with accurate detection of post-mortem damage patterns in the DNA fragments. 
This was investigated further using MALT to evaluate the composition of the library, specifically 
non-MTBC environmental mycobacterial contaminants which may be included in the sample 
(Table 5). Results of this analysis show MTBC reads comprise between 94% – 97% of all 
mycobacterial sequencing data from DIA002.C0101. 
 
Authentication of Genetic Variation in the Reconstructed Genome 
The challenge of environmental microbes continues with the inclusion of genetically similar 
environmental mycobacteria in the in-solution hybridization product. In order to include genetic 
reads belonging to MTBC members with high confidence and thereby authenticate genetic 
diversity several steps were taken. An evaluation of variant positions was performed using the 
SNPEvaluation tool (https://github.com/andreasKroepelin/SNP_evalutation) (methods). In this 
analysis each position must have a minimum coverage of five-fold to be included in downstream 
analyses. Evaluation of each position took place within a 50bp window, in which coverage of each 
SNP is considered under two mapping parameters: relaxed mapping parameters and stringent 
mapping parameters. Positions in which we observe the existence of additional heterozygous 
positions in the same sequencing read were excluded. Additionally, because deletions might result 
in mapping errors, we filtered out any position in which the 50 base pair window lacked full 
coverage. This evaluation resulted in the removal of a total of 75 positions in DIA002: 40 (out of 
116) positions that were unique to the sample and 35 (out of 156) positions which were shared 
between this genome and other MTBC genomes.  
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Phylogenetic Analysis 
Our phylogenetic analysis was performed using a set of 279 genomes (Supplementary Table 1) 
including representatives of all lineages and 9 modern M. pinnipedii genomes and 11 ancient 
MTBC genomes dating to the LIP, including three previously published ancient coastal TB 
genomes (Bos et al., 2014), seven TB genomes from the central Andean highland site of Huari 
(Nelson et al., in prep: paper III), and the newly reconstructed TB genome (DIA002.C) from the 
Chachapoyas site on the eastern slopes of the Andes. Mycobacterium canetti was used as the 
outgroup.  
 
Our maximum parsimony tree was constructed with an alignment prepared with minimum 5-fold 
calling on all positions and the removal of SNPs that have > 5% of ambiguous calls (N) in the 
alignment (95% partial deletion) resulting in 45,498 out of 53,816 variant positions (Figure 1). 
This phylogenetic analysis reveals DIA002.C as closely related to the previously described ancient 
strains and as closely related to the modern M. pinnipedii strains. This reveals that the pinniped-
adapted strain had an expansive presence across the pre-colonial Andean cultural region and 
circulated not only in ancient coastal and ancient highland populations of Peru but also existed in 
the eastern slopes of the Andes in the Amazonas region.  
 
 
DISCUSSION 
 
Diagnosing the past: skeletal markers and molecular data 
The recovery of MTBC DNA in individual DIA002 provides molecular evidence for TB in an 
individual who displays an unusual distribution of skeletal lesions. This atypical distribution and 
appearance led to the development of a differential diagnosis that included tuberculosis as well as 
other infectious diseases with emphasis on mycotic infection (Toyne et al., in press). However, 
authors note that the unusual presentation of pathology could be the product of a comorbidity. The 
application of ancient DNA methods allowed for the confident species level identification of TB 
in this individual, however, there was no confident identification of another pathogen suggesting 
comorbidity. This may be due to a variety of factors which influence molecular paleopathological 
analyses including differences in pathogen DNA preservation.  The previously studied (Toyne et 
al., 2020) Chachapoya population of Kuelap which is located not far from Diablo Huasi, also 
presents skeletal lesions consistent with TB and suggests TB was endemic in this area during the 
Late Intermediate Period. This supports the body of paleopathological research demonstrating an 
increase in TB infections across the Andes during the LIP (Buikstra and Roberts, 2003; Buikstra 
and Williams, 1981; Burgess, 1992; Klaus et al., 2010; Lombardi and García Cárceres, 2000;). 
Yet, the reported atypical variation in TB skeletal evidence and lesion distribution in the population 
from Kuelap (Toyne et al., 2020) suggests other Chachapoya populations may also present variable 
distribution in TB skeletal pathology. However, the Kuelap cases have not been confirmed through 
molecular analyses.    
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MTBC from the Chachapoyas Region 
Mycobacterium pinnipedii strains have been recovered from LIP sites including the Chiribaya 
archaeological contexts of the Osmore River Valley, located not far from the coast and from Huari, 
located in the Ayacucho Basin of the central Andes (Bos et al., 2014; paper III of this thesis). 
However, the identification of M. pinnipedii at Diablo Huasi indicates a much broader range of 
this strain than previously understood. This funerary site, Diablo Huasi, of the LIP Chachapoya 
provides identification of M. pinnipedii in the eastern piedmont of the Andes in the high-altitude 
subtropical cloud forest. Although these three different Peruvian site locations (Osmore River 
Valley, Huari, and Diablo Huasi) from which ancient TB has been recovered are contemporaneous 
in time period (LIP) they represent very different ecological contexts. The distance of the 
Chachapoya from the coast, which is even further inland than Huari, suggests alternative vectors 
of transmission, whether human or animal remains unknown. However, like the Wari, and many 
other contemporary Andean cultures and polities, the Chachapoya were not restricted or isolated 
by their terrain (Quilter, 2014; Toyne et al., 2020; Tung, 2012). The Chachapoya established road 
networks and utilized the river systems to travel quickly and efficiently permitting cultural 
interaction and exchange. In fact, the Chachapoya show evidence of Amazonian and Wari 
influence in architectural style, iconographic associations, and in socio-political structure as 
chiefdoms. Furthermore, archaeological evidence of Wari expansion into this area during the 
Middle Horizon (600 – 1000 CE) with the establishment of centers to capitalize on resources also 
supports themes of cultural interaction (Church and Von Hagen, 2008). Likewise, the Inka 
ultimately capitalized on the geographic location of the Chachapoya cultural region due to the 
accessibility of cultural networks from the Peruvian Andes to the Amazon Basin (Schjellerup, 
2015; Toyne et al., 2020). Indeed, many features of the Chachapoya culture and archaeological 
evidence of the region suggest a high degree of interaction. Such mobility and interaction would 
surely facilitate the movement of infectious disease, by infected person or animal, yet the 
resolution of understanding on mechanisms and directions of this is, as of yet, unclear.  
 
 
CONCLUSION 
  
Here we have presented the identification of  strains related to those found in other archaeological 
material of pre-contact Peru, which show greatest homology to extant M. pinnipedii strains from 
the eastern slopes of the Andes, thus providing a greater understanding of the broad geographic 
and ecological presence of this MTBC strain across the LIP Andes. Recovery of ancient strains 
closely related to M. pinnipedii from coastal LIP sites in the lower Osmore River Valley provided 
a plausible scenario of a zoonotic event as archaeological coastal populations were known to 
exploit seals and sealions. Yet, as we continue to molecularly explore ancient Andean TB and 
characterize ancient MTBC strains from the Andean region of Peru, we find M. pinnipedii strains 
existing across multiple ecological zones, likely reflecting the ability of ancient Andean people to 
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conquer a multitude of ecosystems and environments with continual interaction. Not only does 
this case of unusual skeletal presentation demonstrate the utility of molecular methods for 
complementing paleopathological analyses but also reveals closely related MTBC strains spread 
out across a large geographic expanse with presence in the coast, the highlands, and the eastern 
slopes of the subtropical forest. The identification of these ancient strains from multiple 
contemporaneous LIP sites, located within significant distance from one another and in diverse 
ecological zones suggests the ancient M. pinnipedii strain may be the causative agent in the LIP 
rise in TB. Only with further research and the recovery and characterization of additional pre-
colonial Andean TB strains can we truly understand the evolution, ecology, and success of this 
strain during the LIP.  
 
 
METHODS 
 
Sampling methods for different elements 
All elements were sampled in the Max Planck Institute for the Science of Human History ancient 
DNA laboratory, Jena, Germany. The right mandibular molar (DIA002.A) was sectioned at the 
cemento-enamel junction to access the dental pulp chamber by using a hand saw and vice to 
secure and stabilize the tooth. Once the dental pulp chamber was exposed, approximately 50mg 
of dental powder was collected from the chamber by drilling the internal surface with a dental 
drill. The fragmented petrous portion of the temporal bone was wrapped in foil with the location 
for sampling exposed. Approximately 50 mg of bone was collected by drilling with a dental drill 
into the bone approximately 2 mm deep. The bone of the vertebra was thin and fragile with some 
fragments already existing. In order to minimize exposure to heat and additional damage to the 
bone, small fragments of the bone were pulled off using tweezers and weighed until the sample 
reached approximately 50 mg. The fragments were then pulverized into powder using a mortar 
and pestle.  
 
 
Extraction of Ancient DNA  
All samples (DIA002.A, DIA002.B, DIA002.C) were extracted for DNA using a protocol 
optimized for the retrieval of short fragment typical of ancient DNA (Dabney et al., 2013). A 
total of 1 ml lysis buffer was added to all samples to liberate the DNA from the mineral matrix of 
bone. Samples were then left to incubate over night at 37° Celsius. Each sample was then carried 
through a purification process whereby extracted DNA would be bound to a silica membrane of 
spin columns using 10 ml of GuHCL-based binding buffer and unwanted extract products would 
be washed away using the Viral Nucleic Acid Kit (Roche). The DNA would be eluted from the 
silica membrane using 100ul TET (10mM Tris-HCL, 1mM EDTA pH 8.0, 0.05% Tween20). 
Controls for the experiment, both negative and positive, were carried along with the samples.   
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Library Preparation of Extracted Ancient DNA 
Library preparation methods used for these DNA extracts varied depending on anatomical 
sampling location. All samples were converted into double stranded, double indexed libraries and 
the DNA extractions from the vertebra and tooth were prepared without UDG treatment (Meyer 
and Kircher, 2010). However, as the extract taken from the petrous portion fragment was intended 
for human population genetics purposes and was partially treated with Uracil-Glycosolase to 
excise uracils which may be products of post-mortem damage to DNA (Rohland et a., 2015). For 
each sample, the process resulted in 40 μl of DNA library. An extraction blank and library blank 
with a positive control from extraction were included for each batch (2) to evaluate the process 
and reagents used. Libraries were then quantified with a qPCR reaction with 1 μl of DNA from 
each prepared ancient DNA library, 10 μl of Dynamo, 1 μl of each primer (IS7 and IS8), 7 μl of 
H2O, and 1 μl of 12 DNA standards from 10^3 to 10^8 quantities along with two qPCR blanks. 
After quantification the prepared libraries were then barcoded giving each sample library a distinct 
8 base pair identifier index for later reference, evaluation, and analysis of the DNA unique to that 
sample. Indexing was performed using Pfu Turbo Cx Hotstart DNA Polymerase (Agilent) in which 
each library was split to a number of reactions based on the concentration of DNA (a maximum of 
2 x 1010 molecules of DNA) to ensure all DNA fragments would be efficiently indexed and 
recovered. All indexed reactions were then purified using a MinElute Kit using one column for a 
maximum of four reactions. All indexed libraries were quantified using qPCR with IS5 and IS6 
primers to calculate the efficiency of the indexing reaction and amount of quantifiable DNA. This 
resulted in a total of 50 μl of index library. The three prepared libraries were then amplified to 
10nM and sequenced as paired-end 50 base pair reads (DIA002.A, DIA002.B) or as single-end 75 
base pair reads (DIA002.C) using a HiSeq 4000. 
 
Preparing and mapping sequencing reads 
All sequencing data was processed and prepared using the EAGER pipeline (Peltzer et al., 2016). 
This pipeline incorporates the removal of adapters and merging of reads (if necessary), mapping 
to a selected reference, removal of duplicate reads, SNP calling, and allows for the evaluation of 
damage patterns through the generation of damage plots (Peltzer et al., 2016; Schubert et al., 2016; 
Li and Durbin, 2009; McKenna et al., 2010; Jónsson et al., 2013). All data from the three samples 
were concatenated after adapter removal and merging (if paired-end) (Schubert et al., 2016). The 
data were mapped to the human (Hg19) reference genome with BWA-aln (v. 0.7.12) (Li and 
Durbin, 2009) using the following mapping parameters (-l 16, -n 0.01) for samples and negative 
controls. Reads with low quality mapping were removed using SAMtools quality filtering (-q 24). 
The removal of duplicate reads was performed using MarkDuplicates. In order to visualize DNA 
damage patterns libraries were evaluated using mapDamage2.0 (Jónsson et al., 2013).  
 
MALT analysis and detection of ancient MTBC DNA 
The libraries were sequenced with sequencing depth to allow for the screening of the samples 
microbial content in order to detect infectious agents, as well as, produce a metagenomic profile 
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of the samples and thus evaluate the environmental background of non-pathogenic mycobacteria. 
Pathogen DNA screening was performed using the HOPS pipeline (Hübler et al., 2019) which 
incorporates the MEGAN Alignment Tool (MALT) (version 0.3.8) (Vågene et al., 2018) with 
evaluations by quality measures customized for ancient DNA and provides visual outputs for the 
detection of pathogens. Samples were screened using a minimum of 95 percent identity to be 
matched with an organism against a custom database of full genomes for bacterial, viral, and some 
eukaryotic organisms (Nov. 2017). 
 
Upon detection of pathogens (MTBC and Schistosoma mansoni) the appropriate samples were 
subsequently mapped using EAGER (Peltzer et al., 2016) to the reference genomes: the 
reconstructed TB ancestor (MTB_anc) for MTBC read detection and NW_017386861.1 for 
Schistosoma mansoni. Mapping parameters for initial pathogen screening were used (-l 16, -n 0.01, 
-q 24).    
 
UDG treated library preparation 
The library for DIA002.C was prepared as double-stranded DNA libraries using a volume of 50 ul 
of DNA. The UDG treatment and library protocol differs in the first stage of library preparation 
where we first treated the libraries with uracil-DNA-glycosylase (UDG) to remove postmortem 
damage (Briggs et al., 2010). Using a total of 50 μl of DNA we then added to the reaction a master 
mix of 15 μl of NEB Buffer 2, 15 μl of ATP, .75 μl of BSA, 1.8 μl of dNTPs, 6 μl of T4 PNK, 9 
μl of USER enzyme and 22.45 μl of H2O. The reaction was incubated at 37 degrees C for 3 hours. 
The reaction then received 6 μl of T4 polymerase to each library and was incubated for an 
additional 20 minutes at 25° C and 10 minutes at 12° C. The reaction was then purified using the 
MinElute kit (Qiagen) and the remainder of the protocol follows the traditional library preparation 
from adapter ligation forward. The UDG-treated libraries were quantified on a quantitative PCR 
(qPCR) using IS7/IS8 primer combinations. This quantification was used to calculate the 
appropriate quantity of index needed for the UDG treated library of DIA002.C. Subsequently, the 
library was divided into multiple PCR reactions for double indexing (Meyer and Kircher, 2010; 
Kircher et al., 2012) based on their initial quantification and measurement, in order to ensure 
maximum efficiency of the indexing reaction. Indexing reactions were split across two days to 
safeguard against any error that may be introduced in the process. Index combinations consisting 
of unique 8 base pair identifier for each library was used to ensure identification of DNA from 
each sample. Index combinations were ligated to DNA library molecules using Pfu Turbo Cx 
Hotstart DNA Polymerase (Agilent) and run in a 10-cycle amplification reaction described above. 
The reaction was purified using the MinElute DNA purification kit (Qiagen) as previously 
described, and eluted in TET (10mM Tris-HCl, 1mM EDTA pH 8.0, 0.05% Tween20). The 
indexed UDG treated library was then quantified on a qPCR using IS5/IS6 primer combinations 
and concentration was calculated to ensure maximum efficiency. After the concentration of the 
indexed UDG treated library was measured, calculations for amplifications for capture and 
sequencing were performed to identify the number of amplification reactions needed to meet the 
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required concentration of 200-300 ng/ul for in-solution TB capture. Amplification was performed 
using Herculase II Fusion DNA Polymerase (Agilent). The amplified library was subsequently 
purified using the MinElute DNA purification kit (Qiagen), and eluted in TET (10mM Tris-HCl, 
1 mM EDTA pH 8.0, 0.05% Tween20).  
 
In-solution Whole genome MTBC capture 
In-solution MTBC capture was performed on the indexed UDG library and the non-UDG treated 
library of the DIA002.C sample using single stranded DNA probes computationally designed to 
reflect the genome of the MTBC ancestor (MTB_anc) (Comas et al., 2010) by reverting 
phylogenetically informative derived positions to the ancestral alleles in the H37Rv reference 
genome (NC_000962.1). Capture probes are 60 base pairs in length with 52 bases as the biological 
sequence and 8 bases as a linker sequence (5’ CACTGCGG 3’). Capture probes have a 5 bp overlap 
and upon removal of duplicate and low complexity probes, provide a unique set of 852,164 probes. 
Preparation of the capture was carried out according to previously published protocols (Fu et al., 
2013; Vågene et al., 2018).  
 
MTBC enrichment was carried out on each sample for two rounds of capture with a positive control 
(58U) of known ancient TB quantity previously demonstrated (Bos et al., 2014). Blanks with non-
overlapping index combinations were captured together in a single well on the same plate. 
 
Sequencing data of captured products 
Both captured libraries were sequenced on Illumina platforms as paired-end 75 base pair reads 
using a HiSeq 4000. The sequence data were then sorted, assigned, and demultiplexed. Using the 
EAGER pipeline (v.1.92.55) (Peltzer et al., 2016) reads were prepared for analysis beginning with 
removal of Illumina adapters using AdapterRemoval v2 (Schubert et al., 2016). The data were 
mapped to the MTBC ancestor reference genome as described above but using UDG treated 
appropriate strict mapping parameters (-l 32, -n 0.1) for TB captured samples and positive controls 
and reads with low quality mapping were removed using SAMtools quality filtering (-q 37). 
Relaxed mapping parameters and lower threshold for SAMtools quality filtering (-q 24) were used 
for negative controls (-l 16, -n 0.01). The removal of duplicate reads was performed using 
MarkDuplicates. The DIA002.C01 library captured was not treated with UDG and thus the 
deamination of cytosine to uracil would remain. Therefore, the DNA damage patterns for this 
library was evaluated using mapDamage2.0 (Jónsson et al., 2013).  

 
Evaluating genomes for heterozygous calls and authentication of informative positions 
The DIA002.C genome reconstructed from the UDG treated library was evaluated to validate 
authenticity of the genetic variation observed. We estimated the number of heterozygous variant 
calls within the reconstructed genome by considering the “haploid” nature of MTBC members, in 
which we assume “heterozygous” SNPs are the result of closely related environmental bacteria 
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mapping to the TB reference or evidence of a mixed infection. We performed SNP calling with 
the UnifiedGenotyper in GATK. We then constructed a table of all variant positions, including 
heterozygous positions, across our dataset using MultiVCFAnalyzer v0.85 (Bos et al., 2014) with 
all positions requiring a minimum of 5-fold coverage. Heterozygous variant positions were called 
at a minimum of 5-fold coverage. Using R v3.4.1 we produced histograms of allele frequencies 
for all SNPs with allele frequencies between 10-90% read support for all reconstructed genomes. 

 

We utilized the SnpEvaluation tool (https://github.com/andreasKroepelin/SNP_evaluation) to 
filter out any positions originating from contaminant environmental mycobacteria and  
authenticate the informative variant positions as deriving from MTBC members so they may be 
confidently included in phylogenetic analysis. For this evaluation we followed the use of this tool 
as outlined by Keller et al., (2019) with some customization for MTBC based analyses. We mapped 
the UDG treated DIA002.C captured product to the MTBC ancestor reference first using strict 
mapping parameters (-n 0.1, -l 32) that allow for few mismatched positions and relaxed mapping 
parameters (-n 0.01, -l 32) which maintain length but allow for more mismatched positions. Using 
the snpTable generated by MutliVCFAnalyzer we compared VCF files of the two mappings within 
the SNPEvaluation tool, visualizing each position within a 50-bp window, observing for coverage 
within the window, additional heterozygous position, and the coverage of the position in both strict 
and relaxed mapping parameters. Positions would be considered of low confidence and filtered 
out if within the 50-bp window there were regions that were not covered, there were heterozygous 
positions, and the ratio of mean coverage between strict and relaxed mapping was higher than 1.1. 
The evaluation criteria were consistent for both shared and unique positions within the genome.  

 
Phylogenetic Analysis 
Our phylogenetic analysis was performed using a set of 278 genomes with Mycobacterium canetti 
selected as the outgroup (Supplementary Table 1). Variant positions were called using the tool 
UnifiedGenotyper (v. 3.5) from the Genome Analysis Toolkit (GATK) (DePristo et al., 2011). The 
SNP alignment and tables for downstream SNP analysis were produced using MultiVCFAnalyzer 
(Bos et al., 2014). Parameters selected for a minimum of 5-fold coverage of all variant positions 
and a minimum genotype quality of 30. The construction of the alignment also included the 
removal of regions including repetitive elements, tRNAs, mRNAs, and rRNAs. The maximum-
parsimony tree was constructed using MEGA7 (Kumar et. al, 2016) using the sub-pruning tree 
model and selecting for partial deletion of 95% and 500 bootstraps.  
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Table 1. Mapping statistics of sequence data from DIA002 libraries mapped to the human reference (Hg19). 

 
*QF = indicates values are given after quality filtering of data 

 
 
Table 2. Mapping statistics of shotgun sequencing data of DIA002.C mapped to the TB ancestor reference (MTB_anc).

 
*QF = indicates values are given after quality filtering of data 

 
Table 3. Mapping statistics of TB captured UDG and non-UDG libraries of sample DIA002.C mapped to the TB ancestor reference (MTB_anc). 

 
*QF = indicates values are given after quality filtering of data 

 
Table 4. Mapping statistics of pooled TB captured UDG libraries of sample DIA002.C mapped to the TB ancestor reference (MTB_anc). 

 
*QF = indicates values are given after quality filtering of data 

 
Table 5. Evaluation of non-MTBC Mycobacteria in non-UDG library for DIA002.C using MALT performed at 95 percent identity. 

 
 
 

Sample 

Name Sample type

# of Raw 

sequenced 

reads 

Unique 

mapped 

reads after 

QF

Endogenous 

DNA QF (%)

Mean 

coverage

DMG 1st 

Base 3'

DMG 2nd 

Base 3'

DMG 1st 

Base 5'

DMG 2nd 

Base 5'

median 

fragment 

length

GC 

content 

in %

DIA002.A Tooth 9621994 419174 18.53 0.0081 0.0942 0.0641 0.0918 0.0606 59 42.83
DIA002.B Petrous portion 11461154 1995340 54.301 0.0356 0.1088 0.0138 0.1101 0.0123 53 47.01
DIA002.C Thoracic vertebra 8616648 835024 11.074 0.0172 0.0625 0.0332 0.0772 0.0517 74 44.12
EXB048.A Extraction blank 9795904 55 0.022 0.0005 0.1667 0.1429 0 0.0625 39 60.45
LIB036.A Library blank 3144412 2644 1.984 0.0001 0.0166 0.0107 0.005 0 72 50.96

Sample 
Name Sample type

# of Raw 
sequenced 
reads 

Unique 
mapped 
reads after 
QF

Endogenous 
DNA QF (%)

Mean 
coverage

Coverage 
>= 1X %

Coverage 
>= 2X %

Coverage 
>= 3X %

DMG 1st 
Base 3'

DMG 2nd 
Base 3'

DMG 1st 
Base 5'

DMG 2nd 
Base 5'

median 
fragment 
length

GC 
content 
in %

DIA002.C Thoracic Vertebra 8616648 3209 0.044 0.0419 2.21 0.25 0.14 0.0139 0.013 0.0147 0.018 58 62.47
EXB048.A Extraction blank 9795904 55 NF 0.0005 0.04 0.01 0 0.1667 0.1429 0 0.0625 39 60.45
LIB036.A Library blank 3144412 54 0.038 0.0005 0.05 0 0 0.08 0.1333 0.0476 0.1053 41 63.27

Sample Name library type

# of Raw 
sequence
d reads

Unique 
mapped 
Reads 
after QF

Endogenous 
DNA QF (%)

Cluster 
Factor

Mean 
coverage

std. dev. 
Coverage

Coverage 
>= 1X in %

Coverage 
>= 2X in %

Coverage 
>= 3X in %

DMG 1st 
Base 3'

DMG 2nd 
Base 3'

DMG 1st 
Base 5'

DMG 2nd 
Base 5'

median 
fragment 
length

GC 
content 
in %

DIA002.C0102 UDG 22326746 321942 5.06 1.58 5.76 43.41 85.05 72.13 59.71 0.01 0.01 0.01 0.01 75 62.08
DIA002.C0101 nonUDG 11823484 125336 4.50 1.78 2.14 22.10 67.51 40.12 21.29 0.02 0.02 0.02 0.02 70 61.99
EAD001.A0101 pos. control 23249176 2847831 50.46 1.73 30.84 26.32 95.97 94.72 93.3 0.01 0.00 0.01 0.00 46 62.83
EXB048.A1602 Extraction blank 6117598 441 2.37 182.06 0.01 0.15 0.39 0.06 0.03 0.01 0.01 0.01 0.02 55 61.96
LIB039.A1401 Extraction blank 762006 66 1.96 124.49 0.00 0.03 0.08 0 0 0.03 0 0 0 48.5 62.42

Sample Name

# of Raw 
sequenced 
reads

Unique 
mapped 
Reads after QF

Endogenous 
DNA QF (%)

Cluster 
Factor

Mean 
coverage

Coverage 
>= 1X in %

Coverage 
>= 2X in %

Coverage 
>= 3X in %

Coverage 
>= 4X in %

Coverage 
>= 5X in %

median 
fragment 
length

GC 
content 
in %

DIA002.C pooled data 59085978 955232 3.994 2.461 15.6716 94.35 92.43 89.94 87.38 84.57 76 62.98

Sample Library

Total 
Assigned 
Reads in 

MALT 95ID

Total 
Summarized 

Reads 
Mycobacteria

Total 
Assigned 

Reads 
Mycobacteria

Total non-
MTBC 

Myocbacterial 
Reads

Total 
Summarized 
Reads MTBC

Total 
Assigned 

Reads 
MTBC 

Upper 
Boundary 
Calculation 
Estimation 

of MTBC 
reads (%)

Lower 
Boundary 
Calculation 
Estimation 

of MTBC 
reads (%)

Middle 
Calculation 
Estimation 

of MTBC 
reads (%)

DIA002.C0101 1229232 159036 5180 9709 149327 2372 0.97 0.94 0.95
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Figure 1. Phylogenetic tree. Maximum Parsimony phylogeny constructed with a partial SNP 
alignment (95% partial deletion = 45,498 variant positions out of 53,816) of 278 genomes. The 
portion of the tree shown includes modern M. microti genomes M. pinnipedii genomes, ancient 
genomes from Peruvian LIP contexts including Diablo Huasi (DIA002.C) indicated in green, 
Huari (HUA004, HUA006, HUA016, HUA037, HUA041, HUA051, HUA057) marked in 
orange and the Osmore River Valley (58U, 54U, 64U). Numbers on nodes are showing bootstrap 
values (500 iterations). This tree was constructed using MEGA7 (Kumar et al., 2016). 
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Supplementary Figure 1. Images of the individual (DIA002) recovered from Diablo Huasi. The 
view on the left shows severe kyphosis of the spine due to the pathological destruction of the 
vertebral body. The image on the right shows consecutive multi-focal lesions of the thoracic 
vertebrae.  
 

 
Supplementary Figure 2. Images of the samples from the individual in this study (DIA002). 
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Supplementary Table 1.  List of all genomes included in phylogenetic analysis. All genomes 
with accession numbers are listed. Names and radiocarbon dates are listed when available. 

Name Study Sample Accession 

Lineage (all M. 
microti and M. 
pinnipedii listed at 
species level) 

Date (ancient 
only) 

DIA002.C this NA M. pinnipedii 1296 - 1396 CE 
HUA004 paper III of thesis NA M. pinnipedii 1044 - 1155 CE 
HUA006 paper III of thesis NA M. pinnipedii 1316 - 1405 CE 
HUA016 paper III of thesis NA M. pinnipedii 1305 - 1396 CE 
HUA037 paper III of thesis NA M. pinnipedii 1326 - 1425 CE 
HUA041 paper III of thesis NA M. pinnipedii 1321 - 1410 CE 
HUA051 paper III of thesis NA M. pinnipedii NA 

HUA057 paper III of thesis NA M. pinnipedii 1314 - 1399 CE 
54U Bos et al. 2014 SRS591994 M. pinnipedii 1106 CE 
58U Bos et al. 2014 SRS591992 M. pinnipedii 1117 CE 
64U Bos et al. 2014 SRS592075 M. pinnipedii 1210.5 CE 
Pinnipedii_G01222 Bos et al. 2014 SRS592134  M. pinnipedii  
Pinnipedii_G01491 Bos et al. 2014 SRS592135 M. pinnipedii  
Pinnipedii_G01492 Bos et al. 2014 SRS592136 M. pinnipedii  
Pinnipedii_G01498 Bos et al. 2014 SRS592137 M. pinnipedii  
Pinnipedii7011 Bos et al. 2014 SRS592823 M. pinnipedii  
Pinnipedii7739 Bos et al. 2014 SRS592824 M. pinnipedii  
MP2  Silva-Pereira et al., 2019 SRR7693090 M. pinnipedii  
MP1 Silva-Pereira et al., 2019 SRR7693584 M. pinnipedii  
pinnipedii 
SRR552768 Malm et al. 2017 ERR552768 M. pinnipedii  

 Malm et al. 2017 ERR551111 M. microti  

 Malm et al. 2017 ERR552037 M. microti  

 Malm et al. 2017 ERR553376 M. microti  

 
The Wellcome Sanger 
Institute ERR027294 M. microti  

 Brites et al., 2018 ERR2659166 M. microti  

 Brites et al., 2018 ERR2659167 M. microti  

 Brites et al., 2018 ERR2659168 M. microti  
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 Brites et al., 2018 ERR2659169 M. microti  

 Brites et al., 2018 ERR2659170 M. microti  

 Brites et al., 2018 ERR2659171 M. microti  

 PATRIC SRR3647357 M. microti  
bovis_ravenel Comas et al. 2013 SRS004666 animal  
capraeD028 Domogalla et al. 2013 SRS386255 animal  
capraeRW044 Domogalla et al. 2013 SRS386245 animal  
capraeRW079 Domogalla et al. 2013 SRS386249  animal  
chimpanzee_bacillus Coscolla et al. 2013 ERS635608 animal  
L1_1078602 Comas et al. 2013 ERS218206 L1  
L1_1105103 Comas et al. 2013 ERS218207 L1  
L1_1277803 Comas et al. 2013 ERS218208 L1  
L1_157199 Comas et al. 2013 ERS218215 L1  
L1_157508 Comas et al. 2013 ERS218216 L1  
L1_179703 Comas et al. 2013 ERS218220 L1  
L1_468303 Comas et al. 2013 ERS218233 L1  
L1_539606 Comas et al. 2013 ERS218236 L1  
L1_600603 Comas et al. 2013 ERS218242 L1  
L1_745902 Comas et al. 2013 ERS218245  L1  
L1_94701 Comas et al. 2013 ERS218248 L1  
L1_950545 Comas et al. 2013 SRS004759 L1  
L1_BTBS280 Comas et al. 2013 ERS217639 L1  
L1_BTBS493 Comas et al. 2013 ERS217641 L1  
L1_DY28 Comas et al. 2013 ERS218256 L1  
L1_GT281 Comas et al. 2013 ERS218258 L1  
L1_K21 Comas et al. 2013 SRX002001 L1  
L1_K67 Comas et al. 2013 SRX002004 L1  
L1_K93 Comas et al. 2013 SRX002005 L1  
L1_N0014 Comas et al. 2013 ERS218265 L1  
L1_N0043 Comas et al. 2013 ERS218268 L1  
L1_N0062 Comas et al. 2013 ERS217651 L1  
L1_N0065 Comas et al. 2013 ERS217652  L1  
L1_N0067 Comas et al. 2013 ERS217644 L1  
L1_N0079 Comas et al. 2013 ERS217653  L1  
L1_N0127 Comas et al. 2013 ERS218313  L1  
L1_N0132 Comas et al. 2013 ERS218275 L1  
L1_N0134 Comas et al. 2013 ERS218315 L1  
L1_N0141 Comas et al. 2013 ERS218317 L1  
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L1_N0182 Comas et al. 2013 ERS217660 L1  
L1_N0196 Comas et al. 2013 ERS218323 L1  
L1_N0203 Comas et al. 2013 ERS217662 L1  
L1_N1004 Comas et al. 2013 ERS217664 L1  
L1_N1006 Comas et al. 2013 ERS217665 L1  
L1_N1009 Comas et al. 2013 ERS217668 L1  
L1_N70 Comas et al. 2013 ERS218286 L1  
L1_N72 Comas et al. 2013 ERS218287 L1  
L1_N73 Comas et al. 2013 ERS218288 L1  
L1_T92 Comas et al. 2013 SRS004759 L1  
L1_V232IO Comas et al. 2013 ERS218289 L1  
L1_V346IO Comas et al. 2013 ERS218291 L1  
L1_V372IO Comas et al. 2013 ERS218292  L1  
L2_1027 Comas et al. 2013 ERS218149 L2  
L2_1336 Comas et al. 2013 ERS218151 L2  
L2_1864 Comas et al. 2013 ERS218153 L2  
L2_72 Comas et al. 2013 ERS218159 L2  
L2_759 Comas et al. 2013 ERS218161 L2  
L2_GQ-1165 Comas et al. 2013 ERS218168 L2  
L2_GQ-1168 Comas et al. 2013 ERS218169 L2  
L2_GQ-1343 Comas et al. 2013 ERS218172 L2  
L2_GQ-1438 Comas et al. 2013 ERS218173  L2  
L2_GQ-1972 Comas et al. 2013 ERS218180 L2  
L2_GQ-50 Comas et al. 2013 ERS218185 L2  
L2_GQ10-3 Comas et al. 2013 ERS218166 L2  
L2_GQ1020 Comas et al. 2013 ERS218165 L2  
L2_GQ1164 Comas et al. 2013 ERS218167 L2  
L2_GQ1331 Comas et al. 2013 ERS218170  L2  
L2_GQ1335 Comas et al. 2013 ERS218171  L2  
L2_GQ1439 Comas et al. 2013 ERS218174 L2  
L2_GQ1580 Comas et al. 2013 ERS218175 L2  
L2_GQ1597 Comas et al. 2013 ERS218176 L2  
L2_GQ1605 Comas et al. 2013 ERS218177 L2  
L2_GQ1645 Comas et al. 2013 ERS218178 L2  
L2_GQ1885 Comas et al. 2013 ERS218179 L2  
L2_GQ1973 Comas et al. 2013 ERS218181 L2  
L2_GQ229 Comas et al. 2013 ERS218182 L2  
L2_GQ254 Comas et al. 2013 ERS218183 L2  
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L2_GQ366 Comas et al. 2013 ERS218184 L2  
L2_GQ657 Comas et al. 2013 ERS218186 L2  
L2_GQ73 Comas et al. 2013 ERS218187 L2  
L2_GQ74-3 Comas et al. 2013 ERS218188 L2  
L2_GQ762 Comas et al. 2013 ERS218189 L2  
L2_GQ856 Comas et al. 2013 ERS218190 L2  
L2_GQ859 Comas et al. 2013 ERS218191 L2  
L2_GQ904 Comas et al. 2013 ERS218192 L2  
L2_GT333 Comas et al. 2013 ERS218259 L2  
L2_GT345 Comas et al. 2013 ERS218260 L2  
L2_GT411 Comas et al. 2013 ERS218261 L2  
L2_GT649 Comas et al. 2013 ERS218262 L2  
L2_M4100A Comas et al. 2013 SRS004757 L2  
L2_N0002 Comas et al. 2013 ERS218296 L2  
L2_N0003 Comas et al. 2013 ERS218297 L2  
L2_N0005 Comas et al. 2013 ERS218298 L2  
L2_N0008 Comas et al. 2013 ERS217645 L2  
L2_N0010 Comas et al. 2013 ERS218264 L2  
L2_N0017 Comas et al. 2013 ERS217647 L2  
L2_N0020 Comas et al. 2013 ERS218266 L2  
L2_N0034 Comas et al. 2013 ERS218299 L2  
L2_N0039 Comas et al. 2013 ERS218267 L2  
L2_N0041 Comas et al. 2013 ERS218300 L2  
L2_N0044 Comas et al. 2013 ERS218301 L2  
L2_N0050 Comas et al. 2013 ERS217649 L2  
L2_N0051 Comas et al. 2013 ERS218303 L2  
L2_N0053 Comas et al. 2013 ERS218304 L2  
L2_N0094 Comas et al. 2013 ERS218307 L2  
L2_N0128 Comas et al. 2013 ERS217658 L2  
L2_N0130 Comas et al. 2013 ERS218314 L2  
L2_N0150 Comas et al. 2013 ERS218320 L2  
L2_N0151 Comas et al. 2013 ERS218321 L2  
L2_N0158 Comas et al. 2013 ERS218322 L2  
L2_N1001 Comas et al. 2013 ERS217663 L2  
L2_N1037 Comas et al. 2013 ERS217674 L2  
L2_N1051 Comas et al. 2013 ERS217676 L2  
L2_rus14 Casali et al. 2012 ERS003236 L2  
L2_rus16 Casali et al. 2012 ERS003237 L2  
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L2_V119BJ Comas et al. 2013 ERS218244 L2  
L2_V212BJ Comas et al. 2013 ERS218241 L2  
L2_V374BJ Comas et al. 2013 ERS218293 L2  
L3_1016204 Comas et al. 2013 ERS218204 L3  
L3_1180C Comas et al. 2013 ERS218150 L3  
L3_155808 Comas et al. 2013 ERS218213 L3  
L3_159008 Comas et al. 2013 ERS218217 L3  
L3_162908 Comas et al. 2013 ERS218218 L3  
L3_173305 Comas et al. 2013 ERS218219 L3  
L3_282801 Comas et al. 2013 ERS218229 L3  
L3_296904 Comas et al. 2013 ERS218230 L3  
L3_449706 Comas et al. 2013 ERS218232 L3  
L3_580605 Comas et al. 2013 ERS218239 L3  
L3_597805 Comas et al. 2013 ERS218240  L3  
L3_657005 Comas et al. 2013 ERS218243 L3  
L3_751B Comas et al. 2013 ERS218160 L3  
L3_793601 Comas et al. 2013 ERS218246 L3  
L3_855B Comas et al. 2013 ERS218162 L3  
L3_858405 Comas et al. 2013 ERS218247 L3  
L3_910079 Comas et al. 2013 SRS004758 L3  
L3_BTBH273 Comas et al. 2013 ERS217635 L3  
L3_K49 Comas et al. 2013 SRS001884 L3  
L3_MTB_138001 Comas et al. 2013 ERS218209 L3  
L3_N0033 Comas et al. 2013 ERS217648 L3  
L3_N0054 Comas et al. 2013 ERS218269 L3  
L3_N0056 Comas et al. 2013 ERS218270 L3  
L3_N0197 Comas et al. 2013 ERS218324 L3  
L3_N04 Comas et al. 2013 ERS218283 L3  
L3_N1007 Comas et al. 2013 ERS217666 L3  
L3_N1014 Comas et al. 2013 ERS217669 L3  
L3_N1022 Comas et al. 2013 ERS217671 L3  
L3_N1024 Comas et al. 2013 ERS217672 L3  
L3_N1032 Comas et al. 2013 ERS217673 L3  
L3_N1040 Comas et al. 2013 ERS217675 L3  
L3_N1058 Comas et al. 2013 ERS217679 L3  
L3_N24 Comas et al. 2013 ERS218284 L3  
L3_N37 Comas et al. 2013 ERS218285 L3  
L3_rus15 Casali et al. 2012 ERS003250 L3  
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L4_1026403 Comas et al. 2013 ERS218205  L4  
L4_141702 Comas et al. 2013 ERS218210 L4  
L4_155008 Comas et al. 2013 ERS218212 L4  
L4_157108 Comas et al. 2013 ERS218214 L4  
L4_217399 Comas et al. 2013 ERS218222 L4  
L4_219799 Comas et al. 2013 ERS218223 L4  
L4_230799 Comas et al. 2013 ERS218224 L4  
L4_231806 Comas et al. 2013 ERS218225 L4  
L4_233602 Comas et al. 2013 ERS218226 L4  
L4_267903 Comas et al. 2013 ERS218228 L4  
L4_478304 Comas et al. 2010 SRS004761 L4  
L4_549204 Comas et al. 2013 ERS218238 L4  
L4_BTBH587 Comas et al. 2013 ERS217636 L4  
L4_BTBS101 Comas et al. 2013 ERS217638 L4  
L4_BTBS458 Comas et al. 2013 ERS217640 L4  
L4_CDC1551E Comas et al. 2012 SRS005450 L4  
L4_DY131 Comas et al. 2013 ERS218249 L4  
L4_DY167 Comas et al. 2013 ERS218251 L4  
L4_DY195 Comas et al. 2013 ERS218252 L4  
L4_DY22 Comas et al. 2013 ERS218254 L4  
L4_DY8 Comas et al. 2013 ERS218257 L4  
L4_erdman Comas et al. 2013 SRS003328 L4  
L4_H37Rv Comas et al. 2013 ERS218263 L4  
L4_K37 Comas et al. 2010 SRS001887 L4  
L4_MT0001 Gardy et al. 2011 SRS074557 L4  
L4_MT0005 Gardy et al. 2011 SRS084142 L4  
L4_N0011 Comas et al. 2013 ERS217646 L4  
L4_N0046 Comas et al. 2013 ERS218302 L4  
L4_N0101 Comas et al. 2013 ERS218271 L4  
L4_N0103 Comas et al. 2013 ERS218309 L4  
L4_N0107 Comas et al. 2013 ERS218310 L4  
L4_N0109 Comas et al. 2013 ERS218311 L4  
L4_N0120 Comas et al. 2013 ERS218272 L4  
L4_N0125 Comas et al. 2013 ERS217657 L4  
L4_N0126 Comas et al. 2013 ERS218273 L4  
L4_N0131 Comas et al. 2013 ERS218274 L4  
L4_N0135 Comas et al. 2013 ERS218276 L4  
L4_N0136 Comas et al. 2013 ERS218316 L4  
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L4_N0137 Comas et al. 2013 ERS218277 L4  
L4_N0138 Comas et al. 2013 ERS217659 L4  
L4_N0142 Comas et al. 2013 ERS218278 L4  
L4_N0143 Comas et al. 2013 ERS218279 L4  
L4_N0144 Comas et al. 2013 ERS218280 L4  
L4_N0146 Comas et al. 2013 ERS218318 L4  
L4_N0148 Comas et al. 2013 ERS218319 L4  
L4_N0149 Comas et al. 2013 ERS218281 L4  
L4_N0163 Comas et al. 2013 ERS218282 L4  
L4_N0185 Comas et al. 2013 ERS217661 L4  
L4_N1008 Comas et al. 2013 ERS217667 L4  
L4_N1015 Comas et al. 2013 ERS217670  L4  
L4_N1052 Comas et al. 2013 ERS217677 L4  
L4_N1057 Comas et al. 2013 ERS217678 L4  
L4_V173IO Comas et al. 2013 ERS218221 L4  
L4_V293EA Comas et al. 2013 ERS218231 L4  
L4_V318EA Comas et al. 2013 ERS218290 L4  
L4_V355EA Comas et al. 2013 ERS218203 L4  
L4_V367IO Comas et al. 2013 ERS218234 L4  
L4_V440EA Comas et al. 2013 ERS218294 L4  
L4_V639EA Comas et al. 2013 ERS218295 L4  
L4_X581 Comas et al. 2012 SRS004841 L4  
L4_X632 Comas et al. 2012 SRS004831 L4  
L4_X721 Comas et al. 2012 SRS005448 L4  
L5_1001003 Comas et al. 2013 ERS218148 L5  
L5_1047301 Comas et al. 2013 ERS218193 L5  
L5_1048001 Comas et al. 2013 ERS218194 L5  
L5_1182103 Comas et al. 2010 SRS004762 L5  
L5_144902 Comas et al. 2013 ERS218211 L5  
L5_256902 Comas et al. 2013 ERS218195 L5  
L5_257702 Comas et al. 2013 ERS218227 L5  
L5_348203 Comas et al. 2013 ERS218196 L5  
L5_349404 Comas et al. 2013 ERS218197 L5  
L5_533304 Comas et al. 2013 ERS218198 L5  
L5_544404 Comas et al. 2013 SRS004763 L5  
L5_553604 Comas et al. 2013 ERS218200 L5  
L5_DY135 Comas et al. 2013 ERS218250 L5  
L5_DY20 Comas et al. 2013 ERS218253 L5  
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L5_DY21 Comas et al. 2013 ERS218164 L5  
L5_DY26 Comas et al. 2013 ERS218255 L5  
L6_414104 Comas et al. 2010 SRS004764 L6  
L6_533604 Comas et al. 2013 ERS218199 L6  
L6_538302 Comas et al. 2013 ERS218235 L6  
L6_541504 Comas et al. 2013 ERS218157 L6  
L6_546802 Comas et al. 2013 ERS218237 L6  
L6_823602 Comas et al. 2013 ERS218201 L6  
L6_ABCG Comas et al. 2013 ERS218202 L6  
L6_GM0981 Comas et al. 2010 SRS004760 L6  
L6_N0060 Comas et al. 2013 ERS217650 L6  
L6_N0089 Comas et al. 2013 ERS217654 L6  
L6_N0090 Comas et al. 2013 ERS217655  L6  
L6_N0091 Comas et al. 2013 ERS218305 L6  
L6_N0092 Comas et al. 2013 ERS218306 L6  
L6_N0098 Comas et al. 2013 ERS217656 L6  
L6_N0099 Comas et al. 2013 ERS218308 L6  
L6_N0115 Comas et al. 2013 ERS218312 L6  
L7_BTBH1012 Comas et al. 2013 ERS217634  L7  
L7_BTBH935 Comas et al. 2013 ERS217637 L7  
L7_BTBS610 Comas et al. 2013 ERS217642 L7  
L7_BTBS746 Comas et al. 2013 ERS217643 L7  
outgroup_canettii Comas et al. 2010 SRS002004 outgroup  
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ABSTRACT 
 
Skeletal evidence of tuberculosis (TB) is abundant across pre-colonial archaeological contexts in 
the Americas. Although the existence of pre-colonial “New World” TB was historically debated 
under the assumption the disease was introduced by European colonists, interdisciplinary analyses 
incorporating microscopic and molecular data continued to support skeletal evidence. The eventual 
identification of Mycobacterium tuberculosis complex (MTBC) DNA in vertebrae from Late 
Intermediate Period (LIP, 1000 – 1400 CE) contexts of the Osmore River Valley (ORV) in Peru 
led to the subsequent reconstruction and characterization of three pre-colonial MTBC genomes. 
Analyses revealed that the strains infecting the ORV populations were closely related to a strain 
currently adapted for seals and sea lions, M. pinnipedii, thus suggesting a zoonotic introduction of 
TB to South America. Since this discovery, the characterization of additional MTBC genomes in 
the Andean highlands of Peru and the high-altitude subtropical cloud forest of the eastern Andean 
slopes of Peru reveal M. pinnipedii was circulating in various LIP Peruvian geographic and 
ecological zones. However, the full geographic presence of M. pinnipedii and its involvement in 
pre-colonial TB across the Americas, remains unknown. To explore MTBC strain diversity in the 
Americas we molecularly investigated skeletal evidence of TB recovered from various geographic 
locations in different environments in North and South America. Here, we present preliminary 
data of our investigations into MTBC strains across the pre-colonial Americas with a sample set 
from sites across the North and South American continents representing various environments 
including Canada, California, Mexico, Peru, Chile, Colombia and Argentina. 
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INTRODUCTION 
 
Although one thought of as a disease of antiquity, tuberculosis (TB) is currently the leading cause 
of death due to an infectious agent. In 2019, the World Health Organization (WHO) reported that 
an estimated total 10.5 million people were infected with TB. That year the disease claimed 1.8 
million lives, with highest incidence rates reported in Africa, Asia, and South America (WHO, 
2019). It is estimated that today one in three people is infected with some form of latent, active, 
multi-drug resistant or extensively drug resistant tuberculosis. This socially disruptive and 
devastating disease is caused by members of the Mycobacterium tuberculosis complex (MTBC). 
Features of TB such as latency, respiratory and dietary transmission, and extensive host ranges 
which including a variety of mammals, have made the MTBC one of the most successful and 
ubiquitous pathogen groups in human history (Brites et al., 2018; Brosch et al., 2002). The MTBC 
is comprised of eight lineages that are phylogeographically distributed with lineage 4 (L4) having 
the greatest global presence today, dominating Europe and the Americas, (Gagneux et al., 2006; 
Ngabonziza et al., 2020) and likely reflecting the colonial introduction of this strain.   
 
Paleopathological evidence of TB from archaeological contexts is found across the globe 
suggesting a long history of human infection (Ortner et al., 2012; Robert and Buikstra, 2003; Stone 
et al., 2009). The abundance of osteological evidence of TB in the pre-colonial North and South 
Americas (Allison et al., 1973; Allison et al., 1981; Arriaza et al., 1995; Arateco, 1998; Buikstra, 
1976; Buikstra, 1981; Buikstra and Williams, 1991; García-Frías, 1940; Guichón et al., 2015; 
Guillén, 2012; Klaus et al., 2010; Requena, 1945; Roberts and Buikstra, 2003) has provided the 
opportunity to understand the evolution and ecology of MTBC members circulating in South 
America prior European arrival. However, TB in the Americas prior to Columbian contact 
remained controversial for some time despite the skeletal, soft tissue and molecular evidence 
(Wilbur and Buikstra, 2006). For example, the first genetic detection of ancient TB from pre-
colonial South America was published in 1994 (Salo et al., 1994) and although these novel results 
were supported by soft tissue and skeletal evidence, they were contested by some contemporaries 
stating it was likely the detection of environmental mycobacteria (Stead et al., 1995). However, in 
2014, the application of high throughput sequencing methods to pre-colonial archaeological 
human remains from the Osmore River Valley (ORV) in Peru allowed for reconstruction of three 
ancient TB genomes. Subsequent phylogenetic analysis revealed strains circulating in the ORV to 
be most closely related to a member of the MTBC currently associated with seals and sea lions, 
M. pinnipedii (Bos et al., 2014). This suggests the introduction of TB to the Americas through a 
zoonotic event of marine mammal to human transmission thus providing some evidence for the 
source of pre-colonial TB. Since that time human remains displaying tuberculosis like lesions from 
multiple sites across Peru, contemporaneous with reconstructed genomes from the ORV, have 
been analyzed both skeletally and molecularly to better understand the geographic expanse of this 
strain and MTBC strain diversity in the pre-colonial Americas. Multiple studies have identified 
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ancient strains closely related to M. pinnipedii from various locations and ecologies in South 
American, though they are currently unpublished (paper III and IV of this thesis; Vågene et al., 
data unpublished).   
 
Although M. pinnipedii has been identified from ancient Peruvian contexts, our understanding of 
MTBC strain diversity across the Americas prior to European arrival remains underexplored. To 
that end, in collaboration with Dr. Anne C. Stone, Dr. Jane E. Buikstra, and their graduate student 
Kelly Blevins from Arizona State University, we use molecular approaches to investigate pre-
colonial MTBC strains through the applying ancient DNA methods to skeletal evidence of TB 
from archaeological contexts across the Americas. Here, I present our preliminary data from the 
application of high through put methods for molecular screening of 28 samples (Table 1) from 
South American and North American archaeological contexts (Supplementary Figure 1). I discuss 
the promising results and precautions of this preliminary analysis and paths forward for this 
project.  
 
 
RESULTS 
 
Sequenced capture data mapping statistics 
The 28 samples included in this project came from archaeological context across the Americas, 
with representation from North American contexts, including Mesoamerica, and the majority of 
samples (n=15) from South American contexts. These samples had previously been screened for 
MTBC DNA using quantitative PCR methods (qPCR) using TaqMan qPCR assays. These assays 
target the rpoB gene, and two insertion elements found in MTBC: IS6110 and IS1081. The assay 
targeting the rpoB gene includes a TaqMan probe that binds to a sequence in the gene that is likely 
specific to MTBC (Harkins et al. 2015). All putatively positive samples were then prepared as 
UDG and non-UDG treated libraries for a total of 56 libraries. Mapping of the sequenced capture 
data to the TB ancestor reference (MTB_anc) (Comas et al., 2010) revealed that out of 56 libraries, 
six libraries had greater than 1x coverage of the reference genome (Table 2). For extended mapping 
results showing all samples please see supplementary tables 1 and 3. This included four UDG 
treated libraries (18881/427.3, 18883/429.1, 18891/492, 18892/495) and two non-UDG treated 
libraries which were the counterparts to UDG treated libraries 18891/492 and 18892/495. 
Concerning the UDG treated libraries were used for downstream phylogenetic analysis, coverage 
of the TB reference (MTB_anc) ranged from 1.24 to 6.81 mean fold. Three of the bone samples, 
18881/427.3 (Tenochtitlan, Mexico), 18883/429.1 (Tlatelolco, Mexico) and 18892/495 (Pica 8, 
Chile), are recorded to have been collected from vertebrae, however, sample 18891/492 (Pica 8, 
Chile) is recorded to have been collected from a tooth. This would be the first genome 
reconstruction of ancient TB from a dental sample. Out of all reconstructed genomes, only 
18892/495 from Pica 8, Chile, has met the minimum requirement for downstream analyses (5-fold 
mean coverage).  
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In further inspection of the mapping statistics, the damage patterns for the libraries which were 
prepared without UDG treatment show an unusual pattern. While the non-UDG library for the 
Chilean dental sample 492 (18852) shows approximately 0.04% damage which is a low percentage 
but within normal variation, the other three samples present extremely low percentages of DNA 
damage, ranging from approximately 1-2%. This inhibits the authentication of ancient DNA by 
traditional methods due the absence of an observable damage pattern. This was investigated further 
by observing damage plots generated by mapDamage2.0 (Jónsson et al., 2013) which confirm 
unusually low patterns. No positive control was included in extraction and library preparation and 
therefore could experimental conditions of extraction and library preparation not be examined.  
    
Although these libraries underwent in-solution capture for MTBC enrichment we mapped 
sequencing data to the human reference genome (Hg19) to evaluate damage patterns associated 
with reads mapping to the human genome (Supplementary Table 2 and 4).  The results of mapping 
to the human reference genome (Hg19) show all samples have thousands of reads mapping to 
Hg19 with a range from 3,343 to 892,471 reads mapping after quality filtering. Human endogenous 
DNA percentages vary in samples between 0.48 and 9.38. Results also show the human DNA 
damage is unusually low for typical ancient samples, similar to the observed damage in TB 
mapping with a slight increase. Of the four samples which produced MTBC genomes with at least 
1-fold coverage, human DNA damage percentages range from 2% to 5%. Similar to the TB 
reference mapping, evaluation of damage after mapping to the human reference reveals the damage 
patterns for sample 492 are within normal variation while the other three samples are much lower 
than what is normally observed. The absence of these expected patterns of damage of ancient DNA 
challenges the authentication of the antiquity of the sample (Briggs et al., 2007; Sawyer et al., 
2012). 
 
Metagenomic Analysis of Captured Samples 
In order to evaluate the microbial composition of the capture products, specifically the 
mycobacterial reads previously detected, we performed MALT analysis (Vågene et al., 2017) 
which would provide a metagenomic profile of our samples of interest. This would allow us to 
observe modern mycobacteria which because of the abundance of conserved genomic regions of 
mycobacterial species, may be contributing reads to the reconstructed genomes and influencing 
the damage patterns. We performed MALT analysis on all samples using a 95% sequence identity. 
Inspection of the node assignments as visualized in MEGAN (Huson et al., 2018) revealed the four 
genomes, 18881/427.3 (Tenochtitlan, Mexico), 18883/429.1 (Tlatelolco, Mexico), 18891/492 
(Pica 8, Chile), and 18892/495 (Pica 8, Chile), yielded sequencing reads assigning to MTBC 
ranging from 8582 to 1,049,781 (Supplementary Table 5). Further inspection of the alignments 
supported the identification of MTBC in the samples. However, evaluation of mycobacterial 
background showed the composition of the library was not over abundant with non-MTBC 
mycobacteria (Supplementary Table 5) and therefore environmental mycobacteria was ruled out 
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as a cause to the low damage patterns we observed.  Additionally, results of MALT analysis also 
showed that although the tooth sample from Pica 8, Chile yielded a TB genome (18891/492) it did 
not show any DNA evidence of oral microbiome members, however, this absence of oral microbes 
may be due to decontamination using a bleach dilution and the removal of the outer layer of the 
tooth root using a Dremel diamond wheel before sampling.   
 
A preliminary phylogenetic analysis 
Although ancient MTBC genomic analyses call for a minimum of 5-fold coverage for confident 
SNP calling in phylogenetics and evolutionary analysis (papers III and IV of this thesis), we 
lowered our minimum coverage requirement to 3-fold mean coverage in order to build a 
preliminary phylogeny including the 4 newly reconstructed genomes. In order to meet the required 
3-fold coverage, the sequencing reads for 18883/429.1 (Tlatelolco, Mexico) which showed a 1.24 
mean fold coverage, was concatenated with itself, doubling the sequencing data to creating an 
artificial increase. Because 18892/495 (Pica 8, Chile) also had a mean fold coverage below the 
minimum 3-fold threshold (1.90 mean fold coverage), sequencing reads for this sample were also 
concatenated to provide an artificial increase to meet the threshold. These modifications would 
permit the construction of a preliminary phylogeny including the 4 newly reconstructed genomes. 
However, due to the preliminary nature of these data the phylogeny should be viewed as only as a 
preliminary phylogenetic position of these genomes. 
 
A Maximum Parsimony tree was constructed using MEGA7 (Kumar et al., 2016) to show a 
phylogeny of the genomes as viewed in Figure 1. The phylogeny shows the genomes deriving 
from Pica 8, Chile (18891/492 and 18892/495) as closely related to M. pinnipedii and the 
previously characterized ancient TB genomes coastal and lowland sites of Peru, Osmore River 
Valley (54U, 58U, 64U from Bos et al., 2014) and those from the Andean highland site of Huari 
(HUA004, HUA006, HUA016, HUA037, HUA041, HUA051, HUA057 from paper III of this 
thesis). The genome 18891/492 from Pica 8 is placed ancestral the subclade of ancient MTBC 
strains and modern M. pinnipedii, including the other genome from Pica 8 18892/495. This 
diversity of the genomes from Pica 8 may be a product of the low coverage of 18891/492 which 
was artificially increased to meet the threshold of 3-fold minimum coverage for the alignment 
construction using MultiVCFAnalyzer (Bos et al., 2014). Unexpectedly, the reconstructed 
genomes from central Mexico, 18881/427.3 and 18883/429.1, are positioned between M. microti 
and the subclade made up of ancient TB and M. pinnipedii. This represents a strain of ancient 
MTBC not previously identified with remarkable difference from the previously identified ancient 
TB strains which are closely positioned with M. pinnipedii (Figure 1). The long branch of 
18881/427.3 (Tlatelolco, Mexico) is not unexpected as sequencing data for this captured product, 
like 18891/492 (Pica 8, Chile), was artificially increased through concatenation of the same 
sequencing reads meet the 3-fold coverage minimum requirement for alignment build using 
MultiVCFAnalyzer (Bos et al., 2014). Although the artificial increase allowed for preliminary 
phylogenetic analysis, it does not increase coverage across the reference genome. Therefore, low 
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coverage of a genome results in an abundance of ambiguous sites with relatively few 
phylogenetically informative sites.  Although the genome from Pica 8, 18891/492, also is of low 
coverage (1.90 mean fold coverage), the genome 18881/427.3 (Tlatelolco, Mexico) (1.24 mean 
fold coverage) has less than 60% of the TB reference covered at 1-fold (Supplementary Table 3).  
 
 
DISCUSSION 
 
Preliminary data: promise and precautions 
Our preliminary data support bioarchaeological reports of tuberculosis in Chile and Mesoamerica 
prior to European contact. The reconstructed ancient MTBC genome from the library 18852/492 
(Pica 8, Chile) presents a 1.60-fold mean genomic coverage in this initial reconstruction with 
damage patterns characteristic of ancient DNA permitting the authentication of its antiquity. 
Although the non-UDG treated data of the other Chilean sample (18853/495) does not show a 
typical damage pattern for DNA, both the UDG treated library (18892) and non-UDG treated 
library (18853) yield adequate coverage for phylogenetic analysis with 6.81 fold mean coverage 
and 7.48 mean fold coverage respectively. Phylogenetic analysis of the genomes reconstructed 
using the UDG treated data (18891/492 and 18892/495) reveals the Chilean samples as harboring 
an ancient MTBC strains closely related to modern M. pinnipedii strain and to the other ancient 
TB strains recovered from the western region of South America (Figure 1). In particular, genome 
18892/495 is positioned as closely related to the previously published MTBC strains from the 
Osmore River Valley (Bos et al., 2014). This finding further supports previous characterizations 
of reconstructed ancient MTBC genomes, firmly positioned in the subclade of modern M. 
pinnipedii and ancient MTBC, adding to our understanding of the geographic presence of this 
subclade.  
 
The results of the preliminary phylogenetic analysis reveal the identification of a unique strain of 
MTBC circulating in Mexican populations (18881/427.3 and 18883/429.1). Although some 
variation would be expected due to the geographic distance between these data sets, this finding is 
unexpected due to the previous identification of ancient pre-colonial strains closely related to M. 
pinnipedii. This finding gave rise to the pinniped hypothesis stating the initial introduction of TB 
to the Americas was from a zoonotic event whereby pinnipeds were the source of pre-colonial 
human TB infection in the Americas. As the strain identified in the Mexican populations 
(18881/427.3 and 18883/429.1) represents a previously unknown MTBC strain it could provide 
additional information on the origin and spread of MTBC in the pre-colonial Americas. This strain 
has not previously been characterized in studies of modern or ancient TB and will require a 
significant increase in genome coverage to conservatively reconstruct genomes and alignments 
with increased quality measures and subsequently appropriately analyze and describe for 
publication.  
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The preliminary analyses of this data set reveal promise to add to the known diversity of pre-
colonial MTBC strains circulating in the Americas. The geographic expanse and cultural breadth 
from which these samples were recovered provide the opportunity for a greater understanding of 
MTBC evolution and ecology. Several unique findings in this preliminary analysis will need 
further investigation. The recovery of an ancient MTBC genome from a tooth sample should be 
further investigated as the metagenomic analysis showed no oral microbe signature. However, it 
should be noted this sample was cleaned with a diluted bleach solution for decontamination before 
sampling. This is would be the first published report of ancient TB deriving from a dental sample. 
Furthermore, the identification of novel MTBC strains circulating in pre-colonial Mexico will not 
only require a significant increase in coverage as previously noted, but additional support for the 
description of this ancient MTBC strain would be provided by the authentication of ancient DNA 
through observations of damage patterns. Because mycobacteria are ubiquitous in soil and water 
it is essential to rule out any environmental contaminants and to authenticate the ancient origin of 
the recovered MTBC strain. 
 
Paths forward 
Ancient DNA has undergone serious criticisms of lack of authentication, possible contamination, 
and irreproducibility of results (Cooper and Poinar, 2001; Gilbert et al., 2005; Willerslev and 
Cooper, 2005; Muller et al., 2016).  New laboratory and computational tools are improving the 
ability to manage and even remove environmental contamination, permitting the authentication of 
observed genetic diversity and allowing confident evolutionary analyses. For example, the 
application the MALT-HOPS pipeline in the molecular detection and characterization of ancient 
pathogens, including MTBC, not only permits sensitivity and specificity in the identification of 
pathogens (Hübler et al., 2020; Vågene et al., 2018) but also allow for the simultaneous confident 
detection of co-infections (Giffin et al., 2020). Additionally, these methodological advances allow 
the evaluation of the microbial profile of a skeletal/dental sample. Metagenomic approaches 
offering the ability to inspect the microbial composition of a sample are particularly valuable to 
paleopathological studies involving archaeological samples and the development of downstream 
target DNA recovery strategies (Bos et al., 2019; papers II and III of this thesis; Spyrou et al., 
2019). Likewise, evaluation of the microbial composition of a sample of extracted DNA enables 
the identification of pathogens which may have gone undetected, skeletally or through targeted 
molecular approaches. Additionally, environmental microbes may often be closely related to a 
pathogen of interest and complicate analyses through false positive detections when using less 
specific targeted approaches. It should be noted, however, these soil and water residing microbes 
can also challenge genomic analysis through the unintentional incorporation of environmental 
DNA to reconstructed genomes (paper III of this thesis, Nelson et al., in prep). To address this, 
SNPEvaluation was developed to assist in the authentication of the genetic diversity observed in 
reconstructed ancient genomes and allow for the removal of contaminant reads 
(https://github.com/andreasKroepelin/SNP_evaluation) (Keller et al., 2019). These methods allow 
for sensitivity in analyses and for continual methodological adjustments to project design to enable 
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efficient recovery of DNA with measures of quality control. These steps that are taken in ancient 
MTBC research and the subsequent reconstruction of ancient MTBC genomes are certainly 
required for the production of confident results and analyses. 
 
In order to meet the goals of increased genomic coverage, increased quality measurements, and 
more confident downstream analyses, we have generated additional sequencing data from a new 
set of capture data (see methods). For this sample set we have included positive controls for all 
steps in laboratory methods, to monitor the quality of each step and ensure efficiency in each 
reaction. Additionally, we have added a step between library preparation and indexing in in which 
we quantify the concentration of DNA extracted from each sample and calculate the number of 
barcodes necessary to efficiently recover DNA. We constructed UDG libraries to be captured and 
sequenced deeper to ensure greater genome coverage for phylogenetic analysis. We also 
constructed non-UDG libraries to evaluate damage profiles for authentication measures. In the 
generation of these data all steps were carried out in the cleanroom dedicated to ancient DNA at 
the Max Planck Institute for the Science of Human History, Jena, Germany thereby removing the 
need to transport libraries. Analysis is underway on this new dataset which is permitting a more 
in-depth and confident look at the evolution and ecology of MTBC strain diversity.  
 
CONCLUSION 
 
Here, we present preliminary results which show the detection of ancient MTBC strains from Chile 
and Mexico. The identification of MTBC DNA in a geographically broad sample set which 
included various anatomical elements provides insight to the recovery of ancient TB DNA from 
different environments and sample types. Furthermore, our results reveal a broad geographic 
presence of MTBC strains prior to European contact with the first pre-colonial MTBC genome 
reconstructed from Mexico. These data provide new information on the presence of pre-colonial 
MTBC, adding to the known geographic region and cultural landscape of TB in the Americas prior 
to European colonization. Although the results of our preliminary phylogeny are intriguing, we 
need further confirmation through the generation of new libraries with greater coverage that will 
permit more in-depth evolutionary analysis of MTBC across the Americas.   
 
MATERIALS AND METHODS 
 
ASU: Sample preparation, extraction, and screening 
One hundred and twenty-seven anatomical elements deriving from individuals with lesions 
suggestive of tuberculosis were selected for this project. The sample set is composed of a variety 
of anatomical elements including ribs, vertebrae, a phalanx, a tooth, and pelvis fragments. These 
elements were processed in cleanroom facilities at Arizona State university (ASU), USA using a 
Dremel tool to create subsamples to be made into bone or dental powder. These subsamples were 
first decontaminated by wiping with 10% bleach solution followed by distilled water and UV 
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radiated for 1 minute. Subsamples of bone and the whole tooth sample were then pulverized using 
an 8000M Mixer/Mill (SPEX). Each subsample was then individually extracted for DNA 
following ancient DNA extraction protocols as outlined by Dabney et al. (2013). All DNA extracts 
were accompanied by extraction blanks and quantified using the Qubit High Sensitivity assay (Life 
Technologies). No positive control was included in extraction or downstream generation of data.  
 
DNA extracts were screened for the presence of MTBC DNA with quantitative PCR methods 
(qPCR) using TaqMan qPCR assays. These assays target the rpoB gene, and two insertion 
elements found in MTBC: IS6110 and IS1081. The assay targeting the rpoB gene includes a 
TaqMan probe that binds to a sequence in the gene that is likely specific to MTBC (Harkins et al. 
2015). This analysis was performed using an Applied Biosystems 7900HT thermocycler. Of the 
initial 127 samples, 28 skeletal samples were selected for library preparation based on PCR 
screening results. 
 
ASU: Library preparation  
DNA extracts that amplified for at least one MTBC qPCR assay (n=28) (Table 1) and negative 
controls (n=11) were prepared into UDG libraries and non-UDG libraries for a total of 56 libraries 
with 22 negative controls in the ASU cleanroom facilities. It should be noted that the construction 
of non-UDG and UDG libraries were in some cases made from different DNA extractions of 
homogenized bone powder depending on the amount of eluate used for qPCR detection which was 
sometimes repeated to confirm observations in experiments. All libraries and negative controls 
were then sent to the Max Planck Institute for the Science of Human History, Jena, Germany to be 
quantified and amplified for in-solution hybridization capture of target MTBC reads and 
subsequently sequenced. The samples were packed with dry ice to maintain a frozen state to 
preserve the DNA library and decrease the accumulation of damage and scheduled to arrive in 
approximately 3-5 days. Unfortunately, the shipment was delayed in transit and upon their arrival 
the samples were thawed and in a liquid state as the dry ice had sublimated during shipment. The 
samples were then stored in a freezer at -20 ˚ Celsius in the laboratory for indexed DNA at the 
Max Planck Institute for the Science of Human History. Samples were then entered into the MPI-
SHH database (Pandora) and given external ID codes for in house processing.   
 
Amplifications 
The volume of positive samples and negative controls were measured to evaluate for evaporation 
of the sample which occurred in transit. The concentration (ng/µl-1) of all samples was measured 
using a 4200 Tape Station Instrument (Agilent). In order to meet the required concentration for 
capture (approximately 200 ng/µl) for each sample, calculations were performed to identify the 
appropriate number of cycles of amplification for each individual sample. Amplifications were 
then performed using the Pfu Turbo Cx Hotstart DNA Polymerase (Agilent) and products were 
purified using a Qiagen MinElute purification kit and eluted in 20 µl. Following purification, 
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samples were again measured for concentration. The process was repeated as needed until all 
samples met the required concentration of DNA for MTBC targeted in-solution capture.   
 
MTBC in-solution capture 
In-solution hybridization (Vågene et al., 2018) for MTBC DNA was then performed on the 
amplified DNA libraries and negative controls. The two libraries for each sample (UDG and non-
UDG) underwent two rounds of capture using single-stranded probes that were designed using the 
computationally reconstructed ancestor of MTBC (Comas et al., 2010). The in-solution capture 
protocol was performed as presented by Fu et al. (2013) but amended to not include Cot-1 DNA 
in the mastermix. During capture the sample is enriched for MTBC reads through the binding of 
MTBC to the complimentary probes and all non-MTBC DNA fragments are washed away in 
purification. A positive control of known MTBC DNA content values was included for capture to 
ensure efficiency. 
 
Sequencing data of capture products 
All captured products of samples were sequenced using a paired-end 75 bp kit to a depth of 10 
million reads on an Illumina HiSeq 4000. Using the EAGER pipeline (Peltzer et al., 2016) 
sequencing data were processed including removal of Illumina adapters using AdapterRevmoal v2 
(Schubert et al., 2016), reference mapping using BWA-aln (v. 0.7.12) (Li and Durbin, 2009), 
quality filtered using SAMtools, removal of duplicates using Mark Duplicates, and the evaluation 
of DNA damage patterns with mapDamage2.0 (Jónsson et al., 2013). All samples were mapped to 
both the human (Hg19) reference and TB ancestor reference (MTB_anc) (Comas et al., 2010). 
Strict mapping parameters for UDG treated libraries (-l 32, -n 0.1, -q 37) were used as is 
appropriate for libraries in which DNA damage had been removed. However, more lenient 
mapping parameters (-l 16, -n 0.01, -q 24) were used for the non-UDG treated libraries in order to 
accommodate for the mismatches due to DNA damage which accumulates over time. Likewise, 
all negative controls were mapped using lenient parameters as few MTBC reads are expected. 
Following this, SNP calling was performed with the UnifiedGenotyper in GATK (DePristo et al., 
2011) in both UDG treated and non-UDG treated library sequencing data. 
 
Metagenomic Screening for MTBC using MALT  
In order to evaluate the capture efficiency and metagenomic composition of the captured libraries, 
we employed a metagenomic pathogen screening method using the Megan Alignment Tool 
(MALT) (version 0.3.8) (Vågene et al., 2018). MALT analysis was carried out using the NCBI 
full nucleotide database (nt) (Nov. 2017) which includes bacteria, viruses, and eukaryotes. The 
visualization of MALT analysis in MEGAN (Huson et al., 2016) permits the evaluation of 
alignments of sequencing reads assigned to specific nodes. All samples were screened using a 
minimum of 95 percent sequence identity. All other parameters were set to default.  
  

Phylogenetic Analysis 
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All reconstructed MTBC genomes with a minimum of 3-fold coverage were included in 
phylogenetic analysis. The MTBC genomes presented in this manuscript were analyzed together 
using a dataset that includes the three previously published ancient coastal TB genomes (Bos et 
al., 2014) and 7 unpublished ancient TB genomes reconstructed in house at Max Planck Institute 
for the Science of Human History (paper III of this thesis) (HUA004, HUA006, HUA016, 
HUA037, HUA041, HUA051, HUA057). We performed calling of variant SNPs within our 
reconstructed genomes using the tool UnifiedGenotyper (v. 3.5) from the Genome Analysis 
Toolkit (GATK) (DePristo et al., 2011). Using MultiVCFAnalyzer (Bos et al., 2014) we produced 
tables for downstream SNP analysis including a table of all variant positions across all genomes 
and a SNP alignment for phylogenetic tree construction. Our parameters selected for a minimum 
of 3-fold coverage of all variant positions and a minimum genotype quality of 30. In addition, our 
SNP analysis and construction of the SNP alignment also included the removal of regions such as 
homoplastic sites, repetitive elements, tRNAs, mRNAs, and rRNAs. The alignment for the tree 
was modified using MEGA7 (Kumar et. al, 2016) to 98% partial deletion of data and the 
subsequent phylogeny was constructed using the Subtree-Pruning-Regrafting algorithm with 200 
bootstrap iterations.  
 
MPI-SHH: Laboratory methods for follow up 
Bone powder was collected in the ASU cleanroom. All experiments from this point forward were 
carried out in the DNA laboratories at Max Planck Institute for the Science of Human History. 
Ancient DNA samples were not taken out of the cleanroom dedicated to ancient DNA until they 
were given unique barcodes.  
 
MPI-SHH: DNA Extraction  
Powdered bone and dental samples were measured to include approximately 50 mg of powder for 
DNA extraction. Extraction of DNA was performed using a protocol designed for short fragments 
of DNA, typical of ancient samples (Dabney et al., 2013). The powder for each sample was 
collected in a 2ml tube and was suspended with 1ml of extraction buffer (0.45M EDTA, pH 8.0, 
and 0.25 mg/ml proteinase K) and incubated for approximately 18 hours at 37˚ C. After incubation, 
the tubes were centrifuged, and the supernatant was collected from each sample. The remaining 
bone pellet was saved and stored at -20˚ C. The supernatant was then added to 10 ml of GuHCl-
based binding buffer in High Pure Extender Assembly (Roche) silica membrane spin columns. All 
columns were spun for 9 min at 1500 rpm setting. The DNA was then purified using the High 
Viral Nucleic Acid Kit (Roche). The DNA bound to the silica membrane of the column was 
purified was eluted in 50ul of TET (10mM Tris-HCl, 1mM EDTA pH 8.0, 0.05% Tween20) with 
a saturation time of 2 minutes before centrifugation at 14,000 rpm for 1 min. The elution step was 
repeated to collect a total of 100 μl elute for each sample. Extraction blanks and one positive 
control of known DNA concentration was carried along to ensure the experiment was performed 
under good conditions.  
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MPI-SHH: Library preparation for new libraries  
Subsequently, extractions were prepared into two sets of uniquely indexed libraries: UDG treated 
libraries (Briggs et al., 2010) and libraries which did not undergo UDG treatment (Meyer and 
Kircher, 2010). The libraries without UDG treatment would allow for the observation of DNA 
damage to authenticate the antiquity of the detected TB DNA. The protocol for library build varies 
between the two methods in both amount of extract DNA and inclusion of enzymes. The protocols 
for MPI-SHH differ from those used for the previously constructed libraries in that MPI-SHH 
calculates out the amount of index combinations for each sample to ensure indexing efficiency. 
Without this calculation, the extracted DNA may be of a greater concentration than the amount of 
indexes provided and would then be lost in quantification and sequencing. The protocols carried 
out at MPI-SHH for the new data set are outlined below.  
 
Library build protocol without UDG treatment: Ten μl of extracted DNA from each sample 
were prepared as individual double-stranded DNA libraries following a modified protocol (Meyer 
and Kircher, 2010). This begins with repair of DNA fragment overhands using a blunt -end repair 
method whereby 10 μl of each extract is treated with 10 μl of H2O, 5 μl of NEB Buffer 2 (New 
England Biolabs), .2 μl of dNTP mix, 2 μl BSA, 5 μl ATP (10mM), 2 μl T4 PNK (polynucleotide 
kinase), and 0.4 μl T4 polymerase to equal 50 μl of total reaction for each sample. Each reaction 
was incubated at 15°C for 15 minutes, then at 25°C for 15 minutes in the thermocycler. The 
reactions were then subjected to a purification step in which they were then combined in a 1.5 ml 
LoBind tube with 600 μl of PB buffer (Qiagen). Each reaction was then loaded onto a MinElute 
column and incubated at room temperature for 1-2 minutes. The columns were then centrifuged 
for 30 seconds at 13000 rpm and upon completion the flow through supernatant was discarded. 
We then added 650 PE wash buffer (Qiagen) to each column and immediately centrifuged these 
samples for 30 seconds at 13000 rpm. The flow through was discarded and the columns were then 
“dry spun” in the centrifuge for 1 min at 13000 rpm, the columns were then rotated 180 ˚ and spun 
again to ensure the removal of all flow through. The column was then inserted into a new 1.5 ml 
LoBind tube and eluted in 20 μl of elution buffer containing .05% Tween. Adapter ligation was 
then performed by adding the elute to 20 μl of Quick Ligase Buffer, 1 μl of adapter mix, and 1 μl 
of Quick ligase to create an adapter ligation reaction that was incubated at 22˚ C for 20 minutes. 
The reaction was then purified as outlined above with a final elute of 22 μl of EB and Tween. 
Adapter fill in was then performed by adding 4 μl of Thermopol Buffer, 2.1 μl of dNTPs, 2 μl of 
Bst polymerase, and 13.8 of H2O to each purified eluate of the ligation assay. This was then 
incubated at 37 ˚ C for 30 minutes and then 80 ˚ C for 10 minutes in the thermocycler. The process 
resulted in a remaining 40 μl of DNA library. The libraries which had not yet been indexed were 
then quantified with a qPCR reaction with 1 μl of DNA from each prepared ancient DNA library, 
10 μl of Dynamo, 1 μl of each primer (IS7 and IS8), 7 μl of H2O, and 1 μl of 12 DNA standards 
from 10^3 to 10^8 quantities along with two qPCR blanks. The remaining amount of prepared 
library was stored at -20 ˚ C for storage in the ancient DNA “clean lab”.  
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Library build protocol with UDG treatment:  Samples were prepared as double-stranded DNA 
libraries using a volume of 50 ul of DNA. The UDG treatment and library protocol differ in the 
first stage of library preparation where we first treated the libraries with uracil-DNA-glycosylase 
(UDG) to remove postmortem damage. Using a total of 50 μl of DNA we then added to the reaction 
a master mix of 15 μl of NEB Buffer 2, 15 μl of ATP, .75 μl of BSA, 1.8 μl of dNTPs, 6 μl of T4 
PNK, 9 μl of USER enzyme and 22.45 μl of H2O. The reaction was incubated at 37˚ C for 3 hours. 
The reaction then received 6 μl of T4 polymerase to each library and was incubated for an 
additional 20 minutes at 25 ˚ C and 10 minutes at 12 ˚ C. The reaction was then purified using the 
MinElute kit as previously described and the remainder of the protocol follows the traditional 
library preparation from adapter ligation forward. The UDG-treated libraries were quantified on a 
quantitative PCR (qPCR) using IS7/IS8 primer combinations. This quantification was used to 
calculate the appropriate quantity of index needed for each sample.  
 
Indexing of prepared libraries: Subsequently, all libraries were divided into multiple PCR 
reactions for double indexing (Meyer and Kircher, 2010; Kircher et al., 2012) based on their initial 
quantification and measurement, in order to ensure maximal amplification efficiency. The 
prepared libraries were barcoded individually giving each sample library a unique 8 base pair 
identifier index for later reference, evaluation, and analysis of the DNA unique to that sample. 
Indexing was performed in the cleanroom across two days, separating the library into two equal 
halves to ensure the successful indexing and recovery of DNA. Indexing was performed using Pfu 
Turbo Cx Hotstart DNA Polymerase (Agilent) and with optimized efficiency by splitting the 
library to a number of reactions based on the concentration of DNA (a maximum of 2 x 1010 
molecules of DNA) in the library to ensure the appropriate amount of index primers to be added 
so that all DNA fragments would be recovered. Libraries were split a minimum for 4 times and 
adjusted for higher concentrations to ensure efficiency of the indexing reaction. Based on a split 
of four, the library would be divided across four reactions with each reaction receiving 10 μl of 
Pfu Turbo Buffer, 1.5 μl of BSA, 1 μl of dNTPs, 1 μl of Pfu Turbo Polymerase, 9 μl of H2O and 
2 μl of each primer (P5 and P7). The reaction was amplified with an initial denaturation at 95 ˚ C 
for 2 minutes and 10 cycles of 95 ˚ C for 30 seconds with a following 58 ˚ C for 30 seconds and 
72 ˚ C for 1 minute ending with an elongation at 72 ˚ C for 10 minutes and holding the reactions 
at 10 ˚ C. All indexed reactions were then purified using a MinElute Kit using one column for a 
maximum of four reactions. All indexed libraries were quantified using qPCR with IS5 and IS6 
primers to calculate the efficiency of the indexing reaction. The total result of all indexing resulted 
in 50 μl of index library.  
 
Amplification for capture: After indexing all libraries, the concentration of each library was 
measured and then calculations for amplifications were performed to split each library across 3 
reactions so the combined products would meet the required concentration of 200-300 ng/µl for 
in-solution TB capture. Amplification was performed as previously described on the indexed 
libraries using Herculase II Fusion DNA Polymerase (Agilent). The amplified indexed libraries 
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were subsequently purified using the MinElute DNA purification kit (Qiagen) and eluted in 25 µl 
TET (10mM Tris-HCl, 1 mM EDTA pH 8.0, 0.05% Tween20).  After all libraries were 
appropriately prepared, MTBC targeted in- solution capture was performed for two rounds on both 
library sets. The capture product was then sequenced on a HiSeq 4000 to a depth of 20 million 
reads using a paired-end 75 base pair kit.   
 
 
Table 1. List of samples IDs included in this data set with site name and location and anatomical element 
from which the sample was taken. The samples which were carried through in downstream analyses are 
highlighted yellow. It should be noted that MPI-SHH ID’s are showing the last five digits, as all external libraries 
are given the prefix XXX001.A… (XXX001.A18873). 
 

 
 

MPI-SHH ID: 
UDG treated 

libraries

MPI-SHH ID: 
library (non-

UDG)
ASU 

sample ID Site name Site location
Anatomical element 

sampled
18873 18834 353.3 Kuelap Peru vertebra

18874 18835 354.1 Kuelap Peru rib 

18875 18836 355.1 Kuelap Peru mandibular right 2nd molar

18876 18837 358.2 Kuelap Peru pelvis 

18877 18838 361.2 Kuelap Peru vertebra

18878 18839 362 Kuelap Peru pelvis 

18879 18840 393.2 Portalegre 1987 Colombia vertebra

18880 18841 398.2 UPTC-Basque Alto Laboratorios Colombia vertebra

18881 18842 427.3 STF 2 7 Mexico vertebra

18882 18843 427.4 STF 2 7 Mexico vertebra

18883 18844 429.1 Tlatelolco 282 Mexico vertebra

18884 18845 429.2 Tlatelolco 282 Mexico rib

18885 18846 429.3 Tlatelolco 282 Mexico rib

18886 18847 430.2 Tlatelolco 23 Mexico calculus

18887 18848 483 Kleinberg Canada vertebra

18888 18849 488 Maurice Canada vertebra

18889 18850 489 Maurice Canada vertebra

18890 18851 491 Pica 8 Chile vertebra

18891 18852 492 Pica 8 Chile maxillary right 2nd molar

18892 18853 495 Pica 8 Chile vertebra

18893 18854 499 Puqueldon I Chile vertebra

18894 18855 500 Chonos, Puquitin Chile sacrum 

18895 18856 502 Sunol #2305 California, USA metacarpal

18896 18857 505 Sunol #2305 California, USA Thoracic centrum (unfused)

18897 18858 506 Sunol #2305 California, USA Thoracic centrum (unfused)

18898 18859 507 Sunol #2305 California, USA rib 

18899 18860 508.2 Saujil-Tinogasta Argentina proximal pedal phalanx

18900 18861 508.3 Saujil-Tinogasta Argentina  rib
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Table 2. Mapping statistics for TB captured data from UDG & non-UDG libraries of samples with at least 1-
fold coverage when mapped to the TB Ancestor reference. It should be noted that MPI-SHH ID’s are showing 
the last five digits, as all external libraries are given the prefix XXX001.A… (XXX001.A18873). 
 

 
 
 
   
 
 

MPI-SHH ID

External 
Library 

ID Arch Site 
Anatomical 

element

Raw 
Sequencing 

Reads

% 
Merged 
Reads

Mapped 
Reads after 

Quality 
Filter

Endogenous 
DNA after 

Quality 
Filter

Mean 
Coverage

Damage 
1st Base 
3' end

Damage 
2nd Base 

3' end

Damage 
1st Base 
5' end

Damage 
2nd Base 

5' end

median 
fragment 

length

GC 
content 

in %

UDG treated

18881 427.3 STF , Mexico
Lumbar 

vertebra 23252946 97.838 104380 1.49 1.24 0.0040 0.0033 0.0034 0.0032 46 63.18

18883 429.1
Tlatelolco, 

Mexico
Lumbar 

vertebra 24197828 99.179 358196 4.67 3.97 0.0014 0.0010 0.0013 0.0010 44 62.57

18891 492 Pica 8, Chile
Upper Right 

2nd Molar 28312858 99.275 189048 4.08 1.90 0.0044 0.0014 0.0036 0.0013 42 62.37

18892 495 Pica 8, Chile
Lumbar 

vertebra 24416656 98.844 708301 8.94 6.81 0.0022 0.0013 0.0018 0.0010 40 61.41
Not UDG treated

18842 427.3 STF , Mexico
Lumbar 

vertebra 25557968 76.762 1752 0.33 0.02 0.0124 0.0060 0.0127 0.0143 56 60.11

18844 429.1
Tlatelolco, 

Mexico
Lumbar 

vertebra 23459672 83.358 19734 2.29 0.32 0.0168 0.0081 0.0219 0.0102 76 63.88

18852 492 Pica 8, Chile
Upper Right 

2nd Molar 24471024 98.274 148172 3.25 1.60 0.0361 0.0170 0.0338 0.0161 45 63.26

18853 495 Pica 8, Chile
Lumbar 

vertebra 26783090 98.465 762193 8.88 7.48 0.0193 0.0113 0.0197 0.0106 41 61.49
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Figure 1. Preliminary phylogeny of pre-colonial American TB genomes. This Maximum Parsimony tree was 
constructed using 269 genomes with 14 ancient MTBC genomes from the Americas, including the 4 preliminary 
genomes presented in this work, 7 unpublished genomes from paper III of this thesis and 3 published genomes from 
Bos et al., 2014 (64U, 54U, 58U). The data were selected for sites which had at least 98% coverage creating an 
alignment with a total of 37,353 sites out of 60,222 total sites were used. For this phylogeny the minimum fold 
coverage for calling sites was set to 3-fold to accommodate the low coverage nature of this preliminary data and the 
tree was constructed using 200 bootstraps. The alignment for this tree was prepared using MultiVCFAnalyzer (Bos et 
al., 2014) and the tree was constructed using MEGA7 (Kumar et al., 2016) with M. canetii as the outgroup. 
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Supplementary Table 5. Estimations of MTBC reads and evaluation of mycobacterial background contamination 
of samples using MALT analysis. The yellow highlight indicates the four genomes reconstructed thus far. Genomes 
18883/429.1, 18891,492, and 18892/495 show remarkable values of 99-100% MTBC reads, suggesting little to no 
environmental mycobacteria background. Genome 18881/427.3 has an estimated 63% of MTBC reads suggesting a 
significant amount of contamination from environmental mycobacteria. It should be noted that MPI-SHH ID’s are 
showing the last five digits, as all external libraries are given the prefix XXX001.A… (XXX001.A18873). 
 

 
 
 
 

MPI-SHH ID: 
UDG-libraries

ASU 
sample 
ID Elements sampled

Total 
Assigned 
Reads in 

MALT 
95ID

Total 
Summarized 

Reads 
Mycobacteria

Total Assigned 
Reads 

Mycobacteria

Total non-MTBC 
Myocbacterial 

Reads

Total 
Summarized 
Reads MTBC

Total 
Assigned 

Reads 
MTBC 

Upper Boundary 
Calculation 

Estimation of 
MTBC Reads (%)

Lower 
Boundary 
Calculation 

Estimation of 
MTBC reads (%)

Middle 
Calculation 

Estimation of 
MTBC reads (%)

18873 353.3 vertebra 827869 25320 14433 19785 5535 4262 0.79 0.22 0.22
18874 354.1 rib 615838 14826 9389 12541 2285 1585 0.79 0.15 0.16
18875 355.1 mandibular right 2nd molar 845210 9836 5461 7896 1940 1661 0.75 0.20 0.20
18876 358.2 pelvis 383994 61876 39717 52348 9528 6475 0.80 0.15 0.16
18877 361.2 vertebra 527895 51871 34809 44638 7233 5043 0.81 0.14 0.14
18878 362 pelvis 448041 40713 27400 34927 5786 4055 0.82 0.14 0.14
18879 393.2 vertebra 954528 14568 9262 12294 2274 1648 0.79 0.16 0.16
18880 398.2 vertebra 439060 12204 5573 8027 4177 3601 0.80 0.34 0.35
18881 427.3 vertebra 1117229 30295 16012 21304 8991 8582 0.83 0.30 0.30
18882 427.4 vertebra 896005 97700 34284 42765 54935 53190 0.91 0.56 0.57
18883 429.1 vertebra 1208995 255203 6207 7689 247514 243328 0.99 0.97 0.98
18884 429.2 Rib 1344858 7769 2650 3309 4460 4460 0.92 0.57 0.58
18885 429.3 Rib 1520618 19425 4105 5372 14053 13823 0.93 0.72 0.73
18886 430.2 calculus 1268785 7197 4243 5237 1960 1639 0.86 0.27 0.28
18887 483 vertebra 1148326 8382 3139 4442 3940 3773 0.84 0.47 0.47
18888 488 vertebra 395898 16483 10499 13839 2644 1959 0.80 0.16 0.16
18889 489 vertebra 392160 17502 11705 14855 2647 1945 0.82 0.15 0.15
18890 491 vertebra 3063760 16259 1531 1531 14728 14728 1.00 0.91 0.91
18891 492 maxillary right 2nd molar 3003423 277787 3263 3263 274524 271507 1.00 0.99 1.00
18892 495 vertebra 4491665 1071598 11252 11252 1060346 1049781 1.00 0.99 1.00
18893 499 vertebra 286321 15107 9292 12614 2493 1909 0.78 0.17 0.17
18894 500 sacrum 784709 48354 28633 39894 8460 6109 0.77 0.17 0.18
18895 502 metacarpal 335493 14625 9222 12300 2325 1646 0.79 0.16 0.16
18896 505 Thoracic centrum (unfused) 421028 21228 13700 18168 3060 2104 0.79 0.14 0.15
18897 506 Thoracic centrum (unfused) 501901 61738 42413 54070 7668 5554 0.81 0.12 0.13
18898 507 rib head 333561 26078 17535 22186 3892 2944 0.82 0.15 0.15
18899 508.2 proximal pedal phalanx 413100 50168 26118 39022 11146 8005 0.74 0.22 0.22
18900 508.3  rib 555252 35383 17649 27534 7849 5293 0.72 0.22 0.22
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Supplementary Figure 1. Location of pre-colonial TB samples included in this project. Map provided by Kelly E. 
Blevins and constructed using Google Maps.  
 

 

 

 

 

 

 

 

 


