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Abstract 

 

Infectious diseases have affected humanity since its apparition 

in Africa 300,000 years ago. Demographic changes associated 

to the Neolithic transition, and ensuing population movements, 

have facilitated the emergence and expansion of those 

diseases around the world. The usage of ancient DNA has 

allowed us to have a snapshot of ancient pathogens’ genomes. 

In this thesis I present the genomes of different ancient 

pathogens associated to a global disease, to an historical 

individual case and to past epidemics. In the first case, we 

retrieve the partial genome of a European Plasmodium 

falciparum strain, which hints the arrival of the parasite to 

Europe during antiquity. We also take a look at French 

revolutionary Jean-Paul Marat’s condition, in order to shed light 

to his mysterious condition. Finally, we analyse an ancient 

Salmonella enterica Paratyphi C strain, which suggests that, 

although infections by this particular serovar are fairly scarce 

in the present, in the past could have been the responsible 

agent of epidemics around the globe. 
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Resum 

 

Les malalties infeccioses han afectat a l’ésser humà des de la 

seva aparició a Àfrica fa 300,000 anys. Canvis demogràfics 

associats a la transició neolítica, i posteriors moviments 

poblacionals, han afavorit l’aparició i dispersió d’aquestes 

malalties al voltant del mon. L’ús de ADN antic permet obtenir 

una finestra temporal des d’on observar com eren aquests 

patògens en el passat. En aquesta tesi presento els genomes 

d’una sèrie de patògens antics associats a malalties, casos 

individuals històrics i epidèmies. En el cas de la malaltia,  

recuperem un genoma parcial d’una soca Europea erradicada 

de Plasmodium falciparum, la qual dona indicis de l’arribada 

del paràsit a Europa durant l’antiguitat. Fem una ullada també 

al cas del revolucionari francès Jean Paul Marat amb la 

intenció d’esbrinar l’origen de la seva condició. Finalment 

analitzem una soca de Salmonella enterica Paratifoide C que 

podria suggerir que aquest patogen, actualment escàs, era el 

responsable d’epidèmies al voltant del mon. 
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Preface 

 

In the last 15 years, the development of NGS techniques in 

conjunction with aDNA has allowed the retrieval of ancient 

pathogens’ genomic data. This data allows to have a window 

to the past, from where we can gasp of how an organism 

genome was. This is particularly interest in the study of 

pathogens, since ancient samples allow to understand how 

those pathogens gain the genomic traits necessary to infect 

humans or acquire virulence. From a phylogenetic point of 

view, they also provide data to infer their divergence time with 

extant strains, thus, enabling to get an approximate date and 

geographical place of origin. Finally, and since the appearance 

of antibiotics in the last 100 years, and consequent emergence 

of resistances, ancient pathogens’ genomes give the unique 

opportunity to take a look at a naïve genome which has not 

been affected by selective pressures.  

Given the possibilities that aDNA offers when combined with 

the study of pathogens, is important to mention the case of 

Plague. This disease, caused by the enterobacteria Yersinia 

pestis, is the paradigm in the field with multiple samples 

recovered of several historical and prehistorical strains. 

However, the status and reputation of the disease has made 

other relevant infectious diseases to be overlooked or go 

unnoticed. In this thesis I present the genomes of several other 

ancient pathogens with current and past clinical importance, 
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from the perspective of different manifestations of disease, a 

common disease, an individual case and an epidemic.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xvii 
 

Table of contents 

  

Acknowledgments ...............................................................v 

Abstract ...............................................................................xi 

Resum ................................................................................xiii 

Preface ................................................................................xv 

 

1 Introduction ........................................................................1 

   1.1 History of aDNA ....................................................................1 

1.1.1 About DNA, Genetics and Genomics ..........................1 

1.1.2 About aDNA and Paleogenomics ................................5 

   1.2 aDNA characteristics ............................................................8 

1.2.1 aDNA conservation .....................................................8 

1.2.2 aDNA content and recovery ......................................10 

1.2.3 Deamination in aDNA damage ..................................11 

1.2.4 Other types of aDNA damage ....................................12 

   1.3 Paleomicrobiology  .............................................................14 

1.3.1 Disease, Human Prehistory and Neolithic  

                     Transition ..................................................................14 

1.3.2 Pandemics: The Plague from a Paleogenomic 

         Perspective ...............................................................16 

1.3.3 The New World, spreading of infectious    

         diseases during colonial times ..................................22 

   1.3.3.1 Salmonella enterica and the Cocolitzli ................26 

   1.3.3.2 Plasmodium spp. ................................................29 

   1.3.3.3 Treponema pallidum ...........................................34 

   1.3.3.4 Mycobacterium tuberculosis ...............................35 

   1.3.3.5 Mycobacterium leprae .........................................36 



xviii 
 

   1.3.3.6 Viral Infections ....................................................38 

 

2 Methods .............................................................................41 

   2.1 Laboratory procedures ......................................................41 

2.1.1 Samples ................................................................... 41 

2.1.2 DNA Extraction and Library Preparation ...................43 

2.1.3 Sequencing ...............................................................44 

   2.2 Informatic processing ........................................................46 

2.2.1 Adapters trimming .....................................................46 

   2.2.1.1 The FastQ format and Initial Sequences Quality  

               Control ................................................................46 

    2.2.1.2 Adapter Removal ...............................................47 

2.2.2 Mapping ....................................................................49 

   2.2.2.1 BWA ....................................................................49 

   2.2.2.2 Sequence Alignment Map format ........................52 

   2.2.2.3 BAM processing and filtering ...............................55 

2.2.3 Post Mapping processing ..........................................57 

   2.2.3.1 Coverage  ............................................................57 

   2.2.3.2 Post-Mortem Damage Detection .........................59 

2.2.3.2.1 PMDtools .................................................60 

2.2.3.2.2 mapDamage2.0 .......................................63 

   2.2.3.3 Genetic Sex Determination .................................65 

   2.2.3.4 Contamination .....................................................66 

2.2.3.4.1 Mitochondrial Contamination ...................67 

2.2.3.4.2 Nuclear Contamination  ...........................69 

2.2.4 Variant Calling ...........................................................70 

2.2.4.1 Pseudo-haploid calls ..................................70 

2.2.4.2 GATK .........................................................72 

2.2.4.3 The Variant Calling Format .........................75 

2.2.4.4 The PLINK genotype formats......................78 



xix 
 

2.2.4.5 VCF and PLINK files manipulation .............79 

2.2.4.6 Imputation ..................................................80 

   2.2.5 Uniparental markers analysis .................................81 

   2.2.6 Population Genetics analysis .................................82 

2.2.6.1 Principal Component Analysis ....................82 

2.2.6.2 ADMIXTURE ..............................................85 

2.2.6.3 Fixation index and F-statistics ....................88 

2.2.6.4 Haplotype Based methods .........................90 

   2.2.7 Phylogenetics  ........................................................91 

2.2.7.1 Phylogenetic trees ......................................92 

2.2.7.2 Recombination ...........................................93 

2.2.7.3 Homoplasy .................................................94 

2.2.7.4 Time-calibrated phylogenies ......................95 

   2.2.8 Metagenomics  .......................................................96 

2.2.8.1 BLAST ........................................................96 

2.2.8.2 Kraken ........................................................97 

 

3 Objectives  ........................................................................99 

 

4 Results ............................................................................101 

   4.1 Genetic affinities of an eradicated European  

         Plasmodium falciparum strain  ........................................101 

   4.2 Metagenomic analysis of a blood stain from the French  

         revolutionary Jean-Paul Marat (1743–1793)  ...................131 

   4.3 Ancient Salmonella enterica from a soldier of the  

         1652-siege of Barcelona (Spain) confirms historical  

         epidemic contacts across the Atlantic ............................157 

 

 



xx 
 

5 Discussion ......................................................................195 

   5.1 Ancient pathogen recovery .............................................196 

   5.2 Pathogens in historical Europe .......................................202 

   5.3 Revision of a documented historical disease case .......208 

   5.4 Conclusions ......................................................................211 

 

6 Contribution in Other Publications ..............................215 

 

7 Bibliography ...................................................................217 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xxi 
 

Abbreviations 

 

1KGP: 1000 genomes project 

A: Adenine 

aDNA: ancient DNA 

BAM: Binary Alignment Map 

BCE: Before Common Era  

C: Cytosine 

CE: Common Era 

DNA: Deoxyribonucleic Acid 

dNTP: Deoxyribonucleotide triphosphate  

EDTA: Ethylenediaminetetraacetic Acid 

FGS: First Generation Sequencing 

G: Guanine 

HBV: Hepatitis B Virus 

HIV: Human Immunodeficiency Virus 

HLA: Human Leukocyte Antigen 

Kb: Kilo bases 

LCA: Lowest Common Ancestor 

LD: Linkage Disequilibrium 

LNBA: Late Neolithic Bronze Age 

MAF: Minor Allele Frequency 

mDNA: Mitochondrial DNA 

MeV: Measles Virus 

mgtB: Magnesium transporter B 

mgtC: Magnesium transporter C 

ML: Maximum Likelihood 



xxii 
 

MRCA: Most Recent Common Ancestor  

MSA:  Multiple Sequence Alignment 

NGS: Next Generation Sequencing 

NRAMP1: Natural Resistance Associated Macrophage Protein 1 

PCA: Principal Component Analysis  

PCR: Polymerase Chain Reaction 

pde2: phosphodiesterase 2  

pde3: phosphodiesterase 3 

pfama1: P. falciparum Apical Membrane Antigen 1 

pfcrt: P. falciparum chloroquine resistance transporter 

pfdhps: P. falciparum Dihydropteroate Synthase 

pla: Plasminogen activator 

pfmdr1: P. falciparum Multidrug Resistance 1 gene 

pfmrp1: P. falciparum Multidrug Resistance Protein 1 

pvcrt: P. vivax chloroquine resistance transporter 

pvdhfr-ts: Plasmodium vivax dihydrofolate reductase-

thymidylate synthase 

pvdhps: P. vivax Dihydropteroate Synthase 

pvmdr1: P. vivax Multidrug Resistance 1 gene 

SAM: Sequence Alignment Map  

SBS: Sequence by Synthesis 

SGS: Second Generation Sequencing 

SNP: Single Nucleotide Polymorphism 

T: Thymine  

TGS: Third Generation Sequencing 

U: Uracil 

VARV: Variola Virus 



xxiii 
 

VCF: Variant Calling Format 

ymt: Yersinia Mouse Toxine 

YpfΦ: Yersinia pestis Filamentous phage  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xxiv 
 

 



1 
 

1 Introduction 

 

The main goal of this segment of the thesis is to provide a basic 

understanding of the field of genetics, and to explain which are 

the characteristics of ancient DNA (aDNA). Furthermore, it will 

explore the uses and feats that the discipline in the last years, 

and its use in genomic studies to understand diseases and 

pandemics, and their emergence.    

 

1.1 History of aDNA 

 

1.1.1 About DNA, Genetics and Genomics  

 

For most of its history, humanity has perceived the natural 

world as a sort of static and immutable snapshot where the 

human species was the pinnacle. This vision was extended 

from astronomy to geology, and life forms were not exempted 

from it. One of the first authors that questioned the invariability 

of life forms and the status of human as the apex of the life’s 

pyramid was Charles Darwin. In 1859, and after travelling for 5 

years around the world in the HMS Beagle (voyage which 

inspired his works), published the book “On the Origin of 

Species”1. In this work he proposed the revolutionary idea of 

the evolution of life organisms. The basis is that, given an initial 

variability among individuals and a competence for the natural 

resources, the concept of natural selection arises. In this 
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scenario only the fittest survive and reproduce, and their 

descendants would inherit those advantageous traits. The 

means from which those traits were able to be inherited by 

descendent individuals was not known. Around the same time 

that Darwin’s works were published, the Augustinian monk 

Gregor Mendel published the article Experiments on Plant 

Hybrids (“Versuche über Pflanzen-Hybriden”)2. In this works, 

Mendel described the laws of traits inherited in different plants 

crossing. Nevertheless, it was still unknown which mechanism 

drives the transmission of those traits.  

 

It was not until the start of the 20th century, when Thomas 

Morgan and colleagues published the book The Mechanism of 

Mendelian Heredity3. The book was based in their work with 

heredity in the fly Drosophila melanogaster, in which they 

describe how the genes present in the chromosomes are 

responsible of the inheritance of phenotypical traits. Note that 

despite chromosomes were already known structures, it was a 

mystery what was the gene’s nature or what allows it to 

transmit the characters from generation to generation4,5. In 

1944, Avery, MacLeod and McCarty discovered that using a 

molecule known as Deoxyribonucleic Acid (DNA) from a 

virulent strain dead pneumococcus, they were able to convert 

non-virulent pneumococcus in virulent ones6. Years later 

Watson and Crick, thanks to the previous crystallography 

works of Rosalyn Franklin, described the structure of DNA7. 

The molecule consists in a double helix chain with a phosphor-
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deoxyribose backbone and 4 nucleobases (Adenine, Cytosine, 

Guanine and Thymine; A,C,G,T) which are “in contact” through 

hydrogen bonds. Finally, Jacob and Monod decode how DNA 

store the information necessary to synthetise proteins, in which 

groups of 3 nucleotides known as codons encode for a specific 

amino acid8. 

 

Since those times, genetics has been rapidly advancing. Some 

of the benchmarks on the field I would like to highlight are the 

following. The creation of the first sequencing techniques 

(FGS) by Sanger and colleagues9, and Maxam and Gilbert10, 

which allowed to retrieve and study the first gene sequence. 

Related to this, the discovery of the Polymerase Chain 

Reaction (PCR) by Kary Mullis, allowing the replication of DNA 

sequences in the laboratory11. Those breakthrough discoveries 

allowed for one of the greatest achievements in science 

history, the publication of the human genome sequence by the 

Human Genome Project consortium12. The titanic effort costed 

an estimated 3 billion dollars and lasted for 13 years13. This 

feat, besides providing unvaluable information for science, 

paved the way for the development of more efficient 

sequencing techniques (Second Generation Sequencing or 

sometimes Next Generation Sequencing; SGS - NGS)14–16, 

and ultimately cheaper genome sequencing and the possibility 

of systematically sequencing individuals17[Figure 1]. Since 

then, projects such as the 1000 genomes project (1KGP) have 

retrieved hundreds of human genomes18, or from other 
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species19. The development in the recent years of even more 

efficient sequencing techniques (Third Generation 

Sequencing)20,21 could mean a faster development in fields 

such as population genetics, medicine, personalised medicine, 

conservation biology, among others. 

 

 

 

Figure 1. Evolution of genome sequencing cost (2000 - 2020). The price of 

genome sequencing has decreased faster than expected by Moore’s Law 

during the last 14 years. As for 2020, the price of sequencing a genome is 

about 1000 USD. From the National Human Genome Research Institute22.  
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1.1.2 About aDNA and Paleogenomics 

 

Ancient DNA offers us the unique opportunity to have a window 

to the past. It allows us to get a glimpse of the genome of 

extinct animal species and know which factors influenced their 

extinction 23–25, understand human population movements and 

events (both historical and prehistorical)26–28, comprehend past 

pandemics and how they have shaped humans today29,30, and 

has implication in genetic studies of historical figures31–33.  

 

The history of aDNA is tightly related to the development of 

First Generation Techniques. It all started in 1984 with the 

retrieval of DNA fragments extracted from the remains of a 

quagga, an extinct zebra subspecies34. As commented in the 

previous section, the discovery of PCR was crucial for the 

genetics and genomics field, and aDNA was no alien to it. The 

field flooded with optimism, new reports of new aDNA 

sequences, recovered from diverse sources such human 

remains35,36, plant remains37 and extinct animals38–40. It seems 

that aDNA was the panacea, that it would be possible to 

retrieved it from every imaginable source. Then a series of 

articles claiming to extract DNA from million years old samples, 

such as dinosaur bone41 and amber preserved insects42, were 

published. The articles were promptly debunked as being 

caused by modern contamination, but the credibility of the field 

remain damaged for a time43–45.  
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Slowly but steadily, and thanks to more dedicated quality 

controls to ensure that contaminants were no longer identified 

as authentic, aDNA field credibility recovered. Prove of this is 

the publish of the  first sequences of an ancient hominid, the 

Homo neanderthalensis46,47. Also, the first ancient pathogen 

strains were started to be discovered48–50 .Years later, after the 

release of the Human Reference Genome, the development of 

NGS started. Those technics have a great impact in aDNA 

studies. This was reflected in the first genome wide DNA 

retrieval of an extinct species, the mammoth51,52. Soon 

followed the first ancient anatomically modern humans53,54, the 

whole Neanderthal genome24, the genome of a 700,000 year 

horse (oldest full genome recovered to the date)55, among 

others. Other advances include the retrieval of whole bacterial 

pathogen genomes, such as the case of medieval strains of 

Yersinia pestis56. But among the most relevant discoveries, is 

necessary to remark the description of a new extinct hominid 

from genomic data57,58. The Denisova hominid is a special 

case since until recently no major body remains were 

found59,60, and phenotypical traits had been inferred using 

genetic data61.  

 

As we have seen, the later years are characterised by an 

increment of the generation of wide genome data. This has 

also been the case for aDNA, in each new study hundreds of 

new ancient human samples alone are published62–65, making 

the number of ancient genomes of the order of thousands. This 
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would allow to do large scale population analysis in the 

following years. As for future perspectives for the aDNA field, 

paleoproteomics is worth of mentioning. Proteins are much 

more stable than DNA, being able to survive for millions of 

years, past the window that we have using aDNA 55,66,67, 

effectively extending the window of study by millions of years. 

This is fast advance has manifested in the last 4 years with the 

recovery of the first ancient hominid peptides68,69, which could 

help to get calibrated phylogenies for species whose their DNA 

is not possible to retrieve.  
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1.2 aDNA characteristics 

 

1.2.1 aDNA conservation 

 

In comparison with modern DNA, aDNA has a set of 

particularities which characterised it and condition the way that 

analyses are performed.  Conservation is a key element since 

is the responsible of the time window which aDNA offers to 

explore. As other complex molecules, DNA has an estimated 

lifetime45. When an organism is alive this process is not 

evident, since different molecular machinery exists to prevent 

DNA damage and decay. After the death of an organisms, the 

DNA is degraded by the enzymes present in the cell70, and with 

the time, microorganisms also start degrading it45. Is for this 

reason that aDNA fragments are usually short (25 – 80 bp), 

usually but not always, correlated with its age71–74.  

 

The location where a sample is found it also critical for the 

aDNA conservation. Factors such as humidity (water causes 

hydrolytic damage to the DNA)45, oxidative chemical 

compounds found in this water or which can change the pH 75, 

and temperature affect DNA preservation71,72. This is one of 

the main reasons that ancient genomes are typically recovered 

from temperate and cold latitudes, in contrast to more humid 

and hot regions [Figure2]76. For example, the remains of a 

700,000 prehistoric horse were found in permafrost. Those 

optimal conditions are close to the higher bound of life 
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expectancy of DNA55. Other optimal conditions can be found in 

caves, where temperatures are usually low the whole year 

without dramatic oscillations67,77. The maximum age estimated 

for a DNA molecule is in the order of hundreds of thousands of 

years to a million years 45,72. 

 

 

Figure 2. Geographical location of all ancient hominid genomes recovered. 

Samples location are marked with  red dots. The number of genomes 

recovered per region is represented with a pie chart. The size is 

proportional to the number of genomes. Note that most of the genomes are 

recovered from cold latitudes. From Marciniak and Perry 201776.  
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1.2.2 aDNA content and recovery 

 

The explained factors that affect aDNA preservation are 

responsible for the quantity and quality of aDNA. Here we have 

to introduce the concept of endogenous DNA, which is the 

proportion of DNA in a sample which is attributable to the 

individual. Due to the aforementioned factors which affects to 

the DNA lifetime, but also to the presence of environmental 

microbial community DNA found in the sample, and the 

possible presence of other modern sources of  contamination, 

the proportion of endogenous DNA is usually low (~1%). 

Nevertheless, in exceptional conditions in preservation, the 

endogenous DNA can be dramatically increased78,79.  

 

In general, the most abundant samples are bone remains. 

Before extracting the aDNA from a sample is of importance to 

know that different types of bones yield  different proportions 

of endogenous or possible pathogen DNA. Due to its density 

and isolation80,  petrous part of the temporal bone81, especially 

the otic capsule82 and auditory ossicles83, are regarded as the 

optimal sources of endogenous DNA. Another excellent source 

of endogenous DNA is the thin cementum layer covering the 

dental root84,85. Nevertheless, other bones can be used to 

retrieve endogenous sequences46,58,77. Endogenous DNA 

content may differ from extractions within the same 

individual24.  
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Despite its high abundance of endogenous DNA, pathogen 

DNA content is low in the petrous bone86, which is 

hypothesized to be caused by the high density and poor 

irrigation of this particular bone80. In contrast, bacterial DNA is 

readily found in teeth, specifically in the dentine, cementum 

and pulp86,87. This can also be explained by differences of bone 

turnover rate and blood irrigation when compared with 

temporal bone86. Despite different species of pathogens can 

be sampled from teeth, due to their lifecycle particularities, 

other species have to be extracted from specific bones or other 

tissues. Some examples of those pathogens are 

Mycobacterium leprae88, Mycobacterium tuberculosis89, HIV90, 

Plasmodium falciparum and P. vivax91, Helicobacter pylori92, 

Variola virus93, Vibrio cholerae94. 

 

Finally, in the recent years, the improvement in metagenomics 

sampling techniques has allowed the recovery of aDNA from a 

diverse array of samples such as parchments95, ancient latrine 

deposits96, cave soil97,98 and ancient “chewing gum”99. 

 

1.2.3 Deamination in aDNA damage 

 

As mentioned in the previous sections, aDNA is characterised 

for being affected by post-mortem chemical reactions. The 

most iconic damage pattern present in aDNA is the hydrolytic 

deamination of Cytosine to Uracil (U)100,101 [Figure 3a]. This 

change is manifested in sequenced data as a C to T 
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substitution in the 5’ end (due to complementarity of U and A 

after replication) and as a G to A substitution in the 3’ end of 

the complementary chain102. Age and preservation conditions 

affect to the proportion of deamination at reads end (increasing 

it), but also the present of modern contaminants can artificially 

reduce it103,104. Cytosine deamination occurs mainly in the 

ends as a result of the presence of single strand breaks, as 

they are more chemically exposed when compared tom 

double-stranded DNA45. The rate of deamination is estimated 

to be about 100 times faster in the end of a DNA molecule than 

in the centre45,103. The presence of deamination is not trivial 

since it can bias analyses, so enzymatic treatments using 

Uracil-DNA-glycosylase have been developed to revert this 

damage105.  

 

1.2.4 Other types of aDNA damage 

 

Although Cytosine deamination is the main damage present in 

aDNA, other types of lesions can occur. Another remarkable 

type of aDNA damage is depurination. Depurination causes 

the break of the N-glycosyl between an A or G and the ribose 

which conforms the DNA backbone. This results in an abasic 

site, and the subsequent DNA strand-break through β 

elimination [Figure 3b]45,106,107. At the end this results in the 

fragmentation of DNA molecules responsible of the short 

length of aDNA molecules108. Furthermore, G is describe to be 

more susceptible to depurination than A103. In addition to 
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depurination, it has been suggested the existence of blocking 

lesions caused by pyrimidine oxidation71 and Mallard 

reaction109.  

 

 

Figure 3. The 2 of the most common DNA lesions occurred after the death 

of an organism are hydrolytic Cytosine deamination into Uracil (a), and  

Adenosine or Guanine depurination and subsequent strand break (b). From 

Dabney, Meyer and Pääbo 2013110. 
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1.3 Paleomicrobiology 

 

1.3.1 Disease, Human Prehistory and Neolithic 

Transition  

 

Pathogens have accompanied humankind since the apparition 

of first humans in Africa 300,000 years ago111,112. Infectious 

diseases are believed to be one of the major mortality factors 

in early humans based in comparison with modern hunter-

gatherer populations113. Archaeological evidence of  infections 

is difficult to assess114, but molecular studies evidenced the 

coexistence of ancient humans and pathogens for tens of 

thousands of years112,115. Malaria is arguably one of the most 

relevant pathogens which has affected humans during 

millennia and has exert a great evolutionary pressure116,117, to 

the point of reshaping human populations genomes118–121.  

 

Some of the first infectious and parasitic diseases affecting 

Palaeolithic hunter gatherers were  tapeworms, pinworms, lice, 

malaria parasites, Bordetella spp., Staphylococcus spp., 

Mycobacterium lepra and tuberculosis, Salmonella typhus, 

Helicobacter pylori112,117,122–128. Most of those diseases have 

been hypothesized to have coexist for long time with human or 

be acquired by sporadic zoonosis124,129. Is important to note 

that most of the infectious diseases which are common 

nowadays appeared during the Neolithic transition, caused are 
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either caused by zoonotic jumps, or by the adoption of 

sedentarism and the subsequent changes in lifestyle124,129.  

 

During the Neolithic revolution, human populations 

experienced a major population boom. The discovery of 

agricultural and husbandry techniques allowed to maintain 

larger populations, but at the expense of establishing 

permanent settlements in order to protect the crops and 

animals130,131. This resulted in an increase of population 

density, reduced sanitary conditions, close contact with 

animals, and changes in diet and lifestyle, propitiating the 

spread of diseases132,133. Pathogens emerging or expanding 

during the Neolithic are Salmonella enterica strains, Yersinia 

species, Vibrio cholera, Mycobacterium lepra, Mycobacterium 

tuberculosis, and HBV29,134–137. There are pathogens such as 

Plasmodium falciparum that despite having a suggested 

Palaeolithic origin117, can associate its expansion to the 

Neolithic revolution138. Others such as MeV and VARV have a 

probable younger origin due to its virulence and Neolithic 

populations not being large enough to maintain the rate of 

spread of the disease139–141.   

 

As a final remark, the directionality of the disease jump seems 

to  not be exclusively restricted from animal to human but is 

apparent that multiple jumps in both directions have happened 

in different pathogens. The study of ancient S. enterica strains 

demonstrate a generalist origin incompatible with a 
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transmission of the bacteria into humans by pigs134. Other 

diseases such as Mycobacterium species  have been 

suggested to coexist with human for thousands of years but 

are also present in animals89,115,127,142. This data suggests that, 

despite a considerable number of diseases could sporadically 

infect ancient humans prior to the Neolithic revolution, most of 

human common pathogens and epidemics could attribute their 

global expansion to it. 

 

1.3.2 Pandemics: The Plague from a Paleogenomic 

Perspective 

 

Now that we have taken a look at how most infectious diseases 

appeared or expanded during Neolithic is time to analyse one 

of the most paradigmatic cases of pandemic, the Plague. Is 

also one of the most studied pathogens from and aDNA 

perspective, data from 3 historical pandemics have been 

recovered, and additionally, 2 previously unknown prehistoric 

epidemics have been discovered. 

 

The Plague is an infectious disease caused by the 

enterobacteria Yersinia pestis. It has 3 different type of clinical 

manifestations, the bubonic plague, the pneumonic plague and 

the scepticemic plague143. Rodents are the main reservoir of 

the disease, while fleas carry the disease as vectors144. Its 

main route of transmission is by contact or ingestion 

contaminated sources, by air or by a vector. It has a mortality 
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ratio of 30%, up to 100% if is not treated144. Y. pestis has a 4.5 

Kb genome, and 3 virulence plasmids pCD1, pMT1 and 

pPCP1145–147. The virulence of the bacteria is linked to a 

determinate set of genes and mutations such as the ymt gene 

(pMT1 gene required for the bacteria survivability in the flea’s 

gut148); loss of function mutations in the genes pde2, pde3 and 

rcsA (also linked to flea transmission149); pla gene (pCPC1 

gene associated to bacterial dissemination in mammals and 

progression to pneumonic plague150); YpfΦ (confers higher 

fitness to the bacteria during infection151,152); and ureD 

(associated with the loss of ureolytic activity153). The main 

biovars are Antiqua (ANT), Medievalis (MED), Orientalis (Ori), 

Intermediate (IN) and Pestoides (PE)154 [Figure4]. Despite its 

past global presence, nowadays is restricted to regions of 

Central Asia, Africa, and the Americas155,156.  

 

The Plague its mainly known for its historically recorded 

epidemics during the late Antiquity ( the Justinian Plague, 6th 

century CE ), the Medieval times (the Black Death and its 

subsequent epidemics, 14th - 18th century) and the  19th century 

China epidemics. Other historical have been labelled as 

Plague such as the Athens plague (5th century BCE) and the 

Antonine and Cyprian Plagues ( 2nd – 3rd century CE) but were 

not caused by Y. pestis. In the case of the Athens Plague the 

causal agent seems to be a Salmonella related 

enterobacteria157,158, while the causes of the Antonine and 

Cyprian Plague remain unknown and open to speculation159.  
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Figure 4. Current and historical diversity of Yersinia pestis lineage. Ancient 

strains are Gok2, LNBA, RTS, the Justinian Plague, the Black Death and 

the third pandemic. Gain, Mutation or Loss of genomic traits are marked at 

the bottom of each clade. The Big Bang polytomy is marked with an 

asterisk. From Demeure et al. 2019160. 

 

Yersinia pestis originated from Yersinia pseudotuberculosis, a 

zoonotic pathogen which is capable of infecting humans 

causing a mild disease known as the Far East scarlet-like 

fever145. Recent aDNA studies placed the divergence of Y. 

pestis from Y. pseudotuberculosis around the year 3,700 

BCE161. This first strain isolated from a Neolithic Scandinavian 

individual is basal to all know Y. pestis diversity, forming its 

own independent clade. The strain lacks the gene ymt in the 

pMT1 plasmid.  This specific clade of Y. pestis is linked to the 

late Neolithic decline and predates the arrival of the step 

ancestry to Western Eurasia.  

 

Following the Neolithic decline, a new independent clade of Y. 

pestis appears, this time associated to the arrival of the 
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Eurasian-steppe  component into Europe during the Bronze 

Age (3000 – 800 BCE)29,162. This clade (LNBA) is basal to all 

the modern Y. pestis diversity. All those strains but the 

youngest (800 BCE) also lack the ymt, and all Bronze Age 

strains lack the necessary mutations in pde2, pde3 and rcsA; 

indicating that those strains were not transmitted by fly. The 

LNBA reached as far East as Eastern Siberia163. In parallel and 

contemporary to those Bronze Age strains, another Central 

Asian different lineage dating to 2800 BCE has been 

discovered164. These strains have the ymt gene and other 

virulence factors associated to flea transmission. The strains 

(RT5) are reported to fall within the diversity of the 0.PE clade, 

separated from the clade 0.ANT (includes most of the modern 

diversity, and the historical Justinian, Black Death and China 

Pandemics).  

 

The third ancient Plague pandemic, and the first historically 

recorded one, is the Justinian Plague (541 – 543 CE), known 

with this name for affecting the roman emperor Justinian I 165. 

The first record of the pandemic is from the eastern ports of 

Egypt. From it spread to other provinces of the Eastern Roman 

Empire and to other regions of Europe. It reportedly caused the 

death of between 35 and 55% Roman Empire Population165. 

The reported strains of Justinian Plague fall within the 0.ANT 

diversity and has a probable origin in Central Asia but is 

debated in how was introduced to Europe166–169. 
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The second historical pandemic is the Black Death (from  1346 

to 1353) with subsequent epidemic until the 18th century. It 

started in the Genoese possessions in Crimea, extending via 

trade routes to the Mediterranean basin and Northern Europe 

in the following years170. It killed between 1 and 2 thirds of 

European populations (estimates between 70 to 200 million 

deaths) and started a series of cultural and demographic 

changes associated to the end of the Medieval Epoch171–173. 

Archaeologically, this elevated mortality is represented in mass 

burials, also known as Plague pits [Figure 5]174. All the Black 

Death recovered strains fall inside the same extinct clade 

originated from a diversification event known as the “Big Bang” 

polytomy175. The clade is found in the Branch 1 of Y. pestis 

diversity, being basal to the modern existent strains and the 3rd 

pandemic strains56,176–182. It has been suggested, due to a lack 

of diversity, an unique introduction from central Asia have 

occurred182, and together with processes of persistence, 

originated the late European epidemics178,181,182. Most of those 

later Europeans epidemics  lacked the pla virulence gene182. 

Some of them also reported the deletion of the mgtB and mgtC 

genes with unknown effects in virulence, but are hypothesised 

to help them to replicate in macrophages 182–184. Finally, those 

same strains seem to have spread eastwards, contributing to 

the origin of the 3rd plague pandemic and modern 

diversity178,181. 
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The 3rd historical pandemic originated in China in the mid-19th 

century. From here it spread into America, Africa and across 

Asia, expanding in to the local rodent population, and 

originating the 3 main Orientalis linages present 

nowadays156,185–188.  

 

 

Figure 5. Plague pit associated to the Black Death. Mass burials dating 

back to the second Plague pandemic are common through all Europe. This 

one in particular is from the Medieval site of L’Esquerda, Barcelona, Spain. 

The site was inhabited since the Bronze Age, but was depopulated after the 

pandemic189.  

 



22 
 

We  can observe a gradual adaptation of Yersinia pestis from 

its zoonotic origins to a more human specialised pathogen with 

the acquisition of different virulence factors which favour its 

transmissibility through vectors (ymt, in pde2, pde3 and rcsA), 

favour the transition to a more infective stages of the disease 

(pla), increase the fitness in mammalian hosts (pla, YpfΦ and 

ureD), and evasion of the host immune system (mgtB and 

mgtC). 

 

To finish this section, and as we will see at in the results 

section, the historical importance of plague has resulted in it 

being the most studied ancient pathogen but has also 

contributed to other potentially relevant pathogens which have 

had a role to pandemics being somewhat overlooked. 

 

1.3.3 The New World, spreading of infectious 

diseases during colonial times 

 

The Americas were known as the New World during the Age 

of Discovery and subsequent European Colonial time period. 

The continent is situated in the Western Hemisphere, being 

comprised of two main landmasses (North and South America) 

and a major archipelago (the Antilles). Despite its relatively 

recent discovery by Europeans powers, briefly settled by the 

Vikings in the 10th century and its rediscovered by Cristopher 

Columbus in 1492, the continent was already populated by 

diverse ethnic groups.  
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Taking the human out Africa 50,000 years ago as a starting 

point, the Americas were the last continent on being 

populated190. Is believed that the first ancestors of current 

Native American (Ancient North Eurasian) populations lived 

24,000 years ago and were related to the ancient inhabitants 

of eastern Siberia and modern day Western Eurasians 191. 

During the last glaciation, the Bering strait dried out, emerging 

a landmass known as Beringia, where those Ancient North 

Eurasian population settled163. Approximately between 22,000 

and 18,000 years ago, and after a period of isolation, those 

Beringian populations split192, and the ancestors of modern-

day Native American settled in what is now Alaska and Yukon. 

Here between 17,000 and 14,000 years ago193, the Ancestral 

Native American diverged in tow main North Ancestral and 

South Ancestral populations, which in different migratory 

weaves, populated the whole continent 194–198 [Figure 6].  

 

In 1492, Christopher Columbus, in name of the Castilian 

crown, set foot in the in the Antilles. The first Spanish 

settlements were placed around the Caribbean, but 30 years 

late, and after the conquest of the Aztecs and Incan empire, 

the territories spanned from modern day Chile up to California 

and Florida, incorporating those territories to the crown199. In 

parallel the Portuguese started colonising Eastern South 

America, parts of Coastal Africa and India. By 1600, and after 

a temporal dynastic union between Portugal and Spain, the 

Iberian Union controlled most of South America and Western 
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North America, the Macaronesia, the Philippines,  parts of 

Europe, and numerous outposts along the Asian and African 

Coast. Additionally, the French and English had also set 

colonies in parts of South America and the North American 

Eastern Coast.  

 

 

Figure 6. Routes of colonisation used by Ancient Native American 

populations. Ancestral B populations (North Ancestral populations) from 

which present day Inuit and Northern Native Americans are descendants,  

and Ancestral A populations (South Ancestral populations, colorised in the 

map) from which present day Central and South Native Americans are 

descendants. From Posth et al. 2018194. 
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The rise of those first global empires effectively connected 

distant human population around the world. Millions of people 

were brought from Western Africa to work as slaves in different 

American Colonies. Associated the arrival of colonists and 

slaves, several epidemics occurred. If we compare the time of 

European arrival and founding of first colonies to date of the 

first recorded epidemic events, the later befall strikingly early. 

The first testimony refers to a smallpox outbreak in La 

Hispaniola in only 1518, extending to Central America the next 

year 200. Also, unknown diseases had probably reduced the 

native population of the island already, since the population 

decayed from 3,700,000 in 1493 to 15,000 prior to the smallpox 

epidemic200. Although smallpox is the best known pathogen to 

ravage the Americas, other epidemics also devastated the 

indigenous population, including typhus, influenza, measles, 

variola, yellow fever, typhoid fever, malaria, and other of 

unknown origin as the Cocolitzli200–205.  

 

It has been argued that, from an evolutive perspective, 

European and African population which settled in the Americas 

had been selected for those diseases, and despite that, 

smallpox reached a mortality of 30% among to already 

exposed populations206. During millennia Old World 

populations have been subjected to conditions of high 

population density, lack of hygiene and contact with 

domesticated animals which propitiate the emergence of a 

variety of infectious diseases, and therefore, their immune 



26 
 

systems have been eventually selected for those selective 

pressures207. In contrast, Native populations did not reach the 

populations densities typical of the Old World and did not 

domesticated animals (only the lama), fact which could had 

hampered the jump of zoonotic borne diseases207,208.  At the 

end, is estimated that about 90% of the original Native 

Americans population succumbed to different infectious 

diseases200.  

 

From a Paleogenomic perspective, there are pathogens of  

European or African origin which have been associated to 

post-Columbian contact epidemics. In contrast, the evidence 

of infectious agents imported from the Americas into the Old 

World is limited and debated. Recent discoveries for example 

suggest the pre-Columbian presence of tuberculosis or 

syphilis89,209. As we will explore in the results, the demographic 

changes resultant of colonialism has reshaped both human 

and pathogens ancestry compositions. 

 

1.3.3.1 Salmonella enterica and the Cocolitzli 

 

The Cocolitzli (Nahuatl word for disease) were a series of 

epidemics which affected Central America shortly after the 

arrival of the Spanish201,202. Several sources reported the 

disease to be some kind of haemorrhagic fever, which caused 

bleedings from the eyes, nose, mouth, haemorrhagic 

diarrhoea, and a net-like rush205,210–212 [Figure 7]. Spanish 
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missionaries described one of these epidemics as tabardillo, 

medieval Spanish name for typhus210,213. Additionally, colonist 

differentiated the Cocolitzli ethology from the one of previous 

smallpox outbreaks214. Several infectious entities have been 

suggested as a possible agent of the disease such as typhus, 

enteric fever, bartonella, measles, yellow fever, an unknown 

haemorrhagic virus, among others204,215–218.  

 

 

Figure 7. Different Native representations of the 1545 Cocolitzli epidemic. 

The documents are the Codex en Cruz (a), Codex Mexicanus (b) and 

Codex Aubin (c). The images depict the effects of the epidemic, rashes and 

a red fluid (possibly blood). The Codex Aubin reads in Nahuatl “The year 

1545. At this time an epidemic spread so that everyone’s nose bled. It had 

prevailed for a year when the market at San Hipólito opened”. From Vågene 

et al. 201830. 
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The recent discovery of Colonial cemetery in Mexico dating 

back to the 1545-1550 shed some light regarding the origin of 

the mysterious Cocolitzli. The analysed samples show the 

unequivocal presence of Salmonella enterica Paratyphi C30. 

The found Mexican strains were basal to current day Paratyphi 

C diversity134, with only a Norwegian medieval strain being 

below them in the phylogeny219. This particular serovar of 

Salmonella is sparsely reported nowadays when compared to 

other serovars such as Typhi or Paratyphi A220,221. Despite this, 

it causes an enteric fever similar to typhoid fever or typhus 

common in developing countries, which if left untreated, can 

reach mortality rates of 20%222,223. The disease is spread by 

contaminated water or food, and infected individuals can 

became asymptomatic chronical carriers224. 

 

The evidence points towards S. enterica Paratyphi C as the 

main causal agent of the Cocolitzli. As described, it has been 

previously suggested the epidemics were caused by either 

typhus or enteric fever. The symptoms described also are 

plausible with the disease, and the colonists recognised the 

disease as typhus. Finally, the capacity of the S. enterica to 

create asymptomatic carriers could explain how it could had 

been unnoticed during the 2 months of transatlantic voyage225. 

Nevertheless, and as described above, there are other 

diseases which could match the symptoms exhibit by the 

Cocolitzli, and other studies contradict those evidence226. 

Further discoveries have to be made to either confirm the 
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presence of Paratyphi C in more Cocolitzli associated burials 

or demonstrate the presence of other pathogens.  

 

1.3.3.2 Plasmodium spp. 

 

The Plasmodium parasites are the causal agents of Malaria. 

Species which infect humans are P.falciparum, P vivax, P 

malariae, P. ovale and P. knowlesi. Their natural reservoir are 

simians138,227,228. The malaria parasites life cycle includes 

several stages, being the merozoite the forms which infect 

erythrocytes causing their lysis the responsible of the clinical 

manifestations of the disease: anaemia, fevers and in some 

cases, neurological disorders [Figure 8]229.  

 

 

Figure 8. Plasmodium spp. life cycle. From Ashley et al. 2018229. 
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 As for 2019, is estimated that there are 229 million cases 

annually and 409,000 deaths caused by malaria230.  Most of 

the infections worldwide are caused by either P. falciparum or 

P. vivax. Both species are present in the Americas230. 

Environmental conditions in different American locations are 

suitable habitat for Anopheles mosquitoes, which acts as the 

disease vectors231. 

 

a) Plasmodium falciparum   

 

P. falciparum  causes a severe form of malaria, which can 

produce episodes of cerebral malaria, with high index of 

mortality232. Cerebral malaria is associated with changes in 

cytokine expression and sequestration of Plasmodium infected 

erythrocytes in the encephalic endothelium233. In recent years, 

this parasite has become a major health concern230. Since the 

first usage of earliest antimalarial compounds in the 17th 

century till today, most of the first line antimalarial drugs have 

resistant strains234.  The presence of determined SNPs in 

several P. falciparum genes has been associated to drug 

resistance. Some of those genes and the drugs which affect 

include: pfmdr1 (quinine, chloroquine, amodiaquine)235–240, 

pfcrt (chloroquine, piperaquine, artemisinin, quinine)241–248, 

pfmrp1 (sulfadoxine-pyrimethamine, chloroquine, quinine, 

pyronaridine)245,249–251, kelch13 (artemisinin)243,252–256, pfdhps 

(sulfadoxine-pyrimethamine)257, pfama1 (spiroindolones, 
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pyrazole-amides)258,259, and several other genes and pseudo-

genes243,245,257,259–261. 

 

Most of present-day P. falciparum diversity is found primarily 

in South East Asia, despite Plasmodium parasites are thought 

to be originated from Africa138. The increase in diversity in 

South East Asian countries is attributed a recent bottlenecks 

and founder effects caused by the introduction of antimalarial 

policies, and population movements243,262.  Additionally, recent 

aDNA studies have also demonstrated the presence of 

eradicated P. falciparum strains in Europe91,263. American P. 

falciparum has a very high genetic affinity to African 

populations264. The presence of P. falciparum in the Americas 

is linked to multiple independent introductions due to the 

Atlantic Slave trade265,266 [Figure 9]. 

 

 

Figure 9. Introduction of P. falciparum in the Americas with the Atlantic 

Slave trade main route (grey arrows). African strains of P. falciparum are 

the primary source population of American P. falciparum, although Asian 

and Southern European strains could have also contributed. From 

Yalcindag et al. 2012265.  
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b) Plasmodium vivax 

 

P. vivax, in contrast to P. falciparum, is characterised by a 

milder infection, but has the capacity of becoming latent and 

producing relapses months after267,268. This property is 

conferred by a special stage in the parasite’s life cycle known 

as hypnozoite, stage in which the parasite become dormant in 

the liver268. The world distribution of P. vivax is restricted to the 

Americas, South Asia, South East Asia, and Melanesia, with 

only a few holds in Africa230. P. vivax is the most common agent 

of malaria out of Africa230. As in the case of P. falciparum, 

recent events have favoured the emergence of drug 

resistances in P. vivax populations269. The presence of 

polymorphisms on 4 specific genes has been directly 

associated with drug resistance; pvdhps (sulfadoxine)270–272 , 

pvdhfr-ts (pyrimethamine, cycloguanil, chloroquine)  273–277, 

pvcrt (chloroquine)278, pvmdr1 (chloroquine,) 279–281. 

  

Although P. vivax is originally from Africa, the arise of Duffy 

negative allele in Sub-Saharan Africa made the parasite 

absent from this region227,282. The study of current and past 

populations of P. vivax has allowed to determine the affinity of 

African, European and Indian samples to present-day 

American parasites91,266. Furthermore, the molecular dating of 

an eradicated 1942 Spanish strain determined a compatible 

scenario between the discovery of America and the 

introduction of P. vivax in the continent283 [Figure 10]. This is 
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in accordance with historical recordings of the disease284. 

Finally, that same strain has been used to create models which 

can predict the time of emergence of mutation in genes 

associated to drug resistance283. This has been able to be 

done thanks to the fact that the European strain predates the 

introduction of most antimalarial treatments, and hence, its 

genome has not been selected by this evolutionary force. 

 

 

Figure 10. Time-Calibrated phylogenetic tree of P. vivax strains 

from America (cyan and red), East Asia (green), South East Asia 

(blue), South Asia (purple) and a historical European strain (black). 

The split between European and American strains supports a post-

contact introduction of the parasite. From van Dorp et al. 2020283. 
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1.3.3.3 Treponema pallidum 

 

Infections by treponema pallidum subspecies englobe different 

clinical entities such as syphilis, yaws, pinta and bejel285,286. 

Syphilis, a sexually transmitted disease, cause damage to soft 

tissues and skin lesion in the early stages, and un the most 

advanced stages induce neurological damage, cardiovascular 

disease, and necrotic lesions287. Endemical treponemal 

diseases (yaws, pinta and bejel) are transmitted by 

contaminated fomites or zoonotic jumps, and they primarily 

attack skin and soft tissue, causing lesions and granuloma288. 

Treponemal diseases can be cured, the main line antibiotic 

used is penicillin and derivates287,288. Only certain strains have 

reported resistance to other used drugs, in this case, 

macrolides289. Is estimated that venereal syphilis causes more 

than 5,600,000 new cases each year, while more than 

90,000,000 worldwide are at risk of suffering endemic T. 

pallidum infections, especially in developing countries290,291. 

Although of slow progression, mortality of venereal syphilis can 

reach 60% if the disease is not treated292, and it is a major 

causing agent of death and disability worldwide293.   

 

Syphilis has been regarded as a post-Columbian importation. 

It has been argued the presence of human American remains 

predating 1492 with signs of syphilis294, and the record of 

outbreaks of an unknown disease after Columbus return to 

Spain as syphilis294,295. In support of a pre-Columbian origin in 
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Europe, numerous authors suggests the possible presence of 

ancient and medieval bodies with sings of Treponema pallidum 

infection, but those have not been tested using molecular 

methods296–298.  

 

Genetic studies do not shed much light either, aDNA from an 

infected individual from Colonial Mexico is dated between 

1600-1800299, while the analysis of global diversity fixes the 

MRCA less than 500 years ago300. New estimates using new 

ancient North European T. pallidum lineages places this MRCA 

in the year 1000, suggesting a high diversity of T. pallidum in 

Europe prior to Columbus voyage300. Those linages found are 

similar to both venereal syphilis and yaws  linages, but different 

at the same time300. The fact the remains where they were 

found were dated to a post-Contact date, adds a new piece to 

the puzzle. Different authors suggest the possibility that 

treponema species where globally distributed with early 

humans, and that in Europe a yaw like linage existed prior to 

1492294,300. The importation of American T. pallidum could 

have allowed the recombination between existing lineages and 

the emergence of Syphilis as we know it300.  

 

1.3.3.4 Mycobacterium tuberculosis 

 

Tuberculosis is a life-threatening infectious respiratory 

disease. M. tuberculosis primarily infects the lungs, causing 

granulomas, but it can also infect other parts of the 
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organisms301,302. The via of dissemination of the disease is by 

air droplets exhaled by infected individuals which can directly 

or indirectly infect  other individuals; immunosuppress or 

malnourished people are especially susceptible303. 

Tuberculosis can produce latent infections301. In the later 

years, the disease has become a major threat due to the 

emergence of multi-drug resistant M. tuberculosis strains304,305. 

Is estimated that a quarter of the world population is infected 

with the disease, with a reported 10,000,000 new cases 

annually and causing 1,400,000 deaths306.  

 

The Old-World origin of M. tuberculosis is supported from 

archaeological studies and genetic studies307. From genomic 

perspective, humans and M. tuberculosis has coexisted for 

millennia, as the selective pressure derived from the host-

pathogen relationship between them has left its marks in both 

human and bacterial genomes115,308. T. tuberculosis genomic 

diversity also indicate  an African origin of the bacteria, 

emerging and expanding worldwide during the Neolithic309–311. 

This is in concordance with aDNA data of a 1000 CE Peruvian 

remains infected by tuberculosis strains which are in the same 

lineage as M. pinnipedii, which infects seals89. It has been 

proposed that, since they share a common ancestor with M. 

tuberculosis 2,500 years ago, marine fauna has imported the 

bacteria into the Americas, and natives became infected upon 

seal consumption89,309. The diverse population movements 

and global interconnection of the last 4 centuries has produced 
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a re-dissemination of the pathogen around the 

world309,310,312,313. 

 

1.3.3.5 Mycobacterium leprae 

 

Leprosy, also known as Hansen’s disease, is an infectious 

disease caused by the bacillus M. leprae. The disease affects 

mainly to the skin, bones, peripheral nerves, mucosa and 

testes314. The mechanism of transmission of M. lepreae is still 

unknown, but is likely by skin contact or via respiratory route315. 

Human susceptibility to the disease has been linked to certain 

HLA alleles and the gene NRAMP1 316–319. Leprosy is 

successfully treated with a combination of rifampicin, 

clofazimine, and dapsone320, with reported cases of rifampicin 

resistant strains321. Today leprosy is restricted to regions of 

South Asia, Africa, Melanesia and South America. Due to the 

slow progress of the disease, the death is not immediate. A 

study on untreated populations estimated that individuals 

suffering from leprosy have a mortality rate 4 times higher than 

the general population322. 

 

Mentioned in ancient Egyptian, Hindu and Biblical texts323–325, 

the earliest evidence of leprosy in history are the remains of an 

individual from India dating back to the 2nd millennium BCE, 

where is thought to be originated137. Other examples of past 

infections have been found in Egyptian mummies326. Until 

recent years, it was thought that leprosy arrived at Europe from 
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India, carried by the Macedonian armies during the Hellenistic 

period. In contrast to that, the latest genomic studies have 

placed the origin of M. leprae in East Africa, and following 

population movements, spread worldwide127. The arrival of the 

bacillus to the Americas is linked to 2 main sources, the arrival 

of European colonists and the Atlantic slave trade from West 

Africa88,327. In recent times has appeared evidence of an 

inverse zoonotic jump from humans to armadillos, which may 

act as vector in future infections142,328. 

 

1.3.3.6 Viral Infections 

 

As we have seen in previous sections, viral infectious rapidly 

spread after the arrival of first Europeans to the Americas. It 

has been documented that the first 3 viral infections introduced 

by Spanish into the Americas were in that order, influenza, 

yellow fever and smallpox284. The paradigmatic case of viral 

agent which wreaked havoc in Native American population 

after contact was smallpox329[Figure 11]. Other virus which 

have been associated to outbreaks during the 16th century are 

parvovirus and Hepatitis B virus226. 

 

The causal agent of smallpox is the variola virus. The virus is 

relatively young, appearing only in the late antiquity – early 

middle ages141,330. The clinical stages of the disease are 

characterised by around 12 days of incubation period, then 

appear the first symptoms, fever, malaise, headache, limb pain 
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and vomiting331. Between 3 and 5 after the first symptoms have 

appear, the skin eruptions develop, starting to mature 2 weeks 

later and falling down 3 weeks after the symptoms’ onset. 

Variola has a mortality rate between 15 and 45%331. Smallpox 

completely wiped out Native American populations after the 

disease arrived at the Americas with the Spanish colonist, 

reaching and ravaging communities even before Spanish 

could physically contact them284. Chronicles tell that the 

natives, either died because of the disease or by faming, 

because there was nobody who could take care of them329. In 

Mexico alone, the first smallpox epidemic killed 8 from the 

original 22 million of people, and the following epidemics of 

Cocolitzli the population dropped to 2 million by 1576332. 

 

 

Figure 11. Depiction of Native American suffering from an outbreak during 

the mid-16th century. Spanish colonist described the epidemic as smallpox. 

From the Codex Florentino205. 
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2 Methods 

 

In this section I will explain which experimental procedures I 

followed to study the different samples I have had at my 

disposal. Note that despite my PhD has been entirely focused 

on bioinformatics, I have also briefly explained the 

experimental methodology used to retrieve the raw data used 

in the computational analysis.  

 

2.1 Laboratory procedures 

 

2.1.1 Samples 

 

The samples used in the projects are the following: 

 

Four microscopical slides dated between 1942 and 1944 of 

patients from the Sant Jaume d’Enveja’s anti-malarial hospital 

(Spain)91. Dr Ildefonso Canicio was in charge of the hospital 

from 1925 to 1961. The hospital’s patients were local people 

who worked in the Ebro rice fields, location known for the 

abundance of stagnant water sources. The patients did not 

have known record of travelling. The slides were ceded by Dr 

Canicio’s family, from his personal collection. The slides were 

labelled and stained with Giemsa. The parasites are still visible 

when looked under the microscope. 
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Two forensic swabs obtained from one of the newspapers 

(l’Ami du Peuple ) which Marat was annotating at the time of 

his assassination. Due to his health condition, Marat spend 

most of his last years inside a medicinal bathtub. When he was 

assassinated by the Girondist’s supporter Charlotte Corday 

(13-7-1793), his sister Charlotte-Albertine kept two issues of 

the newspaper which were stained by Marat’s blood. Albertine 

gave the issues to the collector François-Nicolas Maurin in 

1837, and after his death, were given to the baron Carl De 

Vinck. In 1906 the newspapers were donated to the 

Département des Estampes, Bibliothèque National de France, 

in Paris. One swab was obtained from the blood stain located 

in the newspaper and the other was obtained from an 

unstained part of the same document. 

 

The teeth of two putative Spanish soldiers recovered from la 

Sagrera archaeological site in Barcelona, Spain. The site is 

attributed to the siege of  Barcelona, occurred between 1651 

and 1652, in the context of the Thirty Year’s war333. All the 

individuals found in the site were males, with ages comprised 

between 16-40 years, signs of have undergo intense physical 

activities, and none of them did display signs of a violent death. 

In chronicles is described that both besiegers and defenders of 

the city suffered from a Plague epidemic334. An upper canine 

of each individual was extracted for their analysis.  
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2.1.2 DNA Extraction and Library Preparation 

 

Once the sample is available, the extraction protocol usually 

starts with the liberation of the DNA from the bone tissue or 

teeth. First the bone has to be pulverised. Then an extraction 

buffer composed by 2 main reagents is used to digest the bone 

or teeth tissue335,336. The buffer reagents are proteinase K and 

Ethylenediaminetetraacetic acid (EDTA). The proteinase K 

degrades collagen fibres, while the EDTA degrades the 

hydroxyapatite found in calcified tissue. After the DNA is 

released from the tissue it has to be captured. A silica column 

is used to separate the extracted DNA from the buffer77. During 

all then process, strict aseptic conditions have to be maintained 

in order to minimise the contamination of the sample with 

modern DNA337. The whole protocol has to be performed in a 

dedicated facility. All surfaces, consumables, tools and 

instruments have to be cleaned with bleach and ethanol; and 

irradiated with UV light before and after their use.  

 

To prepare the extracted DNA for its sequencing using NGS 

techniques it has to undergo a series of chemical process. 

Since all the projects in this thesis have used double stranded 

libraries, I am going to focus on them. Is worth to mention that 

an alternative method known as single stranded library 

creation exist, which allows to recover short and highly 

damaged reads338. Going back to the double stranded library 

preparation, the first step is to break up the DNA sequences in 
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short  fragments (this step can be omitted since aDNA 

sequences are already short). Then the ends are repaired by 

degrading the overhanging 3’ sequences and completing the 

overhanging 5’ ends, creating molecules of the same length. 

The resultant sequences are known as blunt-end molecules. 

Finally, the sequencing adapters will be ligated at then ends16 

[Figure 12a]. Is usually after this final step that the library 

sequences are amplified using PCR.  

 

 2.1.3 Sequencing 

 

Multiple commercial sequencing platforms exists. In this 

section I will explain the basic functioning of the Illumina 

platform. All the projects of thesis have been sequenced using 

this technology. The amplified library sequences are loaded 

onto a flow cell. The flow cell contains oligonucleotide 

sequences which are complementary to those found in the 

adapter’s sequences. Library sequences are denaturalised in 

order to hybridise with the complementary sequences found in 

the flow cell. Then, in a process known as cluster generation, 

each now single stranded DNA molecule bonded to its primer 

is amplified creating cluster of up to 1000 clonal copies. The 

clusters are generated through bridge amplification[Figure 

12b]. Once the copies in the cluster are generated, the 

sequence by synthesis (SBS) can start. The SBS is based in 

fluorescence, there are fluorescent counterparts for each 

dNTP (A,C,G,T) with a unique emission spectre. A polymerase 
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will incorporate those dNTPs to the bound template strand 

sequence, and the Illumina machine will record which base has 

been added to the growing strand in each clonal cluster. After 

the incorporation, the reaction is blocked by the same added 

fluorophore, the unincorporated dNTPs are washed, and the 

cycle is started again339[Figure 12c].  

 

 

 

Figure 12. Illumina sequencing process. Library preparation (a), Flow cell 

ligation and cluster generation (b) and fluorophore light emission (c). From 

Mardis 2013340.  
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2.2 Informatic processing  

 

2.2.1 Adapters trimming 

 

2.2.1.1 The FastQ format and Initial Sequences 

Quality Control 

 

After sequencing, hundreds of millions of unprocessed reads 

have been generated. There are a set of steps that those raw 

sequences have to follow in order to be properly analysed. Due 

to the high amount of data generated, we are in the need of 

using computational tools in order to be able to process it.  

 

Raw reads are stored in a specific file format known as FastQ. 

The FastQ is similar to the FASTA format but incorporate data 

regarding base quality. The format is composed by blocks of 4 

lines. The first line in the always starts with the character ‘@’ 

and contains the read ID. The second line is the raw read 

sequence. The third line contains the character ‘+’ and 

optionally the read ID. The fourth line contains as many 

characters as in the second line, those characters represent 

the quality values of the raw read341.  

 

Before starting to process the raw reads, its recommendable 

to take a look in to them in order to check that the data is all 

right. To do this we use FastQC, a software which analyse the 

raw reads and creates a report with the number of sequenced 
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reads, their sequence and base quality, base content, 

sequence length distribution, sequence duplication levels, 

presence of overrepresented sequences and presence of 

sequencing adapters342. This step is critical since it can point 

possible errors occurred during the sequencing, or to get a 

glimpse of the sample’s quality before starting the mapping 

pipeline. 

 

2.2.1.2 Adapter Removal 

 

For the purpose of sequence adapter trimming, FastQ quality 

trimming and paired end merge I have mainly used 

AdapterRemoval2343. This software is an update of the original 

AdapterRemoval, which use the same approximation as the 

later but being more computationally efficient (albeit it also 

introduces some new features).  

 

The main capacities of AdapterRemoval are adapter trimming 

from single end and pair end FastQ reads (both one or more 

adapter sequences simultaneously), demultiplexing single or 

double indexed reads, reconstruction of pair-end reads’ 

adapter sequence in absence of the original sequence, merge 

of overlapping pair end reads, reading and writing of 

interleaved FastQ files, reading and writing compressed files 

in formats ggzip and bgzip2, and capability of multi-threading 

all process for an increased performance. 
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AdapterRemoval uses a variation of the Needleman-Wunsch 

algorithm, an algorithm used to compare and align amino acid 

and DNA sequences344. Briefly describing, this algorithm uses 

a matrix which will compare both DNA sequences and a 

scoring system (value of events of match, mismatch and gap). 

The best alignment/s will be decided based on the final score 

obtained from the matrix after it has been filled. The variant 

used in AdapterRemoval performs ungapped semiglobal 

alignments in order to maths the read’s 3’ end and the adapter 

sequence 5’ end. Additionally, and since the read’s 5’ end is 

often not fully sequenced, the alignments are slightly extended 

allowing for shift towards the read’s 3’ end, avoiding spuriously 

aligned adapters and thus, adapter contamination in the 

resulting sequence. As stated before, AdapterRemoval is able 

of merging pair end reads. The resultant read have a combined 

quality based in the combination of the position qualities in the 

overlapped regions.  

 

As reads tend to have less quality and higher error rates at 5’ 

and 3’ ends, AdapterRemoval is able to trim N from both ends 

(N as a character representing ambiguity) or trim nucleotides 

based on its qualities.  

 

Due to the particularities of aDNA reads, I have used specific 

parameters for AdapterRemoval. First, minimum base quality 

is set to 3, if not the base will be trimmed. Second, N will be 

automatically trimmed. Third, if reads are pair ended, there will 
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be merged using the default minimum overlapping length. Only 

the reads with a final length equal or above 30 bases will be 

kept for the subsequent analysis. This final length threshold is 

necessary to avoid ambiguous mappings of the sequences. 

 

Finally, once the raw reads are processed and cleaned from 

adapter sequences, recommendable to check them again 

using FastQC. Is important to validate that adapters have been 

correctly trimmed, and that still are enough sequences after 

trimming by quality and removing short reads. It is only then 

when we can jump to the following step in the pipeline, 

mapping the reads.  

 

2.2.2 Mapping 

 

2.2.2.1 BWA 

 

For mapping most of the raw sequences during the project 

associated to this thesis, I have used Burrows Wheeler Aligner 

(BWA)345. BWA is a fast mapping software created by Li and 

Durbin which uses the Burrows-Wheeler transform algorithm 

to match a large number of short reads against a reference 

genome, while being able to deal with indels345,346. When 

considering its performance, BWA is more efficient than other 

available mappers, being capable of processing a million of 70 

bp reads in 26 minutes, with a confidence of 90% and error 

rate of 0.12%345.  
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The characteristics of aDNA make not possible to use the 

standard mapping pipelines. As described in passages above, 

aDNA tends to be short and damaged. For this reason, BWA 

is used with slightly modified parameters347,348. The first think 

to consider is the usage of BWA-backtrack instead of BWA-

mem. The reasoning behind this is that mem is designed to 

work with > 70 bp sequences, in which it performs local 

alignments of the read. This feature is advantageous when 

dealing with long reads which could include structural 

variants349. We although have to take in mind that aDNA 

molecules are short, and usually the endogenous content is 

low, so local alignments could lead to a sort of erroneous 

mapping against possible contaminants347.  

 

In the other hand backtrack performs as efficient as mem with 

short reads, but its capable to perform a global alignment of 

the read against the reference. To do this we have to disable 

the parameter seeding (flag -l)347. The seed is the length of a 

read’s subset which the mapper will use to carry out the first 

steps of the alignment, and from which will expand the 

alignment. By assigning a value larger than the length of the 

read, we are forcing the software to use the whole read to find 

the best match to start the alignment from, thus correcting for 

erroneous matches induced by contamination. The default 

value is 32. Using an arbitrarily long length it is enough to 

disable it given reads are short (for example -l 1024). 
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Another parameter to take in to account it is the edit distance 

(flag -n). The edit distance is a metric which reflects the degree 

of similarity between to sequences. In the context of aDNA 

mapping, the misincorporation of A and T nucleotides at the 

reads’ ends due to post-mortem damage, increases the edit 

distance between the sequenced reads and the reference. If 

not relaxed, sequences will not properly map. We can assign 

two different types of values to this parameter. If we use an 

integer, it will represent the maximum edit distance between 

the sequence (i.e. 3). If instead we use a float, it will represent 

the fraction of missing alignment given a un uniform base error 

ratio of 2%. The ventage of using the float is that it will change 

the maximum edit distance depending on the read’s length. 

The default used by BWA is 0.04. The lower this value is, the 

higher both the maximum edit distance and the number of 

aligned sequences will be. In the other hand, contaminant 

sequences could spuriously map when the value is too low347. 

For most of the analysis carried through the thesis I have used 

an edit distance value of 0.01. 

 

The last parameter which is worth to mention when facing 

aDNA sequences is the gap open penalty (flag -o). The default 

value is 3. Lowering the gap open penalty allow for more 

recovered sequences. The value used for most of the analysis 

the value used was 2. 
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Using all this parameter with their modified values, we 

conclude the first part of BWA’s backtrack algorithm, aln. From 

here we obtain genomic coordinates of the reads, which we will 

properly align using samse or sampe (for single or pared end 

read respectively). In this last step we will use the BWA default 

values. This will result in a mapped genome in SAM format. 

 

As a brief resume of this segment, the characteristics 

properties of aDNA make it necessary for modified pipelines in 

order to be able to properly recover its reads. aDNA damage 

is the issue we have to deal with, since it increases the distance 

between the sample and the reference genome. Other 

particularities of aDNA such as contamination are not usually 

dealt with when mapping, but downstream the pipeline. Finally, 

it is of importance to mention that despite reads are mapped, 

we still have to filter the mapped reads in order to retrieve only 

high-quality unique sequences. 

 

2.2.2.2 Sequence Alignment Map format  

 

Sequence alignment map (SAM) is the format in which 

sequences aligned against a reference genome are stored. 

SAM files are TAB-delimited text files composed of 2 different 

parts350. In this section I am going briefly explain its structure 

and the software used to edit it.  
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The first part of a SAM file is the header and its optional. Each 

of its lines start with the symbol ‘@’ followed by two-character 

tag and code (i.e., @HD:VN). The main required elements in 

the file’s header are: 

 

- [@HD:VN] The version of SAM. 

- [@SQ:SN] The name of the reference genome file 

used. 

- [@SQ:LN] The length of the reference genome 

used. 

- [@RG:ID] The read group ID. Can be more than one. 

It will appear in each read record. 

- [@PG:ID] The programme group ID. Can be more 

than one. It will appear in each read record. 

 

The second part of the SAM file is the alignment section. The 

lines are TAB-delimited and contain at least 11 obligatory 

fields. These fields are in the order the appear: 

 

- QNAME: Is the query template name. It is a string 

which are sort of an “ID” of the read we are 

processing. Depending on the software used to 

create the reads, or the source of the repository from 

they proceed, they could present different 

structures. 



54 
 

- FLAG: It is a numerical value composed of bitwise 

FLAGs. It can describe multiple characteristics of the 

read (i.e., if it is an optical duplicate or if tis mapped). 

- RNAME: It is the name of the alignment’s reference 

sequence. An example of this could be the name of 

a chromosome find in the human reference genome 

; chrX. 

- POS: It is a 1-based number. This number is the 

reference genome position in which the left-most 

(first base) of the read is mapped.   

- MAPQ: It is the mapping quality. Is logarithmic value 

which indicates the probability of an erroneous 

mapping position. 

- CIGAR: The CIGAR string is a composite of numeric 

positions and characters. Each character represents 

possible events that can happen when the read is 

aligned to the reference genome, for example 

deletions (D) or mismatches (X).  

- RNEXT: Is the RNAME where the mate read is 

aligned. (Only relevant when mapping paired end 

reads). 

- PNEXT: Is the POS where the mate read is aligned. 

(Only relevant when mapping paired end reads). 

- TLEN: Is the distance between paired end reads. It 

can be calculated as [end of the first mate] – [start of 

the second mate] + 1.  

- SEQ: It is the nucleotide sequence of the read.  
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- QUAL: Is the same ASCII base quality found in the 

FastQ plus 33. 

 

Since SAM files are heavy due to all the data they contain, they 

are usually compress in a bgzip file known as BAM. Those 

BAM files must be accompanied by an index file (BAI) in order 

to speed up the process of specific coordinate/region data 

retrieval. 

 

To finalise is important to remark that SAM/BAM files can 

contain multiple other fields or tags in both header and 

alignment parts. Additionally, there are restrictions in 

characters, specifications in certain flag values and other 

characteristics which are not explain above. Again, since 

SAM/BAM files are computationally speaking heavy (up to 

hundreds of Gigabytes), is nor feasible nor advisable to edit 

the files manually (or using custom made scripts). Is not 

common then to deal with most of those not mentioned flags 

and restrictions. Instead, we use specialised software to filter 

BAM files and edit them.  

 

2.2.2.3 BAM processing and filtering 

 

As described in the last segment, is not advisable to work by 

ourselves with SAM/BAM files. In order to filter the mapped 

reads, we use mainly two software platforms, SAMtools and 

picard350,351. 



56 
 

 

 SAMtools is a set of utilities used to handle SAM or BAM files. 

Picard is another set of tools to manage SAM/BAM files, but it 

can also use to manipulate other type of files such as VCF. In 

the basic aDNA mapping pipeline we use both. SAMtools is 

used to compress data and filter it by mapping quality. Picard 

is used to replace ID groups and remove PCR or optic 

duplicated reads. 

 

With SAMtools we compress the SAM files outputted by BWA 

into a BAM file using the tool view (view -Sbh, indicating that 

the input is a SAM and the output BAM). The ventage is that 

once the BAM is created, is not necessary to decompress it. 

When the BAM is created, we then use picard in order to 

replace the @RG:ID and @PG:ID, a step necessary because 

different ID can alter the way BAM files are merged and 

ultimately, the final results. After this if there is more than 

unfiltered BAM file for sample/individual we merge them. The 

final process would be to extract map reads with SAMtools, 

remove duplicated reads using picard and extracting q30 reads 

again with SAMtools. 

It is important to note that by default, BWA output both mapped 

and unmapped reads. At the end, only mapped reads will be 

present in the final BAMs, but unmapped reads can also be 

stored and used for other type of analysis. 
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With this, we finalised the standard mapping pipeline I have 

used during my thesis. The following segments will explain the 

different set of tools used to determine the quality, aDNA 

damage, contamination, and variant calling of a final BAM file. 

 

2.2.3 Post Mapping processing 

 

2.2.3.1 Coverage  

 

A useful statistic which sometimes can hint us the overall 

quality of a sample is its average coverage (a.k.a. coverage, 

depth, depth of coverage or average depth of coverage). By 

definition, the coverage is the number of times a position of the 

reference is overlapped by one or more mapped reads. By 

averaging each position’s coverage in the genome, we obtain 

the average depth of coverage. Is necessary to remark that the 

average coverage not always is a good indicator of the 

sample’s quality nor authenticity. For example, contaminant 

sequences can be susceptible to be mapped against 

conserved regions (in a case like this we should expect a small 

number of regions with exceedingly high coverages, while the 

majority of the reference genome is not covered). A value 

which can complement the coverage is the reference 

recovered fraction, which is the percentage of the reference 

genome positions which are covered by at least one read.  

Given this, from a 1 average coverage sample (1X) we could 

expect to have 100% of the reference recovered but is not 
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typical. In principle there are 2 factors which can alter the 

reference recovered fraction. The first is the mappability of the 

reference genome and the second is the reads we are mapping 

by themselves.  

 

The mappability is the fraction of the genome which can be 

mapped against using reads of a specific length. It is almost 

never a 100% because of the presence of low complexity 

regions or the presence of copy number elements. In those 

regions, reads will not properly map, hence reducing the 

mappability. 

 

The other factor which affects to the coverage is the quality of 

the sample’s reads. For example, a highly degraded or old 

sample will present less reads in comparison to a better and 

younger sample. The genetic distance between the reference 

genome and the sample; despite the sample could have a high 

depth if mapped against a genome of its specie, when mapped 

against a closely related specie, only conserved regions will 

map but at a high depth. The last scenario that can be faced is 

the presence of copy number variant in our sample; the 

deletion of a region could lead to less coverage than expected.  

To ascertain if the reference recovered fraction of a sample 

adjusted the expected, we assume a random distribution 

matching the actual coverage if the sample is authentic, given 

the presence of r reads of length l using the following formula:   
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𝑐 = 1 − ∏(1 −
𝑙𝑖

𝑔

𝑁

𝑖=1

)𝑟𝑖 

 

in which N are the different l1 to lN, read lengths with counts r1 

to rN. This value must be corrected by multiplying c for the 

mappability of the reference genome, otherwise the actual 

coverage could not match the expected 29. 

 

To obtain the average depth of coverage and the recovered 

fraction of the genome I have used Qualimap2352. Qualimap2 

is a computationally efficient set of tools used for the quality 

control of high-throughput sequencing data. For the quality 

control of the filtered BAMs obtained during the mapping 

pipeline, we use bamqc option. This will output a file with 

different graphs values, including the depth and fraction 

recovered, but also GC content, base read composition, 

coverage distribution, presence of duplicates, among others. 

Other software such as GATK, SAMtools or bedtools can be 

used to calculate the average depth of coverage353,354. 

 

2.2.3.2 Post-Mortem Damage Detection 

 

As explained in a previous segment, DNA damage is 

characteristic, specially misincorporations of C to T in 5’ end 

(whit the complementary substitution G to A in 3’). The 

detection of aDNA damage is crucial to assess the authenticity 

of a sample, but also to value the approximation to deal with 
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degree of damage. During the fulfilment of this thesis, I have 

mainly used two software to characterise aDAN damage 

patterns, PMDtools and mapDamage2.0. 

 

2.2.3.2.1 PMDtools 

 

Starting with PMDtools, is a set of different utilities for aDNA 

published by Skoglund and colleagues for both aDNA damage 

characterisation and read filtering355. The basis can be 

described as following: 

 

PMDtools considers a scenario with 3 non mutually exclusive 

events which explain a substitution of C to T. First an actual 

biological polymorphism occurring at a rate π (assumed to be 

0.001); second a sequencing error occurring at a rate ε (which 

depends on the read quality, ε = 1/3 × 10−Q/10 ); and third event, 

which is the degradation of DNA occurring at a rate 𝐷𝑧  (this 

value is obtained from empirical observations). The 

combination of the different possibilities under a model of PMD 

(MPMD) results in the following formula: 

 

 𝑃(𝑀𝑎𝑡𝑐ℎ|𝑧) = (1 −  𝜋) ·  (1 −  𝜀) ·  (1 − 𝐷𝑧) + (1 −  𝜋) ·  𝜀 ·

 𝐷𝑧 +  𝜋 ·  𝜀 ·  (1 − 𝐷𝑧)  

 

While under a model of no PMD (MNULL, 𝐷𝑧= 0 for all distances 

z), then the probability of a mismatch C to T for any particular 

site is : 
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𝑃(𝑀𝑖𝑠𝑚𝑎𝑡𝑐ℎ|𝑧) = 1 −  𝑃(𝑀𝑎𝑡𝑐ℎ|𝑧) 

 

An approximation to the value of 𝐷𝑧 is: 

 

𝐷𝑧 = (1 − 𝑝)𝑧−1 ·  𝑃 + 𝐶 

 

Where z is the distance to the read end terminus; and P is 

assumed to be 0.3 and C 0.01 for several thousand-year-old 

samples. For older, more damaged samples the value of P is 

increased, and the following approximation is used (in which X 

is 0 when Si is a Mismatch or X is 1 when Si is a Match):  

 

(𝐿(𝑀𝑃𝑀𝐷|𝑆𝑖) = 𝑋 ·  𝑃(𝑆𝑖 = 𝑀𝑎𝑡𝑐ℎ|𝑀𝑃𝑀𝐷) + (1 − 𝑋)

·  𝑃(𝑆𝑖 = 𝑀𝑖𝑠𝑚𝑎𝑡𝑐ℎ|𝑀𝑃𝑀𝐷)  

 

To finally assess if the read alignment originated under a PMD 

model, the natural logarithm is used:  

 

𝑃𝑀𝐷𝑆 = log ( 
∏ (𝑀𝑃𝑀𝐷|𝑆𝑖)

𝑙
𝑖

∏ (𝑀𝑁𝑈𝐿𝐿|𝑆𝑖)
𝑙
𝑖

) 

 

Were l being the positions in the read S. Higher values of the 

PMD score (PMD) indicates a more damaged, and putatively, 

older read.  
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Given this information, PMDtools is capable of calculate the 

PMD score of all reads present in a BAM file. PMD score 

distribution is characteristic of the age of the sample and its 

level of contamination. PMDtools can be used to filter 

contaminants based in a threshold PMD score. Additionally, 

PMDtools can display the frequency of missincorporated 

bases at the read’s ends [.  

 

 

Figure 13. Example of the damage patterns of a historical P. falciparum 

strain estimated using PMDtools. On the top are the frequency of  base 

misincorporation at the ends of the reads (5’ end left and 3’ end right), x 

axis describes the position in relation to the end. On the bottom there is the 

reads’ PMD score distribution. The data was visualised using R base356. 
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2.2.3.2.2 mapDamage2.0 

 

mapDamage2.0 is a tool published by Jónsson and 

colleagues357. The software is an improvement of a previous 

version, mapDamage, adding a Bayesian framework358. It 

relies in the aDNA damage model described by Briggs and 

colleagues and assume that actual biological mutations and 

aDNA damage mismatches are independent. Given this 

assumption, aDNA damage occurrence depends only on the 

distance to the reads’ ends. 

 

mapDamage2.0 mutates bases using a Hasegawa, Kishino 

and Yano (HKY) transition matrix and then, independently, it 

adds aDNA damage on top of those mutated bases. The 

authors used a series multinomial distribution to describe the 

position specific substitution for any given base (SA,i, , SC,i, , SG,i 

and ST,i). 

 

𝑆𝐴,𝑖 ~ 𝑀𝑢𝑙(𝐷𝑎, (1,0,0,0) · 𝛩(µ, 𝑝) · 𝑃𝑑𝑎𝑚(𝛿𝑑, 𝛿𝑠, 𝜆, 𝑣, 𝑖)) 

 

Θ is the HKY matrix, and Pdam is the DNA damage transition 

matrix, assuming that cytosine deamination is the main cause 

of nucleotide miss incorporation in aDNA post-mortem 

damage. Pdam can then be described as:  
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𝑃𝑑𝑎𝑚 =  (

1 0
0 (1 − 𝑝𝑐𝑡)

       
0    0
0     𝑝𝑐𝑡

  𝑝𝑔𝑎  0     

0 0     

(1 − 𝑝𝑔𝑎) 0

0 1

)  

 

And the specific damage probabilities C to T and G to A are: 

 

𝑝𝑐𝑡(𝛿𝑑, 𝛿𝑠, 𝜆, 𝑣, 𝑖) = 𝑣𝑖(𝜆𝑖𝛿𝑠 +  𝛿𝑑(1 − 𝜆𝑖)) 

𝑝𝑔𝑎(𝛿𝑑, 𝛿𝑠, 𝜆, 𝑣, 𝑖) = (1 − 𝑣𝑖)(𝜆𝑖𝛿𝑠 +  𝛿𝑑(1 − 𝜆𝑖)) 

 

The substitutions C to T and G to A are assumed to be caused 

by actual biological mutations or by aDNA damage derived 

misincorporations. The probability that one of those changes 

to be caused by aDNA damage misincorporation at position i 

in the read is: 

 

𝑃𝑑𝑎𝑚(𝑖) =  
𝛩𝑐,𝑐 ·  𝑝𝑐𝑡(𝑖)

𝛩𝑐,𝑐 ·  𝑝𝑐𝑡(𝑖) ·  𝛩𝑐,𝑡
  

 

Finally, a correction based on base quality scores can be 

added. Base quality scores are extracted from the BAM files 

for each position i in each read r.  

 

𝑃′
𝑒𝑟𝑟(𝑖, 𝑟) = 1 − (1 − 𝑃𝑝𝑒𝑟𝑟(𝑖, 𝑟)) · (1 − 𝑃𝑑𝑎𝑚(𝑖)) 

 

mapDamage2.0 needs the reference genome used to map the 

sample, and the BAM file. Contrary to PMDtools, mapDamage 

generate a series of plain text output and plot files, providing of 



65 
 

a graphical interpretation of the results, and specifically of the 

frequency of C to T and G to A misincorporation at reads’ ends 

[Figure 14]. 

 

 

Figure 14. Example of the damage patterns of the same historical P. 

falciparum estimated using MapDamage2. The frequency of 

misincorporations is represented for the 5’ end (left) and the 3’ end (right). 

The x axis describes the position starting from the read’s end, so 1 would 

be the last base. This is the default plot generated by MapDamage2. 

 

2.2.3.3 Genetic Sex Determination 

 

When working with human remains, one of the first things to 

look at after mapping is the chromosomal sex. Identifying the 

genetic sex can be useful when the anthropometric 

measurements are not concluding, and additionally, can 

evidence the presence of contaminant sequences.  

 

During my thesis, I have used the approximation published by 

Skoglund and colleagues359. In it, is assumed that an individual 

is female when the presence of the Y chromosome cannot be 

determined, and male when the opposite is true. 
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Following this approach, sex assignment is performed by 

calculating the proportion of reads mapped against the Y 

chromosome (ny) against the total reads mapped against both 

sex chromosomes (nx + ny). This can be expressed as: 

 

𝑅𝑦 =
𝑛𝑦

(𝑛𝑥+𝑛𝑦)
 

 

and adding a 95% confidence interval: 

 

𝑅𝑦 ± (1.96 · 𝑅𝑦 ·  
(1 − 𝑅𝑦)

(𝑛𝑥+𝑛𝑦)
) 

 

Individuals are considerate female when its 𝑅𝑦 upper CI 

boundary value is below 0.016. In the contrary, the sample is 

considered male when its 𝑅𝑦 lower CI boundary value is above 

0.075. Those values were obtained from empirical 

observations. 

 

2.2.3.4 Contamination 

 

As explained in aDNA characteristics paragraph, modern DNA 

contamination is serious problem with working with aDNA. The 

problem gets exacerbated when dealing with human samples, 

since modern contaminants can alter. Is for this reason that a 

series of tools and strategies have been developed in order to 

detect, and to certain degree overcome, the presence of 
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modern contaminant sequences. In this regard, PMDtools, 

although not specifically created to detect contamination, can 

be used to purge modern DNA sequences based on their PMD 

score. 

 

2.2.3.4.1 Mitochondrial Contamination 

 

Mitochondrial DNA is a valuable resource in population 

genetics, since is inherited via maternal line. It is also 

remarkable its abundance, multiple copies of the mitochondrial 

genome are present in a single cell. Having this in mind, mDNA 

is an informative and relatively abundant source of genetic 

material in ancient samples. In the other hand, those same 

characteristics make it very easy for an investigator to 

contaminate the sample with their own mitochondrial DNA.  

 

A very simple procedure to get an approximate range of 

contamination in a sample is to observe the ratio of discordant 

positions associated to a mitochondrial haplogroup. A 

mitochondrial haplogroup is a combination of determinate 

variants in specific positions. Those variants can be shared by 

two different haplogroups, but usually they are exclusive to 

them. By counting the number of reads that support a 

determinate allele in haplogroup defining position, for each 

position found in the haplogroup, we can get an estimate of 

contaminant mitochondrial haplogroups. This approximation is 

far from perfect. aDNA post-mortem damage can be 
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interpreted as real variations, especially when the depth of 

coverage of the sample is not high. In those extreme situations, 

interpretation of the genomic context of the variant using a 

genome browser could be needed. 

 

A more sophisticated approach I have used during this thesis 

is the one applied by schmutzi360. This software relies in the 

identification of contaminant sequences by the presence of 

deamination patterns, read length distribution and SNPs. 

Schmutzi first creates an estimate of contamination based on 

the proportion of reads which present deamination in the n las 

bases of the reads (this parameter can be modified). This alone 

can provide us of vital information regarding the amount of 

contaminant sequence. From here we can take a step further 

by the iterative assembler feature of schmutzi. The programme 

will then compare the sequences against a human 

mitochondrial database, which contains both modern and 

archaic variability. With this, it will create consensus 

sequences of the endogenous genome and the contaminants. 

The disadvantages of this software are that since it relies in 

finding deamination along the read’s ends, if the analysed 

sample is fairly recent and/or well preserved, the detection of 

a modern contaminant could be hindered. Furthermore, for an 

optimal detection of contaminants it needs a quantity of 

mapped reads not feasible for aDNA studies.  
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2.2.3.4.2 Nuclear Contamination 

 

Although the data provided by the mitochondrial genome could 

be useful when performing certain ancestry analysis, the fact 

that it is a uniparental decrease its relevance in other types of 

population genetic analysis. Added to this, since the number of 

mitochondrial genome copies is not correlated to the nuclear 

genome, the presence of contaminants in mDNA could not be 

representative of the whole sample. As mentioned before, if 

there is the suspicion of contamination, we can simply use 

PMD tools to get rid of the lowest PMD score reads. 

 

In the other hand, there are other methods to deal with 

contaminant sequences in the nuclear genome. The method I 

use for most of the analysis (when possible) is ANGSD361. 

ANGSD calculates the heterozygosity levels at the X 

chromosome to test the presence of contaminant sequence. 

The X chromosome is only haploid in males, so we can only 

use ANGSD in those individuals when their genetic sex is XY. 

To do this we first perform a recount of the allele frequencies 

in a X chromosome 100kb window using ANGSD. Then we 

compare those calling against the HapMap database, which 

contains global allele frequency estimates. If the positions’ 

frequencies deviate from those global frequencies, it is an 

indication of contaminant presence, and the estimates will be 

calculated. Again, as it happens with schmutzi, ANGSD could 

not perform well if there is not enough data available. 
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2.2.4 Variant Calling 

 

Variant calling is the process in which variant positions are 

identified in mapped genomes. They involved some sort of 

software which compares a mapped genome in BAM format 

against the reference genome. When working with aDNA, we 

are usually limited to call SNP, with exceptions when the 

samples’ quality is high. Here I am going to describe the 

different approximation I have followed depending on the 

sample characteristics.  

 

2.2.4.1 Pseudo-haploid calls 

 

The process of pseudo-haploid is usually used when a sample 

coverage is low. In this case SNPs are called by randomly 

choosing a read for the interrogated position. The selected 

read will be the representative of a haploid genotype, hence 

the name of pseudo-haploid calling. This approximation is 

effective to correct for the biased induced by aDNA damage or 

reference bias. To obtain the list of positions to call we can use 

a SNP reference panel. For humans, I have mostly used the 

Human Origins panel since it contains both informative SNPs 

and modern and ancient human genotypes28,362. When 

working with other species I create a custom curated reference 

panel using published high-quality genomes called using 

GATK (see the following section). 

 



71 
 

The process to generate the pseudo-haploid genotypes is 

rather simple. First, we generate a pileup from BAM. A pileup 

is a tab-delimited format which contains a line for every position 

found in the reference genome350. The file is comprised by at 

least 6 columns; the first column corresponds to the 

chromosome, the second the position, the third the reference 

base, the fourth the number of reads covering the position, the 

fifth what bases have the reads for the particular position, the 

sixth these bases qualities. It can contain additional fields. To 

create this pileup, we have to ignore Read Group tags in the 

BAM file (-R), disable the alignment quality computation (-B), 

supply a set of positions to call (-l followed by the file) and 

supply the reference genome used to map the sample (-f 

followed by the file). Once the pileup is created, we use the 

software pileupCaller to generate the genotypes363. It is 

important to use the random calling mode (-m RandomCalling) 

and to use the reference SNP panel, so the software can 

distinguish which alleles are ancestral or derivate (-f followed 

by the file).  

 

With this process a genotype file for each individual is created. 

The resultant genotypes only have to be merged with the 

desired dataset and are ready to be used in population genetic 

analyses.  
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2.2.4.2 GATK  

 

This approach is the one I take when the sample has enough 

coverage. The genome analysis toolkit (GATK) is a set of 

different utilities to identify SNP and indel in genomic 

data353,364. GATK has numerous utilities, but I will mainly focus 

on the variant calling functionality. UnifiedGenotyper is a 

deprecated calling algorithm used by GATK, which call 

genotypes using a per-base method365. In contrast, the 

recommended HaplotypeCaller (is the only one available from 

the 2 in GATK version 4 or higher) call variants by creating a 

local de-novo assembly of the region of interest366. There is a 

problem, HaplotypeCaller is designed for high-quality datasets, 

and from personal experience, it can generate spurious calls 

when trying to realign aDNA substitutions.  

 

Taking now a look in how UnifiedGenotyper works, it uses a 

Bayesian algorithm which can both genotype and calculate 

allele probabilities. Allele probabilities (AA,AB,BB) are 

estimated for the A reference allele and the B alternative allele 

in N individuals. It takes in account the aligned bases at a 

specific position (𝐷𝑖) in an individual (i), where the genotype 

likelihood (𝐺𝑇𝑖) of observing the 𝐷𝑖 bases for the genotypes 

AA,AB and BB given this equation: 

 

Pr{𝐷𝑖|𝐺𝑇𝑖} = ∏ 𝑃𝑟

𝑗

{𝐷𝑖,𝑗|𝐺𝑇𝑖} 
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Pr{𝐷𝑖|𝐺𝑇𝑖 = 𝐴𝐵} = 
(Pr{𝐷𝑖,𝑗| 𝐴} + Pr{𝐷𝑖,𝑗| 𝐵})

2
 

 

𝑃𝑟{𝐷𝑖,𝑗 | 𝐵} = {
1 − 𝜀𝑖,𝑗

𝜀𝑖,𝑗 · Pr{𝐵 𝑖𝑠 𝑡𝑟𝑢𝑒 | 𝐷𝑖,𝑗 𝑖𝑠 𝑚𝑖𝑠𝑐𝑎𝑙𝑙𝑒𝑑}
} 𝐷𝑖,𝑗

= 𝐵, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 

 

where Pr{𝐷𝑖|𝐷𝑖,𝑗} is the probability of observing a base (𝐷𝑖,𝑗) 

under a hypothetical genotype (𝐺𝑇𝑖), 𝑃𝑟{𝐷𝑖,𝑗 | 𝐵} and 

𝑃𝑟{𝐷𝑖,𝑗 | 𝐴} are the probabilities of observing a base (𝐷𝑖,𝑗) given 

that the actual present base is A or B (respectively), 𝜀𝑖,𝑗 is the 

probability of a miscalled base given the quality score of the 

base (𝐷𝑖,𝑗) and Pr{𝐵 𝑖𝑠 𝑡𝑟𝑢𝑒 | 𝐷𝑖,𝑗 𝑖𝑠 𝑚𝑖𝑠𝑐𝑎𝑙𝑙𝑒𝑑} is the probability 

of B is true being the true base given that b is a miscall.  

 

To generate a call considering different individuals at the same 

time other assumptions have to be made. Being qi = {0,1,2} the 

number of alternate B alleles which are carried by the individual 

i. Then, 𝑞 = ∑ 𝑞𝑁
𝑖 𝑖

 is the number of chromosomes carrying the 

B allele among all individuals N. Given this: 

 

Pr{𝑞 = 𝑋} = 
(Pr{𝑞 = 𝑋|} Pr{𝐷| 𝑞 = 𝑋})

∑ Pr{𝐷| 𝑞 = 𝛾}𝛾
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Pr{𝑞 = 𝑋} = {

𝜃/𝑋

1 −  𝜃 ∑ 1/𝑖
2𝑁

𝑖=1

}  𝑋 > 0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 

 

Pr{D|𝑞 = 𝑋} = ∑ Pr{𝐷𝑖|𝐺𝑇𝑖}

𝐺𝑇∈𝛤

 

 

𝛤 = {𝐺𝑇 where ∑ 𝑞𝑖
𝑖

= 𝑋} 

 

Here 𝛤 is the set of all genotype’s callings for all N individuals which 

have q = X B alleles, Pr{𝑞 = 𝑋} is the expectation to observe X 

alternative alleles in all individuals’ chromosomes(2N) given a 

determined heterozygosity (𝜃), 𝐺𝑇𝑖 is the genotype for a 

determined individual i and 𝐷𝑖 is the analysed reads for that 

same individual. 

 

Finally, to compute the probability of a variant segregating at a 

site at some frequency it used the following formula: 

 

𝑄𝑈𝐴𝐿 = −10 · 𝑙𝑜𝑔10[𝑃𝑟{𝑞 = 0|𝐷}]  

 

The final output of all this process is a Variant Calling Format 

(VCF) file containing variant positions, which carry information 

of the callings for each position in the analysed data (see the 

following section). To use GATK UnifiedGenotyper is 

necessary a BAM file as input and the reference genome used 

to create this BAM file. There are a multitude of optional 
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parameters, of which worth mentioning are to emit all confident 

sites (independently that the position has the reference or 

derivate allele), the option to use a reference panel for the 

callings, or the option to only output a list of selected positions 

(this can save a considerable amount of time when the data is 

intended to be merged with an already created dataset). 

 

2.2.4.3 The Variant Calling Format 

 

The VCF file is a tab-delimited that, as stated by its 

documentation, is composed by 3 differentiated sections367. 

The metainformation, followed by the header, and after that, 

the lines with information for a position in the genome 

(genotype being included in it). As I have stated before in this 

thesis, genomic data files are usually impracticably large, and 

as previously mentioned, is not advisable to edit the files 

manually. Is for this reason that is important to know what is in 

each part. 

 

The first part of a VCF file is comprised by the meta-information 

lines (preceded by the characters ‘##’). Just to describe them 

(since they are not mandatory), the different possible types of 

lines are the file format, information field format, filter field 

format, individual field format, alternative allele field format, 

assembly field format, Contig field format, Sample field format 

and Pedigree field format. 
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The second part, this time mandatory, is the header. The 

header is preceded by a single ‘#’ character. It contains 8 fields 

plus as additional fields as different samples are present in the 

VCF. The fields are: 

 

- #CHROM: Name of the chromosome. 

- POS: Position relative to the chromosome. 

- ID: ID of the variant found. If exists, is recommended 

to use the dbSNP rs number for the variant. 

- REF: Allele found in the reference. Must be A,C,G,T 

or N. Multiple bases are allowed, separated by a 

coma. 

- ALT: Alternative allele. Must be A,C,G,T,N or *. . 

Multiple bases are allowed, separated by a coma. * 

indicates an upstream deletion. In case that the 

alternative allele is the same as the reference, the 

missing data character must be used. 

- QUAL: Phred score of the alternative calling (see 

GATK section). 

- FILTER: Filter status of the position. If all determined 

filters are passed, the PASS tag will appear. In case 

that no filters are applied, the missing data character 

must be used. 

- INFO: List of additional information tags. Certain 

subfields might be reserved. Subfields are 

separated by a colon. 

 



77 
 

Last, and technically not mandatory, is the Genotype field. 

There is an additional Genotype field for each individual 

present in the VCF. The main subfields (present in the INFO 

field, separated by colon) are: 

 

- GT: The genotype, which encode for the allele 

values found at this position (0 for reference allele, 1 

for alternative allele, and 2 for a second alternative 

allele if present). The values are separated by the 

characters ‘/’ (for diploid calling) and ‘|’ (phased 

date). For example, 0/0 will be a homozygote for the 

reference allele, 0/1 a heterozygote, and 1/1 a 

homozygote for the alternative allele. If the call is not 

available, the missing data character must be used. 

- AD: Allele depth, which is the number of reads which 

support each one of the alleles. Values are 

separated by a coma. 

- DP: Depth of coverage. The number of positions 

which support the position.  

- GQ: Genotype quality, present only in variant sites. 

Is the phred quality score indicating the probability of 

an erroneous call. 

- PL: Phred-scaled genotype likelihoods rounded to 

the closest integer.  

 

After the header, there are as many lines as genomic positions 

in the VCF. The data lines contain the information for each of 
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the aforementioned fields. Missing data in one of the fields is 

represented with the character ‘.’).  

 

To finalise, I usually convert VCF files into PLINK format 

genotype files. In the process information contained in the 

QUAL, FILTER and INFO field is lost. From the genotype field, 

only the GT subfield information is conserved. This format is 

the default input format for certain population genetic analysis 

software.  

 

2.2.4.4 The PLINK genotype formats 

 

PLINK is a command line-based toolset used for genome 

association analysis. It can perform a set analysis, from filtering 

variants or introducing thresholds to more complex analyses 

such as imputation368. PLINK is able to use VCF as input, or 

generate them as output, but as described previously, 

information is lost in the process. The two PLINK basic file 

formats are the plain genotype files (ped and map) and the 

plink binary files (bed, bim and fam). 

 

The plain genotype files are ped and map. Ped files are tab 

delimed files containing the genotypes of one or more 

individuals. The first 6 fields are in that order the family ID, the 

Individual ID, the paternal ID, the maternal ID, the genomic sex 

(1 male, 2 female and any other value unknown) and the 

phenotype. The following fields correspond to the alleles for 
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each variant, there are 2 fields for each one (the total number 

of fields is 6 + 2n, where n is the number of variants). Alleles 

can be encoded in bases (A,C,G,T) or in numbers (1,2,3,4). 

The corresponding map file is also tab delimed, it contains the 

variant marker information. The fields are, in that order, the 

chromosome ID, the rs or SNP ID, the genetic distance in 

Morgans, and the genomic position in base pairs. 

The binary files are the bed (not to be confused with .bed 

coordinate files), bim and fam. They are all tab delimited files, 

except for bed which is binary. The fam contains the first 6 

column found in a normal ped file. The bim contains the same 

4 fields of a map file plus 2 extra fields, the first the reference 

allele for that variant and last the alternative allele. Managing 

binary files is noticeable faster that plain files (binary files are 

processed in seconds). Furthermore, some of the options are 

only allowed to use binary format. 

 

2.2.4.5 VCF and PLINK files manipulation  

 

Similar to the case of BAM files, is not advisable to manually 

edit VCF files. VCF manipulation is common, for example for 

removing low depth positions, selecting a list of positions found 

in a dataset, merging different VCFs, remove indels, filter by 

MAF or MAC (Minor Allele Frequency/Count), performing 

statistics, among others. There are a set of tools to edit VCFs, 

of which I have mainly used vcftools and bcftools367,369,370. The 

two software are similar, but bcftools is noticeable faster. Both 
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accept VCF and its bgzip compressed variants. Is 

recommendable to index bgzip VCF files using tabix371. In a 

similar manner, PLINK can be used to filter variants, in both 

PLINK file format or VCF.  

 

2.2.4.6 Imputation 

 

As we have been seeing, lack of high-quality data is a constant 

when working with aDNA. In the context of variant-calling and 

genotyping, this translates in a high proportion of positions not 

covered or called. A process which can compensate for the 

lack of data is imputation. Imputation is a process of statistical 

inference from which, with the usage of a phased genotype 

reference panel, missing data in a sample is deduced. The 

basis behind imputation is that SNPs are associated in 

haplotypes, so if all but one of the haplotype’s SNPs are 

present in the sample, that missing SNP is likely to be also 

present. Linkage disequilibrium (LD) also has to be considered 

when generating the genotype likelihoods.  

 

To fulfil this, I have used the software Beagle372. The 

programme, created by Browning and Browning, is designed 

to infer haplotypes, impute genotype data and perform genetic 

association studies. The input for Beagle is the VCF file we 

want to be imputed. It also needs a phased reference panel (in 

example, for humans the 1000 Genomes dataset or the Human 

Origins Dataset18,28,362) and a genomic recombination map. 
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This will generate a new VCF with the genotype likelihoods for 

the analysed sample.  

 

It is important to bear in mind that imputation is a 

computationally costly process, more if a large (both in SNP 

number and/or samples number) reference panel is used. 

Additionally, imputation has it limits when a sample has too 

much missing data. In the case human samples used for 

population genetic analysis, it has been determined that below 

0.8X depth of coverage, the imputed genotypes have no better 

resolution that the ones generated using pseudo-haploid 

callings373. 

 

2.2.5 Uniparental markers analysis  

 

For the most part, I have worked only with human 

mitochondrial DNA. Human mitochondrial haplogroups are 

characteristic of specific geographical regions, and thus, are 

valuable to know the origin or affinities of a sample. As seen in 

the contamination section, they also allow to detect possible 

sources of modern DNA contamination.  

 

To infer those haplogroups first we have to perform a variant 

calling using GATK UnifiedGenotyper365. The subsequent VCF 

is then uploaded the HaploGrep2 web service374. Haplogrep2 

classify the haplogroups using pre-calculated phylogenetic 

weights for each variant. Those values are based in the 
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occurrence per position in the Phylotree database375, and it 

also takes in to account the mutational stability of the variant. 

All the process is performed remotely in the web server and 

outputted in mere seconds. All of this will generate a report in 

which are specified (for each sample) the top ranked 

haplogroups, the quality score for the assignation, the 

haplogroup’s polymorphism found in the sample, the 

polymorphism not found, and the presence of not described 

variants. Another approximation to generate a valid input for 

HaploGrep2 is to use the FASTA files generated by schmutzi 

(section 2.2.3.4.1), being able to analyse both endogenous 

and contaminant DNA.  

 

Finally, in certain extreme cases where there is low amount of 

data, I have used a genome browser and the Phylotree 

database to manually annotate the mitochondrial haplogroup. 

This is advisable in those cases since it allows to get a view in 

the context of each SNP found in the sample, and to discard 

SNPs possibly caused due to aDNA damage. 

 

2.2.6 Population Genetics analysis 

 

2.2.6.1 Principal Component Analysis 

 

One of the standard analysis to detect genetic structure in a 

population is the Principal Component Analysis (PCA)376,377. 
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The PCA is a statistical method which is used to reduce the 

dimensions of large variant datasets to a few main principal 

components, which explain most of the diversity in the sample. 

For example, performing a PCA of European individuals with a 

SNP panel, and then visualising the 2 first principal 

components, we get a distribution which resembles the 

geographical origin of the samples, and thus, Europe’s map. 

This procedure can also hint individual’s ancestry. An 

individual for which its main ancestry components are 

European and African (50/50), it will be placed at the middle 

ground between the European and African clusters. 

Nevertheless, to fully understand the genetic relationship 

between different populations, other methods are needed. 

 

A ventage of the PCA is its robustness, since it can well tolerate 

the inclusion or exclusion of SNPs in large datasets. A SNP 

dataset can be considerable purged and still maintain a similar 

structure and resolution. This can be used in our advantage, 

filtering by MAF or missingness, since the process of very large 

datasets is computationally slow and expensive376.  

 

To perform a PCA I have used EIGENSOFT, a package 

designed by Reich’s lab. The tool, smartPCA, is also capable 

of handling high missingness aDNA data. The option 

lsqPROJECT uses a set of individuals to generate the main 

component matrix (in this case would be high quality modern 

samples). Then, the ancient samples where be projected in this 
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matrix. EIGENSOFT has its own genotype data format 

(EIGENSTRAT) but is also capable to handle PLINK files.  

 

 

Figure 15. Example of a Principal Component Analysis computed using 

smartPCA. The same historical strain of European P. falciparum is 

projected into current day P. falciparum diversity. The axis displays the 

percentage of diversity which each Principal Component (PC) displays. 

This plot was generated using R base.  
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2.2.6.2 ADMIXTURE 

 

Another approximation for the detection of genetic population 

stratification is the one used by ADMIXTURE378. The software 

only takes into consideration the global ancestry, estimating 

the ancestry fraction of a certain number of contributing 

populations. What differences ADMIXTURE from a PCA, is 

that the former uses a Model-based approach, based in 

ancestry proportions and population allele frequencies.  

 

To use ADMIXTURE, we have to supply the number of 

contributing populations (K) to the ancestry. This number can 

be originated from knowledge of the sample’s populational 

history or can be inferred by comparison of models. Generally, 

we delimit a maximum K value and run a number of replicates 

for each K. The best K will be decided in basis of the value of 

its cross-validation error (CV). The CV will be calculated as the 

mean CV for K in each group of replicates [Figure 16]. 

  

ADMIXTURE does not consider LD. Is recommendable to 

prune the dataset for LD, for both removing the SNPs in LD 

and to reduce the number of SNPs (the larger the dataset, the 

longer the software it will take to run, and the more 

computational resources will use). It has been estimated that 

at least 10,000 SNPs are necessary to detect structure in inter-

continental human populations, and up to 100,000 for 

populations inside the same continent378,379. 
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Figure 16. Example of the CV mean values for each different K with 10 

replicates of a P. falciparum unsupervised ADMIXTURE. The error bars 

show the CV error standard deviation. In this case, K 6 seems to have the 

lowest CV error of all the computed K. The plot was visualised using  R 

package ggplot2380. 

 

 

The programme will generate 2 matrices for each K replicate, 

one with the ancestry proportions (Q) and one with the allele 

frequencies for each population (P). Due to the fact that each 

replicate is not equal, combining and interpreting the resulting 

Q matrices is not trivial. To do this, we use pong, which both 

combine the resultant Q matrices for each K and output a 

graphical visualisation of them [Figure 17]381. ADMIXTURE 

can use PLINK (both standard and binary) or EIGENSTRAT 

format. 

 



87 
 

 

Figure 17. K6 of the previous ADMIXTURE. The optimal K was chosen to 

be visualised. This plot is a combination of the all the Q matrices resulting 

from the 10 iterations. Pong was used to combine the matrices and create 

the visual output.  
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2.2.6.3 Fixation index and F-statistics 

 

A statistic used to quantify the divergence between 2 

populations is the Fst or Fixation index proposed by Wright382. 

This index measures the genetic distance between populations 

using values which range between 0 and 1. A value of 0 implies 

a scenario of panmixia, while a value 1 implies a total 

stratification of the 2 populations and thus no shared diversity. 

Fst between two populations can be estimated as: 

 

𝐹𝑠𝑡 =  
𝐻𝑇 − 𝐻𝑠

𝐻𝑇
 

 

where 𝐻𝑇 is the total expected heterozygosity found in the 

populations, and 𝐻𝑆 the within subpopulation expected 

heterozygosity383. Fst can be calculated using PLINK or 

vcftools. 

 

Considering a tree model, where each analysed population is 

located at the tip of a branch, we can interpret the length of the 

different branches connecting the populations as the genetic 

drift384. The different F correspond to the branch lengths 

(shared genetic drift) between models of 2, 3 and 4 populations 

[Figure 18]. Besides its use in population phylogenetics 

models, F-statistics can be used to model population admixture 

events24,384,385, demographic history and events195,362,386,387, 

and to find closest relative to extinct populations388.  
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Figure 18. Genetic distances calculated by F-statistics represented in a 
tree fashion. Here are represented F2 (green), F3 (orange) and F4 (blue). 
From Peter 2016 389. 

 

As brief description of each F model regarding a phylogenetic 

tree [Figure 18]: 

- F2 can be interpreted as the genetic distance (the 

branch length) between populations P1 and P2. This 

statistic is similar to Fst. 

- F3 can be interpreted as the shared genetic drift 

between populations P1 and P2, and its genetic 

distance to an outgroup P3.  

- F4 can be interpreted as the distance between the 

clade formed by P1 and P2, and the clade formed by 

P3 and P4. 
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F-statistics and other related tests are implemented in 

AdmixTools387. Statistical significance is assessed with a 

jacknife resampling test. Only Z-score values over 3 would be 

considered as significant. The file system used is the same as 

in EIGENSOFT. 

 

2.2.6.4 Haplotype Based methods 

 

In the methods describe previously, independent 

polymorphisms (in our case, SNPs) are used to infer genetic 

relationships and genetic structure among populations. In 

contrast to that, Chromopainter uses haplotype to find genetic 

structure390. What the software does is to find the shared 

chromosomal blocks (the haplotypes) between a set of donor 

samples and the targets samples. At the end, the target 

individual’s chromosome is defined as a mix of the different 

donor individual’s chromosome. An important remark is 

Chromopainter needs phased SNP data for both target and 

donor data. Our sample’s coverage can represent a limiting 

factor in the case is diploid, since phasing is sensible to 

coverage. 
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2.2.2.7 Phylogenetics 

 

2.2.7.1 Phylogenetic trees 

 

A representation of the genetic and evolutionary relationships 

between different individuals is the phylogenetic tree. This tree 

has a set of differentiated parts: the branches which represent 

the genetic distance between the different taxa, the leaves 

which represent the taxa, the nodes which represents the most 

recent common ancestor (MRCA) between pair of leaves, and 

the root which is a special case of node which represents the 

MRCA of all the leaves present in the tree. One of the methods 

used to build a phylogenetic tree is the Maximum Likelihood 

(ML) framework391. This method assigns the probability in 

which a given tree has evolved the observed data. Is important 

to remind that the more probable tree does not have to be the 

correct one.  

 

To create ML trees, I have used RAxML392. This programme 

needs of a multiple sequence alignment (MSA), the selection 

of substitution model, and optionally, an outgroup. The MSA 

can be created by either aligning sequences using and aligner 

(MAFT or Muscle i.e.393,394) or by creating one from VCF. Note 

that if multiple VCF are used, they have to be called against 

the same reference genome or they would not be actually 

aligned. Missing positions have to be replaced with an ‘N’ 

character. For models, GTRCAT and GTRGAMMA are the 
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ones recommended for this type of data. GTRGAMMA is 

regarded as the best model to use, but as is not 

computationally efficient, when working with large datasets is 

preferable to use GTRCAT (50 or more taxa)395. 

 

Once run, the programme will generate a resume file text with 

all the processes performed, a reduced MSA file, a file with all 

bootstraps (if the option was selected) and a file with the best 

tree [Figure 19]. 

 

 

 

 

Figure 19. ML tree of P. falciparum strains created using RAxML. The tree 

is rooted to P. praefalciparum. As the number of taxa is small, GTRGAMMA 

model was used. 100 bootstraps were performed, the best tree is the one 

displayed. Support for each node is displayed at the bottom of the node. 

Branch length is proportional to the genetic distance between the taxa. Note 

that the distance between the root and the other taxa is not the real, 

otherwise, the tree could not be properly visualised. The plot was created 

using iTOL396 
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2.2.7.2 Recombination 

 

DNA recombination is a process in which genetic material is 

exchanged between one or more chromosomes, generally in 

regions with high homology. Recombination can occur within a 

single individual (for example, during meiosis in humans) or 

among different individuals (such as in bacterial 

recombination).  

 

Recombination events can alter the phylogenetic tree 

topology397, so a dedicated set of tools have been developed 

in order to remove them from phylogenetic datasets. One of 

these tools is ClonalFrameML398, an update of the 

ClonalFrame software399, designed specifically to locate 

recombined regions along the phylogeny of bacterial species.  

 

ClonalFrameML uses as input data a phylogenetic tree, the 

alignment used to build the tree and the rate of 

transitions/transversions for the aforementioned alignment. 

The software will output a new alignment file without the 

recombinant regions, the list of recombination events and their 

location, and graphical visualisation of the recombination 

events and homoplasic regions in respect to the phylogeny.  
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2.2.7.3 Homoplasy 

 

Homoplasies are substitution events which have arisen 

independently in different separate linages, but they are not 

shared with a common ancestor. Homoplasies are determined 

by their consistency index value400. The index’s values range 

between 0 and 1, being the lower values the ones that denote 

the presence of a homoplasy. As in the case of recombination 

events, homoplasies can also alter the topology of a 

phylogenetic tree. In the case of aDNA, they can also be 

artefactual. The spurious calling of damaged bases in low 

coverage samples can originate a homoplasy.  

 

ClonalFrameML can be used to remove both recombination 

and homoplasy events398. Another tool which I have used is 

HomoplasyFinder401. This software detects positions with a 

consistency index value below 1 and removes them from the 

alignment. Again, as with ClonalFrameML, HomoplasyFinder 

needs an already build phylogenetic tree and its correspondent 

alignment. The software then will generate a new alignment 

without homoplasies, the list of all positions in the original 

alignment and their consistency index values, and an 

annotated tree with the present homoplasic events. 

 

 

 

 



95 
 

2.2.7.4 Time-calibrated phylogenies 

 

Given a constant evolutionary rate, it can be assumed that the 

branch length is proportional to its age. By having data about 

the age (date of collection) of each of the leaves found in a 

phylogenetic tree, we can infer the time at which branches 

have split, and thus, obtain an approximate date when the 

MRCA existed 402.  

 

In order to create time-calibrated phylogenies, I have used 

BactDating, a software focused on bacterial phylogenies403. 

This tool uses a Bayesian framework, but the phylogeny that is 

being dated has already been created. That allows to a faster 

computational performance when compared with other 

software available such as BEAST404.  

 

BactDating needs of a robust phylogenetic tree (hence the 

removal of recombination and homoplasies). Additionally, 

sampling dates for each of sample present in the phylogeny 

are necessary. The software will then perform a linear 

regression of the branch root-to-tip distance versus its 

collection date, which will estimate the mutation rate in means 

of substitutions/base/year. If there is a strong enough temporal 

signal, the software can be used to date of each tree node. 

Ancient samples are useful in this regard since they help to 

obtain a stronger temporal signal in the phylogeny. 
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2.2.8 Metagenomics 

 

2.2.8.1 BLAST 

 

BLAST ( acronym of Basic Local Alignment Search Tool) is a 

tool used to find homologous sequences of our query by 

aligning them against a database405. The usage of a heuristic 

method allow BLAST to find short matches of the query against 

the database. From this seed matches, the programme will try 

to extend the match by performing a local sequence alignment. 

The resultant alignments are not necessarily the optimal 

ones406.  

 

All different tools implemented in BLAST can be access at 

BLAST NCBI web service but can be run remotely using 

BLAST+407. The input accepted are the sequences in Fasta or 

FastQ format. The resultant output contains an entry for each 

hit found. Those entries have a brief description of the best 

match, the scientific name of the specie, the score, the 

percentage of query sequence covered, the E value and 

percentage of identity between the sequences.  

 

From experience, and if is not strictly necessary, I do not 

recommend running BLAST as exploratory method for NGS 

data because is not as computationally efficient as other 

available programmes. Despite this, BLAST is still among the 

most accurate alignment software and its database is 
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extensive. The software can be still used when the number of 

sequence reads is reduced or to test that already mapped data 

is mapped against a proper reference genome. Finally, is worth 

to mention that there are other tools designed to analyse and 

visualise the taxonomies outputted by BLAST, being MEGAN 

one of them408. 

 

2.2.8.2 Kraken  

 

Another software used for taxonomic labelling is Kraken. 

Kraken is characterised for classifying reads using exact k-mer 

aligning against a database409. The database contains a series 

is composed of k-mer and the respective Lowest Common 

Ancestor (LCA) of the organisms which contain that same k-

mer. Regarding its performance, the latest version of the 

software Kraken2 410, can align 90 million of reads in 30 

seconds, orders of magnitude faster than BLAST.  

 

Due to its fast runtime, Kraken can be used as an exploratory 

method before mapping the reads. The databases are 

customisable, but in the project associated to this thesis, I have 

used the default Kraken database, with genomes of the 

taxonomic groups Archaea, Bacteria, Fungi, Protozoa, Virus 

and Human. The output of Kraken consist in a file with each 

read’s taxonomic assignation and a file with the recount of 

reads for each taxonomic group. The taxonomic composition 

of sample can be visualised using Krona411.  
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3 Objectives 

 

The objectives of this thesis and its associated studies is to 

characterise the presence of ancient pathogen DNA through 3 

different perspectives, the analysis of a life-threatening 

disease, the study of an historically documented clinical case, 

and the outbreak of an epidemic. 

 

The specifics objectives are: 

 

1) A global disease (malaria) 

 

- The retrieval of Plasmodium falciparum genome-wide 

data from antique medical slides. 

- The characterisation of an eradicated European P. 

falciparum strain and its phylogenetic relationship with 

present day strains. 

- The analysis of the temporal emergence of drug 

resistance associated mutations. 

 

2)  A historical, individual case of disease 

 

- The first recovery of human genome-wide data from a 

18th century blood stain found in a manuscript. 

- To demonstrate the authenticity of the retrieved human 

DNA and explore his ancestry background. 
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- The characterisation of the microbial community found 

in the blood and its association with a documented 

clinical case. 

 

3) An ancient pandemic (paratyphoid epidemics) 

 

- The recovery of human and pathogen DNA from human 

remains. 

- The characterisation of the ancestry composition of 17th 

century soldiers. 

- The characterisation of a European strain of ancient 

Salmonella enterica. 

- To date the split between this historical strain from other 

modern and ancient S. enterica strains. 
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4 Results 

 

4.1 Genetic affinities of an eradicated European 

Plasmodium falciparum strain.  

 

Toni de-Dios, Lucy van Dorp, Pere Gelabert, Christian Carøe, 

Marcela Sandoval-Velasco, Rosa Fregel, Raül Escosa, Carles 

Aranda, Silvie Huijben, François Balloux, M Thomas P Gilbert, 

Carles Lalueza-Fox  

 

Microb Genom. 2019 Sep;5(9):e000289.doi: 

10.1099/mgen.0.000289. Epub 2019 Aug 20. 
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Abstract

Malaria was present in most of Europe until the second half of the 20th century, when it was eradicated through a combination 

of increased surveillance and mosquito control strategies, together with cross-border and political collaboration. Despite the 

severe burden of malaria on human populations, it remains contentious how the disease arrived and spread in Europe. Here, 

we report a partial Plasmodium falciparum nuclear genome derived from a set of antique medical slides stained with the blood 

of malaria-infected patients from Spain’s Ebro Delta, dating to the 1940s. Our analyses of the genome of this now eradicated 

European P. falciparum strain confirms stronger phylogeographical affinity to present-day strains in circulation in central south 

Asia, rather than to those in Africa. This points to a longitudinal, rather than a latitudinal, spread of malaria into Europe. In addi-

tion, this genome displays two derived alleles in the pfmrp1 gene that have been associated with drug resistance. Whilst this 

could represent standing variation in the ancestral P. falciparum population, these mutations may also have arisen due to the 

selective pressure of quinine treatment, which was an anti-malarial drug already in use by the time the sample we sequenced 

was mounted on a slide.

DATA SUMMARY

Plasmodium falciparum reads from Ebro-1944 have been 
deposited in the European Nucleotide Archive under acces-
sion number ERP114811. All modern P. falciparum samples 
used for the population genomics analyses were reported by 
the MalariaGEN Plasmodium falciparum Community Project 
in 2016 [1] and are provided in Table S1 (available in the 
online version of this article). All software used in the bioin-
formatic analyses are publicly available. Positions screened for 
anti-malarial drug resistance are available in Table S2.

INTRODUCTION

Classical Greek accounts in the fourth and fifth centuries 
BCE describe people with intermittent fevers and infectious 

symptoms characteristic of malaria [2]. The Roman author 
Celsius was able to accurately differentiate the clinical symp-
toms of Plasmodium vivax versus Plasmodium malariae 
infections [3]. In contrast, it is unclear whether Plasmodium 
falciparum, the deadliest form of the pathogen, was already 
present in classical times. While some authors argue that P. 
falciparum only spread to southern Europe with the dawn of 
the Roman Empire, historical accounts suggest it may have 
affected western and central Italy as early as 400–100 BCE [4], 
before reaching the Po Delta region of northern Italy around 
1000 years later [3]. The spread of this pathogen through Italy 
in historical times is supported by the discovery of a large 
infant cemetery at Lugnano (Teverina, Umbria, Italy), dating 
to approximately 450 CE, and the report of P. falciparum ribo-
somal DNA sequences obtained from one of these skeletons 

http://mgen.microbiologyresearch.org/content/journal/mgen/
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by means of traditional PCR [5]. The recent retrieval of larger 
amounts of P. falciparum genetic data, by means of capture 
baits and second-generation sequencing technologies, from 
teeth sampled in Velia and Vagnari cemeteries (Italy), directly 
places this parasite in southern Italy by the beginning of the 
Roman Imperial period [6].

Genetic analyses of DNA recovered from a unique set of 
antique microscopy slides (1942–1944), stained with the 
blood of malaria-infected patients in the Ebro Delta of Spain 
for immediate diagnostic purposes, allowed us to report the 
complete mitochondrial DNA (mtDNA) genomes of histor-
ical P. falciparum and P. vivax [7]. In this study, we analyse 
data generated through merging the sequence information 
derived from four different slides, allowing us to reconstruct 
the partial nuclear genome of this eradicated European P. 
falciparum strain.

METHODS

Sample collection

Four microscope slides, dated between 1942 and 1944, were 
selected for this study. All were obtained from Dr Ildefonso 
Canicio’s family collection. Dr Canicio was in charge of the 
anti-malarial hospital at Sant Jaume d’Enveja (Ebro Delta, 
Spain), inaugurated in 1925, until his death in 1961. Patients 
were predominantly local people who worked in the Ebro rice 
fields and had no history of international travel. The samples 
consist of four labelled microscopy slides stained with Giemsa 
– probably not previously fixed – in which parasites were still 
visible under the microscope. DNA extraction was performed 
in dedicated ancient DNA (aDNA) laboratories at the Insti-
tute of Evolutionary Biology in Barcelona (Spain) and the 
Centre for GeoGenetics in Copenhagen (Denmark) in 2015 
and 2017, respectively, as described in the Supplementary 
Material.

Ancient sample mapping and assembly

We first analysed the sequenced reads obtained from our erad-
icated European P. falciparum samples using FastQC (v0.11.7) 
[8] in order to determine their quality before and after trim-
ming of the adapter sequences. We removed sequencing 
adapters and reads shorter than 30 bp using cutadapt (v1.3) 
[9]. We then mapped our reads against the P. falciparum 3D7 
and P. vivax Sal1 reference genomes using BWA (v0.7.17) [10] 
aln, specifying no seeding, a gap open penalty of 2, an edit 
distance of 0.01 and no trimming; parameters shown to opti-
mize mapping of ancient microbial samples [11]. We removed 
duplicated reads using Picard (v2.18.6) ‘MarkDuplicates’ and 
retained all mapped reads with a map quality of at least 30 
in SAMtools (v1.6) [12]. As the blood samples had known 
co-infection with P. vivax, we extracted the sequencing reads 
mapping more confidently to P. falciparum by selecting those 
reads that had a lesser edit distance between P. falciparum 3D7 
than with P. vivax Sal1 (Fig. S1). The obtained G+C content 
of the reads matched the expected and extremely low G+C 
content characteristic of the P. falciparum genome (Fig. S2).

Post-mortem aDNA damage patterns were determined using 
MapDamage (v2.0.8) [13] (Fig. S3). Most of the P. falciparum 
reads (0.6294× mean coverage, representing 88 % of the total 
genome) come from a single slide (labelled CA) sequenced 
in 2015. The remaining reads come from three other slides 
with mean genome-wide coverage of 0.0213×, 0.0285× and 
0.0314×. The reduced coverage obtained from these slides 
relates to the overall endogenous sequence content and 
quality, which may also vary depending on the stage of the 
parasite’s life cycle when the slides were prepared. To increase 
the overall coverage, we therefore merged data from all four 
slides, always calling the dominant allele. We call our resultant 
composite genome Ebro-1944.

We also generated a reference panel of modern P. falciparum 
samples from publicly available sequence data [1]. In all cases, 
we mapped reads using BWA (v0.7.17) [10] mem, before 
removing duplicated sequence reads and filtering by mapping 
quality using thresholds as described above. The same proce-
dure was followed for mapping the genome of Plasmodium 
praefalciparum, which was used as an outgroup. Qualimap 
(v2.2) [14] was used to generate the mapping metrics for all 
samples.

Variant calling and dataset creation

To compare Ebro-1944 to current strains in global circulation, 
we selected modern strains with a mean depth of coverage 
equal or above 50× and with at least 90 % of the reference 
genome covered. This filtering strategy resulted in a dataset 
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Fig. 1. (a) PCA with worldwide sample locations (inset map). (b) f4-statistics under the test relationship f4(P. praefalciparum, Ebro-1944, 

X, Democratic Republic of Congo), where X iterates through the geographical sampling locations of our included modern P. falciparum 

strains. A more negative f4 value indicates a closer relationship of Ebro-1944 to X relative to strains sampled from the Democratic 

Republic of Congo. (c) Z-scores under the test relationship f4(P. praefalciparum, Ebro-1944, X, Colombia) assessed through block jack-

knife resampling. All possible f4 topologies were tested (Fig. S4), with Ebro-1944 showing a consistent closer affinity to strains sampled 

from central south Asia.

comprising 206 global samples. We used GATK (v3.7) [15], 
algorithm UnifiedGenotyper, to call variants, specifying 
EMIT_ALL_CONFIDENT_SITES and a standard confidence 
threshold over 50. We subsequently used VCFtools (0.1.14) 
[16] to filter out positions with less than 40× coverage, 
heterozygous positions, multi-allelic positions, indels and 
recombinant sub-telomeric regions (see the Supplementary 
Material). These samples were later merged using bcftools 
(v1.3.1) [12] and all variants that were not present in at least 
three samples were removed leaving 681 486 single nucleotide 

positions (SNPs). We used these positions to call additional 

modern samples, which mapped with lower coverage (<50×), 

applying the same filters. The resultant calls were merged 

using bcftools. SNPs were called for P. praefalciparum using 

the same parameters.

For Ebro-1944, we used a different approach to overcome 

the post-mortem damage associated with aDNA samples. 

We generated pseudo-haploid calls at the positions identi-

fied in the population genetics dataset using SAMtools to 
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call a random base drawn from all possible reads at each site 
[17]. We then merged all the samples (including Ebro-1944) 
using bcftools. The complete dataset was filtered for a minimal 
minor allele frequency of 0.01 and multi-allelic SNPs were 
removed using VCFtools. All SNPs that were not present in at 
least 75 % of the samples considered were also removed. This 
procedure resulted in a final dataset comprising 435 samples 
and 14 346 bi-allelic SNPs, with 50.85 % of these covered in 
Ebro-1944.

Population genetics analyses

This dataset was compiled by filtering all modern samples for 
sites called in Ebro-1944 and retaining all samples that had at 
least 50 % of these sites covered. This resulted in a dataset of 
306 samples and 6 755 SNPs. A principal component analysis 
(PCA) was performed on this dataset using SmartPCA within 
the EIG (v.6.0.1) suite of tools [18].

To formally test the relative affinity of Ebro-1944 to South 
Asian, Oceanian and African strains, we used the full 
14 346 biallelic SNP dataset to generate f4 statistics of the 
form f4(P. praefalciparum, Ebro-1944; X, Y), where we use 
P. praefalciparum as an outgroup and iterate through all 
combinations of geographical samples (X and Y) included 
in our global dataset. This statistic is designed to quantify 
the covariance in allele frequency differences between P. 
praefalciparum and Ebro-1944, and X and Y. If P. praefal-
ciparum and Ebro-1944 form a clade with respect to X and 
Y, then their allele frequency differences should be uncor-
related and f4 will have a value of 0. Deviations from 0, thus, 
provide the relative affinity of Ebro-1944 to X and Y; positive 
values indicating a closer relationship to Y relative to X and 
negative values indicating a closer relationship to X relative 
to Y. f4 statistics were generated in qpDstat of AdmixTools 
(v.5.0) [19] and statistical significance was assessed through 
Z-scores following block jack-knife resampling (Fig. S4).

We additionally sub-sampled the global population genetics 
dataset more stringently, retaining only the strains with no 
missingness across the entire alignment, which led to a 
dataset of 30 strains over 8195 sites (Table S1). We generated 
patterns of pairwise haplotype sharing across this dataset 
using Chromopainter v2 [20], specifying a uniform recom-
bination rate of 9.6 kb cM−1 [21] (Fig. S5) and using default 
estimates of mutation and switch parameters.

We also considered the mitochondrial relationships by placing 
our Ebro-1944 mtDNA genome (16.1×) in a minimum 
spanning network together with 435 global strains (Fig. S6). 
The mtDNA genome was also screened for specific variants 
restricted to South Asian strains.

Resistance variants screening

A set of variants previously reported in the literature as 
associated with resistance to different anti-malarial drugs 
(Table S2) was screened in Ebro-1944 [22–46]. The posi-
tion of the derived allele was determined using Jvarkit 
(v.2018.04.05) [47].

RESULTS

Our sequencing of the four antique microscopy slide samples 
yielded 218 952 P. falciparum reads producing a nuclear 
genome of 0.67× mean depth and covering 40.99 % of the 
P. falciparum reference genome 3D7 (Fig. S1). In addition, 
1398 reads mapped to the mtDNA genome, generating a 
mean coverage of 16.1× over 99.43 % of the reference genome. 
Sequence reads showed damage patterns typical of aDNA (C 
to T and G to A substitutions at the 5′ and 3′ ends) in ratios 
of 3.8 and 2.2 %, respectively (Fig. S3). The characteristic 
aDNA damage of miscoding lesions indicates that our P. falci-
parum reads are authentically old, deriving from our historic 
specimen rather than from modern contamination where we 
would expect no such damage profile.

PCA (Fig. 1a), f4 allele sharing statistics (Figs 1b, c, S4) and 
haplotype sharing analyses (Fig. S5) indicate that the closest 
genetic affinity of our European strain is to contemporary 
samples from central south Asia, including those currently in 
circulation in Laos, Myanmar and Vietnam. We also detect 
a shared genetic component with samples from Papua New 
Guinea, in particular PN0008-C (Fig. 1a). Whilst Ebro-1944 
is more closely related to current strains from central south 
Asia than those from Africa, we found a higher proportion 
of African haplotypes in Ebro-1944 than in any central south 
Asian samples (two sample t-test P<2.2×10−16). Such a pattern 
would be consistent with a common origin of the European 
and central south Asian P. falciparum populations, followed 
by secondary introgression of African strains into the Euro-
pean population after the split between the European and 
central south Asian lineages (Fig. S5).

The close genetic affinity of the nuclear genome to strains in 
circulation in central south Asia is further confirmed at the 
mtDNA level (Fig. S6). Ebro-1944 carries two Indian-specific 
mtDNA substitutions at positions 276 and 2763 [48]. One 
additional mutation (position 725) is also present in our 
sample and is shared with nine contemporary Indian samples 
and two African samples included in our modern reference 
dataset (Table S1). We observe mutations at these three posi-
tions across all four of our sampled slides, suggesting the 
strains combined in Ebro-1944 are phylogenetically similar 
(Table S3). Unfortunately, these three mutations are not 
covered in a previously published partial strain retrieved from 
Roman cemetery sites [6]. Additionally, none of our reads 
overlapped with the ribosomal DNA fragment of European 
P. falciparum retrieved in a previous work [5].

We screened the Ebro-1944 nuclear genome for the pres-
ence of 117 variants that have been previously associated 
with anti-malarial drug resistance (Table S2). We achieved 
sequence coverage of at least one read at 62 positions. Of 
these, only two mutations (H191Y and I876V) displayed the 
resistance-associated allele (Table S2). Both alleles are located 
in the multidrug resistance protein 1 encoding gene (pfmrp1), 
which encodes an ABC family transporter, and has been 
associated to alterations in quinine, chloroquine, artemisinin, 
piperaquine and primaquine sensitivity [49]. Although one 
of these mutations, H191Y, is a C to T substitution that is 
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characteristic of post-mortem DNA deamination, and might, 
thus, be expected in ancient samples, we believe this to be 
authentic as the transition is present in two overlapping 
reads, and is not located at the end of the reads where damage 
tends to accumulate [50]. While the second variant, I876V, 
is only covered by a single read, it is an A to G substitution 
and is, thus, not a common DNA damage motif. To provide 
additional support for the presence of these derived alleles, 
we imputed these positions in our partial genome by using 
a reference panel of modern strains carrying the H191Y and 
I876V variants (see the Supplementary Material). Interest-
ingly, while the latter variant is distributed worldwide, the 
former is currently restricted to Asia and Oceania, consistent 
with an Asian dispersal of P. falciparum into Europe.

DISCUSSION

We showed that an eradicated European P. falciparum strain 
from the 20th century is most closely related to extant 
strains from central south Asia, such as those currently in 
circulation in Laos, Myanmar and Vietnam. Although we 
detect some evidence for secondary introgression of African 
P. falciparum into the extinct European population, the 
significantly stronger affinity to Asian strains argues against 
a direct African origin [4] of European P. falciparum, and 
points instead to a migration event between Europe and 
Asia.

We cannot infer the directionality of the migration between 
Europe and Asia from the genetic evidence alone. A recent 
expansion of P. falciparum from Europe to Asia and Oceania, 
coinciding with European colonial expansion, might be 
conceivable given the well-characterized role of colonialism 
in the widespread dissemination of other major infectious 
diseases, such as Mycobacterium tuberculosis lineage 4, the 
globally distributed agent of tuberculosis [51].

However, a migration of P. falciparum from Europe to Asia 
does not sit well with historical evidence of the arrival of 
the parasite in Europe during antiquity [2–6]. Given that 
our extinct European strain shares significantly more alleles 
with extant Asian rather than African strains, the arrival of 
P. falciparum malaria parasites into Europe likely took place 
from the Asian sub-continent rather than spreading from 
Africa via the Mediterranean during the Roman Empire.

Plausible historical migrations responsible for a spread into 
Europe from the East include the extensive commercial 
exchanges and movement between people of various ethnici-
ties in the Achaemenid Empire (550-330 BCE). Alternatively, 
P. falciparum might have reached Europe during the subse-
quent Hellenistic period, connecting India with the Mediter-
ranean, following the conquest of the Achaemenid Empire by 
Alexander the Great.

The availability of a strain pre-dating most of the currently 
used anti-malarial drugs allowed us to look for the presence 
of resistance variants that may inform on the spread of such 
resistances in the future. The two resistance variants we 
observed in the pfmrp1 gene could be explained by standing 

variation for drug-resistance mutations in P. falciparum or 
may have arisen following the use of quinine for over three 
centuries; chloroquines were not introduced in Spain until 
1948 and initially only in the African colonies.

Our results provide novel insights into the evolution and 
past demography of one of the world’s deadliest pathogens, 
which could not have been reached by studying the genomes 
of extant strains alone. Additional genomic evidence from 
both medical collections and ancient remains will be 
needed to reconstruct more precise timings and routes for 
the spread of malaria into Europe, and could also help in 
determining the emergence and drivers of resistance to 
anti-malarial drugs.
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Supplementary Materials 

 
 

DNA extraction 
 

The slides were immersed in 10 –15 mL of lysis buffer (consisting of 0,5% SDS, 0,25 

mg/mL proteinase K, 10 mM Tris and 0.5 M EDTA pH 8.0) and left in 50 mL Falcon 

tubes at 37ºC overnight. In order to protect the written labels (if present), one of the 

ends remained unsubmerged. Afterwards, the supernatant was concentrated using a 

silica column-based method, as described by a protocol used to recover short and 

highly degraded DNA fragments from very ancient samples (1). 

 
 

Library preparation and amplification 
 

Double stranded libraries were created using NEBNext DNA Sample Prep Master Mix 

Set 2 (E6070; New England Biolabs) following the manufacturer’s instructions with 

Illumina adapters as described in Dabney et al. 2013 (1). We determined the optimal 

number of required cycles necessary to amplify the samples and thus obtain a suitable 

amount of DNA (100-500 ng) using quantitative (q)PCR. 

 
 

Capture depletion 
 

As the expected quantity of Plasmodium DNA present in the slides is minimal in 

comparison to the more abundant human DNA from the host’s cells, we used the 

following procedures: we first tried to reduce the human DNA content through whole 

genome capture with human baits and shotgun-sequenced the waste product. 

Additionally, we carried out a capture enrichment approach using whole genome baits 

synthesized for P. falciparum genomic (g)DNA, as described in March et al. 2013 (2). 

Genomic DNA obtained from the P. falciparum African strain 3D7 in in vitro culture 

(MRA-102G, MR4; ATCC) was fragmented and built into different libraries with a T7 

adapter incorporated. These Plasmodium T7 libraries were subsequently used to 

generate biotinylated RNA baits by in vitro transcription. The capture-depletion assay 
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using whole-genome human baits was done following Mybait Human Whole genome to 

manual version 3.01 (from www.microarray.com/pdf/Mybaits-manual-v3.pdf). After 

hybridization of the ancient (a)DNA libraries with the human baits for 24 hours, we let it 

bind to streptavidin magnetic beads for 30 minutes at 65 ºC. Finally, we collected the 

supernatant (fraction that did not bind to the beads) and cleaned it using QiaQuick PCR 

Purification Kit (Qiagen) following the manufacturer’s instructions. The samples were 

eluted in 30 μl of Elution Buffer (EB, Qiagen) after 10-minutes of incubation at 37 ºC. 

 
 

Amplification of capture-depleted products 
 

After we had estimated the optimal number of cycles with qPCR, capture-depletion 

products were amplified for five cycles and P. falciparum DNA reads captured for 22 

cycles using 2x KAPA HotStart ReadyMix and re-amplification primers IS5 and IS6 (3). 

The samples were then quantified on an Agilent 2100 Bioanalyzer (Agilent 

technologies) and pooled in equimolar amounts. The pool was sequenced in one lane 

of an Illumina HiSEQ 4500 run in 80 SR mode. A library blank and an extraction blank 

control were included and showed no evidence of contamination with exogenous P. 

falciparum DNA. This extraction and amplification process resulted in us using all 

available material and slides. 

 
 

Reference dataset 
 

In order to represent the global P. falciparum diversity, we selected 434 worldwide P. 

falciparum samples from Amato et al 2016 (4). The final population genetics dataset 

consisted of 58 samples from Central Africa, 62 from East Africa, 62 from West Africa, 

27 from South America, 48 from South Asia, 70 from West South East Asia, 64 from 

East South East Asia and 43 from Oceania. The full list of countries, samples and 

identifiers represented in each group can be found in Amato et al 2016 (4). We also 

selected a P. praefalciparum genome (accession code ERS437570) as an outgroup 

species (5). We detail the dataset in Supplementary Table S1. 

http://www.microarray.com/pdf/Mybaits-manual-v3.pdf
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Highly recombinant genes 
 

In order to reduce the noise produced by highly variable recombinant regions, we 

removed a set of sub-telomeric genes at positions described in the literature (6–20). 

 
 

Mitochondrial analysis 
 

We extracted only the mtDNA alignment of the population genetics dataset, which 

comprised 5967 bp and 251 SNPs across 426 samples, including the P.  

praefalciparum outgroup. A pairwise similarity matrix was constructed based on the raw 

SNP differences and used to generate a minimum spanning network using the 

spantree() function from the R package Vegan(21). 

 
P. falciparum 18s rDNA sequence 

 

We compared the reads mapped against the 18s rDNA gene with 2 previously 

published sequences of the same gene (22). Using BLASTn, both published 

sequences showed 100% identity with the 18s rDNA of P. falciparum (23). 

Unfortunately, our Ebro-1944 sequence did not overlap with this specific genetic  

region, but showed a high degree of identity with P. falciparum sequences (>95%). 

 
 

Imputation of H191Y and I876V genetic variants at the pfmrp1 gene 
 

Given the low coverage of the Ebro-1944 nuclear genome, we conducted additional 

analyses to validate the presence and absence of variants involved in anti-malarial 

drug resistance. We performed imputation over a 100kb window of the genome 

containing the pfmrp1 gene, and used GATK UnifiedGenotyper to call variants in this 

region (24). We then selected all samples with more than 80% of the positions called at 

a depth of 20x. We filtered out all the positions with indels and with a minor allele count 

below 2; and retained only the biallelic SNPs. This resulted in a dataset of 183 samples 

and 478 SNPs with no missing genotypes. This dataset was used as a reference for 

the imputation of Ebro-1944 using Beagle v.4.1 (25). The imputed results confirm the 
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presence   of   the   derived   allele at   the   positions chr_1:465296 (H191Y) and 

chr_1:467351 (I876V). 
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Figure S1: Comparison of read edit distance. Total amount (count) of reads mapped 
to P. falciparum and P. vivax in each slide (left), and comparison of the edit distance 
between shared reads mapped against the P. falciparum and P. vivax reference 
genomes (right). The majority of reads were obtained from Slide CA (top row). 
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Figure S2: GC content. GC content of Ebro-1944 mapped against 3D7 (A). The y-axis 
provides the number of reads with an observed GC content (x-axis) in Ebro-1944 (red) 
and their theoretical distribution (blue). Figures S2 B and  C provide the same profile  
for an example of modern P. falciparum (PR0124) and an example of modern P. vivax 
(PNG 030 sample), respectively (4,26). 

C 
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Figure S3: Post-mortem damage profiles of Ebro-1944 reads. The specific 
nucleotide positions (x-axis) at which a substitution is present at the 5’ end (left) and 3’ 
end (right) of the mapped reads is provided. In red, the C to T substitution frequency; in 
blue, the G to A substitution frequency; in grey, the frequency of all other substitutions. 
The elevation in C to T substitutions at the 5’ end and G to A substitutions at the 3’ end 
suggest DNA damage in Ebro-1944 is consistent with the degradation expected in 
post-mortem historical samples rather than modern contamination. 
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Figure S4: f4-statistics. (left-panel) f4 statistics and 5-95% confidence intervals (y- 
axis) testing the relationship f4(P. preafalciparum, Ebro-1944; X, Y), where X and Y 
iterate through all groups included in our global dataset, as given in the header of each 
plot. (right-panel) Z-scores following jackknife resampling where an absolute Z-score 
greater than 2 is considered significant. Regional groupings are coloured as in Fig. 1 of 
the main text. A negative f4 statistic indicates that Ebro-1944 has a greater affinity to X 
(x-axis label) over Y. 
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Figure S5: Chromopainter’s inferred proportion of haplotypes shared (colour scale) 
between 30 strains of P. falciparum with 100% SNP overlap across 8195 variant sites. 
The x-axis colour provides the continental region where strains were collected. Ebro- 
1944 shares more haplotypes with strains from central south Asia relative to Africa. 
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Table S1: Plasmodium falciparum strains used in the population genetics 
analyses. See supplementary excel file. 

 
Table S2: Plasmodium falciparum drug resistance variants described in the 
literature and screened in the Ebro-1944 strain. See supplementary excel file. 

 

Table S3: mtDNA mutations overlapping in different slides. Distribution of the 
three geographically diagnostic mtDNA mutations across the four analysed slides. 
None of the ancestral variants are present in any slide, which suggests that the four 
slides contain a very similar P. falciparum strain. The nt276 and nt2763 positions 
are only found in Indian strains; the nt725 position is found in Indian and East 
African strains. 

 
 

mtDNA nt 

position 

Slide CA Slide CM Slide POS Slide Lane8 

276 Derived 

(N=12) 

Derived (N=3) Derived (N=8) Derived (N=4) 

725 Derived (N=8) not covered Derived (N=1) Derived (N=3) 

2763 Derived 

(N=23) 

Derived (N=2) not covered Derived (N=5) 

 
 
 
 

. 
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A B S T R A C T

The French revolutionary Jean-Paul Marat (1743–1793) was assassinated in 1793 in his bathtub, where he was

trying to find relief from the debilitating skin disease he was suffering from. At the time of his death, Marat was

annotating newspapers, which got stained with his blood and were subsequently preserved by his sister. We

extracted and sequenced DNA from the blood stain and also from another section of the newspaper, which we

used for comparison. Results from the human DNA sequence analyses were compatible with a heterogeneous

ancestry of Marat, with his mother being of French origin and his father born in Sardinia. Metagenomic analyses

of the non-human reads uncovered the presence of fungal, bacterial and low levels of viral DNA. Relying on the

presence/absence of microbial species in the samples, we could cast doubt on several putative infectious agents

that have been previously hypothesised as the cause of his condition but for which we detect not a single

sequencing read. Conversely, some of the species we detect are uncommon as environmental contaminants and

may represent plausible infective agents. Based on all the available evidence, we hypothesize that Marat may

have suffered from a fungal infection (seborrheic dermatitis), possibly superinfected with bacterial opportunistic

pathogens.

1. Introduction

Jean-Paul Marat (1743–1793) was a famous French physician, sci-

entist and journalist, best known for his role as Jacobin leader during

the French Revolution. Marat's parents were Giovanni Mara, born in

Cagliari, Sardinia, who later added a “t” to his family name to give it a

French feel and Louise Cabrol, a French Huguenot from Castres. Marat

was stabbed to death in his bathtub by the Girondist’ supporter

Charlotte Corday on July 13th, 1793 (Fig. 1a). Upon his death, his sister

Charlotte Albertine kept two issues of Marat's newspaper l'Ami du Peuple

(n°506 and n°678, published on June 30th, 1791 and August 13th,

1792, respectively), which he was annotating the day of his assassina-

tion and that got stained with his blood (Fig. 1b). Albertine gave the

issues to the collector François-Nicolas Maurin (1765–1848) in 1837.

After his death, as explained by a handwritten note by writer Anatole

France dated from October 10th, 1864, the two issues ended up in the

possession of baron Carl De Vinck who in 1906 donated them to the

Département des Estampes, Bibliothèque National de France, in Paris

(see notice in the Catalogue Général: https://catalogue.bnf.fr/ark:/

12148/cb40261215w).

Marat's health during the last years before his assassination is

shrouded in mystery. He suffered from a severe itching skin disease
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from which he found some relief by spending most of his time in a

medicinal bathtub over which he placed a board to use as a writing

desk. His condition, which he attributed to his stay in the sewers of

Paris while hiding from his political enemies, has been the subject of

numerous medical debates and has been alternatively attributed to

scabies, syphilis, atopic dermatitis, seborrheic dermatitis or dermatitis

herpetiformis (Bayon, 1945; Cohen and Cohen, 1958; Dotz, 1979;

Jelinek, 1979; Dale, 1952), the latter as a potential manifestation of

celiac disease (Coto-Segura et al., 2011). It has been suggested that his

condition affected his character and turned it more violent (Bayon,

1945).

With the intention of shedding light on these issues, we retrieved

two samples from one of the newspapers stained with Marat's blood,

one sample from the blood stain and a second one from a non-stained

area in the upper corner of the paper, to be used as a comparison. A

principal concern was to use a non-destructive approach to explore

Marat's genomic footprint; therefore, the samples were taken with

forensic swabs. The DNA extracted from both samples was used to build

genomic libraries that were subjected to second-generation sequencing

using the Illumina platform. DNA reads where subsequently classified,

separating the human reads – most likely deriving from Marat's blood –

from those assigned to microbial species. The analysis of both sets of

DNA sequences allowed characterisation of Marat's ancestry as well as

identification of the potential pathogens responsible for his debilitating

skin condition.

2. Material and methods

2.1. DNA extraction and sequencing

Forensic swabs were obtained from one of the newspapers Marat

was annotating at the time of his assassination (Fig. 1). One swab was

taken from the blood stain and another from an area of the newspaper

without visual evidence of blood. The blood swab was extracted with a

buffer composed of 10 mM TrisHCl, 10 mM EDTA, 2 mM SDS, 50 mM

DTT; proteinase K was added after one hour incubation. The extract was

subsequently concentrated and purified using a Qiagen column kit.

DNA extraction from both swabs was performed together with extrac-

tion blanks (no sample). A total of 35 μl of each sample was used for

library preparation following the BEST protocol (Carøe et al., 2018).

Libraries were quantified using BioAnalyzer and sequenced by HiSeq

4000 (Illumina). Library blanks were also performed for each library

batch. We generated 568,623,176 DNA reads from the blood stain, of

which 74,244,610 reads mapped to the human reference genome (Table

S1).

2.2. Mapping and variant calling

Raw sequences adapters were removed using Cutadapt (Martin,

2011). Reads were then aligned against the Human Reference genome

(GRCh37/hg19) and the mitochondrial reference genome (rCRS) as

well as for a set of microbial candidates using BWA v.07.3 (Li and

Durbin, 2009) and Bowtie2 (Langmead and Salzberg, 2012). We em-

ployed two aligners as mapping sensitivity of different aligners can vary

between different samples when working with aDNA (Taron et al.,

2018). Duplicate reads were discarded using Picard tools (Broad

Institute, 2020). Unique mapped reads were filtered for a mapping

quality equal of above 30 (Table S1). All mapped sequences (human

nuclear, human mitochondrial and microbial) were assessed for post-

mortem damage patterns at the ends of reads using MapDamage v.2

(Jónsson et al., 2013), which can be used as a sign of historic authen-

ticity over modern contamination (Fig. S1). Post-mortem damage sig-

nals were also obtained for each read using pmdtools (Skoglund et al.,

2014) (Fig. S2). Mapping statistics including the depth of coverage were

recorded using Qualimap (García-Alcalde et al., 2012). Due to the low

coverage of the human sample, we performed a pseudo-haploid calling

approach, common to the processing of aDNA, using the SAMtools Pi-

leup tool (Li et al., 2009). This data was then merged with the Human

Origins dataset for its use in population genetics analyses (Lazaridis

et al., 2014; Lazaridis et al., 2016).

2.3. Modern DNA contamination

Schmutzi was used to estimate the amount of modern DNA con-

tamination in the mitochondrial (mtDNA) genome (Renaud et al.,

2015) likely deriving from the DNA of those who have handled the

newspaper in the years following Marat's death. We identified mi-

tochondrial contamination based on the inferred deamination patterns

as 52.5% +/− 4.5% with the full haplogroup profiles provided in

Table S2. This allowed the modern DNA sequences to be delineated

from the ancient DNA sequences using Jvarkit and a custom script

(Pierre, 2015) by selecting the human reads with mismatches in their

first or last three nucleotides. This reduced the amount of modern

mtDNA contamination to 0–0.1%. The depth of coverage was recorded

Fig. 1. a) “La mort de Marat”; portrait of Jean-Paul Marat after his assassination, by Jacques-Louis David (1793). Preserved at Musées Royaux des Beaux-Arts de

Belgique, Brussels. b) Sampling the page of l'Ami du Peuple stained with Marat's blood that has been analysed.
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using Qualimap.

We also independently estimated the amount of contamination

based on the heterozygous sites in the X chromosome using angsd

v0.925–21 (Korneliussen et al., 2014; Skoglund et al., 2013). We ob-

tained an estimate of 3.2% modern contamination. As with the mtDNA

genome we filtered reads with mismatches in the first or last three

nucleotides, taking forward only those reads for additional population

genetics analyses. After applying both filters, the resultant mean depth

of coverage for the mitochondrial genome was 4.038× and 0.029× for

the nuclear genome.

2.4. Uniparental markers and sex determination analyses

The mtDNA haplogroup was determined using SAMtools pileup tool

calling the positions defined in the Phylotree database (van Oven, 2015).

We used a genome browser (IGV.v2.4.14) to study the genomic context

of each possible SNP (Robinson et al., 2011). Only those SNPs that were

present in two or more reads, and those which were not located at the

ends of the reads, were considered. The contamination was estimated

by calculating the ratio of discordant reads at haplogroup-diagnostic

positions. Molecular sex was assigned with Ry_compute (Skoglund

et al., 2013), a script designed for the sex identification of low coverage

individuals (Fig. S3).

2.5. Population genetics analysis

Principal Component Analysis (PCA) was performed using

SmartPCA in EIG v6.0.1 with a subset of modern individuals from the

Human Origins dataset (Patterson et al., 2006). This subset contained

434 present-day Europeans and 616,938 autosomal SNPs, plus our

sample (Fig. 2). The Marat sample was projected using the option

lsqproject. We also considered the Marat sample projected into an ex-

panded dataset of West Eurasian populations (Fig. S4). As projected

individuals' components tend to 0, we also carried out a control analysis

using Han Chinese, French and Marat (Fig. S5). The results were vi-

sualised using the R package GGplot2 (Wickham, 2016). This dataset

confirmed that Marat is not artefactually placed at the centre of the

plot.

To formally test the relationship of the Marat sample to relevant

geographic regions we calculated f4 statistics of the form f4(Mbuti,

Marat; X. Y) where X and Y are tested for combinations of possible

ancestral sources: Sardinian, French, English, Italian_North, Basque,

Spanish. f4 values were calculated in qpDstat of AdmixTools v.5.0

(Patterson et al., 2012) with statistical significance assessed through Z-

scores following jack-knife resampling (Table S3). This statistic tests the

covariance in allele frequency differences between an African outgroup

(Mbuti) and Marat relative to the clade formed by X and Y. Positive

values of f4 indicate a closer affinity of Marat to Y relative to X, with

negative values indicating a closer relationship of Marat to X relative to

Y.

We additionally ran an unsupervised clustering analysis using

ADMIXTURE v1.3 and another subset of the Human Origins dataset

(Alexander et al., 2009). This subset included 881 individuals from

Europe, West Asia and North Africa typed over 616,938 shared auto-

somal SNPs. We filtered the dataset by removing SNPs in high linkage

disequilibrium using PLINK.v1.9 (Purcell et al., 2007), removing all

SNPs with a r2 threshold of 0.4 within a 200 SNP sliding window, ad-

vancing by 50 SNPs each time. We performed the clustering analysis

using K values ranging from 1 to 10, with 10 replicates for each value of

K. We selected K according to the lowest cross-validation error value

(K = 4). The ADMIXTURE results at K = 4 were visualised using Pong

(Behr et al., 2016) (Fig. 2).

2.6. Metagenomic analysis

We first removed adapters and merged the paired-end reads into

longer single-end sequences using AdapterRemoval v2 (Schubert et al.,

2016). We removed PCR duplicates with exact sequence identity using

dedupe from the BBMap suite of tools (https://sourceforge.net/

projects/bbmap/). We subsequently used the default preprocessing pi-

peline designed for metaMix which consists of removing human and

rRNA sequences using bowtie2 followed by megaBLAST, as well as low

quality and low complexity reads using prinseq (Schmieder and

Edwards, 2011) (−lc_method dust -lc_threshold 7 -min_qual_mean 15).

The number of reads filtered at each step are provided in Table S4. We

screened the remaining high quality DNA reads for the presence of

possible pathogens using both KrakenUniq (Breitwieser et al., 2018)

against the Kraken database compiled in Lassalle et al. 2018 (Lassalle

et al., 2018) and metaMix (Morfopoulou and Plagnol, 2015) using

megaBLAST and a local custom database consisting of the RefSeq se-

quences of bacteria, viruses, parasites, fungi and human, as of July

2019. KrakenUniq was run with default parameters. The metaMix-nu-

cleotide mode was run with the default read support parameter of 10

reads was used (Table S5) and the default number of 12 MCMC chains.

The number of the MCMC iterations is automatically calculated by

metaMix based on the number of species to explore for each dataset,

resulting in 10,000 iterations for the blood sample and 3230 iterations

for the paper swab.

The relative proportion of reads assigned to different species by

KrakenUniq and metaMix was highly correlated; R2 = 0.94 and

R2 = 0.82, for the blood stain and the unstained paper, respectively

(Fig. S6). However, metaMix tended to assign a higher number of reads

to individual species, closer to the number found by mapping directly to

the microbial genomes and we observed important discrepancies for the

number of reads assigned to some of the species (Table S6).

Additionally, metaMix results for both the blood stain and the un-

stained paper consisted of fewer species compared to KrakenUniq, even

when the same read support threshold was applied to KrakenUniq, in-

dicating increased specificity due to the MCMC exploration of the

species space, that comes at an increased computational cost.

In order to compare the accuracy of the two assignment tools, we

further explored the presence of clinically relevant species by mapping

the quality-filtered subset of reads (Table S2) used in metagenomic

assignment against the reference genomes of different candidate genera

of fungi and bacteria using bowtie2 (Langmead and Salzberg, 2012) and

BWA v.07.3 (Fig. S7-S13). For all reads mapping to individual reference

genomes, mapDamage v2 (Jónsson et al., 2013) was also run to assess

evidence of nucleotide mis-incorporation characteristic of post-mortem

damage. These mapping results were systematically supporting the

metaMix assignments over those obtained with KrakenUniq (Table S6).

This led us to rely on metaMix for all metagenomic assignments pre-

sented in the paper.

Besides testing for the presence and absence of species, we tested

whether some microorganisms were overrepresented in the blood stain

compared to the unstained section of the paper using a one-sided bi-

nomial test and a significance threshold of 0.95 (Table S5).

As an additional control, we also conducted metagenomic analysis

of two publicly available ancient metagenomes obtained from parch-

ment of comparable age to the Marat newspaper (Teasdale et al.,

2015a). We followed the same pre-processing pipeline described for the

Marat samples, first removing adapters and PCR duplicates before

employing the default metaMix pre-processing pipeline, this time re-

moving reads that mapped to either the human or sheep, cow and goat

reference genomes. As before, metaMix-nucleotide mode was run with a

read support parameter of 10 reads and with 12 MCMC chains x 2325

and 6130 iterations respectively for ERR466100 and ERR466101. We

provide the breakdown of read filtering steps in Table S7 and our raw

metaMix results in Table S8.

2.7. Phylogenetic analysis

In the case of Malassezia, a phylogenetic analysis of the
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mitochondrial DNA genome with available modern strains on the Short

Read Archive (SRA) was performed. We called variant positions using

GATK UnifiedGenotyper (McKenna et al., 2010) and generated a Max-

imum Likelihood tree using RAxML-NG specifying a GTR substitution

model and 100 bootstrap resamples (Kozlov et al., 2019). The tree was

rooted with M. globosa (Fig. S10).

We also conducted a phylogenetic analysis for C. acnes, combining

our historical strain with all C. acnes genomes deposited in the SRA

covering the reference at an average depth > 10×, and with C.

namnetense as an outgroup (SRR9222443). The only C. acnes genomes

sequenced at medium to high depth are those reported by Gomes et al.

2017 (Gomes et al., 2018). A Maximum Likelihood tree was generated

over the 21,751 SNP alignment using RAxML-NG (Fig. S13) and clonal

complexes and phylotypes were assigned based on the PubMLST C.

acnes definitions database (https://pubmlst.org/bigsdb?db=pubmlst_

pacnes_seqdef).

3. Results

3.1. Human ancestry analysis

We generated 568,623,176 DNA reads from the blood stain, of

which 74,244,610 reads mapped to the human reference genome (Table

S1). From these, we retrieved a complete human mitochondrial

(mtDNA) genome at a mean depth of coverage of 4.038× and the

nuclear genome at 0.029× (Table S1). The predominant mtDNA hap-

lotype was H2a2a1f, although we found evidence of some additional

mtDNA sequences, notably a K1a15 haplotype. The ratio of sexual

chromosome to autosomal DNA reads indicated that the sample donor

was male (Fig. S3).

The human DNA reads showed evidence of post-mortem deamina-

tion occurring in 1% of the ends of sequencing reads, indicating au-

thentic ancient DNA damage (Fig. S1-S2). This is similar to the degree

of damage that has been observed in aDNA obtained from other human

specimens of a similar age (Rasmussen et al., 2011). For further ana-

lyses we selected only those reads that displayed C to T or G to A

substitutions at the 5′ or 3′ end, respectively. After this procedure, the

degree of mitochondrial contamination was reduced to 0–0.01%.

To explore the ancestry of Marat in the context of modern European

populations, we performed Principal Component Analysis (PCA)

(Fig. 2a and Fig. S4–5) and unsupervised clustering in ADMIXTURE

(Fig. 2b). Our sample projected among modern French individuals

sampled from France in the population genetic analyses. This result is

broadly compatible with proposed hypotheses relating to the ancestry

of Marat (Cohen and Cohen, 1958). f4 statistics suggest a closer affinity

of Marat to modern Italian, English, Sardinian, Basque and French

populations relative to those from Spain (Table S3). However, these

trends are subtle and we note that mixed ancestries are difficult to

Fig. 2. a) Principal Component Analysis (PCA) of modern human European populations with Marat's ancient DNA reads projected. Symbols provide the country and

region, where provided, as given in the legend at right. b) Admixture analysis with modern European samples and Marat. Both analyses are coherent with Marat's

suggested French and Italian combined ancestry.
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discern, especially when only limited genetic data is available.

3.2. Metagenomic analysis

We conducted metagenomic species assignments with the 9,788,947

deduplicated, quality controlled and low complexity filtered DNA reads

(combined merged and non-merged) that did not map to the human

genome (see Methods and Table S4). We used metaMix (Morfopoulou

and Plagnol, 2015), a Bayesian mixture model framework developed to

resolve complex metagenomic mixtures, which classified ~9% of the

non-human reads into 1328 microbial species (Table S5). The species

assignments were replicated with KrakenUniq (Breitwieser et al.,

2018), which led to largely consistent, if less accurate, results (~7%

classified into 3213 species, Fig. S6, Table S6). Thus, we relied on the

metaMix species assignments throughout the paper, unless stated

otherwise.

We detected the presence of a wide range of microorganisms, in-

cluding some expected to develop on decaying cellulose and/or dried

blood, but also others recognized as opportunistic human pathogens

from the following bacterial genera: Acidovorax, Acinetobacter,

Burkholderia, Chryseobacterium, Corynebacterium, Cutibacterium,

Micrococcus, Moraxella, Paraburkholderia, Paracoccus, Pseudomonas,

Rothia, Staphylococcus, Streptococcus and the fungal genera Aspergillus,

Penicillium, Talaromyces and Malassezia as well as HPV (type 179 and

type 5) and HHV6B viruses, albeit the latter supported by a very low

numbers of reads (Table S5-S6). Some of the DNA reads, notably from

Aspergillus glaucus, Cutibacterium acnes, Malassezia restricta and

Staphylococcus aureus showed typical misincorporation patterns that are

considered indicative of these sequences being authentically old (Fig.

S7).

We additionally sequenced the swab taken from the unstained paper

sample. In this case, only 96,252 pairs of reads were obtained (56,616

merged, 25,712 non-merged, 35,216 deduplicated and filtered com-

bined merged and non-merged), with 52% of the reads that could be

classified with metaMix into 66 species and 36% with KrakenUniq into

374 species, respectively (see Methods and Table S4). Although very

little DNA could be retrieved from the section of the document that had

not been blood-stained, we tried to identify microorganisms that were

statistically significantly over represented in the blood stain relative to

the unstained paper. Among these and besides, as expected, Homo sa-

piens, different species of Aspergillus and Acinetobacter were significantly

overrepresented in the blood stain (Table S5). It remains questionable

however whether the unstained paper represents a suitable negative

control given that the newspaper had been extensively manipulated by

Marat. Significant over representation of Aspergillus spp. and

Acinetobacter spp. in the blood stain relative to the rest of the document

could also be due to the blood providing better conditions for the

growth of iron-limited microbes. Indeed, Aspergillus spp. and

Acinetobacter spp. are commonly found in the environment but are also

grown in blood agar. As such, it is plausible that these represent post-

mortem contaminants. Indeed, for Acinetobacter spp. we identified no

post-mortem damage pattern.

Metagenomic analysis of historical samples can be challenging as

the resulting microbial communities typically comprise an unknown

mixture of endogenous species as well as contaminants, both con-

temporary and modern. To mitigate this problem, we relied on a ‘dif-

ferential diagnostics’ approach (Table 1), where we specifically tested

for the presence of reads from pathogens that could plausibly have led

to Marat's symptoms, most of which have been previously hypothesised

in the literature (Bayon, 1945; Cohen and Cohen, 1958; Dotz, 1979;

Jelinek, 1979; Dale, 1952). Such a differential approach is more strin-

gent than the standard approach in clinical diagnostics aiming to

identify the full list of microbes present in the samples after enforce-

ment of a read-number threshold (Wilson et al., 2019; Miller et al.,

2019). Our approach allows limiting the number of species to be tested

to a small list of plausible candidates. Second, the lack of detection of

even one read from a focal microbial species by direct mapping falsifies

the null hypothesis that it was not involved in the disease.

We did not identify a single sequencing read in either the blood

stain or the unstained paper for the agents of syphilis, leprosy, scrofula

(tuberculosis) and diabetic candidiasis (thrush) (Table 1, Table S5). We

additionally tested for scabies, which is caused by burrowing of the

mite Sarcoptes scabiei under the skin. Since the metagenomic reference

database did not include arthropod genomes, this was tested separately

by blasting all the non-human reads against the Sarcoptes scabiei

genome (GCA_000828355.1). Again, we detected not a single read

matching to Sarcoptes scabiei, which makes scabies an implausible cause

for Marat's skin disease (Table 1, Table S5).

Conversely, metaMix recovered 15,926 and 83 filtered DNA reads

from the blood stain and the unstained paper respectively, assigned to

Malassezia restricta a fungal pathogen causing seborrheic dermatitis,

which has been previously hypothesised as one of the most plausible

causes for Marat's condition (Bayon, 1945; Cohen and Cohen, 1958;

Dotz, 1979; Jelinek, 1979). Direct mapping of all reads to M. restricta

(GCA_003290485.1) resulted in 19,194 reads from the blood stain da-

taset mapping over 17.17% of the reference genome. KrakenUniq failed

to identify M. restricta, instead assigning 627 reads sequenced from the

blood stain to M. sympodialis. However, further analysis of the Malas-

sezia reads based on genome mapping pointed to most (80.3%) being

uniquely assigned to M. restricta rather than M. sympodialis (Fig. S8).

This allowed us to reconstruct a completeM. restrictamtDNA genome at

0.84× coverage. The Malassezia reads were evenly distributed along

the full genome assembly supporting no mixing or misclassification of

the species (Fig. S9).

We placed our Marat M. restricta mitochondrial genome in phylo-

genetic context by building a maximum likelihood phylogeny including

our historical strain and available present-day mtDNA M. restricta

genomes. Although the total number of samples is small, the fact that

the M. restricta mtDNA molecule recovered from Marat's blood is placed

basal to modern strains (Fig. S10) and exhibits some post-mortem da-

mage (Fig. S5) further support its authenticity.

We also recovered 587 filtered reads assigned by metaMix to

Staphylococcus aureus in the blood stain but none in the reads obtained

from the unstained paper. The differential representation in the two

samples is not significantly different due to the far lower number of

reads in the unstained sample (Table S5). Although a common com-

mensal, S. aureus is also a frequent human pathogen and the leading

cause of atopic dermatitis. In order to confirm the metagenomic as-

signments to S. aureus, we mapped the raw microbial reads to a series of

reference genomes from various species in the Staphylococcus genus.

This allowed us to identify 888 reads mapping against the S. aureus

reference genome, out of which 758 uniquely mapped to S. aureus (Fig.

S11). The presence of S. aureus, but with a relatively low number of

reads, may be compatible with a secondary infection by S. aureus rather

Table 1

List of Diseases test, associated agents and presence in the blood stain and

control samples. The following symbols denote the abundance of reads for each

infectious agent tested ✓: present; ✓✓: top ten; ✓✓✓: top hit; ✘: absent.

Disease Pathogen Blood Unstained paper

Syphilis Treponema pallidum ✘ ✘

Scrofula (tuberculosis) Mycobacterium

tuberculosisa
✘ ✘

Leprosy Mycobacterium leprae ✘ ✘

Diabetic candidiasis

(thrush)

Candida sp. ✘ ✘

Scabies Sarcoptes scabiei ✘ ✘

Seborrheic dermatitis Malassezia sp. ✓✓ ✓

Atopic dermatitis Staphylococcus aureus ✓ ✘

Severe acneiform eruptions Cutibacterium acnes ✓✓✓ ✓✓

a Scrofula can also be caused by other Mycobacteria in particular M. scro-

fulaceum and M. avium intracellulare, which are also absent from both samples.
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than S. aureus being the initial cause of Marat's condition. Alternatively,

Marat, or someone who also handled the newspaper, could have carried

S. aureus as a skin commensal.

The most prevalent microbial species in the blood stain was

Cutibacterium acnes (formerly Propionibacterium acnes (Scholz and

Kilian, 2016)), which was also present in the unstained paper (Table

S5). C. acnes is largely a commensal and part of the normal skin biota

present on most healthy adult humans' skin, including in association

with S. epidermis which we also observe in our sample (Table S5-S6, Fig.

S11) (Dreno et al., 2017). C. acnes is also a frequent contaminant in

metagenomic samples (Salter et al., 2014; Mollerup et al., 2016).

However, C. acnes can also be involved in severe acneiform eruptions

(Platsidaki and Dessinioti, 2018) and we cannot exclude the possibility

that it could have contributed to Marat's condition. 86,019 reads

mapped to the C. acnes reference genome (GCF_000008345.1), yielding

an alignment of 3.4× average coverage (Fig. S12) and exhibiting

modest post-mortem damage (Fig. S7).

A phylogeny of Marat C. acnes with a collection of publicly available

modern strains (Gomes et al., 2018; Mollerup et al., 2016) places our

historic genome on a short branch falling basal to Type I strains, sup-

porting its age and authenticity (Fig. S13). This phylogenetic placement

suggests our Marat strain falls into C. acnes phylotype I (C. acnes subsp.

acnes) rather than II (C. acnes subsp. defendens). Whilst our Marat strain

does not cluster with phylotype Ia, the type more commonly associated

with skin surface associated acne vulgaris (Lomholt and Kilian, 2010),

its position, basal to Type Ib strains cannot exclude its involvement in

soft or deep tissue infections (Nazipi et al., 2017).

Delineating contaminants and commensals from plausible patho-

gens remains challenging from this type of data source, in particular

due to the absence of a suitable control. To alleviate this issue, we

conducted full taxonomic assignments of two ancient metagenomes

generated from historical parchment samples dating to the 17th and

18th centuries (PA1 and PA2 respectively) (Teasdale et al., 2015a).

Although these samples were obtained from livestock (ruminant) skins

whereas we are working with cellulose paper, we anticipate that they

may have been used and handled in a comparable way to the news-

paper Marat was annotating. In this way they represent what can be

considered as the most biologically comparable ancient metagenomes

available to date. An equivalent metaMix analysis applied to these fil-

tered sequencing reads (Table S7) identified not a single read assigned

to M. restrica, S. aureus or C. acnes (Table S8). We therefore do not

systematically expect a significant number of reads for the three species

we suggest as most plausible candidates for Marat's condition.

4. Discussion

Over the last decade, ancient-pathogen genomics has made great

progress by borrowing technological advances originally developed for

the study of human ancient DNA (Gelabert et al., 2016; Rasmussen

et al., 2015). Although most microbial data has been secondarily gen-

erated from the sequencing of ancient human bones or teeth

(Rasmussen et al., 2015; Rascovan et al., 2019; Margaryan et al., 2018;

Mühlemann et al., 2018) other, rare samples, such as preserved tissues

(Marciniak et al., 2016; Devault et al., 2014) or microscope slides from

antique medical collections have been analysed (Gelabert et al., 2016;

De-Dios et al., 2019). We are aware of no previous attempt to leverage

ancient DNA technology to diagnose infections in historical characters,

despite previous sequencing of remains from other prominent historical

figures such as King Richard III and the putative blood of Louis XVI

(King et al., 2014; Olalde et al., 2014).

In this work we analysed both human and ‘off-target’ microbial

reads to shed light on an important historical figure of the French

Revolution and his skin condition. Due to the loss of Marat's remains

after their removal from the Panthéon in February 1795, the paper

stained with his blood likely represents the only available biological

material to study both his ancestry and the cause of his skin condition.

Although second-generation sequencing techniques have been applied

to the analysis of ancient parchments (Teasdale et al., 2015b) our work

represents the first instance where this methodological approach has

been applied to old cellulose paper.

The presence and relative abundance of different microorganisms in

the documents Marat was annotating is affected by their endogenous

presence as well as contemporary and modern contamination both for

the blood and unstained sample. Some microorganisms present in the

samples might reflect skin microbiome signatures. Whilst some other

microorganisms represent environmental contaminants and are likely

unrelated to Marat's condition. In order to identify the most likely

candidates for Marat's condition we tested a set of proposed diagnoses,

which we considered as plausible if we detected at least one read as-

signed to the causative infectious agent (Table 1).

Potential conditions for which we detected not a single supportive

read included syphilis, tuberculosis (scrofula), leprosy, diabetic candi-

diasis or scabies. We appreciate that absence of evidence for an in-

fectious agent does not constitute incontrovertible evidence of its ab-

sence. Moreover, it is not uncommon for metagenomic diagnostics

applied to clinical samples to fail to identify reads from the likely in-

fectious agent above the predefined diagnostic threshold, or even fail to

detect any read at all (Miller et al., 2019; Scholz and Kilian, 2016). As

such, the absence of reads from a putative pathogen makes it less

plausible as the agent of Marat's condition but does not definitely rule

them out.

Conversely, we detected and validated microbial reads for two of

the conditions we tested, seborrheic dermatitis (Malassezia spp.), atopic

dermatitis (Staphylococcus aureus) and cannot exclude severe acneiform

eruptions (Cutibacterium acnes) as a third, given the age and phyloge-

netic position of the C. acnes genome we obtained. For all three cases,

the number of reads would have exceeded the threshold suggested for

detection in clinical metagenomic diagnostic (Miller et al., 2019; Scholz

and Kilian, 2016), even when considering the swab from the unstained

paper as a control.

The presence of Malassezia restricta is of particular interest because

this fungus is specialized to live on the skin (Saunders et al., 2012).

Although also a common commensal and contaminant in metagenomic

studies, Malassezia has been described in various skin conditions, in-

cluding dandruff, atopic dermatitis, folliculitis and seborrheic derma-

titis (Ashbee, 2010; Gupta et al., 2004). Interestingly, the latter symp-

toms would fit those described in Marat (Dale, 1952). The M. restricta

reads we identified were not statistically significantly overrepresented

in the blood's stain relative to the unstained paper, although they could

be expected to be present in both samples if someone heavily infected

was holding the newspaper. Although we cannot confidently claim the

reads in Marat's blood are directly associated with Marat himself, we do

identify post-mortem damage in these reads and a phylogenetic place-

ment in a modern mitochondrial DNA phylogeny consistent with these

reads being indeed old (Fig. S7, Fig. S10). We also do not systematically

expect the presence of M. restricta on parchment of a similar age (Table

S8).

Also of possible interest is the widespread presence of Cutibacterium

acnes subsp. acnes, which although a common commensal or con-

taminant can also be implicated in severe acneiform eruptions, which

constitutes the top hit in the blood sample and falls basal to phylotype I

strains currently in circulation. As with M. restricta, we do not observe a

single C. acnes read in two biologically equivalent historic parchment

metagenomes (Table S8). Staphylococcus aureus, which is frequently

detected in cases of atopic dermatitis, is also present in reads obtained

from the blood's stain, although in fairly low number.

Whilst our results do not allow us to reach a definite diagnosis of

Marat's condition, they allowed us to cast doubt on several previous

hypotheses and provide, using all the available evidence, some plau-

sible aetiologies. We suggest that Marat could have been suffering from

an advanced fungal or polymicrobial infection, either primary or sec-

ondary to another condition. Future metagenomic analysis of additional
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documents in Marat's possession during his assassination could help

confirm the microbial composition found in this study and strengthen

these observations.

Our work further illustrates the potential of sequencing technologies

for the generation of (meta-)genomic information from difficult, sin-

gular samples and opens new avenues to address medical hypotheses of

major historical interest.
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Supplementary Tables 

 
Supplementary Table S1: Mapping metrics of human DNA reads obtained from Marat's blood 
stain against the human mitochondrial genome (rCRS) and whole human genome (hg19). 
Unmapped reads following deduplication were taken forward for quality control and filtering 
(Table S2). 
 

Mapping  
Statistics 

Sequenced 
reads 

Mapped 
reads 

RM 
duplicate

s 

Quality 30 
reads 

% 
duplicatio

n 

Reads 
with 

damage 

Coverage 
Final 

Mapped 
Bases 

mtDNA 568,623,176 57,654 3,485 3472 93.96 915 4.04X 66,911 

Nuclear 568,623,176 74,244,610 
4,686,74

6 
4,461,919 93.69 1,245,497 0.03X 90,301,707 

 
Supplementary Table S2 (external Excel document): Human mtDNA haplogroup 
assignments. Alleles and depth are characterised for describing haplogroups positions. 
Positions with more than two folds of allele depth are highlighted and considered as likely to 
be part of a defined haplogroup. The majority haplogroup is estimated using the number of 
likely positions. Contamination estimates are both calculated using schmutzi and from 
discordant positions in the haplogroups. 
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Table S3: f4 statistics of the form f4(Mbuti, Marat; X. Y) where X and Y are tested for 
combinations of possible ancestral sources: Sardinian, French, Basque, French, Italian_North, 
Basque. Positive f4 values indicate a relatively higher affinity of Marat to Y relative to X. 
Negative f4 values indicate a relatively higher affinity of Marat to X relative to Y. Z-scores 
following block jack-knife resampling are provided with a value >|2| considered statistically 
significant (highlighted in red). 
 

Combination f4 Z Score 

Mbuti Marat Sardinian French -0.000017 -0.061 

Mbuti Marat French Sardinian 0.000017 0.061 

Mbuti Marat English Basque -0.000049 -0.127 

Mbuti Marat Basque English 0.000049 0.127 

Mbuti Marat French Italian_North -0.000043 -0.159 

Mbuti Marat Italian_North French 0.000043 0.159 

Mbuti Marat Sardinian Italian_North -0.000061 -0.189 

Mbuti Marat Italian_North Sardinian 0.000061 0.189 

Mbuti Marat English Sardinian -0.000297 -0.754 

Mbuti Marat Sardinian English 0.000297 0.754 

Mbuti Marat Basque Sardinian -0.000247 -0.799 

Mbuti Marat Sardinian Basque 0.000247 0.799 

Mbuti Marat English Italian_North -0.000357 -0.928 

Mbuti Marat Italian_North English 0.000357 0.928 

Mbuti Marat Basque Italian_North -0.000308 -0.969 

Mbuti Marat Italian_North Basque 0.000308 0.969 

Mbuti Marat English French -0.000314 -0.972 

Mbuti Marat French English 0.000314 0.972 

Mbuti Marat Basque French -0.000265 -1.077 

Mbuti Marat French Basque 0.000265 1.077 

Mbuti Marat Italian_North Spanish -0.000713 -2.697 

Mbuti Marat Spanish Italian_North 0.000713 2.697 

Mbuti Marat Sardinian Spanish -0.000774 -2.888 

Mbuti Marat Spanish Sardinian 0.000774 2.888 

Mbuti Marat English Spanish -0.001071 -3.094 

Mbuti Marat Spanish English 0.001071 3.094 

Mbuti Marat Basque Spanish -0.001021 -3.986 

Mbuti Marat Spanish Basque 0.001021 3.986 

Mbuti Marat French Spanish -0.000757 -4.019 

Mbuti Marat Spanish French 0.000757 4.019 
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Supplementary Table S4: Number of DNA reads from the blood-stained sample and 
unstained sample at each filtering steps prior to taxonomic classification. The final read counts 
for KrakenUniq and metaMix are provided in blue and red respectively. 
 

Blood stained sample 

Filtering step 
Merged into longer single 

end reads 
Non-

merged 
Combined (merged and non-

merged) 

Deduplicated (bbdedupe) 11,336,155 2,240,430 13,576,585 

After human removal (bowtie2) 8,617,745 1,505,994 10,123,739 

After rRNA removal (bowtie2) 8,578,821 1,485,366 10,064,187 

After QC (prinseq) 8,486,659 1,444,856 9,931,515 

After human removal 
(megaBLAST) 

8,370,312 1,437,288 9,807,600 

After rRNA removal 
(megaBLAST) 

8,356,389 1,432,558 9,788,947 

Reads mapping to nucl DB 
(megaBLAST) 

1,012,140 252,247 1,264,387 

Unstained sample 

Filtering step 
Merged into longer single 

end reads 
Non-

merged 
Combined (merged and non-

merged) 

Deduplicated (bbdedupe) 18,539 111,432 129,971 

After human removal (bowtie2) 17,593 18,550 36,143 

After rRNA removal (bowtie2) 17,488 18,550 36,038 

After QC (prinseq) 17,352 18,454 35,806 

After human removal 
(megaBLAST) 

17,276 18,410 35,686 

After rRNA removal 
(megaBLAST) 

17,156 18,060 35,216 

Reads mapping to nucl DB 
(megaBLAST) 

8,476 9,308 17,784 

 

Supplementary Table S5 (external Excel document): Read classification and species 
assignment by metaMix of reads obtained from the swab of the unstained paper and blood-
stained paper. P-values provide those species significantly over-represented in the 
bloodstained paper compared to the control. 
 

Supplementary Table S6 (external Excel document): The number of quality filtered reads 
mapping to candidate species using a Bowtie2 and BWA pipeline. The number of reads 
classified by metaMix and KrakenUniq are also provided. 
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Supplementary Table S7: Number of DNA reads from the two historic parchment samples at 
each filtering steps prior to taxonomic classification. The final read counts for metaMix are 
provided in red. 
 

Historic Parchment Samples 

Filtering step ERR466100 (PA1) ERR466101 (PA2) 

Raw data 17006629 31493502 

After human removal (bowtie2) 16921807 31410793 

After rRNA removal (bowtie2) 16916091 31403665 

After ruminant removal (bowtie2) 6232580 22161979 

After QC (prinseq) 6157782 21951980 

After human removal (megaBLAST) 6093733 21753485 

After rRNA removal (megaBLAST) 5056204 18517414 

After ruminant removal (megaBLAST) 1557368 6618990 

Reads mapping to nucl DB (megaBLAST) 9367 43597 

 
Supplementary Table S8 (external Excel document): Read classification and species 
assignments by metaMix of reads obtained from two historic parchment samples published in 
Teasdale et al. 2015. 
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Supplementary Figures 

 

 
Supplementary Figure S1: a) Nucleotide misincorporation patterns at the ends of the 
human reads obtained from the blood stain sample (0.98% G>A at 3’ and 0.86% C>T at 5’). 
b) Nucleotide misincorporation patterns for human mitochondrial reads only (0.38% G>A at 
3’ and 0.92% C>T at 5’). In both cases the red line provides the C to T substitution frequency 
and the blue line provides the G to A substitution frequency from 5’ (left) to 3’ (right). While 
the deamination detected is small, we observed that the post-mortem score for each read 
closely follows that found in a similarly old sample, a 100 year old aboriginal Australian hair 

sample. 

 
 

Supplementary Figure S2: Post-mortem damage score distributions for the human 
sequencing reads obtained from the blood-stained paper. a) provides the distribution of scores 
for the nuclear DNA, b) provides the distribution for the mitochondrial DNA.  

a)

b)

Nuclear DNA

Mitochondrial DNA

a) Nuclear DNA b) Mitochondrial DNA
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Supplementary Figure S3: Sex determination of the human reads inferred from the ratio 
between the number of reads aligned to the Y chromosome and the total number of reads 
aligned to both sex chromosomes (Ry). Error bars provide the 95% confidence value. The 
grey area represents the area where the sex cannot be determined. The sample is 
incompatible with being a female. 
 



 7 

 
Supplementary Figure S4: Principal components plots provided for PC1-4 for West Eurasian 
populations coloured as per the legend (top-right). The Marat sample (triangle) is projected 
into PC space in each case using lsqproject from SmartPCA in EIG v6.0.1. 
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Supplementary Figure S5: Principal Component Analysis (PCA) of Marat’s sample together 
with current French and Han Chinese individuals. Marat (triangle) is located at the lower 
extreme of PC1, clustering with the modern-day French. 
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Supplementary Figure S6: Linear correlations between the number of reads assigned to 
individual species by the metaMix (x-axis) and KrakenUniq (y-axis) metagenomic assignment 
tools for the blood stain (upper panel) and unstained paper (lower panel). 
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Supplementary Figure S7: From top to bottom; nucleotide misincorporation patterns at the 
ends of the DNA reads for Aspergillus glaucus, Cutibacterium acnes, Malassezia restricta 
and Staphylococcus aureus. The number of reads and coverage using the BWA ancient 
mapping pipeline is provided (see Table S6). Despite the low numbers of reads in some 
cases, the existence of this post-mortem deamination pattern suggests that these microbes 
are old. As in Supplementary Figure S2, the red line provides the C to T substitution 
frequency and the blue line provides the G to A substitution frequency from 5’ (left) to 3’ 
(right). 
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Supplementary Figure S8: Comparison of the percentage of genomic positions covered (x-
axis) across different species and strains of the genera Malassezia following mapping 
independently to each species. Reads from the blood stain were mapped against a set of 
Malassezia spp. assemblies (y-axis). 
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Supplementary Figure S9: Average coverage and GC content of reads mapped against the 
full (nuclear + mtDNA) Malassezia restricta ASM 48 reference assembly GCF_003290485.1. 
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Supplementary Figure S10: Maximum likelihood (ML) phylogenetic tree of the Malassezia 

restricta mtDNA genome retrieved from Marat’s blood stain (Marat) and four modern strains 
(accessions). The tree is rooted with two strains from the related M. globosa species. 
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Supplementary Figure S11: Comparison of the percentage of genomic positions covered 
(x-axis) across different species and strains of the genera Staphylococcus. Reads from the 
blood stain were mapped against a set of Staphylococcus spp. assemblies (y-axis). 
 

 
Supplementary Figure S12: Average coverage and GC content of all reads mapped 
against the Cutibacterium acnes ASM834v1 reference assembly. 
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Supplementary Figure S13: Maximum likelihood (ML) phylogeny of the Cutibacterium acnes 
nuclear genome retrieved from Marat blood's stain together with all publicly available 
sequenced modern strains with median genome coverage >10X. The tree is rooted with C. 

namnetense as an outgroup (SRR9222443), with the outgroup branch not shown in the figure. 
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Summary 

Ancient pathogen genomics is an emerging field allowing reconstruction of the origins and 

spread of past epidemics. We generated and analyzed genome-wide data from two Spanish 

soldiers presumed to have died of Plague while besieging the city of Barcelona in 1652, during 

the Reapers' War. We found that one soldier's ancestry likely derived from the Basque region 

while the other was most related to present-day people from Sardinia, which at the time was 

part of the Kingdom of Spain. We could not find convincing evidence for the presence of 

Yersinia pestis DNA - the causative Plague agent. Instead, we retrieved from one individual a 

substantial fraction of the same Salmonella enterica Serovar Paratyphi C lineage that has been 

linked to paratyphoid fever in colonial period Mexico (1545-1550). Paratyphoid fever 
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introduced in the Americas by European colonizers has been previously suggested as a major 

cause for the demise of local American populations during the post-contact period. The same 

lineage of Paratyphi C spanning the Atlantic over at least a century adds to a growing body 

of evidence that Paratyphi C enteric fever was likely a far more prevalent and global disease 

than it is today. 

 

Subject Areas 

Genomics, ancient DNA, metagenomics, phylogenetics 

 

Introduction 

Enteric fevers are a group of similar infectious diseases caused by the bacteria Salmonella 

enterica serotypes Typhi (or typhoid fever, which accounts for 75% of cases) and Paratyphi A, 

B and C (or paratyphoid fevers)1. The former is globally prevalent among paratyphoid 

fevers2,3, while Paratyphi B and C are relatively scarce today1. Typhoid and paratyphoid fevers 

affect up to 14 million people and cause the death of 135,900 people annually2. The primary 

route of transmission of the disease is orofecal, through ingestion of water or food 

contaminated by chronic carriers4. Although a non-life-threating disease with appropriate 

antibiotic treatment, without it mortality rates can reach 10–20%5,6. Typhoid and paratyphoid 

fevers are particularly prevalent in developing countries of Sub-Saharan Africa, South East 

Asia and South Asia, where they represent one of the leading causes of death and disability7,8. 

  

Although nearly absent from Europe today, recent genomics work that retrieved eight 

ancient Paratyphi C strains from prehistoric human remains suggest that Paratyphi C has 

likely been a major pathogen since Neolithic times, responsible for past outbreaks and 

potentially widespread epidemics9. Together with other Salmonella enterica serotypes, Paratyphi 

C belongs to what is defined as the Ancient Eurasian Super Branch (AESB), a cluster of 

phylogenetically close serotypes which infect different wild animals, livestock and humans. 

The diversification of AESB lineages was possibly abetted by the Neolithic transition, when 

changes in lifestyle and closer interactions with domesticated animals may have led to repeat 

exposure and infections9.  
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Phylogenetic studies support the close relationship of Paratyphi C to serovar Choleraesuis, a 

swine pathogen which may also rarely infect humans9–11. This has led to the suggestion of a 

possible host-jump of a Choleraesuis like pathogen from pigs to humans, though the 

observation of host generalist strains in humans predating 4kya posits the possibility of 

independent host-adaptive or anthroponotic events9,12. Evidence for the past presence of 

Parathyphi C in Europe is not limited to prehistory, as the pathogen has been recovered 

from the 800-year-old skeleton of a young woman in Trondheim, Norway12. 

 

More recent evidence for the past epidemic potential of this bacterium comes in the form of 

the discovery of Paratyphi C in human burials from colonial México associated to the 

Cocoliztli epidemics13. The Cocoliztli (disease or plague in Nahuatl) were a series of epidemics 

that devastated the native populations of New Spain after the arrival of Spanish colonizers 

during the early 16th century14. These epidemics were believed to have been caused by the 

introduction of infectious diseases by Europeans including measles, smallpox, malaria and 

unknown haemorrhagic fever i.a.14–16. Detection of Paratyphi C in association with victims 

of the Cocoliztli lends support to the hypothesis that Salmonella enterica was a contributing agent 

to epidemics during recent historical times.  

 

S. enterica has also been suggested as the causative agent of the Plague of Athens (430-426 

BCE) following the amplification of two DNA fragments from individuals from the ancient 

Kerameikos mass grave, dating to that period17. However, subsequent phylogenetic assessment 

of these sequences could not authenticate them as Salmonella enterica18. This discrepancy can 

be partly explained by the difficulties of retrieving significant portions of ancient microbial 

genomes before the advent of the second-generation sequencing technologies. Therefore, 

although it has been suggested that Paratyphi C was a “globally” distributed pathogen, more 

evidence, based on genome-wide data, from different locations and time periods is needed 

to assess its putative role as an epidemic pathogen. 

 

In this study we retrieved and analysed a large portion of the Salmonella enterica Paratyphi C 

genome from the tooth of a putative Spanish soldier from the siege of Barcelona that took 
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place between August 1651 to October 165219. The accurate dating of this site will help us 

in understanding the spatio-temporal breadth of this disease across Europe and the 

Americas. 

 

Results 

We obtained 246,473,297 and 99,018,404 DNA reads from the remains of two soldiers of 

the Spanish army, labelled F1691-1810 and F1364-1436, respectively (Figure 1A). The end 

of their DNA reads displayed typical ancient DNA (aDNA) damage patterns, in a ratio 

consistent with the estimated age of the site (Figure S1). The molecular sex was assigned to 

males (Table S1). Based on the presence of different mitochondrial DNA (mtDNA) 

haplogroups and on heterozygosity levels of the X chromosome, we found that one of the 

libraries was partially contaminated (around 9% of human reads). Therefore, we only 

considered the non-contaminated libraries for the subsequent human population genetics 

analysis. The mtDNA haplogroups were assigned as U5b1f1a and H2a5a for F1691-1810 

and F1364-1436, respectively (Table S1). Y chromosome haplogroups were determined with 

moderate confidence to R1 and R1b1a1b1 for F1691-1810 and F1364-1436, respectively. 

Projection of the diversity detected in both individuals as a Principal Components Analysis 

(PCA) plot conducted on modern West Eurasians placed F1364-1436 neighbouring the 

genetic makeup of present day Basques and F1691-1810 falling near present day Sardinians 

(Figure 1B)20,21. 

 

Although contemporaneous assessments suggested the soldiers died of Plague22, 

metagenomic screening of the non-human DNA content from both individuals was unable 

to identify the presence of Yersinia pestis DNA reads with only 0.00003%-0.000003% of all 

DNA reads being assigned to the Yersinia pestis species (Table S2). However, X% of 

sequencing reads were assigned to Salmonella in one of the individuals F1691-1810, though 

only X% in the other. After mapping all reads in F1691-1810 against a comprehensive set of 

Salmonella enterica reference genomes, Paratyphi C was determined as the best representative 

based on the mean coverage, percentage of the genome covered by at least a single read and 

the mean read edit distance (Table S3)10. Mapping against the Paratyphi C reference 

chromosome alone (see Methods), we obtained 24,225 uniquely mapped DNA reads, 
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accounting for 30% of the reference genome at an average depth of coverage of 0.38X (Table 

S4).  

 

In addition, we mapped all sequencing reads in F1691-1810 against a comprehensive dataset 

of bacterial plasmids. We obtained 59.02% and an average depth of coverage of 0.91X over 

the ~54kb Paratyphi C virulence plasmid (VirP) supporting its vertical inheritance and co-

evolution with the Para C lineage12. The expected coverage for both the chromosome and 

the plasmid matched the expected theoretical value (Figure 2A and 2B) (see Methods). Post-

mortem damage at the end of the Salmonella DNA reads (up to 15%) supported these 

sequences were authentically old (Figures 2C and 2D). 

 

After filtering out sequences by depth, heterozygosity and the presence of low coverage 

transitions, we generated 1,146,808 confidently covered positions, of which 10,250 are single 

nucleotide polymorphisms (SNPs). Finally, we explored the depth of coverage in virulence-

related regions associated to the pSPCV plasmid10 for which we had at least X mean coverage. 

No apparent variation in coverage over these genes was detected, suggesting that virulence 

gene composition of pSPCV has been largely maintained to the present-day. 

 

To place our strain into the wider context of Salmonella enterica we built a Maximum 

Likelihood (ML) tree over the chromosomal alignment that included 424 isolates (both 

ancient and modern), encompassing the AESB clade, and including S.enterica sr. enteridtis as 

an outgroup. This placed our 17th-century Barcelona strain within the diversity of Paratyphi 

C. Repeating the ML tree reconstruction using only Paratyphi C strains and Typhisuis as an 

outgroup, F1691-1810 was positioned in a clade (with 100% bootstrap support) falling basal 

to all modern Paratyphi C diversity and including the colonial Mexican Paratyphi C strains 

attributed the Cocoliztli epidemics [ref]. The only strain basal to this clade is the Medieval 

sample from Trondheim (Norway) dated back to 1,200 CE12. Under the expectation of 

accumulation of mutations with time, the terminal branch lengths of the ancient samples 

included are longer than seen in modern strains, suggesting the presence of recombination 

events or intrinsic features in the ancient dataset affecting branch length (Figure S2). 
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Due to the high genetic affinity and close temporal range of F1691-1810 individual and the 

ancient lineage associated to the Mexican Cocoliztli, we tested if the split of those branches 

could explain an introduction of S. enterica Paratyphi C into the Americas by Spanish 

colonizers, or if the strain from Barcelona was imported into Spain from the American 

continent. To create a robust alignment suitable for the application of phylogenetic tip-dating 

we first set out to prune from the alignment all sites in conflict with clonal evolution. To do 

so, we applied ClonalFrameML23 to identify all putative homologous recombination events 

between sets of donors and recipients in the Paratyphi C phylogeny. We identified 338 such 

regions totalling 29.2Kb in length (Figure S3)(Table S5).  

 

In addition, we enforced a further strict alignment filtering technique, identifying all 

homoplasic positions in the alignment given the phylogeny which may reflect recombination 

events undetected by ClonalFrameML or spurious sites included as a result of low coverage 

or DNA damage. Applying HomoplasyFinder [ref] we identify homoplasies by calculating 

the consistency of index, which, for each site considers the measure of the observed number 

of changes divided by the minimum number of changes needed to achieve a certain state at 

tip of a tree. We detected a further 623 positions in the alignment with a consistency index<1 

and subsequently pruned them from the alignment24 (Figure S4). The resulting filtered 

alignment comprised 5,180 variant sites fully covered across all of the 127 Paratyphi C strains. 

We generated a further maximum likelihood phylogeny using only those positions that 

passed the filtering criteria. The new tree was topologically congruent; however, the terminal 

branch length of the ancient strains was reduced, suggesting the alignment filtering procedure 

removed recombinant and/or spurious sites (Figure 3). 

 

To estimate the age of the Most Recent Common Ancestor (MRCA) (the split time) we 

calibrated the resultant phylogenetic tree by time. To do so we first confirmed the existence 

of a significant temporal signal over the alignment, by computing the correlation between 

the root-to-tip genetic distance and the estimated time of sample collection. For our ancient 

sample we set this to X to reflect the mean estimate of the archaeological dating of the site. 

The temporal regression was significant following 10,000 randomizations of the tip sampling 

date (Figure 4A). We then applied BactDating to formally estimate the mutation rate over 

the alignment. Following convergence of the the MCMC algorithm25 (Figure S5), we estimate 
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a mutation rate for this clade over the clonal frame to 1.86e-1 mutations per genome per year. 

The estimated mutation rate is significantly lower that those reported for analyses of modern 

genomes from S. enterica serovars26–28, being more similar to Y. pestis mutation rate29. Based 

on a strict clock assumption, this rate leads to a inferred date of the split between the colonial 

Mexican clade and the current diversity of Paratyphi C to have occured around 280 CE (CI: 

1.39 CE – 556.2 CE). A time to the MRCA of 189 BCE (CI: 586.54BCE – 206.64 CE) was 

estimated between the medieval Trondheim sample and the Mexican isolates (Figure 4B). 

Those figure postdate existing estimates of the age of the split between Typhisuis and 

Paratyphi C of 3655 (5147 – 2348) YBP9. 

 

Discussion 

We performed whole genome sequencing on the remains of two Spanish soldiers who were 

besieging Barcelona (1651-1652) during the Reapers’ War and likely died during a disease 

outbreak, generally believed to have been caused by the plague (Yersinia pestis). While we 

found no evidence for infection by Y. pestis, we recovered a substantial amount of ancient 

DNA from the Salmonella enterica Serovar Paratyphi C lineage previously implicated in 

paratyphoid fever epidemics of native Americans form Mexico during the colonial period 

(1545-1550). We were also able to assign a likely ancestry to the two Spanish soldiers, one to 

the Basque region and the other to Sardinia. 

 

The remains from the two Spanish soldiers we sequenced are part of a far wider collection 

of skeletons uncovered during archaeological excavations of the Spanish army encampment 

in Sant Martí de Provençals. In total 576 skeletons of soldiers grouped in shallow graves have 

been recovered to date. Most of these contain between one and ten individuals, but two large 

pits with 69 and 79 individuals, respectively, have also been identified. 

 

Little is known about the geographic origins of soldiers enlisted in the Spanish army. Our 

genetic analysis, which includes present-day data from human populations from Western 

Eurasia, the Middle East and North Africa modern populations places F1364-1436 closest 

to the diversity observed in present-day Basques and F1691-1810 with present-day 

Sardinians. What is now the Basque Country and the island of Sardinia were under dominion 
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of the Spanish crown during the 17th century, implying that all the regions of the Spanish 

realm contributed men to the war effort. In fact, it is recorded that the fall of Barcelona in 

1652 was celebrated across the Spanish possessions, including Cagliari in Sardinia30. The 

analysis of further individuals could provide additional information on the heterogeneous 

composition of professional armies during the 17th century; for example, contemporaneous 

chronicles report the presence of a contingent of Irish mercenaries31. 

 

Based on the archaeological context of the burials, the soldiers were hastily buried -

sometimes still dressed and with boots on- without signs of war injuries, and within a short 

period of time. Archaeologists tend to associate such burial procedures with disease 

outbreaks32,33. In contemporaneous chronicles it is mentioned that both the defenders - 

within the city - and the besiegers suffered a bout of "pestilence" that has been traditionally 

considered to be a Plague outbreak22. 

 

Next generation sequencing techniques now allow the recovery of historic pathogens from 

a variety of sources including medical collections34,35, ancient parchments36,37, ancient 

“chewing gum”38 and human remains9,12,13,39,40. In the case of Plague, numerous samples have 

been analysed from different periods and locations41–45. Despite the prior suspicion that 

Plague was the likely cause of death of the two soldiers’ remains we analysed22, we detected 

no traces of Yersinia pestis. Instead, we recovered the partial genome of the pathogen 

Salmonella enterica Paratyphi C in one individual that may have contributed to his death. 

Outbreaks of enteric fever are plausible considering the sanitary conditions of a cramped 

military camp during a siege, as well as the surrounding marshes (that were drained in modern 

times46). Both of these factors and the presence of contaminated water may favour the rapid 

transmission of disease4. Nonetheless, it is not possible to rule out the co-existence of a Y. 

pestis outbreak given that so far we have only analysed two individuals, and the fact that 

Plague was a well-known disease at the time with clear symptoms22. 

 

Some recent studies have demonstrated the epidemic character of S. enterica Paratyphi C in 

historical times. The first time that Salmonella Paratyphi C DNA was found in ancient remains 

from the Americas was through the analysis13 of mass burials in Mexico dating back to the 

mid-16th century and attributed to the Cocoliztli epidemics. The discovery of the pathogen in 
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a 12th century woman from Trondheim, Norway further supported the idea that S. Paratyphi 

C could have noticeably contributed to past pandemics in recent human history12 despite 

being rare in Europe and the Americas today. 

 

The phylogenetic placement of our bacterium sample from Barcelona within the diversity of 

the Mexican strains supports one of two scenarios: i) a reintroduction of S. Paratyphi C strains 

back into Europe or ii) an extensive geographic range of S. Paratyphi C prior to the colonial 

period. Given other cases of introduction of pathogens in the Americas during the colonial 

period have been recently reported aided by the analysis of ancient microbial genomics, 

including parvovirus and Hepatitis B virus, leprosy, syphilis and malaria34,47–50 it is plausible 

the former scenario contributed to the distribution of past Parathyphi C observed. Some 

putative cases, such as syphilis, have been debated for decades with little progress in 

addressing disease introductions from the analysis of modern strains alone. Syphilis was once 

thought to have been introduced into Europe from the Americas; however, strains likely 

predating Columbian times have been recently discovered in Northern European skeletal 

remains49,51. 

 

The presence of S. Paratyphi C in mid-17th century Spain is particularly interesting in the 

context of these historical epidemics due to the fact these strains are no longer present in the 

current world diversity of S. Paratyphi C. The dating of the colonial Mexican strains - with 

or without the addition of the Medieval Norwegian strain - clearly predates Columbian times. 

Despite uncertainties associated to the dating method and to the partial data from ancient 

skeletal remains, these results support that S. enterica Paratyphi C strains were present in 

Europe for centuries, meaning they are conceivably a further plausible candidate for some 

historical pandemics of debated cause - including the one suffered by Spanish besiegers of 

Barcelona in 1652. 

 

Nevertheless, it is likely that the complex pattern of trans-Atlantic connectivity detected here 

could only be clarified with the study of further ancient samples, both from the Americas 

and the Old World. However, the lack of osteological signals associated to typhoid fevers 

means that this survey will need to be made blindly by analysing, like we did in this study, 
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historical mass graves potentially attributed to other, common past pandemics such as the 

Plague. 

 

Limitations of the Study 

It has not been possible to retrieve the whole Salmonella genome which could have some 

impact on our temporal estimates. In the future we would like to attempt analysing additional 

individuals from this site and to merge all Salmonella DNA reads to achieve a high-coverage 

genome of this ancient strain. 

 

Resource Availability 

Lead contact: Carles Lalueza-Fox carles.lalueza.fox@gmail.com 

 

Materials Availability 

This study did not generate new unique reagents. 

 

Data and Code Availability 

Sequences from the human genomes and Salmonella enterica are deposited at the European 

Nucleotide Archives under accession number XXXXX. 

 

Methods 

All methods can be found in the accompanying Transparent Methods Supplemental file. 
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Supplemental Information 

 

Table S1. Mapping statistics of the human DNA reads from the two analysed individuals, 

separated by nuclear genome and mitochondrial DNA genome.  

 

Table S3. Mapping stats of the 839 Salmonella enterica assemblies used to find the closest 

serovar to the F1691-1810 based on genome mapping. The top five closest assemblies 

correspond to Cholerasuis and Paratyphi C serovars. The closest serovar was Paratyphi C, 

with the highest number of mapped reads, highest mean depth of coverage, highest 

percentage of the total reference recovered, and lowest mean edit distance. 

 

Table S5. Recombination events in the Paratyphi C phylogeny. The table include events 

exclusive of a leaf (marked using the leaf name), or events including a whole node (marked 

with the node number). 
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Figure Captions 

 

 

Figure 1: Genetic affinities of the soldiers analysed. (A) Image of some of the soldiers’ 

remains found in the site. (B) Genetic data for both individuals (see legend at top right) are 

projected onto the two main principal components (PC) defined by 1431 present-day West-

Eurasian individuals genotyped by Human Origins array (grey-points). Modern populations 

more closely related to the siege of Barcelona soldiers are highlighted (present-day Basques 

(green); Spanish (yellow); Sardinians (cyan)). 
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Figure 2: Characteristics of the S. enterica Paratyphi C recovered sequences. Coverage plots 

of the Paratyphi C chromosome (A) and plasmid (B); the outer blue circle provides the 

genomic position, the second outermost circle in grey provides the reference mappability, 

the third most outermost ring represents the presence of genes (blue), pseudogenes (orange) 

and RNAs (green) along the reference, and the innermost purple circle provides the mean 

depth (binned) of coverage. (C) Comparison between the calculated and expected coverage 

and the actual observed coverage in both plasmid and chromosome. (D) Damage patterns 

at both ends of the DNA reads mapped against Paratyphi C reference genome. 
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Supplementary Materials 

Ancient Salmonella enterica from a soldier of the 1652-siege of 

Barcelona (Spain) confirms historical epidemic contacts across the 

Atlantic 

 

Toni de-Dios, Pablo Carrión, Iñigo Olalde, Laia Llovera Nadal, Esther Lizano, Dídac 

Pàmies, Tomas Marques-Bonet, François Balloux, Lucy van Dorp, Carles Lalueza-Fox 

 

Transparent Methods 

 

The site  

 

A recently excavated archaeological site located in La Sagrera -currently a north-eastern 

quarter of the city of Barcelona- dates from 1651-1652 CE, during the conflict known as 

the Reapers’ War (Guerra dels Segadors, 1640-1659), in the context of the Thirty Years’ War1. 

During 1651, the city was under siege by Spanish forces commanded by Juan José de 

Austria. Despite the efforts of the local garrison and the arrival of French reinforcements, 

the city capitulated in the spring of 1652. The site consists of multiple mass graves 

containing mostly males (118 out of 140 studied by physical anthropologists so far), with 

ages ranging from 16 to 40 years and signals in their skeletons of having undertaken intense 

physical activities. The analysed individuals come from the burial F1691 (individual 1810) 

and F1364 (individual 1436). An upper canine was extracted from each of the skulls and 

used for genetic analyses.  

 

DNA extraction and library preparation 

 

All DNA extraction and initial library preparation steps (prior to amplification) were 

performed in a dedicated ancient DNA laboratory, physically isolated from the laboratory 

used for post-PCR analyses. Strict protocols were followed to minimize the amount of 

human DNA in the ancient DNA laboratory, including the existence of positive air 

pressure in the clean rooms, the wearing of a full body suit, sleeves, shoe covers, clean 
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shoes, facemask, hair net and double gloving. All lab surfaces, consumables, disposables, 

tools and instruments were wiped with bleach and ethanol, and UV irradiated before and 

after use. 

 

First, the teeth samples were UV irradiated (245 nm) for 10 minutes and the outermost 

surface of the teeth was scrapped off with a drill engraving cutter, followed by another UV 

irradiation for 10 more minutes, in order to exclude the surface DNA contamination. 

Second, approximately 30 mg of tooth cementum were drilled into a fine powder by a 

Dremel drilling machine at low speed (5000 rpm). 

 

DNA extraction from tooth powder was performed following the method proposed by 

Dabney et al. 20132. The teeth-powder samples, including an extraction blank, were added 

to 1ml of extraction buffer (final concentrations: 0.45 M EDTA, 0.25 mg/mL Proteinase 

K, pH 8.0), resuspended by vortexing and incubated at 37 °C overnight (24h) on rotation 

(750-900 rpm). Remaining tooth powder was then pelleted by centrifugation in a bench-top 

centrifuge for 2 min at maximum speed (16,100 × g). The supernatant was added to 10mL 

of binding buffer (final concentrations: 5 M guanidine hydrochloride, 40% (vol/vol) 

isopropanol, 0.05% Tween-20, and 90mM sodium acetate (pH 5.2)) and purified on a High 

Pure Extender column (Roche). DNA samples were eluted with 45μl of low EDTA TE 

buffer (pH 8.0). 

 

A total of 35μl of each DNA extract were converted into Illumina sequencing libraries 

following the BEST protocol3. Each library was amplified by PCR using two uniquely 

barcoded primers. After index PCR, libraries were purified with a 1.5x AMPure clean 

(Beckman Coulter) and eluted in 25μl of low EDTA TE buffer (pH 8.0). Libraries were 

quantified using BioAnalyzer and sequenced by HiSeq 4000 (Illumina). 

 

Human DNA mapping 

 

Reads were trimmed of sequencing adapters, filtered for reads of less than 30bp and 

merged using AdapterRemoval with default parameters4.  Clipped reads were then mapped 

against the human reference genome hg37/19 and the Revised Cambridge mitochondrial 

DNA reference sequence using BWA aln/samse  with the seeding option disabled5–9. Next, 

duplicated reads were removed using Picard and only reads with a mapping quality equal or 
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above 30 were considered for the following analysis10. Mapping statistics were calculated 

using SAMtools and Qualimap2 9,11. Finally, to assess the authenticity of the DNA reads, post-

mortem associated DNA damage was estimated using mapDamage2 and PMDtools12,13.  

 

Sex determination and uniparental markers analysis 

 

Molecular sex was assigned using Ry_compute, a script designed to determine the sex of 

individuals sequenced at low coverage based on the ratio of reads mapping to each sex 

chromosome14. Mitochondrial haplogroups were determined using haplogrep215. Y 

chromosome haplogroup determination was performed by manually annotating variants 

from the International Society of Genetic Genealogy (http://www.isogg.org) version 

15.73.  

 

Contamination estimates  

 

Modern human contamination was estimated using two approaches. For mitochondrial 

contamination, we used Schmutzi, which calculates the modern contamination by the profile 

of aDNA associated deamination in the sample16. For the nuclear DNA contamination, 

and considering that both individuals are compatible with being males, we estimated the 

exogenous DNA contamination based on the heterozygosity of the X chromosome sites 

using angsd 17. 

 

Human population genetics analysis 

 

To analyse these 17th-century individuals in the context of present-day human genetic 

diversity, their genomic data was merged with 1,134 West-Eurasian individuals genotyped 

in the Human origins (HO) array 18. Principal Component Analysis (PCA) was computed 

using the modern HO individuals, and the ancient samples were projected onto the first 

two components (PC1 and PC2) using options ‘lsqproject: YES’ and ‘shrinkmode: YES’ of 

smartpca built-in module of EIGENSOFT (v. 7.2.1) (https://www.hsph.harvard.edu/alkes-

price/software/)19,20. 

 

 

Pathogens' screening and Salmonella sequences mapping 

http://www.isogg.org/
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To explore the presence of relevant microbial organisms in the samples we collapsed 

unique reads from the human-free sequences and removed from the dataset low 

complexity sequences using Prinseq21. Afterwards, we applied kraken2 to assign reads against 

a standard databases (bacteria, archaea, fungi, protozoa and viral)22. We found almost no 

evidence of Yersinia pestis DNA reads, but one of the samples indicated a significant 

presence of Salmonella enterica. 

 

To validate this signal, and to identify the closest representative of our sample amongst a 

diverse set of S. enterica, we downloaded 839 Salmonella published assemblies from NCBI (as 

for 03/04/2020) and created a custom database. Human-free reads were then mapped 

against this database using the local alignment algorithm mem of BWA7. We mapped the 

sequences resultant of the local alignment of the free DNA reads against each Salmonella 

assembly downloaded independently using BWA’s global alignment algorithm aln. The 

settings used were then optimised for mapping ancient genomes by disabling the seeding 

option, setting an edit distance value of 0.01 and a gap open penalty value of 2. After that, 

duplicated sequenced were removed using Picard tools and  DNA reads with mapping 

quality >25 were retained8,10. The mapping statistics and presence of post-mortem aDNA 

damage were determined as described for the human sequences. Due to the low coverage 

of the sample and its high ratio of aDNA damage, we decided to trim 10 bases from the 

ends of each of the DNA reads.  

 

We determined that the most suitable assembly to map against was the Salmonella enterica 

subsp. enterica ser. Paratyphi C reference genome23. The number of mapped reads, the mean 

coverage, the fraction of the genome recovered, and the mean edit distance are provided in 

Suppl. Table 3. 

 

Coverage and mappability of Salmonella enterica Paratyphi C 

 

We determined the mappability of the reads to the Paratyphi C reference genome by 

mapping k-mers of 40 to 100 base pairs. The coverage of the sample was determined using 

bedtools specifying windows of 1kb for the chromosome and 100 bases for the plasmid24. To 

ascertain if the coverage found adjusted the expected, we assumed a random distribution 

matching the actual coverage if the sample is authentic, following a previously described 
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approximation25 which calculates the probability of a position being covered given the 

presence of r reads of length l using the following formula:    𝑐 = 1 − ∏ (1 −
𝑙𝑖

𝑔

𝑁
𝑖=1 )𝑟𝑖 , in 

which N are the different l1 to lN, read lengths with counts r1 to rN. This value must be 

corrected by multiplying c for the mappability of the reference genome, otherwise the true 

coverage may not match the expected. An additional scenario leading to the expected and 

actual coverage not matching is when the reference has a region with no coverage in the 

ancient sample25. 

 

Variant calling and phylogenetics dataset creation 

 

Additionally, a dataset of 411 modern Salmonella enterica representative of the AESB 26–28, as 

well as 11 historical samples26,29,30 was curated. For all modern samples raw read data 

processing was as described as for F1691-1810 except for employing the BWA mem 

algorithm with default settings instead of aln, the latter being advised for ancient DNA 

mapping pipelines. Historical samples were processed as described for our novel ancient 

samples. Variants were called from processed published sequences using GATK 3.7 

algorithm UnifiedGenotyper. For each sample, positions were filtered for minimum coverage 

of 10X and indels were excluded.  

 

Maximum Likelihood tree 

 

All positions satisfying the filtering criteria were used to create a consensus genome fasta 

using the reference genome as template. Those positions that were filtered out were 

masked in the resultant fasta file. This resulted in a phylogenetic dataset comprising 424 

Salmonella enterica AESB and an outgroup (ERS217420). 

 

An initial Maximum Likelihood (ML) tree was build using RAxML 8.2.4 with the 

nucleotide substitution model GTRCAT and a strain of Salmonella enterica ser. Enteriditis as 

an outgroup. The resultant tree was visualised using the R package ggtree31,32. Following 

this, we used ClonalFrameML to correct the subsequent tree for the presence of 

homologous recombination events33. ClonalFrameML can infer the location of a 

recombination event in each branch of a ML tree, which can affect to the resultant branch 

length.  The transition / transversion ratio used (κ) was 2.997.  
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After removing the recombination events present in the Paratyphi C branch we proceeded 

to remove all remaining homoplasies from the dataset using HomoplasyFinder34. A 

homoplasy is a substitution event which has arisen independently in different separate 

linages, and which can alter the tree topology, hence these may arise from undetected 

recombination or spurious variant calls which may appear in low coverage samples.  

Homoplasies are determined by their index value which ranges between 0 and 1, with 

values closer to zero denoting more homoplasic variants35. A final ML tree based on the 

filtered alignment of 5,180 variant sites was generated using RAxML with the parameters 

described above. As before, the phylogeny was visualised using ggtree.  

 

Temporal signal exploration 

 

In order to perform phylogenetic tip-calibration it is necessary to first confirm the presence 

of significant temporal signal in the alignment. A temporal regression of sampling date 

(years) against root-to-tip distance was performed using the R package BactDating, which 

additionally conducts a date randomization test of significance36. Samples without an 

assigned collection date were treated as missing. We established the most suitable model by 

running all models and compare their DIC value. We performed the analysis using the 

model arc inference model and 10,000 iterations.  
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Supplementary Tables 

 

 

Table S2. Metagenomic read assignation to Yersinia species and Salmonella enterica using kraken2. There is no 

substantial amount of Yersinia pestis-related bacteria.  

 
 

 
 
 
 
Table S4. Mapping statistics of the analysed samples against Salmonella Paratyphi C reference genome. 

 
 
 
 
 

 

  

Sample 
  

Species 
  

Summative 
Taxon Reads 

Exact Taxon 
Reads 

% of all Reads in 
sample 

F1364-1436 
 
 
  

Y. enterocolitica 244 175 0,000246419 

Y. pestis 3 2 3,02974E-06 

Y. similis 34 34 3,43371E-05 

Y. pseudotuberculosis 1,827 169 0,001845112 

S. enterica 1,500 731 1.514E-05 

F1691-1810 
 
 
  

Y. enterocolitica 447 361 0,000181358 

Y. pestis 75 63 3,04293E-05 

Y. similis 138 138 5,59898E-05 

Y. pseudotuberculosis 945 177 0,000383409 

S. enterica 14,326 9,006 0.01% 

Sample Name 
Sequenced Paired 

Reads 
Unique 
Reads 

Quality 
25 

Reads 

Average 
Depth of 
Coverage 

% of 
Covered 
Positions 

F1364-1436 99,018,404 1,572 1,452 0.003X 0.006% 

F1691-1810 246,473,297 24,327 24,225 0.3852X 30.78% 
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Figure S1. ancient DNA authenticity damage patterns observed in human reads from F1691-1810 (A - top) 

and F1364-1436 (B- bottom).  Top plots provide the frequency of post-mortem damage associated 

substitutions at the 25 last positions of the reads in the 5’ end (top left; blue) and 3’ end (top right; red). 

Bottom plots provide the distribution of reads based on their PMD score with the associated density 

distribution shown by the red line. 

A 
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Figure S3.  Distribution of the 21,793 SNPs remaining along the Paratyphi C genome after the removal of 

putative recombination events inferred by ClonalFrameML. This dataset represents a 92% of the original 

panel. 
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5 Discussion 

 

The selective pressure driven by pathogens represent one of 

the strongest evolutive forces in humans. Diseases and 

pandemics have reshaped human populations, both 

demographically and genetically. Due to the close relationship 

between pathogens and their hosts, humans, different 

population movements and demographic changes in the last 5 

millennia, especially those occurring after the Neolithic 

transition, have also affected to the genomic landscape of 

different pathogenic agents. NGS techniques have allowed us 

to recover aDNA from ancient pathogens and observe those 

genomic imprints caused by the aforementioned events. 

Furthermore, we have used those same techniques to describe 

a historically documented clinical case from a metagenomic 

perspective.  

 

In this thesis I present the result of 3 studies. The first is the 

characterisation and affinities of an eradicated European  

Plasmodium falciparum strain. The second is the recovery of 

DNA attributed to the French revolutionary Jean-Paul Marat 

recovered from bloodstain found in a late 18th century. The last 

newspaper is the recovery of a European Salmonella enterica 

Paratyphi C strain recovered from a putative plague epidemic 

during the siege of Barcelona in 1651 – 1652.  
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The topics I will discuss in this section are the recovery of 

ancient pathogen DNA and its difficulties, the genomic affinities 

of ancient European pathogens, the revision of historical cases 

using aDNA. As a remark, this thesis contributes with 2 novel 

findings. One is the first time Plasmodium falciparum ancient 

genomic DNA is analysed. The other is the first time human 

aDNA has been recovered from an ancient cellulose 

manuscript.  

 

5.1 Ancient pathogen recovery 

 

In the last years multiple ancient pathogens have been 

retrieved for genetic studies. The most prolific pathogen in this 

regard is Yersinia pestis, usually extracted from teeth, from 

which historical strains attributed to the first166–169, 

second56,175–178,180–182 and third pandemic185–188 have been 

recovered, but furthermore, a new Neolithic412 and 2 Bronze 

Age29,163,164 lineages have been discovered. Other pathogenic 

bacteria retrieved from teeth are Salmonella enterica strains, 

which in the las 2 years have raised their interest as had being 

potentially pandemic agents in the past30,134,219. For other 

pathogens which their life cycle does not involved a bloodborne 

systemic disease, other samples sources are preferable, such 

as Vibrio cholerae recovered from the preserved intestines of 

a 19th outbreak victim94, Helicobacter pylori from the stomach 

of a 5000 year old mummy (the Tyrolean Iceman)92, HIV from 

paraffin preparations90 and conserved blood plasma413, or 
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Plasmodium vivax and falciparum in medical slides dating back 

to 1940s91,283.  

 

The recovery strategy of those pathogens usually has two 

radically different approaches. For the retrieval of microbial 

aDNA from teeth, usually tens to hundreds of different 

individuals are scanned before a partial genome is found, 

afterwards, the best candidates are used to capture the 

genomes of the organisms of interest. The samples are readily 

available, but only few of them contain pathogen DNA. In the 

other hand, those other pathogens with a non-conventional 

tissue of origin are more subject to serendipity; those samples 

are scarce, usually in excellent preservation conditions and 

usually displaying signs or have recorded history of infection 

before being analysed using aDNA.  

 

At the search of Yersinia pestis DNA 

  

Taking the first approach method I have described above; this 

would be the case for the Salmonella enterica Paratyphi C 

genome from La Sagrera. The initial objective was to recover 

Y. pestis sequences. From several individuals screened, only 

two yielded enough human DNA to be analysed, and only one 

of them contained pathogen DNA. I would like to highlight the 

problematic of finding pathogen DNA.  

 

First, from the individual positive for S. enterica, 2 independent 
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samples were extracted from the same individual. One 

contained the partial Paratyphi C genome at 0.37X of average 

coverage  and 30% of the reference recovered, displaying 

patterns of aDNA damage. In contrast, the other sample taken 

only contained endogenous DNA. Although a priori this could 

seem to be improbable, is not uncommon for different samples 

coming from the same individual to display different amounts 

of DNA as seen from other studies24,30.  

 

Second, is the fact that despite the historical knowledge that a 

Plague epidemic occurred during the 1651 siege of 

Barcelona334, no traces of the Y. pestis were found. The 

characteristics of the site point to some sort of disease 

outbreak; the remains belonged to young men, presumably 

soldiers, with no signs of violent death333. We cannot rule out 

that plague was the cause of the epidemic, since the lack of 

Y.pestis sequences could be attributed to the low number of 

individuals that we could screen. Additionally, the presence of 

S. enterica Paratyphi C is not mutually exclusive with the 

presence of Y. pestis. 

 

When evidence is already present 

 

Going back to the approximation to find pathogen DNA, the 

other 2 studies presented in this thesis will fall upon the second 

category, scarce samples for which evidence of infection are 

visible or have been recorded. For the case of the recovery of 
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P. falciparum DNA from 1942 microscope slides, the parasites 

could be seen in the preparation. Furthermore, 3 of the 4 slides 

from which DNA has been recovered were previously analysed 

by Gelabert and colleagues, demonstrating the presence of the 

parasite91. The only issue which could affect the study 

regarding the actual presence of P. falciparum is the possibility 

that P. vivax sequences spuriously mapped against falciparum 

reference genome due to the confirm presence of co-infection. 

Nonetheless, this does not seem to be the case, since the 

number of shared reads between the 2 species is below 1% of 

the total reads mapped against P. falciparum reference 

genome. This resulted in a genome with 0.67X of average 

coverage and roughly 41% of the reference covered. Is 

important to mention that the obtention of P. falciparum from 

bone remain is possible as demonstrated by Marciniak and 

colleagues263,414, but far more inefficient and again, with a need 

for extensive samples scans. 

 

The case of the blood of Jean-Paul Marat is more complex 

since this was the first time the retrieval of DNA from a blood 

stain in an old cellulose manuscript was attempted. The most 

similar studies are the recovery of animal DNA from skin 

parchments95,415. Additionally, we wanted to analyse both his 

ancestry and the cause of his disease. We were able to recover 

human sequences with a 0.03X average depth of coverage for 

the nuclear genome, and 4X average depth of coverage for the 

mitochondrial genome. Marat had a skin condition which 
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severely affected him during the last years of his life416. This 

disease was attributed to syphilis, scabies or dermatitis of 

different ethology. The screening using two metagenomic 

profiling software (KrakenUniq417 and metamix418) showed the 

presence of several microbial species which could explain 

Marat’s symptoms; Acinetobacter junii (59.96% reference 

recovered), Aspergillus glaucus (1.65%), Staphylococcus 

aureus (1.03%), Cutibacterium acnes (94.79%) and 

Malassezia restricta (14.21%). All those microbes but A. junii 

showed patterns characteristics of aDNA damage. 

Nevertheless, after comparing the microbial profiles of Marat’s 

manuscript with historical parchments (the most similar object 

we could compare our sample)95, only C. acnes, S. aureus and 

M. restricta were considered as validate candidates to explain 

Marat’s symptoms. Here the difficulty lies on discerning which 

microbes are contributing to the infection and which could be 

expected to be found as commensals in a healthy skin biota.  

 

The problem of contamination 

 

From the 3 studies presented, the least susceptible to be 

contaminated is the recovery of the P. falciparum European 

strain; the samples were handled in a laboratory where other 

Malaria samples were not processed at the moment, and the 

sequences showed aDNA damage patterns demonstrating 

their authenticity.  
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In the other hand, samples from la Sagrera were used to 

analyse both human and pathogen DNA. Since archaeologist 

had handled the remains, human contaminant sequences 

were to be expected. One of the samples was in fact 

contaminated, but since we had an additional sample of this 

individual, we could discard the contaminated data and use the 

non-contaminated for the population genetics analysis.  

Fortunately, S. enterica Paratyphi C contamination could be 

ruled out since the retrieved sequences showed post-mortem 

damage patterns. Moreover, infections of this type are 

nowadays relatively scarce in developed countries419.  

 

Again, Marat’s sample was difficult to deal with, since there 

were multiple focusses of possible contamination, both for 

endogenous and for microbial DNA. The manuscript was 

handled for years without any precaution, and modern and 

ancient contaminants were to be expected. This was the case 

for the human DNA, from an original genome sequences at 

0.1X and 16X for the nuclear and mitochondrial genomes 

respectively, after filtering for the presence of possible aDNA 

damage in the reads, we got the aforementioned genomes at 

0.03X and 4X. Despite in this case modern contamination has 

been removed from the sample, certain fraction of ancient 

contaminants seems to be left in the sample, at least for 

mitochondrial DNA sequences, but not for nuclear DNA. 

Nonetheless, similar methods for filtering contaminants have 

been successfully applied, being the resultant data apt for its 
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use in population genetic analysis355. For the microbial 

contamination, A. junii was automatically considered 

contaminant because it did not display aDNA damage. 

Aspergillus were also considered as probable contaminants 

since their ubiquitous environmental distribution and their 

ability to grow in different substrates. Finally, although M. 

restricta, S. aureus and C. acnes could be originated from a 

contaminant source, their absence in historical parchments95 

suggest that they may be actually linked to Marat’s condition. 

  

5.2 Pathogens in historical Europe 

 

As we have seen thought all the thesis, different  diseases 

ravaged Europe for centuries, their origin being linked to the 

change in demographics resultant of the Neolithic transition, 

which for example, allowed the Plasmodium parasites to 

expand worldwide138, or allowed Salmonella enterica serovars 

to infect humans through different zoonotic jumps134. The other 

event which allowed those pathogens to reach every corner of 

the globe is the Age of Discoveries. During this period of time, 

European powers gain control of different areas in the world, 

propitiating again the conditions for the spreading of different 

diseases.  
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Malaria, the case of a locally eradicated cosmopolitan 

disease 

 

The P. falciparum strain which we have retrieved is of great 

importance since it provide us of a snapshot the genetic 

characteristics of a pathogen which is now eradicated from 

Europe420. Previous studies by Gelabert and colleagues 

demonstrate the plausible origin of the eradicated European 

strain in the Indian subcontinent using mitochondrial 

genomes91. The retrieval of wide genome data from this strain 

has allowed us the usage of more informative population 

genetic analysis.  

 

The genetic affinities of the European P. falciparum as viewed 

through a PCA show us a close relationship between 

Bangladeshi strains and the European strain, confirming the 

observations made by Gelabert and colleagues91. Besides this, 

in the PCA is also exhibited the close affinities to South East 

Asian and Melanesian strains. The usage of a formal test, F4 

statistic,  demonstrate that the European P. falciparum strain 

is genetically closer  to Asian strains than to African or 

American ones. Nevertheless, admixture events of the 

European and other strains cannot be discarded. It could be 

argued that its position in the PCA, at the centre of diversity, is 

due to some genetic exchange between African and Asian 

strains. This can be observed in an unsupervised Admixture 

analysis (not published but added to the thesis as Figure 17), 
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which show us that the European strain is in fact composed of 

different global components, including African, Asian and even 

American sources. This is also evidenced using 

Chromopainter, where the European P. falciparum share 

haplotype chunks with Asian strains, but also a considerable 

amount with African and American. 

 

In the context of the dispersion of P. falciparum, the parasite in 

Europe is recorded only during the antiquity421–424 and due to 

its genetic affinity to Indian strains, an introduction from Asia. 

Maybe this occurred during the stablish of the Achaemenid 

Empire or Alexander’s conquest during the Hellenistic period, 

rather than an African origin through Mediterranean contacts 

during the Roman Empire. In regard the effects of colonialism 

on the dispersal of the parasite, we might consider if P. 

falciparum shares a similar history to P. vivax. In the case of P. 

vivax, van Dorp and colleagues demonstrate a European origin 

of the American strains. In the case of P. falciparum, previous 

studies suggest an African origin of the American diversity, 

linked to the Atlantic slave trade265. Despite our data also 

denotes a close genetic affinity between African and American 

strains(as seen in a PCA), different event of admixture 

between American and European P. falciparum strains may 

had happened to a certain degree and should not be excluded 

from consideration.  

 

In addition to the genetic to the study of this P. falciparum  
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strain and its relationship to other existing strains in the context 

of their global dispersal, the date of this sample provides us of 

a “naïve” genome which predate the introduction of most 

antimalarial policies425. This is reflected in the presence of 

described SNPs which confer drug resistances. From 117 

interrogated positions, only 2 display an allele compatible with 

drug resistance. Those mutations are in the pfmrp1  gene and 

provide resistance to quinine and chloroquine239,245,250. The 

presence of those mutations could be explained by the natural 

occurrence of the polymorphisms in P. falciparum strains, or 

by the interaction with some kind of antimalarial drug. The later 

seems plausible with the fact that quinine is the oldest known 

antimalarial compound and at that time had been already used 

by the Spanish for 3 centuries426. Despite this, and given the 

data retrieved, it seems that this ancient strain has  not been 

touch by the selective pressure pursued by Malaria treatment 

policies. The same fact has also been observed in historical 

European P. vivax strains, which only display a couple derived 

alleles in positions linked to drug resistance269,283.  

 

Finally, I would like to remark the limitations of the usage of a 

genome at this coverage (0.67X and 41% of positions 

covered). The ventage of the population genetic analysis used 

(PCA and F4) is that they are fairly robust and not that much 

affected by the lack of data to a certain point. What is true that 

if more data, hence more coverage, were available, a  set more 

precise results could been have given. This would have 
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allowed to determine with more exactitude the admixture 

proportions of the European strain or use phylogenetic 

approaches to infer the split date of the European linage from 

other lineages. Furthermore, this would have allowed for a 

better drug resistance mutation scanning, since from the 

original 117 positions analysed, only 62 were covered, and 23 

have 2 or more depth of coverage. We had to rely on 

imputation to assess the authenticity of the 2 present SNPs.  

 

Paratyphi C and its forgotten role in past epidemics  

 

The recovery of S. enterica Paratyphi C from a putative 

Spanish soldier dating back to 1652 opens the way for 

questions regarding the past relevance of Paratyphi C in 

ancient and historical epidemics. Recent studies have 

demonstrated the emergence of Salmonella enterica serovars 

tied to the Neolithic transition and animal domestication134. 

What is more, this same serovar Paratyphi C, despite 

nowadays being relatively scarce, was present in Medieval 

times219 and has attributed to be one of the causal agent of the 

Cocoliztli epidemics during the mid-16th century in Mexico30. 

 

From a phylogenetic perspective, the Paratyphi C Spanish 

strain cluster with the Colonial strains from Mexico, being basal 

to all diversity within the Paratyphi C clade but the Medieval 

strain. The presence of those genetically similar Spanish and 

Mexican strains highlights the importance of the population 
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and goods movements between America and Europe during 

this period. In this case, this suggests a reintroduction of 

Paratyphi C strains back to Europe. Due to scarcity of the 

available data, we could not accurately date the split between 

the American and European strains.  

 

I would like to mention that one of the main limitations present 

in this study is the amount of data available, a genome at 0.38X 

and covering roughly 30% of the reference genome. Due to 

this, we had to be very careful when calling variants and had 

to apply relatively astringent filtering parameters to evade 

spurious calls caused by aDNA damage. This resulted in a low 

number of confident calls in la Sagrera strain which could be 

used in the phylogeny. The software used to create the ML tree 

can tolerate missingness in the data up to a point. Missingness 

in la Sagrera manifested for example in an abnormally high 

branch length (which could be also attributed to aDNA damage 

lesions erroneously called despite the filtering parameters 

used) and low support within the Colonial Mexico clade. 

Branch length could be partially solved by removing 

recombinant and homoplasic sites. At the end, this 

inconsistencies difficulty the assessment of a correct dating. 

 

Other of the main issues arisen from this finding is the fact that 

previous to this study, it was assumed that a Plague epidemic 

affected the besiegers of Barcelona in 1652. As previously 

mentioned, only few individuals were screened, when similar 
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studies screen from tens to hundreds of different candidate 

individuals, and then capture in positive samples is needed to 

recover complete Y. pestis genomes29,164,169,181. Additionally, 

the presence of Paratyphi C is not mutually exclusive with the 

presence of Plague. What those findings suggest is that due to 

the fact that enteric fevers do not leave physical evidence of 

infection in the remains, their past outbreaks and epidemics 

may have been overlooked. A way to tackle this problem would 

be to massively screen for the presence of S. enterica serovars 

in mass burials associated to other epidemics or outbreaks. 

 

5.3 Revision of a documented historical disease 

case 

 

aDNA has been used as a tool to analyse the remain of various 

famous historical figures. This has been the case for the 

remains of king Richard III of England31 or the blood of the king 

Louis XVI of France33. Here we retrieve DNA attributed to the 

French revolutionary Jean-Paul Marat to both characterise its 

ancestry and try to elucidate the cause of his disease. Marat 

suffered from a itching skin condition which has previously 

been identified by historical revisionist as scabies, syphilis, 

atopic dermatitis, seborrheic dermatitis or dermatitis 

herpetiformis427–431.  

 

As mention in the first section of the discussion, after filtering 

the data to extract only the reads considered as truly ancient, 
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we are left with only a tiny fraction of the genome (0.03X 

average depth for the nuclear genome, 4X for the 

mitochondrial genome). The major mitochondrial haplogroup 

was determined to be H2a2a1f, with traces of a possible 

contaminant sequence of the haplogroup K1a15. Both 

haplogroups are found in Europe. Nevertheless, the presence 

of this possible contaminant does not seem to be apparent in 

the nuclear data since the ratio of heterozygosity in the X 

chromosome does not suggest the possibility of contaminant 

sequences. Is important to remark that the genetic sex of the 

sample is compatible with male but not female, hence that 

contamination could be measured using X chromosome 

frequencies. The data at our disposal was enough to perform 

basic population genetic analyses; PCA, ADMIXTURE and F 

statistics. In the PCA, the sample falls within current French 

diversity, somewhat displaced to the North Italian – Spanish 

cluster. The ADMIXTURE analysis also displays a profile 

compatible with a partial French ancestry. Finally, the F4 

statistic denote that the sample is genetically closer to French, 

Basque, North Italian and English populations rather than to 

Spanish, South Italian or Sicilian ones. Altogether, the genetic 

profile of the sample is compatible with the mixed ancestry that 

Marat is thought to had have; his father was of Sardinian origin 

while his mother was a French Huguenot. Due to the low 

abundance of data, and the possibility of ancient 

contamination, the results have to be taken with caution, but 

they seem compatible with truly belonging to Marat. An ideal 
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improvement for this study would have been to have genetic 

data of a Marat’s relative in order to prove the authenticity of 

the retrieved genomic sequences.  

 

The microbial profile left after discarding possible 

contaminants is composed by M. restricta, S. aurerus and C. 

acnes. Those three microorganisms seem to be truly ancient; 

they display aDNA damage pattern and when placed in a 

phylogeny including modern day strains, they fall basal to 

those diversity. Furthermore, when compared with comparable 

historical objects, they do not appear to be present in their 

metagenomic profile. Of particular interest is M. restricta, a 

fungus which exclusively grows in the skin and which although 

could be present as commensal in a healthy microbial flora, 

has been linked to skin conditions such as seborrheic 

dermatitis, atopic dermatitis, dandruff and folliculitis432. 

Seborrheic dermatitis  matches  the symptoms which Marat 

seemed to suffer431. Additionally, S. aureus and C. acnes had 

also been linked to opportunistic skin infections. Although 

sequences of those microbes have been also found in the 

swab coming from the unstained part of the document, this 

could be expected if the paper had been handled by a heavily 

infected individual. Is for this reason that to confirm the present 

results, other documents handled by Jean-Paul Marat should 

be analysed.  

 

Given the presence of those specific organisms, those results 
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seem to indicate that Marat probably suffered from a fungal or 

polymicrobial infection, either primary or secondary, in an 

advanced stage. The usage of NGS techniques has thus 

allowed to shed light in a historical case of disease, and given 

the present data, suggest a possible cause for Marat’s 

pathology, 

 

5.4 Conclusions 

 

In this thesis we focus on the power of NGS techniques to 

retrieve ancient pathogen DNA from different context: the 

eradicated strain of a globally distributed disease, an ancient 

epidemic and a historically documented case of an individual 

suffering from a disease.  

 

Stating with the recovery of the European Plasmodium 

falciparum, is important to remark that this has been the first 

time that wide genome data of an ancient strain of P. 

falciparum has been analysed. Using this genome data, we 

provide evidence that corroborate the hypothesis of an Asian 

origin of European P. falciparum. As expected, this strain does 

not show signals of being selected by the usage of antimalarial 

drug. To better understand the dynamics of P. falciparum 

malaria in Europe and its genetic relationship with other 

circulating strains, it would be necessary to sequence more 

data from either other medical collections or from bone 

remains. This would be particularly interesting to understand if 
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American or African strains have contributed to genomic 

diversity of European strains, which with the given amount 

data, we cannot properly test.  

 

Following with the Salmonella enterica Paratyphi C in remains 

from the 1652 Barcelona siege, these findings suggest that 

although this pathogen is nowadays scarce, it could have been 

fairly common in the past and could substantially contribute to 

outbreaks and epidemics. Besides, the Spanish Paratyphi C 

showed genetic affinity to Colonial Mexico strains, highlighting 

the importance trans-Atlantic exchange of pathogens between 

Europe and America. Due to the limited data at our disposal, 

we could not properly date the split of this Spanish and Mexico 

strains to confirm the European origin of the Salmonella 

epidemics which ravaged the colonial Mexico. Is for this reason 

that future sample’s screenings  at a grand scale are necessary 

to retrieve more data which would allow to understand the 

arrival of the disease to the New World and the role that 

Paratyphi C played in historical epidemics.  

 

Finally, with the use of NGS techniques we have been able to 

take a deeper look at the medical case of Jean-Paul Marat, 

which has remained unanswered for almost 230 years. With 

this study we present the first evidence of aDNA recovery from 

an ancient paper sheet. This could open the gate for the study 

of other historical cases. Furthermore, using metagenomic 

techniques we proposed a diagnosis given the historical 
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records of Marat’s disease and the microbial data present in 

the sample. Due to that other hypothesis about his disease 

could not still be ruled out, other documents handled by Marat 

should be analysed in the search of more data. 

 

To conclude, in this thesis we have seen the relevance of 

ancient DNA for the study of diseases throughout human 

history. This information is of remarkable importance to 

understand the spread of diseases and pathogens across the 

world, providing knowledge on how they affect us humans, and 

also how we affect them.  
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