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ABSTRACT  
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The Analysis of Ancient DNA: From Mitochondria to Pathogens 

 

Chairperson or Co-Chairperson:  Dr. Meradeth Snow 

 

Abstract Content Single spaced, one page, two space paragraph indent, no more than 350 words.) 

Ancient DNA (aDNA) is arguably one of the most difficult science fields to work in due to the constant 

battle against contamination and degradation; however, it is also one of the most rewarding. aDNA 

researchers have consistently garnered interest the world over with their findings and sparking the 

curiosity of many who wish to know more about who we are as Homo sapiens. Mitochondrial DNA 

(mtDNA) and pathogen DNA were used in this dissertation to understand more about where populations 

came from, how they moved, and what their environment was like through the identification of their 

maternally inherited mtDNA and pathogens. This is a synthesis of my work and collaboration with other 

researchers both in lab and at the computer to add more data to the story of humankind. 
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Chapter 1: Introduction 
 Ancient DNA is a difficult and challenging field where the researcher hopes to analyze thousands 

of years old remains in hopes of identifying something from them to help, in conjunction with 

archaeological, bioarchaeological, and cultural findings, elucidate the past. Ancient DNA as a field only 

began in the year 1984 with the hallmark example of the first successful ancient DNA sequence from the 

extinct quagga by (Higuchi et al., 1984). I say successful because there were other attempts to identify 

ancient specimens such as the famous Pääbo (1985) article, where they reported aDNA from a mummy, 

which later was attributed to being modern DNA contamination from either the archaeologists or lab 

personnel. These early aDNA papers were foundational and influential if not a little too optimistic. There 

were all sorts of research into supposed million-year-old DNA, which of course was not at all influenced 

by the almost parallel timing of the first Jurassic Park release in 1993 and the Nature article 

“Amplification and sequencing of DNA from a 120-135-million-year-old weevil” (Cano et al., 1993; 

Jones & Bösl, 2021). This gave aDNA a spotlight that has continued until today.  

It was unfortunately realized that the possibility of contamination from modern DNA and 

environmental organisms could obscure and impact the aDNA results, especially considering the early 

techniques of aDNA were focused on Polymerase Chain Reaction (PCR) and early sequencing 

technologies such as Sanger Sequencing which, compared to modern day technologies, are extremely 

problematic for aDNA. This prompted, in 2000, Alan Cooper and Hendrik Poinar to publish the paper 

“Ancient DNA: Do it right or not at all” (Cooper & Poinar, 2000) where they lay out nine standards for 

aDNA to maintain integrity and factual data. The nine standards are: 1) physically isolate lab work area 

such as having dedicated, isolated environments for extraction, library prep, amplification, and 

sequencing; 2) controls should be included at all steps and for different reasons such as a blank control to 

assess contamination from lab work or a positive control to assess inter-sample contamination; 3) 

appropriate molecular behavior, meaning PCR and library prep should be performed in a sensical, non-

bias way so that expected results are obtained and deviations should be justified; 4) reproducibility, 

results across all samples should be repeatable; 5) cloning, this is kind of an archaic standard as cloning 

was the standard but is now more of a ‘classic’ technique but this standard essentially described that PCR 

sequences should be varied by cloning amplified products to determine the ratio of endogenous sequence 

to exogenous sequences; 6) independent replication, intra-lab contamination can only be discounted when 

samples are also verified by being ran in other independent labs yielding same or similar results, 7) 

biochemical preservation standard established the authentication criteria we still use today in that indirect 

evidence for DNA survival should be performed by assessing the total amount, composition, and relative 

extent of diagenetic change in amino acids and other residues; 8) quantitation, this standard asserts that 

DNA should be quantified; and finally 9) associated remains standard guides the applicability of using 

other material (such as faunal remains, carbon dated materials, or soil) to use as negative controls against 

the proposed aDNA samples and/or as associated time points and contexts for authentication criteria of 

ancient origin. 

Many early works in the field of anthropology utilized the early, now classical, molecular biology 

approaches such as cloning, PCR, and restriction mapping. One of the most famous articles utilizing these 

early methods was published in 1987, Cann, Stoneking, and Wilson’s “Mitochondrial DNA and human 

evolution.” Cann et al. (1987) described the first undertaking of obtaining mitochondrial DNA (mtDNA) 

from 147 individuals of five unique geographic areas. All the mtDNA in the study originated from one 

female that was suggested to have been in Africa 200,000 years ago. This paper led to the idea that DNA 

could review deep time scales of human evolution; rather than trying to sequence the oldest samples 

researchers could find and then work back in time to understand deeper time scales. In this study, this 
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female that lived 200,000 years ago began to be dubbed as ‘Mitochondrial Eve’, the mother of all mtDNA 

for all modern living humans, which bears an important distinction. It is likely that this phylogeny of all 

studied individuals having descent form Mitochondrial Eve was not the result of that particular female 

being the only surviving female at the time, however, if she was, then we as a species of H. sapiens, were 

terrifyingly close to extinction at one point! It is more likely that for several reasons, her mtDNA was the 

only one passed on to all modern living descendants, a genetic bottleneck event for some reason (mate 

choice, geographic isolation, among a number of other possible reasons). Importantly, Cann et al. (1987) 

describe three ways that mtDNA can add to human evolution knowledge: 1) mutation rate is faster in 

mtDNA than nuclear DNA (nucDNA) and therefore can give a magnified view of diversity in the present 

human gene pool, 2) mtDNA is mostly maternally inherited and undergoes no known recombination 

events, and 3) there is a higher proportion of mtDNA to other DNA and mtDNA tends to be more 

identical to one another. This paper led to one of the most memorable figures in anthropological DNA 

papers probably of all time, the mtDNA divergence tree (Figure 1). 

 

Figure 1: This tree from Cann et al., (1987) shows 134 restriction mapped mtDNA’s with a reference sequence. Starting from the 

ancestor and circling around counterclockwise is a mpa of the observed mutations and shapes indicating geographic location. 

Branch length indicates the percentage of sequence divergence from the ancestor (reference) and the numbers on the outside 

indicate divergences from ancestor. 
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 MtDNA studies are still extremely common in today’s aDNA field as they are relatively simple, 

cheaper than whole genome sequencing applications or using larger throughput sequencers (such as HiSeq 

or NovaSeq), and still provide powerful information. MtDNA has been used to trace lineages and connect 

people to various areas around the world. In Europe, mtDNA has been used to associate groups studied 

with the well-known Neolithic Transition (discussed in detail in the Comprehensive Exam section).  

The common theme of this dissertation is the application of mtDNA across three completely 

different populations of people. In some cases, the lab work was performed by myself (such as in the JAS 

paper and the Nature paper) and in the last case, the lab work was performed by Dr. Ryan Schmidt and the 

analysis was performed by me. All mtDNA bioinformatic analyses across the papers were performed by 

me using a conglomeration of previously existing methods and pipelines. However, I typically took those 

pipelines and needed to rewrite them extensively for them to work in my local installations. 

 For the first two years of my Ph.D., during the M.A. phase, I took on the challenge of learning 

bioinformatics, which refers to the field of using computer science and mathematics to perform analyses of 

nucleic acid sequences and even proteins. Previously, I had virtually no bioinformatics or even computer 

science background. The bioinformatician at UM was let go just as I was starting the program and I 

remember I told Meradeth I had an interest in bioinformatics and that I’d be up to the task of figuring out 

how to perform the mtDNA analysis that the department desperately needed. To do this, I searched the 

literature for a while and eventually landed on the script by Dr. Maria Nieves-Colon. She had written a 

script called “Ancient mtDNA Analysis Pipeline” during her PhD program and this was the culmination of 

her work. I decided to use this pipeline for a number of reasons, but mostly because it tackled everything 

we needed: quality scripts, trimming and mapping, looked for variants and produced variant files for input 

into Haplogrep (the commonly used mtDNA assigner), and, perhaps most importantly, it produced the 

damage files needed for aDNA authentication. I spent the first few years of the program learning command 

line on my own, through much trial and error, and eventually finding out ways to get the program to run 

locally on an old 2009 iMac desktop. I needed to do various edits to performance parameters such as 

reducing thread usage (as the computer did not have that high of computer power) and dealt with various 

versioning issues were dependencies that the script ran on were outdated or update and this caused problems 

with the script to run. I remember one such situation, where the version of Python changed from 2 to 3 and 

there was one really important change that caused a massive problem: the print statements changed from 

this “print statement” to this (print statement). This caused the script to fail any time it encountered one of 

these and therefore I spent a weekend manually searching and removing parentheses from dependency 

scripts and the main script. All in all, this desktop could get the job done and run the script, but it took all 

weekend. 

 Eventually, UM was interested in building a supercomputer or a compute cluster. I have a good 

connection with the IT folks on campus and was presented with the possibility of writing up an abstract to 

be pitched to the IT department and if accepted, they would use it in helping write their large grant proposal 

for acquiring the hardware required for the supercomputer. This eventually was successful and led to a UM 

news article that Meradeth, Zach Rossmiller, Chuck, and I were a part of. This acquisition of the large grant 

and resources was really a huge win for research all over campus. After the supercomputer was built and it 

was ready for users, I was among the first allowed access to begin using it. I coordinated with IT folks to 

setup a Snow Lab folder where all lab members could access and be able to store and run their data on the 

super computer. After the snags were figured out and I got the pipeline back up and running on the 

supercomputer, we were able to run the pipeline in a few hours versus a whole weekend. For a good while, 

this was an amazing solution, I had Meradeth and a few other researchers trained up to be able to send data 

to the supercomputer, receive data and initiate the pipeline. Eventually, I even improved the mtDNA 
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pipeline by building Haplogrep analysis directly into the script. This allowed the pipeline, when it was done 

running, the mtDNA results were output into a batch summary file instead of the previous method which 

required running the pipeline and then taking the variant call file (vcf) to Haplogrep’s website and upload 

the file for analyzing on their web app to record the haplotype results. 

Additionally, this skill that I acquired during my Ph.D. allowed for me to begin sharing this 

knowledge. I have been invited to multiple summer courses that Dr. Snow runs where she runs students 

through the entire aDNA pipeline, such as bone powdering, DNA extraction, library preparation, and 

sequencing. Then, she has invited me over the past few years to come in for the final day of the course to 

teach bioinformatics. I go over the basics such as what the various important files are, what they do, some 

background into bioinformatics, and finally I use Galaxy to allow them to get hands on work with running 

a pipeline. 

Finally, this dissertation had much grander desires and I think it is important to recognize the unique 

and difficult situation of my dissertation. My research was primarily focused on identifying disease in the 

Trypillia of Ukraine. I had performed undergraduate research where I targeted four skeletal materials (two 

ribs and two vertebrae) for genetic elements (insertion sequences) specific to Mycobacterium tuberculosis. 

This was in hopes to identify a signal that the pathogen was possibly present in life and to feed into my 

graduate studies. I came in to graduate school with this plan as well and was fully intending on traveling to 

Ukraine for field work where I already had four field seasons worth of experience. Then, like everyone, the 

COVID19 pandemic hit and made things difficult. However, Dr. Karsten was telling me that there was still 

a plan to go to Ukraine in January 2021 and that was when I was going to obtain more skeletal elements for 

my study. I was going to excavate for new skeletal elements as well as look through the extensive inventory 

to search for bones with pathogenic lesions. These would then be selected, in addition to a sampling of non-

lesionous bone as a control, to be brought back to UM for aDNA lab work and sequencing. This would 

have provided me with a great, sort of traditional dissertation, showcasing my ability to think critically, 

plan and devise research experiments, perform research and write up the findings.  

However, all of that also got derailed due to the invasion of Russia into Ukraine. With all of those 

uncontrollable forces, it was decided that the original proposed research plan was simply not feasible no 

longer. At that point, I was included as co-author on two published papers, one in Journal of Archaeological 

Sciences: Reports and one in Nature, and it was decided that the three professional paper route was the best 

choice for me. With that, I decided to utilize the sequence samples from Ukraine that Dr. Ryan Schmidt 

sequenced in 2016 to be used for further analysis. No excuses are good ones, and it is not to be diminished 

the impact that the Russian invasion has had on Ukraine and its people, however, this is the reality of my 

Ph.D. and I would like the committee to consider the circumstances. In addition, I have done plenty of other 

research to showcase my skills and prove that I am an expert in DNA techniques. Outside of academia, I 

have been working for a startup biotechnology company. When I first started as the Junior Research 

Scientist, I was tasked with developing a new technology that the company recently licensed. I’m not legally 

allowed to disclose anything, but the technology was extremely difficult to understand and develop. It took 

a lot of understanding of the mechanics of DNA binding and thermodynamics to make it work. I was 

successful in, from the ground up, developing a novel technology and brought it to the lab. After the 

conceptual phase was complete, I planned the lab methods needed to perform the technology. This again 

required a knowledge of enzyme kinetics, buffers and solutions, chemistry, and DNA kinetics. Eventually, 

the company moved on from this technology and we never used it for a number of reasons but one major 

was the pandemic. I remember hearing about the outbreak of SARS-CoV-2 and how it was threatening to 

become a pandemic. This was back in early 2020. As more news shared the spread of SARS-CoV-2, I 

began to plan how I could test for it. Once I realized that genetic sequence information was available, I 
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downloaded the genome and began planning. In March of 2020, I had built and design a myriad of primers 

that would be capable of amplifying important known (at the time) genes of SARS-CoV-2 such as the 

Spike, RNA dependent polymerase (RdRP), Helicase, Envelope, and Nucleocapsid. This early work was 

the foundation to the company ramping up its SARS-CoV-2 research and eventually diagnostics testing. 

Part of this further required me to enhance my professional repertoire by studying for and becoming a 

certified laboratorian, as was required by the Clinical Lab Improvement Amendment (CLIA). I studied and 

passed an exam to earn the certificate of Molecular Diagnostic Technician by the American Medical 

Technologists organization. Additionally, Montana requires that lab members are licensed by the State of 

Montana Board of Laboratory Practitioners. I met that requirement and became licensed by the State of 

Montana as a Clinical Lab Specialist. I helped the lab perform more than 30,000 COVID19 RT-PCR tests. 

Additionally, for one year, I aided the State of Montana in tracking variants of SARS-CoV-2 when they 

started spreading. I built this system entirely on my own as well. I convinced the lab to purchase the Oxford 

Nanopore MinION, a real time sequencer with considerably lower capital cost than other instruments and 

researched which methods to use for sequencing the variants. I settled on a protocol that was dubbed 

“Midnight” and it utilized long, 1200bp primers to perform amplicon sequencing across the entire SARS-

CoV-2 genome. The advantage of Midnight was that due to the length of the amplicons, they always 

overlapped each other by some amount, making them more resistant to single nucleotide polymorphisms 

(SNPs) that yielded other sequencing methods obsolete as novel variants showed up. Doing this service, I 

sequenced over 7,500 SARS-CoV-2 variants. Finally, I was promoted to Technical Applications Manager 

in 2022 where I had the role of supervisory level management as well as building a whole new side of the 

business: commercial services. With this role, I helped pitch the company to purchase the new Element 

Biosciences AVITI Sequencer and led the install, training, and lab work for sequencing as a service. I 

needed to be an expert in DNA sequencing to be able to build the lab infrastructure, order and obtain 

inventory and equipment, plan experiments, train personnel, run the sequencer, and aid in bioinformatics. 

I think my industry knowledge at my stage in my career is unmatched by many others my age. Additionally, 

my academic background and what I came to graduate school for has ultimately been achieved. My goal 

was to get involved in the aDNA world and I have successfully achieved that as evidenced by the papers in 

this dissertation. My comprehensive exams were written before all these forces occurred and so they remain 

oriented towards doing research in Ukraine. They are included here as background literature to showcase 

by ability as an academic research to read the literature, take in the information, and write about it which is 

at the core of academia. All in all, this dissertation should assert and prove that I’m well qualified of earning 

my Ph.D. 
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Chapter 2: Comprehensive Exams 

Comprehensive Exam 1: Neolithic Transition in Europe: The origins and spread of farming 

in relation to climatic events during the Neolithic 
Abstract: The Neolithic Transition is arguably one of the most important points in human prehistory. The 

Neolithic Transition refers, broadly, to the change populations went through in their subsistence. 

Primarily, groups transitioned from a mobile, hunter-gatherer lifestyle to a sedentary, agricultural, and 

pastoral lifestyle. This transition resulted in profound changes in the environment, the domesticates (both 

animals and plants), and humans (both biologically and culturally). Another significant influence on the 

transition was the climate. The Neolithic Transition occurred during the Holocene, and importantly, 

during many of its more severe climatic changes that likely affected the Neolithic Transition in various 

ways. 

INTRODUCTION 

This essay will focus on the main driver of the Neolithic Transition in Europe, the introduction of 

agricultural and animal husbandry (or agropastoralism). This introduction of agropastoralism will be 

investigated chronologically, discussing the nuances and representation of the Neolithic Package of crops 

and herd animals in Europe as it expands, and discussed via the perspective of climate and how this 

impacted the Neolithic in Europe. In general, agropastoralism was the primary cultural invention that led 

to significant, densely settled areas, craft specialization, cultural creativity, biological adaptations, etc. 

The interest in the transition to farming was not a ubiquitous process but led to interesting cultural and 

biological events across Europe for approximately 5,000 years.  

Pinhasi et al. (2005) studied the wave of Neolithic colonization across Europe by analyzing 735 

radiocarbon dates and looked for the rate of demic or cultural diffusion. Their results suggested that the 

overall average speed was 0.6 – 1.3 km/year. This rate supported earlier studies by Ammerman and 

Cavalli-Sforza (1984), based on the idea that continuous population growth among farmers resulted in 

demic diffusion across Europe. They believed that technology and cultures associated with peopling of 

Europe were transferred across populations by the transfer of ideas, not necessarily the transfer of people. 

  Other contrasting ideas come from Zilhao (2001), who suggests that this transfusion of culture 

during the Neolithic was punctuated and not necessarily a continuous “wave.” Zilhao (2001) suggests that 

the first migration begins in the 7th millennium BCE and spread farming up the Danube River valley and 

along the Mediterranean coast. This spread of farming in the Danube valley probably resulted in the 

absorption of contemporary Mesolithic hunter-gatherer groups. The second pulse was then around 5600 

BCE and reached Iberia, France, and the British Isles (Zilhao 2001).  

The genetic contributions of modern European ancestry came from these diffusions and 

transitions. Nielsen et al. (2017) sum it up and state that there are three genetic components of modern 

European populations, the first being the recolonization of Europe after the LGM, migration of Neolithic 

farmers from Anatolia to Europe, and the late-Neolithic period/Bronze Age migration to Europe from the 

east (Nielsen et al. 2017). The migrations of the first farmers into Europe begin to change the composition 

of the continent's human populations and set the foundation for the subsistence, culture, and genetic 

admixture seen today. 

FARMING 

Farming is famously attributed to the agricultural origin of the Levant or the “Fertile Crescent,” 

located from the Jordan Valley northwards through Syria, southeastern Turkey (Anatolia), eastwards to 
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northern Iraq, and southeast to the Zagros foothills of western Iran (Bellwood, 2005a). Farming in the 

Fertile Crescent is believed to have begun sometime around 12000BP (Zeder, 2011) and is closely related 

to the timing of the first stable and continuing decline of post-glacial climate (Bellwood, 2005a). For 

approximately a millennium or so, farming in the region was slow, primarily attributed to local hunter-

gatherer groups (Natufians) who began to harvest crops in more specific ways, primarily to select for 

grains that had more desirable traits as naked hulls and larger, more frequent products. It was not until 

11450BP to 10450BP that domesticated crops increased in dominance with the so-called Pre-Pottery 

Neolithic A (PPNA) (Bellwood, 2005a).  

The PPNA experienced a dramatic increase in cultural items such as circular houses, plastered 

floors, headless burials, figurines, flint sickles, Turkish obsidian, projectile points, and axes, all under a 

near homogeneity (Bellwood, 2005a). The PPNA is starting to be regarded as the marker of the origins of 

agricultural communities. Next, the Pre-Pottery Neolithic B (PPNB) from 10450-8950BC begins to 

experience dramatic population increase and further expansion as evidenced by enhanced intercommunity 

contact of obsidian from sources in eastern and central Anatolia, whereas the PPNA only had central 

Anatolian obsidian. There is also overall homogeneity during PPNA and PPNB across the Levant, 

Anatolia, and Iraq, with only regional styles progressing in later phases (Bellwood, 2005a).  

In general, several cultural aspects are associated with both phases of the Pre-Pottery Neolithic. 

First, there is a significant expansion in settlement sizes, including architectural innovations like using 

sun-dried mud bricks or plaster on walls and floors. Second, there is the appearance of monuments and 

more communal structures and clay figurines that tended to be female and overemphasized female 

characteristics, which is debatably attached to recognizing aspects of human sexuality and fertility. A new 

interest or awareness of death is also part of the Pre-Pottery Neolithic cultural aspects, such as removing 

skulls from human burials and placing them inside houses and modeling their faces in clay (Bellwood, 

2005a). There is also a decline in microliths and a gradual replacement by polished axes, sickles, and 

blades which is correlated to the increased harvesting of ripe grain (Bellwood, 2005a). 

SPREAD OF FARMING 

Farming serves as the economic foundation of population growth for human populations, 

essentially leading to the phenomenon of civilization as we know it today (Bellwood, 2005b). 

Demographically, a family of hunter-gatherers requires a large mass of land to travel for subsistence 

compared to agriculturalists who can get by with as little as a few hectares of land (Bellwood, 2005b). It 

seems that the formation of agricultural subsistence potentially developed due to the climatological 

changes associated with the postglacial amelioration and stabilization that the Holocene introduced 

(Bellwood, 2005b).  

Traditionally, the spread of farming in Europe has been associated with a simplistic model of 

viewing the introduction as a general Southeast to Northwest cline, based on the landmark studies by 

Ammerman & Cavalli-Sforza (1984) showing this distribution. It was generally understood then that the 

Near East farmers “invaded” Europe and replaced the local Mesolithic hunter-gatherers. This introduction 

has been criticized over the years as more linguistical, archaeological, and genetic evidence has shown 

that the spread of farming in Europe was hardly straightforward. Bogucki (1996:242) states: “there was 

no single mode by which Europe made the shift from foraging to farming” (quoted in Milisauskas, 2011). 

Instead, the transition needs to be analyzed in a more regional view, understanding that processes and 

mechanisms for the transition varied locally and at different times. There is still a general Southeast to 

Northwest cline, but it is far more complex underneath this trend than initially deduced. Regardless of 

how people and farming came to an area, there would always be remaining hunter-gathering populations 
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that could have continued to exist (Bellwood, 2005b). Contrary to popular early European archaeologists’ 

theories, hunter-gatherers and agriculturists can exist cohesively for as long as stable relations exist 

(Bellwood, 2005b). The general routes of the spread of farming can be seen in Figure 2, displaying the 

routes and various archaeological groups and their respective timings across Europe. 

 
Figure 2: Map of Europe displaying possible directions of movement with some archaeological cultures shown (Bellwood, 2005b) 

The origins of farming in Europe have been suggested to be in Greece around Cyprus during the 

PPNB (9000cal BP); due to its proximity to Anatolia, it seems a logical first step into Europe from 

Anatolia. These first European agriculturalists brought domesticated einkorn, emmer, barley, cattle, 

sheep, goat, pigs, and fallow deer (Bellwood, 2005b). A 2006 study by Benecke shows that animal 

husbandry was introduced into Greece by immigrant farmers using osteology and osteometric analyses 

(Benecke, 2006). There is evidence of trade between Greece and Anatolia, as displayed in the distribution 

of Melos obsidian (Muller, 2015). It is also possible that there was trade between the farming populations 

of Anatolia and the Mesolithic hunter-gatherers in Greece, which could have applied some significance to 

the goods and making them more important to utilize to the Mesolithic groups. However, they would not 

likely abandon their subsistence based on the few cultivable plants obtained (Milisauskas, 2011). Much of 

the farming characteristics that arrived in Greece share close similarities to Anatolian sites such as Catal 

Huyuk in their suite of domesticates, ceramics, and artifacts (Bogucki, 1996). Also, due to the 

mountainous topography of Greece, it is not ideal to cultivation, however, due to the less dense 

populations at the time, there was probably enough arable land to sustain the population size.  

There have also been models proposed that farming likely was managed in the mountainous 

regions of Greece by using up the pockets of arable land and moving on to another pocket, continuing 

further expansion into Europe (Bellwood, 2005b). One site in Greece, Franchiti Cave, gives a reliable 

date of 8950BP for introducing domesticated sheep, goat, emmer wheat, and barley (Hansen & Renfrew, 

1978; Guilaine, 2015; Milisauskas, 2011). Notably, pottery is not known from this potential first 

introduction into Greece. From here, farming diffused in a fork-like fashion, east, and west, along the 

Mediterranean, later becoming the Impresso/Cardial culture (Guilaine, 2015). Early pottery is dated along 

the coast, such as Croatia around 7171 BP and 7450BC (Chapman, 1988; Leighton, 1999; Milisauskas, 

2011).  
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About a millennium after the introduction of farming to Greece, it spread northwards into the 

Balkans and the Danube River valley (Bogucki, 1996). These groups represented in the Balkans are those 

of the Proto-Sesklo (Macedonia), the Starcevo (of former Yugoslavia), Karanovo I (Bulgaria and Thrace), 

and the Koros (Hungary) (Bellwood, 2005b). In the Balkans, an entire pastoral economy including 

broomcorn millet which is a cereal that likely was introduced from the steppes of Ukraine (which 

supports the steppe origin hypothesis described later) or central Asia (Dennel, 1992; Zohary & Hopf, 

2000; Bellwood, 2005b), indicating that there were some crops in Eastern Europe already. The Balkans 

were introduced to the same suite of elements of the PPNB as Greece was. The northwest spread of the 

Neolithic out of the Balkans, mostly following the Koros from Hungary, reached a stopping point for 

about a millennium at the western limits of the Great Hungarian Plain, possibly due to soil conditions, 

climate, and topography (Bellwood, 2005b). At around 7350BP, the dominant Linear Pottery Culture 

emerged in the modern-day area of Hungary. 

The second route out of Greece was along the Mediterranean coast. Here, agricultural groups 

moved along the northern Mediterranean by around 7950BP, with the earliest groups being the Starcevo 

from southern Balkans. At around 7750-7350BP, the Cardial/Impresso pottery culture expands past Italy 

and reaches Iberia, France, and even the coast of North Africa (Bellwood, 2005b). This group is 

recognized for its stylistic pottery using shells or fingernails to impress into the clay to leave markings 

along with the bell of the pottery. This pottery presence is primarily the first case of pottery being 

associated with the Neolithic lifestyle in Europe, officially distinguishing it from the Pre-Pottery 

Neolithic societies. 

After 5400BC, farming begins to spread rapidly from central Europe, reaching the coastline of 

Northern Europe before witnessing, again, a marked slow rate of spread, potentially due to loss of arable 

soil as a result of climate changes (5.4 or 4.9 event) and/or Mesolithic incorporations (Bellwood, 2005b). 

Interestingly, archaeobotanist Maier (1996) recognized two potential trends in the botanicals that moved 

separately. Through the Balkans, Meier recognized that the crops were dominated by hulled emmer and 

einkorn kinds of wheat, contrary to the Mediterranean route consisting of all naked varieties of wheat, 

which suggests not only multiple axes of migration but also different cereal complexes (Bellwood, 

2005b). 

FARMING IN CENTRAL EUROPE: THE LINEAR POTTERY COMPLEX 

The origin of farming in the Mediterranean and Southeastern Europe typically represents a 

largely diffusionist process of groups and/or ideas, but central Europe provides the most evidence for 

spread by colonization (demic diffusion). The mixture between archaeological groups and peoples in 

Central Europe is muddled, and the cultural diffusion versus demic diffusion debates have increased in 

intensity on whether central Europe was an indigenous transition or influenced by groups in Europe 

already cultivating. Evidence has shown that there was no complex late Mesolithic societies, and the 

domesticated animals and plants were introduced from southeastern Europe. The earliest farmers in 

central Europe is firmly attached to the Linear Pottery (Linearbandkermik, LBK) culture, which was very 

widely distributed from the Paris Basin in modern-day France to the Dniester River in Ukraine 

(Milisauskas, 2011), and extended north as far as the Loess soils would allow (Whittle, 1996). 

The Linear Pottery culture was derived from the late Starcevo-Koros culture and local indigenous 

hunter-gatherers based on their early ceramics (7450BP) sharing similarities to the Starcevo-Koros 

culture. The LBK had the first domesticated cattle, sheep/goat, and pig; cereals consisting of einkorn, 

emmer, spelt, and barley; and pulses consisting of peas and lentils (Schier, 2015). Wild animals make up 

10% or less of faunal assemblages, depending on the availability and habitat of wild animals. In contrast, 
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domesticated animals displayed an age and sex-based selection in mortality, indicating the knowledge to 

cull certain age and sex to promote higher secondary products return. In most regions, cattle were the 

most important domestic animal, while Aurochs (an extinct form of cattle), red deer, pigs, and horses 

accounted for the wild animal meat (Milisauskas, 2011).  

In addition to the mix of subsistence options, the Neolithic began introducing dairy products, and 

the LBK materials contain plenty of evidence of this option. Milk can be consumed sour, fermented, or 

further processed into cheese or yogurt. These provide good secondary products from their domesticates, 

and in the case of cheeses or yogurts, they can be stored for some time (Milisauskas, 2011). These are 

also another source of dietary requirements that adults can consume, albeit after the gene for lactase 

persistence had become high enough in frequency that most adults could consume dairy into adulthood 

without feeling sick. In Romania, milk fats have been identified to 7850-7450BC using isotope residue 

analysis from pottery sherds in Early Neolithic sites. It is difficult to know what mammal the milk came 

from. Some suggest that sheep/goats contributed initially to the milk production, but they produce far less 

milk than a modern cow, which is estimated to produce 500-600 liters annually (Todorova, 1978; 

Milisauskas, 2011). Unfortunately, ancient cows or aurochs cannot be assessed for milk production as 

they became extinct in Poland in 1627, but data has shown that modern cows originate from a founder 

population of no more than 80 female aurochs (Orlando, 2015).  

The LBK culture seems to be the culture most peripheral groups have ties to because they spread 

across much of central Europe. They ranged along the loess zone of Europe and therefore came into 

contact with many groups also being introduced to farming or had some cultivation already. The most 

overlooked role of the LBK is their interactions with the groups residing in Eastern Europe at the time, 

mostly hunter-gatherers but some pastoral groups as well. These groups had a later re-migration back into 

central Europe that will eventually cause a massive change in the population genetics of the continent. 

THE MISSING REGION: UKRAINE ARCHAEOLOGY 

The Neolithic in Ukraine took on a slightly different meaning than the Neolithic designation 

elsewhere in Europe because the archaeologists of Ukraine tended to have different methods, 

interpretations, and theories than most western academics. In Ukraine, or more generally Eastern Europe 

archaeology, the definition of Neolithic is based on changes in material culture rather than economic 

changes (Matuzevičiute, 2014). The hallmark of the Neolithic is represented by pottery, which presents a 

slippery slope in interpretations of sites. For example, even a few shards of pottery discovered in a 

Mesolithic fisher-hunter-gatherer camp identifies the site as a Neolithic pottery-producing fisher-hunter-

gatherer group (Matuzevičiute, 2014). In contrast, Western European archaeology defines Neolithic with 

the association of the beginning of food production (Anthony, 2007). It is in the Western interpretation 

that the  Neolithic took on an economic definition as championed by Childe (1925), who integrated his 

Marxist background and coined the term the “Neolithic Revolution” (Matuzevičiute, 2014). Following in 

this train of thought, Zvelebil said: “…the transition to farming is an economic process involving a shift 

from dependence on biologically wild to a biologically domestic resource…the shift to agropastoralism 

farming is the only process which can universally act as a signature of the Neolithic” (Zvelebil, 1996, 

pg323). The influence of Eastern Europe on the Neolithization of Europe is severely understudied and not 

considered, as evidenced by the question mark on Bellwood’s (2005b) map in Figure 1. This part of 

Europe requires further research to complete the picture of the Neolithization of Europe. 

The complete Neolithic package was visible in Ukraine as early as 8500-7500BP, but agriculture 

was not adopted as the primary subsistence economy until 6500BP, coinciding with Balkan groups' 

easterly spread. This lag in adoption of agriculture has been attributed to the notion that rather than a 
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demic diffusion process, Eastern European populations adopted agriculture through the transfer of ideas 

(cultural diffusion), little genetic influence from others, and a general genetic continuity from the 

Mesolithic to the Neolithic (Schmidt et al., 2020). The most significant cultural group in Ukraine is the 

Cucuteni-Tripolye, or Trypillian, and had an occupation of close to two millenniums (Schmidt et al. 

2020). This culture had a territorial range encompassing the modern-day nations of Romania, Moldova, 

and Ukraine. There have been over 1,300 settlements and cemeteries associated with the Trypillia 

encompassing approximately 180,000km2 of area (Zbenovich, 1996). The Trypillia emerged out of the 

Boian culture (Lower Danube region) people who came into contact with the Linear Pottery culture 

(Zbenovich, 1996). Trypillian settlements are almost always located near water sources and usually near 

river terraces or on promontories of riverbanks (Zbenovich, 1996). Generally, settlements started small, 

0.5-0.6 hectares in size and approximately 15 dwellings. The Trypillia will be further explained due to my 

familiarity with the culture and excavations as well as to address its overlooked importance on its impact 

on the Neolithization of Europe. 

THE TRYPILLIA 

The Trypillia people were an Eneolithic (Copper Age) culture dating to between 6750-4850BP 

that occupied a territory (shown in Figure 1) that includes portions of the modern nations of Ukraine, 

Moldova, and Romania (Zbenovich, 1996, Rassamakin, 2012).  

 

Figure 3: Map of Europe, with Ukraine, brought to the front with the location of Verteba Cave indicated (Ledogar YR) 

The Trypillia were identified in 1893 by V. Khvoiko (an archaeologist from Kiev) and named 

after their type site, the village of Trypillia, south of Kiev (Zbenovich, 1996). Within European 

archaeology, the Trypillia are well known for being one of the first fully agropastoral populations in far 

Eastern Europe, for their stylized female figurines, high-quality ceramics, and very large settlements 

(Anthony, 2007). Their lifestyle of farming and herding is based on the fact that the Neolithic was a 

process of cultural transitions. The Neolithic farming package arrived out of Anatolia and was followed 

by the steppe pastoralists into modern-day Ukraine's Pontic-Caspian and Volga regions (Schmidt et al., 

2020). 

The origin of the Trypillia is suggested to have been in the western part of Romanian Moldova, 

where people of the Boian culture met descendants of the LBK population (Zbenovich, 1996). This 

synthesis of populations became recognized as the Pre-Cucuteni phase. After this, there was rapid and 

early expansion eastward to the Southern Bug/Dnieper region of modern-day Ukraine. There they 

encountered some remaining Neolithic populations. The synthesis in Ukraine of Pre-Cucuteni and 

Neolithic nomadic steppe populations became the foundation of the Trypillia people (Zbenovich, 1996).  
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Until relatively recently, the genetic composition of the Trypillia was unknown. Analyses by 

Nikitin et al. (2017), Mathieson et al. (2018), and Schmidt et al. (2020) have provided answers as to the 

genetic origin of the Trypillia. Only Nikitin et al. (2017) and Schmidt et al. (2020) contain genomes from 

Verteba Cave, Ukraine. The cave's occupation has spanned over 1,000 years, making it perfect for 

understanding genetic changes through time (Schmidt et al., 2020). The cave was likely used as a 

temporary shelter and/or a ritual site or mortuary. Due to its use and length of occupation, it contains the 

most extensive collection of human and cultural remains attributed to the Trypillia (Schmidt et al., 2020).  

Nikitin et al. (2017) report four partial and complete mitochondrial genomes from nine 

individuals from Verteba Cave. One specimen was directly radiocarbon dated and yielded a date range of 

5650-5450 BCE. Nikitin et al. (2017) discovered haplogroups H, HV, J (one specimen), T2 (one 

specimen), and U (though this specimen was not confirmed by Harvard Medical School when used as a 

confirmatory group). The mtDNA haplogroup diversity is indicative of a group of European Neolithic 

farmers with potential genetic roots tracing to Anatolia with little or no admixture of indigenous hunter-

gatherers (Nikitin et al. 2017). Figure 5 shows the haplotype diversity associated with Europe and helps 

show the heterogeneity in the mtDNA structure of Europe during this time. Based on the mtDNA of 

Verteba Cave, the Trypillia more closely resembled European Neolithic farmers with some steppe 

ancestry and did not have any hunter-gatherer ancestry (see Figure 5 for haplotype network). This 

resemblance agrees with almost all other European genetic studies during the Late Neolithic, suggesting 

the Mesolithic to Neolithic transition was not a cultural diffusion event; instead, it was a population 

replacement event. 

In another study out of Verteba Cave, Schmidt et al. (2020) determined 28 mtDNA D-loop 

sequences from 63 specimens and defined eight haplogroups belonging to H, HV, W, K, and T. These 

haplogroups are found to be shared among all modern European populations. The group also analyzed 

nucleotide diversity and obtained a value of 0.00634, which is much smaller than many modern 

populations, including those of the Basques (0.00894), Norway (0.00969), Sweden (0.00909), and 

Switzerland (0.00971) (Schmidt et al., 2020). This small value for nucleotide diversity suggests a 

significant constant population, with little influence from outside cultures, and likely the only outside 

influence was populations carrying Yamnaya steppe ancestry. This nucleotide diversity value helps 

confirm one of the aspects (general continuity) of cultural diffusion described later. Given the 

haplogroups identified, the Trypillia are most similar to Neolithic farmer groups from Central Europe and 

the Funnel Beaker groups of Northern Europe (Schmidt et al., 2020).  

Given their data, they suggest that the Trypillia were likely a distinct, regionally isolated 

population who most likely displaced local hunter-gatherers with slight admixture. This suggests that 

Mesolithic hunter-gatherers largely belonged to haplogroups of U, and this haplogroup is not found in 

samples comprising of the Trypillia era (though haplogroup U has been found in Paleolithic samples by 

Nikitin et al. (2017)). Several specimens that yielded the W haplogroup are of interest as they would then 

be associated with the Early Bronze Age Yamnaya and Usatovo cultures, as represented in the studies by 

Wilde et al. (2014) and Schmidt et al. (2020). The presence of the W haplogroup and the presence of the 

R Y-chromosome haplogroups in areas around Ukraine are strong evidence for the introduction of steppe 

populations, as W and R indicate steppe ancestry, and R is ubiquitous in modern-day Europe. This also 

suggests that this continuity in Ukraine acted almost like a bottleneck of haplogroups, where the farming 

and steppe ancestry were able to be brought to a higher frequency than the hunter-gatherer ancestry 

(which remained in small proportions) and then passed on as people migrated to rest of Europe, helping 

comprise the current ubiquity of modern-day European haplogroups. 
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One of the wholescale population changes during the Neolithic of Southeastern Europe is 

attributable to the Yamnaya. The Yamnaya are a cultural group that originated in western Russia near the 

Ural Mountains and likely spread as far west as the Trypillia territory of Romania, Moldova, and Ukraine, 

and possibly as far east as present-day Kazakhstan (Allentoft et al., 2015). The appearance of the 

Yamnaya is strongly evident after 4950BP which is when farming cultures in Europe begin to be replaced 

by early Bronze Age cultures (Allentoft et al., 2015). The Yamnaya were previously only documented in 

Eurasia, but Mathieson et al. (2018) report three individuals in southeastern Europe with dominant 

Yamnaya signals in Ukraine and Bulgaria. These individuals had almost entirely steppe-related ancestry, 

yet the Northwestern-Anatolia-Neolithic-related admixture was the first evidence of this ancestry 

signature in Yamnaya individuals. However, preceding the Yamnaya, four copper age individuals (5550-

5350BP) from Dereivka and Alexandria contained mixtures of hunter-gatherer, steppe-, and 

Northwestern-Anatolia-Neolithic-related ancestry (Mathieson et al., 2018). It appears that before the 

steppe spread of Yamnaya (before 4950BP), individuals in Southeastern Europe were mainly composed 

of hunter-gatherer ancestry, with some steppe and Northwestern-Anatolia-Neolithic-related ancestry. 

However, after the Yamnaya spread (after 4950BP), the populations in this region no longer carry hunter-

gatherer ancestry. This loss of hunter-gatherer ancestry is one of the lines of evidence that support the 

cultural diffusion event that replaced hunter-gatherers. 

Mathieson et al. (2018) describe the genetic ancestry of all of Europe as such: 1) Hunter-gatherer-

related ancestry that is more closely related to Mesolithic hunter-gatherers of Europe and further 

subdivided into Eastern Hunter-gatherer (EHG) and Western Hunter-gatherer (WHG). The EHG 

comprises mixed WHG and Upper Paleolithic Siberian ancestry and contributed ancestry to hunter-

gatherers of Sweden, Norway, the Balkans, Ukraine, and the Baltic (Mathieson et al., 2018). The WHG 

are now shown to have lived in Southeastern Europe with their appearance approximately 15kya 

corresponding to the Bolling-Alrod interstadial warm period (Lazaridis, 2006), 2) Northwestern-

Anatolian-Neolithic-related ancestry of the northwest Anatolia farmers and linked to the appearance of 

agriculture in Europe, and 3) steppe-related ancestry derived from the Yamnaya population. The 

dominance of the WHG throughout Europe was brief and eventually replaced by farmers from Anatolia 

via southeastern Europe (Lazaridis, 2006). This genetic ancestry component of the Yamnaya into Europe, 

likely through Ukraine, has been called the ‘steppe origin’ hypothesis.  

The steppe origin is becoming a plausible scenario to explain the genetic makeup and cultural 

composition of Europe with its origin potentially in Ukraine and then rapidly spread throughout Europe. 

This spread is evidenced by the unique wheat (described above) that was already introduced into central 

Europe during the spread from Greece and one entirely Northwestern-Anatolian-Neolithic-related 

ancestry individual. Four others with 80% Northwestern-Anatolian-Neolithic-related ancestry were found 

in Mathieson et al. (2018), hinting at far more migration from the Caucasus over the Zagros Mountains, as 

indicated by the question mark in Figure 1 of Bellwood (2005b). Otherwise, there is a yet-to-be-identified 

migration of farmers out of Greece and along the Black Sea into Ukraine with no further admixture along 

the way. Eastern Europe, with their mixture of hunter-gatherer, Near Eastern farmers, and steppe 

ancestry, likely was the first to carry this unique genetic signature and culture with a migration that 

quickly spread to the northwest of Europe, following the proposed southeast to northwest cline discovered 

by Ammerman and Cavalli Sforza (2014). Mathieson et al. (2018) discovered this same geographic cline 

with genome-wide data from 7 Mesolithic and 30 Neolithic Ukraine samples. Comparing the Ukraine 

data to Southeastern Europe, an apparent geographic cline is formed with an east to west direction, further 

supporting southeastern European ancestry being the origin of the Neolithic genetic composition for 

Europe. The Trypillia in Ukraine likely served as a hub or gateway for the steppe ancestry to mix with the 

European farming ancestry. This steppe origin hypothesis with Ukraine as an origin in Europe is 
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plausible. They neighbored these steppe cultures for millennia, likely had multiple interactions with them 

and were one of the first areas to experience the combination of hunter-gatherers and Northwestern-

Anatolia-Neolithic-related ancestry. 

The Late Neolithic Corded Ware culture in Germany (Central Europe) is shown to attribute about 

75% of their ancestry to the Yamnaya, and about 50% of the ancestry of people in succeeding cultures 

can be traced to a population that probably moved in from the Pontic-Caspian steppe around 4950BP. 

This ancestry proportion indicates a massive migration had to have occurred from Eastern Europe into 

Central Europe (Haak et al., 2015; Mathieson et al., 2018). This genetic signature is also ubiquitous in all 

present-day modern Europeans. Haak et al. (2015) also show how this steppe ancestry transition 

influenced by the Yamnaya immigration was evident in the Corded Ware culture. In Corded Ware 

culture, the N1a mtDNA haplogroup and the G2a Y-chromosome haplogroup common in early central 

Europeans became replaced by Y haplogroups R1a and R1b and mtDNA haplogroups I, T1, U2, U4, U5a, 

W, and subtypes of H. These transitions between uniparental markers suggest a strong link with steppe 

populations and show that both sexes contributed to migrations into Europe. Based on the Haak et al. 

(2015) results, “a view of European pre-history punctuated by two major migrations: first, the arrival of 

the first farmers during the Early Neolithic from the Near East, and second, the arrival of Yamnaya 

pastoralists during the Late Neolithic from the steppe” (pg. 210).  Therefore, this influence of Yamnaya 

steppe ancestry significantly altered the genetic and cultural composition of Late Neolithic Europe. 

Another aspect of the steppe origin hypothesis is the potential for the Yamnaya to be the culture 

that spread the Proto-Indo European language. It is suggested that for major language replacements, major 

migrations must take place, which is the case during the steppe migrations into Europe as described 

above. Using linguistics and archaeology, David Anthony (2007), in his book The Horse, the Wheel, and 

Language, shows how the Yamnaya likely spread quickly due to their domestication of the horse, which 

allowed for novel movement speed of people, ideas, and goods.  Haak et al. (2015) state, “...the ‘steppe 

hypothesis,’ which proposes that early Indo-European speakers were pastoralists of the grasslands north 

of the Black and Caspian Seas and that their languages spread into Europe after the invention of wheeled 

vehicles” (pg. 211). Based on Haak and Anthony’s analyses, this places these speakers right in Ukraine 

and the origin of the vast Eurasian steppe migration. 

Archaeological studies have shown that the migrations out of Anatolia into Europe may have 

been done in waves. This migration would help explain some of the ancestries Ukraine samples share 

with LBK (Central Europe), north Anatolian farmers, and Yamnaya steppe ancestry. The first wave out of 

Anatolia would have been the Proto-Sesko culture in Greece (of which LBK indirectly originates 

(Hervella et al., 2015)), descendants of the earliest Neolithic complexes introduced into Greece from 

Anatolia. Later, a wave from North-West Anatolia migrated to Southeastern Europe and comprised the 

groups such as the Vinca and Boian. The Boian culture, with its mixture of LBK ancestry, gave rise to the 

Trypillia in Ukraine. The Boian culture has been studied in Romania and was found to be incredibly 

diverse in mitochondrial haplotypes. Twenty-nine haplotypes belonged to eight total haplogroups: H, HV, 

R, J, T, K, U, and W (the Neolithic package; Hervalla et al., 2015). It is evident in comparing these 

haplogroups with those obtained from Schmidt et al. (2020) that the Trypillia haplogroups are similar and 

common in some cases, thus strongly suggesting that the Boian culture helped give rise to the Trypillia 

culture. 

Interestingly, cultures occupying Romania (the Copaceni and Noua) after the Boian culture 

exhibit more genetic continuity and less diversity, as seen in the Trypillia population (Hervella et al., 

2015). This continuity suggests that the first wave likely resulted in prominent admixture as the 

migrations occurred, going from southeast to northwest. Then, the populations likely remained in their 
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areas and had little genetic admixture with surrounding populations, resulting in more genetic continuity 

supporting the cultural diffusion hypothesis. 

However, not all areas of Eastern Europe experienced this steppe ancestry, which further supports 

the idea of Ukraine acting as a gateway or hub for this influence. Mathieson et al. (2018) also report 

genomes from Latvia. Here they observed a transition in hunter-gatherer ancestry that is opposite to that 

seen in Ukraine. They find that the cultures display an intermediate mixture of WHG and EHG. These 

individuals were from Mesolithic and Late Neolithic, but then interestingly, a more recent individual 

(associated with Corded Ware) shows an ancestry shift towards the Yamnaya. This shift makes sense, and 

it has been shown that the Corded Ware cultures have considerable steppe ancestry. Climatic conditions 

could have affected this later transition to steppe ancestry in Northeastern Europe as it would have 

required time for the steppe origin out of Ukraine to impact other areas of Europe, especially if the 

weather made the agropastoralism subsistence more complex and less stable or directly affected the health 

of the individuals. 

CLIMATE CHANGE AND CLIMATE-ARCHAEOLOGY 

 

Figure 4: Groneborn (2009) description of feedback loops of climate and populations 

Climate is necessary for the background as it is one of the most critical drivers in any animals’ 

behavior and has largely been neglected as a process regarding European Neolithic Archaeology. As 

shown in the figure above by Gronenborn (2009), equilibrium is maintained between people, animals, 

land, and climate at any given moment. This equilibrium could also be interpreted as expected from the 

perspective of humans, animals, and the land. When the climate fluctuates due to extenuating 

circumstances, a change needs to occur in attempts to return to equilibrium, and this change could be 

cultural, biological, or physical. This response to climate has been largely overlooked in the Neolithic 

European literature; however, it has severe implications for the rate and spread of Neolithization in 

Europe. 

This is known as a deterministic viewpoint on the influence of climate on humans. Various 

anthropological theoretical proponents have massive protests to this train of thought; however, it is 

undeniable that the interaction between humans and climate is vital to our existence in cultural and 

physical ways. However, early farming groups would likely have been susceptible to climatic changes 

such as droughts and floods, and the increasing trend overtime towards food storage strategies implies the 

need for insurance against shortages given the sedentary and populous nature of early farming groups 

(Brown, Bailey, & Passmore, 2015). The Holocene refers to the last 11,700 years of the history of Earth 

(or 11,700 BP to present) and has been characterized by many dramatic climate fluctuations as indicated 
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by various climatological data such as isotopic levels, ice-drift rafts, lake levels, ice cores from 

Greenland, and solar activity, all inducing changes in the availability or ability of Neolithic groups to 

spread into and throughout Europe (especially in the north). 

The climate over all of Europe is varied due to its geographical attributes. The north is artic-like, 

while the south is tropical. Most of the rest of continental Europe is forested, wetland, and plains. Then, 

the British Isles are wet and rocky, containing the scars of glaciation. The mountain ranges cause 

disruptions in the air which affect local/regional climates as well. Global phenomena have largely driven 

this variability in climate. The Holocene especially witnessed rapid climate changes defined in the 1990s 

by Gerard Bond and colleagues who examined ice-raft debris in North Atlantic sediments and identified a 

roughly 1500-year cycle of climate changes deemed Bond Events (Harper, 2019). These were identified 

to have occurred at 11.1, 10.3, 9.4, 8.2, 5.9, 4.2, 2.8, 1.4, and 0.5 ka BP (Bond et al., 2001; Bond et 

al.,1997; Harper, 2019). One Bond Event has become the most famous event during the early Neolithic, 

the so-called “8.2ka event,” which has made an impact in European and Near Eastern archaeological 

literature due to its manifestations in tree rings, speleothem growth patterns, pollen ratios, and faunal 

proxies (Harper, 2019; Weninger et al., 2006).  

The 8.2ka (or 8.2BP) event refers to a global climate change due to the collapse of the remaining 

Laurentide Ice Sheet over Canada. This increased global sea levels by up to 1.4m and resulted in 

hemispheric cooling (Alley et al., 1997; Rohling & Palike, 2005; von Grafenstein, Erlenkeuser, Brauer, 

Jouzel, & Johnsen, 1999; Clarke, Leverington, Teller, & Dyke, 2004; Rasmussen et al., 2006; Törnqvist, 

Bick, González, van der Borg, & de Jong, 2004; Turney & Brown, 2007). The remaining Laurentide Ice 

Sheet formed a dam over the Hudson Bay, and when collapsed, allowed lakes to drain into the Labrador 

Sea (Weninger et al., 2004). An estimated 1.6x1014 m3 of freshwater flowed out into the North Atlantic, 

weakened the deep-water formation, and disrupted the Thermohaline Circulation (THC). Two 

independent investigations performed simulations using coupled atmosphere-ocean-biosphere models and 

confirmed that the amount of released freshwater was enough to lower the surface water density in the 

Nordic Seas, driving down the salinity level. Due to the amount of freshwater suddenly released and the 

drop in ocean salinity, this disturbance would be maintained for several hundred years, affecting the 

climate in the northern hemisphere during that time (Weninger et al., 2006; Bauer, Ganopolski, & 

Montoya, 2004; Renssen, Goosse, & Fichefet, 2002, 2007; Renssen, Goosse, Fichefet, & Campin, 2001). 

This freshwater influx resulted in atmospheric turbulences, extreme droughts, extended aridity, and cooler 

climates, but little archaeological study has been done to show the effects of the 8.2ka event on human 

populations and culture during this important time. 

Two scenarios are proposed in human response to the 8.2ka event: first, rapid cooling and 

drought caused cultural, economic, and population collapse as typified by settlement abandonment and 

increased mobility of Southeastern European farmers and herders, and second, that the abandonment and 

mobility was only a data artifact and that farmers and herders remained and developed new social and 

subsistence strategies (Budja, 2015). Budja (2007) claims that climate changes undoubtedly correlate with 

the process of Neolithization in southeastern Europe (Budja, 2007). In his analysis, he interestingly 

discovers that haplogroup J (the hallmark Neolithic mtDNA haplotype) is subdivided into two clades, J1 

and J2, and their estimated ages (8400 and 3600 years, respectively) coincide nicely with two climate 

events, the 8.2ka event and the 4.2ka event (Budja, 2007). He further, and accurately, states that climate 

events have been largely overlooked in almost all archaeological interpretations of the Neolithic process. 

Archaeology has associations with climate via early theoretical and interpretative debates embedded in 

the deterministic models of tautological cultural evolution and diffusion. These deterministic models 

posited that every change in human behavior was directly connected to climate and environmental 
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changes (Budja, 2007). Similarly, processual archaeology proposed that the evolution of prehistoric 

societies was determined by successful cultural adaptation to clime and environmental change (Binford, 

1968; Budja, 2015; Tainter, 1988). Then, post-processual archaeology argued that all changes in past 

societies were triggered by human agency and not wholly driven by external factors or influences (Budja, 

2015; Hodder, 1986; Tilley, 1994).  

The problem with much of these theories, in terms of climate, was that they rarely investigated 

the climatological data and correlated it to the human processes going on and whether they were in 

response to or driven by human agency or climate. Arguably, without humans' cultural ability, the climate 

would have been a far more significant barrier to expansion than it was. Biologically, we may have been 

secluded in only a few areas in the world based on the climate available. However, culturally, we have 

been able to buffer this pressure and allow our continued and rapid expansion and adaptation to new 

climates. 

It was not until the so-called ‘paleoclimatic interpretive context’ that the first comprehensive 

connection between climate changes, cultural dynamics, and archaeology was made (Budja, 2015). In this 

context, it was identified that most prehistoric civilization collapses correlate seemingly perfectly with 

climate changes (see Budja, 2015 for list).  

  

Figure 5: Graph of important climatological events from Baker (2012) 

Interestingly, multiple climate events correlate well with archaeological evidence for the 

expansion of Neolithic farming into Europe. The climate would have ‘selected’ for certain crops to be 

grown and others to not be, as well as the landscape. Betti et al. (2020) analyzed 1,448 dated early 

Neolithic sites throughout Europe and found that farming expansion was not a continuous clinal gradient 

but instead identified four main axes of expansion. The first is along the Mediterranean, the second is 

Central Europe, and into the United Kingdom, the third is northwards through Central Europe and 

Scandinavia, and the fourth is Northeast Europe (Betti et al., 2020). They also identified that the axes had 

rapid expansion fronts followed by slower infilling of neighboring adjacent areas. However, in all the 

axes, they discovered significant slowdowns in the expansion rate and identified that climate variability 

played a significant role, corresponding to the number of growing degree days above 5°C and mean 

monthly average summer temperature (Betti et al., 2020). All but the fourth axis (Mediterranean) likely 

experienced reaching regions with climatic conditions not conducive to crops originally from the Near 
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East (Betti et al., 2020). The Mediterranean axis was the more favorable growth route until it reached a 

natural barrier. Interestingly, Betti et al. (2020) also discovered that these areas of the slowdown were 

characterized by higher genetic admixture with local hunter-gatherers, indicating that when the farming 

failed, these people likely intermixed or traded (ideas or materials) with hunter-gatherers to survive. 

For example, the loess of much of Central Europe is one of the most fertile farmable lands in the 

world, but the combination of the climatic events occurring in the Neolithic and the arability of the land 

direct the movement and speed of farming. The fact that climatic events correlate with archaeological 

traces of farming into Europe then makes more logical sense. 

4.2KA EVENT 

Towards the end of the Neolithic, the most significant climate change occurred, dubbed the 4.2ka 

event (Bond et al. 1997 and Brown, 2008). This event is generally dated to between 4400 and 3850BP 

and is well documented in marine records and resulted in dry and cool climate conditions. This event is 

another prime example of how climate and the environment can influence settlement organization and 

migration. 

Kleijne et al. (2020) identify sociocultural factors that seem to be changes influenced by this 

climatic pattern in the Orkney Islands of the United Kingdom, the ‘Low countries,’ and Schleswig-

Holstein. First, they identified that populations in the Orkney islands shifted their settlement practices 

(house building and subsistence) and decreased the intensity of their exchange networks around 4250BP. 

Then a few hundred years later, they began to reconnect their exchange networks again (Kleijne, Weinelt, 

& Müller, 2020). In contrast, the continental areas of Europe exhibit a continuity in their settlement 

practices (Kleijne, Weinelt, & Müller, 2020).  

In addition to the settlement patterns identified by Kleijne et al. (2020), the 4.2ka event has been 

reported to have had a role in the collapses of major ancient civilizations (Ran & Chen, 2019). This event 

has also been noted as the climate divide between the warmer middle Holocene (8.3 to 4.2ka) and the 

cooler late Holocene (after 4.2ka) (Ran & Chen, 2019). The coolness and dryness of this event likely 

made farming difficult, especially with the crops being selected to be more “naked.” This event would 

have been selected for only the hardiest of crops, potentially resulting in the cases of admixture between 

hunter-gatherers and agriculturalists, as they likely needed to learn from each other to survive the 

changing climatic conditions that affected them both of their subsistence. 

CONCLUSION 

            This essay has attempted to review the main driver of change during the Neolithic, introducing 

agropastoralism subsistence. Farming originated in the Levant around 11500BP and spread throughout 

Europe over the next few millennia via demic and cultural diffusion modes, with various regional 

differences and rates due to climate and local hunter-gatherer populations. The spread of farming carried a 

unique suite of characteristics but predominantly is recognized by the practice of growing certain crops 

(wheat and barley mostly), herding and processing various domesticated animals (cows, pigs, sheep/goats, 

and horses), and finally, the process of making pottery. Not all of these traits occur simultaneously at all 

sites in Neolithic Europe, and some, such as the groups in Eastern Europe and Northern Europe, included 

agriculture far later into their timelines and instead still relied heavily on pastoralism and hunting-fishing-

gathering. 

            This essay also discussed two important groups, the LBK and the Trypillia, which arguably both 

had essential contributions to the makeup of Europe from the Neolithic to the present. The LBK was the 
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first dominant, widespread group of the Neolithic and spread as far as the loess soil allowed them to farm. 

They introduced a more complex way of life as indicated by their material cultures, such as intricate 

longhouses, pottery, figurines, and technology. They also contributed highly to the Neolithic farmer 

haplotypes of most peoples during the Middle to Late Neolithic.  

That was until the groups from Eastern Europe became admixed with the steppe pastoralists of 

the Yamnaya. This introduction made a massive change both culturally and genetically to the Trypillia 

culture (and others) in modern Romania, Moldova, and Ukraine. Eventually, the genetic signature made 

by this mixing of Neolithic cultures, local hunter-gatherers, and steppe pastoralists sweeps over the rest of 

Europe and becomes the most dominant lineage of haplotypes in Europe even today. 

Finally, climate and climate archaeology are introduced to discuss an overlooked part of the 

Neolithic picture. Climate undoubtedly influenced the progression of the Neolithic package through 

Europe. This era was climatically variable, and the origin of farming has been attributed to being a means 

to have a safe supply of food for when the weather becomes disastrous. The climate record is filled with 

approximately 1500-year cycles of rapid climate changes throughout the Holocene, many occurring 

during the Neolithic Transition. These changes are evident in pollen data, dendrochronology, ice cores, 

bog cores, etc. They also correlated with archaeological and genetic records of people's movements 

during the various migrations into parts of Europe, which indicates the need for the new farmers in 

Europe to find more hospitable areas and more arable soil. 

This essay aimed to provide a glimpse of the complexity of studying the Neolithic, primarily from 

focusing on the introduction of farming and its subsequent spread through Europe and relating that 

process to the potential impact that climatological changes had on the introduction and spread well. I also 

introduced a part of Europe that is seemingly largely forgotten when discussing the farming introduction 

and Europe, Eastern Europe. This region has a vast archaeological record that unfortunately has been 

hidden underneath soviet era politics and failure to translate much of these areas’ archaeological studies 

and reports into English, or for the English-speaking people to take the time to translate these works. 

Eastern Europe perhaps holds a missing piece of the puzzle further to complicate this process of the 

Neolithization of Europe. Further essays and chapters will seek to focus on more narrow boundaries of 

portions of Europe to magnify certain aspects that are important to the broader understanding of the 

Neolithic transition and, together with various fields such as climatology and medicine, provide a 

synthesis to explain how the external factors influenced the Neolithization of Europe that eventually 

influenced the whole world even through today. 
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Figure 6: Major Eurasian haplogroups in Europe and the Near East from Richards (2003). Blue = largely Near Eastern; Yellow 

= largely European; Green = similar European and Near Eastern; Grey = non-European or undefined 
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Comprehensive Exam 2: Paleoepidemiology: Application of theories and concepts to the 

Neolithic Transition in Europe 
Abstract: Disease that humans experience today emerge and propagate due to the various socio-cultural, 

environmental, and biological adaptations over many millennia. One of the focuses of this Ph.D. 

dissertation is that Neolithic Europe contained all the right conditions at the right time to cause disease 

and transmit diseases at an unprecedented rate. These conditions can be investigated using a 

paleoepidemiological approach that further utilizes other perspectives such as disease ecology, 

paleopathology, and epidemiological transition theory. The holistic and interdisciplinary nature of 

studying disease in an ancient context will inform the conditions and consequences that occurred to 

human ancestors and inform on various modern diseases and how the conditions today mimicked those 

10,000 years ago.  

INTRODUCTION 

Diseases have caused human suffering for many millennia and have very ancient origins. 

Investigations regarding disease are often mistakenly restricted to the last few centuries to understand 

their contemporary evolutionary history, transmission, infectivity, and morbidity on modern people. This 

information tends to temporarily inform and relieve the pressures of the causative agents and allow 

humans to continue their cultural lifeways; however, often, these diseases reoccur or evade modern 

interventions for some time. This is possibly due to one root cause: a lack of understanding of ancient 

disease and how it has shaped humans, domesticates, and the landscape. Many questions remained in the 

field of ancient disease and were captured by Harkins and Stone (2015):  

- Which diseases are, in fact, old?  

- Do pandemics signify human exposure to a ‘new’ pathogen or genetic adaptation on the part 

of the pathogen? 

- Is the long-held ‘conventional wisdom’ that virulence is a consequence of long co-

evolutionary history in a host species true? 

- Did agriculture stimulate the emergence of the deadliest human diseases in history?  

- What causes a pandemic? (Harkins & Stone, 2015). 

The study of disease and disease evolution is extremely important. Not just to understand the 

implications of disease on our ancestors but also to understand the processes and ramifications that led to 

the modern forms of disease and host responses. Much of these processes were put in place during the 

Neolithic; however, we see the same themes of subsistence, settlement, and social organization today, 

leading to the emergence of novel pathogens or the re-emergence of old ones (Zuckerman, Harper, 

Barrett, & Armelagos, 2014). The scale and speed of human alteration and manipulation of environments 

have significantly increased since the Neolithic, but the activities are qualitatively the same and provide 

easily studied parallels between the two eras. As Roberts (2016) described it: 

Attempting the synthesis of large amounts of data on health is challenging but very rewarding, 

and technological advancements, such as for searching published and grey literature and database 

construction, is allowing some ambitious projects to be carried out. We are now moving from a 

predominance of studying the individual body or skeleton, through to more population studies at 

particular archaeological sites, and regional studies of health (e.g., in one country), and finally to much 

larger ‘area’ studies, such as in Europe or the Americas (Roberts, 2016, pg.6). 

Many fields seek to understand past humans and disease; typically, any existing field with the 

prefix “Paleo-“ becomes a new field with a new perspective on disease study. For this analysis, 
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Paleoepidemiology will serve as the umbrella which will contain further subfields with unique 

perspectives and nuances to studying the disease. Paleoepidemiology can then be defined as a holistic 

field of study identifying pathological signatures in an archaeological series to reconstruct the spatial, 

temporal, and social distribution of health and disease in past populations based on biocultural models 

(De Souza, De Carvalho, & Lessa, 2003). It is an interdisciplinary field that should use all available data 

sources concerning ancient diseases (Rashidi, 2011).  Paleoepidemiology analysis is dependent on 

populations, and therefore is better suited towards long-term and more broadly applicable to studying 

disease evolution than its predecessor of paleopathology, which only focused on individuals. Thus, it is 

important to incorporate a demographic standpoint to examine the disease of ancient populations. 

The subfields under this paleoepidemiological umbrella will be disease ecology, paleopathology, 

and epidemiological transition theory. Disease ecology is a subfield of ecology that seeks to understand 

the interplay of host-pathogen interactions in relation to the environment. Paleopathology has classically 

been the study of disease presence as indicated by skeletal morphology. Finally, Epidemiological 

Transition Theory (ETT) seeks to utilize epidemiology to explain the multidisciplinary nature of the 

disease in a given population(s) and the changes in response to the pressures. This essay will seek to 

investigate and inform on ancient diseases utilizing the aspects of all three frameworks as they each 

provide unique insights into the understanding of the human disease. This framework will allow for a 

more holistic approach to ancient disease and provide a more thorough understanding of the complex web 

of factors into disease origins. This essay will also end with a few examples of genetics and disease 

susceptibility and a brief introduction to evolutionary medicine's recent paradigm-shifting concept (EM). 

Importantly, this essay will provide the foundation for analyzing disease origins and outcomes in ancient 

and modern populations. 

ORIGINS OF CROWD DISEASE 

Most crowd disease origins that affect modern humans can be traced to the origins of agriculture. 

These primarily occurred in the “Old World,” but some in the “New World” with their respective 

agricultural origins. This apparent correlation between crowd disease origins and agriculture is attributed 

to the sustained large, dense populations that did not exist anywhere in the world before this time. 

Further, due to the introduction of herding, animals were kept near humans, either in the forms of living 

in pastures near the domicile or even in some cases, living on a different floor within the same domicile 

(Videiko & Burdo, 2004; Zbenovich, 1996). This proximity led to many disease transfers between 

species, either animal to human or human to animal, or both, leading to endemics. 

Wolfe et al. (2011) describe five stages that lead to endemic human disease. Endemicity indicates 

the constant presence or prevalence of a disease or infectious agent within a population in a given 

geographic area (Division of Scientific Education and Professional Development, 2012). The Neolithic is 

also the first time that populations were large enough to reach the endemic form. What is endemic in one 

population could be the source of a serious epidemic in another. Epidemic status is reached when a 

particular disease agent from one area spreads to more regional areas. Finally, pandemic status is 

achieved once the same causative agent has reached multiple regions. 

The first stage is when a pathogen is present in animals and has not been detected in humans 

under natural conditions. In this stage, the pathogen remains in a zoonotic host, and even if a human was 

infected, the human under natural conditions (i.e., natural immunity) could ward off disease onset. The 

pathogen is still present primarily in animals under natural conditions but has infected humans in the next 

stage. The main difference in Stage 2 is that there has not been sustained transmission between humans of 

this animal-borne pathogen and therefore remains largely a zoonotic agent. Stage 3 scales up Stage 2 to 
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include an animal pathogen that can have a few life cycles of secondary transmission between humans, 

but the occasional outbreak dies out quickly and does not lead to substantial human spread. Stage 4 

requires that the disease that existed in the animal has natural cycles of infecting humans by direct 

transmission from the animal host and undergoes substantial secondary transmission between humans 

without the animal host. Finally, in Stage 5, the pathogen is now exclusive to humans, requiring no 

introduction or involvement of the former animal host (Wolfe, Dunavan, & Diamond, 2011). At this 

point, a pathogen could be deemed to have successfully “jumped” hosts, and the endemic can begin its 

progression through the pandemic. 

All of these stages were likely present during the Neolithic, perhaps even earlier. It is plausible 

that Stages 1 and 2 could have already been present in the Paleolithic and Mesolithic as nomadic groups 

interacted with animals, either via proximity or from hunting. These groups would have been small and 

isolated enough to have recurrent and finite exposure to zoonotic agents but not dense enough or 

migratory enough to produce group transmission to lead to the other stages. It was not until the 

sociocultural and environmental conditions of the Neolithic were reached that later stages of endemicity 

(Stages 4 and 5) were obtained.  

Relative to other primates, humans have a vast number of pathogens, and a disproportionate 

number of them are viruses and/or bacteria, many being specialists in humans (Harper, 2020). The 

number of respiratory pathogens endemic in human populations is also strange and is likely a product of 

the interplay between evolution, ecology, and adaptation, both biological and cultural (Harper, 2020). As 

Harper (2020) described it, “…human settlements are an irresistible network of densely packed lungs. We 

are the sneezing ape. Humans alter the ecological context of disease evolution, and disease evolution 

collides with human history” (Harper, 2020, p.353). This statement by Harper (2020) nicely summarizes 

the context of human disease: the density of our species, the ecology that we create and/or destroy, the 

unknowing biological evolution we cause, and the history we both create and ignore. 

TOPIC 1: DISEASE ECOLOGY 

Disease ecology focuses on the interaction between pathogen and host in terms of external factors 

or the environment (Brown, Inhorn, & Smith, 1996). From this perspective, a disease ecology framework 

will attempt to understand the disease organism’s ‘worldview’ (Brown, Inhorn & Smith, 1996). In other 

words, disease ecology seeks to understand the infectious agent from the point of the pathogen’s 

interaction and its environment. It can therefore be informative to determine if ancient diseases were 

chronic or acute, tropical or temperate, bacterial or viral or parasitic, and then understand what 

environmental and social causes contributed to the presence and frequency of diseases (Rashidi, 2011). 

Adaptation is thus foundational in this framework as adaptation reflects the changes in host or pathogen to 

environmental factors. This framework views the forces of adaptation of both the host and the disease 

agent within a given environment.  

The continual expansion of human populations has led to successive invasions of the human 

population by increasing numbers of different pathogens and increasing their reproductive rate in human 

populations (Dobson & Carper, 1996). This condition created three ecological processes that lead to the 

disease ecology of the Neolithic. The first ecological process was that of the size and spatial distribution 

of the host population. The change in size and spatial distribution, both in terms of domesticates and 

humans, changed considerably from the Mesolithic to Neolithic and is an essential ecological process in 

shaping the disease dynamics of the Neolithic. Dobson & Carper (1996) explain that the most 

parsimonious way to examine when infectious disease(s) became established in the human population(s) 

is to examine the human epidemiological history from the perspective of size and spatial distribution of 
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human (and animal) populations as they expanded in numbers and aggregated into the first villages, 

towns, and cities in different parts of the world at different historical times. 

Second, the movement of infected and susceptible hosts and vectors of transmission. The 

Neolithic also experienced large movements of people across larger areas than local hunter-gatherers, and 

this ecological process could have increased disease transmission via influencing the nutritional status of 

the human host population, allowing for vulnerability to pathogen invasion. The diet of humans is 

proposed to have declined in the Neolithic due to lack of variety in food which caused weakened and 

vulnerable hosts. Some of these dietary changes have been revealed through stable isotope analyses. 

Researchers can differentiate plants present in a diet using carbon isotopes based on their photosynthetic 

systems (Katzenberg, 2016). The change in the proportion of carbon can also provide data on the number 

of marine foods in the diet, which is suggested by a known difference in Carbon-13 concentrations 

between dissolved inorganic carbon in the ocean versus the atmosphere (Katzenberg, 2016). Another 

helpful element in stable isotope analyses is Nitrogen-15. This can be used to discover the ratio of dietary 

protein consumed (plant and/or animal-based), alluding to whether there is a higher presence of a meat-

based diet or a plant-based diet (Katzenberg, 2016). The variability in stable isotopes across different 

groups in Europe can then be used to inform on the dietary patterns and whether this was a factor in a 

particular disease incidence or not. These ecological processes are powerful factors in the dynamics of a 

pathogen state within a population. 

A third factor in the ecological processes of disease, both during the Neolithic and in modern 

times, is human movement. In the framework of disease ecology, human movement is seen as a behavior 

factor that influences exposure to vectors and promotes transmission (Stoddard et al., 2009). The role of 

human movement has been an understudied behavioral component, “little is known about individual 

human movement patterns and even less about their epidemiological consequences, even though such 

knowledge would be a valuable contribution to the understanding and control of diseases” (Stoddard et 

al., 2009). In an epidemiological framework, human movement is seen as the population(s) of susceptible 

hosts moving into high-risk areas or infected hosts moving into susceptible populations. Since exposure to 

pathogens is dependent on local circumstances, the variation in individual host movements could strongly 

influence the transmission dynamics of pathogens (Stoddard et al., 2009).  

It is well known that the Neolithic in Europe endured many migrations of varying sizes and 

populations. Again, stable isotope analysis could be useful here. Strontium and Oxygen isotopes have 

been used for determining the mobility and residency of people from various regions. Strontium can be 

used because the natural radioactive decay from 87Rb in bedrock decays into 87Sr, so the proportion of 87Sr 

increases in older rocks. This can be used to compare bioavailable strontium isotopes between two 

regions and infer the movement due to variation in the ratios from incoming groups with different isotope 

levels. Oxygen isotopes can be used similarly; by comparing local ranges of oxygen isotope ratios, 

researchers can determine if someone is an immigrant to the local range by their variation in oxygen 

isotopes (Katzenberg, 2016). In terms of their impact on disease transmission, these movements have not 

been studied in Neolithic Europe. However, an interesting study on the Silk Road in China indicates 

migration's effect on health. Yen et al. (2016) show the presence of the Chinese River Fluke in coprolites 

at a relay station in the desert, 1500km away from where the fluke is endemic today. To the authors, this 

indicated at least one traveler who carried this parasite to the desert and showed that the Silk Road travel 

did include disease transmission to some degree (Yeh, Mao, Wang, Qi, & Mitchell, 2016).  

To date, the only aspect of disease transmission studies in an ancient European context has been 

via the particular disease agent and its reconstructed phylogeny in time and space (i.e., the 

phylogeographical distribution of TB from Comas et al., 2013). The actual demographics, including 
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migrations, have not been fully elucidated when considering disease. Even without this data, it is 

recognized how impactful migration was, especially in disease ecology, biology, and culture. Migration is 

likely one of the most influential processes impacting human-pathogen interactions by facilitating the 

movement of existing human pathogens to new environments and/or communities and expansion into 

new ecological niches that provide new vectors and reservoirs for disease (Harkins & Stone, 2015). This 

is a large gap in the knowledge of the ancient disease that can be discovered with modern disease data, 

ancient data, and modern technology. 

Alternatively, the lack of movement could also be a key factor in the ecological processes of 

disease. Sedentism refers to the behavior of remaining in one area for an extended time. This behavior 

promotes a plethora of behaviors that increase disease susceptibility and transmission. Some of these 

behaviors are the density of people leading to the easier passage of disease, the increase in waste around 

settlements promoting illnesses, close living to animals, etc. Sedentism alone, however, might not fully 

explain the pattern of infection observed. Larsen (1995) argues that the synergy between infection and 

other stressors such as poor nutrition (specialized vs. generalized), warfare, social disruption, and 

sedentism likely explains disease onset more readily than sedentism alone. 

Three parameters can inform the ecological state of a pathogen within a population. First, the 

basic reproductive ratio (Ro) is defined as the number of individuals each diseased individual infects at the 

beginning of an epidemic. For example, an Ro of 2 would mean infecting two other individuals for every 

infected individual. Next, the threshold number of hosts (Ht) required for a pathogen to become 

established. This is largely based on density. The host population needs to reach a certain size and density 

to sustain infections continuously. Ht and Ro are an inverse relationship such that an increase in Ro tends 

to reduce the Ht and vice versa. Finally, the mean level of infection in the host also has to do with 

population size, but more in terms of the structure/lifestyle of the population (Dobson & Carper, 1996). 

For example, the mean level of infection was likely lower in the nomadic hunter-gatherer groups than in 

the sedentary agropastoralists. The population size of nomadic hunter-gatherers was far smaller than the 

Neolithic agropastoralists and therefore would have had the disease, but only at a marginal level, whereas 

the larger populations of the Neolithic could carry a larger disease load. 

There are three levels to consider when utilizing disease ecology: 1) the microbiological level, 

which consists of disease agents acting in a host, 2) cultural-ecological (or microsociological), which 

consist of individual behaviors influenced by society and risk to exposing individuals to a disease agent, 

and 3) political, ecological (or macrosociological) level which consists of historical factors that influence 

people’s access to resources and relationship with the physical environment (Brown, Inhorn, & Smith, 

1996). These levels are important in understanding the evolution between host, disease agent, and 

environment and situate disease ecology in various scopes. 

A hypothetical case using these three levels of disease ecology can be explored. For example, a 

society of agropastoralists exists in a semi-wooded environment near a water source. The size of the 

establishment is a few hundred people and their domesticates (cows, goats, sheep, pig, dog). In the first 

level, the microbiological level, disease agents are present in the environment (soil), the domesticates (M. 

bovis in cows or Brucellosis in goats, for example), and humans (M. tuberculosis, for example). These 

agents are acting, in this scenario, entirely dependent on the host-pathogen and do not elevate higher than 

Stage 3 from Wolfe et al.’s (2011) endemic stages. The next level, cultural-ecological, consists of the 

behaviors of the individuals in the society. These behaviors could be plowing/tilling the land, gathering 

resources, grinding flour, perhaps ritualistic/religious meetings, maybe some skill/trade specialization, 

communal housing, etc. The main point in this level is that these individual behaviors are unique to the 

agropastoralism society and increase the level or frequency of exposure to disease agents compared to 
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hunter-gatherers. The final level, political-ecological, would consist of a social hierarchy or political 

autonomy that confers expectations on people living within that establishment. This could alter the 

establishment in appearance, perhaps a specialized building specifically for a high-status individual, or 

could alter the flow of resources in the establishment such that some people may not get enough or not a 

diverse food supply, leading to nutritional deficiencies. This case, though fictional, is very similar to the 

factors at play in the societies during the Neolithic, all compounding to increase disease susceptibility and 

transmission to an unprecedented degree. 

Disease, as a biological pressure, is important in disease ecology because of its possibility to 

cause death, thereby reducing the reproductive fitness of a species. Adaptation then is a mechanism by 

which both humans and pathogens alter their behavior to produce a more favorable environment to reduce 

the disease pressure on reproductive fitness. Adaptation, in any direction, does not imply the optimum 

result in a given environment. It simply “seeks” to find a less burdensome outcome, where negative 

pressures are reduced or balanced.  

MECHANISMS OF HUMAN ADAPTATION TO DISEASE 

As the human species, we adapt to disease in two ways, culturally and biologically. Both ways 

either directly or indirectly affect the environment that formulates the particular disease ecology present. 

Culturally, we can influence our environment and subsequently the pathogen’s environment in a positive 

(beneficial to humans) or negative (beneficial to pathogen) way. Culture plays a major role in determining 

disease patterns and health. On the one hand, culture may shape important behaviors, while on the other 

hand, culture can actively change the nature of our environment. These cultural implications are important 

in understanding adaptation to disease as humans have a dual inheritance system, both through genes and 

culture (Brown, Inhorn & Smith, 1996). 

Biologically, our bodies will play a ‘cat and mouse game’ of changes in response to pathogens. In 

disease ecology, from the pathogens view, the biocultural evolution of the host (i.e., humans) either seeks 

to decrease or increase the reproductive fitness of the pathogen. In this view, the environment, our 

biocultural evolution, and pathogens are all in a sort of continuum of changes until one overthrows the 

other. 

The primary human biological adaptation mechanism is via the body’s immune system. There are 

two pathways that the body’s immune system generally takes to adapt to disease agents, adaptive and 

innate immunity. Innate immunity is the first line of defense against foreign materials. It acts as a 

nonspecific defense mechanism immediately after the identification of foreign material. The adaptive 

immunity jumps into action after the innate response has had insufficient control and utilizes the chemical 

tags supplied by the innate immunity to recognize the invading material and attempt to correct it. 

Culturally there are at least two modes of adaptations as well. First, there are preventative 

functions which are steps to reduce exposure to disease organisms. This adaption usually takes the form 

of social behaviors and social rules to limit transmission. Secondly, therapies are another adaptation that 

can be culturally done. These are not necessarily medical therapies and sometimes are cultural beliefs or 

ethnomedicine practices that the culture knows to relieve disease symptoms. The cultural perspective of 

disease is important, and the information of disease type, frequency, and virulence as implied by ancient 

remains and materials could help explain ancient views on disease transmission, etiology, and healing 

(Rashidi, 2011). 

Due to adaptation having such a foundational role in disease ecology, one of the adaptation 

mechanisms is natural selection, both in biological and cultural systems (Brown, Inhorn & Smith, 1996). 
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In general, traits that increase fertility and morbidity in a specific environment will be maintained or 

increase in frequency. The opposite is true for traits that increase mortality; these will decrease in 

frequency or become extinct. The five common factors associated with natural selection and adaptation in 

biocultural evolution are disease, food supply, trauma (physical or psychological), predation and 

competition, and climate (Brown, Inhorn & Smith, 1996). 

A good summation of the previous paragraphs on the influence of biology and culture on ecology 

is seen in Figure 1 below. In this example, H. pylori has been infecting ancestors for many thousands of 

years, and this has led to two outcomes: selection/co-evolution (or survival) or illness/disease (or death). 

For those who live, there are then a few pathways of biological changes, each interconnected, such as 

immune response and hormonal reactions. This then feeds into the risk of disease, which yields a vast 

array of different disease outcomes. In parallel to this physiological response are the cultural or ecological 

changes. This directly affects the disease ecology, because as shown in Figure 1, these measures can 

negate the vast risk of disease outcomes. 

 

Figure 7: Flow chart exampling the host-pathogen evolutionary pathways for H. pylori (Blaser, 2006) 

Determining and managing symptoms varies significantly by culture (Brown, Inhorn, and Smith 

1996). This is important because, in modern-day attempts to manage diseases, it is often approached in 

the Western Science focus of strictly biology and not necessarily considering other cultural viewpoints of 

disease and how to handle it. Therefore, from an anthropological perspective, the disease must be 

analyzed and understood within a human context and its relation to ecology and culture.  
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On the other hand, the primary aim of epidemiologists is to describe patterns of disease 

occurrence through space and time while also attempting to discover the disease etiology through risk 

factors associated with disease outcome (Brown, Inhorn, and Smith, 1997). This sort of approach, though 

extremely important in discovering disease origins, transmission, and changes, tends to focus too 

intensively on biological facts and not so much on the complex social structures that also occur. In this 

role, anthropologists can facilitate identification by describing patterns of human behavior that cause the 

social distribution of disease. Therefore, they are also well-equipped to understand the human behaviors 

that promote disease in a sociocultural context. Through its effect on the environment, human behavior 

affects the distribution and incidence of disease organisms and alters the structure of the local gene pool 

(Brown, Inhorn, and Smith, 1997).  

To apply disease ecology, Fournie et al. (2017) constructed a model simulating the transmission 

of Brucella melitensis in early domestic goat populations. They utilized archaeological data to inform on 

population structure and cultural behaviors associated with goat herding in the Neolithic. Brucella 

melitensis causes human brucellosis and is commonly transmitted through unpasteurized dairy products 

and the management of infected animal herds. The authors discovered that the pathogen could have been 

sustained (endemic) even at low transmission levels within the domestic goat populations. The 

transmission was also increased with two cultural behaviors. The first one was the selective harvesting 

and breeding of the goat populations. Younger males were harvested to improve the efficiency of food 

production, which modified the age and sex structure of the goat population. Second, the potential for 

endemicity was significantly increased if goats from different villages were mixed, such as trading or 

perhaps different breeding populations. The authors described the interactions and consequences of 

enhanced disease transmission by concluding: “…early farmers discovered that they could improve the 

efficiency of food production while maintaining herd reproductive continuity by selectively culling young 

male goats, a cause-effect relationship that must have been clear to them. However, they were unlikely to 

have realized that this led to increased risk of human brucellosis, due to the cause-effect relationship not 

being directly observable” (Fournié, Pfeiffer, & Bendrey, 2017).  

Rashidi (2011) proposes an overlooked relationship between animal domestication, species 

diversity and abundance within ecosystems, and infectious disease in humans. This relationship is 

founded on the idea that infectious diseases are, in a sense, ecological systems. There are at least two 

interactions in the disease ecology system: the pathogen and the host, which are involved in many 

interactions with many species. These interactions have led researchers to predict that species diversity 

should influence infectious disease transmission. 

The phenomenon of the impact of species diversity on disease transmission has come to be 

known as “The Dilution Effect” (Rashidi, 2011). The dilution effect asserts that a greater degree of 

species diversity in an ecosystem can dilute disease incidence in humans and other animals, as well as 

conversely, a reduction in species diversity may increase disease incidence (Rashidi, 2011). It has been 

shown that the reduction in the diversity of species exploited, and reduction in genetic diversity of 

domesticated species would have been a major factor leading to an increase in the prevalence of 

infectious zoonotic diseases over time (Rashidi, 2011). In Neolithic societies, four aspects demonstrate 

the dilution effect. First, faunal assemblages showed a reduction in the diversity of species from before to 

after the domestication of animals. Second, sites with domestic species show an increased frequency of 

those species relative to all species exploited. Third, the frequency and intensity of contact between 

humans and domestic animals was significantly higher than between humans and wild, hunted animals. 

Finally, the genetic diversity of animal species likely decreased due to the domestication process (Rashidi, 

2011). 
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In summary, there are five major themes elucidated from the disease ecology perspective. First, 

disease occurs within ecological settings that are context-dependent on biocultural factors at the time. 

Second, cultural practices directly alter ecological relationships which influence human health and the 

relationship between animals and pathogens. Third, biocultural traits with a positive adaptive value 

against disease will be selected for and maintained in a population so long as reproductive fitness remains 

positive. Fourth, human behavior plays a significant role in the etiology of every disease. Finally, 

understanding the influence of human behavior on disease requires a synthesis of interdisciplinary 

perspectives. We are both adapting and forming biological and cultural compromises in a rapidly 

changing environment, while pathogens also simultaneously coevolve (Rühli & Henneberg, 2013). 

TOPIC 2: PALEOPATHOLOGY 

Paleopathology represents the study of disease states informed by human and animal skeletal 

evidence. It utilizes a biocultural approach and integrates the data from the remains with the context of 

where the remains came from (Roberts, 2016). Further, to understand why people suffered from disease, 

it is important to understand the factors of their lived environment leading to disease occurrence, such as 

housing, economy, climate, etc. (Roberts, 2016). This presence of paleopathological evidence means the 

disease progressed to a severe enough state that it was able to modify bone biology and become 

skeletonized in its pathological state. Bone diseases use a classification system based on the causes of 

disease and the pathological changes associated with bone. The classifications are congenital and acquired 

(Mays, 1998). Congenital refers to diseases present since birth and may be a genetic factor or 

complications from pregnancy (Mays, 1998). Acquired diseases are subdivided into infections, 

neoplasms, metabolic and dietary, and arthropathies (Mays, 1998). Infections occur because of pathogenic 

microorganism intrusions, which result in inflammation. Inflammation as a reaction to infection recruits 

various fluids and blood cells to the impact site and may result in bone destruction or new bone formation 

(Mays, 1998). 

Through this reactionary process, one might infer whether the disease occurred around the time of 

death or the individual lived through it for some time. This can be discerned through the presence of two 

bone types at the focal point of infection: lamellar and woven bone. Woven bone is a temporary 

patchwork of bone fibers to repair the bone from inflammatory destruction. Woven bone indicates that the 

individual died shortly after contracting a condition. Lamellar bone is remodeled bone complete with new 

lamellae and typically indicates an injury or condition that occurred long ago. The presence of both 

remodeled types indicates a long, chronic disease history (Mays, 1998). Neoplasms are tumors or 

uncontrolled growths that can originate in bone or progress from other tissues (Mays, 1998). Many types 

of tumors can affect bone, and they may be bone-forming or destroying. 

Both destruction and formation from neoplasms likely occur in skeletal tissue (Mays, 1998). 

Neoplasms are generally less commonly identified in a paleopathological sense. Disease due to metabolic 

or dietary deficiency is the third type of acquired disease. These are due to one or more deficiencies in 

diet and result in inadequate or excessive bone production or excessive bone deossification (Mays, 1998). 

The most prominent example of this type of acquired disease is rickets, caused by lack of vitamin D and 

results typically in bent or distorted long bones (especially of the lower leg). Arthropathies are the final 

type of acquired disease and refer to joint diseases. Arthropathies typically cause bone formation and 

destruction and are usually further classified as either proliferative or erosive (Mays, 1998). The most 

common forms of this acquired disease are osteoarthritis and vertebral osteophytes, forms of proliferative 

joint disease (Mays, 1998). Both are forms of loss of cartilage at a joint. 
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This field has been commonly used to study medieval remains for syphilis, tuberculosis, and 

leprosy signs. The impact of diseases based on bone can be informed by measuring prevalence or 

frequency and exploring cultural features that may be direct or indirect responses to long-term disease 

prevalence (Rashidi, 2011). Fernández (2012) reviews the methods commonly employed in 

paleopathological analyses, including macroscopy, light microscopy, electron microscopy, molecular, and 

immunohistochemistry. 

Despite the different means of identifying disease presence in skeletal remains, it is important to 

recognize the so-called “Osteological Paradox” (Wood et al. 1992), which posits that the bones of the 

deceased do not show signs of disease because many acute conditions that lead to mortality did not have 

enough time to result in bone or dental morphological changes (De Souza et al., 2003). Bone reactivity to 

disease is relatively slow, and therefore long-lasting conditions and/or life-threatening conditions that can 

spread in the skeleton would have had relatively high mortality without the therapeutic intervention of 

some sort (Mays, 1998). Another way to explain the “osteological paradox” is that societies in which a 

higher number of infectious disease risk factors existed and which had a high prevalence will exhibit a 

lower prevalence of diagnostic bone lesions in the skeletal population than those societies with lower 

disease prevalence in living (Rashidi, 2011). Even though the evidence is lacking to support disease in 

many skeletons, this does not necessarily mean the absence of disease in the individual or the population. 

The evidence of paleopathological conditions in skeletons likely reflects chronic and long-lasting 

diseases, allowing an individual to live with the condition for many years or even decades (Mays, 1998). 

This may have little to do with the cause of death but does tell a great deal about the lifestyle and the 

general environment in which they lived. As Mays (1998) says: “It might be said, then, that studying 

disease in ancient skeletons generally tells us more about how people lived than how they died (pg. 122).”  

Another important factor in the paleopathological analysis is the effect of taphonomy on the remains, 

or so-called pseudopathologies (Lovell, 2008). Depending on the burial practices, weathering, landscape 

changes, and modern civilization intrusions, damage can occur to bones that could be perceived as 

pathological (Fernández, 2012). Usually, these can be determined non-pathological by a trained eye; 

however, these factors confound the problem of determining disease presence solely based on 

morphological changes in bone. Pseudopathological lesions from burial effects can further be caused by 

insect or rodent activity, roots, water, temperature, soil pH, soil pressure, and excavator damage (Lovell, 

2008). Due to this further confusion in paleopathological analyses, some rules of thumb have been 

established (Lovell, 2008): 

- Abnormal formation of bone always results from pathological processes, 

- Abnormal destruction of bone may result from pseudopathological processes, 

- The abnormal density of bone may result from pseudopathological processes, 

- Most antemortem processes leave smooth or rounded edges that are evidence of osteoblastic 

repair, 

- Antemortem osteoclastic activity is unmistakable when observed macroscopically. 

Paleopathological analyses are typically done on skeletons retrieved from burials or funerary 

practices. The simple act of placing a deceased individual to rest has many complex sociocultural factors 

that are difficult to elucidate in prehistory. Therefore, the motives for burying people and the patterns of 

burying people are difficult. This means that most of the burials presenting disease are likely there for 

specific sociocultural reasons; otherwise, they may be buried in a different way, such as based on class 

status. In a sense, skeletal series should be considered their own distinct population, separated from the 

living ones, but can utilize external factors to elucidate the cause for the specific make-up of the skeletal 

series in question. A quote by Waldron (1994) summarizes: “We are dealing with a population: which has 



35 

 

suffered and died from diseases that are largely non-random, which is a social or cultural rather than 

biological sampling, which is an unknown proportion of the total dead population, and which has suffered 

a number of depredations in the time between burial and recovery” (as quoted in Mendonca de Souza et 

al., 2003, pg. 25). Paleopathological data is a form of primary information about the past disease and can 

then be interpreted in conjunction with contemporary or historical descriptions of disease from 

documentary or iconographic data if available (Roberts et al., 2012) 

One of the main sources of paleopathological analyses has been teeth. There has largely been a 

consensus that the Neolithic lifestyle resulted in poorer dental health than hunting and gathering. This has 

been attributed to the high sugar carbohydrate diet of eating cereals. This is most visible in the increased 

frequency of dental caries and antemortem tooth loss common in most Neolithic remains. Larsen (1995) 

found that it was not just the diet that caused poor dental health, though; it was a mixture of other external 

factors such as stress, poor nutrition (lack of diversity in nutrition), and social disruption. The shift from 

foraging to farming led to reduction in health, increased physiological stress, a decline in nutritional 

variation, an increase in birthrate and population growth, and alteration of activities and workloads 

(Larsen, 1995).  

Paleopathology under paleoepidemiology can be a useful approach to understand the disease 

prevalence and process in Neolithic societies. As mentioned above, those with paleopathological signs 

will only be a small percentage of the total population but are important when found because the socio-

cultural and ecological evidence associated with them can help paint the larger picture. The data obtained 

from paleopathological analysis provide the representative specimens of the population that can then be 

analyzed under different methods (such as epidemiology). It is important that this field accurately 

identifies pathogenic remains and obtains the relevant demographic information to be informative in later 

analyses. The use of paleopathology can contribute to the understanding of the occurrence, frequency, and 

severity of diseases and relate disease frequencies to sociocultural aspects such as subsistence, climate, 

and urbanization (Mays, 1998). Finally, using DNA to diagnose disease in skeletons provides the 

possibility to look at the evolution of a disease-causing agent, investigate the history of the spread of 

disease around the world, identify causative agents, and lead to understanding why strains of a virus or 

bacteria are more virulent than others (Stone, 2008). 

TOPIC 3: EPIDEMIOLOGICAL TRANSITION THEORY 

The seminal publication of the Epidemiological Transition Theory (ETT) is Omran (2005). The 

origin of the ETT serves to provide a “multidisciplinary approach to population theory” (Omran, 2005). 

The inspiration of Omran’s theory arose due to the limitations of the demographic transition theory 

(previously used to explain aspects of the Neolithic) and the need for a better understanding of population 

dynamics. 

The (ETT) theory focuses on patterns of health and disease and the interactions between the 

patterns and their demographic, economic, and sociologic factors (Omran, 2005). The theory is a 

framework to look at the factors humans create that cause disease to spread as measured by fertility, 

mortality, and morbidity. To provide guidance for this framework, Omran postulates five propositions 

that allow for analysis of the epidemiological state in societies. This theory was originally made to 

understand disease origins in modern (or western) societies; however, this theory has evolved and been 

applied to other contexts.  

One of Omran’s propositions is that mortality is fundamental in population dynamics (Omran, 

2005). The impact of this factor is seen in the cyclical rise and fall of population size, which reflects the 

variation in fertility and mortality, ignoring migration influences. Likely, many ancient societies 
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experienced marginally positive net growth over time. It was not until after 1650 A.D. that the growth 

curve of the world population escaped the cyclic pattern and reached exponential status (Omran, 2005). 

Given this assumption of this cyclical nature in pre-modern societies, it seems that there was some lower 

level of carrying capacity in groups as controlled by environmental factors (resource availability) and 

health (disease/epidemics). 

Mortality can be hypothesized in ancient societies by determining the population size of an 

establishment (via demography, history, or cultural data) and correlating that to the observed population 

of remains found (paleopathology). These amounts are used to establish a hypothetical mortality rate, 

though with the obvious caveat that this is merely a theory as the population size and the proportion 

represented skeletally will be biased due to various sociocultural, taphonomic, and environmental reasons. 

This mortality rate, as Omran states, should have a slightly positive net value. If this value is zero or 

negative, it may indicate an exceptional catalyst to mortality in that society, such as disease endemic or 

warfare.  

Omran’s original theory dealt with the observed changes in disease frequency and severity due to 

sociocultural changes from historic times to modern times. The model focused on significant changes in 

patterns of health and disease and explored them using demographic, economic, and sociological factors. 

In some ways, Omran’s ETT was a rendition of Demographic Transition Theory (DTT), which was a 

generalized model of population structures focused on fertility and mortality. The problem with Omran’s 

model was that he assumed the earliest human populations were rife with disease, resulting in 

communities in which extremely high mortality was compensated for by maximum fertility (Harper & 

Armelagos, 2010). This assumption commonly refers to ancestors as “primitive” and therefore full of 

disease potential, which is not necessarily accurate as many anthropologists concede that pre-agricultural 

societies are defined as “healthier” through the lower disease load than agricultural societies. 

To assess ETT and calibrate it for ancient contexts, Harper and Armelagos (2010) proposed the 

Paleolithic baseline to understand dramatic shifts. The baseline utilizes the paleolithic diet pattern, 

consisting of a varied diet, including terrestrial mammals, fish, shellfish, birds, and plants based on 

locally available resources. It is also based on the assumption that human populations lived in small, 

sparsely settled groups for all of human history before the Neolithic (Armelagos, Barnes, & Lin, 2014). 

Therefore, the population size and density remained low, and the fertility and mortality rates would have 

balanced in a way to retain a small population size (Armelagos et al., 2014). The actual Paleolithic 

baseline based on archaeological and genetic data is not plentiful enough to formalize standards to create 

a baseline, so Harper and Armelagos (2010) utilized contemporary groups as a proxy. The idea with the 

paleolithic as a baseline is that the population size would be too small to support the continuous 

transmission of disease(s).  

The Paleolithic Baseline is evident when modern-day hunter-gatherer groups are compared to 

modern, industrialized groups. Stig Bengmark (2000, p612) compared Western Diet to a paleolithic 

hunter-gatherer population. Bengmark estimated that our paleolithic ancestors' diet contained at least a 

billion times more non-pathogenic bacteria, namely Lactobacillus variety, promoting health (Harper and 

Armelagos 2010). Further, Bengmark discovered that humans in rural, low-income settings have a health-

promoting commensal flora that weighs approximately 2kg on average, while those in high-income 

settings only have a commensal floral weight of 1.3kg, indicating that the more processed diet of high-

income settings removes or eliminates commensals (Bengmark, 2000). 

The Paleolithic baseline measure also includes two classes of pathogens that likely infected 

hunter-gatherers. The first of these pathogens are called the “heirloom species,” which infected our 
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earliest hominine ancestors and have continued to evolve and infect hominids. Examples of these are head 

and body lice and pinworms. Lice have even evolved to include specific human-adapted lice that have 

traveled out of Africa with human migrations, diverging then into head and body lice. The second type of 

pathogen is the “souvenir species.” These are species that are picked up along the way, such as via 

carrying out daily activities. Souvenir species are usually zoonotic and whose primary hosts are non-

humans and infect humans only incidentally. Some routes for these species to be passed on are through 

insect and animal bites, preparing and consuming contaminated flesh or secondary animal products, and 

contact with infected animal waste (Harper and Armelagos 2010). These two categories are used in the 

paleolithic baseline because it implies that the hunter-gatherers were victims of ancestral or zoonotic-

based pathogens and none had originated or evolved within the human hosts directly. 

As part of the ETT, sociocultural factors need to be considered. In this context, Paleolithic hunter-

gatherers are primarily considered to have resided in largely egalitarian societies, and therefore disease 

load would have been equivalent amongst the members in a particular Paleolithic hunter-gatherer group 

(Armelagos, Brown, & Turner, 2005). The Paleolithic baseline provides a valuable comparator for 

gauging whether an epidemiological transition has occurred and to what level. The Paleolithic baseline 

makes the Neolithic transition an easily discernible first epidemiological transition. 

THE FIRST EPIDEMIOLOGICAL TRANSITION 

The first epidemiological transition was the Neolithic, which experienced increases in nutritional 

and infectious diseases due to cultural adaptations (Armelagos & Barnes, 1999). The cultural changes 

associated with the Neolithic allowed for more sedentary lifestyles, which contrasted with the more 

nomadic lifestyle of the hunting-gathering subsistence. This sedentism allowed for an increase in 

population size and density, domestication of animals, and alteration of the environment (such as 

plowing). It has been largely accepted that societies that experienced this transition had higher rates of 

infectious and nutritional disease (Karsten, 2014; Karsten, Heins, Madden, & Sokohatskyi, 2014). With 

these changes, three arenas of infectious disease became: 1) agriculture increased the raw number of 

possible diseases (bacterial and viral), 2) sedentism promoted more parasitic disease due to poor 

sanitation, 3) animal herding promoted zoonotic disease. 

Another important feature about the Neolithic is that the genetic factors or host immunity would 

not have been present yet in human populations for most disease agents to ward off infection effectively. 

This would have aided the rate of transmission of diseases and likely had an initially higher virulence 

factor than after adaptations. Therefore, the genotypes selected during hunting-gathering societies would 

have provided little protection due to the likely less exposure to pathogens and therefore lessened genetic 

adaptation to pathogens. In these smaller groups, it is more likely that the genetic heterogeneity of the 

group alone worked well enough not to cause the group to go extinct (Armelagos & Dewey, 1970). This 

was no longer the case in the Neolithic, where many new types of diseases were occurring due to all the 

new possible vectors, and therefore multiple disease states were probably present in a population at one 

time. 

Traditionally, the study of disease in populations (epidemiology) focused on biological factors 

especially dealing with virulence of pathogen(s) and host immunity. This makes logical sense in that field 

as its primary aim is to understand a particular disease state and provide answers or guidance on how best 

to deal with it or minimize its impact. Modern epidemiology is stimulated mainly by the need for 

therapies and the clinical aspect. However, this often ignores the sociocultural factors that are pivotal in 

disease roles in society (Armelagos & Mcardle, 1975). In the anthropological perspective of disease, 

culture is the mediating force that screens a group from the insults in the environment and acts to buffer 
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the forces. In a sense, culture becomes an integral part of shaping, manipulating, and altering the 

environment. In this way, culture can mitigate disease risks or sometimes remove barriers to disease risk, 

like the Neolithic case. 

The social system then also plays a formidable role in the disease pattern of a population.  Since 

the interaction of individuals is necessary for transmission to occur, it is the social organization that 

should be studied in any epidemiological investigation (Armelagos & Mcardle, 1975). Again, the 

Neolithic witnessed a massive change in social organization compared to the previous hunting-gathering 

populations, becoming social units comprised of multiple generations of nuclear families and close 

extended families. This social structure provides many more interactions between households. Also, the 

introduction of specialized and general labor in the same area over a long time provides extended periods 

of population transmission in a locale. 

Interestingly, the increase of disease in the Neolithic parallels an increase in contact with 

domesticated animals. Even more interesting are the parallels in social structure between humans and 

animals. Most of the domesticated species that humans utilized in the Neolithic were naturally social herd 

animals that lived and moved in large groups. It is likely in this behavior that their zoonoses originated 

and have evolved to exploit. Almost 70% of all disease-causing microorganisms are zoonotic and today 

make up the largest class of emerging and re-emerging diseases (Rashidi, 2011). 

Then, humans entered the scene and began to adopt these domesticated herds for their benefit. 

From the perspective of the disease agents, a new “herd” had arrived, but with minimal to no immunity – 

the perfect novel host to exploit. This scenario seems extremely likely as the explanation for animal-

human pathogenesis. It was the simple fact that the animal disease agents had evolved to persist in the 

social herd behaviors of these domesticates, and humans practiced a similar social herd strategy, albeit for 

different reasons. This provided a similar enough environment for the disease agent to jump to and a new 

host that had not encountered the pathogen and likely lacked the biological defenses that the animals had 

built up over hundreds to thousands of years. 

The cultural act of farming alone created a ripple of ecological changes that resulted in exposure 

to novel pathogens. For example, the cultivation of soil, requiring the breakup of sod, risked exposure to 

chiggers and mites that carry the bacterium Orientia tsutsugamushi, the causative agent of scrub typhus 

(Harper and Armelagos 2010). The most prominent example of a farming-mediated exposure is the slash-

and-burn agriculture in West Africa described famously by Livingstone (1958), which exposed 

populations to A. gambiae, the mosquito that carries P. falciparum, the cause of malaria. Another impact 

of farming practice was the use of irrigation, propagating more standing water, and the use of feces as a 

fertilizer. 

A recently published study reports direct data for the first epidemiological transition theory 

facilitating the emergence of a human pathogen. In this study, eight bacterial genomes of Salmonella sp. 

were reconstructed dating to as early as 6,500 years ago and included individuals of hunting-gatherer 

sociocultural methods and agropastoralists. All the genomes were recovered from the pulp chamber of 

teeth, indicating that diseases associated with this bacterial group were systemic in the bodies at the time 

of death. Interestingly, the authors find a phylogenetic cluster of generalist S. enterica that likely caused 

salmonellosis in samples older than 3000 years. The evidence that this was a generalist version was from 

the ability of modern descendants to cause disease in a variety of mammals and the relatively low 

frequency of pseudogenes which are thought to increase in number following host adaptation (Key et al., 

2020). Therefore, the study's newly reported S. enterica genomes suggest the first case where the 

Neolithization process caused the first epidemiological transition and initiated a human-adapted version 
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of a pathogen from a zoonotic form. The evidence suggests that the progenitors evolved within the 

agropastoral societies and due to all the Neolithic conditions, leading to emerging disease in humans. 

GENETIC BASIS OF DISEASE SUSCEPTIBILITY 

As mentioned above, the first line of defense for the human body against a foreign material is 

innate immunity. Many biological pathways are involved that trigger various cascade events within the 

body to handle the invasion. In terms of disease evolution, the most studied has been the toll-like receptor 

(TLR) signaling pathway (Hill, 2012). This most studied variant of the TLR signaling adaptors is MAL 

which is encoded by the gene TIRAP and displayed below (Hill, 2012; Khor et al., 2007).  

 

Figure 8: The Toll-Like Receptor signalying pathway encoded by TIRAP 

The variant is distinguished by being a functional knockout allele, and those with the 

heterozygous form have been reported to have an approximately two-fold reduction in risk of several 

infectious diseases, including pneumococcal disease, tuberculosis, and malaria (Hill, 2012; Khor et al., 

2007). Interestingly, the homozygous form is rare and correlated with a slightly increased risk of bacterial 

disease in populations from Europe (Hill 2012). 

Another example is the Cytokine-inducible SRC homology 2 domain protein (CISH), the first 

part of the regulatory suppressor of cytokine signaling (SOCS) family. CISH is most consistently 

upregulated by interleukin-2 (IL-2) and is a critical negative regulator of cytokines. It was discovered that 

single-nucleotide polymorphisms (SNPs) flanking promoter of the gene is associated with risk of 

bacteremia, tuberculosis, and severe malaria (Hill 2012). Interestingly, part of the increased risk was 

caused by a coding change in a receptor component of bacteria which affected the ability of bacteria to 

reach the host cell surface. However, this variant is found in low frequencies in Africa and is more 

frequent in Caucasian populations, and has been associated with a substantial risk of leprosy in Turkey 

and India, with statistical significance of an impressive p < 10-7 (Hill 2012)!   
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Finally, another interesting study on a wide variety of autoimmune diseases based on the 

lymphoid tyrosine phosphatase (Lyp) gene, PTPN22, shows increased risk of type I diabetes, rheumatoid 

arthritis, systemic lupus erythematosus, and several other autoimmune diseases in Europeans (Hill 2012). 

The genetics of disease susceptibility represent prime examples of the genetic trade-offs of 

adaptations as imposed by the pathogens, the host, and the environment. As more and more pathogen-

focused aDNA and modern medical work progresses, more of these interactions and genetic changes 

associated with disease susceptibility will be elucidated. 

EVOLUTIONARY MEDICINE: BRINGING PAST TO PRESENT 

Evolutionary Medicine (EM) is a rapidly growing paradigm that applies evolutionary biology 

principles to health and disease (Grunspan, Nesse, Barnes, & Brownell, 2018). EM has been tasked with 

forcing a paradigm shift in both the worlds of evolutionary biology and medicine. Historically, these two 

fields rarely played together, which is ironic considering the massive overlap and feedback mechanisms 

between them. It has been due to the recent recognition of how the past can inform on the present that has 

attributed to this ‘awakening’ of including evolution in medicine and medicine in evolution. Perhaps, one 

of the most common themes of EM is the recognition of evolutionary trade-offs or compromises in 

selection that favors a trait at the expense of another (Hood & Jenkins, 2008). Stearns and Koella (2007) 

explain this perfectly: 

“No trait is perfect. Every trait could be better but making it better would make something else 

worse. Our vision could be as acute as that of an eagle, but the price would be a decreased capacity to 

detect, color, depth, and movement in a wide field of vision. If the bones in our wrists were thicker, they 

would not break so readily, but we would not be able to rotate our wrists in the wonderful motion that 

makes throwing efficient. If the stomach made less acid, we would be less prone to ulcers, but more prone 

to GI infections. Every trait requires analysis of the trade-offs that limit its perfection.” (as quoted in 

Hood & Jenkins, 2008, pg.115) 

Importantly, EM can incorporate culture as well.  It has been accepted that culture changes occur 

much more rapidly than biological changes, and therefore culture is now a significant source of selection 

on humans, and medicine is part of culture (S. C. Stearns, 2012). This area of EM could use greater 

expansion and research. The biology and medicine fields of EM have centuries of data to rely on to 

inform them, and anthropologists should now jump on board to provide the important sociocultural 

background to integrate into EM. It is likely that without anthropological intervention in this field, the 

sociocultural integrations of EM may only reflect Western Ideologies and ignore or forget the variability 

in world peoples and cultures. Much could be learned from understanding the “medical” applications of 

modern-day hunter-gatherer populations. How do they handle disease? How do they treat disease? What 

does disease mean to them, or do they recognize ailments as something else? This and much more would 

be beneficial insights into EM. 

One of the goals of my research and of EM is understanding the evolution of antibiotic resistance. 

This is important because of the massive mortality and economic costs associated with the emergence of 

resistant strains. For example, if a new antibiotic is introduced in the UK, bacterial strains resistant to it 

can usually be found in most hospitals within six months (Stearns, 2012). In terms of cost, in 2004, 

resistant bacteria acquired in hospitals resulted in more than 90,000 fatalities in the US and cost 

approximately $80 billion (Stearns, 2012). A final example is tuberculosis, which was almost eradicated, 

yet exploded in cases due to the various resistant forms it quickly acquired. It costs about $25,000 to treat 

an average TB case and about $250,000 to treat a case of resistant TB (Stearns, 2012). I hypothesize that 

antibiotic resistance genes have always been present in pathogens, but the selection pressures in the 
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Neolithic, for example, were not large enough to cause the selection of these genes. It was not until 

modernization, and especially more intensive lab work, that these pathogens experienced a large enough 

selection force to express their antibiotic resistance genes. 

CONCLUSION 

This essay has provided the foundation for how the dissertation will approach 

paleoepidemiological analyses by utilizing the concepts of disease ecology, paleopathology, and 

epidemiological transition theory. These concepts provide important perspectives when identifying and 

understanding disease (ancient or modern). Disease ecology largely consists of external or environmental 

variables and is useful for understanding the ‘external’ factors. Paleopathology largely consists of 

individuals and usually is the initial recognition of disease processes in ancient populations as represented 

by the decedent population. Finally, epidemiological transition theory focuses on the population level and 

will consider demographics and epidemiology in disease transmission and impact. 

The complex environmental, biological, and sociocultural traits of the Neolithic Transition were 

unprecedented and have only increased in complexity and location since. Due to the similarities in context 

between the Neolithic Transition and the modern era, understanding ancient disease in this pivotal place 

and time will be necessary to understand past dynamics and how those affect modern disease dynamics. 

This understanding will be paved by utilizing various conceptual frameworks to learn about the host-

pathogen-environment interactions in as a holistic approach as possible. With the increasing use of 

genetics, we will now be able to identify ancient pathogens better and understand their evolutionary 

trajectory that led to their modern forms, and through use of EM, we will be able to provide better care 

and public health advice. These concepts outlined in this essay will provide an interdisciplinary approach 

to ancient disease and inform modern processes and changes. 
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Comprehensive Exam 3: Proto-Indo-Europeans and their Origins 
Abstract: Proto-Indo-European has been an elusive concept as a biological group of people, culture, and 

language. Researchers have attempted to study this hypothetical population that existed sometime during 

the Neolithic-Bronze Age and gave rise to some of the largest and most complex language groups around 

the world, many still spoken today. In one of the most holistic approaches to anthropology, the origins of 

Proto-Indo-Europeans is becoming clearer. This chapter will inform the background of the proto-Indo-

European problem, the currently accepted hypothesis, and reflect on recent findings that may explain the 

leading hypothesis of the Steppe theory, which will be the framework for successive chapters.  

INTRODUCTION 

Proto-Indo-European (PIE) is the hypothetical language family that is the ancestor to daughter 

language families currently spoken today: Anatolian, Indo-Iranian, Greek, Italic, Celtic, Germanic, 

Armenian, Balto-Slavic, Albanian; and extinct language families: Phrygian and Tocharian. Understanding 

the origins of PIE including where it was spoken and who spoke it can allow researchers to learn about 

what processes led to the diffusion and later splitting of the ancestral language into its many daughter 

descendants today. Learning about PIE linguistically can also inform on the underlying cultural and 

biological processes contributing to its formulation. Insights into PIE origins can aid in reconstructing the 

complex Neolithic scenario that has fascinated many scholars regarding how this group or groups of 

people birthed the largest language family. Today approximately three billion people speak languages of 

Indo-European families – more than speakers of any other language family (Anthony, 2007). 

Understanding how PIE ‘evolved’ and diversified requires utilizing clues in modern day language as well 

as archaeological, genetic, and linguistic data to paint a broader picture and provide pieces of information 

to the overall understanding of cultural and biological processes. 

PIE was spoken before the Neolithic, but likely in isolated groups with neighbors that spoke 

different language families nearby. The dispersal of humans speaking PIE is what is interesting to 

researchers as the cultural changes that facilitated the PIE family allowed it to evolve into the largest 

language family in the world. It is important to understand that it is not the “all-mother” or “al-fader” 

tongue of all modern spoken languages. It was probably one amongst hundreds of spoken languages 

occurring in the Neolithic (Fortson IV, 2010). It was not until its descendant languages arose, Indo-

European (IE), that it became the largest language family. One could argue that in an alternative reality 

such as one lacking technology to allow for global transport, IE would not have become the largest and 

most spoken language family in the world. Likely the title would have gone to an Asiatic language, as 

their speaking population naturally outnumbers the rest of the languages. 

This paper will review the literature of PIE while aiming to accomplish three goals: 1) briefly 

introduce linguistic reconstruction methods utilized for PIE, 2) review the current understanding of the 

PIE homeland and the people who spoke it, and 3) discuss the steppe-origin hypothesis and the Anatolian 

hypothesis. This chapter will provide a foundational understanding to the complex dynamics of cultures 

during the Neolithic in Europe and provide a strong foundation for analyzing the language, the 

archaeology, and the genetics of the cultures across Europe. 

LIMITATIONS OF STUDYING PIE 

Before diving into historical or comparative linguistics and discussing how one reconstructs a 

dead language, it is important to consider that the current knowledge of PIE is only accessible through 

remnants of tangible evidence. Sometimes this is in the form of an attested (or known) language, meaning 

it has preserved writing in the form of inscriptions on some sort of material. It appears most of this 
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material was in the form of a literary device such as poetry or religious/sacred (Fortson IV, 2010). These 

forms of writing were likely important to the people of these languages and thus were protected and 

preserved. However, this excludes a very large proportion of normal, everyday language that we do not 

know and cannot use to reconstruct the day-to-day usage of PIE. 

A final consideration regarding our limits for PIE is that the preserved inscriptions in the daughter 

languages are usually written in various writing systems (alphabets). This adds the complexity that trying 

to interpret the writings mean the loss of finer details in understanding its pronunciation. This is where 

syllabaries play a role. Syllabaries are a set of written characters representing syllables usually forming an 

alphabet (Baldi, 1983; Clackson, 2007; Fortson IV, 2010). Due to the various writing systems, syllabaries 

can’t be used to understand various combinations of speech sounds and do not always encode for the 

sounds in a present language using same or similar syllabaries (Fortson IV, 2010). These limitations are 

important to keep in mind when discussing linguistic reconstructions and their conclusions. 

LINGUISTICS 

“The one constant of language is that it is always changing, it is stasis that is unnatural since this would 

require numerous individuals over a period of generations to reproduce precisely the same sounds and 

replicate the same idiom, a task which is contrary to both the nature of human behaviour and to the 

necessity for language to accommodate continual change in culture” (Mallory, 1989, 22).  

  

Scholars have, for decades, debated the necessity of reconstructing a ‘hypothetical’ language and 

what information can be learned from it. Jim Mallory (1973) had this to say about the debate: “The 

location of the homeland and description of how the Indo-European languages spread is central to any 

explanation of how Europe became European” (Mallory, 1973). However, others claim that this 

delusional goal of identifying a proto-language is full of assumptions and useless as the reconstructed 

proto-language will never be close to the real spoken language or contain the same meanings as assigned 

in its reconstructions, and therefore irrelevant in its pursuit (Pulgram, 1959). Pulgram argues that the idea 

of Proto-Indo-European represents two things: first, a set of reconstructed formulae not representative of 

any reality, and secondly, an undiscovered or potentially undiscoverable language whose reality we may 

be uncertain (Pulgram, 1959). Regardless, language is an extremely important component to being 

human, as Anthony (2007) states: “…language is central to human evolution, culture, and social identity, 

each member of the tribe is biologically equipped to cooperate in converting novel changes into regular 

parts of the language system.” It is also a common misconception that a person is ‘just born with it’ in 

terms of language.  

Linguists view languages as a cognitive faculty, which is mostly developed within the first few 

years of childhood (Fortson IV, 2010). No one teaches a child their native language, they must analyze 

speech by hearing it from the people around them and then construct their own, individual grammar of 

language. Grammar refers to the body of knowledge consisting of the unconscious rules and principles of 

language (Fortson IV, 2010). Therefore, most linguists would agree that language changes are entirely 

natural, no matter the mechanism.  

In Ringe et al. (2002), it is further proposed that languages replicate themselves and are heritable 

through children. This is like the same process of passing on genetic information or cultural information 

to children, it becomes foundational in them. In reference to language, every successful inheritance of a 

language (usually the native language) allows for a lifelong grammar signature and this remains tightly 
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constrained throughout the life of the individual or the individual language (Ringe, Warnow, & Taylor, 

2002). 

For any language, there is a general deterministic nature by which it is acquired (Ringe et al., 

2002). Previous research has shown that the phonology, morphology, and syntax of language are acquired 

in the first six to seven years of life and even mixed grammars (i.e. from multilingual households) are not 

incorporated and usually fall back on the native language of the household (Fantini, 1985; Ringe et al., 

2002). Essentially, one’s native language tends to be retained even when introduced to other languages 

over an extended amount of time. Another example of this could be from others that study abroad. Even 

when one learns a language and is good at it, they sometimes slip out words from their native language or 

sometimes need to rely on words in their native language to explain something in the new language. Other 

research has showed that in cases of borrowing, linguistic structures can be incorporated between close 

dialects, however, the natively acquired language is still resistant to changes later in life (Ringe et al., 

2002). This idea of native language being conserved so strongly allows for the ability to hypothetically 

construct a parental proto-language. 

This phenomenon of the deterministic nature in linguistics is founded on an overarching principle 

founded by Don Ringe known as the Uniformitarian Principle (UP). UP means that the structure and 

history of a language (or languages) from the past can be referenced utilizing extant languages, known 

linguistic processes (such as structure and change), and the known acquisition of language(s).  Given the 

set of known conditions and limitations of linguistical ‘evolution’, we can utilize UP when assessing 

contemporary languages to extrapolate to prehistorical languages. This allows a clear and consistent lens 

with which to apply to the PIE problem. The importance in UP for applications to PIE is even though 

there were likely many languages spoken during the Neolithic, the native acquisition of words can be pre-

determined and even situations of borrowing of nearby languages follow a set of rules that can be used to 

infer their origin. This leads into the idea of linguistic descent. 

The notion of linguistic descent follows a specific definition provided by Ringe et al. (2002). In 

their definition, the meaning of linguistic descent is a language (or dialect) at a given time and is 

descended from a language (or dialect) of an earlier time and has been linguistically descended via an 

unbroken sequence of native-language acquisition (Ringe et al., 2002). This idea in linguistics utilizes 

various rules and regulations of language such as analyses on a language’s morphology, phonology, 

lexicon, etc. The understanding is that all languages have similarity and a sort of ‘genetic relatedness’ and 

all languages follow basic rules. The chance of languages being similar is built on the fact that the human 

vocal tract and anatomy is only capable of a definite amount of sounds and combination of sounds 

(Fortson IV, 2010). Together with the UP, the idea of tracing languages in time becomes very plausible 

and quite similar to methods of tracing peoples back in time genetically. Both methods utilize very strict 

constraints and any deviations from those constraints are measurable and can be interpreted to either 

refine the analysis or remove from the sample pool to un-muddle the results. 

Given the principles of UP and linguistic descent, one can attempt to reconstruct previous 

languages from extinct and extant roots. Reconstruction of languages utilizes the comparative method, 

also known as historical linguistics or linguistic paleontology. The formal definition of the comparative 

method is one that examines linguistic items (such as phonemes, morphemes, syntactic constructions, 

lexicon, etc.) from two or more languages to establish a genetic relationship and reconstruct ancestral 

forms. The method assumes that the languages compared are (or may be) cognate languages (the 

descendants) (McCall & Bomhard, 1997). This method seeks to understand language changes over time 

from analyzing corresponding words, syllables, and sounds. The comparative method works much like 

someone’s secret recipe for a cake. You know the look and taste of the final product but do not know 
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exactly how they made it. You could potentially figure it out by sampling other cakes of the same kind, 

noting their differences, and working back until you reach a close representation of the final secret cake 

recipe. The comparative method comes into consideration when a language exhibits shared similarities 

that are so numerous and systematic that it can’t possibly be due to borrowing, chance, or language 

universals alone, then it is possible that those similarities are the result of descent from a parent language 

(Fortson IV, 2010). 

Clackson (2007) shows a good example of how reconstruction occurs through its most useful tool 

of phonological reconstruction (Clackson, 2007). He uses various examples of words in English, Dutch 

and German. Primarily words most used and likely most ‘ancestral’ tend to be very familiar across these 

languages. Consider the words for ‘bread’ and ‘water’ in English and one can readily see the closeness to 

Dutch (brood and water) and German (Brot and Wasser) (Clackson, 2007). The same for familial terms 

such as mother, father, brother and sister. Again, notice the similarities in Dutch (moeder, vader, broer, 

zuster) and German (Mutter, Vater, Bruder, Schwester) (Clackson, 2007). The similarities in these words 

across different languages allows us to hypothesize that they stem from a parent group and are said to be 

inherited versus borrowed. 

There are three main traits of language that can provide the foundation for the comparative 

method. The first being chance, or the coincidence for words of different languages to acquire similar 

sounds and create a finite amount of words (Fortson IV, 2010). The second is borrowing which occurs 

when people speaking different languages are in contact with one another and they mutually borrow 

cultural and linguistic material (Fortson IV, 2010). The final trait of the comparative method are language 

universals. These are characteristics of the limits of human linguistic creativity. The best example to 

understand this are onomatopoeic words such as the English work cuckoo which describes a bird by the 

sound it makes (Fortson IV, 2010). Because some words reflect sounds, such as onomatopoeias, they tend 

to be universal across many languages and therefore deemed a language universal.  

Linguistic reconstructions are accomplished via systematic comparisons of forms in descendant 

languages. This is typically done using correspondence sets. Correspondence sets are a group of words 

that are compared across languages. Each word within a correspondence set is referred to as a cognate. 

Thus, a word (cognate) in English can be compared to a word (cognate) in, say, Spanish. This comparison 

is based on the ‘regularity of sound correspondences’ (Fortson IV, 2010) which asserts that sound 

correspondences across one set of cognates must recur in other sets, meaning that there is shared sounds 

or roots/stems that follow a predictable pattern. 

The reconstruction method can provide a relative chronology of when languages were spoken and 

where, but it cannot provide absolute estimates and are typically best understood as dynamic hypotheses 

and not static truths. The spatial and temporal characteristics are discovered through the reconstructions 

utilizing the ideas of UP and linguistic descent. Combined with archaeology, the comparative method of 

linguistics can be extremely robust and even dated. For example, some reconstructions for proto-

languages have very specific meanings and sometimes refer to technological innovations from a particular 

culture that are preserved in the archaeological record and can inform on the ‘where’ based on the 

location of the archaeological site. This information can be independently dated to provide strong support 

for particular reconstructions (Anthony & Ringe, 2015) and provide the ‘when’. Together, archaeology 

and linguistic evidence can propose strong dates and places for extinct languages. 

  With current evidence, a sort of ‘process of elimination’ approach is taken to pinpoint the place 

and time of PIE. The typical starting point for when PIE was spoken is in the analysis of the words that 

are relics of extinct languages and supported by material findings of known cognates in descendant 
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languages. It is a general rule of thumb that at least a shared correspondence between a European and a 

non-adjacent Asian language is needed to attribute a word to high IE antiquity (Mallory 1989). This is 

because a cognate might exist in two language groups of Indo-European antiquity which does not 

necessarily imply that the cognate existed exclusively in PIE. To accept cognates as reflections of PIE, 

they require evidence beyond contiguous language groups in Europe (Mallory & Adams, 2006). Asian 

languages are thus critical in defining PIE, especially in circumstances where there is no Anatolian 

cognate (Mallory & Adams, 2006). Essentially, the rule of thumb as proposed by Mallory (1989), allows 

for the identification that a shared cognate was dispersed so widely that it is unlikely to be a later 

innovation (Mallory & Adams, 2006) or chance. 

Borrowing of words must also be considered as there were likely other languages taking place in 

the homeland of PIE just as evidence in Anatolia and around the world. In general, any new word is 

usually a loan or borrowed word from a single speaker or group which spreads to all other speakers of a 

language (Mallory 1989). However, a word cannot just be introduced and remain, only if the word is used 

in the same idiom will the word be accepted and passed as native (Mallory 1989). Alternatively, if a word 

crosses a language border, it will be utilized within the rules of the language borrowing the word (Mallory 

1989).  

WHERE AND WHEN WAS PIE? 

The origin of PIE, both spatially and temporally, is greatly debated. Many readings regarding PIE 

are prefaced with cautionary tales of their predecessor’s arguments and debates (Fortson IV, 2010; 

Mallory, 1973, 1989). It is incredibly difficult to attempt to answer the questions of time and place when 

there is no material artifacts of a preliterate culture that can tell what language they really spoke, how they 

spoke it, and what they meant when speaking it (Fortson IV, 2010). It is thus important that all 

reconstructions are at best hypotheses and should therefore be regarded as suppositions and not proven 

truths. We do not know that they ever existed, but it is generally agreed that the pursuit of positing these 

ancestral languages are a useful device in explaining certain facts (Fortson IV, 2010). Though over the 

years, pursuits of PIE have been met with criticisms and judgement, for example in 1989 Jim Mallory 

said this about studies regarding PIE:  

“This quest for the origins of the Indo-Europeans has all the fascination of an electric light in the open air 

on a summer night: it tends to attract every species of scholar or would-be savant who can take pen to 

hand. It also shows a remarkable ability to mesmerize even scholars of outstanding ability to wander far 

beyond the realm of reasonable speculation to provide yet another example of academic lunacy” (Mallory 

1989, 143). 

  The question of when and where for PIE is based on reconstructions of words in the PIE 

vocabulary and some archaeological findings. Typically, it is helpful to address each individual daughter 

Indo-European language to confirm descendant words and trace back from a respective daughter language 

back to the mother. This sort of analysis is usually a textbook worth of material; however, I will briefly 

introduce the evidence of each daughter language to at least indicate how these are used to identify where 

and when PIE is. Figure 1 below shows the tree of each IE language family (circled) and their respective 

offspring languages, effectively the grandchildren of PIE. 
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Figure 9: Distribution of divergences of PIE into each of its extinct and extant daughter languages (Anthony, 2007). 

The first daughter language is Anatolian and is attributed to be the earliest IE speaking people to 

show up in historical record. Many clay tablets have been discovered mentioning personal names and 

places (Mallory, 1989). These names were likely clergy members, political members, or tradesmen. The 

best attested Anatolian language is Hittite which is known via ~25,000 tablets from about 1650-1200BC. 

These texts are useful as they paint a picture from the Hattic view of the organization of Anatolia. These 

texts also make evident a great number of non-Indo-European speaking peoples in the area as well, 

namely Luwian and Palaic (Mallory 1989). One of the reasons for Anatolian being regarded as the first 

daughter of IE is that its grammar (or linguistic rules/structure) typically displays the most archaic forms. 

Anatolia becomes a complex mix of cultures and languages and plays a prominent role in at least its 

neighboring potential to different language families. This usually is foundational to any hypothesis of 

intrusion either from Anatolia or to Anatolia and successive movements into Europe and India. This 

provides the conclusion that Anatolian at least represents an early separation or divergence from PIE. 

The next group to diverge from PIE are the Tocharian. The Tocharian language is further divided 

into Tocharian A and Tocharian B. They are regarded as two regional dialects of the same language. 

Though being regarded as under one family, the two are quite different in vocabulary and grammar and 

diverged from each other over a period of a millennia despite only being a few hundred kilometers apart. 

Interestingly, knowledge of the Tocharian’s is almost exclusively due to Chinese documents describing 

encounters in Han China until about 200BC (Mallory 1989). Even though the Tocharian A and B were 

linguistically different, they had practiced marriage between royal families (Mallory 1989).  

Indo-Iranian is the family which comprises of Indo-Aryan (Indic) and Iranian (Cowgill & 

Jasanoff, 2020). These languages have been spoken in India and Pakistan since before 1000BCE. The 

oldest record of Indic languages belongs to the Vedic Sanskrit of the Rigveda, dating roughly 1000BCE 

(Cowgill & Jasanoff, 2020). The Vedas are in the oldest form called Vedic and are the oldest texts of the 

Hindu religion (Beekes, 2011). Iranian on the other hand has a larger geographic distribution being 

spoken as far north as Hungary, as far East as Turkistan and also in Iran and Afghanistan. The two Old 

Iranian languages are Avestan and Old Persian (Beekes, 2011). Avestan is the language of the “Bible” 

teachings of Zarathustra and date from 1000 to 800BCE. Old Persian was written in some form of 

cuneiform and possibly designed by order of King Darius of the Persian Empire (Beekes, 2011). 
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Greek has been a single language since at least 1600BCE but consists of many dialects. Two of 

the most famous dialects are Ionic and Attic. Ionic was utilized by the famous Homer and Herodotus 

writers while Attic was used by Athenians, the tragedians (Sophocles and Euripides), the comedy writer 

Aristophanes, historians and philosophers (Plato, Aristotle) (Beekes, 2011). The earliest texts associated 

with Greek is the Linear B tablets which are heavily contested in date but is suggested between 1200 and 

1400BCE (Cowgill & Jasanoff, 2020) found at Knossos on Crete, Mycenae, and Pylos (Mallory 1989).  

The Italic group contains Latin which is the ancestral language to the Romance languages. The 

earliest Latin inscriptions date to around 3rd to 6th century BCE. Interestingly, Italy contain some non-

Indo-European languages, most numerous in texts being Etruscan which provided over 10,000 

inscriptions (Mallory, 1989). Due to the mysteriousness of the origin of Etruscan and how it fits into the 

PIE picture, it has largely become concluded that Etruscan was native to Italy and the peoples whom later 

form the Italic languages originating in Italy were foreign invaders. Along the eastern border of Italy were 

the Osco-Umbrian language group. In comparison to Latin, these two groups share enough similarities 

that linguist’s debate whether they sprouted from a Proto-Italic dialect or were two independent 

developments (Mallory 1989). The most plausible scenario for IE in Italy was that the PIE speakers were 

invaders in a non-IE region. As one traverses along in a westward direction across Italy and along the 

Mediterranean, non-IE languages increase, providing the probable direction of IE movements in the 

region (Mallory 1989). 

The Germanic family contains English, German, Dutch, Danish, Swedish, Norwegian, Icelandic, 

and the oldest language Gothic. These languages are typically divided into West Germanic and North 

Germanic (or Scandinavian) (Mallory, 1989). The Goths attribute the oldest tests and were part of the 

extinct East Germanic languages. They were migrants into the Black Sea region where they were present 

until being forced out by the Huns in 4th century AD (Mallory 1989). A Gothic alphabet was even 

invented and used to translate portions of the Bible into Gothic. Even though it is extinct it was 

remarkably spoken until relatively recently, surviving lastly in Crimea during the 16th century (Mallory 

1989).  

Armenian is another single language and is recorded in Eastern Turkey and Armenia as early as 

5th century BCE. A large number of the words in Armenian appeared borrowed from Iranian while the 

lexicon contains similarities with Greek (Beekes, 2011) and was actually considered an Iranian language 

incorrectly (Baldi, 1983). It is suggested that Armenians emigrated from Balkans into Asia Minor based 

on linguistic information and accounts that Herodotus claims that the Armenians were Phrygian colonists 

(Mallory, 1989). It is also suggested that the Armenians passed through Anatolia from the Balkans as 

indicated by borrowed words from Luwian, Hittite, and Greek. It can be proposed that the group speaking 

Armenian passed through Anatolian potentially around 1200BC since the Hittites were replaced by 

Luwian speakers then and Armenians have borrowed words from Luwians. 

Celtic languages had a wider geographic distribution as well prior to the Common Era (also 

known as Christian Era) (Cowgill & Jasanoff, 2020). Speakers of Celtic language used to be spread from 

Spain and British Isles to the Balkans. One group, the Galatians, were as far as Asia Minor. However, 

much of Celtic languages is only known from the Insular Celtic languages such as Irish and Welsh spoken 

in the British Isles and recorded from 8th century onwards. The other Celtic language group was known as 

Continental Celtic and are recorded in the first centuries BC (Mallory 1989). The Continental Celtic 

languages were eventually lost and replaced due to the expansion of the Roman empire or due to 

Germanic movements (Mallory 1989). 
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The Balto-Slavic family consists of a single, controversial branch. At the beginning of the 

Common Era, the Baltic and Slavic tribes occupied eastern Europe, east of the Germanic tribes and North 

of the Iranians. The oldest texts attributed to the Balto-Slavic family is a written dialect known as Old 

Church Slavonic from the 9th century BCE. Slavic languages can be further subdivided into East, West, 

and South Slavic after the collapse of common Slavic around AD 400-900 (Mallory, 1989). East Slavic 

contains Russian which is further divided into Great Russian, Ukrainian, and White Russian. South Slavic 

contains Bulgarian, Macedonian, Serbo-Croatian, and Slovenian. West Slavic consists of Polish, Czech, 

and Slovakian. The Baltic languages consist of Lithuanian and Latvian as well as extinct Old Prussian. 

The Albanian language is one of the poorest known languages from the Balkan Peninsula. Some 

texts in Greece mentions Albanian as early as 1st century A.D. by Ptolemy but is otherwise a mystery until 

the 15th century BCE (Baldi, 1983). Mixture with groups of IE and non-IE are also evident in Albanian 

similar to Armenian such as influences from Latin, Italian, Turkish, Modern Greek, and Slavic (Baldi, 

1983). Perhaps the most disputed idea regarding Albanian language is whether the speakers of Albanian 

are descendants of the extinct people that spoke Illyrian or Thracian (Baldi, 1983). However, these 

connections are very blurred and Baldi (1983) refers to the evidence as “…based on wishful thinking 

rather than on scientific fact”. Albanian was also the most recent addition to the PIE family as much of its 

texts were so different from what was originally spoken (before 15th century) that it wasn’t until recently 

that certain structural and lexical correspondences placed it in IE antiquity (Baldi, 1983).  

The other branches of PIE are other poorly documented languages that are extinct such as 

Phrygian and Macedonian (Cowgill & Jasanoff, 2020). 

  
Figure 10: Distribution of PIE language families across Europe, Middle East, and Asia (Hawks, 2020) 
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With a brief background of each of the individual language families and their unique histories, 

they provide an interesting puzzle for scholars to solve when trying to understand how they moved and 

what can explain their similarities. Many agree that they all arose from a common language as they have 

far too many similarities amongst themselves to be due to chance alone. The big questions for this 

common ancestor then are how it gave rise to its descendants, when was it spoken and who spoke it, and 

where was it spoken. This has created two prominent theories for discovering the PIE origins. 

The two most prevalent theories focus on how and where PIE began and then its route into 

Europe where it took hold and expanded. The two theories are: 1) the steppe-origin hypothesis, supported 

by David Anthony, Jim Mallory, and Marija Gimbutas, and 2) the Anatolian-First hypothesis, supported 

primarily by Colin Renfrew. Both hypotheses dominate the literature and appear to be the most accepted 

theories regarding PIE homeland, however, due to recent archaeological and genetic findings, more 

support has been given to the steppe-origin hypothesis. 

STEPPE HYPOTHESIS 

The currently leading and most accepted hypothesis for the origin of PIE is the Pontic-Caspian 

steppes, north of the Black Sea in modern day nation of Ukraine. This hypothesis describes through 

linguistic, archaeological, and genetic data how the language of PIE could have been carried with 

migrating groups to the PIE homeland as well as its spread and diversification from there.  

Marija Gimbutas has been advocating for the steppe area as the PIE homeland for decades 

(Gimbutas, 1970, 1993). She has even gone as far as proposing the ‘mother culture’ that was likely 

speaking PIE. She refers to this culture as the Kurgan culture who appeared to be a mosaic of agricultural 

groups and pastoral groups transitioning to pastoral economy and patriarchal society (Gimbutas, 1970). 

The Kurgan culture was proposed by Gimbutas in 1956 (Gimbutas, 1970, 1993) and was used as a 

broader term to replace Srednij Stog II and Pit-Grave (also known as Yamnaya). She shows numerous 

reasons for why the Kurgan culture could be attributed to the PIE culture such as archaeological evidence 

pointing to the right date (fifth and fourth millennium BCE); had domesticated horses and wheeled 

vehicles; and their economy, habitation, social structure, and religion fully agree with attested words in IE 

languages (Gimbutas, 1970). She argues that based on archaeological evidence, the Kurgan culture seems 

the only remaining candidate for being PIE, and if she came to that conclusion in 1970, then the explosion 

of archaeological, genetic, and linguistic evidence since then has all but affirmed that conclusion.  

With ancient DNA (aDNA) becoming more prominent in anthropology in the 2000’s (a tool I’m 

sure Gimbutas would have loved to have referred to) and increase in archaeological sites in Anatolia and 

Europe, much of her hypotheses have been prominently supported and further illustrated upon by 

Anthony. Even in 2017, at the University of Chicago inaugural Marija Gimbutas Memorial lecture, 

presented by Dr. Renfrew, he had to admit that her work has matched up beautifully with recent data. He 

argues that the biggest gap of knowledge pertaining to his hypothesis is lack of aDNA material from 

Anatolia (Renfrew, 2017). 

Based on David Anthony’s book, The Horse, The Wheel, and Language, he argues that the group 

who first started speaking PIE can be placed around 4000-3500BCE based on the presence of the words 

for wool and wheel (Anthony, 2007). Based on Anthony’s analysis, woven textiles and wheeled vehicles 

had not occurred before 4000BCE and thus a language that utilized these things and had words for them 

had to have been spoken sometime after 4000BCE. He further extends this to say that these materials did 

not exist before 3500BCE, thus providing his range for the PIE birth as 4000-3500BCE. Anthony extends 

his analysis of the dates of PIE to include stages such as: 1) Archaic PIE before 4000BCE, 2) Early PIE 

during 4000-35000BCE, and 3) Late PIE during 3500-3000BCE (Anthony, 2007).  
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These categories of PIE are utilized to navigate subgroupings of descendant languages that 

separated from PIE. Based on current evidence, it appears that the first group to split was the ancestor of 

Anatolian (including Hittite). Therefore, using the approach of phylogenetics it is plausible that Anatolian 

represents half the IE family (Anthony & Ringe, 2015). Next, the ancestor of Tocharian split off from the 

sister branch to the Anatolian ancestor. Based on these two splits, early PIE languages will be those 

containing at least two or more roots in Anatolian and at least one non-Anatolian language (Anthony & 

Ringe, 2015). This scenario is not ideal, but it is left as an unresolved polytomy, non-rooted tree as there 

has not been enough evidence to provide a clearer tree typology. The complement of this scenario is true, 

being that a reconstruction for non-Anatolian subgroups can occur only if it is present in one or both of 

the Tocharian languages (Tocharian A and B) and some other PIE descendant language (Anthony & 

Ringe, 2015). 

Anthony’s hypothesis places its foundation on the Ringe et al. (2002) phylogeny (Figure 3). This 

phylogeny is one that utilized a computer algorithm incorporating IE languages. Utilizing his concepts of 

UP and linguistic descent, they carefully selected various words and sounds to be used in the algorithm, 

having to exclude many. They then were able to perform computations to form a cladogram of the 

character states for each node. Their best supported tree was one in which the Anatolian languages were 

separated first (Hittite, Luwian, and Lycian; however these three individual form a polytomy), followed 

by Tocharian (A and B split), followed by an unknown divergence that the authors struggled to deal with. 

The main culprit here in their 2002 study was the Germanic groups. The authors refer to multiple ways 

that they had to reconsider their sample group and their computations to accommodate the peculiarity of 

the Germanic groups. They point to specific words (“hand” for example) that made Germanic sometimes 

appear more closer in character state to the Tocharian arm, while other IE languages pulled Germanic 

more towards the Italic-Celtic groups. They never settled this confidently and decided to leave it as 

unknown but likely being a Germanic or Italo-Celtic group. 

 

Figure 11: The best fit phylogeny by Ringe et al., (2002) 
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Anthony found this phylogeny to be most ideal for his hypothesis. Ringe et al. (2002) was written 

when there were less artifacts known for PIE and IE and was also written only by linguistics and 

computer scientists. Therefore, they were not necessarily considering archaeological findings in their 

analysis. Through Anthony’s work, the Ringe phylogeny fits nicely within his hypothesis. First Anatolian 

separates, likely as a movement of people out of the Pontic-Caspian steppe down into Anatolia. Next, the 

group split to the East, towards the Tarim Basin and formed Tocharian. On the other end of Europe, a 

group migrated West out of the Pontic-Caspian steppes and the unknown clade of the Ringe phylogeny 

can be attributed to a split of a Pre-Italic-Celtic family in the Northwest and a Pre-Germanic group in 

central and southern Europe (Anthony, 2019). 

The first example of Anthony’s words for placing PIE in the steppes is ‘wheel’ and components 

for chariots or carriages. It is generally agreed that PIE speakers knew the wheel and had at least two 

words for it (Fortson IV, 2010) They also had words for parts of a wheel such as the hub (nave), axle, and 

verbs referring to the act of conveying a wheel (Fortson IV, 2010). One word for ‘wheel’ is attested in 

Tocharian (Early PIE) suggesting that wheeled vehicles were at least familiar to post-Anatolian PIE 

speakers before the split of Tocharian (Anthony & Ringe, 2015). However, a word ‘thill’ (meaning the 

axle post) is the only shared wheel-related vocabulary with Anatolian, which might’ve been used as a 

plow or sledge, so Anatolian (Archaic PIE) may have split before wheels were invented (Anthony & 

Ringe, 2015; Fortson IV, 2010). The vocabulary for wheeled vehicles is important for understanding 

where and when PIE was spoken. 

The word for ‘axle’ is confidently reconstructed in PIE (Mallory & Adams, 2006; Anthony & 

Ringe, 2015). This is known by the fact that all of its cognates retained the meaning for ‘axle’ and some 

have attested (written/recorded) words (Anthony & Ringe, 2015). Due to this, it is difficult to pose 

alternatives as to this preservation other than inheritance from PIE. Based on the presence of a word for 

axle, this must also mean that wheeled vehicles existed, as an axle cannot exist without wheels and carts. 

This line of evidence is not solely based on ‘axle’ either. There are at least five words referring to parts of 

wheeled vehicles all with established meanings (Anthony & Ringe, 2015) and all are situated within the 

confines of the Eurasian steppes. 

Anthony utilizes the radiocarbon dates obtained from sites containing wheeled vehicles as support 

for his date range of when PIE began. The invention has been dated via radiocarbon to 4000-3500BC 

based on analyses from Bakker et al. (1999) and referred to in Anthony (2007) (Anthony, 2007; Bakker et 

al., 1999). The two examples of evidence for wheeled vehicles in Europe come from the site of Flintbek. 

Here, archaeologists found a Funnel Beaker monument of some sort being built. Underneath the barrows 

of one of the chambers was a long narrow parallel depression attributed as being a cart track. The 

depressions were 20m long and 60cm wide and displayed a ‘wavy’ bottom which the authors attribute 

must have been wheel impressions, therefore the rut could not have been made from a sledge which 

would have been pushed and looked more like a ski track. The ruts are older (deeper in level) than a 

decorated flask which is dated 3650-3400 cal BC (Bakker et al., 1999) placing this within Anthony’s 

Middle PIE. 

Much of the evidence dealing with wheel and carriage in the steppe hypothesis is the fact that 

having these technologies required the knowledge to construct them and their components and allowed 

for increase mobility, potentially expanding territory and introducing the PIE language to other peoples. 

Even though farming was spread into Europe from the Near East, the words for wheeled vehicles were 

invented long after their arrival (Chang, Cathcart, Hall, & Garrett, 2015) and have not been shown to have 

origins in Anatolia or the Near East. Archaeology and linguistics both have primary evidence of wheeled 

vehicles and carriages appearing first in the Eurasian steppes. 
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THE NEIGHBORS OF PIE AND ITS ENVIRONMENT 

The homeland for PIE in the western Eurasian steppe represented by the modern-day areas of 

Ukraine and southern Russia, has longstanding support and popularity (Anthony & Ringe 2015, Gimbutas 

1970, Mallory 1989, Anthony 2007). One way this homeland has been hypothesized is from 

understanding its neighbors. It is known that Finno-Ugric language family is different from PIE, but 

likely had borrowings between the two but not enough to form new languages (Mallory 1989). The 

homeland of Finno-Ugric is confidently established in the Ural mountain region of Northeastern Europe 

(Mallory 1989, Anthony 2007). This therefore confines the northern boundary of the farthest possible 

northerly extent of PIE. The next neighbor is the Kartvelian family from the Caucasus region. 

Kartvelian is the major language group of the South Caucasus and spoken by four million people 

including speakers of the Georgian language (Mallory 1989). Georgian has its own alphabet and is dated 

with written text to the 5th century BCE (Bomhard, 1996). Kartvelian is part of the Nostratic group of 

languages which also include the language families of Afroasiatic, Uralic-Yukaghir, Elamite-Dravidian, 

Altaic, Sumerian, Chuckchi-Kamchatkan, Gilyak, and Eskimo-Aleut (Bomhard, 1996) The Kartvelian fits 

into the Nostratic hypothesis which is the same investigation as PIE: where and when was proto-

Nostratic? Kartvelian also forms the basis for the Caucasian-Substrate hypothesis (championed by 

Bomhard) which posits that the area of the Caucasus is home to a Pre-Proto-Indo-European due to 

similarities with PIE. This area also positions itself to be passed through either following Renfrew’s and 

Bellwood’s farming dispersal hypothesis or the steppe hypothesis where people migrated from the East 

into the Pontic-Caspian Steppe. This region will have major implications to the hypotheses of PIE with 

future research but for now acts as the southeastern most extent of PIE. 

Reconstructed words for environment and social structure/institutions also provide evidence to 

help situate the homeland of PIE. The physical environment of a group is vital and will have words for 

describing it and can be used to place people. David Anthony (2007) shows an example of this by 

providing a list of words that you can use to place a speaker in the Southwest US and likely in the 1800s 

based on terms for “six-shooter”, “saloon”, “chuck-wagon”, “rail-head”, “sagebrush”, “tumbleweed”, 

“cactus”, etc. Unless someone is reading their lines for their part in Tombstone, it is reasonable to assume 

those words are spoken by a person in a specific geographic and temporal location. It is proposed that 

people who spoke PIE knew plains, mountains, rivers, and lakes. They also knew words for hot, cold, 

snow, ice, and likely recognized seasonality such as winter, spring, and summer (Mallory 1989). Based on 

these reconstructions, the area of PIE is now both constrained in region based on the known neighbors 

(Finno-Ugric and Kartvelian) and the words for landscapes. The Eurasian steppes exhibits all of these 

characteristics. 

The botanical evidence in word reconstructions is also helpful for understanding the environment. 

It is possible that PIE knew anywhere from three to eighteen species of trees (Mallory 1989) and the 

beech tree is the best attested and has been utilized in trying to place the PIE homeland, albeit with heavy 

criticism. The main line of evidence for beech is that it has been traditionally confined to the west of the 

‘beech line’ from the Baltic to Odessa, Ukraine (Mallory 1989). This line essentially excludes Russia or 

the Asiatic steppe as the homeland and supports the Eurasian Steppe or Pontic-Caspian steppe, however, 

the interpretation of beech has been heavily disputed, and beech has a greater distribution than a particular 

ecological line. Other botanical evidence includes reconstructed words for juniper, poplar, apple, maple, 

cherry, etc. which indicates at least a somewhat forested zone. However, this could also just mean that the 

homeland was in a plain like area adjacent to forested zones that were easily accessible (or made more 

accessible with the advent of the horse and carts).  
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Based on the overall evidence of environmental reconstructed terms one can surmise that PIE 

knew a landscape which either was in a forested environment due to the arboreal words or near a forested 

environment, knew a number of wild game animals and birds of prey, knew rivers and lakes and had at 

least cold and warm seasonal climates. This unfortunately does not immediately place PIE within a clear 

demarcated boundary but does at least indicate the origin to be mostly between 40° and 60° latitude. 

Anthony (2007) utilizes information from the above connections to place PIE in the Eurasian steppes 

based on the principle of exclusions. We can exclude all regions where Hunter-Gatherer economies 

survived up to 2500 BCE (Anthony 2007), eliminating the northern forest zone of Eurasia and the Kazakh 

steppes east of the Urals (Anthony 2007). The absence of honeybees east of the Urals eliminates parts of 

Siberia because words for ‘honeybee’ and ‘honey’ are reconstructed terms. The reconstructions for words 

relating to temperate flora and fauna and absence of shared roots for neighboring Mediterranean flora and 

fauna as well as the Caucasus eliminates these regions from contention. In relation to other proto 

languages we can exclude proto Kartvelian of the Caucasus as there are fewer clear linkages to this proto-

language in comparison to Proto-Uralic which has potentially very ancient links and presence of recent 

lexical borrowings. Anthony also suggests that due to the internal coherence of reconstructed variation 

and absence of radical interventions in grammar and phonology it indicates a period of less than two 

thousand years and placing the bulk of PIE speaking to around 4000-3000BCE (Anthony 2007). 

The economy of PIE is understood from reconstructed words as well. It is assumed that the 

economy relied on stockbreeding with some agriculture (Mallory 1989) and there are various words for 

domesticates such as cows, horses, sheep, goats, etc. as well as for products made from them such as 

wool, milk, cheese, etc. These reconstructed words refer to a group that is usually associated with the 

‘Neolithic Revolution’ and later with the ‘Secondary Products Revolution’ (Mallory 1989; Sherratt, 

1997). The secondary products are evidenced by dairy products, wool and textile processing, wheeled 

vehicles, and terms for parts such as yokes and ploughs, and the domestic horse, all of which have 

reconstructed words in PIE. The earliest wheeled vehicles are definitively around in the 4th millennium 

BC and because terms for wheeled vehicles appears exclusively in IE and not appeared in non-IE in 

Anatolia (Mallory 1989). 

To have the word for wool, the people must have known what sheep were, and how to construct 

tools to produce wool for use. This also may have required some time for evolution (possibly via selective 

breeding) to occur because natural ‘wildtype’ sheep do not produce good wool. A particular variant of 

coat occurred roughly around 4000-3500BCE that caused the coat change useable for wool production 

(Anthony, 2007). The correlation of sheep and wool evidence provides the birth point for Anthony, along 

with words for wheel and carriage.  

Chang et al. (2015) provide the most quantitative linguistic support for the steppe hypothesis 

through a biological phylogeographical approach. As mentioned earlier, languages have ‘genetic 

relatedness’ and it is possible to treat them similarly for phylogenetic based reconstructions. Chang et al. 

(2015) provide definitions for phenomena known in biological phylogenetics (such as homoplasy and 

drift) and redefines them for their application to language. In their definition of linguistic homoplasy, 

cognates only come into existence once or are independently invented once. Root-meaning (RM) traits 

undergo homoplasy in two ways: 1) semantic drift and 2) derivational drift (Chang et al., 2015). 

Semantic drift occurs when words come into existence but also change meanings. Therefore, 

when one language introduces a word and the meaning gets changed, the meaning change will be 

recurrent in descendant languages while maintaining the same root thus resulting in RM homoplasy 

(Chang et al., 2015). Derivational drift occurs when a root is semantically more prevalent to create 
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derivatives (Chang et al., 2015). It is usually stemming from recurrent semantic drifts as noted by Chang 

et al., (2015). 

An important requirement for any phylogenetic analysis is that a trait or character must be 

heritable. Chang et al. (2015) argue that precursor traits or those that give rise to semantic changes or 

derivates are heritable RM traits. A language must have a precursor to innovate from and then recurrently 

produce meaning changes and derivations of roots. These roots can be inherited down and tracked 

phylogenetically. Based on their analysis, utilizing the same dataset as Bouckaert et al. (2012), Chang et 

al. (2015) conclude that the root age supports the steppe hypothesis. The major difference in the studies is 

that Bouckaert et al. (2012) utilize the same rate smoothing approach to assume a constant rate of 

language change as Gray and Atkinson (2003). Chang et al. (2015) instead forced constraints on eight 

ancient and medieval languages compared to 38 modern descendants and adjusted the rate. This is 

significant because Chang et al. (2015), Bouckaert et al. (2012) and Gray and Atkinson (2003) all show 

how many language ‘data’ can be re-interpreted and re-calibrated (Heggarty, 2014). Chang et al. (2015) 

study is also significant in their method because it can account for the dynamics of language change 

which inevitably do not follow a constant rate as used in Bouckaert et al. (2012) and Gray and Atkinson 

(2003). 

Interestingly, Bouckaert et al. (2012) (discussed in more detail below) concluded that PIE 

originated in Anatolia and progressed with farming groups out of modern-day Turkey. However, they also 

conclude in a perhaps ignored paragraph but pointed out by John Hawks (2012) that despite Bouckaert et 

al. (2012)’s support for Anatolian origin, they thought it unlikely that agriculture served as the sole driver 

of language expansion. Based on their findings, Hawks (2012) points out that ‘reading between the lines’ 

says the Anatolian origin does not address the archaeological and/or the genetic record evidence for a 

steppe theory and rejects the “simple Colin Renfrew model”. Instead, the present IE families likely 

emerged under a far more complex model of intermediate steps with the spread of languages occurring 

between 6000 and 4000 years ago, even with a shared Anatolian ancestor. 

ANATOLIAN HYPOTHESIS 

The Anatolian hypothesis is exclusively championed and promoted by archaeologist Dr. Colin 

Renfrew. The Anatolian hypothesis maintains the Neolithic colonists from Anatolia crossed into Greece 

around 7,000BC where they established the Neolithic communities in Europe (Mallory 1989). From here, 

radial migrations out were maintained in a ‘wave of advance’ which gradually carried new subsistence 

economy northwards and westwards (Mallory 1989; Renfrew, 1989). The two most prominent arguments 

for the Anatolian Hypothesis are that major language replacements require major migrations, such as the 

case of agricultural expansion. Indeed, this is the largest basis of support for Renfrew’s Anatolian 

hypothesis. He argues that farming would have given Anatolians an economic advantage that would have 

allowed new populations to massively invade Europe (Reich 2018, Renfrew 1987). Another argument is 

that the inferred topologies of IE families tend to place Anatolian languages basally. In his hypothesis, 

one reason he argues that the steppe hypothesis fails is because there are non-IE languages present in 

Europe, such as Finno-Ugric, which would indicate that the steppe homeland for PIE doesn’t make sense 

(Renfrew, 1989).  

Four years after Renfrew proposed his hypothesis, Piazza et al. (1993) presented research using 

Principal Components Analysis (PCA) using population gene frequencies and variables for the Anatolian 

hypothesis, a climate gradient, and the Kurgan hypothesis (Piazza et al., 1995). For their first component 

they found a strong association between gene frequency and spread of Neolithic farmers. For their second 

component they do not find a strong correlation between gene frequency and climate. Finally, their third 
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component concludes that a demic diffusion is possible from the steppes, however, at this time, there was 

far less genetic and archaeological data than there are presently. The conclusions from their study is that 

the components support an Anatolian origin. 

Gray and Atkinson (2003) attempted to use computational techniques conventionally used for 

phylogenetics of sequence data to interpret tree topologies and root-tip dates of PIE languages to place 

them in a homeland and a time. Their analysis supports the Anatolian hypothesis and comes up with a 

date of 7,800 to 9,800BC. The basis of their analysis is a similar method utilized in molecular analyses 

called the ‘molecular clock’. The idea is that you average the rate of changes across your samples and 

take any variance in the rate as separated clades. Gray and Atkinson (2003) use computation models to 

test the ‘glottoclock’ or the glottochronology method which utilizes the percentage of shared cognates 

between languages to calculate divergence times by assuming a constant rate of lexical replacement (Gray 

& Atkinson, 2003). 

An important critique of their methods is that they used the glottoclock model for comparing 

percentage of shared cognates, and a word list that was only considering the most intensely conserved or 

borrowed words (or core vocabulary), which skews the data towards more conserved estimates both in 

time and place. Another critique is about the methodology of using a ‘glottoclock’ which can run into the 

same issues as molecular clock models, though useful as perhaps a quick check of a hypothesis or to 

propose a new hypothesis, molecular clock analyses have been shown to have erratic estimates even 

among closely conserved and similar species and genes (Wilke, Schultheiß, & Albrecht, 2009). Historical 

linguists use of ‘glottochronology’ is largely discredited by invalid idealization that divergence of 

languages proceeds at a fixed rate, not unlike that utilized in the models of radiocarbon dating (Heggarty, 

2014). 

Bouckaert et al. (2012) also did a phylogenetic analysis using basic vocabulary data from 103 

ancient and contemporary IE languages (Bouckaert et al., 2012). In their research they expanded on 

previous methods by using two novel quantitative phylogeographic inference tools. The authors claim that 

though the estimates of the age of the IE family derived from previous models of vocabulary evolution 

support the chronology suggested by Anatolian hypothesis, the inferred dates are controversial (Bouckaert 

et al., 2012). To determine the origin of PIE from linguistic data the study utilized a Bayesian 

phylogenetic framework and modeled language evolution via gain and loss of cognates through time 

(Bouckaert et al., 2012). After running their analysis, the estimated posterior distribution for location of 

the root aligned with the region of Anatolia. Given various re-analysis of their data to account for 

different variables they strongly conclude support for Anatolian homeland and a timing of 7116 to 10,410 

years ago indicating its spread with agriculture. 

Another paper published by Paul Heggarty (2014) finds clear evidence for Anatolian hypothesis 

as represented by the two Bayesian approaches from Gray and Atkinson (2003) and Bouckaert et al. 

(2012). He takes a rather aggressive stance against the “social sciences” not allowing or not recognizing 

the data and results presented by the “natural sciences” Bayesian methods. Referring to the two studies 

and their findings continually suggesting Anatolian over Steppe hypothesis, he claims “…evolutionary 

models from the biological sciences once more ruffle feathers across the disciplines…” (Heggarty, 2014). 

Heggarty also argues that most of the linguistic and archaeological evidence has relied too heavily on 

reconstructions where although there is some reliability in the laws of sound change, there are no ‘laws’ 

on the precision of meanings. This statement acts as a dagger to Anthony (2007) where he utilizes the 

words present in reconstructions to fit with archaeological evidence and supporting his steppe theory. 

However, Heggarty would argue that it is impossible to know what the meaning of a reconstructed words 
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is and therefore the predicted reconstructed word for “wheel” for example, may not mean anything that 

we recognize as a wheel. 

ARGUMENTS AGAINST ANATOLIAN HYPOTHESIS 

Since Renfrew’s famed 1989 paper proposing the Anatolian hypothesis for the origin of PIE, 

many scholars have analyzed and dissected his evidence and argue against his findings (Renfrew, 1989). 

Perhaps most critical of this stance has been Jim Mallory. In his 1989 book, he points out a few 

geographical and historical inaccuracies in the support for the Anatolian hypothesis. 

The first point Mallory makes against Anatolian hypothesis is the difference between IE and non-

IE. If Anatolian is the birthplace of PIE, then why did IE and non-IE languages exist in very close 

proximity (all essentially within the modern boundaries of Turkey) with little borrowing or assimilation. 

Recall that earlier, Renfew argued this same exact point in his criticism of the Steppe hypothesis. This 

point is further strengthened by the evidence showing IE actually leads to the extinction of multiple non-

IE languages such as Hattic, Hurrian-Urartian, and Elamite (Mallory, 1989). 

Another indication that Anatolia is not the PIE homeland is that Anatolia emerges first as a non-

IE speaking language family through historical records. Some of the languages that went extinct, such as 

Hurrian-Urartian, had contacts with groups in India and Asia that recorded their contacts with groups 

from the region of Anatolia. Based on the inscriptions and the descriptions of the people who visited, they 

were definitely a non-IE group and eventually integrated some Indic ideals and language into their own 

before their own eventual demise by IE languages in Anatolia (Mallory, 1989). 

One component of Renfrew’s Anatolian hypothesis is that PIE originated in Anatolia and then 

spread into Europe via Greece. This has disconnected with most archaeological and linguistic findings as 

proposed by Mallory (1989). First, this assumes two or more language families grew up in the same area 

at the same time and had minimal or no borrowing or integration. This is highly unlikely unless there 

were massive geographic or cultural barriers preventing any sort of mingling or trade with another group 

from a different language family (Mallory 1989). The other evidence is based on the horse again. The 

word for horse is not attested in any form in Anatolia until 4000BC. This is unlikely as Anthony and 

others have shown that words for horse was known in the Eurasian steppes earlier, potentially around 

4500BC. Next, the words for horse are not attested in Greece until 3000BC, supposing almost a thousand 

years of stagnation of PIE in Anatolia (again, somehow with no assimilation of other language families) 

before crossing into Greece (Mallory 1989). This is also highly unlikely and there is a plethora of 

archaeological data to back up that people speaking something similar to PIE (if not PIE) have been in 

Europe and knew the horse, carriage, and farming far before 3000BC.  

The final argument against the Anatolian hypothesis is it provides no explanation for the 

structural and lexical similarities between PIE and Proto-Uralic that is best explained through being 

neighbors in Europe (Mallory 1989). This argument relies on many of the attested words mentioned 

above that point to PIE knowing a group of people in a forested zone and had words for very specific 

species of animals and trees, some which are not found south of the Black Sea. Another study that 

supported this relationship with PIE and Proto-Uralic is from Kozinstev (2019) lexicostatistics analysis. 

The author finds that given the plausibility of Indo-Uralic, Anatolia cannot be supported as the original 

home of IE in contrast to Renfrew (1989) (Kozintsev, 2019). Again the author also draws attention to the 

fact that the reconstructed words for wheel in IE dialects and PIE are absent in Anatolian, but present in 

later Tocharian (A and B) even though this reconstructed comes to be known as carriage in Tocharian 

rather than wheel specifically. 



61 

 

Even if the arguments proposed by Mallory against the Anatolian hypothesis could be rejected, 

this final argument of the apparent borrowing and familiarity with Proto-Uralic and its homeland would 

be quite difficult to explain. The only explanation possible would be a massive, unknown migration out of 

the Urals, down along the Eastern border of Europe, through the Caucasus (where they would have shared 

borrowings with Kartvelian) and into Anatolia, or from meeting an Anatolian group along the way. To 

date, this cannot be proposed and would consider a large logical stretch to reach this conclusion. Perhaps, 

this could be explained instead by the Caucasian-Substrate hypothesis mentioned earlier, but more data 

would be need 

aDNA EVIDENCE 

Ancient DNA (aDNA) evidence for PIE exemplifies the complex nature of humans and human 

movement, especially in Europe. Ancient DNA evidence is strongly tied to the sampling of individuals 

and therefore much of its conclusions need to be considered with larger datasets or used comparatively to 

other aDNA papers to form a more comprehensive analysis. Regardless, papers from aDNA have 

provided evidence to support many various theories regarding PIE. Primarily, the evidence has allowed 

the steppe hypothesis to become far more plausible in showing that massive migrations did occur in 

Europe that could have introduced a whole new set of languages, people, and cultures. 

One of the primary aDNA papers related to the PIE problem is Haak et al., (2015). They found 

that in Central Europe, the Late Neolithic Corded Ware people attributed ~75% of their ancestry to the 

Yamnaya steppe pastoralists of the East. This supported a strong, massive migration influence into 

Europe from the east and supports the steppe origin for at least some of the IE languages. The authors 

take care to not claim that they can trace PIE origins from their genetic data and instead suggest that the 

findings show the processes of migration which were invoked by supporters of IE language dispersals, 

both in the case of the Steppe hypothesis and Anatolian hypothesis. This is especially important because 

the longest standing argument for the Anatolian hypothesis was that major language replacements are 

thought to require major human migrations and the only case for this was the spread of farming. Haak et 

al., (2015) findings placed the Steppe hypothesis at least on level ground now that it also can be attributed 

to a massive population migration which could have spread a language. 

Haak et al. (2015)’s data extends the farming influence to show that not only was farming 

ancestry present in Central Europe and Scandinavia, evidenced by Near Eastern ancestry (including 

Anatolian) in forms of mtDNA and whole genome, but it also extended to Iberia. Therefore aDNA in 

terms of Neolithic farming influence supports the Anatolian hypothesis migrations and interestingly 

follows remarkably close to the predictions in P. Bellwood’s Farming and Language dispersals (Haak et 

al. 2015; Diamond & Bellwood, 2003).  

Another interesting study from 2015 came from Allentoft et al. (2015). In their study, they find 

weak evidence for Yamnaya turnover and instead find a third genetic influence in the area termed 

Ancestral North Eurasian (ANE). Within this group however, it seems that there is relation to Yamnaya, 

albeit distantly and related to the Upper Paleolithic Mal’ta individual (Allentoft et al., 2015). They 

suggest that the existence of the Afanasievo culture near the Altai mountains around 3000BC could 

suggest another Yamnaya influence that potentially could support the Tocharian branch. The authors find 

it plausible that since the Afanasievo have Yamnaya origins, they could have spoken an IE language and 

could have introduced this southward to Xinjang and Tarim Basin (Allentoft et al., 2015). 

Finally, in 2016, some definitive genomes from Anatolia were studied by Kilinic et al. (2016). 

They found some interesting population dynamics within groups of Anatolia. Their study showed that 

nine individuals from Central Anatolia had genetic variation similar to present day Southern Europeans 
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(Kılınç et al., 2016). This makes sense and likely provides the Anatolian farming ancestry found in 

Europeans. Next they found that even though groups in Anatolia were geographically close, there were 

distinct clusters from different time phases in their PCA analyses suggesting potential gene flow from an 

Eastern Source into Anatolia that created a different and unique mixture to eventually then migrate North 

into the Caucasus and Southeastern Europe. 

Even more recently Mathieson et al. (2018) formed a more coherent picture of the complex 

ancestries in Europe. They settled on three groups of ancestry that form some proportion of all Europeans. 

First are the Paleolithic/Mesolithic Hunter-gatherers that were already present in Europe. Then there are 

the Near East/Anatolian farmers who moved North during the 8th-7th millennium BC. Finally, the steppe 

related ancestry, predominantly consisting of Yamnaya, who moved into Southeastern Europe around 

3300-2600BC (Mathieson et al., 2018). One of their interesting conclusions is that 75% of ancestry of 

Corded Ware individuals and 50% of ancestry of successor populations (such as Bell Beaker) can be 

traced to a population that likely moved from the Pontic-Caspian steppe around 3rd millennium BC and is 

most similar to Yamnaya genetic composition. 

Mittnik et al. (2018) also found similar conclusions in the Baltic. The Baltics experienced little 

population turnover until 3000calBCE, in which the economy and admixture proportions changed tied 

with shifts to agro-pastoralism from Pontic-Caspian Steppe (Mittnik et al., 2018). Interestingly, this group 

lacked the Northwestern Anatolian Neolithic farming ancestry suggesting that a new economy of a steppe 

population moved north independent of introgression with farming population from Anatolia. This 

suggests a direct contact with a steppe society that could support linguistic models for early branching of 

Balto-Slavic from the PIE language in the Eurasian steppe homeland (Mittnik et al., 2018). 

Even in Reich’s (2018) book, Who We Are and How We Got Here, he must admit that aDNA 

cannot solve the origin problem. In fact, it maybe muddles it even further. Data from his lab has 

suggested that the Anatolian hypothesis is likely not probable, but even the steppe hypothesis might 

require modification to incorporate the aDNA evidence being published recently (Reich, 2018). For 

example, aDNA evidence indicates no steppe ancestry in Anatolians as should be expected from 

migrations of Yamnaya pastoralists southwards. This, as Reich explains, suggests that the location of a 

population that first spoke PIE was potentially south of the Caucasus Mountains near present day Iran or 

Armenia. aDNA from this area supports a source population that would explain the proportion of 

ancestries seen in Yamnaya and Anatolia, with radiations out of the Caucasus northwards to form a Pre-

Yamnaya culture that would eventually migrate outwards in an amoebic fashion and dominate Europe and 

even migrate into India (Reich, 2018). He summarizes his IE section by stating that while aDNA cannot 

reveal what languages people spoke, it can inform on migrations and if migrations occurred then surely 

cultural contact occurred providing avenues of cultural and linguistic exchange. 

CONCLUSION 

Given the data provided by the disciplines of aDNA, archaeology, and linguistics, it seems 

plausible that the Steppe hypothesis is the current winner over the Anatolian hypothesis for the origins of 

PIE. Speakers of PIE had more vocabulary associated with the environmental conditions of the steppes 

than present day Turkey. They also had more words for technological innovations that are 

archaeologically known and dated in the Steppes than in Anatolia (though more archaeology needs to be 

performed in Anatolia). The biggest weakness with the Steppe hypothesis prior to aDNA was that large 

migrations of people were needed to cause the type of language changes. This has now been rectified due 

to aDNA but has also led to some confusion due to the proportions of ancestries that don’t fully explain 

the steppe hypothesis and hint at connections to the Caucasian-Substrate hypothesis. 
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Within the successive chapters, the Steppe hypothesis will be used as the foundation for 

understanding the processes underlying the research. This means that we will accept the date of around 

4500 years ago for PIE divergence in the Eurasian steppes, somewhere from Ukraine to Kazakhstan. We 

will also accept that the speakers of PIE had the advantage of utilizing domesticates for travel and 

secondary products and this likely produced a new cultural dynamic that led to new relationships between 

foreign peoples. With the linguistic background and the recorded texts, we can even begin to predict what 

products and environments people speaking PIE lived. These interpretations can be used to extrapolate 

vectors available for pathogens to be present and perhaps explain the phylogeographic distribution of 

strains of specific pathogens. 

This will be the one of the aims of the dissertation research. Utilizing this chapter as background 

to inform and produce a framework of the linguistical, archaeological, and cultural background of Europe 

will allow for creating the picture of disease around Europe. Potentially some of the models of disease can 

be overlapped on top of either the Anatolian hypothesis or the Steppe hypothesis for their respective 

disbursements. Then we can begin to identify pathogens as part of specific processes and correlated with 

a particular linguistic, cultural, or biological group within PIE family. 
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Chapter 3: Three Professional papers 

Paper 1: Ancient pathogens and mtDNA from the Trypillia of Verteba Cave, Ukraine 
Tre Blohm, University of Montana 

To be Submitted to eLife May 2023 

Introduction: 

The study of ancient pathogens has become an increasingly important field in recent years, 

providing valuable insights into the evolution and spread of infectious diseases throughout history. By 

analyzing ancient DNA samples from human remains found in Ukraine, researchers can identify the 

presence of pathogens and reconstruct the genetic makeup of the infectious agents that afflicted the 

region’s inhabitants in the past. This research can provide a complete understanding of the ancient health 

status of a population, as well as the potential role of disease in shaping the region’s history. The study of 

pathogens from Ukraine can help us better understand the evolution, spread of infectious diseases, and 

inform our efforts to combat them in the present day. 

Supplementary to ancient pathogens, mitochondrial DNA (mtDNA) provides a unique 

opportunity to study the ancient population history of a region, as it is maternally inherited and 

accumulates mutations over time in a predictable manner. Ukraine has a rich and complex history, with 

various cultures and populations occupying the area over the past several millennia. Studying ancient 

mitochondrial haplotypes from Ukraine can shed light on the genetic makeup of the region’s past 

inhabitants, including their origins, migration patterns, and interactions with other groups. Additionally, 

researchers can reconstruct a more comprehensive picture of the region’s population history and gain 

insights into the origins of contemporary Ukrainian genetic diversity. This, in hand with pathogen DNA, 

can help determine the spread of particular pathogens as it follows the host. 

Until recently, the genetic composition of the people attributed to the Trypillia culture in Ukraine 

was unknown. Analyses by Nikitin et al. (2017), Mathieson et al. (2018), and Schmidt et al. (2020) have 

provided answers as to the genetic origin of the Trypillia. Only Nikitin et al. (2017) and Schmidt et al. 

(2020) contain genomes from Verteba Cave, Ukraine. The cave's occupation has spanned over 1,000 

years, making it perfect for understanding genetic changes through time (Schmidt et al., 2020). The cave 

was likely used as a temporary shelter and/or a ritual site or mortuary location. Due to its use and length 

of occupation, it contains the most extensive collection of human and cultural remains attributed to the 

Trypillia (Schmidt et al., 2020).  

Nikitin et al. (2017) report four partial and complete mitochondrial genomes from nine 

individuals from Verteba Cave. One specimen was directly radiocarbon dated and yielded a date range of 

5650-5450 BCE. Nikitin et al. (2017) discovered haplogroups H, HV, J (one specimen), T2 (one 

example), and U (though this specimen was not confirmed by Harvard Medical School when used as a 

confirmatory group). The mtDNA haplogroup diversity indicates a group of European Neolithic farmers 

with potential genetic roots tracing to Anatolia with little or no admixture of indigenous hunter-gatherers 

(Nikitin et al. 2017).   

In another study out of Verteba Cave, Schmidt et al. (2020) determined 28 mtDNA D-loop 

sequences from 63 specimens. They defined eight haplogroups belonging to H, HV, W, K, and T. These 

haplogroups are found to be shared among all modern European populations. The group also analyzed 

nucleotide diversity and obtained a value of 0.00634, which is much smaller than many modern 

populations, including those of the Basques (0.00894), Norway (0.00969), Sweden (0.00909), and 
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Switzerland (0.00971) (Schmidt et al., 2020). This small value for nucleotide diversity suggests a 

significant constant population, with little influence from outside cultures, and likely the only outside 

influence was populations carrying Yamnaya steppe ancestry. This nucleotide diversity value helps 

confirm one of the aspects (general continuity) of cultural diffusion described later. Given the 

haplogroups identified, the Trypillia are most similar to Neolithic farmer groups from Central Europe and 

the Funnel Beaker groups of Northern Europe (Schmidt et al., 2020).  

The two publications’ data suggests that the Trypillia were likely a distinct, regionally isolated 

population who most likely displaced local hunter-gatherers with minimal admixture. This indicates that 

Mesolithic hunter-gatherers primarily belonged to haplogroup U. Several specimens that yielded W 

haplogroup are of interest as they would then be associated with the Early Bronze Age Yamnaya and 

Usatovo cultures, as represented in the studies by Wilde et al. (2014) and Schmidt et al. (2020). The 

presence of the W haplogroup and the presence of the R Y-chromosome haplogroups in areas around 

Ukraine are strong evidence for the introduction of steppe populations, as W mtDNA and R Y-

chromosome DNA indicate steppe ancestry, and R is ubiquitous in modern-day Europe. This also 

suggests that this continuity in Ukraine acted like a bottleneck of haplogroups, where the farming and 

steppe ancestry were able to be brought to a higher frequency than the hunter-gatherer ancestry (which 

remained in small proportions) and then passed on as people migrated to rest of Europe, helping comprise 

the current ubiquity of modern-day European haplogroups. 

This paper will add 107 new mitogenome sequences from Verteba Cave, Ukraine; however, only 

30 are authenticable as ancient DNA. In addition, I included 44 sequences from Croatia, Iron Gates, 

Serbia, and Ukraine obtained from Mathieson et al. (2018). These new Verteba Cave sequences provide 

more power to understanding the genetic, environmental, and cultural landscape of the Neolithic in 

Ukraine. 

Materials 

The 151 individuals used in this study originated from Verteba Cave, Ukraine, and are identified 

as Eneolithic based on the site data from Verteba Cave by Ledogar et al., (2019). They require direct 

dating to further enhance their temporal resolution. Most individuals were originally excavated at the 

Verteba Cave site with archaeological excavations directed by the Borschiv Museum of Regional History 

and Ethnography in Borschiv, Ukraine, and Dr. Jordan Karsten of the Department of Anthropology and 

Religious studies at the University of Wisconsin – Oshkosh. The samples were then catalogued, and Dr. 

Ryan Schmidt performed aDNA lab work at the University College Dublin, Ireland. The resultant 

FASTQ files were shared with the author for analysis. Additionally, some individuals were retrieved from 

Mathieson et al. (2018). The complete account of the materials and methods for those individuals can be 

found in the supplemental of that publication. Table 4 shows the total counts of samples belonging to 

particular locations or cultural affiliations. In brief, 14 belong to hunter gatherer groups, 27 belong to 

Mariupol type cemetery sites, 1 is associated with Sredny Stog II, 2 are attributed to Starcevo/Sopot, and 

30 are attributed to Trypillia. Table 5 displays the count of samples belonging to certain time periods. To 

the author’s knowledge, these 107 Verteba Cave sequences have never been prepared for manuscript 

before. They are, therefore, completely novel additions to the literature. 

The sample materials represent a diverse mixture of skeletal elements such as: molar, clavicle, 

canine, petrous pyramid, metacarpals, radius, humerus, femur, tibia, ulna, scapula, fibula, rib, vertebra, 

and other bone fragments (Table 6). The most common sampling location is the petrous, accounting for 

25% of the data. This is likely due to improvements in methods indicating that DNA is preferentially 

preserved and retrieved from petrous bone (Pinhasi et al., 2015). 
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Methods: 

First, mtDNA analysis was performed on the provided FASTQ’s from Verteba Cave by Dr. 

Schmidt and then some retrieved from Sequence Read Archive (SRA) from the Mathieson et al., (2018) 

article. MtDNA sequences were analyzed via a modified pipeline based on the original from Maria 

Nieves-Colon (https://github.com/mnievesc/Ancient_mtDNA_Pipeline; Ozga et al 2016). Paired-end 

read sequences were merged with adapter trimming using SeqPrep (https://github.com/jstjohn/SeqPrep). 

Reads <30bp in length were discarded and read quality was assessed using FASTQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were mapped to the revised 

Cambridge Reference Sequence (rCRS, NC_012920) (Andrews et al. 1999) using Burrows Wheeler 

Aligner (BWA) v0.7.17 (Li and Durbin 2009) with seed disabled (-l 1000) and edit distance increased to 

improve mapping accuracy as recommended by Schubert et al (2012). Damage patterns were analyzed 

using mapDamage 2.0 to assess misincorporations and read length distributions (See Figures 52-80; 

Jonsson et al., 2013) and read quality scores were modified with re-scale option accounting for post-

mortem damage. SNP variants were called and reported to the level of just variant sites and those with 

greater than 1x coverage. MtDNA haplogroups were assigned using the newly released Haplogrep3 

(Schoenherr, Weissensteiner and Forer, 2023) which was built into the pipeline using phylotree17.1. 

For pathogen identification, reads were input and aligned using bowtie2 (Langmead and Salzman, 

2012) to the human reference genome (build hg38) to remove host reads. Then, the tool Kraken2Uniq was 

used to obtain classifications when compared to a prebuilt database from Kraken2. With those resultant 

classification files, they were uploaded to an online web browser-based tool called Pavian (Breitweizer 

and Salzberg, 2020). This tool then was used to obtain the distribution of classified reads into bacteria, 

viruses, protozoan, and archaea. Then z-scores were obtained by reads and used to identify the highest 

likelihood pathogen for each sample (see Figures X). These pathogens were then searched in the literature 

for their recording of being pathogenic to humans or not and whether there are any reported ancient 

papers reporting these organisms. 

Statistics were performed using PAST 4.03 (Hammer, Harper, Ryan 2001) and included summary 

statistics, t-tests, Wilcoxon tests, frequencies, etc. Additionally, pivot tables were constructed using the 

data in Excel (Microsoft) as well as bar, line, and pie graphs. These graphs help visualize the data in a 

statistically meaningful way. 

Results/Discussion 

Of the 151 samples used in this study, 74 (49%) (Figure 17) indicated signs of ancient DNA 

damage as represented by mapDamage plots (Figures 52-80). Additionally, the 74 that are authenticated 

in this paper, all resulted from either teeth or petrous pyramid. No other bones that the DNA came from in 

other samples (such as metacarpals), were identified as ancient based on mapDamage estimates. This just 

further contributes to the literature that some bones such as teeth and petrous pyramids retain DNA better 

and help preserve the nuclear material and shield it from environmental and taphonomic processes that 

result in the loss of nuclear material. 

The coverage for these samples is quite low overall, with some exception to those obtained in 

Mathieson et al., (2018). This is likely due to a number of reasons such as the most obvious of 

preservation and also likely the sequencer used. Mathieson et al. (2018) utilized the Illumina NovaSeq 

instrument which can produce extremely high number of reads up to a few billion reads. The majority of 

the Trypilla samples were sequenced on the Illumina MiSeq which has an output of only 50 million. 

Some Trypillia samples were ran on the Illumina NextSeq which can produce up to one billion reads. This 

https://github.com/mnievesc/Ancient_mtDNA_Pipeline
https://github.com/jstjohn/SeqPrep
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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discrepancy in output is evident in the coverage across the mtDNA genome. For the 151 samples in this 

study, the average depth of coverage is 1.71. The percentage of the reference genome covered at 1x 

coverage is 38% on average and the percentage of the reference genome covered at 2x coverage is 25.7% 

on average.  

The maximum haplotype quality assigned was 100% and the lowest was 0% (i.e., complete 

failure) as can be seen in Figure 11. The mean mtDNA haplotype quality score was 58.23179% with a 

standard error of 2.01468 and a standard deviation of 24.7568. This suggests that the distribution of 

mtDNA haplotype quality scores is widely spread out. The median quality was 54, the 25th percentile was 

50 and the 75th percentile was 78. The percent of endogenous sequences shown in Figure 12 displays the 

range of endogenous sequences across the sample set. It is notable the number of sequences with very low 

endogenous proportions from this study, while the included sequences from Mathieson et al (2018) were 

all very high endogenous proportions, likely due to sequencing machinery differences. However, there is 

good endogenous proportions for most of this study’s samples. Next, Figure 13 shows the average 

mapped read length for the sample set as counts. Figure 13 shows that the read length of 68 base pairs is 

most frequent followed by 42 base pairs. The range then is 0 base pairs up to 68 base pairs.  

A t-test of the haplotype quality (Table 2) was performed given the mean calculated in the 

summary statistics above of 58.23179. With this provided, the t-test reported that the sample mean was 

58.232 resulting in a t score of -9.5327E-07, and p (same mean) of 1, therefore the means are not 

significantly different. However, when I performed a Wilcoxon test for medians (Table 3), the median 

was found to be statistically significant with a p (same median) of 8.1107E-06. The stats performed on the 

haplotype quality is to help be transparent on the caution needed with these reported sequences. Their 

range is vast, their mean is 58% and not significant, but the median of 50 was found to be significant. 

These stats simply suggest that though a significant portion of the haplotype quality is not high enough to 

be given a lot of support to their authenticity, there is some significance when comparing medians; 

therefore, the quality scores that are higher (80%) are likely good, authenticated sequences. Even though 

the quality is poor on the majority of the sequences, the haplotypes discovered are still worthy of 

consideration and they can be enhanced with further sequencing to greater coverage. 

Due to the substantial number of haplotypes identified in this study (150), the mtDNA haplotype 

results and discussion will only be focused on this with plausible damage authentications (n=74). Of 

those, the largest frequency of haplotypes are: H2a2a1 (8%), U5a1c and U5a2+16294 (5% each); H2a, 

H2a2a, U5a1, and U5b2b (4% each); H13, T2b, T2b+16362, U4a, U4a2a, U4b1b1, U4d, U5a, U5a1c1 

(3% each); H4, H+152, H15a1, H1ae2, H2+152+16311, H2a1a, H5a, H84, HV+16311, J1, J1c5, J2b1d*, 

K1, K1+16362, K1a1b1, N1a1a1, T2, T2c1d1, U, U4, U4a1, U4a2, U4b1a1a, U5a1f1, U5a2, U5a2b, 

U5b2, U5b2a1a+16311, U8b1 (1% each) (Figure 14). Many of these haplotypes (especially U haplotypes) 

were previously reported in the Mathieson et al (2018) article. Further subsampling was completed to 

only include the newly reported Verteba Cave haplotypes presented in this paper, see Figure 15 for pie 

graph presenting Verteba Cave haplotypes identified and discussed here.  

In Verteba Cave, the most frequent haplotype is H2a2a1 which is the reference sequence rCRS. 

These six samples had very low-quality scores (50%) assigned to their classification suggesting that this 

is reference bias due to low coverage of the sequences. The next most frequent haplotype is H2a2a (10%) 

which is one of the prevailing modern European mtDNA haplotype clades. The next most frequent were 

H2a, T2b, and T2b+16362 at 7%.  

T2b was also identified in Nikitin et al (2017) and is predominantly European but with Near-East 

gene flow and dates to ~10kya (Pala et al. 2012). T2b+16362 is an interesting classification and seems to 
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not have been reported in the literature through a literature search and searching Ancient Mitochondrial 

Database (Ehler et al., 2019). One modern article was found exploring gene regulation and found some 

suggested evidence that polymorphism T16362C bears potential G-quadruplex sequencing motifs, and 

their published observations indicate that this control region of G-quadruplexes influence mtDNA 

proliferation (Royrvik and Johnston 2020). G-quadruplexes are segments of DNA that can fold on itself 

into a quaternary structure with guanines in four “corners.” These condensed bits of DNA tend to impact 

expression and regulation of genes so it is interesting to find the presence of this in mtDNA and would 

have potentially interesting implications for the proliferation of mtDNA in individuals with this mutation. 

It is likely that those with this polymorphism could have had mtDNA more resistant to stress such as 

oxygen radicals which are a known factor in mtDNA death and aging (Lagouge and Larsson, 2015). 

The remaining novel Verteba Cave haplotypes represent 3% of the haplotype data and consists of: 

H*4, H+152, H15a1, H1ae2, H2+152+16211, H5a, H84, J1, J1c5, K1a1b1, T2c1d1, U4a, U5a, and U8b1. 

H*4 is likely a resolution issue with the quality at 64% as the “*” denotes that they have a mutation that is 

not known to link to other H lineages and therefore does not fit in any of the known subgroups.  The 

remaining H haplogroups are all European origins with different sub-lineage defining variants. 

Interestingly, in Nikitin et al (2017) the H5a sampled individual in their study matched a researcher’s 

haplotype, which they used to show the strength of H5a haplotypes persistence even into modern day 

Ukraine. H5a is a strong indicator of Eastern European specific mtDNA lineages and is also mentioned in 

Schmidt et al. (2020).  

Haplogroup J is commonly considered a marker for the spread of Neolithic Farmers from the 

Near east around 10kya (Nunez et al 2016). J1c5 is reported in Fraser et al. (2018) at a middle Neolithic 

site in Scandinavia affiliated with the Funnel Beaker Culture. Additionally mentioning the J1c5 haplotype 

in Sakha (Yakuts) populations (Fedorova and Khusnutdinova 2022), but the article could not be viewed 

fully. It is also reported that J1c5 is the earliest haplogroup reported in Scandinavia during the Eurasian 

Bronze Age/Scandinavian Neolithic Age (Malmstrom et. Al., 2019; Kristjansson et. al., 2022) and 

archaeologically indicates Funnel Beaker affiliation. J1c5 has also been identified in Slovenia, Hungary, 

and Italy.  

Finding J1c5 in Verteba likely indicates that the “Neolithization” had not fully happened yet as 

before identifying J in Scandinavia, the early farmers carried J into Europe, likely through Ukraine. It is 

known and discussed in the comprehensive exams that there is evidence of trading between the Trypillia 

and Scandinavian groups. Kristijansson et. al., (2022) also list the possibility of pressures forcing J 

carrying individuals north, such as growing population pressures in Middle Neolithic cultures, improving 

climatic conditions in Northern Europe, the discovery of arable land, and accessible flint resources 

(Sorensen and Karg, 2014). Finally, as Schmidt et. Al., (2020) surmised, the Trypillia were most similar 

to Neolithic farmers from Central Europe and the Funnel Beaker culture which this data further supports. 

This connection warrants future investigation as Sorenson and Karg (2014) show that the Early Neolithic 

sites in Scandinavia are synchronous with wheat and barley introductions as well as domesticated cattle. 

This presentation of the Neolithic Package with a possible connection to Trypillia indicates it was either a 

demic or diffusion movement from Trypillia to Scandinavia. Another tempting thought is, with more 

dates, this could also be explained by the arrival of Yamnaya into Eastern Europe and perhaps some 

Trypillian’s fled up to Scandinavia, and this individual in Verteba Cave was the parent lineage of the ones 

identified in Scandinavia. 

Next, K1a1b and its parent clade K1a, expanded around 20kya in the Near East and Europe where 

K1a1b (the subclade reported here) is mainly restricted to Europe and North Africa, arriving from Near 

East around 11.5kya. The K1a1b lineage is reported to be a strong marker of Ashkenazi Jew ancestry 
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(K1a1b1a), but this subclade K1a1b, unlike other K clades and subclades, is found to be exclusively 

European with lineages tracing to Italy, Germany, British Isles, and Mediterranean. This indicates some 

sort of backflow from Central Europe to the Near East. This is later suggested by the authors by saying 

“The sharing of rarer lineages with Eastern European populations may indicate further assimilation in 

some cases but can often be explained by exchange via intermarriage in the reverse direction” (Costa et 

al., 2013, pg8 ). 

U4a, U5a, U8b1 are part of the U mtDNA clade that is typically considered to represent 

Mesolithic hunter-gatherer ancestry and has not been reported in Verteba Cave, outside of one individual 

from Nikitin et al (2017) that was attributed to being from the Paleolithic. As mentioned earlier, 

haplotypes U, U4, and U5 are common in hunter-gatherers in Europe around 6500BP. These haplotypes 

occurring in Verteba show good concordance with data reported in Nikitin et al (2017) and Mathieson et 

al (2018), even to the point of providing another individual with U8b1 haplotype which is the haplotype 

found as far back as the Paleolithic but also has some Neolithic Anatolian traces (Mathieson et al. 2015). 

These newly reported mtDNA show similar distribution and frequencies as identified in Nikitin et 

al (2017) and Schmidt et al (2020). For example, E1-L1-P0009, E1-L1-P0168, and VERT102 were 

identified as T2b, same as V3.14.1 in Nikitin et al (2017) and is largely considered the demic expansion 

marker of Anatolian ancestry (Nikitin et al 2017). Haplogroups belonging to U are typically understood as 

belonging to hunter-gatherers. 37 of the 74 (50%) of the ancient haplotypes are hunter gatherer 

haplotypes, which is an unusually high number of hunter-gatherer haplotypes for this time period and 

population. This indicates that, these samples in Ukraine are either prior to the supposed introgression of 

hunter-gatherer haplotypes, or this suggests a yet unrecognized continuation of hunter-gatherer mtDNA in 

a Neolithic population. Additionally, the further finding of J haplogroups indicates a Scandinavian 

connection, which consisted of hunter-gatherer groups longer than the rest of Europe, but when the 

Neolithic Package was brought to it, it was similar to the package in Ukraine.  

These haplotypes, and the presence of hunter-gatherer haplotypes in Verteba Cave, suggest a 

strong connection between Eastern Europe and Northern Europe. Additionally, nucleotide diversity that 

was estimated in Schmidt et. Al., (2020) suggests that with this group being isolated, it would have been 

easier for mtDNA gene flow to occur between other isolated groups such as those in Scandinavia at the 

time. This would have had a fast and profound effect on the mtDNA haplotype distribution in comparison 

to introgression. The mtDNA discovered here, and in consideration of the other Verteba Cave mtDNA’s, 

suggests that there was an extremely vital connection between Verteba Cave and the Northern European 

groups. It appears to be far more than coincidence that Northern Scandinavians began appearing with the 

Neolithic Package similar to Trypillia. Further, this could have coincided with the big collapse of 

Trypillia society, which could interestingly be described instead as a mass migration northward, being 

forced out due to disease or the invading Yamnaya steppe pastoralists. This conclusion requires more 

research, but it seems entirely plausible, the rough dates seem to agree and the mtDNA haplotypes also 

agree. 

This has already been suggested in articles such as Videiko (2011). Here, Videiko (2011) 

describes the “three modes of development” which he attributes to explaining the three sort of 

polymorphisms of the Trypillia culture after 3400-3200BC. These developments were in response to a 

few pressures such as warfare and conflict with other groups, especially the Yamnaya, and deteriorating 

conditions in the landscape due to intensive agropastoralism for the past millennia and climatic changes. 

One of these three modes of development is the Trypillian’s who went North and back to forests (much 

like the forests that were in Ukraine before the megasites were built). This then allowed these Trypillian’s 

to compensate for less grain cultivation by taking up hunting-gathering. He suggests that these 
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Trypillian’s that went north likely integrated with other groups due a sort of blending appearance of 

cultural artefacts and remains. For example, the pottery was now made up of red painted pottery but was 

more rare, they never built permanent settlements, and never practiced the burning habits. Additionally, it 

was recorded in some burials that there were some individuals that could be attributed to warriors, 

including the presence of flint combat axes which could be seen as prototypes of the weapons in Central 

Europe belonging to the Corded Ware Battle Axe culture. 

Another example of the probability of a connection between Scandinavia and the Trypillia is in 

Nielsen (2022) discussing the evidence of toggling harpoons in Scandinavia. Per Nielsen (2022), the 

toggling harpoons first appeared in late Vinca cultures and later in Gumelnita, Cucuteni-Trypillia, and 

Sredny Stog cultures. The author argues that due to the accumulating evidence for long distance contact 

in the early fourth millennium BCE, this technology was distributed through trade networks. The 

presence of similar shaped harpoons strongly implicates the connection to the groups in Southeastern 

Europe. 

The examples by Videiko (2011), Nielsen (2022), and Furholt (2021) support the conclusions 

above of a link between the Trypillian and Scandinavian groups either through trade networks or the 

“disappearance” of the Trypillia by various modes of dispersal. It is then likely that they were able to 

better take advantage of the more favorable climate in the North at this point in time, as well integrate and 

admix with the groups in Scandinavia who in turn helped the Trypillia with hunting-fishing-gathering. 

Further, it becomes more likely that populations sort of reached a Brownian motion point where the rapid 

expansions outward and in all directions made contact with other groups more probable. This second 

expansion (the first being the original Neolithic Revolution), coincides with the decline of megasites and 

the resultant social changes and climate fluctuations that force these expansions outwards (Furholt, 2021).  

PATHOGEN 

The pathogen data was analyzed by taking the k2report files created from the pipeline and only 

those samples that were identified as showing probably or definite signs of ancient authentication via 

mapDamage plots were selected. This resulted in a sample size of 30 for further pathogen consideration. 

The top retrieved pathogen sequences were the following: Streptosporangeum roseum, Simplicispira 

suum, Streptosporangium sp. ‘caverna’, Pseudomonas sp. C27(2019), Proteus vulgaris, Rheinheimera sp. 

D18, Devosia ginsengisoli, Oblitimonas alkaliphile, Trypanosoma cruzi, Cryptosporidium hominis, 

Rhodanobacter denitrificans, Terricaulis silvestris, Penicillium rubens, and Nitrosospira briensis. When 

reviewing the pathogen data, no pathogens were identified that match the expectations of the Neolithic or 

Ukraine. For example, four samples had reads classified belonging to Trypanosoma cruzii which causes 

Chaga’s disease. However, this disease has only ever been recorded in South America, making its finding 

in Ukraine highly unlikely and more attributable to factors such as fragment sizes being too small or 

unrepresented in a database and too low of sequencing depth.  

One interesting finding is the possible Proteus vulgaris classification. P. vulgaris and other 

Proteus spp. are known opportunistic pathogens of humans. The bacteria cause infections in immune-

compromised individuals and most all of them are usually related to urinary tract infections, wound 

infections, and, in modern times, nosocomial infections (Drzewiecka 2016). Interestingly, Proteus spp. 

has been found in animals in both healthy and disease microbial communities. In pigs, the P. vulgaris 

dominates its microbial community while all Proteus species are identified in cows. Further, Proteus 

species appear to be indicators of fecal pollution. As indicated in Drzewiecka (2016), these species are 

identified in fecal contaminated soils and water in modern times, where they are likely to be transmitted 

and begin infection through the consumption of such contaminated water. This data could actually 
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describe a situation in which Neolithic Trypillia, who lived in close quarters with their domesticates, 

could easily have been in contact with fecally contaminated soils or water due to lack of sanitation 

practices. 

Additionally, Cryptosporidium hominis was classified and is a known parasitic disease in humans 

that causes severe forms of diarrhea. Cryptosporidium infection has mainly bovine and human reservoirs 

and humans are likely to acquire the parasite through contact with stool of infected animals or other 

humans. The transmission routes identified are waterborne, foodborne, and person-to-person contact. 

Waterborne transmission is the result of fecally contaminated drinking supply (such as in the Proteus 

organisms) (Leav et al., 2003). This is another organism that suggests a likely contamination of the water 

supply for the Trypillia population that led to infection from fecal matter. 

Conclusion 

This paper reported 108 new sequences from Verteba Cave Ukraine and showed the mtDNA and 

pathogenic composition of these samples. The mtDNA is representative of the well-known Neolithic 

populations (K, H, U, T, and J) and highly related to the Neolithic Expansion. This data will be vital in 

providing more resolution to understanding the entire Neolithization process of Ukraine as it is an 

important geographic location for the introduction of people and ideas into Europe throughout prehistory 

and history. This paper also suggests a tantalizing connection between the Northern European cultures 

and those of Verteba Cave, which could potentially help explain such phenomena as the collapse of 

Trypillia society as well as the similar arrival of the Neolithic Package and mtDNA haplotypes in 

Scandinavia. 

Future analyses are needed to better increase the quality of the sampling, as that was the problem 

with a lot of these specimens due to their shotgun sequence nature. This can be done with novel methods 

such as low pass whole genome sequencing followed by statistical imputation analysis to effectively 

recover higher coverage genomes while limiting the expense of sequencing and by using newer, high 

output sequencing instruments that can produce billions of reads. Additionally, future work will be 

performed to utilize the new sequencing methodologies and techniques that continue to be published and 

it is likely that these new methods will only improve upon the quality that is necessary for ancient 

genomes. Therefore, these individuals will have more story to tell in the future. 

Slava Ukraine! 
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Table 1: Summary Statistics of Haplotype Quality 

Summary Statistics of Haplotype Quality 

N 151 

Min 0 

Max 100 

Sum 8793 

Mean 58.23179 

Std. error 2.01468 

Variance 612.8992 

Stand. Dev 24.7568 

Median 54 

25 percentile 50 

75 percentile 78 

Skewness -0.8192998 

Kurtosis 0.8214278 

Geom. Mean 0 

Coeff. Var 45.51424 

 

Table 2: t-test of haplotype quality 

t-test of haplotype quality 

Given mean: 58.23179 

Sample mean:  58.232 

95% conf. interval (54.241 62.213) 

Difference 1.9205E-06 

95% conf. interval (-3.9808 3.9808) 

t: -9.5327E-07 

p(same mean) 1 

Means are not significantly different 

 

Table 3: Wilcoxon test of haplotype quality 

Wilcoxon test of haplotype quality 

Given median: 50 

Sample median: 54 

W 4472.5 

Normal appr. Z: 4.4622 

p(same median) 8.1107E-06 

Medians are significantly different 
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Figure 12: Graph displaying quality percentages for all samples 

 

 

Figure 13: Bar graph displaying the percentage of endogenous mapping reads for each sample. 

 

Figure 14: Bar graph displaying the mapped average read length by count or occurrence. 
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Figure 15: Pie chart displaying the resultant haplotypes for all samples, 0 denotes not assigned. 
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Figure 16: Pie chart displaying the haplotypes for only the newly reported Verteba Cave samples 

 

 

Figure 17: Pie Chart showing the proportion of damaged samples from mapDamage2.0. No means no deamination on the 5’ or 

3’ ends. Possibly means one end indicated deamination and yes means both ends indicated deamination rates. 
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Figure 18: E1-L1-P0008 pathogen classifications from Pavian 

 

Figure 19: E1-L1-P0009 pathogen classifications from Pavian 
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Figure 20: E1-L1-P0011 pathogen classifications from Pavian 

 

Figure 21: E1-L1-P0014 pathogen classifications from Pavian 
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Figure 22: E1-L1-P0016 pathogen classifications from Pavian 

 

Figure 23: E1-L1-P0017 pathogen classifications from Pavian 

 

Figure 24: E1-L1-P0029 pathogen classifications from Pavian 
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Figure 30: E1-L1-P0030 pathogen classifications from Pavian 

 

Figure 31: E1-L1-P0106 pathogen classifications from Pavian 
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Figure 32: E1-L1-P0164 pathogen classifications from Pavian 

 

 

 

Figure 33: E1-L1-P0168 pathogen classifications from Pavian 
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Figure 34: E1-L1-P0169 pathogen classifications from Pavian 

 

 

 

Figure 35: E1-L1-P0171 pathogen classifications from Pavian 
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Figure 36: VERT16B pathogen classifications from Pavian 

 

 

 

Figure 37: VERT025 pathogen classifications from Pavian 

 

 

 

Figure 38: VERT027 pathogen classifications from Pavian 
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Figure 39: VERT028 pathogen classifications from Pavian 

 

Figure 40: VERT029 pathogen classifications from Pavian 
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Figure 41: VERT034 pathogen classifications from Pavian 

 

Figure 42: VERT035 pathogen classifications from Pavian 

 

 

 

Figure 43: VERT036 pathogen classifications from Pavian 
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Figure 44: VERT100 pathogen classifications from Pavian 

 

 

Figure 45: VERT101 pathogen classifications from Pavian 

 

Figure 46: VERT102 pathogen classifications from Pavian 
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Figure 47: VERT103 pathogen classifications from Pavian 

 

 

Figure 48: VERT104 pathogen classifications from Pavian 
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Figure 49: VERT105 pathogen classifications from Pavian 

 

 

 

Figure 50: VERT106 pathogen classifications from Pavian 

 

Figure 51: VERT107 pathogen classifications from Pavian 
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Figure 52: VERT113 pathogen classifications from Pavian 

 

 

 

Table 4: Counts of Cultural affiliation/location of samples 

Attributed Cultural Affiliation/Location 
Count of 
Sample 

H/G 14 

Hajducka Vodenica 2 

Iron Gates 3 

Lepenski Vir 2 

Ostrovul Corbului 2 

Padina 1 

Schela Cladovei 1 

Vlasac 3 

Mariupol 27 

Dereivka I /Grave 78 1 

Dereivka I/Grave 1 1 

Dereivka I/Grave 109 1 

Dereivka I/Grave 12 1 

Dereivka I/Grave 123 1 

Dereivka I/Grave 142 1 

Dereivka I/Grave 18 1 

Dereivka I/Grave 20 1 

Dereivka I/Grave 27 1 

Dereivka I/Grave 33 1 

Dereivka I/Grave 39 1 
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Dereivka I/Grave 41 1 

Dereivka I/Grave 53 2 

Dereivka I/Grave 68 1 

Dereivka I/Grave 84 1 

Dereivka I/Grave 87 1 

Dereivka I/Grave 9 1 

Dereivka I/Grave 93 1 

Dereivka I/Grave 94 1 

Vil'nyanka/Grave 10 1 

Vil'nyanka/Grave 13 1 

Vil'nyanka/Grave 14 1 

Vil'nyanka/Grave 26 1 

Vil'nyanka/Grave 27 1 

Vil'nyanka/Grave 32 1 

Vil'nyanka/Grave 8 1 

Sredny Stog II 1 

Alexandria 1 

Starcevo/Sopot 2 

Beli Manastir-Popova Zemlja/Grave Number 14 1 

Beli Manastir-Popova Zemlja/Grave Number 7 1 

Trypillia 30 

Area 1 1 

G1 1 

G3b 3 

Site 17 4 

Site 20 2 

Site 7 5 

Site 7/Area 1 3 

Site 7/Area 2 2 

Test Pit 2 2016 1 

Walkway 10, Unit 10 1 

Walkway 10, Unit 2 1 

Walkway 11 1 

Grand Total 74 
 

Table 5: Count of each Era samples were dated to (absolute or relative) 

Era 
Count of 
Sample 

Early/Middle Mesolithic 1 

Early/Middle Neolithic 2 

Early-Late Mesolithic 1 

Eneolithic 29 
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Late Mesolithic/Early Neolithic 1 

Mesolithic 3 

Mesolithic/Early Iron Age 1 

Mesolithic/Early Neolithic 1 

Mesolithic/Neolithic 5 

Middle Mesolithic 1 

N/A 2 

Neolithic 27 

Grand Total 74 
 

Table 6: Count of samples by skeletal material 

Skeletal 
Entity 

Count of 
Sample 

Canine 1 

Incisor 3 

Molar 4 

N/A 45 

Petrous 19 

premolar 1 

Tooth 1 

Grand Total 74 
 

 
Figure 52: MapDamage plot for E1-L1-P0008 
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Figure 53: MapDamage plot for E1-L1-P0009 

  

 
Figure 54: MapDamage plot for E1-L1-P0011 
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Figure 55: MapDamage plot for E1-L1-P0014 

  

 
Figure 56: MapDamage plot for E1-L1-P0016 
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Figure 57: MapDamage plot for E1-L1-P0017 

  

 
Figure 58: MapDamage plot for E1-L1-P0029 
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Figure 59: MapDamage plot for E1-L1-P0030 

  

 
Figure 60: MapDamage plot for E1-L1-P0106 
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Figure 61: MapDamage plot for E1-L1-P0164 

  

 
Figure 62: MapDamage plot for E1-L1-P0168 
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Figure 63: MapDamage plot for E1-L1-P0169 

  

 
Figure 64: MapDamage plot for E1-L1-P0171 
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Figure 65: MapDamage plot for VERT025 

  

 
Figure 66: MapDamage plot for VERT027 
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Figure 67: MapDamage plot for VERT028 

  

 
Figure 68: MapDamage plot for VERT029 
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Figure 69: MapDamage plot for VERT034 

  

 
Figure 70: MapDamage plot for VERT035 
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Figure 71: MapDamage plot for VERT036 

  

 
Figure 72: MapDamage plot for VERT100 
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Figure 73: MapDamage plot for VERT101 

  

 
Figure 74: MapDamage plot for VERT102 
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Figure 75: MapDamage plot for VERT103 

 

 
Figure 76: MapDamage plot for VERT104 
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Figure 77: MapDamage plot for VERT105 

 

Figure 78: MapDamage plot for VERT106 
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Figure 79: MapDamage plot for VERT107 

 

Figure 80: MapDamage plot for VERT113 
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Abstract 

Spirit Eye Cave, located on private land in west Texas near the US/Mexico border, contains as 

many as four human interments removed by pay-to-dig collectors in the 1950-60s. The relocated 

remains provide initial DNA results from a region peripheral to both the Southwest and Plains, 

and the bone collagen 14C dates are coeval with a period of presumed multiethnic migration. 

The mitochondrial DNA results from two individuals indicate a maternal relationship between 

each interment. Considered together, these data indicate both a familiarity with the region and a 

stability of land use by foraging groups during a period of reputed instability. The identification 

of the B2a4a1 haplogroup in both individuals ties the region to indigenous groups in present-day 

Mexico, Texas, and the prehistoric site of Paquimé, in Chihuahua, Mexico. These results 

demonstrate the utility of a collaborative collection based aDNA approach for looted and heavily 

collected sheltered sites.            

       

Significance Statement 

Two rediscovered human remains from Spirit Eye cave in west Texas situated on the US/Mexico 

border were radiocarbon dated and sampled for mitochondrial DNA. Both burials belong to the 

same B2a4a1 mitochondrial haplogroup and were dated to a period of dramatic cultural change 

in the region. Our results indicate thatrelated foraging groups repeatedly used the cave as a 

mailto:bryon.schroeder@sulross.edu
mailto:meradeth.snow@mso.umt.edu
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mortuary site over several generations. This study also illustrates the utility of pursuing 

collection-based research from heavily impacted archaeological sites. 

 

Introduction 

 

 

Genetic research at Spirit Eye Cave (41PS25) located on the border of US-Mexico has proven to 

be an important method for reestablishing the research potential at a severely looted sheltered 

site. The privately owned cave was a pay-to-dig site in the past and collectors recovered 

thousands of perishable artifacts as well as at least four sets of desiccated human remains from 

their primary burial locations. The ongoing professional work at Spirit Eye Cave uses genetics as 

part of a larger effort to reconnect looted and trafficked remains with their original interment 

locations, native land, and direct descendants. We argue this will become a valuable application 

of DNA research, especially considering the amount of destroyed interment sites, and despite the 

understandable issue of destructive analysis (well summarized in Bardill et al., 2018). This is a 

problem that is severe in arid regions of the American Southwest in general, and acute in west 

Texas, where thousands of sites with dry-preservation, large private land holdings, and pay-to-

dig access create a set of ideal conditions for the destruction and trafficking of perishable 

artifacts, and in extreme cases like Spirit Eye Cave, human remains (Schroeder 2017). 

The focus of renewed research at Spirit Eye Cave was to develop a collection-based research 

design, AMS dating and reestablishing the provenience of perishable artifacts held in private 

collections in order to build an occupational chronology. This is possible because records 

associated with the site trinomial helped uncover decades of written correspondence between 

individuals associated with the pay-to-dig history of the cave and tied numerous large perishable 

collections to the site. However, these letters also revealed as many as four burials were removed 

during the 1950s and 1960s, all with permission of the landowner. The location and condition of 

these remains were unknown, and the research focus shifted to relocating these remains. 

Communication with authors of the letters revealed the first two burials (Burial 1 and 2) were 

removed in the 1950s. Burial 1 was rumoured to have been sent to the Smithsonian Institute, 

while the other (Burial 2) was displayed around hotel lobbies in the small town of Marfa, Texas. 

The Smithsonian does not have Burial 1, and Burial 2 is now in a private collection and the 

owner denied any request to view the materials. The third burial (Burial 3) was disinterred in the 

1960s and taken to a small privately funded museum in Texas where they remained on display 

until the late 1980s. The remains were taken down and thought to be lost but were rediscovered 

as a part of this research and sampled with the consent of the current steward of the remains. The 

final set (Burial 4) was sold to a private buyer in California. These remains were returned to the 

University of Texas-Austin after a California Fish and Game animal trafficking bust found the 

remains in a private residence. They are now held at the Texas Archeological Research 
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Laboratory at the University of Texas-Austin and have been through NAGPRA consultation with 

no claimants (Burial 4 was sampled under staff supervision).   

Of the four burials, two were relocated and used for this analysis, the available notes and letters 

indicate that Burial 3 was found in a flexed seated position with no mention of associated grave 

goods or artifacts. Burial 4 was also found in a flexed seated position, and was capped with a 

metate. The associated grave goods that were included in notes include two bone awls and a 

large piece of limonite. There is no mention of associated diagnostic or additional materials with 

either burial in available written accounts from the collectors.  

 

Unfortunately, the Spirit Eye Cave example is not unique; human remains have been looted and 

scattered across the United States and the world, and the ability to tie them securely back to the 

appropriate sites, native land, and descendants is important for establishing and building 

relationships with descendant communities. Such actions will hopefully aid in allowing for 

further scientific research in the future, as this part of North America has a rich and fascinating 

history. Using both the written letters and conversations with pay-to-dig collectors, the 

provenance of the remains with the cave was reestablished. The relocated burials were sampled 

for DNA, stable isotopes, and AMS dating (Table 1). They are among the first widely reported 

results from the Big Bend of the Rio Grande and will help address relationships with populations 

to the South and West through the shared haplotype found throughout the region. Furthermore 

because some of the remains are in private collections, the DNA results could be used to identify 

a direct descendant community and build a dialogue between the present owners and descendants 

who could take possession of their ancestors and appropriately lay them to rest.  

 

Lacking stratigraphic data to date the interments, Burial 3 and 4 were AMS dated (x̃ =715 & x̃ 

=853calBP; Table 2). The results are coeval with an influx of new cultural materials and 

settlement patterns that have been posited to be the result of an interpreted multiethnic migration 

into the west Texas region (Seebach 2007). El Paso Phase Jornada Pueblo IV-like structures and 

pithouses established at the confluence of the Rio Concho and Rio Grande (La Junta de los Rios) 

as early as 800 calBP mark an influx of horticultural groups (Kenmotsu 2018). Ceramics found 

at these sites suggest an initial colonization by Jornada-Mogollon groups followed by periods of 

village fissioning and further colonization possibly from Paquimé migrants (Kelley 1990; 

Kenmotsu 1994). Coeval aceramic hunter-gathering populations occupied stacked stone-based 

wickiup structures in the region and may have developed a mutualistic relationship with La Junta 

villagers (Mallouf 1999). The origin of these populations, as well as the degree of admixture 

between them, is a major point of scientific speculation.    

 

The sampled remains from Spirit Eye Cave provide results that address local and regional 

research themes. The site lies in a part of Texas on the boundary of the Southwest and Plains 

physiographic regions, where little is known of the prehistoric demographic histories. It also 

provides a possible model for approaching the complexities encountered in dealing with private 

collections and collected sites. Creative approaches to dealing with both issues is important for 

“the next generations of archaeologists [who] may find themselves working in a very different 
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environment than those of a generation ago” (Surovell et al. 2017:298). Engaging private 

collectors is a critical component of establishing research potential before these materials are 

lost.   

 

Materials and Methods 

 

DNA Extraction and Analysis. Samples were sent to the University of Montana Molecular 

Anthropology Laboratory, which houses a dedicated aDNA facility. This facility maintains the 

standard protocols for the analysis of aDNA, including UV lighting, positively pressurized and 

filtered air supply, separation from modern DNA laboratories, daily bleaching, and full-body 

covering for entry, among other contamination precautions. After the samples had been placed in 

a 50:50 household bleach diluted with water bath for approximately five minutes, they were 

rinsed twice with DNAse free H2O, and were allowed to air dry in a sealed container. This was 

followed by UV’ing the sample in a crosslinker for 15 minutes. Drilling the root of the sample 

was done in a sealed box using a Dremel tool and dental drill bit in order to collect 

approximately 35mg per tooth. 

 

The 35mg of tooth dust, collected into lo-bind 2mL tubes, was then soaked in 1mL EDTA 

(0.5M, pH 8) , and 10ul of 1 mg/mL Proteinase K was added. The samples were incubated at 

55℃ overnight with slow rotation at 4rmp. Following removal from incubation, the samples 

were extracted following the Dabney et al. (2013) protocol.  

 

The samples were prepared for sequencing the mitogenome through use of the KAPA SeqCap 

EZ HyperCap workflow (Roche), with minor modifications as the samples were not sheared or 

size-selected. The kit allowed for End-repair, ligation of adapters and indices, sample pooling 

based on Qubit quantification levels (Qubit HS 1X dsDNA kit by Invitrogen), LM-PCR 

amplification, mitogenome probe hybridization, wash of the recovered multiplex DNA sample, 

and another round of LM-PCR. The samples were then run on the MiSeq at the UM Genomics 

Core.  

 

Sequences were analyzed via a modified pipeline based on the original from Maria Nieves-Colon 

(https://github.com/mnievesc/Ancient_mtDNA_Pipeline; Ozga et al 2016). Paired-end read 

sequences were merged with adapter trimming using SeqPrep 

(https://github.com/jstjohn/SeqPrep). Reads <30bp in length were discarded and read quality was 

assessed using FASTQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads 

were mapped to the revised Cambridge Reference Sequence (rCRS, NC_012920) (Andrews et al. 

1999) using Burrows Wheeler Aligner (BWA) v0.7.17 (Li and Durbin 2009) with seed disabled 

(-l 1000) and edit distance increased to improve mapping accuracy as recommended by Schubert 

et al (2012). Damage patterns were analyzed using mapDamage 2.0 to assess misincorporations 

and read length distributions (See figures in SI; Jonsson et al 2013) and read quality scores were 

modified with re-scale option accounting for post-mortem damage. SNP variants were called and 

reported to the level of just variant sites and those with greater than 1x coverage. MtDNA 

https://github.com/mnievesc/Ancient_mtDNA_Pipeline
https://github.com/jstjohn/SeqPrep
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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haplogroups were assigned using Haplogrep v2.0 (Kloss-Brandstatter et al 2011; van Oven, 

2015). 

 

Following the data analysis, the fasta files that were created were analyzed with others 

downloaded from the literature and aligned using Muscle in MEGA7 (Kumar et al. 2016). 

Following this, the samples were used to create a Median Joining Network in PopART (Figure 3; 

Leigh and Bryant 2015). Additionally, Bayesian statistics were utilized using BEAUTi and 

BEAST2 (Bouckaert et al., 2014) in order to create a Skyline Analysis and maximum clade 

credibility tree, using FigTree. This was done following the guidelines outlined in the 

Introduction to BEAST: Calibration and Bayesian Skyline Analyses instructions, modified so the 

mutation rate used for the whole mitogenome, including the D-Loop, was set to 1x10-8 

(Gojobori et al. 2015). 

Authentication of Genetic Data. Contamination is always a concern when it comes to working 

with ancient DNA. Beyond the laboratory methods explained above, the resulting data was also 

analyzed to detect signals of modern contamination. An extraction control was utilized 

throughout the process, through sequencing, which did result in 102 mapped unique reads, which 

in comparison to the average mapped read for the samples (13506.6 reads) is 0.008%, 

demonstrating that the amount of contamination in the samples is very low. The average read 

length of the samples is 82.8 base pairs, which is also considerably shorter than that of the 

limited reads in the extract control at 126 base pairs.  

Beyond these measures, and as noted above, MapDamage (Jonsson et al. 2013) was also run on 

all of the samples to account for damage patterns that accumulate at the ends of strands of DNA, 

creating a “smile” pattern that demonstrates a higher misincorporation of thymine at the start of 

reads, and cytosine at the end of individual reads. Figures F7-S11 demonstrate that this pattern is 

found in the samples, albeit to varying degrees. This is probably due to the incredibly well 

preserved nature of some of the samples, as supported by the fact that sample 41PS25-100 had 

the most pronounced “smile” and was also the sample with the lowest coverage and sample 

quality, including read lengths averaged 60 base pairs in length. 

Radiocarbon Dating. Collagen extracted from tooth root from Burial #3 (D-AMS 033187) and a 

left talus of Burial  #4 (D-AMS 035070) was submitted to DirectAMS for dating. Prior to 

submittal Burial #4 was pretreated at the University of Texas at San Antonio following the acid-

base-acid procedure outlined in Mauldin et al. (2013:1374). The Burial #3 sample was directly 

submitted to DirectAMS for pretreatment, both samples were then combusted and reduced to 

graphite in sealed vials (Zoppi et al. 2007:172-173). DirecAMS measured each sample using a 

National Electrostatistics Corporation Model 1.5SDH-1 Pelletron Accelerator with the same 

level of accuracy reported in Zoppi et al. (2007).     

 

Isotope Analysis. A single tooth root from Burial #3 and a left talus from Burial #4 were 

submitted for stable isotope analysis at two separate labs; Burial #3 (D-AMS 033187) was 

submitted to the Washington State University Stable Isotope Core Laboratory by DirectAMS 

after it was radiocarbon dated. Isotope Analysis for Burial #3 followed the Washington State 
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University Stable Isotope Core Laboratory procedures wherein carbon and nitrogen isotopic 

analysis converted N2 and CO2 with an elemental analyzer (ECS 4010, Costech Analytical); the 

gases were separated with a 3m GC column and analyzed with a continuous flow isotope ratio 

mass spectrometer (Delta PlusXP, Thermofinnigan, Bremen). Carbon isotopic results used the 

NIST calibration reported in per mill relative to VPDB (Vienna Peedee belemnite) with NBS 19 

and L-SVEC as anchor points. Nitrogen isotope ratios are reported in parts per thousand (per 

mill) relative to N2 in air.  

 

Burial #4 (D-AMS 035070) was prepared at the University of Texas at San Antonio using 

methods outlined by Mauldin et al. (2013:1372-1373).  The prepared sample was then analyzed 

at the Colorado Plateau Stable Isotope Laboratory at Northern Arizona University in continuous-

flow mode using a Thermo-Finnigan Deltaplus Advantage gas isotope-ratio mass spectrometer 

interfaced with a Costech Analytical ECS4010 elemental analyzer. A standard 3-meter GC 

column was used (set at 55°C) for peak separation, in combination with one quartz (combustion) 

tube filled with chromium oxide and silvered cobaltous/cobaltic oxide (set at 1020°C) and one 

quartz (reduction) tube filled with reduced copper (set at 650°C). Data were normalized using 4 

internationally-accepted isotope reference standards (IAEA CH6, CH7, N1, and N2). External 

precision on these standards is ± 0.10‰ or better for δ13C and ± 0.20‰ or better for δ15N.  δ13C 

and δ15N data are expressed relative to VPDB for carbon, and to AIR for nitrogen. 

 

Results 

 

Bone collagen extracted from Burial 3 and Burial 4 returned two AMS dates, one from each 

interment. The date from Burial 3 is older and brackets 921–790 with a median of 853 calBP 

(95.4%; D-AMS 033187); Burial 4 is younger and brackets 765–680 with a median of 715 calBP 

(95.4%; D-AMS 035070). Using the difference function in Oxcal version 4.3, the interment of 

Burial 3 in the cave predates Burial 4 by as much as 220 or as little as 55 calendar years; they are 

not contemporaneous. Following Pestle and Colvard (2012), the atomic C:N ratio for collagen 

extracted from Burial 3 is 3.21 and Burial 4 is 3.186, which are both within the acceptable range 

for accurate AMS dates from terrestrial bone (Table 1 and 2).  

 

Bone collagen from Burial 3 and 4 was also submitted for stable carbon and nitrogen isotopes 

with Colorado Plateau Stable Isotope Laboratory and the Washington State University School of 

Biological Sciences (Table 1). The δ13C and δ15N from Spirit Eye Cave samples are similar to 

values reported from extra-regional transitional forager groups using, but not fully reliant upon 

maize (Coltrain et al., 2007; Piehl 2009; Slovak and Paytan 2011). Piehl (2009) carried out a 

study of ten individuals from the greater Big Bend region of the Rio Grande that dated from the 

Late Archaic through the Formative period (2000 calBP - 500 calBP). The Late Archaic δ13C 

collagen samples indicate a diet higher in C4 plants compared to individuals of the same age 

from the Lower Pecos Canyonlands further down the Rio Grande (Bousman and Quigg 2006). 

Piehl (2009) also noted a lack of associated dental pathology (caries and abscesses) in the Big 

Bend individuals compared to the Lower Pecos mortuary population. Piehl (2009:79) suggested, 

given the availability of similar floral resources in both regions, Late Archaic groups in the Big 
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Bend may have incorporated maize into their diets during the Archaic. Interestingly, the results 

from individuals associated with formative period horticultural village sites that are coeval with 

the Spirit Eye Cave samples indicate a diet higher in C3 cool season grasses, or animals that 

subsist on C3 grasses, suggesting a lack of maize. Compared to the Piehl (2009) results, the 

Spirit Eye Cave individuals are more similar to the Late Archaic populations than to the 

formative period villages. The overarching implications of these dietary data suggest more 

studies are needed.   

 

Mitogenome Data. Burial 3 was run twice from two independent teeth and Burial 4 was run three 

times on independent teeth/bone. The results for Burial 3 and 4 were consistently identical from 

all extractions and sequences, demonstrating an identical mitochondrial haplotype for the two 

individuals, as well as between different teeth from the same burial. Coverage of the whole 

mitogenome ranged from 101X to 17X, with the average being 70X for the samples. The sample 

with the lowest coverage (41PS25-0-100, averaging 17X), did appear to have one minor 

mutational difference from the other samples from the same individual, however this is a product 

of low coverage at that locus. This does separate the sample out when looking at the tree created 

for the B2a4a1 samples (Figure 4), however examination of the data suggests this is a sequencing 

miss-call due to low coverage.  

 

The data obtained from the burial’s mitogenome analysis was analyzed with Haplogrep (van 

Oven, 2015) to establish their maternal lineage, resulting in both individuals belonging to the 

B2a4a1 haplotype. This relatively rare lineage has been published previously in Achilli et al. 

(2013), where three other B2a4a1 individuals were published. These three were taken from 

modern individuals in Chihuahua, Jalisco, and Durango, Mexico. Unpublished data from 

additional modern individuals in Mexico also carried this haplotype and were collected among 

the Native Mexican individuals in Nayarit (a member of the Cora population), Sonora (Guarijío), 

Durango (Mexicanero), Guanajuato (Otomi), and San Luis Potosi (Pame) (Flores-Huacuja et al., 

in prep). An additional ancient DNA sample, found to belong to the haplotype, comes from the 

site of Paquimé in Chihuahua, Mexico (burial 17-6, coming from the Buena Fé phase house 

cluster). The haplogroup (B) was established in Morales-Arce et al., (2017), with the full 

mitogenome data newly presented here. Interestingly, burial 17-6 was classified as an extra-

regional immigrant based on their oxygen isotope signature. This young adult male had a local 

strontium isotope range, however their oxygen values suggest that their origins are in Mexico, 

not the desert Southwest (Offenbecker, 2018, pg 103).  

 

As can be seen in the Median Joining Network (Figure 3; Bandelt et al., 1999), the B2a4a1 

samples form a small, roughly star-shaped cluster, speaking to the age and relatedness of the 

individuals, as discussed below.   

 

Achilli et al (2013) placed the age of the haplotype at 6.1kya (95% CI 0.96k-11.42k). This 

haplotype derives from B2a4a, which dates to 12.68ka (95% CI 4.4k-21.34k). Utilizing these 

samples and their associated dates, a Bayesian skyline plot was created to look at the history of 

the effective population size of this lineage. As can be seen in Figure 5, there has been a gradual 
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increase over time, with a notable uptick around 750BP, which is roughly at the time of the 

samples presented here, which may be influencing the analysis.  

 

Discussion  

The findings presented here demonstrate that the human remains excavated during the pay-to-dig 

era of Spirit Eye Cave’s history have been located. Their shared matrilineal lineage also enables 

the two individuals to be linked to one another and aids in demonstrating the maternal occupancy 

of the cave bracketing a period from roughly AD 900 to AD 700. These results represent some of 

the first widely published aDNA findings from this region of Texas, with the hope that future 

investigations will aid in linking the many excavated human remains in private collections to 

their original place of burial, as well as those descendant communities they are most closely 

related to. 

Since the formation of the state of Texas, Spirit Eye Cave has been on privately administered 

land, a history that shapes the legal responsibilities for consultation. Federal legislation like 

NAGPRA does not prevent a private landowner from excavating interments on their property. 

However, there are penalties for trespassers who traffic funerary items without the consent of the 

private landowner. However, these burials were removed with the permission of the landowner 

(at the time) and there are no state penalties for owning legally obtained human remains. At the 

time of this study, Burial 3 is held in a private collection, and Burial 4 has been through 

NAGPRA consultation with no claimants. The human remains from Burial 3 (as well as Burial 2, 

not sampled for this study) fall into a gray area where private land property rights are extended to 

the ownership of prehistoric human remains recovered from it; in such cases consultation is a 

self-regulated process.  

In the absence of a legal framework initiating a guiding process, instances like Spirit Eye Cave 

place researchers in the tenuous position of balancing private property law, descendant 

communities’ concerns, research objectives, and professional criticism. But until cultural laws in 

the United States include private property, the wishes of the private collector are prioritized with 

the hope that the results will open a productive discussion about long-term care of the collection. 

If the dialogue is open, it is then unclear in a multi-ethnic region like the Big Bend of the Rio 

Grande that defines the US/Mexico border, who to consult. Do we prioritize federal recognition 

over the local populations who are themselves of unrecognized mixed indigenous ancestry? The 

difficulty in cases like Spirit Eye Cave are that descendant communities should be invited early 

to the process, but the reality is that private collectors are guarded about what they show 

professionals; and it is difficult to gain access to a collection while also consulting with the 

appropriate groups about materials owned by a private party. The results of genetic analysis did 

identify several local living individuals belonging to the B2a4a1 haplogroup. They belong to 

federally non-recognized indigenous groups, and because of this research they are now part of an 

open dialogue with private collectors regarding the long-term care of the sampled remains. One 

of the main goals of this research is that through this analysis future researchers can learn how 

best to navigate this common, yet incredibly difficult, situation.      
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Genetic Data. Research at Spirit Eye cave provides some of the first DNA results from a 

dynamic period of multiethnic migration into the region. The results indicate stable landscape 

usage by a maternally related group of foragers persisted for generations during this dynamic 

period throughout the region. The separation between each of the interment events by as many as 

eight and as little as two generations (assuming 25-year generations) suggests a stable land use 

pattern by a related group of maternally related foragers. Moreover, modern-day Native Mexican 

descendants with the same B2a4a1 haplotype were identified and future DNA work will 

incorporate them, with the aim of better understanding the relationship of the Spirit Eye 

interments and modern populations in the region.  

All individuals found to belong to the B2a4a1 haplotype previous to this study have been 

sampled in Mexico, suggesting that this lineage may be associated with the populations there. An 

equally likely scenario is that sampling bias is at play due to lack of Native American samples 

from the Southwestern/west Texas region that abuts modern-day Mexico. Sampling bias aside, a 

matrilineal connection existed between the modern populations of indigenous individuals in 

Mexico and those in the prehistoric Paquimé and west Texas region. There has long been 

speculation of migration between northern Mexico and into US Southwest, bringing cultural 

associations of maize and the Uto-Aztecan language family (among many other material ties) 

(e.g. Casserino 2009, Di Peso 1974, Waller 2016, Turner 1993, Mathiowetz 2011, VanPool and 

VanPool 2015, Hedrick 1974, Kirchhoff 1952). While the Spirit Eye individuals post-date the 

hypothesized entry of individuals into the region, which is thought to have coincided with the 

arrival of maize to the region (as early as 4000kya; Da Fonseca et al., 2015), perhaps this is a 

remnant of such a movement of individuals. Unpublished maize dates (2100 calBP) from Spirit 

Eye place a significant occupation of the cave within this early period of maize use identified 

throughout the US Southwest (Coaltrain and Janetski 2019), and maternal lineage use of the cave 

is established from the current study. Should such an occupation date back to the original 

migration, perhaps these interments reflect the migrating lineage to the region. Based on the 

current data, this is not possible to determine, however it does provide a small clue that such a 

migration may have occurred in the past, leading to shared maternal relationships between 

Mexico and the greater US Southwest. 

It is also possible that what is being seen is a haplotype that spread with some of the initial 

settling of the region. The original maternal lineage could have spread throughout Mexico and 

the US Southwest/west Texas region and subsequently accumulated mutations led to the star-like 

distribution seen in the haplotype network (Figure 3). In the network, no region-specific 

mutations are present that aid in distinguishing samples from the north or south, nor do the 

regions share derived mutations within the haplotype. However, with the current mutation rate 

and shallow time depth, it is possible that not enough time has passed to allow for significant 

differences to have arisen within the haplotype to allow for distinguishing regions. Additional 

samples from the B2a4a1 haplotype would aid in determining where this haplotype arose and its 

link to larger regional migration hypotheses. 

As was noted above, an individual with the same haplotype has also been sequenced from the 

archaeological site of Paquimé. The aDNA sample from Paquimé is not closely related to those 
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from Spirit Eye Cave, suggesting that the two lineages diverged some time before the interment 

of these individuals. The same can be said for the modern mitogenomes. A larger sample, as well 

as shared derived haplotypes, may allow for better pinpointing the closest modern descendants of 

these individuals, however the currently published sequences do not allow for this. Despite the 

genetic distance between the samples, there has been previous conjecture and analysis of the 

connection between west Texas and Paquimé, namely from a ceramic standpoint. Notably, El 

Paso Polychrome may have been a tradeware exchanged between the Jornada Mogollon and the 

Chihuahua populations (Burgett, 2006). Additionally, undecorated ceramics (brownwares) have 

been suggested to be tradeware within the region that includes west Texas and Paquimé (Hill, 

2009). Among the Spirit Eye pottery assemblage, El Paso Polychrome and Paquimé trade wares 

were identified. Additionally, shell redistribution through Paquimé has also been suggested, with 

large quantities of shell artifacts moving from Paquimé to peripheral sites in the El Paso region, 

and possibly as far east as the Spiro Mound site in eastern Oklahoma (VanPool et al. 2005:29). 

These trade or migratory connections could have aided in gene flow, allowing for shared 

maternal haplotypes to be found in much of the region. 

While the Spirit Eye and Paquimé samples do not share identical sequences (there are 4 

mutational differences between them, suggesting a significant time depth between the lineages), 

they are close geographically and worth discussing. Interestingly, burial 17-6 was classified as an 

extra-regional immigrant based on their oxygen isotope signature. This young adult male had a 

local strontium isotope range, however their oxygen values suggest that their origins are in 

Mexico, not the desert Southwest (Offenbecker 2018, pg 103). If this individual is indeed non-

local, and it is not a shared lineage due to the initial settling of the two regions, this would be 

additional support for a connection between Mexico and the US Southwest.  

The ability to establish familial relationships using ancient DNA is well established (e.g.: Haawk 

et al., 2008; King et al., 2014; Deguilloux et al., 2014; Cui et al., 2015). The results from the 

B2a4a1 haplotype at Spirit Eye cave demonstrate related individuals were interred in the same 

location over a period of multiple decades (nearly a century--between 2 and eight generations). 

This suggests that the cave itself was being utilized by a maternal lineage, possibly as part of a 

seasonal migratory route or overwinter-occupation. Additional testing of nuclear DNA could add 

to our understanding of the exact nature of these individual’s matrilineal relationship. 

The data from these two individuals builds upon limited research published in the region. To 

date, the only human aDNA has been presented in poster form at the AAPA meetings (Raff et al 

2018), and the full results remain unpublished. When they are available, they will make for an 

interesting comparison. Based on the information from the poster, mtDNA haplotypes A2p and 

C1c were reported from two individuals (a mummy and tooth sample), along with a nuclear 

DNA SNP panel. The nuclear DNA, when compared with other individuals from the region, 

demonstrated gene flow from the Plains tribes, as well as a very close affinity to modern 

populations in Northern Mexico, which is upheld by our findings. These findings bode well for 

the potential for nuclear data from the Spirit Eye mummies, and the potential for a more robust 

comparison in the future, although they are currently not comparable.  
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Figures and Tables 

 

 
 

Figure 1. Location of Spirit Eye Cave (41PS25).  
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Figure 2. Calibrated multi-plot of bone collagen AMS dates from Burial 3 and 4 from Spirit Eye 

cave.  
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Figure 3. Median Joining Network of B2a4a1 samples (Bandelt et al., 1999). Green node 

containing all samples from 41PS25 (including repeats), hence the larger size. Figure created 

using PopART (Leigh and Bryant, 2015). Samples are labeled as follows: AM-MX_0052-0054 

(Chihuahua samples from Achilli et al., 2013), CK711034-36 (Chihuahua, Jalisco, and Durango 

respectively from Achilli et al., 2013), Cora_AM0753 (from the Cora population in Nayarit; 

Flores-Huacuja et al., in press), GJIO_AM2935 (from the Guarijío population in SonoraFlores-

Huacuja et al., in press), MXCN_MX-24 and MXCN_MX-55 (from the Mexicanero populations 

in Durango; Flores-Huacuja et al., in press), Otomi_Mex_DM1057 (from the Otomi population 

in Guanajuato; Flores-Huacuja et al., in press), and Pame (from the Pame population in San Luis 

Potosi; Flores-Huacuja et al., in press).  
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Figure 4. Maximum clade credibility (MCC) tree created in FigTree (part of the BEAST 

Bayesian statistical family of programs) utilizing the dates of collection or C14 dates on the 

respective samples. Tree dates are Before Present, and clades are presented with posterior 

probabilities, and those with higher probabilities (closer to 1) are more strongly supported. The 

low confidence on the split between the three samples from the same individual (41PS25-0-

100/101/102) supports that they are from the same individuals, but as noted in the text, #101 is of 

lower quality. Sample names are the same as those in Figure 3.  
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Figure 5. Bayesian skyline plot created using Tracer. 95% HPD also noted.  
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Table 1. Stable Carbon and Nitrogen Isotopes from Spirit Eye Cave Burials. 

 

Spirit Eye Cave δ13C δ15N wt %C wt %N Atomic C:N 

Burial 3 (033187) -10.8 9.62 42.314 15.37 3.210 

Burial 4 (035070) -11.1 8.54 42.34 15.49 3.186 
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Table 2. Sampled Spirit Eye Cave materials with associated context and chronometric data.  

 

Sample Haplogr

oup 

Locatio

n of 

Materia

ls 

Collection 

History 

14C Dates 

Burial 

4 41PS25-

0-100 

Canine 

(Rdc1) 

B2a4a1 Housed 

at 

TARL/U

T-Austin 

Collected in 

1968, sold on 

black market to 

buyer in 

California, 

confiscated in 

1990s, Returned 

to UT-Austin 

765–680 

calBP; x̃ = 

715 (95.4%; 

D-AMS 

035070) 
41PS25-

0-101 

Left 

Calcane

us 

41PS25-

0-102 

Left 

Talus 

Burial 

3 41PS25-

0-98 

Molar 

(RM1) 

B2a4a1 In 

private 

collectio

n 

Collected in 

1960s 

maintained in 

private 

collection 

921–790 

calBP; x̃ = 

853 (95.4%; 

D-AMS 

033187) 41PS25-

0-99 

Canine 

(Rdc1) 
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Supplemental Information 

Please see the following figures for information on the quality and quantity of reads from each of 

the samples referenced in the article.  

 

 

Figure S1. Percent of raw reads merged and kept from SeqPrep 

(https://github.com/jstjohn/SeqPrep).  

 

 

Figure S2: Percent of raw reads mapped to rCRS. 

 

 

https://github.com/jstjohn/SeqPrep
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Figure S3: Percent of endogenous reads 

 

 

Figure S4: Mean read depth of sequencing reads 
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Figure S5: Coverage of reference sequence per sample at either greater than 2x and/or greater 

than 1x coverage. 

 

 

Figure S6: Number of variant sites with greater than 1x coverage 
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Figure S7: mapDamage 2.0 analysis indicating ancient authentic sequences by plotting of C>T 

(red lines) and G>A (blue lines) transitions. 

 

Figure S8: mapDamage 2.0 analysis indicating ancient authentic sequences by plotting of C>T 

and G>A transitions. While the pattern for this sample does not fully align with what is typically 

looked for in aDNA samples in terms of damage (the smiling damage pattern), it is from the 

same individual as pictured in figures S7 and S9. It would seem that the DNA preservation in 

this sample (taken from a calcaneus bone) is actually quite good, suggesting that this skeletal 

feature may be a good place to sample DNA from.  
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Figure S9: mapDamage 2.0 analysis indicating ancient authentic sequences by plotting of C>T 

and G>A transitions. See discussion on Figure S8 regarding the damage pattern.  

 

 

Figure S10:  mapDamage 2.0 analysis indicating ancient authentic sequences by plotting of C>T 

and G>A transitions. 
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Figure S11: mapDamage 2.0 analysis indicating ancient authentic sequences by plotting of C>T 

and G>A transitions. 
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Paper 3: Reconstruction of ancient microbial genomes from the human gut 
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Samuel Zimmerman1,2,3, Francis E. Smiley9, Sonia A. Ballal10, Sünje Johanna Pamp8, Karl 
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Abstract (200 words): Loss of gut microbial diversity in modern, industrial populations can be 

associated with chronic diseases, underscoring the importance of studying our ancestral gut 



138 

 

microbiome. Here, we assembled 498 bacterial genomes de novo from 8 authenticated human 

coprolites (paleofeces) from Southwestern U.S. and Mexico aged 1,000-2,000 years with 

exceptionally well-preserved DNA. Out of the 498 genomes, 48% and 15% represent novel 

species and genera, respectively. This is the first large-scale de novo assembly of bacterial 

genomes from coprolites. Moreover, our data shows that this ancient gut microbiome is more 

similar to modern, non-industrialized humans compared to the American modern, industrialized 

gut microbiome. Functional profiling of the coprolites reveals significantly fewer antibiotic 

resistance and virulence factors and altered carbohydrate transport and metabolism functions 

relative to the modern, industrial gut microbiome. This work opens the door to interrogate the 

evolutionary history of the human gut microbiota  and may lead to discovery of missing bacteria 

important to human health and disease.    

Main Text:     

Previous studies have shown that industrial lifestyles are correlated with both lower 

diversity in the gut microbiome1–5 and increased incidence of chronic diseases6. Therefore, 

identifying potentially missing species and their beneficial functions may give insights into 

aspects of human-microbiome symbiosis that have been lost7. To discover bacteria and their 

functions unknown in modern populations, we reconstructed ancient microbial genomes from 

paleofeces. 

Reconstruction of metagenome-assembled genomes (MAGs) is an emerging approach to 

recover high-quality genomes and novel species from raw shotgun metagenomics data. 

Sequencing reads are de novo assembled into contigs, and contigs are binned to form draft 

genomes8. The first large-scale initiative to de novo assemble genomes from metagenomic 

samples in 2017 recovered almost 8,000 MAGs9. In 2019, two studies reconstructed ~100,00010 

and ~150,000 bacterial genomes from metagenomic samples, 77% of which were novel 

species11.  

Despite the potential of de novo assembly to discover novel species, this method has not 

yet been applied to the ancient microbiome because of the challenges posed by highly 

fragmented and damaged DNA. Hence, previous studies have focused on describing ancient 

microbiome taxonomic composition using reference-based approaches12–14 or enriching for 

sequences that match specific species and reconstructing genomes within that species15–19. These 

approaches allow recovery of bacteria that belong to, or are closely related to, species present in 

the reference database, but not the discovery of novel species.  

In this study, we performed the first large-scale de novo assembly of bacterial genomes 

from ancient microbiome samples. We reconstructed 498 medium- and high-quality ancient 

bacterial genomes and discovered 175 novel bacterial species, 88 of which have high DNA 

damage characteristic of ancient DNA (aDNA). The coprolites are more similar to modern, non-

industrialized humans compared to the American modern, industrialized gut microbiome. 

Furthermore, our analysis revealed molecular functions enriched in the ancient gut microbiome 

compared to the American modern, industrialized gut microbiome. This work offers 

unprecedented insights into our ancestral gut microbiome and potentially extinct ancient 

microbial species. 
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Results 

Overview of samples, study design, and quality measures to validate the authenticity of the 

coprolites 

We collected 21 coprolites from five sites (Boomerang Shelter, Northeastern Arizona, 

Zape, Eagle Cave, and Mammoth Cave) and extracted DNA for shotgun metagenomic 

sequencing using specialized ancient DNA techniques (see Methods). Using the Illumina HiSeq 

4000 platform, we obtained a mean sequencing depth of 168,153,815 read pairs per sample. We 

de novo assembled the raw reads into contigs with MEGAHIT20, annotated genes and functions 

with PROKKA21, built non-redundant gene catalogs with CD-HIT22, and assembled contigs into 

draft genomes using MetaBAT223 (Fig. 1a). We excluded 10 coprolites with poor assembly 

results (Supplementary Table 1) and removed samples UT2.12 and AZ116 due to high 

archaeological soil contamination levels as identified by SourceTracker224 (Extended Data Fig. 

1). Additionally, we removed sample AZ113 because CoproID25 inferred its host source as Canis 

familiaris (Supplementary Table 1).  

The final eight samples are very well preserved, as demonstrated by the large DNA 

fragment sizes (Extended Data Fig. 2). The average main DNA peak is 174bp (sd=30.15). To 

ensure that these long DNA fragments are not modern contamination, we divided each sample’s 

metagenomic dataset into two subsets: a subset containing only the long reads (>145bp) and a 

subset of just the short reads (30-145bp), and compared species and gene composition among 

those sub-samples. The results revealed that the subsets clustered by sample, supporting that the 

long reads contain similar species and genes as the short reads, and thus are unlikely to be 

modern DNA contamination (Extended Data Fig. 3). Moreover, many of the species identified 

by MetaPhlAn226 in both subgroups are common gut bacteria, including Eubacterium rectale, 

Faecalibacterium prausnitzii, Roseburia hominis, Prevotella copri, and Treponema 

succinifaciens (Supplementary Table 2). This data supports that these coprolites, including their 

long DNA fragments, are true ancient gut microbiome.  

The authenticity of the coprolites was further validated by several additional analyses. 

First, C14 dating suggests the ages of the coprolites are consistent with dates of the sites they are 

from and span the first ten centuries of the Common Era (CE) (Fig. 1b, Supplementary Table 1). 

Second, consistent with aDNA characteristics, the reads contain C-T damage patterns on both 

ends of the reads for both microbial DNA and human mitochondrial DNA (mtDNA) (Fig. 1c, 

Extended Data Fig. 4, Supplementary Notes). Third, species composition of the coprolites differs 

from the three soil samples collected from Boomerang Shelter, pointing to minimal modern soil 

microbe contamination (Fig. 1d, Extended Data Fig. 1). Fourth, human origin of the coprolites 

was validated by (i) CoproID25 (Extended Data Table 1); (ii) microscopic analysis of dietary 

remains in the coprolites that reveals human-specific diet, including maize pollen grains, 

Ustilago maydis spores, and cactus cladodes (Fig. 1e, Extended Data Fig. 5, Supplementary 

Discussion); (iii) human mtDNA haplogroup analysis using HaploGrep27, which assigns all 

coprolites to haplogroup B2, one of the four major Native American mtDNA lineages28,29 and 

has been found in ancient human remains from the Americas16,30–32 (Supplementary Table 1). 

Fifth, we calculated the proportion of present-day human mtDNA contamination that could have 

been introduced by sample handling using contamMix33, and the results reveal low 

contamination levels of less than 10% for all of the samples (average=1.75%, sd=2.96) 

(Supplementary Table 1). Sixth, comparison of the coprolite metagenomics data with parasite 
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genomes reveals that the predominant parasites are Blastocystis ST1, ST2, and ST3 (Extended 

Data Fig. 6, and Supplementary Table 8). In contrast, Blastocystis was not detected in the soil 

samples. Our finding aligns with a previous study showing that ST1-4 are the Blastocystis 

subtypes most frequently found in humans, and that ST2 predominates in non-industrialized, 

while ST4 is mainly detected in industrialized humans34. Lastly, comparison of uracil DNA 

glycosylase (UDG)-treated (DNA damage removed) libraries to non-UDG treated counterparts 

shows similar species and gene composition, establishing that DNA damage minimally affected 

our assembly results (Extended Data Fig. 7, Supplementary Table 3). Since the UDG repair 

protocol resulted in even shorter fragments of DNA, all results shown in this study are from the 

non-UDG-treated libraries. 

As a comparison to the ancient gut microbiome, we also analyzed modern stool samples 

from both industrial and non-industrial populations (Fig. 1b, Supplementary Table 1). We 

analyzed metagenomes representative of the modern, industrial gut microbiome from 147 

Americans from the Human Microbiome Project (HMP)35. For modern, non-industrial samples, 

we collected and performed shotgun metagenomic sequencing on 22 stool samples from 

individuals living in a Mazahua community in the center of Mexico, which is related to the Oto-

Mangue linguistic family. They preserve a diet rich in maize and beans, which more closely 

resembles the diet of their ancestors than the industrial populations, and have remained semi-

isolated from the industrial world. We also analyzed publicly available gut metagenomes from 

174 agrarian Fiji islanders who maintain a non-industrial lifestyle characterized by consumption 

of unprocessed high-starch foods and seafood and limited antibiotic use36.  

Taxonomic composition of the coprolites is similar to the modern, non-industrial human 

gut microbiome 

We identified taxonomies using MetaPhlAn2, a reference-based tool, and compared the 

taxonomic composition of the ancient and the modern gut microbiome26 (Supplementary Table 

4). Consistent with previous observations13, the taxonomic composition of the coprolites is more 

similar to the modern, non-industrial (Fijian and Mexican) human fecal samples than the HMP 

fecal samples (Figs. 2a and 2b). At the phylum level (Fig. 2a, Supplementary Table 4), the 

coprolites, the Fijian, and the Mexican samples are significantly dominated by Firmicutes 

(mean=67.4%, 52.04%, 47.08%) compared to the HMP samples (mean=20.6%; two-tailed 

Wilcoxon test with FDR correction p=4.4x10-5, p=5.7x10-32, p=5.6x10-7). In contrast, the HMP 

samples are dominated by Bacteroidetes (mean=75.6%) compared to the coprolites 

(mean=13.5%; p=2.03x10-5), Fijian (mean=34.8%; p=7.9x10-37), and Mexican (mean=45.7%; 

p=2.9x10-7) samples. Moreover, the phylum Spirochaetes is identified only in 1.45% of the HMP 

samples, but is present in all of the coprolites (p=3.95x10-26) and 98.84% of the Fijian samples 

(p=1.47x10-52) (Supplementary Table 4). This phylum has been proposed to be a key member of 

the ancestral human gut microbiome. Spirochaetes are observed in non-human primates37–39, 

non-industrial populations4,40, and ancient humans13, but are absent from most industrial 

populations. 

Species composition of the coprolites also reflects the modern, non-industrial gut 

microbiome. Principal component analysis (PCA) shows that the coprolites form a distinct group 

separate from the modern stool samples and cluster more closely to the modern, non-industrial 

samples than to the industrial samples (Fig. 2b). Species enriched in the HMP samples compared 

to the coprolites include Pseudoflavonifractor capillosus (two-tailed Fisher’s test, FDR 
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correction, p=1.5x10-9), Desulfovibrio desulfuricans (p=1.1x10-7), and Alistipes shahii 

(p=0.0002) (Supplementary Table 4). On the other hand, some species are completely absent in 

the HMP samples but are found in all of the coprolites and many of the non-industrial stool 

samples (Supplementary Table 4). These include flavonoid-degrading bacteria Eubacterium 

ramulus (p=1.4x10-11)41, short chain fatty acids producers Phascolarctobacterium succinatutens 

(p=1.4x10-11)42 and Roseburia hominis (p=1.4x10-11), and Treponema succinifaciens (p=1.4x10-

11). T. succinifaciens has been found mostly in the gut microbiome of non-industrial humans and 

has been proposed to be lost in industrial populations4. Notably, Ruminococcus flavefaciens is 

absent in the HMP samples and has not been found in human stool43, but here was detected in 7 

coprolites (p=1.3x10-9), 95 Fijian samples, and 3 Mexican samples. These results support that the 

industrial human gut microbiome has diverged from its ancestral state7,44 and the above-

mentioned species might be missing in industrial populations. 

De novo genome reconstruction from coprolites recovers 498 medium- and high-quality 

ancient microbial genomes, 48% of which are novel species 

To discover novel ancient microbial species that were unidentifiable using a reference-

based approach, we performed a large-scale de novo genome reconstruction from the coprolites. 

Despite the challenges of reconstructing genomes from highly degraded aDNA, good 

preservation of the samples and our high depth of sequencing facilitated the recovery of high-

quality genomes (Fig. 3). We applied the same approach to reconstruct bacterial genomes from 

the contemporary Mexican samples (Extended Data Fig. 9). 

Following previously used quality control criteria11, we selected only medium-

quality/MQ (completeness between 50% and 90%; contamination <5%) and high-quality/HQ 

(completeness >90%; contamination <5%) genomes, and recovered 498 MQ and HQ ancient 

genomes (Fig. 3a, Extended Data Fig. 8, Supplementary Table 5). To ensure that the genomes 

are not contaminated by modern DNA, we ran DamageProfiler (https://github.com/Integrative-

Transcriptomics/DamageProfiler) for all 498 bins and removed contigs with <1% damage at 

either or both ends of the reads from each bin. This is a conservative cutoff because the process 

removed some known gut bacteria bins (e.g. Treponema succinifaciens) (Extended Data Fig. 8f). 

After this filtering step, 209 filtered genomes were of medium and high quality (Fig. 3a, 

Supplementary Table 5). Out of these 209 filtered bins, 22 were classified as having low damage, 

120 are highly damaged with high damage variation, and 67 are highly damaged with low 

damage variation (see Methods). We measured pairwise Average Nucleotide Identity (ANI) for 

all of the 209 genomes and clustered genomes within 5% ANI into a bin using dRep45. The 

results were 181 representative ancient bins (see Methods, Supplementary Table 5).  

To determine whether the bins are known or novel species, we measured pairwise genetic 

distances between each of the representative genomes and each of the 385,236 reference 

bacterial genomes using Mash46. These reference genomes include all human gut MAGs 

catalogued in Almeida et al.47, all MAGs reconstructed by Pasolli et al.11, and NCBI GenBank 

genomes used as reference in that study. Genomes within 5% distance to at least one reference 

genome were classified as “known” species, and the rest were classified as “novel” species11. 

The results reveal that 88 (48.62%) of the ancient bins are novel species that are not represented 

in the current reference genomes (Fig. 3a, Supplementary Table 5). In contrast, for the modern 

Mexican samples, only one out of the 195 representative bins was a novel species (Extended 

Data Fig. 9, Supplementary Table 5). One plausible explanation for the lack of novel species is 
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that the Mexican individuals are not completely isolated. Moreover, with the recent addition of 

280,000 gut MAGs47, the current reference database might have captured most of the diversity of 

the gut microbiome in modern human populations, and our analysis of the ancient gut 

microbiome may be revealing species that have truly gone extinct. 

To resolve where the ancient bins place taxonomically, we performed taxonomic 

annotation for all 209 filtered bins using GTDB-Tk48 (Figs. 3f and 3g). The most abundant 

annotated genera include Eubacterium, Prevotella, Treponema, Ruminococcus, Blautia, and 

Bacteroides, which are typical human gut microbiome genera. This is an underestimate of the 

genus- and species-level diversity of the ancient bins because many of the bins could not be 

assigned to a genus or a species confidently. Genomes with >15% genetic distances from the 

reference genomes are considered to be part of a novel genus11, and 17% of our filtered ancient 

bins are past this 15% cutoff (Supplementary Table 5).  

Out of the 209 filtered bins, only 24 were assigned species names by GTDB-Tk. The 

assigned species include Ruminococcus champanellensis, Enterococcus faecium, and 

Bifidobacterium longum (Fig. 3g). We labeled each bin as either “gut”, “environmental”, or 

“unsure” based on the source of its closest reference genome, and found that 203 of the bins are 

“gut”. In contrast, only 4 bins are assigned to typical soil species and 2 bins assigned as 

“unsure”, which suggests limited soil contamination (Supplementary Table 5). In summary, the 

498 reconstructed ancient microbial genomes belong to various human gut microbiome genera 

and species and include 175 novel species, 88 of which passed a damage filtering cutoff. Results 

for pre-filtered bins are shown in Extended Data Fig. 8 and Supplementary Table 5. 

Phylogenetic placements of ancient genomes span and expand the bacterial tree of life 

To visualize the distribution of the ancient genomes across bacterial phylogenies, we 

built a phylogenetic tree for the 187 highly damaged pre-filtered bins and 4,930 reference 

genomes that are representative of the human microbiome as used in Pasolli et al.11 (Fig. 4a). 

The results indicate that the ancient genomes span many human gut microbiome-associated 

phyla, including Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria. 

We built phylogenetic trees for each of the genera that were assigned to many ancient 

bins, including Bacteroides, Prevotella, and Ruminococcus (Fig. 3f). For Prevotella (Fig. 4b), as 

well as the other genera (Fig. 4a, Supplementary Notes), the novel ancient genomes have long 

phylogenetic branches. This supports our findings that these genomes are highly distant from the 

reference genomes. With genetic distances >15% from the reference genomes within the genus, 

some of these ancient genomes are consistent with belonging to a novel genus11.  

Coprolites exhibit a distinct functional genomic repertoire compared to modern, industrial 

stool samples 

We performed a DESeq2 analysis to compare coprolite and HMP gene functions 

annotated by PROKKA (Fig. 5, Extended Data Fig. 10, Supplementary Table 6)21,49. To ensure 

pathways enriched in coprolites are not merely soil contamination, we excluded pathways 

enriched in the soil samples compared to HMP samples. We set an adjusted p-value cutoff of 

0.001, sorted the lists in decreasing log2 fold change values, and manually annotated the top 100 

enriched functions with broad functional categories (see Methods).  
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First, we observed a more virulent and pathogenic modern, industrial gut microbiome 

profile compared to the ancient gut microbiome. Out of the top 100 pathways enriched in the 

HMP samples, 19 are functions involved in virulence and defense, including various fimbrium 

subunits important for tissue adhesion and biofilm formation, and toxins such as pneumolysin. 

On the other hand, only one of the top 100 coprolite pathways are involved in virulence and 

defense (two-tailed Fisher’s test, FDR correction, p=0.00038). Increased presence of virulence 

factors suggests higher pro-inflammatory potential of the industrial gut microbiome50. 

Second, the results reveal that the HMP samples are enriched in antibiotic resistance 

functions. This is consistent with the coprolites being dated to the pre-antibiotic era51, 

strengthening the validity of our functional analysis. Eight of the top 100 enriched functions in 

HMP are antibiotic resistance functions, including multidrug resistance protein MexA and 

extended-spectrum beta-lactamase PER-1. In contrast, only one of the top 100 enriched coprolite 

functions is related to antibiotic resistance (two-tailed Fisher’s test, FDR correction, p=0.26). 

The ancient gut microbiome is enriched in functions important for growth and 

metabolism, including nucleotide metabolism, horizontal gene transfer, and fatty acid, lipid, and 

isoprenoid metabolism. None of these pathways are in the top 100 enriched pathways for HMP. 

Moreover, even though both the coprolites and the HMP samples possess carbohydrate 

metabolism pathways within the top 100 enriched functions, the specific functions are distinct. 

The functions enriched in coprolites include various glycolysis enzymes. Meanwhile, those 

enriched in HMP are functions related to metabolism of complex polysaccharides, including 

starch-binding and metabolizing proteins SusC, SusD, and SusG. This observation is consistent 

with higher consumption of processed starch in the HMP industrial population. 

Further, the phosphoenolpyruvate(PEP):carbohydrate phosphotransferase systems (PTSs) 

appear nine times in the top 100 functions enriched in coprolites. In contrast, there are no PTSs 

in any of the 512 pathways enriched in the HMP samples (two-tailed Fisher’s test, FDR 

correction, p=0.036). PTSs are present only in bacteria and play a role in the transport of 

monosaccharides, disaccharides, and other sugars52. This finding suggests that the ancient gut 

microbiome might be more suited to uptaking free sugars. Altogether, our data reveals molecular 

functions that are distinct between the ancient and the modern, industrial gut microbiome.  

Discussion  

The human gut microbiome is more strongly influenced by environment than host 

genetics53, yet much of it is vertically transmitted across generations54–57. It is not known to 

which extent the human microbiome has evolved over long spans of time. Here, we report the 

reconstruction of 498 ancient bacterial genomes, 15% and 48% of which are novel genera and 

novel species, respectively, from authenticated, well-preserved human paleofeces aged 1,000-

2,000 years. This paves the way to examine the evolutionary histories of human microbiomes by 

genome reconstruction from paleofeces. 

The highly degraded nature of aDNA has been a great obstacle to recovering high-quality 

bacterial genomes from ancient samples58. However, our study shows that de novo assembly on 

and recovery of novel ancient bacteria from coprolites is attainable. This was possible due to the 

good preservation of the coprolites, the use of a DNA extraction method ideal for coprolites59, 

extreme depth of the sequencing data (100,000,000-400,000,000 read pairs per sample), and 

advances in de novo genome reconstruction methodology11.  
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Although long DNA fragments are usually excluded from aDNA analysis, our findings 

suggest that some coprolites are very well preserved and contain longer DNA fragments. Known 

kinetics of DNA fragmentation and damage is largely based on mineralized tissues60–62. 

Meanwhile, preservation of aDNA in paleofeces, especially microbial aDNA, is relatively 

understudied. Furthermore, even though DNA fragmentation for mineralized tissues has been 

shown to increase with sample age for samples within the same site60, the correlation disappears 

for samples from different sites61. This highlights the variation of DNA preservation across 

archaeological sites63. Three coprolites used in this study were from Zape, which is known to 

have coprolites containing well-preserved aDNA12,13. Consistent with our findings, a recent 

study showed microbial DNA damage level of around 1.5-2.5% in three Zape coprolites64. Two 

of our coprolites were from Boomerang Shelter, which is located further north, where it is colder 

and drier compared to Zape. These coprolites were preserved under extreme aridity and low 

temperature, which likely contributed to their low damage levels. In addition, seasonality is 

relevant to decomposition of coprolites63. Based on seasonality analysis of the Boomerang 

Shelter coprolites, most of the coprolites were deposited in the spring, summer, or fall, except for 

UT30.3, which was deposited in late fall or early winter (Supplementary Notes). This is the ideal 

environment for preservation due to lack of decomposers63, and might explain the long DNA 

fragment lengths and low damage levels of UT30.3.   

In summary, our study establishes that coprolites with well-preserved DNA are abundant 

sources of bacterial genomes, including novel microbial species. The ancient gut microbiome 

examined here is more similar to modern, non-industrialized humans compared to the HMP 

modern, industrialized gut microbiome. Our functional genomic analysis prioritizes pathways to 

target in further work aimed at engineering the gut microbiome. Similar future studies tapping 

into the richness of coprolites will not only expand our knowledge of the evolutionary history of 

the human microbiome, but may also lead to the development of approaches to restore the 

modern gut microbiome to its ancestral state.  
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Fig. 1. Overview of samples, study design, and quality measures to validate the authenticity 

of the coprolites 

(A) Schematic of gene catalog and genome reconstruction pipelines.  

(B) Samples used in this study, archaeological sites, and ages of the coprolites as determined by 

C14 dating.  

(C) DamageProfiler analysis of a representative coprolite (Zape3) shows typical damage patterns 

of aDNA (complete results in Fig. S1). One of Zape3’s reconstructed bins was used here as a 

reference genome. Red line indicates the average frequency of C to T substitution across all 

contigs per bin, and blue line indicates the average frequency of G to A substitution across all 

contigs per bin. The shaded areas show standard deviation. Contigs with <1,000 reads aligned 

were removed from analysis.  

(D) PCA analysis for species composition of all 8 coprolites and 3 soil samples. Species 

composition was identified by MetaPhlAn2.  

(E) Scanning electron microscope (SEM) images of dietary remains found in the coprolites 

(complete results in Fig. S2). Left: Ustilago maydis spores found in Zape2. Middle: Maize pollen 

grains from Zape1. Right: Cactus cladodes found in UT30.3. 
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Fig. 2. Phylum and species composition of the coprolites is similar to the modern, non-

industrial human gut microbiome 

(A) Phylum composition of coprolites, Fijian, Mexican, and HMP samples as identified by 

MetaPhlAn2. 

(B) PCA analysis for species composition of all samples as identified by MetaPhlAn2. 
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Fig. 3. De novo genome reconstruction from coprolites recovers 498 medium- and high-

quality ancient microbial genomes, 48% of which are novel species 

(A-D) CheckM quality estimation for all de novo reconstructed bacterial genomes. 

Genomes were classified as low quality (completeness ≤50% or 

contamination >5%), medium quality/MQ (90% ≥ completeness > 50%, 

contamination <5%), or high quality/HQ (completeness >90% and 

contamination >5%). (A) Number of bins that belong to each of the quality categories and 

classification of novel species. (B) Contamination and completeness distribution for the 

reconstructed genomes. Bins with contamination >30% (43 bins) are not shown. (C) Distribution 

of number of contigs for each of the quality categories. (D) Distribution of contig N50 values for 

each of the quality categories. 

(E) Damage levels, specifically C to T substitution at 5p and G to A substitution at 3p of the 

reads, for each ancient bin as estimated by DamageProfiler. 

(F) GTDB-Tk genus estimation for both novel and known ancient bins.  

(G) GTDB-Tk species assignment for the known ancient bins.  
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Fig. 4. Phylogenetic placements of ancient genomes span and expand the bacterial tree of 

life 

(A) Phylogenetic placement of all 187 highly damaged filtered ancient genomes and 4,930 
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representative human gut microbiome-associated genomes from11.    

(B) Prevotella phylogenetic tree. Prevotella genomes from NCBI RefSeq were used as reference 

genomes. Highly damaged filtered ancient genomes assigned to the genus Prevotella were 

included. Tree was manually pruned to reduce the number of leaves.  

  

https://paperpile.com/c/8ahy07/mZ1S2
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Fig. 5. Coprolites exhibit a distinct functional genomic repertoire compared to modern, 

industrial stool samples 

(A) Heatmap of log-normalized counts for the top 50 functions enriched in coprolites and HMP 
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samples (complete results in Fig. S11, Data S5). Functions were annotated using PROKKA with 

UniProtKB database. Differentially enriched pathways were identified by running a DESeq2 

analysis49 as described in Materials and Methods. List of functions was sorted in decreasing log2 

fold change values. Broad categories were manually annotated and are shown here. 

(B) Broad categories of the top 100 functions enriched in coprolites and HMP samples (complete 

results in Data S5). Statistically significant differences are indicated by asterisks (two-tailed 

Fisher’s test). 
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Materials and Methods 

Archaeological samples and sites 

The eight coprolites analyzed in detail here were collected from Boomerang Shelter, 

Northeastern Arizona, and Zape as described below. Three soil samples were collected from 

Boomerang Shelter. 

 

All samples are from dry rock shelters, sometimes called caves or alcoves. These are neither dark 

nor deep but have naturally eroded openings in the sides of cliffs that are only tens of meters 

wide at most. However, the coprolites remain dry with exceptional preservation. Such rock 

shelters often even preserve feathers and other such material after a thousand or more years. 

Coprolites, once deposited, would have been covered by windblown soil or human activity. 

Since these shelters were used repeatedly over many years, some coprolites could have been re-

exposed and moved beyond the dry portion and become wet then once again moved and dried; or 

in a dry location exposed to dumped cooking water, etc. Thus, we included only samples that do 

not appear to have been negatively affected by such events. Also, such post-depositional 

movement can change the initial stratigraphic location of specimens. We carbon 14 dated all 

coprolites and they dated as anticipated (Fig. 1b, Supplementary Table 1). 

 

Boomerang Shelter. This shelter lies in southeastern Utah65. The primary occupation was during 

Basketmaker II times, but a few pre-farmer artifacts dating as early as 8310 B.P. (ca. 7400 BCE) 

have been recovered. However, most remains dated to between 2500-1500 B.P. and two of our 

samples dated to the first century CE in the middle of this range. By this time the inhabitants 

were committed corn farmers with high proportions of corn in their diet. 

 

Northeastern Arizona. A series of dry rock shelters were excavated in the Marsh Pass area and 

further east in Arizona between the years 1916-192366–68. Remains spanned from Basketmaker II 

times to Pueblo III times, ca 2500-800 B.P. A sample of coprolites was obtained but the original 

bag labeling does not make clear from which site. We directly dated the coprolites to the 600s 

AD. This range corresponds to deposits from shelters in various areas where they worked, so we 

are not able to pin down the exact shelter. The coprolites are some 500+ years later than those 

from Boomerang Shelter. The major difference is that these individuals would have had corn as a 

staple of their diets for an additional 500 years. 

 

La Cueva de los Muertos Chiquitos (Zape). The La Cueva de los Muertos Chiquitos site (AD 

660-1430) is located near Zape, just north of Durango, Mexico (hereafter Zape). Excavated in 

the 1950s by Sheilagh and Richard Brooks, the cave primarily dates to the Gabriel San Loma 

Cultural Phase. The site is known for what appears to be a deliberate burial of a series of infants 

who died at or about the same time69. However, the coprolites in our sample came from a 

different layer in the cave and are not associated with that event. Our sample dates from the 700s 

https://paperpile.com/c/8ahy07/FepKP
https://paperpile.com/c/8ahy07/5cJP2+gz0qt+aQSgB
https://paperpile.com/c/8ahy07/Bs7v6
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to the early 900s AD. No full report exists, but various aspects of the material have been 

published69–72. 

 

C14 carbon dating 

The coprolites were submitted to DirectAMS for AMS radiocarbon dating measurement. As 

shown in Fig. 1 and Data S1, all dates fit with the known dates of the sites they are from and 

span the first ten centuries AD. 

 

Dietary analysis 

Our knowledge of the diets comes from the macroremains analysis of the coprolites plus 

archaeologically recovered information from these and similar shelters in the region. The diet of 

the individuals has been summarized as maize and other available remains (Supplementary 

Notes). Beans were not present for the Boomerang inhabitants and were a recent instruction for 

the Northeastern Arizona inhabitants, but had been present longer and with more varieties for the 

Zape cave inhabitants. Wild plants would have included grasses and pinyon pine nuts, cactus, 

and agave and relatives, including fruits, flowers, and fleshy parts. Animals would have included 

deer and various rabbits, other mammals including a variety of rodents, as well as insects such as 

locusts and cicadas, both adult and larval stages, reptiles such as snakes, and birds. For most 

periods, the absence of beans would have required substantial animal protein. 

   

Ancient DNA extraction, library preparation, and sequencing 

Samples were sent to the University of Montana (UM) Molecular Anthropology Laboratory, 

which is a controlled access facility, wherein researchers are required to wear Tyvek clean suits, 

foot coverings, hair nets, face masks, arm coverings, and gloves to enter. All work surfaces in the 

room, including specialized clothing, are bleached daily using a 50% household bleach solution 

and between each sample processing. Additionally, UV light overhead is run for an hour each 

evening, as well as a smaller targeted light on work surfaces, to aid in decontamination. The 

room maintains a positively pressurized environment. Movement from a laboratory working with 

post-PCR product to the ancient DNA laboratory was not allowed at any time.   

 

Samples were transferred to UM in conical tubes, and after the outside had been wiped down 

with a bleach solution, a small portion was scraped from the center of the sample into a UV 

irradiated (for a minimum of 15 minutes) 15mL sterile tube. Soil samples were weighed out in 

sterilized weighboats. Approximately a gram was taken from both soil and fecal samples and 5 

mL of EDTA (0.5M, pH 8) was added to each. Samples were incubated at room temperature for 

approximately 48 hours, after which 20 µL of 1 mg/mL Proteinase K was added to each, 

followed by sealing with parafilm and further incubation at 52C with slow rotation (4rpm) for 

four hours. Once the samples were removed from incubation, they were extracted following 

previously published protocol73. This entailed spinning the sample to the bottom of the tube by 

centrifugation at 1500 x g and 1.5 mL of the EDTA solution being pipetted into a sterile, UV 

https://paperpile.com/c/8ahy07/W8L4Q+Bs7v6+aFbqr+tjFWJ
https://paperpile.com/c/8ahy07/IuXIV
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treated 15 mL polypropylene tube. Next, 13 mL of PB Buffer (Qiagen) was added to each 

sample and mixed by inversion. The liquid was spun through Qiagen MinElute filters utilizing 

50 mL polypropylene tubes and nested conical reservoirs (Zymo) with attached filters. These 

filters were then removed, placed into a collection tube, washed twice with PE Buffer (Qiagen), 

and eluted with two 50 µL DNAse free H2O rinses into sterile, low-bind 2 mL tubes. A blank 

negative control was run through all the previous and following steps, and in no instance was 

contamination in subsequent DNA quantifications or analyses detected.  

 

Library preparation was completed using previously published protocols74,75. This entailed 

utilizing half of the extracted DNA to perform UDG repair with the USER enzyme. The other 

half of the extract was taken straight to blunt-end repair, followed by adapter ligation and fill-in. 

Both the UDG-treated and untreated samples were separately indexed using a dual-index process 

with indexes from Kircher (2012) and Meyer and Kircher (2010)76,77. The sample concentration 

was then calculated using a Qubit 4 with the High Sensitivity DS DNA assay (ThermoFisher). 

Following this, those samples with >1ng/ul were pooled and sent for sequencing via overnight 

FedEx. Libraries were sequenced on the Illumina HiSeq 4000 platform in 2x150bp paired-end 

format. 

 

Modern samples overview 

The modern samples were classified into two categories: modern, industrial samples and modern, 

non-industrial samples. We defined an industrial lifestyle as one with consumption of a Western 

diet, common antibiotic use, and sedentary lifestyle. Non-industrial lifestyle is characterized by 

consumption of unprocessed and self-produced foods, limited antibiotic use, and a more active 

lifestyle.  

 

For this study, the modern, industrial samples included metagenomes from 147 stool samples 

from the Human Microbiome Project (Supplementary Table 1)35. For modern, non-industrial 

populations, publicly available gut metagenomes of 174 agrarian Fiji islanders were analyzed 36. 

Additionally, stool samples from 22 individuals were collected from a Mazahua community in 

the center of Mexico, which is related to the Oto-Mangue family. They preserve a non-industrial 

lifestyle and have remained semi-isolated from urban areas. The affinity to a non-industrial 

Mexican diet was assessed by the application of a questionnaire about the frequency of 

consumption of fresh or industrial food which was adapted from a previous study78. The 

definition of a non-industrial Mexican diet is one that provides protein and carbohydrates, 

vitamins and minerals from the consumption of foods such as corn, legumes (mainly beans), 

fruits, vegetables such as pumpkins and nopales, as well as different types of herbs such as 

quelites and verdolagas78.  

 

Modern DNA extraction, library preparation, and sequencing 

Stool samples from the Mexican individuals were immediately put in dry ice after collection and 

sent to Joslin Diabetes Center for processing. DNA extraction was performed using 

https://paperpile.com/c/8ahy07/m9W1N+JLfYi
https://paperpile.com/c/8ahy07/VLWXd+r639o
https://paperpile.com/c/8ahy07/krUAS
https://paperpile.com/c/8ahy07/7gutQ
https://paperpile.com/c/8ahy07/Vce7j
https://paperpile.com/c/8ahy07/Vce7j
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ZymoBIOMICS DNA Miniprep Kit (D4300). Sample concentration was calculated using a 

Qubit 3.0 with the High Sensitivity DS DNA assay (ThermoFisher) and purity was assessed 

using a NanoDrop Spectrophotometer.  

 

Library preparation was done following Baym et al. (2015) protocol79. Sample concentration was 

again calculated using a Qubit 3.0 with the High Sensitivity DS DNA assay (ThermoFisher). 

Samples were pooled for a total of 11 samples per lane and sent for shotgun metagenomics 

sequencing via overnight FedEx. Libraries were sequenced on the Illumina HiSeq 4000 platform 

in 2x150bp paired-end format. 

  

Read processing and quality control 

Adapters were removed from paired Illumina reads using AdapterRemoval v.280. Short reads of 

<30 bp were removed from the samples using Cutadapt81. Human sequences were filtered out 

using KneadData (https://bitbucket.org/biobakery/kneaddata/wiki/Home) by mapping reads to 

Homo sapiens reference database (build hg19)82. All downstream analyses were done on these 

pre-processed reads unless otherwise specified.  

 

Human DNA analysis 

In this study, we performed shotgun metagenomic sequencing, which also gave us access to the 

human host DNA. While we did not perform targeted enrichment for human DNA molecules, the 

small amount of randomly sequenced molecules that could be aligned to the human reference 

genome was large enough to utilize these data to authenticate the host of the fecal samples to be 

human and not another organism, such as a dog. These data further enable us to investigate 

which sex the human host individuals had and whether their mitochondrial haplogroups 

overlapped with the ones expected in the geographical region during their life time. The human 

genetic data were not the target of the sampling process or the research being undertaken and 

were utilized only to verify the microbial results. All of the human DNA analysis was done on 

the sequencing data prior to removal of human DNA by KneadData.  

 

To infer sex of the individuals, reads were mapped to the human genome (build hg19)82 using 

Bowtie2 with default parameters83. Aligned reads were filtered to be flagged as properly paired, 

to have a minimum mapping quality of 25, and to fall within regions to which 50% of all 

possible 35-mer overlapping this position to not align to any other position in the genome 

(mappability track with list of regions: ftp://ftp-

trace.ncbi.nlm.nih.gov/giab/ftp/technical/unimask/hs37d5.mask35_50.bed.gz). We calculated the 

coverage per chromosome by dividing the sum of the lengths of the DNA molecules by the sum 

of the lengths of the regions of the mappability track. The sex was inferred by calculating the 

ratio of X chromosome to mean autosome coverage. For female individuals, who are diploid for 

both the autosomes and the X chromosome, we can calculate the expected ratio by dividing the 

length of X chromosome by the average length of the autosomes. Given our restriction to the 

mappability track, the expected ratio for a female was 1.28 and for a male 0.64, or half of that 

https://paperpile.com/c/8ahy07/jOuQK
https://paperpile.com/c/8ahy07/Jyg9R
https://paperpile.com/c/8ahy07/I8Zr
https://bitbucket.org/biobakery/kneaddata/wiki/Home
https://paperpile.com/c/8ahy07/HssJ
https://paperpile.com/c/8ahy07/HssJ
https://paperpile.com/c/8ahy07/5P2vq
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expected for females. In order to take the uncertainty of working with low-coverage sequencing 

data (required minimal autosomal coverage: 0.001-fold), we assigned each sample with a ratio > 

1.08 to female, each sample with a ratio < 0.84 to male, and otherwise to unknown. We were 

able to infer the sex of four samples out of eight (2 females and 2 males; Supplementary Table 1) 

and only a single sample, AZ110A, failed due to too low coverage. 

 

Due to the human mtDNA’s high copy number, almost complete inheritance on the maternal 

lineage, and lack of recombination84, we used the human mtDNA from the low-coverage human 

data presented in this study to infer the proportion of present-day human contamination and the 

human population ancestry. For the contamination estimate based on the observed minor allele 

frequencies at rarely polymorphic sites, we used contamMix33 as part of the ancient mtDNA 

pipeline of mitoBench (https://github.com/mitobench/mitoBench; 

https://github.com/alexhbnr/mitoBench-ancientMT). For haplogroup identification, reads were 

mapped to the human mtDNA reference genome (rCRS)85 and duplicates were removed using 

Picard MarkDuplicates (https://broadinstitute.github.io/picard), followed by a left alignment to 

normalize indels. Bayesian approach to variant analysis was performed using FreeBayes86 and 

haplogroups were identified by inputting the variant calling file to HaploGrep27. All steps for 

haplogroup identification were ran through a custom-made workflow in Galaxy87 alongside 

command line executions for validation and replication. 

 

Reference-based taxonomic classification 

Reference-based taxonomic classification for each sample was done by running MetaPhlAn2 on 

the pre-processed reads using default settings26.  

 

Prediction of source of microbial communities 

To predict the source of each sample, species composition (from MetaPhlAn2) of coprolites were 

compared to Westernized and non-Westernized gut microbiome samples and archaeological 

sediments. MetaPhlAn2 results for 40 Westernized and 40 non-Westernized humans were 

obtained from the R package curatedMetagenomicData88 (Supplementary Table 7). Coprolites 

and archaeological sediment samples, including the 3 soil samples collected in this study and 40 

previously published sediment samples89, were run through MetaPhlAn2 using default settings, 

then converted to biom format. The resulting species abundance matrix biom file was used as 

input for SourceTracker224. 

 

Host source prediction 

To predict whether the source species of each coprolite was Homo sapiens or Canis familiaris, 

pre-processed reads were run through CoproID25 v1.0 using the following settings: --genome1 

GRCh37 --genome2 CanFam3.1 --name1 ‘Homo_sapiens’ --name2 ‘Canis_familiaris’. 

 

https://paperpile.com/c/8ahy07/tf2K
https://paperpile.com/c/8ahy07/0BXg
https://github.com/mitobench/mitoBench
https://github.com/alexhbnr/mitoBench-ancientMT
https://paperpile.com/c/8ahy07/6DlF
https://broadinstitute.github.io/picard
https://paperpile.com/c/8ahy07/528C
https://paperpile.com/c/8ahy07/mwwL
https://paperpile.com/c/8ahy07/xmZW
https://paperpile.com/c/8ahy07/rXs3h
https://paperpile.com/c/8ahy07/vSlc
https://paperpile.com/c/8ahy07/0goq
https://paperpile.com/c/8ahy07/vJ9O
https://paperpile.com/c/8ahy07/n1di
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Parasite analysis 

Paired reads were fused into single reads using bbmerge from the BBSuite version 38.2490 using 

standard parameters. Classification of the fused reads against a custom nucleotide database was 

performed using Kraken 2{version 2.0.8-beta}91 using a threshold of 0.15. The custom Kraken 2 

database was created from 160946 publicly available genomes from RefSeq for bacteria, fungi, 

plants, mammalian vertebrates, other vertebrates, and viruses (May 2019). In addition, 530 

genomes were selected from 926 available protozoa, flatworm and roundworm genomes 

downloaded from GeneBank (May 2019). The 530 genomes were selected based on assembly 

criteria, including N50, number of contigs, and amount of ambiguous sequences as described 

previously92. Contigs with a length below 1000 bases were removed. For protozoa, flatworm and 

roundworm genomes, artificial nodes in the taxonomic tree were introduced. This means that 

below species/strain level we have included further nodes for assembly and contig levels to 

increase the resolution of classification. To minimize the number of false positive classifications 

we used three different cut-offs in the Kraken 2-based analysis. Parasite species with hits below 

1000 reads are removed. To ensure that the hits are dispersed over the genome we also require 

that the number of contigs with at least one hit is more than 10% of all the contigs in the 

assembly and that the combined length of the contigs with hits represents at least 50% of the 

whole genome. Coverage of the genome and dispersion of reads is also visually inspected for 

each candidate (see supplementary coverage plots)  

 

De novo assembly pipeline 

Each sample was de novo assembled into contiguous sequences (contigs) using MEGAHIT20 

with default parameters. From contigs, genes were annotated with PROKKA21 running the 

default parameters. Non-redundant gene catalogues were generated with CD-HIT-EST22 with a 

95% identity threshold using the following settings: -n 10 -c 0.95 -s 0.9 -aS 0.9. 

 

Molecular function analysis 

PROKKA outputs were downsampled to 100,000 genes per sample using fasta-subsample.pl 

(http://web.mit.edu/meme_v4.11.4/bin/fasta-subsample). From a total of 357 samples (11 

coprolites, three soil, 22 Mexican, 174 Fijian, 147 HMP), 42 samples did not have enough genes 

and were removed from the analysis. These included one Mexican sample, 38 HMP samples, and 

three Fijian samples. Pathway names were extracted from PROKKA annotations based on 

UniProtKB database21.  

 

For Figures 5a and 5b, count matrix of molecular function was built by counting the number of 

times each function appeared in each sample. Differentially enriched pathways were identified 

by running a DESeq2 analysis49. An adjusted p-value cutoff of 0.001 was set and pathway list 

was sorted in decreasing log2 fold change values. To ensure functions enriched in coprolites 

were not merely soil contamination, we first excluded functions that were enriched in soil 

compared to HMP samples from the list of enriched coprolite functions. Subsequently, the top 

100 functions enriched in coprolites and HMP samples were manually annotated with broad 

https://paperpile.com/c/8ahy07/unDV
https://paperpile.com/c/8ahy07/ZWuN
https://paperpile.com/c/8ahy07/2Kbf
https://paperpile.com/c/8ahy07/T3PL2
https://paperpile.com/c/8ahy07/ay2sz
https://paperpile.com/c/8ahy07/Rzv0T
http://web.mit.edu/meme_v4.11.4/bin/fasta-subsample
https://paperpile.com/c/8ahy07/ay2sz
https://paperpile.com/c/8ahy07/bOoIF
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functional categories. The results were subjected to two-tailed Fisher’s test to test for statistical 

significance. 

 

Jaccard distance matrix 

To calculate pairwise Jaccard distance, binary matrices were used as inputs. For Extended Data 

Figs. 3a and 7a, species binary matrix was created from MetaPhlAn2 outputs. To do this, 

MetaPhlAn2 outputs were collapsed into a relative abundance matrix with the columns as 

samples and the rows as species. A binary matrix was created by recording non-zero cells as 1. 

For Extended Data Figs. 3b and 7c, a binary matrix was created with the columns as samples and 

the rows as genes. Presence of a gene in a sample was recorded as 1. Pairwise Jaccard distance 

was calculated using scikit-bio Python package (http://scikit-bio.org/), specifically using the 

pw_distances function from skbio.diversity.beta package. The result was visualized as a 

heatmap.  

  

Genome reconstruction 

Ancient and Mexican genomes were reconstructed as previously described by Pasolli et al.11. 

Pre-processed reads were de novo assembled into contigs using MEGAHIT20. For each sample, 

reads were mapped to contigs using Bowtie283. The resulting sorted BAM file was used for 

contig binning using MetaBAT2 8 with default parameters, resulting in putative genomes. 

Quality controls for putative genomes were performed by estimating completeness and 

contamination levels. Completeness, contamination, number of contigs, and contig N50 values 

were assessed using CheckM’s  lineage-specific workflow with default settings93. Based on 

recent guidelines94, genomes with completeness >50% and contamination <5% were classified as 

medium-quality genomes. Higher quality genomes with completeness >90%, contamination <5% 

were classified as high-quality genomes.  

 

To cluster assembled genomes of the same species, pairwise Average Nucleotide Identity (ANI) 

for all of the assembled genomes were calculated using dRep45 “dereplicate” command with the 

following settings: -comp 50 -pa 0.9 -sa 0.95 -nc 0.30 -cm larger. Genomes within 5% ANI from 

each other were clustered together into a bin. This 5% distance follows the definition of a 

bacterial species95.  

 

To determine whether each of the bins was known or novel, we measured pairwise genetic 

distance between each of the representative genomes and each of the 385,236 reference bacterial 

genomes using Mash46. The reference genomes included all human gut MAGs catalogued in 

Almeida et al.47, and all MAGs reconstructed in Pasolli et al.11 and 80,990 genomes from NCBI 

GenBank database used as reference in the study. Bins within 5% distance to at least one 

reference genome were classified as “known species” and bins with >5% distance from all of the 

reference genomes were classified as “novel species”. GTDB-Tk “classify” workflow (version 

0.3.0; default settings) was used to assign taxonomies for the bins. Each bin was labeled as either 

“gut”, “environmental”, or “unsure” based on the source of its closest reference genome (i.e. if 

http://scikit-bio.org/
https://paperpile.com/c/8ahy07/mZ1S2
https://paperpile.com/c/8ahy07/T3PL2
https://paperpile.com/c/8ahy07/5P2vq
https://paperpile.com/c/8ahy07/vBNqV
https://paperpile.com/c/8ahy07/ZjSpw
https://paperpile.com/c/8ahy07/MTBre
https://paperpile.com/c/8ahy07/8jPk
https://paperpile.com/c/8ahy07/4Q5Q8
https://paperpile.com/c/8ahy07/mpaR9
https://paperpile.com/c/8ahy07/WBuf
https://paperpile.com/c/8ahy07/mZ1S2
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the closest reference genome was a MAG or isolate from a gut microbiome sample, then the bin 

was labeled as “gut”). 

 

Damage pattern assessment 

Assessment of host DNA damage was performed by mapping reads (prior to removal of human 

DNA by KneadData) to the human mtDNA reference genome (rCRS)85 and inputting the 

alignment files into mapDamage2.096. Damage patterns for microbial DNA were assessed with 

DamageProfiler (https://github.com/Integrative-Transcriptomics/DamageProfiler). Damage 

assessment was performed using each of the MQ and HQ reconstructed genomes as reference for 

its respective sample. DamageProfiler was run per contig for each genome to assess damage 

variation within each genome. Genomes were classified as having high damage if the average 

damage level at the ends of the reads was within the top 50th percentile damage level among the 

498 MQ and HQ bins. Genomes were classified as having high damage variation if the standard 

deviation at the ends of the reads was within the top 50th percentile standard deviation among 

the 498 MQ and HQ bins. The 498 MQ and HQ assembled genomes were further curated by 

removing contigs with <1% average damage at either or both ends of the reads from each bin, 

resulting in 209 filtered MQ and HQ bins.  

 

Analysis of short vs. long DNA fragments 

To check whether the long DNA fragments found in the coprolites are 

contamination, we divided each sample into two subgroups: a subset 

containing merely the long reads (>145bp) and a subset of just the 

short reads (≤145bp), and compared species and gene composition 

among those sub-samples. For Extended Data Fig. 3a, species were 

identified by MetaPhlAn2, and the resulting binary species matrix was 

used to calculate pairwise Jaccard distances. For Extended Data Fig. 

3b, genes were identified by PROKKA. The outputs were used to build a 

binary matrix for calculating pairwise Jaccard distances. 

 

Analysis of UDG-treated libraries 

Ancient DNA damage patterns are characterized by the presence of uracil bases as a result of 

cytosine deamination97–99. We removed these uracil residues using previously published 

protocol74 and performed downstream analyses on these UDG-treated libraries. To measure the 

extent to which DNA damage affected results from our non-UDG-treated libraries, the results 

from UDG-treated libraries were compared to the results for non-UDG-treated libraries. UDG-

treated libraries were sequenced at a much lower depth compared to their respective non-UDG-

treated libraries, hence to make a fair comparison, each non-UDG-treated sample was 

downsampled to match the number of read pairs of its respective UDG-treated sample. Both 

UDG-treated samples and downsampled non-UDG-treated samples were processed through the 

same pipeline as described above (Fig. 1a, Materials and Methods). For Extended Data Fig. 7a, 

https://paperpile.com/c/8ahy07/6DlF
https://paperpile.com/c/8ahy07/v1zRz
https://github.com/Integrative-Transcriptomics/DamageProfiler
https://paperpile.com/c/8ahy07/QAvQI+XEY32+6rbMy
https://paperpile.com/c/8ahy07/m9W1N
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species were identified by MetaPhlAn2 and pairwise Jaccard distances were calculated for all 

samples. For Extended Data Fig. 7b, tSNE analysis was performed at the species level. For 

Extended Data Fig. 7c, each of the samples was run through the de novo assembly pipeline 

(MEGAHIT, PROKKA, CD-HIT-EST) and non-redundant gene catalogues were generated with 

CD-HIT22 with a 90% identity threshold using the following settings: -n 5 -c 0.9 -s 0.9 -aS 0.9. 

Pairwise Jaccard distances were then calculated. Assembly statistics and complete MetaPhlAn2 

outputs are reported in Supplementary Table 3.  

 

The UDG repair protocol resulted in even shorter fragments of DNA, which posed a challenge to 

our de novo assembly pipeline and resulted in lower assembly quality compared to the non-

UDG-treated libraries (Supplementary Table 3). Since the species and gene composition of the 

non-UDG treated libraries reflect their respective UDG-treated libraries, albeit at a higher 

quality, all data shown here are from the non-UDG-treated libraries.  

 

Phylogenetic analysis 

To build phylogenetic trees, GTDB-Tk “classify” workflow (version 0.3.0; default settings) was 

used to identify 120 bacterial marker genes and build multiple sequence alignments (MSA) 

based on these marker genes (https://github.com/Ecogenomics/GTDBTk). The resulting FASTA 

files containing MSA of the submitted genomes (align/<prefix>.[bac120/ar122].user_msa.fasta) 

were used for phylogenetic tree inference using IQ-TREE (version 1.6.11)100 with the following 

parameters: “-nt AUTO -m LG.” Newick tree outputs were visualized with iTOL 

(https://itol.embl.de/). 

 

For Fig. 4a, 4,930 representative human microbiome genomes reconstructed in11 were used as 

reference genomes. For Fig. 4b and Bacteroides and Ruminococcus trees in Supplementary 

Notes, all genomes from NCBI RefSeq database belonging to each genus were used as reference 

genomes. Ancient genomes included in the trees were from the 187 highly damaged filtered bins 

that were assigned to each genus.  

    

Cloud computing 

All analyses were performed on Amazon Web Services (AWS) spot instances using Aether101. 

All data was stored in AWS S3 cloud storage. 

 

Quantification and statistical analysis 

Statistical significance was verified through Welch’s t-test, Fisher’s test, or Wilcoxon test as 

detailed in the text. Multiple hypothesis testing correction in DESeq2 package was done using 

the Benjamin-Hochberg method49. All plots were generated in R using the packages “ggplot2” 

and “pheatmap”. 

https://paperpile.com/c/8ahy07/Rzv0T
https://github.com/Ecogenomics/GTDBTk
https://paperpile.com/c/8ahy07/2R164
https://itol.embl.de/
https://paperpile.com/c/8ahy07/mZ1S2
https://paperpile.com/c/8ahy07/2KxYs
https://paperpile.com/c/8ahy07/bOoIF
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Extended Data 

 

Extended Data Fig. 1. Prediction of source of microbial communities per sample by 

SourceTracker2. MetaPhlAn2 species abundance matrix was used as input. MetaPhlAn2 results 

for Westernized and non-Westernized humans were from the R package 

curatedMetagenomicData88. Archaeological sediment samples included the 3 soil samples 

collected in this study and previously published sediment samples89. 

https://paperpile.com/c/8ahy07/vSlc
https://paperpile.com/c/8ahy07/0goq
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Extended Data Fig. 2. BioAnalyzer results showing DNA fragment length distribution per 

library. The libraries contained 120bp adapters.  
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Extended Data Fig. 3. Species and gene content pairwise comparison between samples, 

subsets containing short reads only, and subsets with long reads only. 

(A) Heatmap of species-level pairwise Jaccard distances between each pair of all samples, short 

read subsets (reads ≤145bp), and long read subsets (reads >145bp). Species were identified by 

MetaPhlAn2. The groups cluster together by sample. 

(B) Heatmap of gene-level pairwise Jaccard distances between each pair of all samples, short 
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read subsets, and long read subsets. Genes were identified by PROKKA and a count matrix was 

built from PROKKA outputs. Groups from the same sample cluster together. 
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Extended Data Fig. 4. DNA damage patterns of all of the coprolites as identified by 

DamageProfiler (related to Fig. 1). All bins used as reference genomes are of known gut 

bacterial species. Red line indicates the average frequency of C to T substitution across all 

contigs per bin, and blue line indicates the average frequency of G to A substitution across all 

contigs per bin. The shaded areas show standard deviation. Contigs with <1,000 reads aligned 

were removed from analysis.  
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Extended Data Fig. 5. Scanning electron microscope (SEM) images showing dietary 

remains found in the coprolites (related to Fig. 1). Zape1: close ups of some maize pollen 

grains at a high abundant (over 191,000 grains per gram) (left panel); agave pytholiths (middle 

and right panels). Zape2: The Ustilago maydis spores numbered in the hundreds of millions per 

gram. These are from corn smut fungi which are a common food in Mexico, called huitlacoche in 

Uto-aztecan. Zape3: The smaller pollen is from chenopod/amaranth foliage/buds. The larger 

pollen with spines are squash. This ancient sample is consistent with historic Tarahumara who 

ate squash blossoms and chenopod/amaranth greens. This shows a long continuity of diet from 

prehistoric to historic times. UT30.3: All of the microscopic remains and most of the 

macroscopic remains are from cactus cladodes. The association of calcium oxalate druse crystals 

and lignin discs are consistent with prickly pear pads. There was also a fine section of epidermal 

cuticle consistent with prickly pear.  
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Extended Data Fig. 6. Parasites in coprolite and soil samples classified using Kraken 2. The 
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bars represent the read counts assigned with a certain threshold. Grey dotted line indicates the 

1000 reads cut-off. The displayed parasites were detected above the cut-off in at least one 

sample.  

(A) Parasites in coprolite samples. In 6 out of 8 coprolites, Blastocystis is above the cut-off. 

Subtype 1 is the dominant subtype in sample AZ107, UT30, UT43 and Zape3 while subtype 3 is 

. Other parasites fail to fulfill the other cut-offs or inspection of coverage. 

(B) Parasites in soil samples.  
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Extended Data Fig. 7. Species and gene content comparison between UDG-treated libraries 

and non-UDG-treated libraries (related to Fig. 1) 

(A) Heatmap of species-level pairwise Jaccard distances between each pair of all UDG-treated 

and non-UDG-treated samples. Species were identified by MetaPhlAn2. Each UDG-treated 

library clusters with non-UDG-treated library from the same sample. 

(B) tSNE analysis at the species level shows clustering of each UDG-treated library with non-

UDG-treated library from the same sample. 

(C) Heatmap of gene-level pairwise Jaccard distances between each pair of all UDG-treated and 

non-UDG-treated samples. Genes were identified by PROKKA and non-redundant gene catalogs 

were generated by collapsing genes within 10% amino acid identity distance. Each UDG-treated 

library clusters with non-UDG-treated library from the same sample.  
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Extended Data Fig. 8. De novo genome reconstruction from coprolites recovers 498 

medium- and high-quality ancient microbial genomes, 48% of which are novel species 

(related to Fig. 3) 

(A-D) CheckM quality estimation of all de novo reconstructed bacterial genomes. Genomes were 

classified as low quality (completeness ≤50% or contamination >5%), medium quality (90% ≥ 

completeness > 50%, contamination <5%), or high quality (completeness >90% and 

contamination >5%). MQ = medium quality; HQ = high quality. (A) Number of bins that belong 

to each of the quality categories and classification of novel species. (B) Contamination and 

completeness distribution for the reconstructed genomes. (C) Distribution of number of contigs 

for each of the quality categories. (D) Distribution of contig N50 values for each of the quality 

categories. 

(E) Damage levels, specifically C to T substitution at 5p and G to A substitution at 3p of the 

reads, for each ancient bin as estimated by DamageProfiler. 

(F) GTDB-Tk genus estimation for both novel and known ancient bins.  
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(G) GTDB-Tk species assignment for the known ancient bins.   
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Extended Data Fig. 9. De novo genome reconstruction from modern Mexican individuals 

recovers 402 medium- and high-quality genomes, only 0.51% of which are novel species 

(related to Fig. 3) 

(A-D) CheckM quality estimation of all de novo reconstructed bacterial genomes. Genomes were 

classified as low quality (completeness ≤50% or contamination >5%), medium quality (90% ≥ 

completeness > 50%, contamination <5%), or high quality (completeness >90% and 

contamination >5%). MQ = medium quality; HQ = high quality. (A) Number of bins that belong 

to each of the quality categories and classification of novel species. (B) Contamination and 

completeness distribution for the reconstructed genomes. (C) Distribution of number of contigs 

for each of the quality categories. (D) Distribution of contig N50 values for each of the quality 

categories. 

(E) GTDB-Tk genus estimation for both novel and known Mexican bins.  

(F) GTDB-Tk species assignment for the known Mexican bins.  
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Extended Data Fig. 10. Heatmap of log-normalized counts for the top 100 functions 

enriched in coprolites and HMP samples (related to Fig. 6). Functions were annotated using 

PROKKA with UniProtKB database. Differentially enriched pathways were identified by 

running a DESeq2 analysis 49 as described in Materials and Methods. List of functions was 

sorted in decreasing log2 fold change values. Broad categories were manually annotated and are 

shown here.  

https://paperpile.com/c/8ahy07/bOoIF
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Supplementary Notes 

 

mtDNA damage patterns of all of the coprolites as identified by mapDamage2.0 (related to 

Fig. 1). Human mtDNA (rCRS) was used as reference. Red line indicates the average frequency 

of C to T substitution, and blue line indicates the average frequency of G to A substitution. 

Samples AZ110A and Zape2 did not have enough mtDNA reads for mtDNA damage 

assessment. 
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Human genome damage patterns of all of the coprolites as identified by mapDamage2.0 

(related to Fig. 1). Human genome (build hg19) was used as reference. Red line indicates the 

average frequency of C to T substitution, and blue line indicates the average frequency of G to A 

substitution.  



185 

 

 

Ruminococcus and Bacteroides phylogenetic tree (related to Fig. 4) 

(A) Ruminococcus phylogenetic tree. Ruminococcus genomes from NCBI RefSeq database were 

used as reference genomes. Highly damaged filtered ancient genomes assigned to the genus 

Ruminococcus were included.  
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(B) Bacteroides phylogenetic tree. Bacteroides genomes from NCBI RefSeq were used as 

reference genomes. Highly damaged filtered ancient genomes with assigned to the genus 

Bacteroides were included. Tree was manually pruned to reduce the number of leaves.  
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Boomerang Shelter seasonality interpretation 
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Dietary analysis results (Fig. S2) 

Boomerang Shelter Dietary Overview. Sample UT43.2 is composed of rarely eaten foods. 

Woody stem fragments in the macroscopic remains appear to be terminal stems/spines from a 

shrub. The large amount of Sarcobatus (greasewood) pollen signals ingestion of male flowers 

from this plant. Large clusters of pollen signal floral ingestion. It is likely that the wood was 

ingested with the flowers. Sarcobatus male and female flowers are on separate plants. Male 

flowers grow in small spikes on end of stems and resemble small pinecones. This finding is 

unique in Southwestern coprolite analysis. Other macroscopic remains from UT43.2 consist of 

nut fragments, similar to pine, and various remains of prickly pear pads (cladodes). Traces of 

Chenopodium seeds are present. The non-pollen microfossils are consistent with prickly pear 

cladodes, especially the druse phytoliths and Cactaceae lignin rings. The edible maize smut 

fungus, Ustilago maydis, is represented by millions of spores in the pollen preparation. U. 

maydis fruiting bodies are a common food in Mexico where it is called huitlacoche. Sarcobatus 

pollen grains, some aggregated in clusters derived from flowers, were also observed. In addition, 

plant cuticle and traces of fiber were present.    

 

Sample UT2.12 was composed mostly of fine fiber and crushed ricegrass, Achnatherum 

hymenoides (Oryzopsis hymenoides), caryopses. The harvest of ricegrass has a low caloric 

profitability of less than 400 calories per hour. However, it can be harvested in June before 

preferable plant resources are available102. The pollen counts show that polleniferous foods 

derived from Cleome (beeweed) and maize were eaten. Sections of maize anthers were present in 

this sample. Thus, clear evidence of maize pollen harvest is present. This sample also contained 

orthopteran exoskeleton, either grasshopper or cricket. Macroremains included fruit exocarp.  

 

Sample UT30.3 was composed mostly of masticated prickly pear cladodes including 

macroscopic elements of fiber, cuticle and epidermis. Microscopic remains were also dominated 

by cactus residue. 2,850,000 cactus lignin rings and druses were documented per gram of 

sample. Traces of maize, fractured hackberry seed, an unknown seed fragment and bone were 

also observed. 

 

In summary, the Boomerang Shelter coprolite series is atypical for the region and time period but 

reflect a human diet. The data contrast with those from other studies103–106. Of the nine samples 

from the site that were examined, of which only three were included in this study, four stand out 

in their unique or rare components such as greasewood and ricegrass. Only three contained 

milled maize. In other studies, milled is the most common component of Ancestral Pueblo 

diet107. The Boomerang Shelter coprolites are consistent with famine foods103,104. Famine foods 

such as these have been documented from periods of drought or seasonal harvest 

fluctuations104,108 

 

Northeastern Arizona Dietary Overview. A total of eight samples from Northeastern Arizona 

were analyzed for food residue. Only four were included in this study. The combined 

https://paperpile.com/c/8ahy07/sCIZZ
https://paperpile.com/c/8ahy07/UwpzG+Y3bor+dgGeI+AvKAj
https://paperpile.com/c/8ahy07/aL2ZQ
https://paperpile.com/c/8ahy07/UwpzG+Y3bor
https://paperpile.com/c/8ahy07/Y3bor+iIRnS
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macroscopic and microscopic analyses provide a good idea of diet. It is noteworthy that maize 

starch was found in seven of the samples. The starch was in pristine form and altered form. 

Altered grains exhibit increased fissures in the grains and small compression points on the grains 

consistent with milling. Six samples were maize based. One sample, AZ113, contained only 

maize, milled to 1-2 mm. Starch grains were abundant. Over a million altered starch grains was 

evident with 215,000 U. maydis spores. Another sample, not used here had two colors of milled 

maize, milled to less than 1.0mm. Fine fiber from an unknown source is also present. Altered and 

pristine starch make up the majority of the macroscopic remains and Cleome (beeweed) 

flowers/bud were included in this spectrum. Cleome pollen frequently occurs in Ancestral Pueblo 

coprolites. As a spice, Cleome buds were the most common condiment used in Pueblo cuisine 

from 200 CE onwards105. Sample AZ110A contained maize that was milled to less than 0.5mm. 

Crush bone was also present in the sample. The microscopic remains contained over four million 

altered starch grains and a rabbit hair. Cleome pollen amounted to 575,000 grains per gram. 

Another sample not used here had unmilled and milled maize with seeds from Physalis 

(groundcherry) fruit. Physalis is a common Pueblo fruit similar to tomatillos. Two samples were 

dominated by maize but had a variety of additional components, while still another was 

composed of unmilled maize, coarsely milled (1-2mm) maize, Lycium seeds from wolfberry 

fruit, cactus cladode druse phytoliths, animal hair, altered maize starch and gelatinized starch 

from cooking. Over 100,000 Sarcobatus (greasewood) pollen grains were present in this sample. 

Two starch sources were milled together in another unused sample maize and Amaranthus 

(pigweed) seeds. Interestingly, trichomes from the mustard family were abundant in this sample 

and are consistent with Descurainia. This shows that mustard greens were part of this diet. 

Cactus cladode microscopic elements and an abundance of altered maize starch were present. 

Maize starch is the only evidence of cultivated food in AZ107. The majority of the other remains 

are finely milled non-cultivated grass caryopses, chaff and stems. No traces of maize were found 

AZ108. Masticated orthopteran insects and non-cultivated grass caryopses, chaff and stems 

composed this sample.  

 

In general, coprolites from Northeastern Arizona represent a typical Pueblo maize-reliant diet. 

Also harvested from the corn plant were U. maydis fruiting bodies and tassels. Therefore, pollen 

and fungus were part of the diet. Mustard greens and fruits of Physalis and Lycium and wild 

grass grains supplemented the maize-based diet. 

 

Rio Zape Dietary Overview. La Cueva de los Muertos Chiquitos is located in the Rio Zape, 

municipality of Guanaceví, Durango Mexico. The site has been the focus of parasitological, 

demographic and botanical analyses. The demographic analysis was based on dental casts made 

from impression left on expectorated agave fiber masses called quids. Quids were the most 

common class of remains recovered from trash deposits at the site. From 50 randomly selected 

quids, 49 casts from different individuals were recovered109. Parasitological analysis showed a 

high level of infection with human-specific and zoonotic parasites71,110. Dietary analysis 

indicates that maize, agave, squash and cultivated beans were mainstays70,109,111. Minor dietary 

components include juniper, prickly pear cladodes, squash seeds, tomatillos, fish and rodents.   

 

https://paperpile.com/c/8ahy07/dgGeI
https://paperpile.com/c/8ahy07/BHHy8
https://paperpile.com/c/8ahy07/v4vGP+aFbqr
https://paperpile.com/c/8ahy07/W8L4Q+BHHy8+zwBps
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Three coprolites used in this study were analyzed for dietary remains: Zape1, Zape2, and Zape3. 

Sample Zape1 is composed mostly of an agave fiber mass and maize pollen. Traces of milled 

maize, fractured nuts and goosefoot seed are also present. The microscopic analysis shows only 

maize pollen, 220,689 grains per gram in clusters from anthers. This indicates that maize anthers 

and tassels were processed as food. The site well represents the association of agave and maize 

documented previously109. Sample Zape2 is composed of succulent leaves with serrated margins 

and polygonal epidermal cells. Fine spongy fiber makes up the secondary portion. A maize cob 

terminal end was identified. Ground maize and crush nuts are present with traces of milled 

maize. The microscopic remains are composed of 105,832,910 Ustilago maydis spores per gram 

of sample. Huitlacoche (maize mushroom) is an indigenous food of the region. This is the most 

ancient evidence of Huitlacoche in Mexico. Finally, sample Zape3 is composed of milled 

goosefoot seed, dropseed, maize and insects. Pollen, probably from pigweed, or a related species 

in the Amaranthaceae, is very abundant. The pristine condition and abundance of the pollen 

indicates a source with ingested greens including buds. Squash pollen is present and signals the 

ingestion of squash blossoms. In general, the remains from these coprolites are consistent with 

indigenous foods that persist among the inhabitants of the region.  

 

https://paperpile.com/c/8ahy07/BHHy8
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