
 
 
 
 
 

Head Office: Università degli Studi di Padova 
 

Department of Geosciences 
 
 
 
 

Ph.D. COURSE IN GEOSCIENCES 

SERIES XXXIV 

 
 
 
 

ADVANCED ANALYTICAL DIAGNOSTICS APPLIED TO HUMAN 

OSTEOLOGICAL REMAINS 

 
Thesis written with the financial contribution of Fondazione CARIPARO 

 
 
 
 
 
 
 

 
Coordinator: Ch.ma Prof.ssa Claudia Agnini 

Supervisor: Ch.mo Prof. Gilberto Artioli 

Co-Supervisor: Prof. Luca Pagani, Dr. Luca Nodari 
 
 
 

Ph.D. student: Cinzia Scaggion 





ABSTRACT 

Ancient bones, recovered from archaeological contexts and preserved in Museums, represent a 

valuable source of information on health, diet and mobility of ancient populations as well as on 

demographics and environmental conditions of the past. Because of the development of modern 

technologies of omic sciences, osteological finds are increasingly requested and this has led to an 

increase in the analysis of ancient DNA (aDNA). Sampling methods for ancient DNA extraction are 

predominantly destructive and may often compromise the osteological findings for future analysis or 

for studies in other research fields. Besides the invasive and destructive sampling, in the case of poor 

conservation conditions of the archaeological bone caused by taphonomic and diagenetic alterations, 

the sequencing of ancient DNA can be an extremely expensive operation. 

Given the high costs of the aDNA sequencing procedure, in this research an analytical study based 

on infrared spectroscopy (FTIR) was conducted to develop a reliable, fast and inexpensive pre-

screening method to determine presence/absence of genetic molecules in archaeological bone samples. 

Infrared spectroscopy is a useful tool that is fast, minimally destructive, inexpensive and sensitive to 

changes in the structural properties of the organic (collagen) and inorganic (bioapatite nanocrystals) 

components that make up the bone. At the ultrastructural level, the organic and inorganic components 

of bone may stabilize strong bounds with DNA, stabilizing it and determining its survival over time. 

The sensitivity and efficiency of new IR parameters was tested on fresh bones and extremely altered 

archaeological samples, characterized by different chronology and origin. Bones that underwent 

diagenetic processes were characterized taking into account changes in climatic-environmental and 

burial conditions. The research was expanded by examining the changes induced by diagenesis on 

the secondary structure of preserved collagen, as well as by evaluating the changes on bioapatite 

crystals. 

The obtained results demonstrate that the IR parameter used in this research, that describes the atomic 

order/disorder, is advantageous for monitoring minimal changes in the structure and chemical 

properties of bioapatite as well as indirectly of collagen. This method based on infrared spectra may 

improve the selection process of bone samples as well as their suitability for specific analyses, e.g. 

genetic, paleo-proteomic and stable isotope analysis. Here, I propose a functional predictive model 

based on infrared parameters, used to determine the most predictive parameter for the 

presence/absence of DNA and allowing to reduce the costs of genetic analyses. The  obtained results, 

shows that the quality of aDNA cannot be determined due to the influence of local environmental 

factors. 
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SOMMARIO 

 
Le ossa antiche, recuperate dai contesti archeologici e preservati all’interno dei Musei, rappresentano 

una preziosa fonte di informazioni sull'alimentazione, lo stato di salute, la mobilità delle popolazioni 

antiche nonché sulla demografia e condizioni ambientali del passato, utili a ricercatori e accademici. 

A seguito dello sviluppo di moderne tecnologie delle scienze omiche, i reperti osteologici sono 

sempre più richiesti e questo ha comportato un aumento dell'analisi del DNA antico (aDNA). I metodi 

di campionamento per l'estrazione del DNA antico sono prevalentemente distruttivi e spesso possono 

compromettere i reperti osteologici per ulteriori future analisi o per studi in altri campi di ricerca. 

Oltre al campionamento invasivo e distruttivo, in condizioni di scarsa conservazione dell’osso 

archeologico causata da alterazioni tafonomiche e diagenetiche, il sequenziamento del DNA antico 

può essere un'operazione estremamente costosa.  

Dati gli elevati costi della procedura di sequenziamento dell'aDNA, in questo lavoro di ricerca è stato 

condotto uno studio analitico mediante spettroscopia a raggi infrarossi (FTIR) per sviluppare un 

metodo di pre-screening affidabile, veloce ed economico per determinare la presenza/assenza di 

molecole genetiche in un campione osseo archeologico. 

La spettroscopia IR è uno strumento utile in quanto è rapida, minimamente distruttiva, economica e 

sensibile alle variazioni delle proprietà strutturali delle componenti organiche (collagene) e 

inorganiche (nano cristalli di bioapatite) che costituiscono l’osso. A livello ultrastrutturale, le 

componenti organiche e inorganiche possono stabilire forti legami con il DNA , stabilizzandolo e 

determinando la sua sopravvivenza nel tempo. Da campioni archeologici (di epoche e provenienze 

diverse) estremamente alterati a moderne ossa fresche, abbiamo valutato la sensibilità e l'efficacia di 

nuovi parametri IR per caratterizzare la diagenesi subita dalle ossa tenendo in considerazioni i 

cambiamenti delle condizioni climatico–ambientali e di seppellimento. Il lavoro è stato esteso per 

esaminare le modificazioni indotte dalla diagenesi sulla struttura secondaria del collagene conservato, 

valutandone gli effetti sui cristalli di bioapatite. I risultati ottenuti dimostrano che il parametro IR che 

descrive l’ordine/disordine atomico, utilizzato in questa ricerca, è vantaggioso per il monitoraggio di 

variazioni minime nella struttura e nelle proprietà chimiche della bioapatite nonché indirettamente 

nel collagene. Questo metodo potrebbe migliorare il processo di selezione dei campioni ossei nonché 

la loro idoneità per analisi specifiche, ad es. analisi genetiche, paleoproteomiche e degli isotopi stabili 

sulla base delle analisi spettrali. Viene qui proposto inoltre un modello predittivo funzionale con i 

parametri infrarossi utilizzati, al fine di determinare il parametro più predittivo per la 

prensenza/assenza di DNA, utile per ridurre i costi delle analisi genetiche. Dai dati ottenuti, la 

qualità/quantità di aDNA risulterebbe non essere determinabile a causa dell'influenza di fattori 

ambientali locali. 



This essay is organized in five main chapters, treating different aspects of this research project. 

Each chapter is formatted as a paper ready to be submitted to an international journal or already published. 
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INTRODUCTION 

The animal and human skeletal tissues found in archaeological excavations play an important role in 

their eminent research function. They are often the only direct evidence of the past and hold valuable 

information useful to academics and researchers. Indeed, bones and teeth are useful biological 

archives (morphological, biochemical and histological) for archaeological and geological 

documentation providing information, regarding not only the individual whose remains are examined, 

but obtaining important information on paleopathology, paleoclimate conditions, migrations, 

evolution (Allende and Samplonius, 2022; Dupras and Schwarcz, 2001; Karakostis et al., 2021; 

Kieser et al., 2007; Kimmerle et al., 2008; Mays et al., 2001; Minozzi et al., 2012; Prowse et al., 2004; 

Raichlen et al., 2020). 

These osteological finds of historical, archaeological, scientific and cultural interest are part of the 

so-called "biological assets", commonly preserved in museums, and are therefore important and 

protected in the context of the Conservation of Cultural Heritage (Licata et al., 2020). 

Following the development of modern technologies of omic sciences, the investigation of osteological 

finds in museums is increasingly requested (Brown and Brown, 2011). 

Among these, in the last decade, the advent of new technologies such as Next Generation Sequencing 

(NGS) (Behjati and Tarpey, 2013), has led to an increase in the analysis of ancient DNA (aDNA) 

(Der Sarkissian et al., 2015; Slatkin and Racimo, 2016) as it has given way to overcome some of the 

previous limitations concerning the study of ancient molecules such as: fragmentation, low number 

of copies, damage to the sequence and contamination. The improvement of the sequencing technique 

has made it possible to analyse genomes extracted from ancient bone tissues, providing a fundamental 

contribution to anthropological studies, reconstructing the diachronic and synchronic natural history 

of the organisms subjected to analysis (Slatkin and Racimo, 2016). This led to an inevitable 

destruction of bone samples as a consequence of often-invasive sampling. Sampling methods for 

ancient DNA extraction are predominantly destructive causing the loss of the entire bone portion 

through the drilling and cutting of the specimens, powdering or coring the bone findings (Mays et al., 

2013; Orlando et al., 2021; Pálsdóttir et al., 2019). 

To overcome this problem, several ancient DNA extraction protocols have recently been developed 

with the aim of safeguarding the most requested and sampled finds such as petrous bones and tooth 

roots, which are known to produce particular high concentration of good quality endogenous DNA 

(aDNA) (Higgins and Austin, 2013; Pinhasi et al., 2019). A forensic study by Misner et al., 2009 

found that a significant factor influencing on the quality and quantity of extracted DNA is the type of 

bone. A very compact type of bone that is positively related to the preservation of bio-molecules over 
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time is the petrous bone (Gamba et al., 2014; Hansen et al., 2017; Parker et al., 2020; Pinhasi et al., 

2019). 

The petrous bone is a portion of the temporal bone of the skull, where the inner ear is located, 

surrounded by a particularly compact bone capsule. 

 

Figure 1. Ear: Overview. Coronal section through right ear, anterior view. Imagine from Gilroy et al., 2008. 
 

It is divided into two portions: bone labyrinth and membranous labyrinth. The portion that survives 

and is the object of study is the bone labyrinth (osseous labyrinth) consisting of a complicated system 

of cavities dug into the thickness of the bone thunderstorm. It is composed of a central part called the 

vestibule, with three semicircular canals (upper or anterior, lateral or horizontal, and posterior, 

arranged on three floors perpendicular to each other) and from the spiral canal of the cochlea (Carlson, 

2019; Wang et al., 2019). 

 

Figure 2. Vestibular and auditory apparatus. The osseous labyrinth and its bony shell (cochlea). Imagine from Gilroy et 

al., 2008 

2



Gamba et al., 2014 found that the rates of endogenous DNA extracted from the petrous bones are 4 

to 16-fold higher than those from the teeth, and up to 183-fold higher than those from other anatomic 

districts. The work of Gamba (2014), suggested that the densest part of the petrous bone reduces 

bacterial and chemically mediated post-mortem DNA decay. 

Pinhasi et al., (2015) examined differences in the endogenous DNA yield within the petrous bone 

analizing three different parts of the bone: A) a spongy part, B) dense white bone surrounding the 

inner ear, and C) dense bone of the inner ear. High aDNA yields were obtained from the densest part 

of the petrous bone, that is the cochlea (part C), as well as samples from warm regions (either arid or 

humid) were less positive for the bonded conservation of the sample itself. In addition to petrous 

bones, also teeth are a useful skeletal source of DNA because of their unique chemical-physical 

composition and, being located in alveoli of mandible and maxilla, they are more protected from the 

environmental burial conditions that accelerate DNA decay (Garcìa et al., 1996). DNA extracted from 

teeth is often of higher quality (Cafiero et al., 2019) and is less prone to contamination than DNA 

extracted from bones (Gilbert et al., 2005). Human teeth are made up of the crown and the roots, 

which are encased in the mandibular and maxillary alveolar bone. Teeth roots are composed by 

cementum, dentine and pulp and these parts produce more aDNA yields than the crown, mainly made 

up of enamel (Gaytmenn and Sweet, 2003; Higgins et al., 2011). Enamel is far more mineralized than 

the other teeth structures, containing no organic components (collagen), and serves to protect the 

dentine and pulp. Furthermore, once formed, it is acellular and does not contain aDNA (Lacruz et al., 

2017). Studies conducted by Gaytmenn and Sweet (Gaytmenn and Sweet, 2003) showed that the yield 

of DNA from the crown (containing layers of pulp and dentine with which it is intimately connected) 

is lower than the yields of DNA produced by the roots. This mineralyzed tissue provides a physical 

barrier protecting the cells within the tooth from external conditions such as microbes and 

environmental contaminants (Lacruz et al., 2017). 

The pulp and dentine make up the majority of tooth and are rich in cells as odontoblasts, fibroblasts,  

plasma cells, nerve cells and undifferentiated mesenchymal cells (Lymperi et al., 2013). The high cell 

content in the pulp makes this tissue a very rich source of DNA in the teeth (Malaver and Yunis, 

2003). However, this type of tissue is not always recoverable or in good condition as it may be absent 

in the teeth of old and/or sick individuals (Higgins and Austin, 2013). Dentine is a poor source of 

nuclear DNA compared to cementum (Higgins et al., 2013) as the latter is rich in cementocytes 

(Bosshardt and Selvig, 1997; Trammell and Kroman, 2013). 

To reduce the destructive impact of DNA extraction sampling, numerous studies were performed to 

design a minimally invasive protocol for osteological findings while safeguarding their 
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morphological integrity useful for morphometric studies (Davies et al., 2019; Kolobova et al., 2020; 

Krenn et al., 2019; Kuzminsky et al., 2018; Müller et al., 1998). 

Sirak et al., 2017 developed a method to sample complete crania without removing the calvaria 

(skullcap) or undermining its integrity in that the petrous is located inside the skull but is partially 

accessible of the external cranial base. The petrous pyramid (the spongiest portion of the petrous 

bone) is visible from the base of the skull while the osseous labyrinth, useful for genetic analysis, is 

arranged deeper and is not accessible without the removal of cranial elements. The method used to 

directly sample the osseous labyrinth is to lower a small bone crest between the carotid canal and the 

jugular foramen, thus creating a direct passage for drilling and sampling of cochlea. Another more 

recently developed and less invasive sampling method (also for incomplete crania with disarticulated 

petrous bones) concerns the sampling of the auricular ossicles (malleus, incus, and stapes), located 

inside the petrous bone and visible within the external auditory meatus (Pinhasi et al., 2019; Sirak et 

al., 2020). Ancient DNA sampling methods for teeth are destructive and often result in the loss of at 

least one entire root. Harney and colleagues developed a minimally destructive method for extracting 

ancient DNA from dental cementum present on the surface of tooth roots that does not require 

destructive procedures. The method consists of subjecting the tooth roots to surface disinfection using 

a 2% bleach solution and rinsing with 95% ethanol, followed by UV irradiation (Harney et al., 2021). 

Despite the numerous measures aimed at preserving osteological samples, the analysis of the aDNA 

remains a problem. Decoding ancient high-resolution DNA sequences is not simple: its survival is 

unpredictable and its extraction and analysis, as well as being expensive, is time-consuming and often 

fails. 

When the individual dies, the genome is exposed to the effects of numerous processes that occur 

between the death and its extraction in the laboratory, as well as from the diagenetic processes that 

threaten its stability, leading to deterioration. These factors include intracellular nucleases which, 

being no longer inside the cell, can access and degrade DNA, as well as microorganisms that spread 

in decaying tissues (Dabney et al., 2013). The DNA molecule undergoes oxidative damage, 

depurination or hydrolytic damage. 

Hydrolysis deprives the DNA of a nitrogenous base, creating an abasic site (AP site) that completely 

destabilizes the molecule until it breaks in a short time (Latham and Miller, 2019). This hydrolytic 

reaction can also affect the phosphodiester bond of the sugar-phosphate backbone causing the 

formation of a single-stranded nick in the double helix (that is a discontinuity in a double stranded 

DNA molecule) which destabilizes it, leading to its breaking (Lindahl, 1993) or can affects the amino 

groups of the bases leading to deamination of cytosine and guanine (Hofreiter et al., 2001; Poinar,  

2002). 
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The presence of oxygen contributes to the diagenesis of DNA and causes its fragmentation. The 

oxidation of pyrimidines (such as cytosine and thymine) by free radicals (O2, H2O2 and OH) can lead 

to the rupture of the double helix (Lindahl, 1993). Free radicals are also produced by microbial attacks 

by fungi and bacteria or ionizing radiation (Poinar, 2002). Temperature and pH play an important 

role in the deterioration of DNA. These factors influence oxidation and hydrolysis reactions and their 

impact on the nucleotide sequence. The extent of DNA fragmentation is strongly influenced by 

environmental conditions. More specifically, low temperatures inhibit enzymatic activity, thus 

preserving DNA better while high temperatures (in addition to promoting colonization by 

microorganisms) weaken the intermolecular forces (hydrogen bond and Van der Waals) damaging 

the integrity of the biomolecule (Dabney et al., 2013; Gilbert et al., 2007; Handt et al., 1994; Latham 

and Miller, 2019; Mitchell et al., 2005; Rollo et al., 2002). A basic pH increases the fragmentation of 

the polynucleotide chain (Lindahl, 1993) while an acid pH increases its de-amination (Mitchell et al., 

2005). 

Extensive research was done on osteological samples to determine where DNA is located and how it 

survives over time. 

The structure of bone 

Petrous bones and teeth are calcified tissue characterized by a complex hierarchical structure (divided 

into seven hierarchical levels) from the macro to the nano-scale and mainly consists of mineral and 

organic phases and water (Fratzl et al., 2004; Reiche and Gourrier, 2016; Reznikov et al., 2018; 

Weiner, 2010). 

 

Figure 3. Hierarchical structure of bone. Imagine from Wegst et al., 2015. 

 

The inorganic part of bone 

The inorganic component, named bioapatite (BAp), is a nanocrystalline and defective carbonated- 

hydroxylapatite with a chemical composition significantly departing from that of hydroxylapatite 
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Ca5(PO4)3(OH), having hexagonal crystallographic symmetry with P63/m space group, and 

constitutes about 60-70% of bone (Weiner, 2010). The bioapatite crystals appear as thin needles with 

extremely small dimensions (16-50 nm long, 16-50 nm wide and 2-5 nm thick) (Eppell et al., 2001) 

and are intimately associated with the structure of the organic component (organic matrix), which 

acts as a template for deposition and crystallization of minerals (Reiche and Gourrier, 2016; Weiner 

and Traub, 1992). 

Biogenic apatite crystals are characterized by a disordered structure at the atomic scale due to many 

ionic substitutions, the most relevant of which is the tetrahedral phosphate ions substituted by planar 

carbonates. Moreover, because of the nano-size of crystals, bioapatite is characterized by a very high 

surface-to-bulk ratio (Asscher et al., 2012; Boskey and Pleshko Camacho, 2007; Weiner, 2010). The 

inherent disorder of the mature mineral phase induces a higher solubility of crystallites with respect 

to the geogenic hydroxylapatite. The bioapatite recrystallization feasibly occurs after the death of the 

organism by Ostwald ripening mechanisms (Ostwald, 1885). Hence, this suggest that with the time 

crystal size increase and increase its long-rage order, corresponding to a more stable phase (Berna et 

al., 2004; Weiner and Traub, 1992). 

 
The organic part of bone 

The organic phase is composed of bone tissue cells, such as osteoprogenitor cells, osteoblasts, 

osteocytes and osteoclasts that provide for the growth, production and reabsorption of bone tissue 

during the life of individual, and extracellular matrix made up of different glycoproteins, 

proteoglycans, various lipids and collagen (Bosman and Stamenkovic, 2003). The extracellular 

matrix acts as a scaffold for tissues and organs throughout the body, playing an essential role in their 

structural and functional integrity (Hynes, 2009). Its most abundant component is collagen of Type 

I, a fundamental fibrous protein, which constitutes 30% of all proteins present in the body (Veis, 

2009). 

Collagen type I protein has a conformation divided in primary structure and secondary structure 

(Ottani et al., 2002). Collagen building blocks are amino acids; small organic molecules that consist 

of an alpha carbon (Cα) atom linked to an amino group, a carboxyl group, a hydrogen atom and a side 

chain, that is a variable component (side chains) (Lawrence, 2012). Amino acids are linked together 

by peptide bonds, forming a repetitive structure of a tripeptide unit, (Gly-X-Pro)n; (Gly-X-Hypro)n; 

(Gly-Pro-Hypro)n, where X position is one of the twenty essential amino acids, while other positions 

are often occupied by proline and its post-translational modification in 4-hydroxyproline (Bella et al., 

2006). 

These amino acid sequences lead to the formation of precise chains, called α1(I), α2(I) (Garnero, 

2015; Retief et al., 1985). 
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The constitutive fundamental unit of collagen is called tropocollagen (which determines its secondary 

structure) and is composed of three left-oriented polypeptide helices (α-chains of primary structure 

that form the backbone of the α-helix), bound together to form a right-handed ternary superhelix 

(triple helix, organized in two-dimensional structure) (Exposito et al., 2010; Weiner, 2010), while the 

side chains of amino acids exposed on the outside (Wess, 2005). Tropocollagen triple helices are 

about 300 nanometres long with a diameter of about 1.5 nanometres (Tzaphlidou and Berillis, 2005; 

Weiner, 2010) and are held together by cross-links and out of phase (¾ of its length) with a gap of 40 

nanometres (Weiner, 2010). Hydrogen bonding between amino groups (N−H) and carboxyl groups 

(C=O) in neighbouring regions of the protein chain (up to distances of about 0.3 nm) causes certain 

patterns of folding known as a α-helices (alpha-helix) and β-sheet (beta-sheet) to occur (Greenfield, 

2006). These stable folding patterns make up the secondary structure of a protein. 

Each collagen micro-fibril constitutes a collagen fibril with a diameter of approximately 0.2 and 0.5 

μm (Salz et al., 2006). In turn, these fibrils line up in even larger ordered matrices called fibers, which 

vary in size (Kadler et al., 1996). 

In the structure of the bone system, collagen is intimately connected with the bioapatite crystals 

nucleated within the gap region, filling the space within and between the micro-fibrils during 

mineralization process (Weiner and Traub, 1992). The crystals grow with the c axis oriented parallel 

to the axis of the collagen fibril, within which they are located (Amornkitbamrung et al., 2022). In 

the hierarchical structure of the bone, the mineralized collagen fibrils are organized in arrays (~ 10- 

50 µm), where the protein matrix acts as a glue and the fibers are arranged with angular discontinuity 

(Colaço et al., 2019). Several layers of fibrils, each with its own orientation, assemble to form 

lamellae (~ 3-7 µm thick), long bones or solid reticulum in short, flat bones (Eliaz and Metoki, 2017). 

These lamellae are arranged concentrically around a vascular canal, also called Haversian canals, to 

form osteons (structural elements with a diameter of about 200-300 µm and a length of 1-2 cm), 

characteristic of the microstructure of the cortical bone (Kahla and Barkaoui, 2021). Transversely or 

obliquely to Havers' canals are Wolkmann's canals, containing small blood capillaries (Kim et al., 

2015). The outer layer of each osteon is called a cement line and is continuously reformed thanks to 

the bone remodelling process, which occurs thanks to the metabolic activity operated by the blood 

flow of the vascular channels and canaliculi (gap junctions) (Kahla and Barkaoui, 2021; McGraw, 

2018). In addition to the concentric organization, in the bone microstructure there are also interstitial 

lamellae, which fill the areas between multiple osteons (McGraw, 2018). At the macroscopic level, 

bone can be divided into cortical (compact bone) and cancellous (lamellar bone) (Ott, 2018). The 

different microstructure and density of these types of bone determines the different mechanical 

properties and consequently the different functions (Morgan et al., 2018). Both types of bone are 
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present in the human body, in different areas, depending on the mechanical properties required. Inside 

the lacunae in the bone matrix, cellular elements, such as osteocytes, remain trapped (Florencio-Silva 

et al., 2015). Osteocytes are irregularly shaped cells, with an evident nucleus and a cytoplasm that 

has several extensions (Mohamed, 2008). Through the canaliculi, the cytoplasmic extensions of 

different osteocytes make contact with each other, thus allowing metabolic exchanges between the 

osteocytes (Mohamed, 2008). 

In teeth roots, cementocytes are connected by canaliculi that join periodontal ligament (Higgins and 

Austin, 2013). Cement, similar in physico-chemical composition to bone, has a different structure 

and functionality as it is avascular and it contains fewer inorganic salts (Bosshardt and Selvig, 1997; 

Higgins and Austin, 2013). 

 
Alteration of bone 

Archaeological bones undergo physico-chemical alterations due to diagenetic processes that can 

undermine their preservation, and that of aDNA too (Trueman et al., 2008). 

One of the most important factors that can cause the diagenetic alterations of the bone tissue is the 

pH of the burial soil. This directly depend on the chemical/mineralogical composition of the soil and 

on the composition of circulating fluids, dissolved salts, acid ions H+ or hydroxyls OH-. A prevalence 

of hydrogen ions will make the soil acidic, while a prevalence of hydroxyls will result in a basic pH. 

Collagen at alkaline pH is more susceptible to alteration than if in contact with acidic soil (Collins et 

al., 2002, 1995; Rudakova and Zaikov, 1987). In acidic soils and in presence of circulating water, 

biogenic apatite can be solubilized more quickly (Nielsen-Marsh et al., 2007; Nielsen-Marsh and 

Hedges, 2000). Bioapatite is in fact more stable in soils with slightly alkaline pH and begins to 

dissolve at acidic pH (Berna et al., 2004). Bioapatite can recrystallize and incorporate exogenous ions 

from the circulating fluids (Berner, 1980). 

In fact, the water leaches the mineral and its removal rate is related to the pH (Collins et al., 2002; 

Hedges, 2002; Kendall et al., 2018). Removal of the mineral causes the collagen to decay, exposing 

it to potential microbial attack, resulting in the destruction of bone tissue (Hedges, 2002; Klont et al., 

1991; Nielsen-Marsh and Hedges, 2000; Reiche et al., 2003; Trueman et al., 2004). Draining soils 

involve a structural and chemical alteration of the bone as it will incorporate exogenous chemical 

elements within the crystalline structure as well as causing a dissolution and recrystallization of the 

bioapatite (Müller and Reiche, 2011; Reiche et al., 2002; Trueman et al., 2004). Other degradation 

agents are humic substances (such as humic acids, fulvic acids) that can form random, non-specific 

cross-links with bone collagen and causing the partial bone demineralization (Turner-Walker, 2007; 

van Klinken and Hedges, 1995). At certain condition of temperature and humidity the gelatinization 

of resulting in the interruption of the protein-mineral bond and leaving the bone tissues more 
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susceptible to microbial degradation (Kendall et al., 2018). Deterioration by microorganisms is 

associated with bioapatite dissolution, recrystallization and its re-configuration within the affected 

zones (Hedges, 2002; Keenan and Engel, 2017; Turner-Walker, 2007; Turner-Walker and Syversen, 

2002). Collagen decays due to enzymatic activity, as these processes allow access to fungi and 

bacteria (Hedges, 2002). Organic acids and carbonate product by organic matter decomposition 

(Collins et al., 2002; Manning, 2000), produce H+ ions which lead to collagen hydrolyses and swell, 

reducing apatite dissolution. The characteristics of the soil such as composition, physic-chemical 

properties, influenced by climatic conditions, play a key role in the survival of the osteological finding 

(Collins et al., 2002; Hedges, 2002; Hedges and Millard, 1995). 

Chemical changes can also occur in acidic environments, transforming bioapatite into brushite (Berna 

et al., 2004) while the recrystallization and incorporation of exogenous ions into the crystal lattice 

from the burial environment (e.g. PO 3-, CO 2-, Ca +, Mg +) leads to a more stable and ordered 

crystalline structure characterized by larger dimensions of the nanocrystals (Keenan and Engel, 2017; 

Pollard et al., 2007; Reiche and Gourrier, 2016; Trueman, 2013). 

Skeletal remains found in arid areas degrade much more rapidly than those deposited in temperate 

environments (Hedges, 2002; Maurer et al., 2014). Furthermore, sites with stagnant and anaerobic 

water show minimal microbial attack (Hedges, 2002). In summary, post-mortem alterations lead to 

the chemical degradation by hydrolysis of collagen with consequent increase in bone micro-porosity 

and increase in recrystallization of bioapatite due to extreme environmental temperatures and pH, 

humic acids and microbial attack that alter the collagen-apatite hierarchical structure (Collins et al., 

2002; Hedges, 2002; Turner-Walker and Syversen, 2002). 

The alteration of bone and its bearing on DNA survival 

The main constituent components of the bone (organic and inorganic phases) are intimately connected 

not only in their organization but also concerning their survival during diagenetic alterations. The 

presence of collagen provides stability to the mineral matrix and its crystallinity increases following 

chemical loss of collagen (Collins et al., 2002; Hedges, 2002; Keenan and Engel, 2017; Kendall et 

al., 2018). 

Post-mortem alterations are multifactorial complexes processes that act in the hierarchical structure 

of bone in a heterogeneous and non-linear way over time (Collins et al., 2002; Dal Sasso et al., 2014b, 

2016; Hedges, 2002; Nielsen-Marsh et al., 2007; Reiche et al., 2002, 2003; Smith et al., 2007). 

Ancient DNA in osteological samples strongly altered by exposure by degrading processes (Allentoft 

et al., 2012; Rollo et al., 2002) appears frayed, fragmented as well as contaminated by microbial 

genetic material (Smith et al., 2003; Tuross, 1994). Under the conditions of poor preservation, 

especially when the quantity of fragments found in an archaeological find is less than 1%, the 
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sequencing of ancient DNA can be an extremely expensive operation (Carpenter et al., 2013; Der 

Sarkissian et al., 2015; Nair, 2014). Several investigations were undertaken to understand how DNA 

is preserved and where it is preferentially located in the altered bone (Campos et al., 2012; 

Grunenwald et al., 2014; Okazaki et al., 2001). 

At the ultrastructural level, the DNA can establish strong bonds with both the organic and the 

inorganic components, so that adsorption of DNA to bioapatite crystals surface as well as the linking 

with Type I collagen may stabilize it and may determine its survival in time (Campos et al., 2012; 

Collins et al., 1995; Sosa et al., 2013). The nucleotide chain can be strongly bound to both organic 

and inorganic bone phases, thus an extraction method to recover double helix molecules is applied to 

both fractions, with greater chance of success, employing EDTA (to demineralized the bioapatite) 

and proteinase K (to digest the osseous proteins) (Rohland and Hofreiter, 2007). 

Some bones survive well, while others degrade rapidly; and since it is difficult to evaluate a priori 

the preservation of organic material within a bone, so far expensive and often destructive analyses 

have been the norm to assess the suitability of a given sample to be included in molecular studies 

(Orlando et al., 2021). Given the high costs and complexity of aDNA sequencing procedure, several 

analytical studies were carried out to develop reliable pre-screening methods to determine the 

presence/absence of suitable genetic molecules in an archaeological bone sample. 

Different methods and different tools were employed (Dobberstein et al., 2008; Fernández et al., 

2009; Fredericks et al., 2012; Gotherstrom et al., 2002; Kieser et al., 2007; Kontopoulos et al., 2020; 

Leskovar et al., 2020; Ottoni et al., 2009; Poinar et al., 1996; Poinar and Stankiewicz, 1999; Scorrano 

et al., 2015; Sosa et al., 2013). 

Evaluation of novel parameters capable of identifying samples that might contain original sequences 

led to focus on proteins. In fact, organic macromolecules may be reliable indicators of the 

conservation status of a bone finding as they are as vulnerable as DNA to the same environmental 

conditions. Both collagen and DNA undergo hydrolysis processes (Iuliani et al., 2010; Poinar et al., 

1996). In ancient samples showing a limited degree of collagen hydrolysis, greater peptide chains 

will be present with respect in poorly preserved tissues in which there is a more considerable 

fragmentation of the protein (León-López et al., 2019. 

Poinar and Stankiewicz (1999) demonstrate that the relative quantity of pyrolysis products detected 

by gas chromatography – mass spectrometry (GC-MS) provides a good index of the quantity of 

peptide hydrolysis, which consequently provides information on the good preservation of ancient 

DNA. 

The degree of racemization of amino acids was thus examined as proxy. All amino acids, except 

glycine, can be found in the form of two optical isomers: D and L enantiomers (Abdulbagi et al., 
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2021). The L-enantiomer is engaged in vivo for the biosynthesis of proteins and is found in greater 

proportion than the D form (MacGregor, 2001). Upon the death of the individuals, a balance occurs 

between the L and D forms (Wochna et al., 2018). The racemization rate depends on the same climatic 

and chemical-physical conditions of the soil that cause DNA depurination (Poinar et al., 1996). 

Aspartic amino acid is the most analysed amino acid since its rapid racemization within proteins 

allows determining the highest D/L ratios (D/L Asx value) in archaeological bones (Collins et al., 

1999). Due to this property, this technique was widely used as a non-absolute dating method (Bada 

and Masters Helfman, 1975; Bravenec et al., 2018; Demarchi and Collins, 2014; Johnson and Miller, 

1997). Its application in the archaeometric field was abandoned as it led to incorrect dating (Bravenec 

et al., 2018; Johnson and Miller, 1997). 

Many researchers have investigated the potential of the amino acid racemization technique in that is 

a technique less invasive (less than 10 mg of bone) (Dobberstein et al., 2008; Fernández-Jalvo et al., 

2016; Ottoni et al., 2009; Poinar et al., 1996; Poinar and Stankiewicz, 1999). Collins (2009) and 

Ottoni (2009) conclude that no correlation was found between DNA conservation and aspartic acid 

racemization, since the rate D/L Asx depends on biological and geochemical factors (Fernández et 

al., 2009). The total absence of collagen may still be indicative for excluding some samples for ancient 

DNA analysis, however the presence of the organic component does not necessarily indicate the 

presence of well-preserved DNA. 

Fourier-transform infrared spectroscopy (FTIR) was recently applied to characterize changes in the 

properties of bone materials compromised by diagenesis (Al Sekhaneh et al., 2020; Chadefaux et al., 

2009; Dal Sasso et al., 2016; Fleet, 2017; France et al., 2014; Kontopoulos et al., 2018; Lebon et al., 

2014, 2010; Naito et al., 2020; Salesse et al., 2014; Stathopoulou et al., 2008). Infrared spectroscopy 

has been widely applied to bone characterization studies as an important tool for diagenesis research, 

as it offers many advantages in terms of low-cost application, low amount of required sample (~1 mg) 

and sensitivity to variations on the structural properties of both organic and inorganic components 

(Carden and Morris, 2000). 

Therefore, this tool allows the rapid, minimally destructive and economic analysis of a large number 

of fossil bones. The crystallinity as well as the physico-chemical and microstructural properties of 

bioapatite are extremely meaningful indicators of archeological bone preservation (Weiner, 2010). 

Indeed, the characterization of archaeological bones using infrared spectroscopy provided valuable 

quantitative and qualitative information on bone preservation (Piga et al., 2016; Reiche et al., 2002; 

Shemesh, 1990; Smith et al., 2007; Thompson et al., 2011; Weiner and Bar-Yosef, 1990). 

The potential of this spectroscopic technique was the basis available to design a pre-screening method 

of bone samples for genetic analysis. Diagenetic changes were examined in relation to the success or 
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failure of nuclear DNA amplification. Fredericks et al., (2012) compare infrared data with a range of 

DNA amplicons of different sizes on cremated and forensic bone samples. 

IR data are widely used in the literature to describe the alteration state of apatite (often through the 

use of the IR splitting factor (IRSF), Weiner and Bar-Yosef, 1990) and the amide-to-phosphate ratio 

(mineral-matrix ratio), representative of the amount of collagen present in the bone as a proxy for 

collagen preservation (Boskey et al., 2003; Donnelly, 2011; Figueiredo et al., 2012; Paschalis et al., 

2011). The results obtained from forensic dataset, presented by Fredericks and colleagues (2012); 

suggest that collagen degradation and DNA integrity are highly correlated. The breakdown of 

hydrogen bonds and covalent bonds in collagen and DNA occurs at a similar temperature, so that 

they are relatively stable over comparable amounts of time. The splitting factor (IRSF) of the mineral 

is also correlated with the amplification of the DNA but it seems not to be a very sensitive parameter 

since, the increase of IRSF, which indicates an alteration of bone conservation, is not constant and 

fluctuates over temperature range (Fredericks et al., 2012). 

It is evident that artificially treated bones which have undergone only a single serious insult, such as 

the use of extremely high temperatures applied to fresh forensic bones, are not suitable for explaining 

more complex systems of alteration present in archaeological bones. 

In 2013 Sosa used various analytical tools such as GC/MS, scanning electron microscopy (SEM) and 

energy dispersive X-ray analysis (EDX), X-ray diffraction (XRD) and FTIR, for the genetic pre- 

screening method. The aim of the work was to analyse medieval human bones by characterizing them 

by morphological, structural and chemical-biological aspects, and possibly relating them to the 

presence of DNA. A positive correlation was obtained with the presence of DNA from those 

examined samples which had a high collagen content (<12%), low racemization values of aspartic 

acid, leucine and glutamic acid, low IRSF value and a compact appearance of the bone (determined 

by SEM/EDX). 

In this work, samples with the same chronology selected in three different archaeological sites from 

the same geographical area (Aragonese Pyrenees) were analysed. This protocol, besides not being 

really cheap, is not universally applicable to other archaeological samples, as it does not describe the 

particularities of different archaeological sites. 

Scorrano and colleagues (2014) bound the presence of DNA to the conservation of archaeological 

bone by using various analytical tools: the racemization of amino acids, BJH (Barrett-Joyner- 

Halenda) pore size distribution method and infrared spectroscopy on archaeological bones with 

different origins and chronology. The data show that the IRSF is the parameter best associated with 

the presence of DNA. The analyzed samples all showed good conservation of the organic and 

inorganic component and the authors concluded that the spectroscopic parameter IRSF is the 
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parameter best associated with the presence of DNA and they recommend its use for simplicity and 

savings. This is proposed as an alternative to previous works that identify the organic component as 

the best proxy for the presence/absence of DNA. 

In the 2002, Gotherstrom and colleagues studied experimentally degraded modern bones and teeth, 

in addition to ancient teeth and bones using XRD (which requires about 15 mg of material), and 

collagen analysis. They related the presence of collagen to the presence of mtDNA (mitochondrial 

DNA), more stable than nuclear DNA. The measured crystallinity and the quality of the extracted 

collagen were measured and their results showed that the presence of DNA was strongly related to 

both the crystallinity of the hydroxylapatite and the quantity of collagen. Their data suggest that 

hydroxylapatite plays a crucial role in DNA preservation and that the organic component likely 

indicates its presence. 

X-ray diffractometry is undoubtedly one of the most important techniques for the analytical study of 

solids but both the qualitative analysis of the crystal phases and the full quantitative phase analysis 

(QDA) are less economical than FTIR analysis, and certainly not trivial to be carried out. 

In the study by Wadsworth and colleagues (2017), in-depth proteomic analyses (LC-Orbitrap- 

MS/MS) on archaeological bovine dentin and bone from multiple European archaeological sites were 

performed, and the results compared with mtDNA and racemic amino acids data. Also in this work 

they suggest that DNA survival is more closely linked to the inorganic component, finding no 

correlation with the investigated proteins. 

In 2020 Kontopoulos and colleagues publish a study based on spectroscopic techniques, such as 

Fourier-transform infrared spectroscopy in attenuated total reflectance mode (FTIR-ATR), besides 

proteomic and genetic analysis. They applied various infrared parameters widely used in literature 

for the evaluation of the conservation state of the finds such as IRSF, the carbonate/phosphate ratio 

as a measure of the relative structural carbonate content in the bioapatite crystals and the 

amide/phosphate ratio to evaluate the relative content of organic component preserved in the bone. 

This study proposes the use of FTIR-ATR for the identification of archaeological bone samples 

containing endogenous DNA and a good collagen content by weight, establishing arbitrary thresholds 

for the IR parameters used (IRSF, carbonate/phosphate, amide/phosphate). Similarly, Leskovar 

(2020) recent work explores the physico-chemical analysis of archaeological samples obtained from 

different origin and chronology, by means of FTIR- ATR spectroscopy, correlating the results with 

the DNA conservation status and developing a measurement protocol. The wide range of IR data 

collected were statistically analysed in order to validate a protocol for DNA conservation in ancient 

osteological remains. 
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According to Leskovar (2020), the state of collagen, phosphates and carbonates in the skeletal 

remains, determined by IR measurements, must all be taken into account to assess the conservation 

status of the endogenous DNA in the sample. Furthermore, they determined that in-depth analysis of 

the IR spectra could allow reliable separation of samples containing large amounts of extractable or 

free endogenous DNA. Not surprisingly, the data obtained in their work indicate that generally the 

age of the samples greatly affects preservation. 

Although several researches have been conducted on the subject, it is not yet clear which parameter 

is more indicative of the presence/absence and conservation (%) of endogenous DNA in ancient bone 

samples. 

A better understanding of bone diagenesis using FTIR spectroscopy and an improvement in the 

screening method would be useful to prevent unnecessary destruction of valuable biological samples 

and to minimize costs and resources. 

One of the aims of this PhD project is to develop a valuable protocol applicable to several 

archeological contests, in order to preserve these collections from invasive analyses by allowing 

access to samples for scientific research. The evaluation of bone bioapatite degradation using the 

universal crystallinity curves developed by our research group (Dal Sasso et al., 2018) based on FTIR 

analysis, applied on a widely set of bone coming from different geographical areas and characterized 

by different chronology and diagenetic pathways due to different environmental conditions, could 

provide an adequate preliminary assessment of the presence of ancient DNA contained in the bone. 

In this work, we intend to examine the skeletal tissues, in particular the compact tissue of the petrous 

bones and the roots of the teeth as a pre-screening method to evaluate the bone suitability for specific 

analyzes, e.g. ancient DNA, paleoproteomic and stable isotope analysis. 

The development of a molecular pre-screening method through the direct evaluation of post-mortem 

alteration of the degree of recrystallization and atomic order/disorder of bioapatite, correlating it with 

the quality/quantity of collagen, could allow a more careful selection of well-preserved bone samples, 

allowing to reduce the costs of genetic analysis. The micro-sampling of osteological findings, 

characterized by different chronology and origin, made it possible to investigate the variability of the 

sample in terms of conservation status. Comparing bone integrity with data obtained from genetic 

analysis is an essential step to provide an accurate assessment of the degree of conservation of the 

sample, aiming at the extraction of sequenceable endogenous aDNA, applicable to all 

osteoarchaeological findings. Furthermore, an in-depth study on the altered state of collagen will 

strengthen the knowledge on its conservation/alteration and on the possibility that it can be positively 
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correlated to the presence of ancient DNA. Since DNA survival is limited by multiple 

intercorrelations, the study is complemented by examining the microstructural changes induced by 

diagenesis on the secondary structure of conserved collagen (Chadefaux et al., 2009; Fredericks et 

al., 2012; Leskovar et al., 2020). 

This thesis is divided in five chapters. The first chapter deals with the documentation of the 

archaeological specimens was carried out through X-ray computed micro-tomography (X-μCT) and 

close-range photogrammetry in order to preserved the morphological-textural information before 

sampling and eventually enabling detailed morphological studies. The three-dimensional surface 

models generated by the two techniques were compared with the aim of evaluating whether close-

range photogrammetry is a valid alternative to construction of 3D models with μCT, which could 

alter future investigations. 

The second chapter is addressed to the sampling strategy in order to develop a protocol, to be 

minimally invasive, and a standardized sample preparation method for Fourier transform infrared 

spectroscopy (FTIR) to produce accurate and reliable results. 

The third chapter is focused on the physical-chemical characteristics of bone constituents retrieved 

from FTIR analysis were used to define the alteration state of bone material in relation to the local 

environmental conditions experienced by the bones during burial. 

The fourth chapter shows the results obtained analyzing the alteration state of the inorganic and 

organic phases constituting the bone (mainly bioapatite nanocrystals and collagen) on a large and 

diverse set of samples. The yield of ancient DNA and bone spectral data were compared with those 

obtained from stable isotopes and spectra of lyophilized collagen in order to determine the 

parameters IR useful for the development of a pre-screening method. 

The fifth chapter is a multidisciplinary case study that involved various professional figures in order 

to evaluate the state of conservation of the bones for radio-carbon analysis and to connect the 

skeletal remains to a historical figure through anthropological/paleopathological study. Finally, 

through forensic facial reconstruction techniques, his features were reconstructed. 
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Figure 4. Concept map of the thesis structure. 
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MATERIALS AND METHODS 

1. Archaeological context of bone specimens 

The study samples selected for this research work included human bones of different origin, 

chronology and conservation status preserved in the Museum of Anthropology of the Padua 

University (Italy), in particular petrous bones and tooth roots. 

The Museum of Anthropology holds a collection of 151 remains from archaeological excavations of 

cemeteries, castellieri (Bronze and Iron age fortified settlement, typical of Northeastern Italy) and 

caves. Some of the archaeological remains are attributed to the prehistoric era or pre-Roman and 

Etruscan era (13th century BC– 4th centuryAD), but most of them date from the late 19th and early 20th 

century (Alciati et al., 1996). 

Recently, the Museum hold a very important osteological collection of about 200 human skeletons 

excavated in the archaeological site of Al-Khiday in central Sudan (an evolutionary area fundamental 

to better understanding the "Outside of Africa" with a wide chronological span ranging from about 

7000 to the 4th-6th century a.C.). 

All samples selected were sampled by means of a low-speed micro-drill (Dremel Micro Rotary) as 

detailed in Chapter 2, striving to reduce the impact of destructive sampling and retain as much 

information for future researchers as possible. 

Below the archaeological contexts of the various provenance sites for the selected finds are reported, 

based on available information. 

1.1. Tedeschi Collection 

The Tedeschi Collection takes its name from Enrico Tedeschi (1860–1931). 

Enrico Tedeschi was the first director of the Institute and Museum of Anthropology, from 1897 until 

his death. The craniological collection comes from cemetery exhumations, ossuaries or unclaimed 

bodies acquired from hospitals or other relief organizations and it includes demographic information. 

Most of the specimens come from one or more cemeteries in Bologna and from the Padua Hospital; 

they were probably exchanged between Padua and Bologna universities. Further individuals come 

from the Padua penal institute and from the Ferrara psychiatric Hospital, close to Padua. These 

individuals were collected between 1900 and 1910 and, in part, they preserve demographic data 

including age at death, date of death, sex, occupation, and cause of death. The remaining portion of 

the collection, represented by crania and mixed postcranial elements, does not have associated 

demographic information, but origin and/or chronological period are known. 

More information is contained in (Carrara et al., 2018).
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For this research work, 5 female skulls of the 19thc. ranging between the ages of 28 and 40 years old 

from the Tedeschi collection were selected, originally from the cemetery of Bologna and Rome and 

from the Hospital of Padua. 

1.2. Al-Khiday (Central Sudan) 

The samples come from an archaeological investigation carried out within the “El Salha 

Archaeological Project” and still in progress (Usai and Salvatori, 2005). Archaeological survey has 

identified around 200 sites along the White Nile, between Omdurman (Sudan) and the Jebel Aulia 

dam. The excavations were carried out near the village of Al Khiday (Omdurman, Khartoum, Sudan), 

on the western bank of the White Nile close to the confluence with the Blue Nile. 

The sites examined revealed a Mesolithic occupation of the site and a multi-stratified cemetery (Dal 

Sasso et al., 2016; Usai et al., 2014, 2010; Usai and Salvatori, 2019) comprising at least three different 

burial phases (pre-Mesolithic, Neolithic and Classic/Late Meroitic). The pre-Mesolithic phase, the 

most ancient, is characterized by individuals buried in a prone and extended position, rarely 

documented elsewhere (Usai et al., 2017, 2010) without grave goods (with the exception of Grave 

153 where an individual was found with an ivory arm-ring at the right wrist) (Salvatori et al., 2011). 

The attribution to the pre-Mesolithic period encountered many difficulties both for direct and indirect 

dating due to the poor conservation of the osteological remains; the bones are totally lacking of 

collagen useful for 14C dating and for the absence of goods representative of known chronological 

phases. The determination of the chronological age is mainly constrained by the archaeological 

evidence of use of the site during the Mesolithic period, when pits with different functions were found 

to cut the graves (Dal Sasso et al., 2014a; Salvatori et al., 2011; Zerboni, 2011). Based on radiocarbon 

dating of charcoals and shells and typological studies performed on pottery fragments found within 

pits as filling material, the burials have been dated to approximately pre-6.700-6.300 BCE. The non-

absolute dating was confirmed by 16 pits found that cut individuals in a prone position (Salvatori et 

al., 2011; Salvatori and Usai, 2019; Williams et al., 2015). 

The site was later reused as a cemetery during the Neolithic period (4550-4250 cal. years BC) and 

later on during the Meroitic period (50 cal. years BC-250 cal. years AD). In the Neolithic period 

individuals were buried in flexed position with pottery vessels and personal adornments (Salvatori 

and Usai, 2019). The Meroitic grave structure is larger than the pre-Mesolithic one and consists of a 

rectangular pit that leads to a smaller chamber. The large dimensions of the Meroitic pits (3x2 m) 

strongly disturbed the most ancient sepulchral phases. 

Within the Al-Khiday site, archaeological and geomorphological investigations were carried out, 

showing that the area was characterized by very different climatic environments along the Holocene. 

The per-Mesolithic phase experienced a paleo-marshy phase, while drier climatic conditions occurred 

during the Meroitic use of the site and later on (Usai, 2016; Williams et al., 2015). 

In this research, bone samples belonging to different burial phases characterized by different paleo- 18



environmental conditions were studied. 

1.3. Grottina Covoloni del Broion 

The Grottina dei Covoloni del Broion is part of the oriental rocky wall complex of Colli Berici. It is 

close to the famous cave Grotta Broion in the province of Vicenza in Northern Italy, where among 

Paleolithic sediments, the Italian geologist Piero Leonardi of Padua University found significant 

traces of Neanderthal. This prehistoric shelter is located in Vallà di Lumignano in the municipality of 

Longare and was used as a funerary site. Through the analysis of the palaeo-surface, the site seems 

to have been used for a long time covering many generations belonging to the Chalcolithic, confirmed 

by the discovery of Eneolithic artifacts. 

Grottina dei Covoloni del Broion was discovered in 1973 and systematic excavations of the different 

geological layers and of parts of the Grottina were conducted during four archeological campaigns 

between 1973 and 1977. The archaeological excavation of 1977 was entirely reserved for the study 

of funerary depositions. The inner part of the cave was intended for sepulchral use,as evidenced by 

the discovery of many human osteological findings incorporated in the calcareous sediment. The 

archaeologists had also found ceramic fragments and many flint artifacts: a flat blade of dagger, a 

significant amount of arrow cusps, blades, two flint cores, small discoid beads and a small calcite 

tube from a bracelet or necklace, and other personal ornaments found in the same layer. The human 

remains include bones and teeth under different states of conservation and distribution (Ligabue, 

1973). The dating of the site (Bronze Age) was confirmed by radiocarbon analysis of the bone 

findings at 14CHRONO Center for Climate, the Environment, and Chronology in Belfast (UK). 

1.4. San Giovanni Rotondo 

The San Giovanni Rotondo samples come from the osteo-archaeological collection of the Museum 

of Anthropology of the University of Padova and are not associated to any record with the exception 

of a broad “Iron Age” archaeological label; they may be part of the samples brought to the Museum 

by Prof. Santo Tiné in the 1960s. The bone samples were dated at 14CHRONO Centre for Climate, 

the Environment, and Chronology in Belfast (UK), confirming the chronological phase of the Iron 

Age. Only one sample (SGR001_T) is Medieval (8thc.AD). 

1.5. Ordona 

The necropolis of Herdonia (today’s Ordona, within the Apulian Foggia province in Italy) was 

studied during different archaeological campaigns in 1978 and 1981, interested in the Daunians, 

Roman as well as the
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medieval settlements (Corrain, 1986). The human remains collected on such occasions were later 

cataloged and studied, revealingnew paleopathological evidence (Scaggion and Carrara, 2016). 

Firstly inhabited from the Neolithic period, Herdonia became an important Daunian center from the 

6thc. BCE. Radiocarbon dating at 14CHRONO Centre of Belfast (UK) confirms this chronological 

period for these samples. Only one sample (ORD010_PB) is Medieval (11thc.AD). 

1.6. Salapia 

The necropolis of Salapia is an ancient town located 10 km from contemporary Cerignola, within the 

Apulian Foggia province in Italy. The osteological samples were brought by Prof. Santo Tiné to the 

Museum of Anthropology of the University of Padova with no further information on the 

archaeological context, and osteological studies were carried out by Cleto Corrain and colleagues in 

1971 (Corrain et al., 1972) and dated to the 14C at 14CHRONO Centre of Belfast (UK). 

1.7. Oderzo 

Oderzo is an Italian town in the province of Treviso, in the Veneto region, Northern Italy. 

Unfortunately, only partial anthropological data was produced and published in a short 

communication (Drusini et al., 1987). Although the ancient Opitergium (today’s Oderzo) was from 

the pre-Roman/Roman period (2nd- 3nd c.AD), both the ritual of inhumation and of cremation are 

certified (Cipriano and Sandrini, 2015). In this study, only bones from inhumation burials were 

analyzed inasmuch they were not compromised by the high cremation temperatures, leading to 

collagen denaturation (Wagermaier and Fratzl, 2012). The Necropolis of Oderzo, found close to the 

western margin of the city during the archaeological dig occurred in 1986, was located at the river 

bank margin of the inactive Lia River (Cipriano and Sandrini, 2001), thus determining a low and 

humid ground, optimal for the conservation of skeletal remains. 

1.8. Montecchio Maggiore 

Montecchio Maggiore, a small town located at a dozen kilometers west from Vicenza (Veneto, Italy), 

seems to have been inhabited since the Eneolithic and Bronze Age, as attested by the discovery of 

artifacts, small flints, terracotta and human burials. The current center of Montecchio Maggiore is 

located at the base of plain corridor between the Lessini and the Berici where a stretch of the ancient 

Via Postumia passed, connected road between Vicenza and Verona and the great centers of Italy in 

the Po Valley. Archaeological excavations carried out in 1990 in an area behind the civil Hospital 

confirmed that the whole area, below a very small thickness of soil (0.30 - 0.50 m), was affected by 

ancient pre-existing structures (Rigoni and Bruttomesso, 2011). During the excavations
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burials were identified, some of which, characterized by rich Lombard-type grave goods datati 7th- 

8thc. AD. The sampling of the osteological remains selected for this research was approved by the 

Soprintendenza Archeologia, Belle Arti e Paesaggio per l’Area metropolitana di Venezia e per le 

Province di Belluno, Padova e Treviso (Italy). 

1.9. Sant’Anna Sopramonte 

Sant'Anna Sopramonte (municipality of Trento, Northern Italy) was the site of a monastery with a 

mixed community of monks and nuns, dedicated to St. Augustine and the Dominican order, between 

the early 1200s AD and the end of 1400s AD. Historical sources describe the monastery as a political 

and religious center of the medieval age of absolute importance and exclusivity, in direct contact with 

the Vatican. Three popes (Gregorio IX, Urbano IV and Nicolò V) took care of the monastery, 

guaranteeing its economic subsistence, prosperity and the very important privilege of being able to 

bury the dead in the same place (Obermair and Brandstätter, Klaus. Curzel, 2006). On the site of 

Sant'Anna, a church dedicated to the patron saint and a large building known as the Casa del Preposto 

persist. Based on the important historical data of the sources, an archaeological campaign (currently 

in progress) has been carried out to verify the presence of structures of the famous medieval 

monastery in collaboration with the University of Padua, Appalachian State University (North 

Carolina, USA), the Sovrintendenza dei Beni Culturali of the Provincia Autonoma of Trento (Trento, 

Italy) and the A.S.U.C. (Amministrazione Separata dei Beni di Uso Civico) of Sopramonte. Two 

archaeological excavation campaigns were conducted in 2019 and 2021. 

1.10. Biverone, San Stino di Livenza (VE) 

Biverone is a village in the municipality of San Stino di Livenza, situated in the eastern part of the 

Venice province. The village is located close to the banks of the Livenza river. A section of the Via 

Annia – the consular Roman road that connected Adria to Aquileia, through Padua, Altino and 

Concordia – passed by the South of the village. In 1983, the Archaeological Superintendence of 

Veneto initiated a preliminary survey on a 300-sq.m. area that ended with the discovery of the 

necropolis (Croce da Villa, 1984). The stratigraphy indicated that the necropolis had been used for a 

long time, with an estimated presence of three generations at least. The first skeletons completely in 

situ and well-preserved were found at a depth of about 68 cm, surrounded by a blackish soil rich in 

organic matter, immediately under the humus and surrounded by brick structures slightly higher (50 

cm) (Croce da Villa, 1984). Most of them are skeletons buried without funerary goods while South 

of the archaeological site was found a quadrangular pit used as a mass grave, as well as a large burnt 

area with numerous remains of pottery, glass and wood. The archaeological evidence 
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suggests the diffusion of the funeral meal for the celebration of the deceased. Supporting the thesis, 

within the anthropological study carried out at the Museum of Anthropology of the University of 

Padua, bones of animals (in particular of cattle and pigs), fragments of ollae, amphorae, plates and 

colored glass were found besides the skeletal remains (Gadioli et al., 2018). For this research, both 

burials deposited in single graves and skeletons found in mass graves were sampled. 

1.11 Desenzano Del Garda 

The church of San Lorenzo stands on a long ancient route, probably of Roman origin, coming from 

Desenzano del Garda in an agricultural landscape with significant evidence from the late antique and 

early medieval period. The strata relating to the construction of the church of San Lorenzo did not 

return findings capable of providing a chronology. 

The absolute dating of some bone finds (7th c.AD for the oldest) offer only a dating of the ante quem. 

The architectural features of the building suggest that the construction can be dated to the Late 

Antiquity (see Chavarria Arnau 2011), between the 6th century AD - end of the 5th century AD., 

compatible with the diffusion of the relics of San Lorenzo. Inside the church, a cemetery was 

identified including 24 graves. The graves are disposed uniformly without overlapping. The 

stratigraphic data enables to distinguish three phases of the cemetery. The oldest graves did not return 

skeletal remains or grave goods to perform an absolute dating. Graves from the later phases were 

dated by 14C between the 7th and 9th c. AD (Canci et al., 2012). 

1.12 Saint Theobald 

Saint Theobald (Saint-Thibaut, 1033-1066 Provins, France) was an important medieval historical 

figure of Catholicism. The relevance of this Saint is attested by the statue dedicated to him (n.139) 

and located above Bernini's Colonnade in piazza San Pietro, Vatican City. Two hundred years before 

Saint Francis of Assisi (1181-1226), Theobald, coming from a noble family, was the first to embrace 

poverty and lived as a hermit and pilgrim. According to historical records, he died of leprosy 

(Mycobacterium leprae), a disease widespread in Europe at the time, at the age of 33. Some of his 

bones found their way from France as holy relics to the parish church of Saint Giovanni Battista in 

Badia Polesine, Italy. According to historical sources, Saint Theobald’s body has never been buried 

in direct contact with the soil, preventing the post-mortem alterations typical of buried bones 

(Soffiantini, 2014). A multidisciplinary investigation was conducted to go beyond authentication and 

historical analysis to gain as much information as possible about his life, death and appearance, 

reported in Chapter 5. 

2. The choice of methods 

2.1. Close-Range Photogrammetry
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In this research, short-range photogrammetry was applied to generate surface 3D models from a 

sequence of two-dimensional images (Luhmann et al., 2006). The obtained 3D models were compared 

with those generated by micro-CT with the aim of comparing the accuracy and precision of the models 

and measurements obtained using different methods and tools. Models were generated using images 

taken with oblique photography using a Nikon D810 Reflex Pro camera with 36.3Mp FF (1.0x) 

sensor, macro lenses 60 mm, f/2.8 aperture value, shutter speed 1/20 seconds and ISO 400, with 

definition of 3696×2448 pixels. A tripod was used to stabilize the process and photographs were taken 

rotating the turntable. Photographs were then processed to generate a 3D model through the dense 

point cloud for each sample with the photogrammetric reconstruction software 3DF Zephyr Free 

(3DFlow©). Refer to Chapter 1 for more information on the methods used. 

In Chapter 5, photogrammetry technique (Structure from Motion - Multiple-View Stereovision 

(SfM-MVS) was used to create a high-resolution, three-dimensional virtual model of the skull, which 

became the basis for the 3D reconstruction of the face of Saint Theobald. Precise metrical models 

were generated using several photo sets by means of a Nikon D800 Reflex (DSLR) camera, mounted 

on a tripod, with a CMOS sensor (36.3 Mp) and SIGMA 24 mm F 1.4 lens. The acquired photographs 

were processed to generate a 3D model of the two bone elements (cranium and mandible) with the 

openMVG101 photogrammetric reconstruction open-source software, within ArcheOS100 Linux 

distribution. The polygonal lattice that defines the virtual object (3D mesh) was processed by 

MeshLab102 software. The facial reconstruction/approximation of Saint Theobald was carried out 

completely in a digital environment using the ForensicOnBlender (for more details see Chapter 5). 

2.2. Confocal laser scanning microscope (CLSM) and digital caliper 

The precision of photogrammetry applied to small objects for optical dimensional metrology on the 

3D model generated by photogrammetry was evaluated. Scaling of 3D models was carried out by 

acquiring micro-measurements by Confocal laser scanning microscope (CLSM) and as many by 

digital caliper and magnifying glass. Measurements of samples, as reported in Chapter 1, were taken 

by Confocal Laser Scanning Microscopy (CLSM), model Olympus LEXT OLS4000 at the 

Department of Geosciences of Padua University, with a magnification capacity of 5x/0.15 N.A., W.D. 

23.50 mm, FOV (HxV) 2.630×2.630μm and a spatial resolution of 10 nm axially and 120 nm laterally. 

The same distance points were manually measured by digital caliper and magnifying glass. The 

goodness of the alignment was evaluated by the Final Mean residual reported by 3DF Zephyr (ICP 

function - Iterative Closest Point) by comparing the distances measured with the digital caliper and 

the confocal microscope. Using this function, 3D models with different scales were aligned.
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2.3. X-ray computed microtomography 

Samples (Chapter 1) were scanned at the Department of Geosciences of Padua University using a 

SkyScan® 1172 high-resolution computed micro-tomography (Salvo et al., 2003), equipped with a 

Cu X-ray tube and operating at 100kV and 100μA, with an Al filter 0.5 mm thick. No sample 

preparation was required. Radiographies were acquired through 360° rotation with an angular step of 

0.30° and acquisition time of 1050ms, a resolution of 256Mp and pixel size of 8.96μm for sample 

95T and of 8.00μm for sample 34T. Image stacks of the two scans were registered based on grey 

values and transformed into a 3D single file using CT-an® software (SkyScan® 1172) exported in 

.STL file format. For the comparison of 3D point clouds generated by X-μCT and photogrammetry 

was used an open-source software, CloudCompare 2.12.alpha (Anoia) version. See Chapter 1. 

2.4. Fourier Transform Infrared Spectroscopy (FTIR) 

The attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) is a widely used 

technique in cultural heritage and its conservation as it requires very little preparation (Lebon et al., 

2016; Margariti, 2019). Like Fourier Transform Infrared Spectroscopy (FTIR), ATR-FTIR is also 

minimally invasive/destructive and provides information on both inorganic and organic structures of 

bone by evaluating post-mortem changes of BAp nanocrystals and collagen (Kontopoulos et al., 

2020). Compared to the transmission technique, ATR is sensitive to dispersion phenomena and 

consequently, the low intensity and high frequency bands (water vapor in the source region) can be 

difficult to observe creating a noisy signal. One of the limitations of the ATR technique is that the 

optical contact between the sample and the analyzer crystal must be guaranteed and, in consequence, 

the signal in transmission is generally more reproducible. In FTIR, much more signal is obtained than 

in attenuated mode over the entire spectrum and the analytical range is often wider (Bürgi, 2011). 

Powder samples and lyophilized collagen (see Chapters 2-3-4-5) have been prepared, maintaining a 

ratio 1:100 mg of sample/KBr. Thus, 1 mg of sample was hand ground for 2 minutes in an agate 

mortar and KBr was added and homogenized. Powdered sample was then pressed, using a hydraulic 

press, under 11 tons/cm2 pressure, and a 12 mm in diameter and 1.5 mm of thickness transparent 

pellet was obtained. Spectra were collected with a Nicolet 380 FTIR spectrometer equipped with a 

DTGS detector; 128 scans for each spectrum were acquired, in the range from 4000 to 400 cm-1, with 

a spectral resolution of 4 cm-1. Spectral analysis was performed using Omnic 9 software (Thermo 

Scientific). Statistical analysis was performed using the freely available Kernel Density Estimation 

(KDE) software developed by the Analytical Methods Committee of the Royal Society of Chemistry 

(Analytical Methods Committee, 2006). This function was applied to show a continuous substitution 

of the histograms obtaining an estimate of the underlying distribution of infrared parameters, modeled 

on the real measured data as reported in Chapter 3. A linear regression (function lm) in R free 

statistical software (4.1.2 version, available at www.r-project.org) was used (see Chapter 4). The 

infrared contribution parameters measured for each bone IR spectra were simultaneously combined 24



with endogenous aDNA yields to define a predictive model and highlighting the most predictive 

parameters. 

2.5. Mass Spectrometry 

The assessment of the degree of alteration of the organic component contained within the 

archaeological osteological samples was performed by IR spectroscopy (as reported in paragraph 2.4 

and in Chapter 4) and by mass spectrometric analysis. 500 mg were collected from each selected 

sample (samples are reported in Chapter 4). The preparation of the samples was carried out in the 

Stable Isotope Mass Spectrometry laboratory of the Department of Geosciences (University of Padua) 

using the standard laboratory protocol based on Privat et al. (2002) and Richards and Hedges, (1999). 

Isotope analyses were performed using a Thermo Scientific Delta V Advantage Isotope Ratio Mass 

Spectrometer in continuous flow mode coupled to a Flash 2000 Elemental Analyzer and a ConFlo IV 

interface. The stable isotopic composition of carbon (δ13C) and nitrogen (δ15N) was calibrated 

respectively on the VPDB and AIR scales, using international standards (CH-6 and CH-7 for carbon, 

N-1 and N-2 for nitrogen and both UREA). The procedure performed and the standards used are 

reported in Chapter 4. 

2.6. DNA sequencing 

Laboratory extraction was performed in dedicated ancient DNA laboratories at the Estonian 

Biocentre, Institute of Genomics, University of Tartu, Tartu, Estonia. A minimally invasive sampling 

of ancient human remains was applied to extract the material useful for genetic analyses. The 

procedures performed are reported in detail in Chapter 4. Forty-one samples were selected (see 

Table 1 of Chapter 4) and the data obtained from the molecular analysis were compared with the IR 

spectra from bone samples and lyophilized collagen in order to determine the most suitable IR 

parameters for the development of a pre-screening method. 

2.7. Anthropological analysis 

The anthropological and paleopathological analysis for the determination of sex, age and cause of 

death are reported in Chapter 5 and were conducted to link the bone relics to the historical figure of 

Saint Theobald. 
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Abstract  

X-rays micro-Computed Tomography (X-μCT) is a non-invasive and non-destructive technique primarily used 

for the 3D reconstruction of internal/external object structures. Despite the great potential, X-ray exposure 

for samples of archaeo-anthropological interest can compromise the integrity of the finds, altering the results 

for future investigations. The aim of this study is to evaluate whether close-range photogrammetry is a viable 

alternative in terms of non-invasiveness, low cost, efficiency and precision to the 3D external surface models 

with respect to X-μCT scanning. Photogrammetry was applied to small and highly diagenized archaeological 

human teeth characterized by irregular and fragmented surfaces. The accuracy of the 3D model and the metric 

information obtained from photogrammetry was evaluated comparing the micro-measurements obtained by 

digital caliper and Confocal laser scanning microscope (CLMS). The results obtained show the effectiveness 

of close-range photogrammetry to create a 3D model with metric information as accurate as those from micro-

CT, with the advantage of reproducing textural information. 

1. INTRODUCTION 

Digital imaging is an innovative tool employed in cultural heritage diagnostics, scientific analysis 

and valorization, including reproduction. As far small concerned, two techniques are mainly used: X-

ray micro-Computed Tomography (X-μCT) and optical photogrammetry, though laser scanning is 

also used.  X-ray micro-Computed Tomography is a noninvasive and non-destructive technique 

primarily used for the 3d reconstruction of internal structures. Micro-CT reconstructs digital cross 

sections (slices) of an object that can be stacked to create 3D volumes. Virtual 3D volumes of 

specimens can be manipulated, sectioned, prepared, dissected and measured, producing an accurate 

reproduction of both the internal and external morphology. This allows access to the morphological 

information contained in fragile, valuable or small findings, including extinct fossils as comparative 

materials. 

Moreover, different phases constituting the sample can be easily identified and separately analyzed, 

based on their X-ray absorption coefficient contrast. 
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Structure from Motion (SfM) photogrammetry is a technique used to generate external 3D model 

reconstructions starting from sequence of bidimensional images (Luhmann et al., 2006). It applies a 

mathematical model, fundamentally based on trigonometry (Szeliski, 2009), so that the 3-dimensional 

coordinates of the object surface are estimated by identifying the homologous features in the sequence 

of images taken from different perspectives (Luhmann et al., 2006). Photogrammetry is relatively 

low-cost, fast, non-invasive and provides information related to the external surface of an object. It 

is a reproducible method that allows for the generation of precise 3D models with high texture 

rendering and color (Luhmann et al., 2006).  

Furthermore, photogrammetry allows high precision measurements (Ackermann et al., 2008; Hallert, 

1963) by using reference points in photographs providing information on the size, shape, location, 

volume and areas of an object  (Gillies, 2015; Sholarin and Awange, 2015).  

A disadvantage of CT scanning technologies, besides the high cost of equipment and long processing 

time, is the generation of a huge amount of individual data points - having a set coordinate on the X, 

Y, and Z axis - in a 3-dimensional plane (called point cloud). This point cloud cannot be easily 

handled due to the huge density unlike the dense point cloud generated by photogrammetry, which 

can be easily calculated and controlled by photogrammetry software (James et al., 2015).  

How the X-ray irradiation may affect the retrieval of pristine information from tooth samples has long 

been debated, in particular in the case of studies involving highly degradable molecules i.e. the case 

of ancient DNA (aDNA) or compounds sensitive to radiation doses which are then impossible to 

investigate with dosebades techniques, such as dating techniques based on electron-trap accumulation 

(i.e. for example ESR dating). The scientific community debated whether X-ray radiation from micro-

CT scanning may damage ancient DNA (Grieshaber et al., 2008; Hall et al., 2016; Immel et al., 2016). 

On the one hand, medical devices are tuned to lower radiation levels, which may favour the 

preservation of aDNA as low radiation doses (below 200 Gy) does not damage it to an appreciable 

degree (Immel et al., 2016). On the other hand, examination of fossil samples is often performed 

using industrial or research micro-CT devices that exert higher radiation doses (Hall et al., 2016), 

which can reduce the amount of amplifiable aDNA. This is particularly evident when using high-

brilliance synchrotron radiation causing significant degradation of aDNA, as radiation doses could 

exceed 2000 Gy (Immel et al., 2016). Moreover, photogrammetric modelling scanning is more cost-

effective and less time-consuming than μ-CT scanning and in paleoanthropological contexts 

eliminates the possibility of exposing fossils to radiation doses (Duval and Martín-Francés, 2017). 

The issue is especially important in Electron Spin Resonance (ESR) is a dating that relies upon the 

number of unpaired electrons in a crystalline material produced (e.g. tooth enamel) by the exposure 

to natural radiation. Knowing the rate of natural radiation, the ESR signal can be used to estimate the 
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chronology of the palaeo-anthropological findings. To determine the chronology of materials beyond 

the sensitivity of radiocarbon dating (older than c.a. 50.000 years), the ESR method has become more 

and more essential. Fossils subject to high-energy artificial radiation suffer a significant 

overestimation of the natural radiation dose. Given the sensitivity of ESR, even low radiation doses 

can significantly affect the age estimation of fossils (Hershkovitz et al., 2018).  

3D digitization has become increasingly common and widely used in different fields of research 

(Aramendi et al., 2017; Bates et al., 2010; Buzi et al., 2018; Fau et al., 2016; Gaboutchian et al., 2020, 

2019; Giacomini et al., 2019; Knyaz and Gaboutchian, 2016; Lussu and Marini, 2020; Medina et al., 

2020; Moraes et al., 2014) including forensic sciences (Donato et al., 2020; Santoro et al., 2017; Thali 

et al., 2000; Villa et al., 2018). Nowadays photogrammetric 3D surface models are widely used for 

research, exhibition, and museum archiving. Their importance is also well known in medicine thanks 

to radiation-free image acquisition (Meulstee et al., 2017). 

In this research, dental models will be compared to corresponding μ-CT models using point-to-point 

surface deviation analysis, which measures the distance between analogous points to each nearest 

point in the reference 3D point cloud, using CloudCompare software. Comparing different point 

clouds, it will be possible to calculate the metric differences between the clouds. The results of this 

study, therefore, may indicate the pros and cons of close-range photogrammetry, that may provide an 

affordable alternative to micro-CT scanning, although the latter offers high-resolution internal (as 

well as external) reconstruction of objects. The goal is to generate 3D surface models of isolated teeth, 

color and surface texture data with the accuracy and precision of the models and measurements. 

Human teeth were chosen inasmuch they are currently highly studied in anthropology and human 

evolutionary studies (Clement et al., 2012; Hillson et al., 2010; Margherita et al., 2017). With 

advancements in imaging techniques, morphometric studies exploring teeth trait and development are 

emerging (Davies et al., 2019; Krenn et al., 2019). In this view, 3D model calibration becomes 

essential to achieve the precision of the measurement task. The small dimensions, the very irregular 

areas and surfaces characterized by micro cracks on enamel and cementum, have allowed us to 

evaluate the potential as well as the limits of the two techniques. 

2. MATERIAL AND METHODS 

2.1. Samples 

Tooth samples were made available come from the multiple-phase cemetery (used since c.a. 8000 BC 

until 150 AD) of Al-Khiday (Khartoum, Central Sudan), located along the western bank of the White 

Nile (Usai et al., 2017, 2014; Usai and Salvatori, 2019). Two fragmented tooth samples of the 

Neolithic period (Grave95; Grave34) (Figure.1) belonging to two female individuals aged between 
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36-45 and 25-35 years, were selected (Iacumin et al., 2016). The upper molar sample 34T (Grave34) 

has an age-related worn complete crown, the sample 95T (Grave95) lower molar has no crown and 

retains both complete roots. Both specimens were selected as case studies to compare rough and 

heterogeneous surfaces. 

 

 

Figure 1. Side views: buccal B; distal D; lingual L; mesial M; occlusal O of 95T (A) and 34T (B). 

 

2.2. Acquisition and elaboration micro-CT scanning 

Samples were scanned at the Department of Geosciences of Padua University using a SkyScan® 1172 

high-resolution computed micro-tomography (Salvo et al., 2003), equipped with a Cu X-ray tube and 

operating at 100 kV and 100 nA, with an Al filter 0.5 mm thick. No sample preparation was required. 

Radiographies to 360° rotations were acquired with an angular step of 0.30° and acquisition time of 

1050 ms, a resolution of 256 Mp and pixel size of 8.96 μm for the 95T scan and of 8.00 μm for the 

34T scan. Image stacks of the two scans were registered based on grey values and transformed to a 

3D single file using CT-an® software (SkyScan® 1172) exported in .STL file format. Finally, in 

order to ensure comparability, point clouds of both resulting 3D surface models were reduced to 

1.250.6000 in CloudCompare sub-sampling the clouds with random method and they were saved as 

.PLY file format.  The two micro-CT reconstructed point clouds (95T and 34T) surfaces are 

constituted by 119.189 and 170.601 points, respectively.  
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2.3. Micro-photogrammetry and virtual reconstruction  

The micro-photogrammetric technique Structure from Motion and Multiple-View Stereovision (SfM-

MVS) was used to create high-resolution three-dimensional virtual models (Orekhova et al., 2019) of 

the teeth. Precise metrical models were generated using images taken with oblique photography using 

a Nikon D810 Reflex Pro camera with 36.3Mp FF (1.0x) sensor, macro lenses 60 mm, f/2.8 aperture 

value, shutter speed 1/20 seconds and ISO 400, with definition of 3696×2448 pixels (Table 1). 

Table 1. Technical specifications of the photographic sensor with macro-lens utilized. 

Nikon D810 Reflex Pro  

Type Md-size SLR 

Sensor CMOS 

Image size Full frame (35.9x24mm) 

Total pixels 36.3Mp 

Focal length  60 mm 

Focused distance to object 120-150 mm 

Max resolution 7360x4912 

Effective pixel 36 megapixels 

 

Photos were acquired using a graduated turntable, light box, tripod, fixed light lamp. 96 and 116 

photos were acquired for samples 34T and 95T, respectively. The number of photos varies depending 

on the morphology of the object: to ensure optimal 3D reconstruction, a larger sequence of photos 

was acquired for 95T due to its smaller dimensions. This has led to more shooting from the same 

point of grip with different focus plans, in order to focus on all the sample areas. Virtual 

reconstructions were performed from photographs that were taken following the norms of convergent 

close-range Photogrammetry (Gillies, 2015) from horizontal and vertical planes (Figure 2), using the 

guidelines for 3D reconstruction of small sized objects (Gallo et al., 2014). 
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Figure 2. Protocol for image capture utilized to acquired teeth samples by the Photogrammetric Method (modified from 

Aramendi et al., 2017). 

An almost complete overlap between photographs is necessary. Photos were collected maintaining 

the camera with an angle of 15° in the horizontal and the vertical axis while the light source remained 

constant during the image data acquisition. The photographs were taken in two planes perpendicular 

and parallel to occlusal plane. A tripod was used to stabilize the process and photographs were taken 

rotating the turntable. A manual exposure was performed with constant color calibration, aperture 

and sensor sensitivity (ISO) value, to achieve the same exposure times for all images to reduce 

variables during the photo shoot. Color temperature was measured by white manual balance (WB) as 

it is more accurate. Manual balance is used for color-critical photographs and to define with greater 

accuracy the original color rendering. Photographs were then processed to generate a 3D model 

through the dense point cloud for each sample with the photogrammetric reconstruction software 3DF 

Zephyr Free (3DFlow©): complete and closed photogrammetry system. Through mathematical 

methods, photogrammetry provides good information concerning the size, shape, and location of an 

object from one or more photographs (Gillies, 2015). The bundle triangulation algorithm is the 

primary algorithm for 3D reconstruction used in photogrammetry. It is a robust algorithm capable of 

simultaneously solving the coordinates of the perspective center, and determining the principal 

distance and principal point of images.  In other words, when the positions of the camera are known, 

algorithm looks for common points in a set of photos to localize the 3D object in space (Luhmann et 

al., 2006). The reconstruction with Structure from Motion (SfM) photogrammetric process takes place 

to an unknown scale factor. To scale the 3D artefact metrically and make measurements, it is 
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necessary to introduce at least one distance constraint or control point constraints. A 3D model is 

generated as the point cloud; it has no real size, giving the user the ability to resize the object by 

scaling it (Moraes and Santandrea, 2020). 

2.4. Digital and manual micro-scale measurements 

As explained in the Introduction, photogrammetry is a technique allowing to obtain precise 

measurements of 3D models from photos. The precision of photogrammetry applied to small objects 

for optical dimensional metrology on the 3D model generated by photogrammetry was evaluated.  

Scaling of these 3D models was carried out by acquiring micro-measurements by Confocal laser 

scanning microscope (CLSM) and as many by digital caliper and magnifying glass, on the surface of 

both the dental samples. The small dimensions, the very irregular areas and surfaces characterized by 

micro cracks on enamel and cementum, have allowed us to evaluate the potential as well as the limits 

of the two tools (CLSM and caliper) compared with the measures acquired by micro-CT. 

Subsequently, the measurements were compared on 3DF Zephyr photogrammetric software, giving 

way to determine the precision of the taken measures. 

Some known metric distance constraints were introduced to enforce scaling and orientation of the 

model. Six distances were taken for both specimens by a more optic accurate and versatile tools, such 

as Confocal Laser Scanning Microscopy (CLSM), model Olympus LEXT OLS4000 at the 

Department of Geosciences of Padua University, with a magnification capacity of 5x/0.15 N.A., W.D. 

23.50 mm, FOV (HxV) 2.630×2.630μm and a spatial resolution of 10 nm axially and 120 nm laterally. 

The same distance points taken earlier were measured manually by digital caliper and magnifying 

glass. Both measurements were compared between them and with scale defined by μ-CT scan.  

The goodness of the alignment was evaluated by the Final Mean residual reported by 3DF Zephyr by 

comparing the distances measured with the digital caliper and the confocal microscope. The similarity 

of the dimensions of the models generated are compared by ICP function (Iterative Closest Point, 

ICP) of 3DF Zephyr which made it possible to determine the precision of the model generated. ICP 

function is an algorithm employed to minimize the difference between two point clouds of points and 

considering translation, rotation and scale (3DF Zephyr User Manual-version 6.0, 2013). Using the 

function, it was possible to align two point clouds with different scale. 

2.5. Comparison and distance calculation between two point clouds. 

The alignment process of the 3D models (Figure 3) was performed using an open-source software, 

CloudCompare 2.12.alpha (Anoia) version. The micro-CT models were used as reference model in 

the entire process. CloudCompare software was chosen because it provides excellent registration and 

visualization features, as well as statistical tools for the evaluation. 
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Figure 3. On the left, a) photogrammetric three-dimensional digital model of LM1 (upper left first molar, 34T); b) 

three-dimensional reconstruction by X-μCT scanning of 34T; c) model of RM1 (lower right first root of molar, 95T); d) 

μCT model of 95T sample. 

One of the most common and utilized cloud distance computation is the Cloud-to-Cloud method (C2C 

method). C2C method is the computation of distances between two clouds or between a point cloud 

and a mesh (that is the lattice that defines an object in space, made up of vertices, edges and faces 

(Siddi F., 2014). In this study, the Cloud-to-Cloud method, aims to determine the distance difference 

between two cloud points acquired with micro-CT and macro-lens Photogrammetry (Figure 4). 

 

Figure 4.The figure shows the basic concept of C2C computation method (reported by Ahmad Fuad et al., 2018). 
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Micro-CT models were aligned in the same coordinate system with the corresponding 

photogrammetric model, modifying their “boxes dimensions”. At first, a rough alignment was 

performed by selecting four points pairs for both samples maintaining a final RMS below 1 mm. 

During the fine alignment phase (Iterative Closest Point, ICP) 20 iterations were used with a random 

sampling limit of 50.000 points with rotation and translation, but scaling adjustment was not allowed 

during alignment. Fine alignment was performed through the function “cloud registration” (ICP rms). 

To achieve precise alignment, the pairs of points were selected with different heights and distances 

along the surface. The quality of clouds alignment was monitored by the RMS (Root Mean Square), 

a statistical parameter computed in CloudCompare on the set of distances between a point cloud and 

another one, giving information about the distances distribution. The theoretical overlap between each 

3D models was set to 100% for both clouds. Subsequently this preliminary alignment procedure, 

photogrammetric 3D surfaces comparison was performed with that generated by micro-CT by the 

“compute cloud/cloud distance” tool. 

C2C distances computation method is based on k-nearest neighbours (kNN) searching algorithm. The 

distance between two points is defined using the Euclidean metric, widely used for finding k-nearest 

neighbours for each point in a reference cloud model with compared cloud dataset, removing the 

noise and computing the surface curvature (Ahmad Fuad et al., 2018; Shen et al., 2017). 

CloudCompare software provides three local modeling methods: Least Square Plane, 2D1/2 

Triangulation and Quadric. The effectiveness of the local surface model is statistically dependent on 

how is appropriate the local surface approximation. The Quadric function can represent smooth and 

curvy surfaces but as being the most versatile local model option, it is the recommended function 

(Girardeau-Montaut, 2015). In this research, six nearby points (kNN) and seven octree level were 

used. Octree is an important CloudCompare function structure designed to speed up the processing 

of spatial data by decomposing the space into cubes. It has been chosen 7th octree level dividing the 

structure in 221 cubes storing sub-cubes that contain at least one cloud point (Girardeau-Montaut, 

2015). Surfaces generated with photogrammetry were compared with those generated using micro-

CT.  

3. RESULTS  

Known the pixels size of the micro-CT model, precise size along Z axis of the scanned objects were 

obtained. The dimensions calculated from micro-CT were 19.592 mm and 10.447 mm for 34T and 

95T, respectively, which were taken as references. From measurements acquired by CLSM and by 

digital caliper, paralleled dimensions were obtained for 34T and 95T samples, measuring 19.2 mm 

and 10.0 mm (CLSM), respectively, while 20.0 mm and 9.90 mm were measured by caliper (Table 

2). 
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Table 2. Comparison of results between model measurements. 

Comparison  µ-CT 

(mm) 

Digital caliper 

(mm) 

CLSM 

(mm) 

34T 19.592 20.0 19.2 

95T 10.447 9.90 10.0 

The sets of measurements acquired with the Confocal microscope and with the caliper were loaded 

on 3DF Zephyr to scale the models and the generated models reported different errors on model scale 

(Final Mean residual) on the points alignment (ICP). The Final Mean residual is a parameter of 3DF 

Zephyr, which shows the quality of the projection and alignment calculating the mean deviation 

between the position in the cloud scattered of each control point and its coordinates. When this value 

is lower than 1 then the orientation can be considered valid (3DF Zephyr User Manual-version 6.0, 

2013). Final Mean residuals of 0.012 mm and 0.217 mm were recorded with the caliper and 0.010 

mm and 0.015 mm with the CLSM for 95T and 34T, respectively. 

All values are reported in Table 3. 

Table 3. Comparison between 95T and 34T point clouds calibration (caliper vs. CLSM). 

 

Comparison 3DF Zephyr 

Digital caliper 

34T 

(mm) 

Digital caliper 

95T 

(mm) 

CLSM 

34T 

(mm) 

CLSM 

95T 

(mm) 

Caliper 

vs. 

CLSM 

Finale Mean residual  0.217 0.012 0.015 0.010  

ICP error (34T)                              0.085 

ICP error (95T)     0.001 

From the results obtained by ICP function of 3DF Zephyr, a chart was plotted that graphically 

explains the global residuals as histograms. From the comparison of the two cloud points (Figure 5) 

the ICP error calculated for 34T (a) and 95T (b) is 0.085 mm and 0.001 mm respectively (Table 3). 

 
Figure 5. Global residual histograms show the errors between resizing of 34T (a) and 95T (b). 

35



For both comparisons, cloud points resized by confocal microscope were used as references as it 

allows high precision measurements, both on smooth to very rough surface. 

Considering the high spatial resolution of micro-CT (pixel size of c.a. 8 μm), the estimated error 

between the manually reported measurement and the micro-CT is 0.5 mm for both samples, which 

can be considered minimal. Quantitative and qualitative comparisons were conducted between two 

couple of 3D models at a time in order to compare the efficiency of the different acquisition 3D 

methods and surface model generation. In the comparison of surfaces generated with different 

methods, we have registered a fine overlap with final RMS of 0.24 mm for 34T and 0.08 mm for 95T. 

Absolute distances of C2C results shows cloud differences are represented in a color scale to show 

difference value (Figure 6).  

 

Figure 6.Color map of 3D surface differences between micro-CT and photogrammetry models of 34T (a) and 95T (b) 

generated by CloudCompare. 
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Areas with high accuracy are shown with positive value around zero (in blue), while in green color 

are the areas with less perfect overlap between two surfaces. The absolute values deviation expressed 

in red and yellow colors, determines that points in photogrammetry models lie above the reference 

micro-CT surface. The same color scale was applied for all comparisons. Figure 6a shows higher 

complete consistency with cloud references than 95T sample (Figure 6b). 34T model has a small 

area with large deviation illustrated in red color in correspondence with the root tip. After computing 

C2C absolute distances (errors), histogram of the resulted errors for both 3D objects were generated 

(shown in Figure 7) where in the Y axis is reported the points number (scalar value) per class (or bin) 

while the X axis spans between the min and max range of point distances. Final RMS error, mean 

distance and standard deviation are computed for C2C differences as reported in Table 4 for each 

comparison. As shown in Figure 7, the histograms of C2C differences between two comparisons 

indicate that the distance distribution is different where the average C2C distances are always close 

to zero. The standard deviation is the statistical indicator that delivers information on C2C computed 

distance: narrower shape is always better as it means closeness to the mean value with low residual 

values, as visible in Figure 7b. In the comparison of surfaces 95T micro-CT model deviated with a 

mean distance from that photogrammetric by 0.34 mm on average and by 0.14 mm for 34T, where 

95% of point clouds have errors less than ±0.08 mm for 95T and ±0.35 mm for 34T. Standard 

deviation calculated for both samples has lower value in 95T with a value of 0.02 mm than 34T with 

a value of 0.11 mm, illustrated in Table 4. 

 

 

Figure 7. Histograms of C2C differences for the 3D surface comparison test: a) 95T, b) 34T. 
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Table 4. Descriptive statistics of C2C differences between two tested techniques. 

 

      Comparison C2C 

Mean distance 

(mm) 

St.deviation 

(mm) 

95% val. 

(mm) 

RMS error 

(mm) 

34T 0.14 0.11 ±0.35 0.24 

95T 0.34 0.02 ±0.08 0.08 

4. DISCUSSION 

Accuracy, precision and pros and cons in 3D surface generation by different tools are discussed.  With 

accuracy in 3D modeling surface we refer to the highest possible degree of similarity between the 

micro-CT data and photogrammetric 3D model. One factor that greatly affects the accuracy of the 

virtual model is undoubtedly the image resolution. The higher the polygon count in the respective 

area of the surface, the more accurately the minute anatomical features are resolved. The total number 

of points influences resolution realistically. The data was collected with the highest possible quality 

using the best available resolution by the photographic equipment used. The amount of points in a 

cloud affects resolution, which is essential for a digital model. Due to the excessive size of original 

files, their digital manipulation was difficult in terms of file loading and model measurements. 

Regardless of point cloud quantity, model surfaces out of manual photogrammetric software 

Zephyr®, provide enough detail for morphological analysis. Even with 119.189 (95T) and 170.601 

(34T) points on the photogrammetric 3D surface, morphological details were clear and resolved. The 

initial quality of images is not the only factor influencing the accuracy of the 3D model surface of the 

original specimen. In fact, another parameter that affects the quality of the model is the resizing of 

the object. The incorrect scaling, above all in small objects, can lead to invalid morphometric 

measurements altering the data. Only micro-CT scanning provides automatic scaling in that 

information of pixel sizes are provided in the log file. The automatic scale of the model does not 

happen with manual photogrammetry and for this reason an external measuring cup is inserted during 

the capture of images or are reported on the software with a caliper. Usually this manual operation 

involves a certain degree of error, leading to incorrect scaling of the object. Evaluating the mean 

distance between two surfaces for both objects, the reproducibility is good at around 0.08 mm at 95% 

of the surface. For all samples, the mean distance and the standard deviation between two techniques 

is substantially equivalent with a high degree of precision below millimeter.  In our case, the greatest 

distances recorded on the 34T surface occurred on the crown mainly, whereas a better overlap could 

be found in areas not covered by enamel or with translucent surfaces. This is mainly because the 

enamel and dentine texture are more reflecting. This particular property of teeth dentine/enamel leads 

to affect the alignment results and therefore dense point cloud has noisy points in this particular area.  
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In the comparison of surfaces, RMS value is lower in the 95T sample despite its dimensions are more 

reduced and the rendering is less detailed with 119.184 points rather than 170.601points of 34T. 

Despite the small dimensions, the standard deviation is lower resulting in a higher quality in the 

definition of details. 

The dense point clouds generated by photogrammetry are accurate and differ little (a few hundred 

microns) from the corresponding tomography. 

Another potential of photogrammetry is the possibility of reuniting detached and fragmented parts, 

virtually restoring its original integrity. Figure 8 shows the restoration result of the 95T sample, as 

the roots were detached from the crown. 

 

Figure 8. Virtual restoration of 95T sample. 

To match the root fragment to the tooth, virtual reconstruction was performed by matching two 

separate photogrammetric scans of the two divided objects. Once the 3D models were acquired, they 

were imported into a single modeling software (3DF Zephyr) to view them simultaneously, 

approaching them in virtual space and aligning their scan centers. Subsequently, by analyzing the 

original images, six pairs of points uniformly distributed on the respective contact surfaces of the two 

fragments were selected. The two 3D models, scaled and correctly oriented, were collimated by 

recording the control points (or contact points) and clouds of rototranslating points, until the spatial 

positions of the previously identified contact points coincide. 

The latest innovation on photogrammetric field led to the fusion of the exterior information and 

interior scans processed by a single software. Significant samples can be observed in a complete way, 
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becoming a useful tool for preliminary investigation for researchers. Currently, a software on the 

market available is Astromaterials 3D software, developed by NASA Johnson Space Center, joining 

micro-CT slices and high-resolution precision photos with a resolution as fine as 30 to 60μm, creating 

interactive 3D models. This technology could be extended the study of objects insert in a Museum 

scientific database. Besides it can be extremely important to use photogrammetry to create databases 

of 3D virtual models in that they represent the possibility of explore the volumes, otherwise 

inaccessible, useful for explain odontometric analysis. In the field of paleoanthropology and 

paleontology, teeth play a fundamental role as elements for taxonomic discrimination and evolution 

studies (de Bonis and Viriot, 2002; Irish and Usai, 2021; Richard Scott and Irish, 2017; Smith et al., 

2005). Over time, dental morphometry has developed with a view to increasing the information 

potential and repeatability factors of the measurements performed, to create more and more 

opportunities for comparing the results obtained by the various research groups. The obtained results 

showed that the inexpensive photogrammetric technique is sufficiently accurate and we recommend 

its use as an alternative tool to X-ray imaging to provide surface 3D information with the additional 

advantage of providing texture rendering. 
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Abstract  

Following the development of modern technologies, the investigation of museum osteological finds is 

increasingly required. One of the goals of this project is to develop viable protocols to preserve these 

collections from exceedingly invasive analysis, allowing access to the specimens for scientific research. The 

measure of the degradation of bone bioapatite, using crystallinity and atomic order/disorder parameters based 

on FTIR analysis, could provide an adequate preliminary evaluation of the bone conservation. Basically, it 

was necessary to seek new methodologies of extraction of a minimal quantity of material and to avoid 

contaminations. As a first step, all experimental sampling strategies, including reproducibility and minimal 

invasiveness, have been carefully calibrated in order to obtain reliable and safe procedures. The samples have 

been characterized by Fourier transform infrared spectroscopy (FTIR) techniques and subsequently tested for 

ancient DNA (aDNA) extraction. 

1. INTRODUCTION 

The evaluation of the altered state of the bones was found to be crucial for the understanding of the 

involved diagenetic processes. 

Diagenesis is a complex and multifactorial phenomenon causing various changes in the 

physicochemical properties of the bone, and mechanical and histological alterations that happen at 

different extent. During burial, numerous alterations can occur such as absorption and exchange of 

ions, leaching, microbiological attacks with varying degrees of intensity depending on the local 

geochemical conditions of the burial site (Hedges, 2002; Hedges and Millard, 1995; Jans, 2008; 

Reiche et al., 2003; Trueman, 2013; Trueman et al., 2004). The diagenesis of archaeological bones is 

a widely discussed topic in the literature (Collins et al., 2002; Hedges, 2002; Keenan, 2016; Kendall 

et al., 2018; Weiner, 2010), and several studies were conducted to determine how and in which way 

diagenetic processes affect the conservation (Dal Sasso et al., 2014; Hedges, 2002; Lebon et al., 2010; 

Lee-Thorp and Sealy, 2008; Nielsen-Marsh and Hedges, 2000; Smith et al., 2007). 

The geochemical aspects of bone diagenesis were studied through a variety of analytical techniques 

(Jans et al., 2004; Stathopoulou et al., 2008; Trueman and Tuross, 2019). Lately, Infrared 
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spectroscopy (FTIR) is one of the most used techniques for this purpose, as it is extremely sensitive, 

inexpensive and it requires minimal amounts of bone material to be analysed (~1 mg). Furthermore, 

IR spectroscopy simultaneously provides chemical-physical information related to the organic and 

inorganic components of the bone.  

Bone is a heterogeneous composite material consisting of an intimate association between bioapatite 

crystallites (carbonate hydroxylapatite), collagen fibrils and water (Traub et al., 1992; Weiner, 2010). 

Several spectroscopic parameters were proposed to describe the diagenetic changes affecting the 

conservation state of bone from the macro to the nanoscale (Dal Sasso et al., 2018, 2014; Kontopoulos 

et al., 2020, 2019; Le Meillour et al., 2018; Lebon et al., 2016, 2010; Leskovar et al., 2020; Weiner 

and Traub, 1992). Among these, the most used parameter is related to the indirect monitoring of the 

bioapatite crystallinity. Crystallinity provides information about the state of conservation of the bone 

mineral as it undergoes dissolution/recrystallization processes during diagenesis (Berna et al., 2004; 

Weiner, 2010; Wopenka and Pasteris, 2005). Bioapatite is a nanocrystalline phase departing from the 

stoichiometric geological hydroxylapatite Ca10(PO4)6(OH), allowing a variety of structural ion 

substitutions and vacancies (Cacciotti, 2016; Foley et al., 2020; LeGeros, 1981). Among these, the 

most common substitution consists of about 5-8% weight of carbonate replacing phosphate groups 

(Type B) and to a lower extent hydroxyl ions (Type A) (Pan and Darvell, 2010; Pasteris et al., 2004; 

Wopenka and Pasteris, 2005). The occurrence of such substitutions in the bioapatite structure 

introduces a structural disorder in the crystallites resulting in changes in the physical-chemical 

properties, such as solubility and crystallite size (LeGeros, 1981; Wopenka and Pasteris, 2005). The 

loss of carbonate species within the bone apatite structure causes the formation of a 

thermodynamically more stable and more ordered crystalline structure, leading to the increase of the 

crystallites size and lower solubility (Berna et al., 2004; Greiner et al., 2019; Hedges, 2002; Nielsen-

Marsh and Hedges, 2000). 

The most used index to quantitatively monitor and describe the changes in bone crystallinity using 

infrared spectroscopy is the splitting factor (IRSF). The splitting factor quantifies the separation 

between two peaks calculated by the sum of two peak intensities of ν4 (PO4
3-) divided by the intensity 

of the valley between them (Weiner and Bar-Yosef, 1990). Another recently developed parameter 

(Dal Sasso et al., 2018) is the infrared peak width at 85% intensity of the 604 cm-1 (FW85%) that can 

be a useful tool to reliably estimate the minimal changes in the chemical composition and structure 

of bioapatite (Figure.1).  
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Figure 1. Diagenetic parameters (IRSF and FW85%) calculated from FTIR spectra. 

Therefore, peak width could be the most promising parameter to indicate the degree of bone 

alteration, as it is closely related to the atomic order/disorder in the crystal lattice.  

The archaeological skeletal tissues of animals and humans often contain valuable information for 

different research fields (Allende and Samplonius, 2022; Dupras and Schwarcz, 2001; Karakostis et 

al., 2021; Kieser et al., 2007; Kimmerle et al., 2008; Mays et al., 2001; Minozzi et al., 2012; Prowse 

et al., 2004; Raichlen et al., 2020). 

The osteological finds of historical, archaeological, scientific and cultural interest are part of the so-

called "biological assets", commonly preserved in museums, and are therefore important and 

protected in the context of the Conservation of Cultural Heritage (Licata et al., 2020). Bones, being 

real ”biobanks”, are increasingly required for scientific purposes (Brown and Brown, 2011). 

Sampling, which is often damaging and destructive, can be a serious problem when only limited bone 

samples are available. Furthermore, besides the evident aesthetical damage, sampling may 

compromise the morphological studies, which provide important information on the estimate of the 

age of individuals, but also dietary, cultural and evolutionary information (Balzeau, 2015; Brace et 

al., 1991; Demes and Creel, 1988; Doden and Halves, 1984; Oxilia et al., 2018; Rathmann and Reyes-

Centeno, 2020).  

The objectives of this preliminary study are: 1) the development of a micro-invasive and effective 

sampling method on bone finds of museum interest; 2) the application of a standard preparation of 
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bone powder for FTIR analysis, which significantly improves the accuracy, the reproducibility as 

well as the reliability of the data, allowing a systematic evaluation of bone in the archaeological and 

bio-anthropological fields; 3) the direct evaluation of the degree of post-mortem recrystallization of 

the bone bioapatite. For this purpose, separated petrous bones were selected inasmuch they are the 

most requested anatomical elements for genetic analysis and often are not easily accessible in 

complete crania. 

2. MATERIALS AND METHODS 

2.1. Bone specimen  

Two human petrous bones (IND.A and IND.D) were selected from the graves of Oderzo (Southern 

Italy), preserved in the Anthropology Museum of Padua University (Italy), (Table.1). 

SAMPLE CHRONOLOGY ARCHAEOLOGICAL SITE SKELETAL 

ELEMENT 

IND.A 2nd- 3rd c.AD Orderzo, Italy petrous bone 

IND.D 2nd- 3rd c.AD Oderzo, Italy petrous bone 

Table 1. Information on the included samples: label, skeletal anatomic element, chronology, origin. 

Unfortunately, anthropological data have been only partially published (Drusini et al., 1987). In the 

ancient Opitergium (today’s Oderzo), dated to the pre-Roman and Roman period, both the rituals of 

inhumation and of cremation are certified (Cipriano and Sandrini, 2015). In this study, only bones 

from inhumated burials with were analysed since they were not compromised by the high 

temperatures leading to collagen denaturation during cremation (Wagermaier and Fratzl, 2012). The 

Necropolis of Oderzo, found close to the western border of the city during the archaeological 

excavation in 1986, was located on the river bank of the extinct Lia river (Cipriano and Sandrini, 

2001). The burial is typical of riverine conditions. 

2.2. micro-CT investigation for a minimally invasive bone sampling 

The sample INDIV.D was selected for its good state of conservation.  

Through the preliminary MicroCT analysis, using a cone-beam X-ray geometry, a stack of sequential 

two-dimensional projections of the specimen was acquired and virtually reconstructed to generate a 

high-resolution three-dimensional image of the object (Elliott and Dover, 1982). Image analysis 

software (CTAn v.1.18 Micro-CT software) was used to determine the standard morphometric indices 

of bone establishing the most effective point to sample without compromising the integrity of the 

same sample.  
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These parameters were used to verify the area with the highest bone density of the petrous bone, 

aiming at the precise extraction of the powder for FTIR analysis (or micro-core), without damaging 

the otic capsule, preserving very precious material for genetic analysis (Figure.2). 

 

Figure 2. Petrous bone at the X-μCT examination in cross section before micro-sampling and identification of three areas 

characterized by different densities. 

On these bases, a procedure for powder extraction was set and applied on the same archaeological 

find by Dremel Micro Rotary drilling with two different micro-tools. At first, the external bone 

surface, encrusted by sediments, was mechanically removed by means of low-speed micro-drill, 

equipped with an abrasive round point of 2.4 mm. Another helical micro-tool (2.4 mm) at moderate 

speed was used to get the necessary quantity of bone powder. Particular attention was paid to avoid 

the overheating of the samples during the mechanical cleaning process. 

The operating procedure for standard sampling of bone of the ICMP (ICMP, 2015) was followed to 

disinfect all drill bits to avoid external contamination. 

 

50



2.3 Infrared spectroscopy analysis 

IND.A sample was used to extract enough powder (~1 mg for each sampling) to execute a series of 

FTIR analyses. Infrared spectroscopy provides a sensitive probe for specific functional groups in 

organic and inorganic compounds; it is widely used not only to obtain qualitative information 

(Rubinson and Rubinson, 2002) but also semi-quantitative ones (Weiner, 2010) in order to investigate 

the nature as well as the atomic order/disorder of mineral and organic components in the analysed 

samples. Therefore, FTIR spectroscopy can provide valuable information on the structural and 

chemical properties of archaeological bones and, consequently on their preservation (Kontopoulos et 

al., 2019; Poralan et al., 2015; Weiner and Bar-Yosef, 1990). 

We sought a protocol for sample preparation to guarantee the accuracy, and replicability of the FTIR 

spectra. Powdered sample diluted in 100mg of KBr was then pressed, using a hydraulic press, under 

11 tons/cm2 pressure, and a 12 mm in diameter and 1.5 mm of thickness transparent pellet was 

obtained. Spectra were collected with a Nicolet 380 FTIR spectrometer equipped with a DTGS 

detector; 128 scans for each spectrum were acquired, in the range from 4000 to 400 cm-1, with a 

spectral resolution of 4 cm-1. Spectral analysis was performed using Omnic 9 software (Thermo 

Scientific). 

Although previous studies have reported the changes in crystallinity caused by the grinding intensity 

(Asscher et al., 2011; Lebon et al., 2010), in this work the effect of sample preparation was evaluated 

by investigating the percentage of dilution (bone/KBr ratio) and time/extent of grinding. IRSF, as 

defined by Weiner and Bar-Yosef (1990), and FW85% defined by Dal Sasso et al. (2018) of the 604 

cm-1 peak were calculated for each spectrum. The baseline was defined by two points calculated as 

the local minimum in the region 850–620 cm-1 and 510–470 cm-1 (Figure.1). 

2.3.1 Experiment 1: grinding time 

Bone powder from IND.A was taken from the petrous bones by first removing the external sediments 

to avoid exogenous contamination coming from the soil of deposition as reported in paragraph 2.2. 

Four pellets were prepared keeping the sample/KBr ratio at 1:100 mg. Each pellet was prepared by 

hand-grinding the sample with KBr in an agate mortar at different times (30 seconds; 2 minutes; 5 

minutes and 10 minutes) in order to determine the optimal grinding time to guarantee reproducible 

peak shape and to minimize the effects of particle size and homogenisation (Asscher et al., 2017). 

The pellets were pressed for 1 minute and analysed with the infrared spectroscopy. One pellet was 

prepared with ratio 1:100 mg of KBr and, after the first measurement, the pellet was reground to 

create a new pellet and probed again with different grinding times for 30 seconds, 5 and 10 minutes. 

2.3.2 Experiment 2: dilution 
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The external bone surface, encrusted by sediments, was mechanically removed by means of a low-

speed micro-drill equipped with an abrasive point (paragraph 2.2). Attention was paid to avoid the 

overheating of the samples during the mechanical cleaning process. One microgram of sample was 

hand ground in an agate mortar while the potassium bromide (KBr) was added and homogenised with 

it. Thus, three pellets were prepared by increasing the amount of KBr (bone powder/KBr ratio = 1:100 

mg; 1:300 mg; 1:700 mg) and grinding constantly for 2 minutes and pressing for about 1 minute. 

2.3.3 Experiment 3: sampling point and depth 

Through the same procedures, six different sampling points were chosen on the same petrous bone 

(IND.A) at different depths: 2 mm; 4 mm; 15 mm (Figure.3). The extracted bone powder was 

measured through FTIR spectroscopy preparing pellets keeping the sample/KBr ratio at 1:100 mg 

and hand grinding for 2 minutes, as described before. 

 

 

Figure 3. The figure shows the various sampling points performed on the sample. Each sampling point was sampled 

twice by increasing the depth by 2 mm. It is suggested to see Figure.3 e Table.3 (Experiment 3) to connect sampling 

points and the different depths. 

 

3. RESULTS AND DISCUSSION 

3.1 Infrared spectral analysis 

In the spectral analysis of the examined sample (INDIV.A), a scarcity of organic content is detected 

as the spectrum does not present the characteristic bands of collagen. 

Indeed, the spectrum shows a wide band within the range 3500-2500 cm-1, generated by the stretching 

modes ν1 and ν3 of water molecules (H–O–H bonds) while the wide resonance doublet of the 
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hydrogen bond at ~ 3310-3270 cm-1 and ~ 3100-3030 cm-1, related to amide A and amide B (N–H 

stretching) proteins that are insensitive to the conformation of the polypeptide backbone (Barth, 

2007), is scarcely evident. Moving the focus in the fingerprint region (1800-400 cm-1), specific 

collagen absorption band was identified and related to C=O stretching vibrations, N–H bonding and 

to the coupling of the C–N stretch to the N–H bend, corresponding to Amide I (1660 cm-1), while the 

characteristic vibrational absorption bands of Amide II (1550 cm-1) and Amide III (at 1340-1240 cm-

1) are very weak. The shift to lower wavenumbers of the Amide I band is due to the superimposed 

contribution of ν2 (O–H) at 1645 cm-1 bending mode of water (Socrates, 2004). This confirms the 

scarcity of organic material within the bone sample. The IR spectra show the ν3 (CO3
2-) asymmetric 

stretching peak at 1452-1425 cm-1 and the ν2 (CO3
2-) out of plane bend vibration, at 875 cm-1 (Fleet, 

2009). For all spectra, the contribution of the ν3 (PO4
3-) band at 1090 cm-1, due to the asymmetrical 

vibration of the phosphate ions, appears as a weak shoulder, indicating a less ordered bioapatite 

structure (Dal Sasso et al., 2018; Pleshko et al., 1992). The absorption bands at 1035, 604 and 565 

cm-1 correspond to the asymmetric stretching and bending (ν3, ν4) of the phosphates, respectively, 

while a weak band at 960 cm-1 is attributed to the symmetrical stretching mode ν1 (PO4
3-). Peak at 

712 cm-1 of ν4 (CO3
2-) in-plane bending, related to the precipitated exogenous calcite, was detected. 

Characteristic vibrational bands were also detected at 809 cm-1 and 472 cm-1 corresponding to 

asymmetric and symmetric stretching vibration of the Si–O–Si bond of the silica as reported in 

literature (Saikia et al., 2008). 

3.2 Results of the experiments performed 

After repeated grindings of the same pellet (Experiment 1), the phosphate peak width at 85% 

(FW85%) should decrease and the splitting factor (IRSF) should increase until significant value 

changes are noted (Asscher et al., 2011) (Table.2). 

EXPERIMENT N.1 (same pellet) FW85% IRSF 

IND.A (30 sec.) 10.86 3.31 
IND.A (5 min.) 10.02 3.46 
IND.A (10 min.) 9.61 3.59 
EXPERIMENT N.1 (diff.pellet)   

IND.A (30 sec.) 10.40 3.53 
IND.A (2 min.) 10.11 3.58 
IND.A (5 min.) 9.35 3.73 
IND.A (5 min.) 9.41 3.74 
IND.A (10 min.) 10.40 3.53 

 

EXPERIMENT N.2 (ratio /KBr mg) FW85% IRSF 

IND.A (1:100) 10.20 3.45 
IND.A (1:300) 9.08 3.63 
IND.A (1.700) 10.34 3.18 
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EXPERIMENT N.3  FW85% IRSF 
IND.A_point 1 (2 mm-sup) 9.94 3.72 
IND.A_point 1 (2 mm-deep) 9.86 3.56 
IND.A_point 2 (2 mm-sup) 10.28 3.60 
IND.A_point 2 (2 mm-deep) 10.11 3.35 
IND.A_point 3 (2 mm-sup) 10.09 3.47 
IND.A_point 3 (2 mm-deep) 10.45 3.37 
IND.A_point 4 (2 mm-sup) 9.97 3.48 
IND.A_point 4 (2 mm-deep) 9.95 3.47 
IND.A_point 5 (15 mm) 9.93 3.70 
IND.A_point 6 (15 mm) 10.03 3.60 

Table 2. The table shows the data collected from the Infrared analysis after the grinding and dilution experiments. 

Experiment n.3 indicates the various sampling points. Same points of petrous bone were sampled at different depths and 

it is suggested to look at Figure.3 as the number of points assigned correspond to the sampling site. 

Indeed, in Experiment 1 a steady decrease in FW85% values and an increase in IRSF were observed, 

already after the second grinding step. The  FW85% and IRSF values after the second grinding, with 

a time of 5 minutes, already show a significant reduction in the peak width from 10.86 to 10.11 and 

a consequent increase in IRSF from 3.31 to 3.46, respectively. Increasing the grinding time (10 

minutes) these variations are increased with FW85% value of 9.61 and IRSF of 3.59 (Table.2).  

 

Figure 4. The figure 4a shows the spectra acquired after grinding the same pellet in several steps (Experiment 1in Table3) 

while 4b shows the spectra acquired after the grinding of different pellets (Experiment 1in Table3) prepared with the 

same protocol as reported in Materials and Methods. 
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The growth effect of the IRSF, due to different sample properties including particle size because of 

grinding(Asscher et al., 2011), is expressed in the IR spectra (Figure.4a) but there are no substantial 

differences immediately after the second grinding step. By analysing the IR spectra, acquired from 

pellets ground at different times, significant variations in the values of IRSF and FW85% were found. 

After the second grinding (2 minutes) the values of FW85% decrease from 10.40 to 10.11 while no 

significant variations of IRFS were recorded with values ranging from 3.53 to 3.58. Any relevant 

difference was found between the samples ground at 5 and 10 minutes. Significant differences were 

not found between the IR spectra shown in Figure 4b and grinding at 2-5 and 10 minutes. 

In Experiment 2 the effect of dilution was investigated. Previous studies (Lebon et al., 2010) have 

shown that dilution heavily affects the parameters measurement from FTIR spectra, both in terms of 

absolute value and trend. Data, collected from IR measurements, show a fluctuation in the values of 

the splitting factor and the phosphate peak width, as reported in Table.2.  

The dilution seems to considerably affect the IRSF determination: this may be caused by the increase 

of signal-to-noise ratio (especially for much diluted samples) and probably by the decrease of the 

instrument sensitivity due to dilution effects. For these reasons, to get a good quality of spectra, it 

was considered to maintain the ratio of sample/KBr to 1:100. 

In Experiment 3 powders extracted from INDIV.D were used. Six different sampling points (external 

and internal side of petrous bone, Figure.2) at depth of 2 mm, 4 mm and 15 mm per each sampling 

point were prepared as reported by the protocol used in paragraph 2.3. 

This experiment was necessary to verify whether there is some detectable differences between 

samples extracted at different depths and sampling points of the same specimen. 

Data collected for FW85% and IRSF parameters from ten spectra (Table.2) show that these 

parameters are not correlated by depth and sampling position. Considering the FW85% and IRSF 

values obtained from IR data collected on several sampling position, the variability of sample 

preparation is higher than that derived by the choice of the depth and sampling position: differences 

are due to statistical fluctuations caused by noise-limited sensitivity of the tool (Figure.5). 
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Figure 5.The preparation has a strong impact on the analysis of the spectra unlike the sampling point. This result 

indicates that diagenesis acts uniformly despite varying degrees of bone density. 

This result highlights that in the case of a relatively homogeneous and well preserved petrous bone  

diagenesis uniformly acts on the same sample and there are no significant differences on the different 

sub-samples of the bone tissue analysed.  

By means of analysis software (CTAn v.1.18 Micro-CT software), it was possible to determine the 

standard morphometric indices of bone: bone surface, trabecular thickness and trabecular separation. 

From the images reconstructed in micro-CT, a greater accumulation of residues of the soil has been 

detected in the apex of the petrous bone (part A show Figure.2), much more cancellous and mainly 

consisting of bone trabeculae than the cochlea. 

The presence of exogenous material can represent a problem for the determination of the sample 

preservation state as signals may overlap, possibly invalidating the analysis.  

Area C, identified through images acquired with micro-CT (Figure.2), allows extracting sufficient 

material for the spectroscopic analysis with a minimum invasiveness. Furthermore, being a denser 

and more resistant area than area A, it allows sampling of the specimen avoiding the risk of shattering 

the apex of the petrous bone. Although area B is located near the subarcuate fossa of the petrous bone 

(consisting of compact bone tissue), the incomplete apical region and the middle region of the cochlea 

reside inside (Figure.2), from which a little bone material is extracted. The densest area with the 

greatest chance of obtaining enough powders at a depth of no more than 2 mm was found in the upper 

proximity of the internal opening of the carotid canal near the otic capsule. 

4. CONCLUSIONS 

Based on these preliminary results, significant improvement in the quality of the spectra, allowing a 

better direct evaluation of the degree of post-mortem bioapatite recrystallization, was obtained after 

grinding for two minutes, while no particular changes were recorded with longer grinding times. All 
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experimental sampling parameters were carefully calibrated in terms of reproducibility and minimal 

invasiveness in order to obtain reliable and safe procedures.  

The sampling protocol, developed for archaeological bone finds, consists in the mechanical removal 

of the material (~ 1 mg) near to the internal opening of the carotid canal (at a depth of 2 mm) by 

means of a low-speed micro-drill, equipped with an abrasive round point, to remove sediments on the 

surface. Subsequently, the required amount of bone powder was extracted using a helical micro-tool 

at moderate speed. Each micro-tool was disinfected according to the ICMP standard procedures. 

Furthermore, the application of a standard bone powder preparation for FTIR analysis has 

significantly improved the accuracy, repeatability and reproducibility, as well as the reliability of the 

data, allowing a systematic evaluation of bones samples suitable for  archaeological and 

anthropological-molecular studies. The standard protocol, delineated in this research, has been used 

to elaborate a pre-screening method for molecular analysis and, for this purpose, it has been applied 

to all bone samples selected and reported in Chapters 3, 4 and 5. 
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Abstract  

Here we intend to propose a broad model of diagenetic alteration, comparing the behavior of the organic and 

inorganic phase on a large and diversified set of bone samples characterized by different origins and 

chronological phases. From extremely altered archaeological specimens to modern, fresh bones, we evaluated 

the sensitivity and efficacy of the Infrared phosphate peak width including it as the most predictive parameter 

on the degree of alteration of the bone system. The work was extended to examine the modifications induced 

by diagenesis on the secondary structure of conserved collagen, evaluating their effects on bioapatite crystals. 

The results obtained prove that the width of the phosphate peak is advantageous for monitoring minimal 

changes in the structure and chemical properties of bioapatite as well as indirectly in collagen. This method 

could improve the selection process of bone samples for different fields of interest. Therefore, we will intend 

to proceed with this research idea by developing a minimally invasive and low-cost pre-screening method for 

molecular and isotope analysis. 

1. INTRODUCTION 

Hard tissues such as bones and teeth are often the only direct proof remains of animals and humans 

of the past and hence represent valuable archives for paleogenomic, palaeoecology, palaeo-

environment and palaeopathology studies. For these reasons, the osteological remains of historical, 

archaeological, medical-forensic and paleoanthropological interest are of fundamental importance 

due to their eminent research function. Post-mortem alterations of archaeological bone depend upon 

a number of various processes, collectively included in the concept of bone diagenesis, that can lead 

to degrade it rapidly due to extrinsic/intrinsic factors (i.e. burial environment, bone biochemistry and 

microstructure), which may make the specimen less suitable for the planned studies aiming at 

recovering pristine information on bone material. The bone tissue consists of an inorganic component, 

formed by carbonate-hydroxylapatite nanocrystals known as bioapatite, and organic components as 

collagen, which accounts for approximately 90% of the organic fraction of bone, protein-

mucopolysaccharide complexes, and glycoproteins (Kendall et al., 2018).  
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In a live organism the chemical composition, solubility, mechanical function, crystal size and 

structure of biogenic apatite are regulated by metabolic processes (Clarke, 2008; Rey et al., 2009). 

After the death of individual, bioapatite nanocrystals are thermodynamically unstable and prone to 

recrystallization, so that the removal of the collagen leaves bioapatite crystals unprotected giving rise 

to a more brittle biomaterial (Wescott, 2019) undergoing the dissolution/reprecipitation of apatite 

nanocrystals. The bioapatite recrystallization feasibly occurs by Ostwald ripening mechanisms, for 

which small crystallites dissolve favoring the growth of larger crystal (Berna et al., 2004). This 

mechanism, as well as incorporation of exogenous ions incorporations in the crystal lattice from the 

burial environment (e.g., PO4
3-, CO3

2-, Ca2+, Mg2+), leads to a more stable and ordered crystal 

structure characterized by larger dimensions of nanocrystals with decreased specific surface area 

(Pollard et al., 2007; Trueman, 2013; Trueman et al., 2004). Bioapatite can undergo chemical/physical 

transformations or mechanical alterations as a result of the combined action of the soil chemistry, 

microorganisms or plants (Hedges, 2002; Trueman and Martill, 2002; Weiner and Addadi, 2011). 

Collagen is one of the most important components for bioarchaeological studies (radiocarbon dating, 

stable isotopes analysis etc.) and accounts for 10-25% of the total bone weight, most of which is Type 

I collagen (France et al., 2014). The loss of collagen is caused by the change from insoluble collagen 

to soluble phase (gelatin) with an impact upon the physical properties of the bone. Collagen loss 

occurs due to both biological and chemical degradation for hydrolysis (Collins et al., 1995; Keenan, 

2021). The transition of the collagen structure into gelatin is accelerated by high temperature, extreme 

pH levels and presence of humic acids while it is delayed by the preservation of bioapatite mineral 

and by close packing of the collagen fibrils (Collins et al., 2002). Being diagenesis site-specific and 

strongly influenced by local environmental and burial conditions, and considering the high number 

of variables affecting the alteration processes, a predictive procedure to evaluate the preservation state 

of archaeological bones and the survival of the organic fraction is not straightforward. 

Infrared spectroscopy has been widely applied to bone characterization studies as an important tool 

for diagenesis research, as it offers many advantages in terms of low-cost application, low amount of 

required sample (~1 mg) and sensitivity to variations on the structural properties of both organic and 

inorganic components (Carden and Morris, 2000). 

Therefore, this tool allows the rapid, minimally destructive and economic analysis of a large number 

of fossil bones. The crystallinity as well as the physico-chemical and microstructural properties of 

bioapatite are extremely meaningful indicators of archeological bone preservation (Weiner, 2010). 

Indeed, the characterization of archaeological bones using infrared spectroscopy provided valuable 

quantitative and qualitative information on bone preservation (Piga et al., 2016; Querido et al., 2018; 

Reiche et al., 2002; Shemesh, 1990; Smith et al., 2007; Thompson et al., 2011; Weiner and Bar-
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Yosef, 1990). Here we propose an analytical approach previously developed by Dal Sasso et al. 

(2018), which uses FTIR spectroscopy as a potential diagnostic tool to indirectly describe or quantify 

changes in bioapatite crystallinity by monitoring its variations between different human bone 

samples. 

In the previous work a detailed study on the relationship between ν4 phosphate peak width at FW85%, 

IRSF and crystallinity (determined by X-ray powder diffraction - XRD) has been carried out by 

investigating fresh and fossil bones. It emerged that infrared peak width at 604 cm-1 can be a novel 

way useful tool to reliably assess minimal changes in bioapatite chemical composition and structure, 

acquiring significant indirect physical information on biomaterials constituting bone system. Thus, 

the broadening of the peak could be the most promising parameter on the degree of bone alteration, 

as it is closely related to the atomic order/disorder in the crystal lattice. 

The main aim of this study is to provide a reliable method to retrieve indirect significant physical-

chemical information on inorganic and organic bone constituents. A set of parameters measured by 

FTIR are evaluated and discussed to determine the conservation status of an archaeological bone. A 

comprehensive model of diagenetic alteration will be proposed by comparing the behavior of the 

organic and inorganic phase on a large and diverse set of samples. The general model here proposed 

enables a comprehensive description of diagenetic alterations of a wide set of human bones with 

different origins, chronology and diagenetic history. 

2. MATERIALS AND METHODS 

2.1. Bone samples  

The study samples included human bones from different origin, chronology and state of conservation 

from the Anthropology Museum of Padua University, in particular petrous bones (n.57) and tooth 

roots (n.59). Analyzed bones were available from 2nd- 3rd c.AD graves of Oderzo (IT), 7th-8th c.AD 

graves of Montecchio Maggiore (IT), 4th-6th c.AD graves of Biverone, Bronze Age burials of Grottina 

dei Covoloni del Broion (IT), the high medieval 11th-12th c.AD cemetery of Sant’Anna Sopramonte 

(IT), pre-Mesolithic, Neolithic and Meroitic graves of Al-Khiday (Central Sudan, for an overview: 

Usai et al., 2014; Usai and Salvatori, 2019) and other samples from the three Southern Italian Iron 

Age archaeological contexts of Salapia, Ordona and San Giovanni Rotondo. The sample selection 

comprises the high medieval Holy Relic of St. Theobald in Badia Polesine (Rovigo, Italy) that has 

never been buried. Ancient samples are compared with the human modern bones of the Tedeschi 

Collection, a precious skeletal collection dating to the late 19th and early 20th century (Carrara et al., 

2018), fresh human tooth (Asscher et al., 2012; Dal Sasso et al., 2014; Iacumin et al., 2016), fresh 

animal bones and specimens of fossil femurs found in the Al-Khiday (Sudan) site used in a previous 
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work Dal Sasso et al. (2018), the full sample list is reported in Table.1 (reported at the end of the 

Chapter). 

2.2. Micro-sampling 

Inspired by the work of Sirak et al. (2017) and Pinhasi et al. (2015), we applied an alternative and 

minimally destructive method for the extraction of powders or micro-cores from the petrous bone for 

FTIR analysis, since in some cases it was not possible to extract the bone materials because of 

complete crania. Moreover, safeguarding complete osteological remains from invasive analysis and 

sampling is fundamental to preserve as much physical-anthropological information as possible. 

In complete crania, cochlea is not easily accessible. Based on Sirak et al. (2017), a practical method 

to sample the osseous labyrinth consists in entering with a Dremel micro-tool at the site of the bony 

ridge, separating the jugular foramen from the carotid canal on the basal surface of the cranium. Once 

reduced the bony ridge, the external bone surface – encrusted by soil sediments – was mechanically 

removed by means of low-speed micro-drill, equipped with an abrasive round point of 2.4 mm. To 

avoid contamination issues, overturning the cranium to collect the powder is not practicable, as 

sediments contained within the endocranium would also be collected. Therefore, the inner part of 

osseous labyrinth was extracted by a micro-core with an internal diameter of 1.8 mm. The sample 

fragment was thus extracted without being contaminated and particular attention was paid to use low 

speed in order to avoid the overheating of the samples during mechanical cleaning and sampling. 

For incomplete crania (where the temporal bone is easily accessible), a similar procedure was 

adopted: once removed the soil sediment encrusted on the surface with a round abrasive point of 2.4 

mm, the necessary amount of bone powder was obtained by using another helical micro-tool (2.4 

mm) at moderate speed. 

The operating procedure for standard sampling of bone of the ICMP (International Commission on 

Missing Persons - ICMP 2015) was adopted, disinfecting and sterilizing all drill bits to avoid external 

contamination. The powdered material from the roots of the molars was extracted with a round 

engraver bit (2.4 mm diameter) after removal of the external deposits. 

The cementum/dentine powder from the roots of the molars was extracted with a round engraver bit 

(2.4 mm diameter) after removal of the external deposits following the same cleaning procedures of 

tools from ICMP. 

2.3. Fourier Transform-IR spectroscopy: sample preparation and measurements 

FTIR spectroscopy provides a sensitive probe for specific functional groups in organic and inorganic 

compounds; it is widely used not only to obtain qualitative information (Rubinson et al., 2002) but 

also semi-quantitative ones (Weiner, 2010) in order to investigate the nature and structure of mineral 
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and organic matter in the analyzed samples. Therefore, FTIR spectroscopy can provide valuable 

information on the preservation of the structural and the chemical properties of archaeological bones 

(Kontopoulos et al., 2019; Poralan et al., 2015; Weiner and Bar-Yosef, 1990).  

We emplaced a protocol for sample preparation to guarantee the accuracy and replicability of the 

FTIR spectra. Samples have been prepared maintaining a ratio 1:100 mg of sample/KBr. Thus, 1 mg 

of sample was hand ground in an agate mortar and KBr was added and homogenized. The powdered 

sample was then pressed, using a hydraulic press, under 11 tons/cm2 pressure, and a 12 mm in 

diameter and 1.5 mm of thickness transparent pellet was obtained. Spectra were collected with a 

Nicolet 380 FTIR spectrometer equipped with a DTGS detector; 128 scans for each spectrum were 

acquired, in the range from 4000 to 400 cm-1, with a spectral resolution of 4 cm-1. Spectral analysis 

was performed using Omnic 9 software (Thermo Scientific). To semi-quantifying of carbonate and 

amide presents in the spectrum, the ratios have been calculated dividing the intensity of absorption 

by the intensity of ν3 phosphate peak at 1035 cm-1 (Figure.1b).  

 

Figure 1. FTIR spectra of archaeological human bones a comparison: an archaeological sample well preserved (a) and 

another one diagenetically altered (b). Bands are attributed to Amide I-II, phosphate and carbonate vibrational modes. 

Peak intensities and baseline used to calculate AmI/PO4
3-, AmII/PO4

3-, CO3
2-/PO4

3-, Cal/PO4
3-, IRSF (splitting factor) and 

the full width at half maximum (FWHM) of the phosphate peak at 604 cm-1(FW85%) parameters are shown. 
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Peaks height is calculated from the baselines, which are defined by two points calculated as the local 

minimum ranging in selected regions of the spectrum, reported in Table.2. 

Table.2. Wavenumbers and baselines adopted to calculate peaks intensity and width of tooth and bone sample 

properties by FTIR spectroscopy (adapted from references Dal Sasso et al., 2018; Paschalis et al., 2011). 

Vibrational mode and functional group Wavenumber (cm-1) Baseline (cm-1) 

AmideI ν (C=O) stretch 1660 2000–1800/1400–1200 

AmideII ν (C–N) stretch and σ (N–H) bend 1550 2000–1800/1400–1200 
ν3(PO4

3-) antisymmetric stretching 1035 1400–1200/900–750 

ν2(CO3
2-) out of plane bend vibration 875 891–816 

ν4(CO3
2-) in plane bend vibration 712 718–730/709–700 

ν4(PO4
3-) bend 604 850–620/510–470 

ν4(PO4
3-) bend 565 850–620/510–470 

 

The infrared splitting factor (IRSF) is a function that quantifies the splitting extent of the anti-

symmetric bending frequency of the phosphate ν4 vibrational mode calculated from Infrared (FTIR) 

spectra of bone samples; it is one of the most used parameters to assess the crystallinity as index of 

preservation (Weiner and Bar-Yosef, 1990). 

The ν4 (PO4
3-) vibrational band shows two separate peaks at 604 and 565 cm-1 related to the atomic 

disorder and/or the crystalline size of the bioapatite (Dal Sasso et al., 2016) (Figure.1a). IRSF, 

calculated for each spectrum, is a parameter that quantifies the extent of splitting of the two peaks 

calculated with the sum of two peak intensities of ν4 (PO4
3-) divided by the intensity of the valley 

between them (Weiner and Bar-Yosef, 1990). The splitting factor is used to monitor the degree of 

recrystallization of the bioapatite as higher values of IRSF show a more ordered crystal structure with 

an increase in crystal size and vice versa. This correlation between crystal dimension and IR 

parameter was determined by comparing other analytical techniques with IRSF values (Psycharis et 

al., 2001; Stathopoulou et al., 2008). 

The height percentage used to calculate the width of peak at 604 cm-1 at the 85% (FW85%) was 

considered for each spectrum in order to monitor the physical-chemical variations of bioapatite (Dal 

Sasso et al., 2018b). Mineral-to-matrix ratios were calculated by amide I (1660 cm-1) divided by main 

phosphate peak intensity at 1035 cm-1 (ν3 (PO4
3-) (AmI/PO4

3-). Amide I (1660 cm-1) absorption bands 

divided by the intensity of amide II (1550 cm-1) were used to monitor the collagen denaturation 

through the changing of bands intensity ratios (AmI/AmII) (Derrick MR, Stulik D, Landry JM, 

1999). It is widely representative of the amount of collagen to the amount of mineral present in a bone 

to value collagen preservation (Paschalis et al., 2011; Figueiredo et al., 2012; Boskey, 1992, 2003; 

Donnelly, 2010). The carbonate content of bioapatite it was monitored by dividing the intensity of 

the band at 875 cm-1 ν2 (CO3
2-) vibrational mode of B-type carbonate on the ν3 phosphate peak 

intensity (CO3
2-/PO4

3-). The amount of secondary calcite precipitated in bone structure during 
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diagenetic processes was calculated by dividing the characteristic vibrational band ν4 (CO3
2-) of 

secondary calcite at 712 cm-1 by the intensity peak at 1035 cm-1 of phosphate (Cal/PO4
3-). For a more 

detailed description, see Figure.1, Table.2, Table.3. 

Table 3. List of parameters used. 

Parameters  Wavenumber (cm-1) Characterization 

IRSF (604+565)/intensity of the valley crystallinity index 

FW85% width at 85% of the height of the 604 cm-1 peak atomic order/disorder 

AmII/PO4
3- 1550 cm-1/1035 cm-1 relative amount of collagen 

AmI/PO4
3- 1660 cm-1/1035 cm-1 amount of amide on phosphate 

CO3
2-/PO4

3- 875 cm-1/1035 cm-1 amount of carbonate on phosphate 

Cal/ PO4
3- 712 cm-1/1035 cm-1 amount of calcite on phosphate 

 

2.4. Statistical processing 

Statistical analysis of mineral/matrix ratio (AmI/PO4
3-) and FW85% was performed using the freely 

available Kernel Density Estimation (KDE) software developed by the Analytical Methods 

Committee of the Royal Society of Chemistry (Analytical Methods Committee, 2006). Kernel density 

estimation is a non-parametric method of estimating the probability density function (PDF) of a 

continuous random variable 𝑓(𝑥) = 1𝑛ℎ +∑𝐾𝑛
𝑖=1 (𝑥 − 𝑥𝑖ℎ ) 

(KDE formula)                                                                                            

where a normal Gaussian as Kernel function (𝐾) was chose, while smoothing parameter ℎ 

(bandwidth) was statistically determined (Silverman, 1986), 𝑛 is the sample size, 𝑥 random variable 

while 𝑥𝑖 data points locations. This function was applied to show a continuous substitution of the 

histograms obtaining an estimate of the underlying distribution of AmI/PO4
3- and FW85% parameters, 

modeled on the real measured data. The dataset was divided in eight Necropolis where Ordona, 

Salapia and San Giovanni Rotondo have been merged into a single population, as it is possible to 

consider them as a single group by origin and chronology, while Sant’Anna Sopramonte was excluded 

as the small number of samples makes the analysis of the samples unrepresentative.  

3. RESULTS 

3.1. Fourier Transform-IR spectroscopy data 

The spectra analyzed show signals that can be attributable to the amide, phosphates and carbonate 

groups. In details, peak at ~3080, 1660, 1550 cm-1, correspond to Amide B, Amide I and Amide II 
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vibrational bands, respectively, peaks at 1340 and 1240 cm-1 correspond to the Amide III bands, peaks 

at 1450, 1420, 875, 712 cm-1 to ν3, ν2, ν4 of carbonate absorption bands while peak at 1035, 604 and 

565 cm-1 the stretching and bending of phosphates ν3, ν4 (PO4
3-) vibrational bands, respectively 

(Derrick et al., 1999; Singh et al., 1993; Stani et al., 2020; Weiner, 2010). The data analyzed focus 

on the region between 3400 cm-1 and 480 cm-1, which corresponds to most of the organic and 

inorganic compounds in the skeletal remains, covering Amide I-II, ν2, ν4 (CO3
2-) and ν3, ν4 (PO4

3-) 

peaks (Figure.1). Bioapatite crystallinity indicators as IRSF, as defined by Weiner and Bar-Yosef 

(1990), and the width of the 604 cm-1 phosphate peak (defined as full width at 85% of maximum 

height - FW85% (Dal Sasso et al., 2018b) was chosen and calculated for each spectrum. The 

carbonate ion is known to occupy two different positions in the hydroxylapatite bone structure in the 

hydroxyl lattice position and in that of phosphate (Sønju Clasen and Ruyter, 1997). The B-type 

carbonate (substituting the phosphate) is much more abundant than A-type (substituting the hydroxyl) 

and therefore it is assumed to produce reliable results in monitoring the carbonate content of 

bioapatite (Wopenka and Pasteris, 2005). Measuring the ν3 carbonate doublet at 1450-1423 cm-1 is 

not straightforward because of the partial overlap of both A and B types and of other absorption bands 

of organic functional groups (Fleet, 2009; Rey et al., 1989). The ν2 875 cm-1 and is attributed to 

carbonate B-type and is considered more useful for our study as it better reflects the real portions of 

carbonate principal components without overlapping to organic components. Secondary calcite may 

precipitate inside the micro-porosity of the archaeological bones during diagenesis (Dal Sasso et al., 

2018a), for which the contribution to the IR vibrational bands overlaps to that of the structural 

carbonate, thus altering the CO3
2-/PO4

3- parameter (Gueta et al., 2007) (Figure.2). The amount of 

precipitated exogenous calcite can be monitored through the parameter Cal/PO4
3- calculated by 

dividing the intensity of the peak at 712 cm-1 (ν4 CO3
2- in-plane bending characteristic vibrational 

mode of calcite) with the 1035 cm-1 intensity of the phosphate band (Dal Sasso et al., 2016). To 

monitor the state of sample conservation several comparisons and ratios were considered to provide 

a semi-quantitative measure of bone integrity based on the phosphate, carbonate and amide absorption 

bands.  
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Figure 2. FTIR spectra of calcite (red) and archaeological human bone sample (yellow, Al-Khiday 128gr5) 

3.2. Spectral analysis for bone characterization 

Results (Table.4) show a few variations of FW85% and IRSF values for the less crystalline bioapatite 

(fresh and modern bone), ranging from 17.60 to 11.50 cm-1 and the corresponding a minimal variation 

of IRSF values, ranging from 2.77 to 3.24. Archaeological bones from Italy and Sudan show higher 

variations of IRSF and FW85%: ranges from 8.47 to 12.25 cm-1 and from 6.72 to 9.34 cm-1 for 

FW85%, whereas IRSF ranges from 5.13 to 2.99 and from 6.33 to 3.35, respectively.  

Table 4. Diagenetic parameters calculated from FTIR spectrum of each sample and referring to: bone crystallinity (IRSF); 

atomic order/disorder FW85%; secondary calcite content (Cal/PO4
3-); structural carbonate content in bioapatite (CO3

2-

/PO4
3-); collagen preservation (Amide I/PO4

3-), (Amide II/PO4
3-). 

Archaeological 

site 

Bone type Label IRSF FW85% Cal/PO4 CO3/PO4 Amide I/PO4 Amide II/ PO4 

 petrous bone Tb.1/1 4,00 9,50 0,000 0,05 0,09 0,08 
 petrous bone Tb.2 3,71 9,85 0,000 0,06 0,09 0,09 
 petrous bone Tb.6 3,80 9,54 0,000 0,06 0,10 0,09 

Montecchio petrous bone Tb.9 4,42 10,82 0,000 0,05 0,09 0,07 
Maggiore petrous bone Tb.12 4,44 10,52 0,000 0,05 0,13 0,09 

 tooth root Tb.1/1 3,57 9,85 0,001 0,06 0,12 0,09 
 tooth root Tb.2 3,33 8,94 0,000 0,07 0,32 0,20 
 tooth root Tb.6 3,30 9,48 0,000 0,08 0,29 0,19 
 tooth root Tb.9 3,32 10,95 0,000 0,06 0,19 0,13 
 tooth root Tb.12 3,87 9,69 0,000 0,05 0,15 0,10 

Badia Polesine petrous bone STheo 3,39 11,19 0,000 0,06 0,35 0,21 
 petrous bone BR-03 3,68 9,57 0,019 0,12 0,12 0,11 
 petrous bone BR-04 3,41 10,36 0,002 0,07 0,14 0,12 
 petrous bone BR-01 3,66 9,54 0,001 0,06 0,11 0,10 
 petrous bone BR-05 3,41 10,04 0,005 0,08 0,16 0,12 
 tooth root BR-25 3,18 11,20 0,002 0,09 0,25 0,18 
 tooth root BR-06 3,56 9,67 0,001 0,08 0,31 0,20 
 tooth root BR-07 3,00 12,02 0,003 0,11 0,35 0,24 
 tooth root BR-09 3,53 9,65 0,012 0,09 0,13 0,11 

Grottina tooth root BR-16 3,10 11,54 0,000 0,08 0,31 0,21 
Covoloni del tooth root BR-22 3,64 9,39 0,010 0,08 0,11 0,10 

72



Broion tooth root BR-24 3,09 11,97 0,003 0,12 0,40 0,27 
 tooth root BR-10 3,70 9,41 0,005 0,07 0,32 0,19 
 tooth root BR-27 2,99 12,24 0,007 0,14 0,38 0,27 
 tooth root BR-13 2,99 12,25 0,001 0,09 0,37 0,24 
 tooth root BR-17 3,29 9,98 0,011 0,09 0,17 0,14 
 tooth root BR-21 3,76 9,40 0,012 0,10 0,24 0,18 
 tooth root BR-19 3,37 10,12 0,005 0,09 0,17 0,14 
 tooth root BR-12 3,11 11,80 0,005 0,11 0,38 0,25 
 tooth root BR-14 3,05 11,74 0,012 0,13 0,36 0,25 
 tooth root BR-18 3,13 11,28 0,006 0,09 0,35 0,22 
 petrous bone Tb.O.198 3,29 11,16 0,000 0,08 0,12 0,11 
 petrous bone Indiv.A 3,58 10,97 0,004 0,10 0,13 0,13 
 petrous bone Indiv.B 3,10 10,34 0,000 0,08 0,15 0,14 
 petrous bone Indiv.C 3,23 10,86 0,000 0,08 0,19 0,15 

Oderzo petrous bone Indiv.D 3,72 11,07 0,002 0,07 0,11 0,11 
 tooth root Tb.17 3,36 9,89 0,000 0,09 0,27 0,20 

 tooth root Tb.O.1986 3,31 10,71 0,000 0,07 0,33 0,21 
 tooth root senzanome3 3,21 9,94   0,000 0,08 0,24 0,17 
 petrous bone Tb.BFC008 3,23 10,78 0,001 0,07 0,16 0,13 
 petrous bone Tb.BFC10 4,11 9,60 0,001 0,05 0,10 0,09 
 petrous bone Tb.BFC13 3,15 11,16 0,004 0,09 0,22 0,16 
 petrous bone Tb.10 3,28 10,76 0,000 0,07 0,15 0,13 
 petrous bone Tb.13 4,06 9,62 0,004 0,08 0,12 0,11 
 petrous bone Tb.19.1 3,30 11,30 0,001 0,07 0,15 0,12 
 petrous bone Tb.40 3,27 10,61 0,002 0,08 0,17 0,14 

Biverone, petrous bone Tb.B6.1 3,73 10,01 0,003 0,07 0,11 0,10 
San Stino di tooth root Tb.10 3,07 11,83 0,000 0,07 0,34 0,21 

Livenza tooth root Tb.13 3,35 10,99 0,000 0,06 0,16 0,12 
 tooth root Tb.19.1 3,03 11,48 0,000 0,07 0,24 0,17 
 tooth root Tb.40 3,14 11,09 0,000 0,07 0,22 0,15 
 tooth root Tb.B6.1 3,10 10,86 0,001 0,06 0,21 0,14 
 tooth root Tb.B-111 3,25 10,86 0,000 0,08 0,29 0,19 

Modern bone petrous bone 0S1242 2,87 13,25 0,004 0,12 0,44 0,29 
 petrous bone 0S419 3,03 12,09 0,000 0,07 0,50 0,27 
 petrous bone 0S426 3,11 13,45 0,004 0,08 0,39 0,23 
 petrous bone 0S428 3,21 11,50 0,009 0,08 0,31 0,23 
 petrous bone 0S431 3,06 13,22 0,006 0,08 0,35 0,23 
 petrous bone 0S1453 3,05 13,22 0,004 0,09 0,38 0,25 
 tooth root 0S419 3,24 11,57 0,000 0,05 0,40 0,22 
 tooth root 0S426 3,17 11,97 0,000 0,05 0,39 0,22 
 tooth root 0S428 3,09 12,35 0,002 0,06 0,37 0,21 
 tooth root 0S431 3,23 11,76 0,000 0,06 0,38 0,23 
 tooth root 0S1453 3,05 13,67 0,002 0,06 0,35 0,21 
 femur 3F-gr2 4,71 8,45 0,069 0,19 0,12 0,08 
 femur 31F-gr3 5,64 7,64 0,029 0,11 0,05 0,06 
 femur 50F-gr5 6,17 7,12 0,000 0,02 0,04 0,02 
 femur 55-gr2 3,74 8,59 0,012 0,09 0,08 0,08 
 femur 103-gr3 4,78 7,74 0,011 0,06 0,06 0,03 
 femur 115F-gr4 6,24 6,72 0,000 0,02 0,04 0,02 
 femur 128-gr5 4,60 8,61 0,023 0,10 0,06 0,06 
 femur 136-gr5 6,33 6,77 0,002 0,03 0,04 0,02 
 femur 156-gr5 4,00 8,55 0,008 0,07 0,06 0,04 
 femur 158-gr4 3,90 8,90 0,007 0,07 0,06 0,06 
 femur 159F-gr3 4,65 8,27 0,000 0,03 0,11 0,05 
 femur 163-gr5 6,07 6,82 0,003 0,03 0,03 0,02 

Al-Khiday femur 170-gr5 4,68 7,91 0,001 0,04 0,03 0,04 
 femur 177-gr4 3,35 8,48 0,003 0,06 0,06 0,06 
 tooth root Al-K_12T 3,83 8,91 0,025 0,13 0,05 0,08 
 tooth root Al-K_34T 5,65 7,53 0,003 0,03 0,02 0,02 
 tooth root Al-K_35T 3,85 8,65 0,019 0,10 0,05 0,07 
 tooth root Al-K_58T 5,46 8,21 0,000 0,02 0,03 0,03 
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 tooth root Al-K_95T 5,76 7,53 0,005 0,03 0,02 0,02 
 tooth root Al-K_104T 4,90 7,93 0,015 0,06 0,02 0,04 
 tooth root Al-K_163T 5,47 7,66 0,012 0,05 0,03 0,03 
 tooth root Al-K_164T 5,35 7,47 0,009 0,04 0,03 0,03 
 tooth root Al-K185T 3,47 9,13 0,022 0,13 0,05 0,10 
 tooth root Al-K_186T 5,28 8,36 0,000 0,02 0,04 0,03 
 tooth root Al-K_187T 5,77 7,46 0,000 0,02 0,03 0,02 
 petrous bone Al-K_12PB 3,89 9,34 0,009 0,08 0,04 0,06 
 petrous bone Al-K_34PB 5,53 8,11 0,005 0,03 0,06 0,06 
 petrous bone Al-K_35PB 3,62 9,27 0,007 0,08 0,06 0,09 
 petrous bone Al-K_58PB 5,75 8,45 0,001 0,02 0,02 0,02 
 petrous bone Al-K_95PB 5,79 7,62 0,004 0,03 0,02 0,02 
 petrous bone Al-K104PB 4,33 8,08 0,005 0,07 0,07 0,07 
 petrous bone Al-K163PB 5,28 8,03 0,002 0,03 0,03 0,04 
 petrous bone Al-K164PB 5,87 7,53 0,003 0,03 0,02 0,02 
 petrous bone Al-K185PB 3,57 9,27 0,004 0,07 0,04 0,07 
 petrous bone Al-K186PB 5,79 8,44 0,000 0,02 0,03 0,03 
 petrous bone Al-K187PB 5,12 8,19 0,000 0,03 0,03 0,03 
 tooth root Tb.1 4,06 8,47 0,002 0,03 0,24 0,11 

Sant’Anna  tooth root Tb.3 3,19 11,18 0,014 0,05 0,30 0,19 
Sopramonte petrous bone US48 3,35 9,94 0,007 0,09 0,11 0,11 

 tooth root US48 3,00 11,60 0,006 0,08 0,32 0,22 
 petrous bone Tb.1 4,20 9,15 0,000 0,09 0,11 0,08 
 tooth root SAL001 3,73 9,58 0,002 0,06 0,18 0,12 
 petrous bone SAL003 4,11 9,94 0,000 0,04 0,12 0,08 
 petrous bone SAL005 4,45 9,59 0,001 0,05 0,11 0,07 

Salapia petrous bone SAL007 5,13 8,67 0,002 0,03 0,11 0,05 
 tooth root SAL008 3,67 9,99 0,001 0,06 0,23 0,14 
 petrous bone SAL010 5,12 8,96 0,018 0,11 0,04 0,07 
 tooth root SAL011 3,22 11,44 0,003 0,09 0,40 0,24 
 tooth root SAL012 4,58 9,12 0,006 0,05 0,07 0,04 
 petrous bone ORD001 4,07 9,09 0,001 0,04 0,08 0,06 
 petrous bone ORD004 3,87 10,39 0,003 0,05 0,10 0,08 
 petrous bone ORD006 4,39 9,43 0,003 0,04 0,05 0,05 
 petrous bone ORD009 4,61 9,75 0,001 0,04 0,05 0,04 

Ordona petrous bone ORD010 4,16 9,59 0,051 0,17 0,14 0,13 
 petrous bone ORD011 3,51 10,78 0,023 0,17 0,19 0,17 
 petrous bone ORD012 4,36 9,16 0,000 0,04 0,05 0,04 
 petrous bone ORD014 4,37 9,04 0,027 0,14 0,11 0,10 
 petrous bone ORD018 4,13 9,23 0,001 0,04 0,06 0,05 
 petrous bone ORD019 4,29 9,70 0,000 0,05 0,06 0,05 
 tooth root SGR001 3,47 10,41 0,002 0,05 0,18 0,12 

San Giovanni  tooth root SGR002 3,81 9,28 0,000 0,04 0,10 0,07 
Rotondo tooth root SGR003 3,27 11,44 0,003 0,05 0,27 0,16 

 femur Dog08 12,93 3,04 0,001 0,09 0,44 0,29 
 femur Horse10 16,09 2,82 0,002 0,11 0,62 0,41 
 femur O.sheep11 13,13 2,99 0,001 0,09 0,39 0,26 

Fresh bone femur Pig10 17,60 2,85 0,003 0,13 0,64 0,44 
 tooth root Y.sheep06 14,34 2,85 0,002 0,07 0,39 0,23 
 tooth root O.sheep05 12,23 3,05 0,001 0,06 0,32 0,20 
 tooth root O.sheep06 12,40 3,04 0,001 0,06 0,32 0,20 
 tooth root Horse07 14,33 2,77 0,000 0,08 0,36 0,23 
 femur Oxbone 12,51 3,01 0,001 0,06 0,39 0,24 
 tooth root Human25 2,99 2,99 0,000 0,08 0,37 0,23 

Sudanese archaeological bones show significantly higher value in IRSF and lower value of FW85% 

than modern bones while the archaeological bones from Italian sites fall within this range of values 

(view Figure.3a).  
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Figure 3. Correlation between the IRSF and FW85% among bioapatite samples. The bone samples were divided by origin 

(a) chronological phases (b). 

Figure.3b and Figure.4 highlights distribution of spectral data dividing them by chronological phase 

and anatomical elements. Figure.4 shows the distribution of modern and archaeological context of 
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teeth and petrous bones and the IRSF-FW85% plot describes slight differences between the sets of 

samples divided by anatomical elements, as the roots of the teeth are more clustered in the final end 

of the curve indicating a better preservation within values between 7.53 to 12.45 of FW85% and 5.77 

to 3.06 of IRSF, with a median value 10.67 for peak width and 3.32 for crystallinity index.  

 

Figure 4. Correlation between the IRSF and FW85% division by anatomical elements. 

The CO3
2-/PO4

3- ratio, calculated for all samples and reported in Table.4, ranges from 0.19 to 0.02 

for Sudanese samples, from 0.17 to 0.03 for the Italian ones and from 0.12 to 0.05 for fresh and 

modern bones. Secondary calcite (CaCO3) deriving from dissolved carbonate ions and free calcium 

ions present in the burial environment (Fernández-Jalvo et al., 2016) was identified in 73 samples 

identified by the presence of the peak at 712 cm-1 (Gueta et al., 2007). The Cal/PO4
3- ratio displays 

the amount of exogenous calcite precipitated in the bone micro-structure with a content between 0.069 

and 0.001 (Table.4). Post-yield mechanical properties of bone are mostly determined by collagen 

(Currey, 2008a, 2008b; Garnero, 2015) and it is essential to define the spectroscopic biomarkers to 

investigate the quantity of collagen. The changes in these ratios with denaturation may reflect 

alterations in the collagen secondary structure, specifically a transition from ordered to less-ordered 

structure. A variation of levels of preserved collagen content is recorded by the measured values of 
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AmI/PO4
3- (from 0.38 to 0.04, from 0.12 to 0.02 for Italian and Al-Khiday samples, respectively and 

from 0.64 to 0.15 for fresh and modern bones) (Table.4).  The AmII/ PO4
3- were obtained values are 

from 0.27 to 0.03, 0.10 to 0.02 for Italian and Sudanese samples, respectively and ranging from 0.44 

to 0.23, 0.29 to 0.21 for fresh and modern bones.  

4. DISCUSSION 

The set of osteoarchaeological human samples here analyzed is large and diverse for chronology and 

origin with a high variability of in terms of chemical composition and structure due to different 

diagenetic processes experienced during burial. The same bone elements, such as teeth roots and 

petrous bones, were examined for each selected necropolis.  

The width at 85% of the height of the ν4 (PO4
3-) vibrational mode at 604-1 (FW85%) - chosen as it 

produces a well-defined signal being less influenced by other overlapping vibrational modes - 

describes the variation of bioapatite structural properties in IR spectra (Dal Sasso et al., 2018b). 

IRSF is less sensitive to describe the significant variation of well-preserved and fresh bones, in that 

from results, this parameter does not show high difference of splitting factor’s values while the 

FW85% parameter values show higher variations in terms of physical-chemical properties. 

Conversely, more diagenized archaeological bones reflect high variations of the splitting factor and 

smaller change on peak broadening. Hence, IRSF variations may misleadingly reflect the structural 

changes that occur in the nanostructure, whereas chemical/structural information on the phosphate 

environment in bioapatite is provided by the infrared peak width (FW85%). These characteristics 

determined the choice of the peak width used to monitor bioapatite crystallinity. 

Phosphate peak width has been shown to effectively describe the chemical environment of bioapatite 

crystallites by monitoring minimal changes in the chemical composition and structure of crystal 

lattice. Bioapatite in bone system is chemically complex, in that it is structural by defect-rich and 

prone to substitutions (i.e. carbonate ions, LeGeros, 1981; Rey et al., 2009) with respect to crystalline 

hydroxylapatite of geologic origin. The occurrence of ion substitutions and vacancies in the bioapatite 

crystal lattice directly influence the IR vibrational modes of functional groups, e.g. phosphate, which 

can be detected through the measurement of the peak width (Wopenka and Pasteris, 2005). Moreover, 

the occurrence of structural defects plays a major role in confining the crystallites size at the nanoscale 

(Dal Sasso et al., 2018b). This correlation is expressed well comparing FW85% values with those of 

carbonate (CO3
2-/PO4

3- - FW85%), measured by the contribution of ν2 (CO3
2-) vibrational band 

divided by main ν3 (PO4
3-) mode (CO3

2-/PO4
3-). Although it may be extremely useful and indicative 

of the atomic order/disorder of the crystal lattice, this tool is of little use for the study of archaeological 

bones. 
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The state of conservation among the different bone finds is highly represented by the IR data, which 

translate into clear and distinct spectra showing variability of the bioapatite properties, and diagenetic 

recrystallization. By comparing the new data with of a previously published dataset (Dal Sasso et al., 

2018) which used different types of bone tissue from human archaeological remains and fresh animal 

(indicated in the Figure.5 as "Series2") it is observed that FTIR spectra reflect the degree of 

conservation of the bone samples utilizing FW85%-IRSF parameters. 

 

Figure 5. Comparison between new data with of a previously published dataset.  

Comparing the two datasets (Series1-Series 2), the biogenic alteration from different diagenetic 

pathways would appear to follow the same trend. It is known that diagenesis impairs histological 

integrity increasing bone porosity and mineral crystallinity, resulting in the loss collagen (Hedges and 

Millard, 1995). The extent of these alterations depends on burial conditions, external features and 

time, the latter especially when this concerns paleontological bones. Therefore, the degree of 

alteration can vary but not the mechanisms of how diagenesis. As a general trend, the increase of the 

phosphate peak width is followed by a correspondent decrease of IRSF, indicating chemical/structural 

changes in the crystallites. 

Figure.6a and Figure.6b show that the contribution of secondary calcite heavily affects the 

assessment of the carbonate content of the bioapatite mineral phase. The secondary calcite signal, 
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frequently detected in archaeological bones and precipitated within the bone micro-pores during 

diagenesis, overlaps with the vibrational modes ν2 (CO3
2-) and ν3 (CO3

2-) characteristic of the 

carbonate ions of bioapatite. The peak at 712 cm-1 is characteristic of calcite and reveals its presence 

when it is present in conspicuous quantities (over ~ 2.5 wt.%) (Dal Sasso et al., 2016). 

 

Figure 6. The atomic order/disorder (FW85%), morphology and size of BAp crystals are highly correlated and dependent 

on carbonate concentrations (CO3
2-/PO4

3-). The limit of this parameter is the overlap with secondary calcite that influence 

the results. 
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This correlation is improved when 73 samples, showing the secondary calcite peak at 712 cm-1, were 

removed (R2 = 0.733. Figure.6b), proving that the exposure to the conditions of the burial 

environment significantly influence the amount of calcite in the bone matrix and consequently the 

measurements on the carbonate, while the FW85% parameter remains the most reliable indicator. 

Infrared spectroscopy is a very powerful tool to investigate the degree of alteration of bone structure 

in that allows deducing quality as well presence/absence of organic matrix, collagen of type I. 

The absorption bands of Amide I and Amide II at 1660 cm-1 and 1550 cm-1 respectively, were selected 

for this study. The comparison between the AmI/PO4
3- and AmII/PO4

3- absorption bands, 

characteristic of the peptide bond, was used to monitor the presence/absence of the organic matter 

distinguishing the altered samples that present only structural or weakly bound water. In fact, the 

absorption band of water overlaps that of the amides altering its determination (Fellows et al., 2020). 

These parameters discriminate discreetly well the samples without organic matter from the richer 

ones as evidenced in Figure.7. 

 

Figure 7. Plot shows the correlation between the AmI/PO4
3- and AmI/AmII to determine the presence of organic matter 

preserved in archaeological bones. 

Comparing AmI/PO4
3- - AmI/AmII, the graph discriminates the well-preserved samples from the 

poorly ones. Taking as a reference the "fresh bones" (containing excellent quality and large quantity 

of collagen, i.e. AmI/PO4
3- > 0.1), the best preserved samples in terms of quality/quantity of the 

organic component show a high value of AmI/PO4
3- and a constant ratio between the two intensities 
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of the amides (i.e. AmI/AmII = 0.55-0.75). Samples that contain collagen, but in small quantities, 

show a constant value of AmI/AmII and a decreasing value of AmI/PO4
3-, while the more degraded 

samples show low values of mineral to matrix ratio (AmI/PO4
3-), mostly referring to absorbed water, 

and a lack of correlation between AmI and AmII. 

The statistical analysis of AmI/PO4
3- values distribution through the Kernel Density Estimation 

(KDE) (Figure.8) of eight necropolis shows significant variations between different groups of 

samples in terms of frequency distribution of collagen content. KDE shows that fresh and modern 

bones can be easily distinguished from altered ones by dividing them into three distinct macro groups. 

Within fresh and modern bone samples, minimal differences in terms of the preservation of the 

organic component can be identified. 

 

Figure 8. Kernel Density Estimation (KDE) of the AmI/PO4
3- measured for all samples. Graph shows significant variations 

between different groups of samples in terms of frequency distribution of collagen content. The y-axis in a density plot 

is the Kernel density function for the kernel density estimation while in x-axis are reported FTIR values of parameter used. 

The archaeological bones from the Al-Khiday site (Central Sudan), which have undergone extreme 

diagenetic processes, show a highly reduced range of variation in terms of samples variability. Its 

bimodal distribution could be an artificial behavior since the AmI/PO4
3- - AmI/AmII graph shows that 

there is virtually no bone collagen. For the archaeological bones of the “Covoloni del Broion” cave 

81



site, having a conspicuous quantity of collagen, this parameter distinguishes a variety of organic 

conservation within a set of samples from the same site. 

The results show that AmI/PO4
3- is a very useful tool for quantifying the presence of collagen 

preserved in the bone system but is not very reliable for the highly degraded samples that are free of 

organic matter and contain mainly structural water, due to environmental and burial conditions. 

Archaeological bones can incorporate water within the bone structure, the signal of which overlaps 

the amide band. In this regard, AmI/PO4
3- - AmI/AmII could be a useful and more sensitive plot for 

discriminating well samples with collagen from those without. 

Teeth are often the most sought-after anatomical elements for test involving biological molecules (i.e. 

aDNA, istopic analysis) in that the root substrate is anatomically protected and better preserved 

because of their alveolar location, the enamel cover, and the lower porosity with respect to the bony 

tissues (Adler et al., 2011). 

Like teeth, also dense bone parts such as petrous bones are particularly suitable for biomolecular 

research, providing relevant results (Gonzalez et al., 2020; Pinhasi et al., 2015). This suggests that 

the inner, denser part is protected from external factors. However, this assumption may be questioned 

by the results showed in the Figure.4, where close similarities in diagenetic processes due to tissue 

organization and bone chemical composition can be observed. Overall, it can be deduced that the 

teeth are preserved better, but not always, and this mainly depends on the conditions of burial and it 

should not be used as an assumption. 

This behavior is intimately correlated with collagen loss due to environmental factors and 

microorganisms that alters the inorganic portion of bone and corrodes the bone microstructures 

creating tunnelling (Dal Sasso et al., 2014; Hedges, 2002). The presence of collagen ensures stability 

of the mineral component while its alteration or its loss causes its recrystallization. Therefore, there 

is an intimate chemical-physical association between the collagen fibrils and crystallites, and this 

chemical affinity determines a structural rearrangement of bioapatite (Mendes et al., 2012). Figure.9 

shows that the width of phosphate peak is linearly correlated to the amount of organic matrix, the 

measurement of which is provided by the AmI/PO4
3- parameter. The width of the phosphate peak 

(FW85%) correlates to the collagen content (AmI/PO4
3-) showing the dependence between the 

crystallite size and the loss of collagenous tissue, since the presence of collagenous material in the 

hierarchical structure of the bone plays an important role in controlling the crystallite size in 

bioapatite. As reported in the literature (Collins et al., 1995; Trueman and Tuross, 2019), 

recrystallization proceeds together with hydrolysis of collagen, so that inter-crystalline space left by 

collagen loss is replaced by growth of reprecipitated apatite and of secondary calcium carbonate, 

when allowed by environmental conditions. Regardless of the chronology, origin and diagenetic 
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pathways, the figure shows that samples containing different quantities of collagenous material follow 

a single trend that can be reasonably approximated by a linear regression model. 

Figure.3a shows that chronology does not affect conservation: the Meroitic samples from Al-Khiday 

(150 BCE - 250 CE) are poorly-preserved compared to the pre-Mesolithic ones (before 7000 BCE). 

The bone finds from the same archaeological site have a different state of conservation regardless of 

the chronological phase. For example, looking at Salapia (1100 BCE - 600 BCE, southeastern Italy) 

and Al-Khiday (150 BCE - 250 CE, central Sudan) the first group of samples is more preserved than 

the last. Conversely, the local burial/environmental conditions are the main factors affecting the 

preservation (Figure.3b). Similarly, the roughly coeval samples found in karst environment such as 

“Covolini del Broion” cave (Bronze Age, northern Italy) and in arid environment such as the Meroitic 

samples of Al-Khiday show significant differences in terms of crystallinity and collagen content. 

 

 

Figure 9. Correlation between FW85% and AmI/PO4
3-. The AmI/PO4

3- data correlates with the structural order/disorder 

indicating that a greater recrystallization determines a loss of organic component. 

The KDE of (Figure.10) of the phosphate peak width distribution (FW85%) shows significant 

variations among different necropolises. This parameter is extremely significant to subdivide highly 

altered bones (Al-Khiday) from well-preserved ones, distinguishing effectively more altered from 

poorly diagenized samples. 
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Observing the subsets of bone samples, minimal significant differences are identified on the degree 

of alteration/recrystallization among samples of the same group. The trend of FW85% distribution 

and AmI/PO4
3- establishes that FW85% is not only indirectly indicative of the quantity of carbonate 

in the crystal lattice of bioapatite but is sensitive to the presence of collagen left during bioapatite 

recrystallization. The high sensitivity of the phosphate peak width could therefore be used to select 

less diagenized and less altered samples useful for isotopic analysis or ancient DNA extraction. 

FW85% provides a reliable evaluation of material properties even in subsamples pertaining to the 

same necropolis with minimal variations: bones with low crystallinity are characterized by very high 

and diversified values of FW85% assuming different biomechanical and chemical properties. 

The work discussed here shows the global action of diagenesis and how it affects bone tissue. 

Although bone samples may undergo different levels of alteration (e.g. due to particular 

environmental and burial conditions), based on the analyzed data we can see that diagenesis acts 

according to a generalized model, progressively losing collagen, and structural carbonate with 

consequent strong recrystallization of apatite characterized by a higher structural order. 

 

Figure 10. Kernel Density Estimation (KDE) of the FW85%. In y-axis Kernel density function, in x-axis are reported FTIR 

values of parameter used. Graph shows significant variations among different necropolises using FW85% parameter. 

From the statistical analysis it is possible to see the distribution of the more or less narrow diagenetic alterations which 

indicates that the diagenetic processes have acted uniformly. While there are more or less wide distributions in the sites 

where diagenesis has acted differently. 

5. CONCLUSIONS 

The results obtained with a low cost, highly sensitive and minimally invasive analytical technique 

such as IR spectroscopy, demonstrate the correlation between bioapatite structural order and 
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crystallinity and the presence of organic material. The wide set of osteological specimens 

characterized by different diagenetic factors ranging from extremely altered specimens to modern 

and fresh bones has allowed to attest and confirm the validity of phosphate peak width at FW85% as 

a reliable parameter to obtain relevant chemical/structural information on bone material both for the 

organic and inorganic phases. This parameter is advantageous for monitoring minimal changes in the 

structure and on chemical properties of bioapatite as well as indirectly in collagen. This results show 

that diagenesis affect the preservation of bones in different extent according to a generalized model 

showing a progressive loss of collagen together with the recrystallization of bioapatite and the loss of 

structural carbonate. This minimally invasive spectroscopic technique can in fact be applied as a pre-

screening method for the preservation of bone collagen as it adequately contributes to describing the 

post-mortem processes undergone by the samples. This method could improve the specimens 

selection process for isotopic or genetic analysis and radiocarbon dating in archaeological, molecular 

anthropological and forensic fields.  
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Table 1. Information on the included samples: sample number, skeletal anatomic element, chronology, origin. 

SAMPLE CHRONOLOGY ARCHAEOLOGICAL SITE SKELETAL 

ELEMENT 

Tb.1/1_MonPbsx 7th-8thc.AD Montecchio Maggiore, Italy petrous bone 

Tb.2_MonPbsx 7th-8thc.AD Montecchio Maggiore, Italy petrous bone 

Tb.6_MonPbsx 7th-8thc.AD Montecchio Maggiore, Italy petrous bone 

Tb.9_MonPbsx 7th-8thc.AD Montecchio Maggiore, Italy petrous bone 

Tb.12_MonPbdx Neolithic (?) Montecchio Maggiore, Italy petrous bone 

Tb.1/1_MonT 7th-8thc.AD Montecchio Maggiore, Italy tooth 

Tb.2_MonT 7th-8thc.AD Montecchio Maggiore, Italy tooth 

Tb.6_MonT 7th-8thc.AD Montecchio Maggiore, Italy tooth 

Tb.9_MonT 7th-8thc.AD Montecchio Maggiore, Italy tooth 

Tb.12_MonT Neolithic Montecchio Maggiore, Italy tooth 

Tb.BFC008_BMGPbdx 4th-6thc.AD Biverone-San Stino di Livenza, 
Italy 

petrous bone 

Tb.BFC10_BMG Pbdx 4th-6thc.AD Biverone-San Stino di Livenza, 
Italy 

petrous bone 

Tb.BFC13_BMG Pbdx 4th-6thc.AD Biverone-San Stino di Livenza, 
Italy 

petrous bone 

Tb.10_BPbsx 4th-6thc.AD Biverone-San Stino di Livenza, 
Italy 

petrous bone 

Tb.13_BPbdx 4th-6thc.AD Biverone-San Stino di Livenza, 
Italy 

petrous bone 

Tb.19.1_BPbdx 4th-6thc.AD Biverone-San Stino di Livenza, 
Italy 

petrous bone 

Tb.40_BPbsx 4th-6thc.AD Biverone-San Stino di Livenza, 
Italy 

petrous bone 

Tb.B6.1_BPbsx 4th-6thc.AD Biverone-San Stino di Livenza, 
Italy 

petrous bone 

Tb.10_BM2lowsx 4th-6thc.AD Biverone-San Stino di Livenza, 
Italy 

tooth 

Tb.13_BM2uppdx 4th-6thc.AD Biverone-San Stino di Livenza, 
Italy 

tooth 
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Tb.19.1_BM2uppdx 4th-6thc.AD Biverone-San Stino di Livenza, 
Italy 

tooth 

Tb.40_BM3uppdx 4th-6thc.AD Biverone-San Stino di Livenza, 
Italy 

tooth 

Tb.B6.1_BM2uppdx 4th-6thc.AD Biverone-San Stino di Livenza, 
Italy 

tooth 

Tb.B-111_BMG 4th-6thc.AD Biverone-San Stino di Livenza, 
Italy 

tooth 

BR-03_ PbGCB O-Ce Bronze Age Grottina  Covoloni del Broion, 
Italy 

petrous bone 

BR-04_PbGCB O-Ce Bronze Age Grottina Covoloni del Broion, Italy petrous bone 

BR-01_Pb GCB O:38 Bronze Age Grottina Covoloni del Broion, Italy petrous bone 

BR-05_ 

PbRIMANEGGIATO 

Bronze Age Grottina Covoloni del Broion, Italy petrous bone 

 BR-25_GCB Bronze Age Grottina Covoloni del Broion, Italy tooth 

BR-06_GCB Bronze Age Grottina Covoloni del Broion, Italy tooth 

BR-07_GCB Bronze Age Grottina Covoloni del Broion, Italy tooth 

BR-09_GCB Bronze Age Grottina Covoloni del Broion, Italy tooth 

BR-16_ GCB 4B+4S 5S Bronze Age Grottina Covoloni del Broion, Italy tooth 

BR-22_ GCB 7-353 Bronze Age Grottina Covoloni del Broion, Italy tooth 

BR-24_ GCB 53 Bronze Age Grottina Covoloni del Broion, Italy tooth 

BR-10_GCB 223 Bronze Age Grottina Covoloni del Broion, Italy tooth 

BR-27_GCB 275 Bronze Age Grottina Covoloni del Broion, Italy tooth 

BR-13_ GCB274 Bronze Age Grottina Covoloni del Broion, Italy tooth 

BR-17_GCB 629 Bronze Age Grottina Covoloni del Broion, Italy tooth 

BR-21_GCB 807 Bronze Age Grottina Covoloni del Broion, Italy tooth 

BR-19_ GCB 909 Bronze Age Grottina Covoloni del Broion, Italy tooth 

BR-12_ GCB O:156 Bronze Age Grottina Covoloni del Broion, Italy tooth 

BR-14_ GCB SeH6 Str248 Bronze Age Grottina Covoloni del Broion, Italy tooth 

BR-18_GCB 221 Bronze Age Grottina Covoloni del Broion, Italy tooth 

STheo _Pbdx 11th c.AD Badia Polesine, Italy petrous bone 

Tb.sn1A_OPbsx 2nd- 3rd c.AD Oderzo, Italy petrous bone 
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Tb.sn1B_OPbdx 2nd- 3rd c.AD Oderzo, Italy petrous bone 

Tb.sn1C_OPbdx 2nd- 3rd c.AD Oderzo, Italy petrous bone 

Tb.sn1D_OPbdx 2nd- 3rd c.AD Oderzo, Italy petrous bone 

O.1986_Pbdx 2nd- 3rd c.AD Oderzo, Italy petrous bone 

O.1986_M2lowdx 2nd- 3rd c.AD Oderzo, Italy tooth 

Tb.17_OM1lowdx 2nd- 3rd c.AD Oderzo, Italy tooth 

Tb.sn3_OM2lowsx 2nd- 3rd c.AD Oderzo, Italy tooth 

Al-K_12PB pre-Mesolithic Al-Khiday, Sudan petrous bone 

Al-K_12T 
pre-Mesolithic Al-Khiday, Sudan tooth 

Al-K_34PB 
Neolithic Al-Khiday, Sudan petrous bone 

Al-K_34T 
Neolithic Al-Khiday, Sudan tooth 

Al-K_35PB 
pre-Mesolithic Al-Khiday, Sudan petrous bone 

Al-K_35T 
pre-Mesolithic Al-Khiday, Sudan tooth 

Al-K_58PB 
Meroitic Al-Khiday, Sudan petrous bone 

Al-K_58T 
Meroitic Al-Khiday, Sudan tooth 

Al-K_95PB 
Neolithic Al-Khiday, Sudan petrous bone 

Al-K_95T 
Neolithic Al-Khiday, Sudan tooth 

Al-K_104PB 
Neolithic Al-Khiday, Sudan petrous bone 

Al-K_104T 
Neolithic Al-Khiday, Sudan tooth 

Al-K_163PB 
Mesolithic (?) Al-Khiday, Sudan petrous bone 

Al-K_163T 
Mesolithic (?) Al-Khiday, Sudan tooth 

Al-K_164PB 
Mesolithic (?) Al-Khiday, Sudan petrous bone 

Al-K_164T 
Mesolithic (?) Al-Khiday, Sudan tooth 

Al-K_185PB 
pre-Mesolithic Al-Khiday, Sudan petrous bone 

Al-K_185T 
pre-Mesolithic Al-Khiday, Sudan tooth 

Al-K_186PB 
Meroitic Al-Khiday, Sudan petrous bone 

Al-K_186T 
Meroitic Al-Khiday, Sudan tooth 

Al-K_187PB 
Meroitic Al-Khiday, Sudan petrous bone 

Al-K_187T 
Meroitic Al-Khiday, Sudan tooth 

3F-gr2 Neolithic Al-Khiday, Sudan femur 
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31F-gr3 Mesolithic (?) Al-Khiday, Sudan femur 

50Fgr5 Meroitic Al-Khiday, Sudan femur 

55gr2 pre-Mesolithic Al-Khiday, Sudan femur 

103gr3 Neolithic Al-Khiday, Sudan femur 

115F-gr4 Meroitic Al-Khiday, Sudan femur 

128gr5 Meroitic Al-Khiday, Sudan femur 

136gr5 Meroitic Al-Khiday, Sudan femur 

156gr5 Meroitic Al-Khiday, Sudan femur 

158gr4 Meroitic Al-Khiday, Sudan femur 

159F-gr3 pre-Mesolithic Al-Khiday, Sudan femur 

163gr5a pre-Mesolithic Al-Khiday, Sudan femur 

170gr5 pre-Mesolithic Al-Khiday, Sudan femur 

177gr4 pre-Mesolithic Al-Khiday, Sudan femur 

SPRM_Tb.1T 11
th-12thc.AD Sant’Anna Sopramonte, Trento, 

Italy 

tooth 

SPRM_Tb.3T 
11th-12thc.AD Sant’Anna Sopramonte, Trento, 

Italy 

tooth 

SPRM_US48PB 
11th-12thc.AD Sant’Anna Sopramonte, Trento, 

Italy 
petrous bone 

SPRM_US48T 
11th-12thc.AD Sant’Anna Sopramonte, Trento, 

Italy 

petrous bone 

SPRM_Tb.1T 
11

th-12thc.AD Sant’Anna Sopramonte, Trento, 
Italy 

petrous bone 

TEDESCHI_OS1242PB 19th c.AD Modern petrous bone 

TEDESCHI_OS419T 
19th c.AD Modern tooth 

TEDESCHI_OS426PB 19th c.AD Modern petrous bone 

TEDESCHI_OS428PB 19th c.AD Modern petrous bone 

TEDESCHI_OS428T 19th c.AD Modern tooth 

TEDESCHI_OS431T 19th c.AD Modern tooth 

TEDESCHI_OS1453T 19th c.AD Modern tooth 

TEDESCHI_OS426T 19th c.AD Modern tooth 

TEDESCHI_O419PB 19th c.AD Modern petrous bone 

TEDESCHI_O431PB 19th c.AD Modern petrous bone 

TEDESCHI_OS1453PB 19th c.AD Modern petrous bone 

ORD001_PB Iron Age Ordona, Italy petrous bone 

ORD004_PB Iron Age Ordona, Italy petrous bone 

ORD006_PB Iron Age Ordona, Italy petrous bone 

ORD009_PB Iron Age Ordona, Italy petrous bone 

ORD010_PB 11thc.AD Ordona, Italy petrous bone 

ORD011_PB Iron Age Ordona, Italy petrous bone 

ORD012_PB Iron Age Ordona, Italy petrous bone 

ORD014_PB Iron Age Ordona, Italy petrous bone 

ORD018_PB Iron Age Ordona, Italy petrous bone 

ORD019_PB Iron Age Ordona, Italy petrous bone 

SAL001_T Iron Age Salapia, Italy tooth 

SAL003_PB Iron Age Salapia, Italy petrous bone 
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SAL005_PB Iron Age Salapia, Italy petrous bone 

SAL007_PB Iron Age Salapia, Italy petrous bone 

SAL008_T Iron Age Salapia, Italy tooth 

SAL010_PB Iron Age Salapia, Italy petrous bone 

SAL011_T Iron Age Salapia, Italy tooth 

SAL012_T Iron Age Salapia, Italy tooth 

SGR001_T 8thc.AD San Giovanni Rotondo, Italy tooth 

SGR002_T Iron Age San Giovanni Rotondo, Italy tooth 

SGR003_T Iron Age San Giovanni Rotondo, Italy tooth 

M3 Human male 25yrs 
Dentine 

21st c.AD 
Fresh bone tooth 

Bone Dog 08 21st c.AD Fresh bone femur 
Bone Horse 10 21st c.AD Fresh bone femur 

Bone O.Sheep 11 21st c.AD Fresh bone femur 
Bone Pig 10 21st c.AD Fresh bone femur 

Dentin Young Sheep 06 21st c.AD Fresh bone tooth 

M1 Dentine Old Sheep 05 21st c.AD Fresh bone tooth 

M2 Dentine Old Sheep 06 21st c.AD Fresh bone tooth 

M2 Modern Horse Cementum 21st c.AD Fresh bone tooth 

oxbone.SPA 21st c.AD Fresh bone femur 
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Abstract  

Following the development of modern technologies, investigation of museum osteological finds is increasingly 

required. By the project we intend to develop viable protocols in order to preserve these collections from 

exceedingly invasive analyzes, allowing access to the specimens for scientific research. The main aim of this 

work is to survey skeletal tissues, specifically petrous bones and root of teeth using Infrared Spectroscopy as 

a pre-screening method to assess the bone quality for molecular analyses. This approach could overcome a 

major problem of identifying useful genetic material in archaeological bone collections without resorting to 

demanding and expensive laboratory studies. A minimally invasive sampling of archaeological bone finds was 

developed and bone structural and compositional changes were examined, linking isotopic and genetic data 

to Infrared spectra. The predictive model proposed here is functional with the infrared parameters used but 

the quality/quantity of aDNA cannot be determined because of the influence of environmental local factors. 

1. INTRODUCTION 

Often osteoarchaeological remains are physical evidence of human or animal presence, containing 

valuable biological information about the past. In particular, the dense bone parts of the petrous bone 

and the dental cementum of tooth roots can provide high concentration of endogenous DNA (aDNA) 

(Gamba et al., 2014; Hansen et al., 2017; Parker et al., 2020) and, because of their unique 

informational value, advantageous for forensic/medical sciences, exhibition purposes, isotopic and 

evolutionary studies, are the most widely used sample source. Bones and teeth are calcified tissue 

characterized by a complex hierarchical structure from the macro to the nano-scale and consist mainly 

of mineral and organic phases (Fratzl et al., 2004; Reznikov et al., 2018). The inorganic component 

bioapatite (BAp) is a nanocrystalline and defective carbonated-hydroxylapatite with a chemical 

composition significantly departing from the stoichiometric hydroxylapatite Ca5(PO4)3(OH) and 

constitutes about 60% of bone. The 30% of bone material is constituted by organic components as 
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collagen, protein-mucopolysaccharide complexes and glycoproteins and collagen, whereas the 

remaining 10% is bone structural water (Dey, 2020). Collagen fibrils (the majority is Type I collagen 

which accounts ∼ 90% of the organic fraction of a bone) is the major fibrous protein which gives 

elasticity and strength to the bone system (Shoulders and Raines, 2009) and it is the primary 

component for osteological analysis (radiocarbon, stable isotopes, genetics etc.). Deoxyribonucleic 

acid (DNA) in living bone is located within several cells type as preosteoblast, osteoblast, osteoclast 

and osteocyte (Florencio-Silva et al., 2015). Osteocytes, typical of mature bone, represent 90% of all 

bone cells and are enclosed in a niche carved into the intracellular bone substance, called lacunae 

(Florencio-Silva et al., 2015). Tooth cementum is rich in cementocytes, which are DNA-containing 

cells that remain encased in the mineral structure of the tooth after death (Bosshardt and Selvig, 1997). 

Post-mortem alterations lead to the chemical degradation for hydrolysis of the collagen with a 

consequent increase of bone micro-porosity and bioapatite recrystallization due to extreme 

temperature and environmental pH, humic acids, and microbial attack that alter collagen-apatite 

hierarchical structure (Collins et al., 2002; Hedges, 2002; Turner-Walker and Syversen, 2002). 

Diagenetic changes alter the bone microscopic structure provoking chemical alterations, favorable 

for the DNA survival (Allentoft et al., 2012; Rollo et al., 2002) while progressively reducing the 

content of organic components in ancient samples (> 1%), making the analysis on a genomic scale 

impossible and/or very expensive (Der Sarkissian et al., 2015). Hence, at ultrastructural level, the 

DNA can establish strong bonds with both the organic and the inorganic components, so that 

adsorption of DNA to bioapatite crystals surface as well as the linking with Type I collagen may 

stabilize it and may determine its outliving over time (Campos et al., 2012; Collins et al., 1995; Sosa 

et al., 2013). Genetic molecules can strongly bound to both organic and inorganic bone phases, thus 

an extraction method to recover double helix molecules is applied to both fractions, with greater 

chance of success, employing EDTA (to demineralized the BAp) and Proteinase K (to digest the 

osseous proteins) (Rohland and Hofreiter, 2007). It is assumed that bones found in regions 

characterized by high temperatures yield less aDNA than bones from temperate climate regions, 

whereas higher yields are retrieved from finds buried in caves. However, this assumption is not 

always true: the endogenous DNA quality/quantity recovered from apparently similar sites are often 

different, as highlighted in genetic research (Aneli et al., 2022; Saupe et al., 2021). 

Sampling methods for ancient DNA extraction are predominantly destructive causing the loss of the 

entire root, the drilling and cutting of the cochlea (located in the petrous portion of the temporal 

bone), for powdering or coring the bone findings (Mays et al., 2013). Some bones survive well, while 

others degrade rapidly; and since it is difficult to evaluate a priori the preservation of organic material 

within a bone, so far expensive and often destructive analyses have been the norm to assess the 
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suitability of a given sample to be included in molecular studies (Orlando et al., 2021). In this paper, 

we intend to analyse skeletal tissues, specifically the compact part of petrous bones and tooth roots 

as a pre-screening method to assess the bone suitability for specific analyses, i.e. ancient DNA, 

palaeoproteomic, and stable isotope analysis. 

This approach can overcome the major problem of identifying suitable materials in archaeological 

bone collections. Tooth and petrous bone sampling can be destructive, in particular when only one or 

a few of them are preserved. Moreover, invasive sampling may cause the decrease of the exhibitional 

value and may hamper morphological studies that provide important information about the age 

estimate of an individual for forensic and anthropologic cases, but also the diet, cultural habits and 

evolution (Balzeau, 2015; Brace et al., 1991; Demes and Creel, 1988; Doden and Halves, 1984; Oxilia 

et al., 2018; Rathmann and Reyes-Centeno, 2020). Thus, before irreversibly damaging of precious 

materials it is important that the sample choice is based on solid evidence about the positive outcome 

of a planned analyses, so that the pros and cons can be evaluated by interacting with museum curators, 

conservators and archaeologists. Recent methodological advances in several research fields have 

increased the request for sampling from museum collections, and raised ethical concerns over the 

destruction of human remains (Mays et al., 2013; Squires et al., 2019). Currently, several strategies 

have been adopted to protect the long-term integrity of collections devising minimally invasive 

sampling protocols (Brown et al., 2016; Harney et al., 2021; Sirak et al., 2020). The development of 

a molecular pre-screening method through the direct evaluation of the degree of post-mortem 

recrystallization of the bioapatite and correlating it with the quality/quantity of collagen could allow 

a more careful selection of well-preserved bone samples, enabling to reduce the costs of genetic 

analysis. The micro-sampling of osteological findings, characterized by different chronology and 

origin allowed us to investigate the sample variability in terms of preservation state. Comparing the 

bone integrity with the data obtained from the genetic analysis is an essential step to provide a precise 

evaluation of the degree of sample conservation, aiming at the extraction of sequentiable endogenous 

aDNA, applicable to all osteoarchaeological findings. Various methods have been applied to the pre-

screening of bone/collagen preservation, but these are often destructive, expensive, and/or require 

extraction of large quantities of bone material for analysis (Collins et al., 2009; Gotherstrom et al., 

2002; Haynes et al., 2002; Hedges, 1992; Kirchner et al., 1997; Schwarz et al., 2009; Weiner and 

Bar-Yosef, 1990). 

Recently, Fourier-transform Infrared spectroscopy (FTIR spectroscopy) has proven to be an 

advantageous technique since it provides a fast, convenient, and accurate semi-quantitative approach 

to investigate mineralized tissues. Moreover, FTIR has been successfully applied to in-depth studied 

on the alteration of how teeth and bones that undergo diagenetic processes (Dal Sasso et al., 2016; 
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Hedges, 2002; Kendall et al., 2018; Kontopoulos et al., 2019; Lebon et al., 2014). Infrared absorption 

bands are characteristic of specific types of chemical bonds, enabling the descriptions of variations 

on the structural properties of organic and inorganic components (Carden and Morris, 2000) assessing 

bone quality and exploring sample variability. In this work, we intend to propose a pre-screening 

method investigating the relationship between the broadening of the FTIR phosphate peak (Dal Sasso 

et al., 2018) with the amount of collagen contained in the bone. As it is closely related to atomic 

order/disorder in the crystal lattice, widening of phosphate peak could be a useful new tool for 

predicting the absence/presence of DNA through the evaluation of minimal changes in the bioapatite 

chemical composition and structure. Since the survival of DNA is bounded by multiple 

intercorrelations, the study is integrated with the examination of microstructural modifications 

induced by diagenesis on the secondary structure of the preserved collagen (Chadefaux et al., 2009; 

Fredericks et al., 2012; Leskovar et al., 2020). The organic preservation was investigated by analyzing 

the infrared spectra of lyophilized collagen to determine its integrity, examining in detail its 

characteristic FTIR peaks (Doyle et al., 1975; Ishida and Griffiths, 1993; Vyskočilová et al., 2019). 

Results from FTIR analysis were compared with aDNA yields and stable isotopic data obtained by 

validating the collagen quality and the potential of genetic extraction. This research idea aims at 

improving the selection process of bone samples for different fields of interest, such as stable isotope 

and radiocarbon analyses by using predictive parameters based on micro-invasive FTIR spectroscopy. 

2. MATERIALS AND METHODS 

2.1. Bone specimens 

In this study, samples were taken from human skeletal remains covering different chronologies and 

presenting different states of preservation from the Anthropology Museum of Padua University, Italy, 

in particular petrous bones (n=19) and tooth roots (n=22) and archaeological excavation of the early 

Middle Ages (n=3). The analyzed bones came from graves in Northern and Southern Italy (Covoloni 

del Broion, Salapia, Ordona, San Giovanni Rotondo and Desenzano del Garda).  Covoloni del Broion 

cave stratigraphy, highlighted by systematic excavations, was made up of thin silty levels of terrain 

interspersed in the stalagmite concretions -incorporating human skeletal remains of Bronze Age 

(Saupe et al., 2021), followed by a series of silty levels with abundant crushed stone partially 

concreted (Ligabue, 1973). Dauna necropolis of Salapia (Corrain et al., 1972) and Ordona are located 

at 10 and 20 km from contemporary Cerignola (Foggia, Italy), respectively, while there are no 

archaeological record on nearby San Giovanni Rotondo. The necropolis of Ordona was the subject of 

two archaeological campaigns in 1978 and 1981 (Corrain, 1986) and is characterized by a 

chronological continuity in the burials that includes the Iron Age up to the Roman Empire. After a 

period of neglect, the use of the necropolis is resumed in the Middle Ages. Despite the lack of 
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archaeological information, recent studies have confirmed the attribution to the Iron Age of most of 

the graves (Aneli et al., 2022). Three bone elements of early medieval origin come from the site of 

the Church of San Lorenzo in Desenzano del Garda (Brescia, Italy) in agricultural territory (more 

information can be found in (Canci et al., 2012). Ancient samples are compared with animal fresh 

bone. The list of bone samples sequenced and analyzed by FTIR spectroscopy and Mass spectrometry 

is reported in Table.1 (reported at the end of Chapter). 

2.2. Micro-sampling for Infrared analysis 

The external of all bone and root surface – encrusted by soil sediments – was mechanically removed 

by means of low-speed micro-drill, equipped with an abrasive round point of 2.4 mm using Dremel 

micro-tool. The powdered material from the tooth roots and petrous bones was extracted with a round 

engraver bit (2.4 mm diameter) after removal of the external deposits, while in other occasion for 

genetic analysis a complete root was chosen and cut with a cutting disc wheel (diameter 20 mm). 

Drill bits used for sampling operations were sterilized to avoid external contamination, operating the 

procedure for standard sampling of bone of the ICMP (International Commission on Missing Persons 

- ICMP 2015) was followed. 

2.3. Sample preparation and IR spectra collected 

Enough bone material was extracted from the petrous bones and tooth roots (20-30 mg) in order to 

perform the FTIR analysis. Pellets of bone powder and lyophilized collagen have been prepared 

maintaining a ratio 1:100 mg of sample/KBr with constant grinding for 2 minutes. Powder obtained 

was then pressed, using a hydraulic press, under 11 tons/cm2 pressure, and a 12 mm in diameter and 

1.5 mm of thickness transparent pellet was obtained. Spectrum was collected with a Nicolet 380 FTIR 

spectrometer equipped with a DTGS detector; 128 scans were acquired, in the range from 4000 to 

400 cm-1, with a spectral resolution of 4 cm-1. Spectral analysis was performed using Omnic 9 

software (Thermo Scientific). 

2.3.1. Bone spectra analyses 

In spectral analysis, the peak heights are inferred from baselines defined by two points calculated as 

local minimum ranging in selected regions of spectrum. In spectral analysis, the peak heights of 

Amide I and ν3, ν4 phosphate were selected and inferred from baselines defined by two points 

calculated as local minimum ranging in selected regions of spectrum 2000–1800/1400–1200 cm-1, 

1400–1200/900–750, respectively. The ν4 (PO4
3-) vibrational band shows two separate peaks at 604 

and 565 cm-1 related to the atomic disorder and/or the crystalline size of the bioapatite (Dal Sasso et 

al., 2016). The height percentage used to calculate the width of peak at 604 cm-1 at the 85% (FW85%) 

was considered for each spectrum in order to monitor the physical-chemical variations of bioapatite 
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(Dal Sasso et al., 2018). To define FW85% parameter, the baseline has been defined by two points 

in the region 850-620 and 510-470 cm-1. FW85% is inversely related to the Splitting Factor (IRSF) 

that quantifies the extent of splitting of the two peaks calculated with the sum of two peak intensities 

of ν4 (PO4
3-) divided by the intensity of the valley between them (Weiner and Bar-Yosef, 1990). IRSF 

is widely used in literature to monitor the degree of recrystallization of the bioapatite as higher values 

of IRSF show a more ordered crystal structure with an increase in crystal size and vice versa, 

determined by comparing IRSF values with other analytical techniques (Psycharis et al., 2001; 

Stathopoulou et al., 2008). Mineral-to-matrix ratios were calculated by Amide I (1660 cm-1) divided 

by main phosphate peak intensity at 1035 cm-1 (ν3 (PO4
3-)) (AmI/PO4

3-). For a more detailed 

description, see Figure.1, Table.2 and Table.3. 

 

Figure 1. Spectrum of the bone samples shows the characteristic band distribution that can be attributable to the amide, 

phosphates and carbonate groups. 
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Table 2. Wavenumbers and baselines adopted to calculate peaks intensity and width of tooth and bone sample 

properties by FTIR spectroscopy. 
Vibrational mode and functional group Wavenumber (cm

-1
) Baseline (cm

-1
) 

AmideI ν (C=O) stretch 1660 2000–1800/1400–1200 
ν3(PO4

3-) antisymmetric stretching 1035 1400–1200/900–750 
ν4(PO4

3-) bend 604 850–620/510–470 

Table 3. List of parameters used. 

Parameters  Wavenumber (cm
-1

) Characterization 

FW85% width at 85% of the height of the 604 cm-1 peak atomic order/disorder 

AmI/PO4
3- 1660 cm-1/1035 cm-1 amount of amide on phosphate 

1660:1690 cm-1 ratio 1660 cm-1/1690 cm-1 collagen quality 

2.3.2. Lyophilized bone collagen spectra analyses 

Collagen cross-links provide the fibrillary collagen matrices with properties such as tensile strength 

and viscoelasticity as described in (Paschalis et al., 2001); these properties can be modified by 

diseases but also by interaction with the burial environment (Chadefaux et al., 2009). The ratio of 

peak areas of the mature non-reducible (interfibrillar) cross-links and immature reducible 

(intrafibrillar) cross-links of Amide I sub-underlying of ∼1660 and ∼1690 cm-1 (1660:1690) provides 

a semi-quantitative measure of the enzymatic cross-linking in the organic matrix. According to the 

literature (Paschalis et al., 2001), the degree of cross-linking of collagen from immature to mature 

has been calculated from 1660:1690 cm-1 area ratio which informes on the collagen maturity. The 

majority of scientific community deems it is a valid parameter (Barth et al., 2011; Chadefaux et al., 

2009; De Campos Vidal and Mello, 2011; Mieczkowska et al., 2015) that represents collagen maturity 

although its validation is still controversial, above all for what concerns the overlap structural water 

absorption interference (Farlay et al., 2011; Stani et al., 2020) at ~ 1645 cm-1 (H-O-H bending). For 

our study, this parameter, which can be considered an indicator of the collagen alteration degree 

(Barth et al., 2011), was estimated by employing a combination of second-derivative spectra and peak 

finding to determine underlying peaks of Amide I region at ~1660 and ~1690 cm-1 (Paschalis et al., 

2011, 2004, 2003). The sub-underlying area ratio (1660:1690) was calculated for all collagen 

samples. 

The presence of sub-underlying signals of Amide I to calculate the denaturation state of collagen have 

been estimated by employing of second-derivative analysis (calculated using Savitsky-Golay 

smoothing technique with 9 smoothing points) (Savitzky and Golay, 1964). OMNICⓇ software was 

used to convert the FTIR absorbance spectra into second-derivatives to determine the number and 

position of components corresponding to the Amide I region for the next curve-fitting process of 
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collagen spectra. For the average collagen spectrum, eight sub-components at 1737-1722-1703-1694-

1660-1643-1632-1612 cm-1 were found. These sub-bands were chosen according to known peak-

position from literature (Arrondo et al., 1993; Ganim et al., 2008; Schmidt et al., 2017; Titus et al., 

2018) (Figure.2; Table.3). 

In order to start the iteration of the curve fit, MagicPlot software was chosen for nonlinear fit, plotting 

and data analysis. For each collagen spectrum, a baseline, the region between 1800-1300 cm-1 of the 

selected spectrum and a Gaussian function were used. Sub-components position were selected setting 

the peak width at 16 cm-1 (4× the sensitivity of the tool) measuring principal areas of ~ 1660 and ~ 

1690 cm-1. 

2.4. Bone collagen extraction and isotopic analysis 

500 mg was extracted from 17 archaeological sub-samples and one fresh animal bone previously 

selected (Table.1). The samples preparation was carried out in the Mass Spectrometry lab of stable 

isotopes of the Department of Geoscience (University of Padova) using the standard laboratory 

protocol based upon Privat et al. (2002) and Richards and Hedges, (1999). Bone fragments were 

demineralized in c. 10 ml 0.5M aq. HCl and left in the fridge (4°C) for several days. The samples 

were then gelatinized in pH 3 water at 75°C in the oven for 48 hours. Finally, the collagen was 

lyophilised before being weighed for isotopic analysis. Isotope analyses were performed using a 

Thermo Scientific Delta V Advantage Isotope Ratio Mass Spectrometer in continuous flow mode 

coupled to a Flash 2000 Elemental Analyzer and a ConFlo IV interface. The isotopic composition of 

carbon (δ13C) and nitrogen (δ15N) was calibrated respectively on the VPDB and AIR scales, using 

international standards (CH-6 and CH-7 for carbon, N-1 and N-2 for nitrogen and both UREA). 

2.5. Ancient DNA extraction 

Minimally destructive sampling of ancient human remains was applied for 41 bone samples coming 

from Grottina Covoloni del Broion, Salapia, San Giovanni Rotondo and Ordona (Table.1) using 

protocols that will allow for different types of biomolecular or chemical analysis. The first layer of 

petrous bone was removed with a sterilized drill bite to avoid exogenous contamination and a core of 

10 mm was extracted from the cochlea. The drill bits and core drill were sterilized in between samples 

with 6% (w/v) bleach followed by distilled water and then ethanol rinse, while tooth roots were 

removed with a sterile drill wheel. The root and the petrous portions were soaked in 6% (w/v) bleach 

for 5 min. Samples were rinsed three times with 18.2 MXcm H2O and soaked in 70% (v/v) Ethanol 

for 2 min. The tubes were shaken during the procedure to dislodge particles. One the sample has been 

weighed, 20× ml of ETDA for sample mass and 0.5× of Proteinase K for sample mass were added 

into PCR-clean 5 ml or 15 ml conical tubes (Eppendorf) along with the samples inside the IIB hood 
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and the tubes were incubated 72 hours on a slow shaker at room temperature. The DNA extracts from 

bone samples were concentrated to 250 µl using the Vivaspin Turbo 15 (Sartorius) and purified in 

large volume columns (High Pure Viral Nucleic Acid Large Volume Kit, Roche) using 2.5 ml of PB 

buffer, 1 ml of PE buffer, and 100 µl of EB buffer (MinElute PCR Purification Kit, QIAGEN). 

For the elution of the endogenous DNA, the silica columns were transferred to a collection tube to 

dry and followed in 1.5 ml DNA lo-bind tubes (Eppendorf) to elute. The samples were incubated with 

100 µl EB buffer at 37 °C for 10 min and centrifuged at 13,000 rpm for 2 minutes. After 

centrifugation, the silica columns were removed and the samples were stored at -20 °C. Only one 

extraction was performed per extraction for screening and 30 ml used for libraries. Laboratory 

extraction was performed in dedicated ancient DNA laboratories at the Estonian Biocentre, Institute 

of Genomics, University of Tartu, Tartu, Estonia. The library quantification and sequencing were 

performed at the Core Facility of the Institute of Genomics, Tartu, Estonia. Complete procedures and 

DNA analyses are detailed in Aneli et al., 2022 and Saupe et al., 2021. 

2.6. Statistical analysis 

Linear regression (function lm) in R free statistical software (4.1.2 version, available at www.r-

project.org) allows to model a continuous variable Y as a mathematical function of one or more X 

variables, so that it can be used the regression model with X known to predict the Y variable (Lane, 

2003). 

Y = β1 + β2X + ϵ 

(linear model formula) 

β1 is the intercept and β2 is the slope and are called regression coefficients, ϵ is the error term, Y is 

the regression model not predictive. 

The contribution of AmI/PO4
3- and FW85% parameters measured for each bone IR spectra were 

simultaneously combined with endogenous aDNA yields to define a predictive model by establishing 

which parameter can be predictive. The data were integrated with other 96 infrared measures reported 

in Chapter 3 of the thesis. An endogenous DNA yield of 50% and 100% was attributed to the samples 

for which no genetic extraction was carried out such as modern bones from the Tedeschi collection 

(Carrara et al., 2018) and fresh bones of animals of several taxa (Dal Sasso et al., 2018). A null value 

was attributed to highly diagenized osteological samples from the archaeological site of Al-Khiday 

(Central Sudan) (Usai et al., 2014, 2010) for which aDNA extraction was reported to have failed in 

previous attempts. 

3. RESULTS 

3.1. Measurements of the infrared bone spectrum 

104

http://www.r-project.org/
http://www.r-project.org/


Bone is a composite material made up of a mineral phase (carbonate-hydroxylapatite), collagenous 

phase, non-collagenous proteins, lipids, and water (Boskey, 2001). IR absorption bands are 

characteristic of specific types of chemical bonds, enabling descriptions of variation of structural 

properties of organic and inorganic components (Carden and Morris, 2000; Goormaghtigh et al., 

2006). The spectrum of the bone samples shows the characteristic band distribution that can be 

attributable to the amide, phosphates and carbonate groups (Figure.1) 

The relative amounts of these constituents are variable due to conservation status. In Infrared spectra, 

water has strong absorbance and normally constitutes an interference factor for IR observations. 

Chemical bonds of molecular framework radiated by infrared radiation undergo specific vibrations 

with a variety of motions at specific wavenumber. All bone FTIR spectra display a broad band in the 

range 3500-2500 cm-1 generated by ν1 and ν3 stretching modes of hydrogen-bonded (H–O–H bonds) 

water molecules and broad resonance doublet of hydrogen bond at ~ 3310-3270 cm-1 and at ~ 3100-

3030 cm-1 related to Amide A and Amide B (N–H stretching), proteins insensitive to the conformation 

of the polypeptide backbone  (Barth, 2007). 

Vibrational modes are evident in the region between 2961-2925 cm-1 and between 2875-2850 cm-1, 

corresponding to the organic compounds of the bone system, attributed to asymmetric stretching C–

H3 and C–H2 bonds in the aliphatic chains of collagen, respectively (Barth, 2007). 

Moving the focus in the fingerprint region (1800-400 cm-1), specific collagen absorption bands were 

identified and related to C=O stretching vibrations, N–H bonding and to the coupling of the C–N 

stretch to the N–H bend, corresponding to Amide I (1660 cm-1), Amide II (1550 cm-1) and Amide III 

(at 1340-1240 cm-1), respectively. It is good to point out that in Amide I region the superimposed 

contribution of ν2 (O–H) at 1645 cm-1 bending mode of structural water occurs (Socrates, 2004). 

The osteological bone powders show the ν3(CO3
2-) asymmetric stretching peak at 1452-1425 cm-1 

and the ν2(CO3
2-) out of plane bend vibration, at 875 cm-1 (Fleet, 2009). For all spectra, the 

contribution of the ν3(PO4
3-) band at 1090 cm-1, due to the asymmetric vibration of the phosphate 

ions, appears as a shoulder, more or less evident indicating a less ordered bioapatite in the crystal 

lattice (Dal Sasso et al., 2018; Pleshko et al., 1992). Absorption bands at 1035, 604 and 565 cm-1 

correspond to the asymmetric stretching and bending (ν3, ν4) of phosphates, while a weak band at 960 

cm-1 is attributed to the ν1(PO4
3-) symmetric stretching mode. About half of the samples analysed 

show the ν4(CO3
2-) peak of in-plane bending vibrational mode at 712 cm-1 which is characteristic of 

secondary calcite. 

Petrous bones infrared spectra of Covoloni del Broion samples (BR-01; BR-03; BR-04; BR-05) show 

a particular band of rather intense absorption at 1600 cm-1, followed by a decrease in intensity in the 

region of Amide I and Amide II. This strong absorption, not found in the other osteoarchaeological 
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spectra, could be linked to the double bonds of aromatic compounds (C=C bonding) (Nandiyanto et 

al., 2019) probably due to sample preparation.  

 

Figure 2. Characteristics band distribution of collagen in IR spectra. 

3.2. FTIR measurement of bone collagen and quality control (QC) 

Spectrum shows the characteristic band distribution of collagen in the regions 3500-2800 cm-1 and 

1800-800 cm-1 (Figure.2).  

All spectra presented absorptions at 3500-3300 cm-1 related to Amide A (N–H str.) and O–H 

vibrations, at 3079 cm-1 assigned to Amide B (N–H str.) while those at ~ 2970 and 2935 cm-1 are 

assigned to long-chain linear aliphatic compounds (CH str. and CH3 str.) (Martínez Cortizas and 

López-Costas, 2020; Nandiyanto et al., 2019). Characteristic absorption bands of Amide I (1660 cm-

1), Amide II (1550 cm-1), 1450-1407-1385-1338 cm-1 aliphatic compounds and aromatic at 1280 cm-

1, Amide III (1238 cm-1) and carbohydrates from 1200 cm-1 to 874 cm-1 were found (Barth, 2007; 

Figueiredo et al., 2012; Nandiyanto et al., 2019; Stani et al., 2020). The sample DSL17-D_coll shows 

a strong vibrational mode at 3464 cm-1 (–OH groups str.) while other samples show a shift in the 

Amide I region from 1660 to 1645 cm-1, which is evident in DLS25-dent_coll and DSL17-D_coll. 

All collagen spectra of archaeological bones show weakly defined shoulder at 1720 cm-1, whereas 

this is not present in the collagen extracted from fresh animal bone (Oxbone_coll). Isotope data were 

collected for all collagen samples analysed by FTIR. Stable carbon (δ13C) and nitrogen (δ15N) isotopic 

analyses of collagen, preserved in subfossil and archaeological bone and tooth, is a powerful tool for 

environmental and palaeodiet reconstruction (Harrison and Katzenberg, 2003) and there is a growing 
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interest for protein available in hard tissue archives. The quality of measurements of carbon and 

nitrogen isotopes in ancient samples is confirmed by a robust protocol for the detection of 

contaminants and diagenesis (Talamo et al., 2021).  

The most widely quality control (QC) criterion utilized is the atomic ratio (C:N), for which ancient 

samples have an acceptable quality when ranging between 2.9 and 3.6 (Ambrose, 1990). According 

to Guiry and Szpak (2020) this QC method, also widely used on modern samples, is not directly 

transferable to analyses of fresh collagen, thus establishing a new range for mammals modern 

collagen between 3.00 and 3.28. Covoloni del Broion, Ordona, Salapia and San Giovanni Rotondo 

samples provided values falling approximately within the range of well-preserved collagen, estimated 

by Ambrose (1990) while samples coming from Desenzano del Garda (signed DSL) shows an off-

scale C:N ratio, resulting in bad preservation which invalidated the analyses. 

The area ratio of Amide I underlying bands, 1660:1690 cm-1 (R2= 0.99) ranges from 1.57 to 1.51, 

1.58 to 1.36, 1.65 to 1.49 for Grottina Covolini del Broion, Ordona and Salapia, respectively while 

from 1.99 to 1.19 for fresh animal bone, San Giovanni Rotondo and Desenzano del Garda, 

respectively. All data are reported in Table.1 

3.3 Infrared data samples and DNA yields 

Mineral to matrix (AmI/PO4
3-) indicator for determining the amount of preserved collagen (Naito et 

al., 2020) has been measured obtaining high variation among specimens with values ranging from 

0.11 to 0.40 for Grottina Covoloni del Broion samples and 0.05 to 0.19, 0.07 to 0.40 and 0.10 to 0.27 

for Ordona, Salapia and San Giovanni Rotondo, respectively. AmI/PO4
3- values range from 0.08 to 

0.33 and 0.39 for Desenzano samples and ox bone, respectively.  

AmII/PO4
3- parameter shows values ranging from 0.10 to 0.25, 0.06 to 0.17, 0.04 to 0.14 and from 

0.07 to 0.16 for Covoloni del Broion, Ordona, Salapia and San Giovanni Rotondo, respectively, while 

values from 0.07 to 0.20 and 0.24 were obtained for DLS and ox bone (Table.1). 

The results in Table.1 show a few variations of FW85% values for the less crystalline bioapatite, 

ranging from 8.67 to 12.51 cm-1 and the corresponding minimal variation of IRSF values, ranging 

from 5.13 to 3.01. Dividing the samples by origin, variations that are more significant are evident in 

Desenzano samples with values from 9.40 to 11.21 of FW85% with IRSF from 4.25 to 3.14 and for 

S.Giovanni Rotondo with FW85% from 9.28 to 11.44 and IRSF of 3.81 to 3.27. The set of cave 

samples are divided into two sub-sets with variations in phosphate peak width ranging from 9.40 to 

10.46 and IRSF between 3.76 and 3.41 while the other sub-set comprises values ranging from 11.20 

to 12.25 and 3.53 and 2.99 for FW85% and IRSF, respectively. A high variability in the yield of 

ancient DNA (%) is instead shown in all sequenced samples. For Broion samples, endogenous DNA 

yields range from 0.07% to 17.32%, while more significant amounts were found in the Oderzo 
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samples between 0.69% and 43.75%. High yields of sequencable endogenous DNA were not obtained 

for Salapia and S. Giovanni Rotondo, providing aDNA content ranging from 0.15 to 4.71% and 3.72 

and 6.39%, respectively. Of these samples, only SGR002 (SG.Rotondo) and SAL003 (Salapia) 

contain high yields of aDNA with 17.79% and 28.16% respectively. All the data obtained from the 

genetic analysis are shown in Table.1. 

4. DISCUSSION 

The state of conservation of osteo-archaeological human samples here analysed was investigated by 

considering a larger set of samples previously characterized (see Chapter 3), taking into account a 

large and diverse chronology and origin with high variability in terms of chemical composition due 

to different diagenetic processes occurring within the burial environments. The same bone elements, 

such as tooth roots and petrous bones, were examined for each individual selected necropolis, thus 

defining a range of homogeneous samples. The width at 85% of the height of the ν4(PO4
3-) vibrational 

mode at 604 cm-1 (FW85%) was chosen as it produces a well-defined signal being less influenced by 

other overlapping vibrational modes, describing the variation of bioapatite structural properties 

through IR spectroscopy (Dal Sasso et al., 2018).  

This parameter is useful to track subtle variations in terms of physico-chemical properties in well-

preserved samples as well as in highly diagenized samples. AmI/PO4
3- is widely utilized for 

quantifying the presence of collagen preserved in the bone system, nevertheless water signal overlaps 

to the amide band. The width of the phosphate peak indirectly depends on the collagen content, as 

also confirmed by the AmI/PO4
3- - FW85% correlation since the presence of collagenous material in 

the hierarchical structure of the bone plays an important role in controlling the crystallite size of 

bioapatite after the death of the individual. The data provided by these two parameters gave way to 

effectively determine the degree of alteration of the examined samples (Figure.3). 

Samples exhibiting high values of FW85% (higher than 8.96 to 12.25) and organic matter content 

(higher than 0.04 to 0.40) were considered promising for DNA extraction. All selected samples 

produced sequenceable aDNA but with high variability in terms of endogenous DNA yields.  
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Figure 3. IR data, reported in Chapter 3, show correlation between AmI/PO4
3- and FW85%. 

Besides FTIR spectroscopy, collagen quality is commonly assessed by analysis of the atomic ratio 

C:N. Despite the same environmental conditions, genetic analysis revealed that similar samples for 

conservation status produced different yields of aDNA showing a good C:N range. Conversely, 

different aDNA yields and atomic ratio values were obtained from samples coming from different 

archaeological sites, characterized by a different state of conservation for burial conditions. To 

ascertain whether the quality of the collagen was indicative of the amount of extractable aDNA, a 

spectral analysis was performed of the collagen extracted from the selected samples that had a good 

atomic ratio range and amount of aDNA stored in the samples. Three medieval samples from the 

Desenzano del Garda site and characterized by a poor C:N ratio were selected for qualitative 

comparison of the secondary structure of collagen to determine the effectiveness of 1660:1690 cm-1 

infrared parameter. Collagen secondary structure by means an Amide I band deconvolution (sensitive 

to the backbone of secondary structure (Ohi, 2009) through the two sub-bands ratio was investigated 

(1660:1690). The collagen Type I consists of a triple helix made of the repetitious amino acid 
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sequence glycine-X-Y, where X and Y are frequently proline or hydroxyproline and constitute the 

primary structure, called α-chains (Fietzek and Kuehn, 1976; Prockop and Williams, 1982). 

Polypeptide chains are linked to other chains via hydrogen bonds, which lead to the formation of the 

secondary structure which can be of two types: α-helix and β-sheets (Ohi, 2009). FTIR spectroscopy 

provides information on the secondary structure content of proteins, unlike NMR spectroscopy which 

provides information on the tertiary structure.  

The characteristic bands found in the infrared spectra of proteins and polypeptide chains are Amide I 

and Amide II. These arise from the amide bonds that connect amino acids. The absorption of the 

Amide I band is associated with the stretching vibrations of the C=O bond of the amide, the absorption 

of the Amide II band is mainly associated with the bending vibrations of the N–H bond. Since both 

C=O and N–H bonds are involved in the hydrogen bonding that occurs between the different elements 

of the secondary structure, the positions of both the Amide I and Amide II bands are sensitive to the 

content of the secondary structure of a protein (DeFlores et al., 2009). Studies with proteins of known 

structure were used to systematically correlate the shape of the Amide I band to the proteins secondary 

structure (Byler and Susi, 1986; Surewicz and Mantsch, 1988). Molecular spectroscopy is useful to 

infer the quality of collagen (Chadefaux et al., 2009; France et al., 2014; Ishida and Griffiths, 1993; 

Kontopoulos et al., 2020; Riaz et al., 2018; Singh et al., 1993; Unal et al., 2016) and to that end, 

Amide I (1660 cm-1) vibrational band is uniquely informative. The changes in Amide I profile with 

denaturation may reflect alterations in the collagen secondary structure, specifically a transition from 

ordered to less-ordered structure. The main degradation processes of collagen are oxidation, 

hydrolysis, and denaturation (Collins et al., 2002). Oxidation takes place on the basic amino acids, 

causing the weakening of physical stability of bone (Shoulders and Raines, 2009) while the collagen 

chain is split into shorter fragments, consisting of acid amides or keto acid derivatives during the 

denaturation.  

Underground water, containing H3O+ and OH− ions, may cause the breakdown of peptide bonds with 

N-terminal and C-terminal residues bringing to alkali or acidic hydrolysis of collagen (Rivas-Vela et 
al., 2021).  
All FTIR spectra of lyophilized collagen from archaeological bones show a weak shoulder at ~ 1720 

cm-1, associated with acidic carboxyl groups, probably linked to a process of hydrolysis by humic soil 

(Derrick, 1991; Piccolo and Stevenson, 1982). The increase of protein carboxylation is associated 

with collagen protein fragmentation and aggregation. In this perspective, the FTIR band ratio 

1660:1690 cm-1, related to maturity of collagen cross-links (Paschalis et al., 2001), is negatively 

correlated to collagen quality: the lower is the ratio between these bands areas, the higher is the 

degenerative state of the collagen (Martínez Cortizas and López-Costas, 2020). This negative 

correlation, associated with the presence of the vibrational band of the carbonyl compounds, was 
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confirmed by comparison between 1660:1690 cm-1 ratio and the C:N data (Figure.4). Furthermore, 

from the results obtained from the set of available samples, it is possible to estimate that below a 

certain threshold of about 1.30 (1660:1690 area ratio) (Figure.4), the value of 1660:1690 cm-1 ratio 

indicates an instability in the collagen structure and consequently a poor conservation.  

 

 

Figure 4. Comparison between C:N ratio and 1660:1690 cm-1. The determination of the conservative state of collagen 

through the spectral analysis of the sub-bands of Amide I (1660: 1690 cm-1) well reflect the state of alteration of the 

secondary structure of collagen. Below the threshold (red line in the figure) of about 1.30 are the poorly-preserved 

collagen samples. 

As the deterioration proceeds, covalent bonds are cleaved and collagen molecules become unstable 

leading to the gelatinisation and the irreversible denaturation of polypeptide chains (Cappa et al., 

2020). Secondary collagen structure could be used as a pre-screening for paleo-nutritional studies or 

radiocarbon dating while no correlation was found with aDNA yields. 

Evaluating the spectra of archaeological bone, the shoulder linked to the denaturation of collagen (~ 

1720 cm-1) is not visible probably due to the overlaps with other vibrational bands of organic 

substances from the archaeological context (humic acids, fulvic acids) (Weiner, 2010). Furthermore, 
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the application of the ratio between the two amide sub-bands at 1660 cm-1 and 1690 cm-1 as pre-

screening method directly on bone spectra is not straightforward due to the band overlaps.  

For the careful selection of samples intended for analysis of stable isotopes, it is possible to evaluate 

the suitability of the finds by means of IR spectroscopy in two distinct phases. Initially, it will be 

possible to examine the state of conservation of the find by evaluating the state of alteration of the 

organic and inorganic component through infrared measurements of the bone sample and 

subsequently, if the quantity of collagen is considered sufficient, it will be possible to deepen the pre-

screening by analyzing the structure polypeptide before laboratory analysis. 

Linear regression analysis (lm), a predictive modelling technique that estimates the relationship 

between two or more variables (Gaurav and Patel, 2020; Kassambara, 2018), was performed. 

Regression analysis was chosen in that, focusing on the relationship between a dependent (aDNA) 

variable and one or more independent variables (parameters used) the dependent variable is assumed 

the effect by one or more independent variables. 

The predictor value obtained was used to determine which parameters have powerful predictive 

bound to aDNA presence/absence. The model in R was created using aDNA values as target variable 

and AmI/PO4
3- and FW85% as predictive variables. In Figure.5 are reported the values of the 

intercept and the slope (coefficients) for endogenous aDNA and p-values for coefficients. The p-value 

for AmI/PO4
3- is 9.09*10-16 indicating that this parameter is probably a good addition to the model 

with R2 = 0.4952. The linear model was adopted with the peak width (FW85%) as it corresponded to 

a better dependent variable and overall result: the model has a p-value of < 2*10-16 with R2 = 0.5754. 

The contribution of multiple factors simultaneously was investigated by adopting a multiple linear 

model obtaining an R2 = 0.5763 with a p-value of < 2.2*10-16 (Figure.5). Among the variables 

considered, AmI/PO4
3- is not representative of the model (p-value 0.651) unlike the more indicative 

variable FW85% (p-value 5.16*10-5).  

The overall quality of the linear regression fit can be assessed using Residual Standard Error (RSE), 

displayed in the model summary (Figure.5). RSE provides an absolute measure of pattern in the data 

that cannot be explained by the model. The model with FW85% showed a RSE = 20.69 with respect 

to the AmI/PO4
3- model with RSE = 22.55, indicating that the first model fits better the data. 

This combination suggests that, if the parameters related to the organic and inorganic components are 

evaluated at the same time, the width of the phosphate peak has greater predictive probabilities. The 

parameter FW85% has a high potential probably determined by its property of being indirectly linked 

to the quantity of carbonate in the crystal lattice as well as sensitive to the presence of collagen with 

which bioapatite is intimately connected.  
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The multiple linear model here obtained is described by the formula % endogenous aDNA= 

a*Am/PO4
3- + b*FW85% +β1, with β1= -90.708, a= 14.791, b=10.276.  In conclusion, from multiple 

linear regression, the infrared parameter of phosphate peak width (FW85%) have greater predictive 

power for the presence/absence of DNA, thus being a promising tool to evaluate the potential of 

extraction of genetic molecules from archaeological bone samples. 

     

 

Figure 5. Simple (yellow and blue) and multiple (green) regression model (function lm) in R utilizing AmI/PO4
3- and 

FW85% as coefficients. 

5. CONCLUSION 

The results here discussed show that the predictive model is functional with the indicated parameters 

but the quality/quantity of aDNA cannot be determined by means of the structural analysis of the 

organic component therein discussed. The quantity/quality of endogenous DNA may not be 

predictable because of the influence of environmental local factors. Measuring the FTIR signals of 

Amide I and phosphate peak width may predict the occurrence of DNA but it is still difficult to fully 

describe a multifactorial process. 
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At the end of the work, two questions arise that we hope can be resolved: 

Is collagen degradation different from DNA degradation?  

Is there a chemical control over DNA storage? 

Results confirm a more intimate association with inorganic components and the effect of DNA on the 

crystal growth of bioapatite and its morphology was examined in previous studies of Okazaki et al. 

(2001) and Grunenwald et al. (2014). 

Works suggest that there is an in vivo affinity binding between apatite crystal and DNA molecules 

and that its concentration has an impact on the growth of bio-crystal while its survival in calcified 

bone may is determined by phosphate-promoted molecule desorption, suggesting an ion exchange 

process between phosphate anionic groups of DNA backbone and labile non-apatitic hydrogen-

phosphate ions released from the hydrated layer synthetic biomimetic apatite. 

The work of De Campos Vidal and Mello (2011) claims four possible options for the post-mortem 

conservation of DNA: two hypotheses related to the maturation of collagen and inorganic compound 

in vivo, and two hypotheses related to diagenetic phenomena where the most accredited hypothesis is 

that aDNA can survive closely linked to the mineral phases. These statements are not opposed to the 

results we obtained as the monitoring of the inorganic component has a higher value than that of the 

organic component, although we believe that the latter should not be neglected for isotope and 

radiocarbon analyzes. 

Future studies will be needed to investigate the relationship between DNA and hydroxylapatite and 

how this chemical interaction is functional to its preservation during diagenetic processes useful for 

both molecular-anthropological and forensic studies. 
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ABSTRACT 

Saint Theobald (Saint-Thibaut, 1033-1066 Provins, France) was an important medieval historical figure of 

Catholicism. The relevance of this Saint is attested by the statue dedicated to him (n.139) and located above 

Bernini's Colonnade in piazza San Pietro, Vatican City. Two hundred years before Saint Francis of Assisi 

(1181-1226), Theobald, coming from a noble family, was the first to embrace poverty and lived as a hermit and 

pilgrim. According to historical records, he died of leprosy (Mycobacterium leprae), a disease widespread in 

Europe at the time, at the age of 33. Some of his bones found their way from France as holy relics to the parish 

church of Saint Giovanni Battista in Badia Polesine, Italy. With the discovery of his remains, a multidisciplinary 

investigation was conducted to go beyond authentication and historical analysis to gain as much information 

as possible about his life, death and appearance. Results enabled us to confidently associate the human remains 

with Saint Theobald. Furthermore, forensic 3D cranio-facial reconstruction, in concordance with 

anthropological analysis, allowed us to reliably reconstruct the face, appearance and features of Theobald. 

 

INTRODUCTION 

The cult of relics in Europe, where parts of bodies and personal objects of Catholic saints (e.g. rags, 

bones, dried blood etc.) played an important role in the popular religion, has its first tangible 

manifestations from the middle of the 2nd century to the Middle Ages. Relics epitomized the intimate 

intersection between religion and magic that provoked dramatic oppositions throughout history. In the 

15th century AD the protestants and their heretical precursors tried to abolish the veneration of relics 

(later legitimized with the Council of Trent 1545-1563) (Walsham, 2010). Later, during the French 

Revolution and Napoleonic era, religious goods were confiscated because of anti-religious ideas which 

led to the destruction of all things relating to the practice of Catholicism (leading to looting or 

destruction of shrines and their contents) (Hahn, 2017). Nowadays, although many relics are being 
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preserved in churches, abbeys, or museums, their authenticity is questioned as much as their religious 

meaning. The stealing of relics by bone traders was common practice in the Medieval Ages and after, 

which resulted in large number of counterfeit holy bones circulating as commercial goods, often 

leading to cases of bone falsification, thefts etc. (Geary, 1991; Peter Manseau, 2009). 

Relics were sought after by tomb robbers thanks to the spiritual blessings which were attributed to 

them. This included the reduction of years in Purgatory for sinners and material advantages. Therefore, 

relics were a good reason to pillage Holy Land sepulchres and Paleochristian sepulchres in Rome. 

Shrines can often contain bones of similar or very different age than those of the Saint they are ascribed 

to, or they enclose a mixed assemblage of skeletal elements of diverse origin and age and sometimes 

even species (Nilsson et al., 2010). The study of the skeletal remains of Saints was typically restricted 

to the counting and identification of bones, sex-age determination and approximate palaeopathological 

analyses (Zampini and Corrain, 1975). In most cases, neither ancient DNA analysis nor absolute dating 

were attempted. 

The aim of our project is not only to test authenticity and study the historical context in general, but 

also to extract as much information as possible on his life, death and appearance. The recognition of 

the skeletal remains attributed to Saint Theobald (1033-1066) located in the church of Saint Giovanni 

Battista in Badia Polesine, province of Rovigo, Italy, is the tenth in history and the second conducted 

by the University of Padua, after a project led by the anthropologist Cleto Corrain in 1972 (Zampini 

and Corrain, 1975). The remains of Saint Theobald are of particular interest from a scientific point of 

view as they are associated with a substantial series of historical and biographical events surrounding 

his remains. Saint Theobald (Saint-Thibaut) was born in 1033 in Provins, France from a noble family. 

Two hundred years before Saint Francis of Assisi (1181-1226), Theobald embraced poverty and lived 

as a hermit and pilgrim. On his way to the Holy Land he founded the Camaldolese community of St. 

Romuald in North-Western Italy. According to the historical record, he died of leprosy a disease also 

known as Hansen’s disease and caused by the bacterium Mycobaterium leprae, which was widespread 

in Europe at the time, in 1066 at the age of 33. His canonization took place just seven years after his 

death by Pope Alexander II (1010/15-1073). In 1074, his body was moved from Vicenza cathedral to 

the Abbey of Vangadizza in Badia Polesine. On this occasion, some of the bones found their way to 

France as holy relics, probably via his brother Arnolf. After Napoleon's arrival in Italy in 1796, the 

relics were transferred to the parish church of Saint Giovanni Battista in Badia Polesine and have since 

been kept in a Carrara marble urn, which was placed in an altar dedicated to him. According to 

historical sources Saint Theobald’s body never underwent post-mortem alterations related to the burial 

environment(Soffiantini, 2014). Our multidisciplinary investigation of his remains involved the 

following: (1) physical-anthropological analyses to define the biological profile of the Saint; (2) 
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paleopathological analyses to search for macroscopic traces of the reported disease; (3) micro- 

sampling of the petrous bones to investigate bioapatite recrystallization and collagen alteration through 

Fourier-transform infrared spectroscopy (FTIR), for the purposes of radiocarbon dating; (4) genomic 

analysis to define the Saint’s genetic profile and detect Mycobacterium leprae or other pathogens 

afflicting the Saint; (5) the roots of the second lower molar were sampled for radiocarbon dating to 

confirm the age of the remains; (6) the cranium was imaged at high resolution using advanced 

treatment of photogrammetric techniques such as SFM (structure from motion) and MVS (multiple- 

view stereovision), to build a 3D virtual model of the skull, which will allow for the reconstruction of 

the Saint’s face. 

 
METHODS 

Once the box containing the relics was reopened, in the presence of a canonical Commission, 

established by Bishop Pierantonio Pavanello, their inspection started and all the appropriate reliefs 

were carried out which will be used for the reconstruction of the face. First, this document examines 

osteological remains according to current anthropological methods. 

 
Age determination 

To classify the adult skeleton, the recommendations suggested by Ferembach et al. (1980) and 

Buckberry and Chamberlain, (2002) were followed, and the multifactorial approach was preferred 

(Lovejoy et al., 1985a). Then, the degree of cranial sutures synostosis (Meindl and Lovejoy, 1985),  

dental wear (Brothwell, 1981), morphological changes of the pubic symphysis (Meindl et al., 1985; 

Krogman and Iscan, 1986), and metamorphosis of auricular surface of the ilium (Lovejoy et al., 1985b) 

were employed. 

Sex determination 

With adult skeleton the classic criteria for sex and age diagnosis proposed by Ferembach et al. (1980), 

Sjøvold, (1990), Buikstra and Ubelaker, (1994), Bass, (1995) and Walker, (2005) were adopted. 

 
Palaeopathological methodology 

According to historical sources, the Saint died of leprosy. To palaeopathological signs identification 

of leprosy-related lesions caused by Mycobacterium leprae, diagnosis of pathological conditions were 

determined following the recommendations of Ortner, (2003); Capasso et al. (1999); Baxarias J. and 

Herrerin, (2008); Robbins et al. (2009); Köhler et al. (2017); Costa et al., 2009; Møller-Christensen, 

(1961); Fornaciari and Giuffra, (2009); Armelagos et al. (2014). 

 
Microsampling 

To increase the potential for pathogenic aDNA retrieval among the available osteological samples,  

petrous bone and a tooth were collected. Despite being indicated in a recent article that petrous bones 

do not contain bloodborne pathogens (Margaryan et al., 2018), both were sampled in order to perform 

a comparative analysis between the two anatomical elements. 
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Teeth are more exposed than petrous bones to bacteria during a lifetime due to rich dental 

vascularization but also more directly to exogenous contamination (Hansen et al., 2017). 

Inspired by previous work (Sirak et al., 2017), we have applied an alternative method for extracting a 

micro-core (20-30 mg) from the bone for Infrared spectroscopy (FTIR) and a micro-core of 100-150 

mg for palaeopathological molecular analysis. The procedure of micro-cores extraction was carried 

out on both petrous bones of the Saint’s cranium with Dremel Micro Rotary drilling using two different 

micro-tools. The external bone surfaces, more exposed to the external biodeteriogenous agents 

(diagenesis), were mechanically removed by means of low-speed micro-drill, equipped with an 

abrasive round point of 2.4 mm. In complete cranium (where the petrous bone is not easily accessible) 

a micro-core with an internal diameter of 1.8 mm was used. 

For sampling procedure particular attention was paid in order to avoid overheating the bones during 

the mechanical extraction process. The sample fragment was thus extracted without being 

contaminated and stored in sterilized Eppendorf. The ICMP (International Commission on Missing 

Persons ICMP 2015) standard operating procedure for bone sampling was followed to disinfect the 

drill bit to avoid external contamination, thus invalidating the analyses. A control sample with no 

osteological lesions was taken from the lower second molar root on the right mandible. The roots of 

the left M2 molar were cut with a cutting disc wheel (diameter 20 mm) obtaining a sample of 2.856 g 

of which half intended for radiocarbon analysis and the other one palaeopathological molecular 

analysis. 

 
Infrared Spectroscopy: sample preparation and spectrum analysis 

From the petrous bones was extracted enough micro-core (20-30 mg) to execute FTIR analysis. One 

pellet has been prepared maintaining a ratio 1:100 mg of sample/KBr with constant grinding for 2 

minutes. Powder obtained was then pressed, using a hydraulic press, under 11 tons/cm2 pressure, and 

a 12 mm in diameter and 1.5 mm of thickness transparent pellet was obtained. Spectrum was collected 

with a Nicolet 380 FTIR spectrometer equipped with a DTGS detector; 128 scans were acquired, in 

the range from 4000 to 400 cm-1, with a spectral resolution of 4 cm-1. Spectral analysis was performed 

using Omnic 9 software (Thermo Scientific). To semi-quantifying of carbonate and amide presents in 

the spectrum, the ratios have been calculated dividing the intensity of absorption by the intensity of ʋ3 

phosphate peak at 1305 cm-1. In spectral analysis, the peak heights are calculated from baselines 

defined by two points calculated as local minimum ranging in selected regions of spectrum. Amide, ʋ3 

phosphate and carbonate groups absorptions are 2000–1800/1400–1200 cm-1, 1400–1200/900–750 

cm-1 and 891–816 cm-1, respectively. To define IRSF and FW85% values, the baseline has been 

defined by two points in the region 850-620 and 510-470 cm-1 to calculate the phosphate absorption 

heights in the region of spectrum at 604-565 cm-1 (see Figure.1 and Table.1). 
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Figure 1. Diagenetic parameters calculated from FTIR spectrum and referring to: bone crystallinity (IRSF); structural 

carbonate content in bioapatite (CO3
2-/PO4

3-); collagen preservation (AmI/ PO4
3-). (adapted from references Dal Sasso et 

al., 2018) 
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Table 1. Wavenumbers and baselines adopted to calculate peaks intensity and width of petrous bone sample properties 

by FTIR spectroscopy. 

 

 

The presents of sub-bands signals of Amide I to calculate the denaturation state of collagen, has been 

estimated by employing of second-derivative analysis (calculated using Savitsky-Golay smoothing 

technique (Savitzky and Golay, 1964) with 9 smoothing points) with baseline previously defined. 

OMNICⓇ software was used to convert the FTIR absorbance spectra into second-derivatives to 

determine the number and position of components corresponding to the Amide I region for the curve- 

fitting process. Sub-bands and shape were considered Gaussian and the baseline was defined by two 

points calculated as the local minimum in the region 1720-1840 and 1600-1590 cm-1. The position of 

the sub-band components at 1699,1691,1685,1663,1652,1636 cm-1 and 1699,1693,1682,1662,1648 

and 1636 cm-1 for fresh and ancient sample were fixed, whereas their band widths could be adjusted to 

perform the curve-fitting of the Amide I profile (Figure.2). The area of ~1660 and ~1690 cm-1 was 

calculated and normalized with phosphate peak at 1035 cm-1. 

 

Figure 2. Six sub-bands of Amide I and their positions were determined from the second derivatives of Saint Theobald (a) 

and from fresh bone (b). Sub-bands and shape were considered Gaussian. Two points calculated as the local minimum in 

the region 1720-1840 cm-1 and 1600-1590 cm-1, defined the baseline. The position of the sub-band components of Amide I 

has been fixed, whereas their bandwidths were been adjusted to perform the curve fitting of the Amide I profile with a 

R2=0.99. 
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Photogrammetric acquisition and digital modelling 

Photogrammetry techniques and, more precisely, Structure from Motion - Multiple-View Stereovision 

(SfM-MVS) (Bezzi et al., 2011), were used to create a high-resolution, three-dimensional virtual model 

of the skull, which became the basis for the 3D reconstruction of the face. Precise metrical models 

were generated using several photo sets, mainly taken with oblique photography, using a Nikon D800 

Reflex (DSLR) camera, mounted on a tripod, with a CMOS sensor (36.3 Mp) and SIGMA 24 mm F 

1.4 lens. Photo-acquisition was performed following the norms of convergent close-range 

Photogrammetry, adapting aperture value, shutter speed seconds and ISO to the low-light conditions 

of the church. Due to logistical problems, no graduated turntable, light box, or fixed light lamp were 

used. In general, when possible, photos were collected by maintaining the camera with a fixed angle  

both on the horizontal and the vertical axis of the object, while lighting remained constant during the 

image data capture. Metric and colorimetric values have been restored and calibrated thanks to fixed 

references used for the acquisition. Overall, during the data collection stage, 635 photos were taken. 

Once accomplished the work on the field, the acquired photographs were processed to generate a 3D 

model of the two bone elements (cranium and mandible) with the openMVG101 photogrammetric 

reconstruction open-source software, within ArcheOS100 Linux distribution. The polygonal lattice 

that defines the virtual object (3D mesh) was processed by MeshLab102, selecting the photographic 

sets from which the software extrapolated the dense point cloud (i.e. a set of points on the space defined 

by spatial coordinates and intensity values). Initially, the 3D scanned skull was imported, the mandible 

was segmented, adjusting its occlusion. The piece was aligned with the Frankfurt plane, a 

cephalometric plane that follows the virtual horizon, and touches the lowest part of orbitals (right and 

left) and highest part of the porios (right and left). The Frankfurt plane simulates the natural position 

of the head in a standing living people (Taylor, 2000). After this process, the facial 

reconstruction/approximation of Saint Theobald was carried out completely in a digital environment 

using the ForensicOnBlender95 add-on, a set of tools based on free and multiplatform software, 

available for use on Linux, Windows and Mac OS X operating systems. The machine used for this 

purpose was a desktop computer equipped with an Intel Core i9-9900K processor, with 64 GB of 

RAM, 8 GB nVidia GeForce 2070 GPU, 960 GB SSD storage, water cooling and Linux 3DCS 

operating system based on Linux Ubuntu© 20.04. The three-dimensional reconstruction started from 

the anthropological examination of the skull, from which the basic information on the age of death,  

gender and ancestry were obtained. Through the anthropological examination, the 3D model of the 

facial reference to guide the final steps of the reconstruction was chosen, following the protocol already 

used during previous forensic projects (Zanatta et al., 2018). 
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RESULTS AND DISCUSSION 

Palaeopathological interpretation and differential diagnosis 

It was possible to ascertain that the body preserved inside the urn was an adult male, who died around 

30-35 years of age. Accordingly, the results of our anthropological analysis agree with what is known 

of the Saint, who died at 33 years old (for additional information see Supplementary Information). 

Molecular analysis to determine the presence of M. leprae yielded negative results. However, a false 

negative result cannot be excluded, as the DNA yield was low and the detection of M. leprae ancient 

DNA (aDNA) can be difficult even in individuals showing clear signs of the disease on their skeleton. 

For this reason, we relied exclusively on the observations of pathological lesions found on the skeleton 

to determine the presence of the disease. In literature, the osteoarchaeology characteristic lesions 

associated with leprosy can be found on nasal bones, nasal septum and conchae bullosa, hard palate, 

zygoma, maxilla, phalanges of hands and feet, metatarsals and metacarpals (Møller-Christensen, 1961; 

Ortner, 2003). Palaeopathological observation was focused on the cranium in absence of the distal 

portions of the skeleton, which are frequently involved in the disease. Some typical facial markers of 

leprosy can also occur in other diseases, such as syphilis, oral infections, maxillary sinusitis, 

leishmaniasis and tuberculosis(Köhler et al., 2017). 

In syphilis cases, the most commonly affected areas are the cranial vault (in particular the external 

surface), tibiae, and nasal bones. Cranial vault lesions are produced by a combination of destruction 

and repairing of bone creating nodular cavity (caries sicca) (G. and Giuffra, 2009). Nasal bones, hard 

palate, turbinates and maxillary sinus are also involved with consequent remodelling with formation 

of sclerotic bone at the margins of the lytic lesions of the nasal septum and palate. One of the 

characteristic lesions of syphilis is the classical “saber” shape of the tibiae as well as 

osteomyelitis(Köhler et al., 2017; Møller-Christensen, 1961; Ortner, 2003). Based on our analyses of 

frontal bone and tibiae of the Saint showed no signs of nodular cavities, osteomyelitis, widespread 

periostitis or saber tibiae. On this basis, we could exclude syphilis as the cause of the lesions identified 

on the cranial vault of Saint Theobald. 

Ante-mortem loss of upper incisors is frequent in leprosy (Møller-Christensen, 1961). In this case and 

those from the Copper Age Necropolis Abony-Turjányos dűlő site, located in Central Hungary (Köhler 

et al., 2017) or in some cases of Medieval graves in Denmark (Boldsen, 2009; Møller-Christensen, 

1961), this phenomenon has not been observed. The severe atrophy of the alveoli, porosity of the hard 

palate and mandibular periostitis observed on the remains of the Saint may have been caused by an 

oral infection, while the circular depression in the infraorbital region of the maxilla could be the result 

of a rhinomaxillary sinusitis. Another disease that could involve the splanchnocranium (facial 

skeleton) is a parasitic infectious disease carried by sand flies of genus Leishmania. Sand flies 
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infections can lead to Mucocutaneous leishmaniasis which causes destruction of the nasal septum, 

palate, mouth or throat and particularly causes severe breathing problems and profound aesthetic 

damage (Köhler et al., 2017; Ortner, 2003; Robbins et al., 2009). The parasitic infection does not cause 

injury to long bones and leads to destruction of the facial bones without involving the piriform aperture 

which remains a peculiarity specific to leprosy (Costa et al., 2009). 

Lastly in cases of tuberculosis, the locations in which lesions are known to arise mainly involve the 

vertebrae and ribs. In adult individuals, the long bones are most often affected at the metaphyseal and 

epiphyseal levels. The skull is rarely involved but can carry lesions on parietal and frontal bones in 

sub-adult cases (Ortner, 2003). Destruction caused by abscesses on the petrous bone and the mastoid 

process, as well as the inferior orbital margin and the zygomatic bone, can also occur in sub-adults 

with a periostitic reaction. In tuberculous meningitis, the cranial vault is the most frequent site of lytic 

lesions, but it can also cause apposition and remodelling of endocranial tissue and can affect the nasal 

cavity (Ortner, 2003; Spekker et al., 2020). The infection can also extend to the nasal bones and 

maxilla. The post-cranial lesions can affect the joints. The hip is the region most affected by 

tuberculosis. It too is mainly affected in childhood. Erosion, periostitis and osteophytic growth 

normally focus on the acetabulum, head and femoral neck, leading to the dislocation of the latter 

resulting in ankylosis. St. Theobald is an adult and his osteological remains do not demonstrate any 

lesions consistent with tuberculosis with the exception of lesions attributable to nutritional stress and 

occupational markers such as: porosities of the large wings of the sphenoid (Armelagos et al., 2014), 

bilateral cribra femora (Garcia et al., 2002), Schmörl’s hernia, vertebral osteoarthritis of the upper 

articular facets, bilateral pectineus enthesopathy of coxals, osteochondritis dissecans on the head of 

femur (Baxarias J. and Herrerin, 2008; Capasso et al., 1999). 

 
Infrared Spectroscopy analysis as bone quality indicator for radiocarbon dating 

Pre-screening of bone quality and its organic component can contribute to reducing the costs of 

radiocarbon analyses. Radiocarbon dating (14C dating) from Type I collagen (Gâza et al., 2019; Gelse 

et al., 2003) of bones, provides important information in archaeological contexts, especially when 

dealing with funerary deposits lacking archaeological artefacts that can be used for relative dating. 

Diagenetic changes in bone and the resulting loss of collagen (Collins et al., 2002) content can give 

inaccurate radiocarbon results (Calabrisotto et al., 2013; Hedges, 1992; Hedges and Law, 1989; 

Nielsen-Marsh and Hedges, 2000). In addition, 14C dating with low amounts and poor quality of 

collagen can be time consuming and associated with the risk of getting no results. 
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For this purpose, the exploration of sample variability was based on Fourier-transform infrared 

spectroscopy (FTIR), a technique used for assessing the chemical composition and mineral alteration 

of ancient bone samples at molecular level (Paschalis et al., 2011). Infrared spectroscopy is an 

advantageous technique since it provides a fast, convenient, and accurate semi-quantitative approach 

to investigate mineralized tissues. IR absorption bands are characteristic of specific types of chemical 

bonds, enabling descriptions of variation of structural properties of organic and inorganic components 

(Carden and Morris, 2000; Goormaghtigh et al., 2006; Pelton and McLean, 2000). 

 
Data collection 

The spectrum analysed (see Figure.3) shows signals that can be attributable to the amide, phosphates 

and carbonate groups. According to the literature (Singh et al., 1993; Stani et al., 2020; Weiner, 2010), 

the absorption at ~3080 cm-1 corresponds to Amide B and the ones at 1660, 1550, 1340 and 1240 cm- 
1 correspond to the Amide I-II-III vibrational bands respectively. The absorption at 875 cm-1 

corresponds to the bending vibrational modes of carbonate B-type and at 1035, 604 and 565 cm-1 the 

stretching and bending of phosphates. To monitor the state of sample conservation several ratios were 

considered to provide a semi-quantitative measure of bone integrity based upon the height of 

phosphate, B-type carbonate and amide absorption bands. The peak heights are calculated from the 

baselines which are defined by two points calculated as the local minimum ranging in selected regions 

of the spectrum, reported in Table.1, Figure.1 and defined in Methods. The ratio between peak 

intensity of amide and phosphate was calculated on phosphate peak at 1035 cm-1 assigned to the ʋ3 

(PO4
3-) vibrational intensity. The mineral to matrix (AmI/PO4

3-) ratio has been calculated to provide a 

more pertinent description as to whether the bone tissue is diagenetically altered or not since it  

considers the main components of the bone (organic and inorganic phase) and it is well known that its 

preservation depends on the quantity and quality of both (Boskey et al., 2003; Donnelly, 2011; 

Figueiredo et al., 2012; Naito et al., 2020). 
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Figure 3. Spectra measured in FTIR shows signals attributable to amide, carbonate and phosphate functional groups of 

bone. In this spectrum are evident organic (green) and inorganic (blue) components that make up the bone tissue. St. 

Theobald’s spectrum is compared with fresh bone and poorly preserved archaeological bone samples. The figure  clearly 

shows that St. Theobald’s spectrum is more similar to a fresh bone than a strongly diagenized one. 

 

Bioapatite crystallinity indicators as splitting factor (IRSF), as defined by Weiner and Bar-Yosef 

(1990), and the width of the 604 cm-1 phosphate peak (defined as full width at 85% of maximum height 

- FW85%, defined by Dal Sasso et al.,(2018) was chosen and calculated. The IRSF is a widely used 

parameter to describe crystallinity variations together with of the phosphate (FW85%) peak at 604 cm- 
1 (Dal Sasso et al., 2018). They are commonly used to determine the general state of preservation of 

ancient bone. 

The structural B-type carbonate content of bioapatite is monitored through the CO3
2-/PO4

3- parameter, 

calculated by dividing the intensity of the band at 875 cm-1 ʋ2(CO3
2-) vibrational mode by the intensity 

of the ʋ3(PO4
3-) vibrational mode (Grunenwald et al., 2014). This parameter provides the significant 

occurrence of carbonate ions in the hydroxylapatite structure and gives important information to reflect 

the level of carbonate substitution in the bioapatite crystal. 

The carbonate ion is known to occupy two different positions in the hydroxylapatite bone structure in 

the hydroxide lattice position and that of phosphate (Sønju Clasen and Ruyter, 1997). The B-type 

carbonate (substitution of phosphate) is much more abundant than A-type (substitution of hydroxide) 

and therefore is assumed to produce reliable results in monitoring the carbonate content of bioapatite 

(Wopenka and Pasteris, 2005). The absorption ʋ2 region band is attributed to carbonate B-type and is 

considered more useful for our study as it better reflects the real portions of carbonate principal 
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components without overlapping. In fact, ʋ3 carbonate doublet at 1450-1423 cm-1 is more complex to 

analyze due to the broadening of both types and, furthermore, they tend to overlap others absorption 

bands of organic functional groups (Fleet, 2009; Rey et al., 1989). Molecular spectroscopy is useful to 

help infer the quality of collagen (Chadefaux et al., 2009; France et al., 2014; Ishida and Griffiths, 

1993; Kontopoulos et al., 2020; Riaz et al., 2018; Singh et al., 1993). As described by Paschalis et al., 

(2001) (Paschalis et al., 2001), collagen cross-links provides the fibrillar collagen matrices with 

properties such as tensile strength and viscoelasticity; properties modified by diseases but also by 

interaction with the burial environment (Chadefaux et al., 2009). The ratio of peak areas of the mature 

non-reducible (interfibrillar) cross-links and immature reducible (intrafibrillar) cross-links of Amide I 

sub-bands of 1660 and 1690 cm-1 (1660:1690 cm-1) provides a semi-quantitative measure of the 

enzymatic cross-linking in the organic matrix. According to the literature (Paschalis et al., 2001), the 

degree of cross-linking of collagen from immature to mature has been calculated from 1660: 1690 cm- 

1 area ratio which determines on collagen maturity. It provides a semi-quantitative measure of the 

cross-linking profile in the collagen matrix; this ratio has been correlated to the relative amounts of 

enzymatic cross-links, specifically mature non-reducible (interfibrillar) cross-links and immature 

reducible (intrafibrillar) cross-links. The majority of scientific community deems it is a valid parameter 

(Barth et al., 2011; Chadefaux et al., 2009; Mieczkowska et al., 2015; Paschalis et al., 2001; Sanden 

et al., 2021) that represents collagen maturity although its validation is still controversial above all the 

overlap structural water absorption interference (Farlay et al., 2011) at ~ 1645 cm-1 (H-O-H bending). 

For our study, this parameter can be considered an indicator of the degree of collagen alteration degree 

(Barth et al., 2011) and it was estimated by employing a combination of second-derivative spectra and 

peak finding to determine sub-peaks of Amide I region at ~1660 and ~1690 cm-1 (Paschalis et al., 2011, 

2004, 2003). With band decomposition (see Methods), based on second derivative analysis, were found 

in the Amide I profile of collagen the six major known peak-positions components linked with 

aromatic ring vibrations of protein: 1699,1691,1685,1663,1652,1636 cm-1 to fit the Amide I band 

(Paschalis et al., 2011;Bryan et al., 2007; Chadefaux et al., 2009; Schmidt et al., 2017; Byler and Susi, 

1986), while it was observed a shift of some sub-bands in ancient sample and there were determined 

the following sub-components at 1699,1693,1682,1662,1648,1636 cm-1. 

Infrared spectrum analysis results 

St. Theobald’s infrared spectrum was compared with that of a well-preserved fresh animal bone 

(Figure.4). 
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Figure 4. IR spectra in comparison to observe diagenetic alternations (a) St. Theobald; (b) animal fresh bone. 
 

Based on FTIR spectra comparison we could observe that our samples showed noticeably different  

peaks which can be associated with altered bone. 

We analysed the spectra and found peptide prominent bands of both Amide B (3080 cm-1), Amide I 

(1660 cm-1) and Amide II (1550 cm-1) in addition to smaller peaks corresponding to Amide III (1240 

cm-1) and δ(CH2) side chain vibration of collagen at 1341 cm-1 (Belbachir et al., 2009; Camacho et al., 

2001; Mehra and Chadha, 2020; Singh et al., 1993) (see Figure.3). 
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The area ratio of Amide I underlying bands, 1660:1690 cm-1, is 2.34 and 24.52 for St. Theobald and 

fresh bone with a model fit of R2 =0.99, respectively. Values of mature non-reducible (interfibrillar) 

cross-links profile at ~1660 cm-1 are 2.77 and 6.96 while immature reducible (intrafibrillar) cross-links 

profile at ~1690 cm-1 are 1.18 and 0.28. 

Mineral to matrix (AmI/PO4
3-) indicator for determining the levels of preserved collagen(Naito et al., 

2020) has been measured obtaining 0.35 and 0.39 values for St. Theobald and the ox bone (Table.2). 
 
 

Table 2. Results obtained for FTIR parameters calculated for all samples, i.e. the width at 85% of the height of the 604 

cm-1 peak (FW85%), the carbonate to phosphate band intensity ratio (CO3
2-/PO4

3-) and amide to phosphate ratio 

(AmI/PO4
3-), the infrared splitting factor (IRSF) and area ratio of Amide I underlying bands (1660:1690). 

 

 

Both spectra contain peaks corresponding to inorganic components of bones, namely carbonated – 

hydroxylapatite. We analysed the infrared spectrum from the St. Theobald sample and found that the 

increasing sharpening of the bands attributed to the signals related to bone bioapatite with a very 

pronounced sign at 1094 cm-1 (P=O symmetric bond stretching) and a less evident shoulder at ~638 

cm-1 and at 3568 cm-1 assigned to O-H stretch of phosphates group(Pluduma et al., 2018; Stanislavov 

et al., 2018). Upon first observation of the spectral profiles, we found an increase in mineral maturity 

with a consequent increase in the size of the crystallites (defined as being inversely proportional to the 

FW85% of 604 cm-1 peak and proportional to the IRSF value), which is usually due to the loss of 

organic components(Farlay et al., 2010; Piga et al., 2016). 

show a few variations of FW85% values, ranging from 12.5 to 11.2 and correspond to a minimal 

variation of IRSF values, ranging from 3.0 to 3.4 for fresh bone and St. Theobald, respectively. The 

CO3
2-/PO4

3- parameter, calculated for all samples, shows 0.07 value for fresh bone and 0.06 value for 

St. Theobald. 

The bioapatite crystallinity helps to identify well-preserved bone with a similar IRSF value to fresh 

bone at around 2.7±0.2 (Asscher et al., 2012). The bioapatite samples analysed in this case of study do 

not show a high variability in terms of chemical and structural properties, and, therefore, do not seem 

to have suffered strong alteration due to recrystallization. Comparing the crystallinity index (IRSF) 

with the CO3
2-/PO4

3- ratio, we observed a negative correlation that can be associated with the loss of 

structural carbonate for archaeological bones occurring in the recrystallization processes (Hedges, 

2002; Salesse et al., 2014). IRSF and CO3
2-/PO4

3- display a strong non-linear correlation with 

recrystallization indicating the loss of carbonate from the bioapatite structure resulting in a more stable 
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and less soluble mineral phase. In fact, based on our data, the decreased CO3
2- content in the samples 

might have promoted the formation of a more stable mineral phase, i.e. crystal size and lattice 

perfection (Salesse et al., 2014). 

Each of the amide bands mentioned above are found on the FTIR spectra of all the samples, and no 

obvious band shift was identified when compared to the spectrum of fresh collagen in the control 

animal bone sample. There is not an apparent difference between the fresh collagen and archaeological 

degradation products as directly observed from FTIR spectra. 

Analyzing the ratio of peak areas of the sub-bands at ~1660 cm-1 and ~1690 cm-1 respectively, it has 

been shown that during collagen denaturation the relative intensity of the former sub-band decreases 

while the latter increases(Barth et al., 2011; Paschalis et al., 2004). Our analyses indicated that the 

denatured collagen has an inverse correlation with the strength of bone and a positive correlation with 

its elastic component. 

In conclusion, our results indicate that the collagen contained in St. Theobald's remains are in a good 

state of preservation. Although the organic component has undergone denaturation (observable 

through cross-links ratio) of proteins resulting in the loss of water, which was possibly caused by 

microbial attack during the decomposition of the Saint’s body (Xu, 2009), we could not observe a 

substantial reduction in the collagen content. The preservation of the organic structure is in strong 

relationship with the amount of collagen monitored through mineral to matrix (AmI/PO4
3-) which ratio 

is indicative of a good amount of archaeological bone organic matter preservation (Naito et al., 2020). 

The amount of collagen preserved in the archaeological sample is comparable to that of the fresh bone, 

while the from analysis of cross-links parameters shows its quality of preservation where it is evident 

that a denaturation has occurred. The analysis at 14C confirmed what had previously been estimated: 

the quantity of the collagen available was found to be equal to 9.7%, indicative of a good state of 

preservation. From a dental root sample at 14C, it was possible to establish that the antiquity of the 

individual can be easily overlapped with historical data. In fact, radiocarbon records place the death of 

the individual between 988 AD-1163 AD, with a confidence level of 95%. 
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Three dimensional modeling genetics and facial reconstruction 

Figure 5. Figure 5 from a to i shows the different procedures performed for facial reconstruction adopted. 
 

Forensic facial reconstruction is a technique for approximating a face from a skull with the aim of 

identifying or recognizing the reconstructed individual (Taylor, 2000; Wilkinson, 2004). Although the 

term reconstruction is widely used, the definition of approximation is more appropriately describes the 

process, since the final product results in a face that resembles the individual, thanks to its structural 

compatibility (Prag and Neave, 1997), providing enough material for a recognition that can be refined 
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after identification, by DNA, dental documents and other approaches (Baldasso et al., 2021). A series 

of soft tissue thickness markers have been defined (De Greef et al., 2006) according to the individual’s 

age (Figure.5a). The soft tissue thickness markers function as small pins that indicate the limits of the 

face in the places where they are positioned. In this case, 31 markers were distributed, 10 central and 

21 symmetrical, that is, 21 points to the left of the face and 21 points to the right, totaling 52 effective 

markers. These distances are averaged by ultrasound in 37 individuals of European ancestry and age 

in a range of 30-39 years old, with an average body mass index (20-25). Although these markers cover 

a considerable part of the face, some regions, such as the nose and lips, need projections in order to be 

approximated. The nose projection was done by crossing two techniques: Lebedinskaya and 

Manchester Method. The use of both techniques provides a clearer limit on the dimensions of the nose, 

avoiding, for example, possible distortions when projected on individuals with facial deformities. If 

there is a discrepancy between the two strokes, a drawing is chosen to be in the center of the two 

projections. It is also used to trace the lips using the sockets and teeth as a reference (Figure.5b) 

(Moraes et al., 2014). In order to facilitate the sculpting work, a profile line is drawn, which will serve 

as a limit for the posterior facial sculpture (Figure.5c). The eyeballs and the main muscles of the face, 

available in the software used, are distributed along the structure and suitable for it (Figure.5d-5e). 

Then the digital sculpture process begins, where an object called 3D mesh, a that resembles a mass is 

added to the scene and receives deformations in order to adapt to the face limits defined by the soft 

tissue markers, projections and profile line (Figure.5f) A 3D mesh is an entity formed by vertices, 

edges and faces that can be generated from a small cube to complex shapes such as a human face, a 

tree or an entire city in a 3D scene. The digital sculpture is covered by a simplified mesh and it is  

finished with the modeling of facial details (Figure.5g). The face mesh receives digital pigmentation 

and the eyes are adjusted according to the individual's characteristics as defined by the study of 

historical sources and the anthropological analysis, which estimated the ethnicity of the Saint's body 

(Figure.5h). The beard and hair are added using a generic setting (Figure.5i). It is noticeable that both 

the hair and the beard are short and uncombed as the arrangement of the strands contains a slight 

random alignment. The costumes are modeled after the historical survey, the scene received a series 

of lamps with values compatible with phosphorescent lights of 20 to 40 watts, distributed in order to 

favor the outline of the facial mass, then digital media such as images and videos were generated and 

the reconstruction process finished creating the final forensic facial reconstruction (Figure.6). 
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Figure 6. Result of the forensic-facial 3D reconstruction. The individual's characteristics are defined by anthropological 

studies and historical sources. 

 

CONCLUSIONS 

From the results obtained we can establish that the remains found in the parish church of Saint  

Giovanni Battista in Badia Polesine (Rovigo, Italy) is that of a man of 30-35 years, who probably died 

of leprosy around the 10th-11th century. The lesions 1 and 2 on the frontal bone (reported in 

Supplementary Information, Figure.S2), the severe alveolar atrophy of the maxilla and mandible with 

consequent periostitic activity, the asymmetric atrophy of the pyriform aperture, the severe porosity of 

the nasal bones, the hard palate and the rhinomaxillary infection are all signs indicative of Hansen's 

disease. The porosities of the large wings of the sphenoid and the cribra femora suggest that the 
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individual was affected by nutritional deficiency. Cribra femoris is caused by systemic physiological 

stress since it is positively correlated with growth stunting and is more common in populations of low 

socioeconomic status with high rates of infectious disease (Garcia et al., 2002). It could be 

hypothesized that he had been suffering from a less aggressive form of leprosy such as the tuberculoid 

one. In conclusion, we can assume that the remains belong to the figure of Saint Theobald. 
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Figures S1-S2-S3-S4 
 

Supplementary Tables 

Table S1 
 

Anthropological and Palaeopathological observations 

The osteological remains inside the urn were in good state of conservation and belong to a male 

individual: cranium, mandible, right scapula and ulna, n.3 right ribs, n.1 left rib, n.3 thoracic vertebrae 

(T6-T8-T11), n.1 lumbar vertebra (L2), n.2 coxal bones, n.2 femurs (right and left), n.2 tibiae (right and 

left) and n.1 left fibula (Figure.S1). 

 

Figure S1. Finding of the remains of the Saint after opening the urn. The skeletal appeared not complete and in good 

state of preservation. 
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Sex determination was defined by morphological analysis all skeletal element found. Although the 

remains are incomplete, analyzing the anatomical districts indicators of the sex, such as coxal bones, 

femurs, cranium and mandible, the skeleton revealed typical male features. From the anthropometric 

analysis of the long bones, the diameter of the femoral heads, having a value of 48 mm (male range), 

was significant and diagnostic for the sex determination. 

To determine the age of death, many skeletal age markers were analyzed. Analyzing the anatomical 

elements present of appendicular skeleton, starting from long bones, showed skeletal maturity with 

épiphyses and diaphyses fused, free from signs of degeneration, attributable to an adult individual 

between 25-40 years old. The diagnosis of sex and age of death was more accurately determined by 

visualizing the pelvis that showed male anthropometric characters: narrow ischial notch, intermediate 

grade pubic angle, narrow pubic bone body and absent ventral arch. From auricular surface (sacroiliac 

joint) the reputable age (derived from its degeneration) is around 30-34 years; from pubic symphysis 

around 29-35 years. Cranium and robust mandible confirm the sex diagnosis: pronounced glabella with 

robust superciliary arch, supraorbital margin rounded and rectangular orbits; robust mastoid process 

and nuchal crest middle pronounced, ascendant mandibular branches with vertical trend and eminence 

square chin rest. From dentition, was found in situ a second lower left molar tooth (LM2), very worn. 

Even dental wear is indicative of age and its wear degree falls back into the range 45-55 years. Age 

evaluation can become very complex as the aging of the skeleton and worn teeth do not always 

correspond to the chronological age at the time of death, such as in this case of study. From several 

age ranges observed, it was evaluated that the age of individual was between 30-35 years at the time 

of death. By measuring the preserved long bones it was estimated that the individual's height was 

around 173.6 and 174.6 cm according to anthropometric indices (Sjøvold, 1990; Trotter and Gleser,  

1952). Some historical sources report that Saint Theobald fell ill with Leprosy meanwhile dedicated 

himself to the poorest and most needy. In Europe with the advent of the Middle Ages there were 

numerous cases: in the 9th century there was a high peak in the frequency of the disease until 1200- 

1300 AD. and, given its high diffusion, 19.000 leprosaria were built (G. and Giuffra, 2009). Leprosy,  

also known as Hansen's disease, is a chronic and mutilating infectious disease that spreads through 

saliva drops or prolonged direct contact with the lesions of affected individuals. The disease affects 

both genders equally, it is not fatal and has a chronic and disfiguring course. The localization of the 

lesions characteristic of lepers are mainly located on the face, hands and feet. Lepers take on a 

distinctive appearance with nodules and skin ulcers on the face (lepromas), destruction of the nasal 

bones resulting in enlargement due to the discharge of purulent material, eye inflammation and chronic 

laryngitis. As the disease progresses, fingers and toes are amputated. Death can usually occur from 

complications not directly induced by the disease: the injuries expose the patient to infections, 
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compromising and further aggravating the state of health. In the absence of the bones that make up the 

hands and feet, traces of the pathognomonic signs (i.e. indicative of the disease) were looked for by 

first examining the cranium. Four erosion lesions were observed on frontal bone and one less obvious 

two involves zygomatic bones (Figure.S2). 

 

Figure S2. Skull lesions observed on frontal bone and circular depression with an osteolytic in the infraorbital region of 

the maxilla (white arrow). 

Lesion 1 located on the high in the right portion of the frontal with circular shape (10x12 mm) showed 

rounded margins, slight porosity and followed by a second smaller circular lesion (Lesion 2) with 

dimension (4x4 mm), probably caused by ulcers. Lesion 3 was placed at the level of the right 

superciliary arch having a rectangular shape (30x18 mm) and extending along the right zygomatic 

bone. Analyzing the margins of the lesion 3, it seems to be caused by post-mortem alterations as the 

erosion of the cortical bone has well-defined margins without bone reaction. The mid-frontal portion 

of the skull was characterized by pseudo-circular macro-porosity (porotic hyperostosis) (Lesion 4) 

while a circular depression -characterized by small osteolytic lesions- was present in the infraorbital 

region of the maxilla. Porosity was also observed on the nasal bones and on the hard palate, slight 

atrophy of the pyriform opening at the level of the anterior nasal spine (right maxilla) while has been 

identified an osteophyte (3 mm) at the level of the anterior nasal spine of the left maxilla. Maxilla and 

mandible show significant alveolar resorption (Figure S3). 
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Figure S3. Porosity is visible in nasal bone and hard palate with severe alveolar resorption of maxilla (a,b); slight atrophy 

of the pyriform opening (right maxilla) and an osteophyte (3 mm) on the left (c); on the mandible it was observed 

proliferative periostitis (woven) on the mental protuberance and in a portion of the mandibular body, inferior view (d). 

On the latter was observed proliferative periostitis (woven) on the mental protuberance and in a portion 

of the mandibular body (left side), see Figure.S3. A slight macro-porosity in the left greater wing of 

the sphenoid bone was observed, less evident in the right side. In the postcranial cribra femora were 

detected in both of anterior collum femoris (Göhring, 2021), while head of left femur showed a 

osteochondritis dissecans (a type of aseptic necrosis, benign and non-inflammatory) (Baxarias J. and 

Herrerin, 2008). Bilateral enthesopathies in the pectineal line on pubis areas (Figure.S4) and 

apposition of new bone tissue in the dorsal body of the pubis on the left coxal bone were observed. In 
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the spinal column, lumbar vertebra (L2) is characterized by Schmörl’s hernia, osteoarthritis on the 

upper articular facets while the thoracic vertebra (T8) presents calcification of yellow ligament and 

slight rotation of the vertebral body to the right. 

 

Figure S4. Bilateral enthesopathies in the pectineal line on pubis areas (black arrows) of coxal bones and apposition of 

new bone tissue in the dorsal body of the pubis on the left (red arrow) (a); head of left femur showed an osteochondritis 

dissecans and cribra femora on collum femoris (b). 

Molecular investigation for ancient microbial infection and genetics 

Quantification and statistical analysis 

Mapping 

Before mapping, the sequences of the adapters, indexes, and poly-G tails occurring due to the specifics 

of the NextSeq 500 technology were cut from the ends of DNA sequences using cutadapt-1.11 (Martin, 

2011). Sequences shorter than 30 bp were also removed with the same program to avoid random 

mapping of sequences from other species. The sequences were aligned to the reference sequence 
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GRCh37 (hs37d5) using Burrows- Wheeler Aligner (BWA 0.7.12) (Li and Durbin, 2009) and the 

command mem with re-seeding disabled. After alignment, the sequences were converted to BAM 

format and only sequences that mapped to the human genome were kept with samtools 1.3 (Li et al., 

2009). Afterwards, the data from different flow cell lanes were merged and duplicates were removed 

using picard 2.12 (http://broadinstitute.github.io/picard/index.html). Indels were realigned using 

GATK 3.5 (McKenna et al., 2010) and reads with a mapping quality less than 10 were filtered out 

using samtools 1.3 (Li et al., 2009). 

 
aDNA authentication 

As a result of degrading over time, aDNA can be distinguished from modern DNA by certain 

characteristics: short fragments and a high frequency of C=>T substitutions at the 5' ends of sequences 

due to cytosine deamination. The program mapDamage2.0 (Jónsson et al., 2013) was used to estimate 

the frequency of 5' C=>T transitions. Rates of contamination were estimated on mitochondrial DNA 

by calculating the percentage of non-consensus bases at haplogroup-defining positions as detailed in 

(Jones et al., 2017). Each sample was mapped against the RSRS downloaded from phylotree.org and 

checked against haplogroup-defining sites for the sample-specific haplogroup. 

Samtools 1.9 (Li et al., 2009) option stats was used to determine the number of final reads, average 

read length, average coverage etc. The average endogenous DNA content (proportion of reads mapping 

to the human genome) was 0.08% and the average human coverage was 0.002x. Based on the average 

endogenous DNA content and the average human coverage, the individual was excluded from further 

genome-wide analysis. 

Sample 
ID 

Raw FASTQ 
Reads 

Reads 
Mapping to 

hg19 

Mapped 
Duplicates 

% hg19 
Dup 

% Unique 
Human Average 

length 
Average human 

Covager [X] 

TEO001 166,346,761 182,102 56,319 30.93% 0.08% 47 0.002 

                 Table S1. Table of results obtained from St. Theobald’s remains. 

Calculating genetic sex estimation 

Genetic sex was calculated using the methods described in (Skoglund et al., 2013), estimating the 

fraction of reads mapping to Y chromosome out of all reads mapping to either X or Y chromosome. 

However, the number of X and Y chromosome reads was limited to a total of 2,216 reads and the 

genetic sex could not be assigned. 

Determining mtDNA haplogroups 

For the determination of the mitochondrial DNA (mtDNA) haplogroup, the reads were re-aligned to 

the reference sequence RSRS. After the removal of duplicates, the number of mapped reads to the 

reference sequences was too low to estimate the mtDNA haplogroup for this individual. 
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Metagenomic analysis 

Based on both runs we could not find evidence for the presence of Mycobacterium leprae, the causative 

pathogen for leprosy. However, as the bacterium is not always detectable in teeth upon infection it  

cannot be excluded that our lack of hits for M. leprae is a false negative which was either caused by 

preservation issues or insufficient perimortem bacterial colonization of the vascularized tooth. We also 

screened the datasets for a panel of human pathogens but could not identify any with certainty due to 

suboptimal DNA preservation. 

 

Metagenomic Screening Methods 

Sequencing data for both shotgun sequencing runs were quality checked using FastQC 

(Bioinformatics) and MultiQC (Ewels). Raw sequencing datasets were trimmed and filtered using 

cutadapt(Martin, 2011) (-m 30 –nextseq-trim=20 –times 3 -e 0.2 –trim-n) and deduplicated using 

ParDRe(González-Domínguez and Schmidt, 2016). 

Deduplicated files were merged by sequencing run and analysed using KrakenUniq(Breitwieser et al., 

2018). We used a custom database made up of complete genomes and chromosome level assemblies 

of bacteria, viruses, archaea and protozoa. The sequences were all dusted, i.e. we removed low 

complexity regions during database building. Additionally, the database contained the human genome, 

the NCBI Viral Neighbor database and the contaminant databases UniVec and EmVec. We computed 

a heatmap using plotly (Plotly Tecthologies Inc 2015), pandas (McKinney and Others, 2010), 

matplotlib (Hunter, 2007) and numpy (van der Walt et al., 2011) based on a custom E-value calculated 

as follows: (
𝐾

) ∗ 𝐶 (Guellil et al., 2021) (K is the kmer count, R is the read count and C is the 𝑅 

coverage). The E-value cut-off for further inspection was 0.001. 

 
DNA methods details 

All of the laboratory work was performed in dedicated ancient DNA laboratories at the Estonian 

Biocentre, Institute of Genomics, University of Tartu, Tartu, Estonia. The library quantification and 

sequencing were performed at the Estonian Biocentre Core Laboratory. The main steps of the 

laboratory work are detailed below. 

 
DNA extraction 

For the study, DNA was extracted from a root of one tooth. The root was soaked in 6% (w/v) bleach 

for 5 minutes. Samples were rinsed three times with 18.2 MΩcm H2O and soaked in 70% (v/v) Ethanol 

for 2 minutes. The tubes were shaken during the procedure to dislodge particles. The samples were 

transferred to a clean paper towel on a rack inside a class IIB hood with the UV light on and allowed 

to dry for two to three hours.  Afterwards, the samples were weighed to calculate the accurate volume 

of EDTA (20x EDTA [µl] of sample mass [mg]) and Proteinase K (0.5x Proteinase K [µl] of sample 

mass [mg]). EDTA and Proteinase K were added into PCR-clean 5 ml or 15 ml conical tubes 160



(Eppendorf) along with the samples inside the IIB hood and the tubes were incubated 72 h on a slow 

shaker at room temperature. 

The DNA extract was concentrated to 250 µl using the Vivaspin® Turbo 15 (Sartorius) and purified 

in a large volume column (High Pure Viral Nucleic Acid Large Volume Kit, Roche) using 2.5 ml of 

PB buffer, 1 ml of PE buffer and 100 μl of EB buffer (MinElute PCR Purification Kit, QIAGEN). For 

the elution of the endogenous DNA, the silica column was transferred to a collection tube to dry and 

followed in 1.5 ml DNA low-bind tubes (Eppendorf) to elute. The sample was incubated with 100 µl 

EB buffer at 37 C for 10 minutes and centrifuged at 13,000 rpm for two minutes. After centrifugation, 

the silica column was removed and the sample was stored at -20 C. Only one extraction was performed 

for screening and 30 µl was used for libraries. 

 
Library preparation 

Sequencing library was built using NEBNext® DNA Library Prep Master Mix Set for 454™ (E6070, 

New England Biolabs) and Illumina-specific adaptors (Meyer and Kircher, 2010) following 

established protocols (Malaspinas et al., 2014; Meyer and Kircher, 2010; Orlando et al., 2013). The 

end repair module was implemented using 18.75 μl of water, 7.5 μl of buffer and 3.75 μl of enzyme 

mix, incubating at 20 °C for 30 minutes. The sample was purified using 500 μl PB and 650 μl of PE  

buffer and eluted in 30 μl EB buffer (MinElute PCR Purification Kit, QIAGEN). The adaptor ligation 

module was implemented using 10 μl of buffer, 5 μl of T4 ligase and 5 μl of adaptor mix (Meyer and  

Kircher, 2010), incubating at 20 °C for 15 minutes. The sample was purified as in the previous step 

and eluted in 30 μl of EB buffer (MinElute PCR Purification Kit, QIAGEN). The adaptor fill-in module 

was implemented using 13 μl of water, 5 μl of buffer and 2 μl of Bst DNA polymerase, incubating at  

37 °C for 30 and at 80 °C for 20 minutes. The library was amplified using the following PCR set up: 

50μl DNA library, 1X PCR buffer, 2.5mM MgCl2, 1 mg/ml BSA, 0.2μM inPE1.0, 0.2mM dNTP each, 

0.1U/μl HGS Taq Diamond and 0.2μM indexing primer. Cycling conditions were: 5’ at 94C, followed 

by 18 cycles of 30 seconds each at 94C, 60C, and 68C, with a final extension of 7 minutes at 72C. The 

sample was purified and eluted in 35 μl of EB buffer (MinElute® PCR Purification Kit, QIAGEN). 

Three verification steps were implemented to make sure library preparation was successful and to 

measure the concentration of dsDNA/sequencing library -fluorometric quantitation (Qubit, Thermo 

Fisher Scientific), parallel capillary electrophoresis (Fragment Analyser, Agilent Technologies) and 

qPCR. 

 
DNA sequencing 

DNA was sequenced using the Illumina NextSeq500/550 High-Output single-end 75 cycle kit. 
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CONCLUSIONS AND FUTURE PERSPECTIVES 

The main aim of this project was to survey skeletal tissues, in particular petrous bones and tooth roots, 

made up of mineralized collagen, as a pre-screening method using infrared spectroscopy (FTIR) to 

assess bone quality for molecular analyzes. 

A large set of archaeological samples were selected characterized by different origins, chronology 

and different states of preservation because of different diagenetic pathways due to the different 

environmental conditions to which they were exposed. This approach aimed to overcome a major 

problem of identifying useful genetic material in archaeological bone collections without resorting to 

demanding and expensive laboratory studies. 

To achieve this goal, the methods of archaeological documentation were first evaluated. The 

acquisition of archaeological data in bone finds can in some cases (e.g, X-ray tomography and 

synchrotron) represent a problem. X-rays can achieve information retrieval in particular techniques 

of highly degradable molecules at natural radiation doses. Chapter 1 discusses the accuracy, pros 

and cons of generating 3D surfaces, generated by photogrammetry and micro-CT, on two samples of 

highly degraded small teeth. The small size, the very irregular areas and the surfaces characterized by 

micro-cracks in the enamel and in the cementum, made it possible to evaluate the potential as well as 

the two limits of the techniques. 

Research has shown that the 3D photogrammetric models of the outer surface are accurate and differ 

by several hundred microns from the corresponding tomography even for small objects with very 

irregular surfaces. 

Although photogrammetric models generate a significantly smaller point cloud than that originated 

by micro-CT, the model surfaces provide sufficient details, clear and well resolved, for morphological 

analysis of the findings. 

Another element that can affect the quality of the model is the resizing of the object. 

Incorrect scaling, especially in small objects, can lead to invalid morphometric measurements that 

distort the data. Micro-CT scanning provides automatic scaling as pixel size information is provided 

in the log file while automatic model scaling does not occur with manual photogrammetry. In the 

photogrammetric software used to process the images and create the digital model, the dimensions of 

the object are instead reported manually using a digital caliper. Considering the high spatial resolution 

of micro-CT (pixel size of c.a. 8 μm), the estimated error between the manually reported measurement 

and the micro-CT is 0.5 mm for both samples, which can be considered minimal. 

It was found that the areas covered with dentin and enamel create reflective and translucent surfaces 

that can affect the results by causing a decrease in the accuracy of the model caused by the generation 

of noisy points.
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Although the investigation was conducted with a limited number of samples, it can still be said that 

the photogrammetric technique, inexpensive, is sufficiently accurate and can be considered a valid 

alternative to X-ray imaging to provide 3D information with an additional advantage of providing 

texture rendering. 

To develop a minimally invasive method for bone selection, a standard preparation method was 

sought to improve the ability to achieve data accuracy and data replicability. Through the preliminary 

micro-CT analysis, it was possible to obtain the standard morphometric indices of the petrous bone: 

bone surface, trabecular thickness and trabecular separation. As reported in Chapter 2, these 

parameters were used to verify the highest bone density area of the sample type, aimed at precise 

extraction of the powder for FTIR analysis, without damaging the very precious otic capsule for 

genetic analysis. 

Bone powder extracted from different points of the sample at different depths was analyzed by IR 

spectroscopy to evaluate if there were detectable differences. The data collected and illustrated in 

Chapter 2 show that there is no variation between sampling position and depth: the differences are 

due to statistical fluctuations caused by the limited noise sensitivity of the instrument used. This result 

defines that diagenesis acts uniformly on the entire sample while sample preparation has an evident 

impact. A uniform preparation method has been established for all samples from the results obtained 

by applying it to the entire set of samples obtaining accuracy, repeatability and reproducibility, as 

well as the reliability of the spectroscopic data. The standardization of the preparation method allows 

accurate analysis of the infrared spectra in order to evaluate the conservation status of the samples, 

aimed at the possibility of molecular extraction. 

A precise evaluation of the diagenetic bone alteration was carried out through an analytical approach 

applied to the study of the finds and their burial environment, investigating type and extent, as well 

as their dependence on the climatic and local conditions of burial. 

The development of a pre-screening method first involved the evaluation of a broad model of 

universal diagenetic alteration of osteological samples (discussed in Chapter 3), comparing the 

behavior of the organic and inorganic phase on a large and diverse set of finds. From extremely altered 

archaeological samples to fresh and modern bones, the sensitivity and efficacy of the infrared 

phosphate peak width (FW85%) was evaluated including it as the most predictive parameter on the 

degree of alteration of the bone system. 

These characteristics determined the choice of using the peak width to monitor bioapatite 

crystallinity. Phosphate peak width was shown to effectively describe the chemical environment of
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bioapatite crystallites by monitoring minimal changes in the chemical composition and structure of 

crystal lattice. 

As evidenced by the data obtained in Chapter 3, the parameter FW85% is not only indirectly 

indicative of the quantity of carbonate in the crystal lattice but is sensitive to the presence of collagen 

with which the recrystallization of bioapatite is intimately connected. 

Furthermore, FW85% provides a reliable evaluation of the osteological material properties even in 

subsamples coming from the same necropolis with minimal variations of FW85% assuming different 

biomechanical and chemical properties. 

The survey carried out gave the opportunity to identify the potential of some IR parameters compared 

to others widely used in the literature. The sensitivity of the phosphate peak width, for the purposes 

of research, was evaluated using it for the selection of less diagenized and less altered samples useful 

for stable isotope analysis or the extraction of ancient DNA. Although the bone samples can undergo 

different levels of alteration (e.g. due to particular environmental and burial conditions), the analyzed 

data shows that diagenesis acts according to a generalized model, progressively losing collagen, a 

structural carbonate with consequent strong recrystallization of the apatite characterized by a higher 

structural order. From the research carried out, it was possible to confirm that diagenesis produces 

the same effects despite the fact that different locations, types of bone tissue, chronology and 

diagenetic pathways cause alterations of different entities and degree of intensity. 

The comparison between the AmI/PO4
3- and AmII/PO4

3- absorption bands (illustrated in Chapter 3), 

characteristic of the peptide bond, was used to monitor the presence/absence of the organic matter 

distinguishing the altered samples that present only structural or weakly bound water. Samples 

containing conspicuous or small quantities of collagenous material, from results obtained, follow a 

single trend that can be reasonably approximated by a linear regression model. 

Results show that the parameter used mainly in literature, AmI/PO4
3-, is a very useful tool for 

quantifying the presence of collagen preserved in the bone system but is not very reliable for those 

highly degraded samples which, due to environmental and burial conditions, are free of organic matter 

and contain mainly structural water. Archaeological bones can incorporate water within the bone 

structure, the signal of which overlaps the amide band. In this regard, AmI/PO4
3- - AmII/PO4

3- could 

be a useful and more sensitive comparison between two parameters for discriminating well samples 

with collagen from those without. On these promising bases, a pre-screening method was developed 

with particular regard to the organic component as it is still controversial whether the organic
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component protects the survival of ancient DNA rather than the inorganic component or vice versa, 

for samples destined for genetic, isotope and radiocarbon analyzes. 

The data provided by parameters used gave way to effectively determine the degree of alteration of 

the examined samples. Samples which had high values of FW85% and of organic matter content were 

considered promising for DNA extraction. Their predictive values for determining the 

presence/absence of genetic molecules were evaluated using a multiple linear model (lm). In Chapter 

4, the results showed that, among the variables considered, AmI/PO4
3- is not representative of the 

model unlike the more indicative variable, FW85%. 

The FW85% parameter has a high potential probably determined by its previously specified intrinsic 

properties. 

In conclusion, from this model, the infrared parameter of the phosphate peak width (FW85%) could 

have a greater predictive power for the presence/absence of DNA and in the future it can be used to 

evaluate the extraction potential of sequenceable genetic molecules from archaeological bone 

samples. 

All selected samples produced sequenceable aDNA but with high variability in terms of endogenous 

DNA yields. To ascertain whether the quality of the collagen was indicative of the amount of 

extractable aDNA, a multi-analytical analysis by Infrared spectroscopy and Mass Spectrometry of the 

lyophilized collagen extracted from bone samples previously sequenced was carried out. 

From the spectral data it emerged that the altered amide I signal has a much more marked shoulder 

(~ 1720 cm-1) on highly diagenized samples and this alteration affects the good isotope yield (C: N 

atomic ratio) resulting in a worse quality of the collagen. In fact, the shoulder is a signal of increased 

denaturation of the carbonyl of proteins. This alteration was confirmed by analyzing from the IR 

spectra the amide I sub-bands at 1660 cm-1 and 1690 cm-1 related to the maturity of collagen cross- 

links (Paschalis et al., 2001). 

The values 1660: 1690 cm-1 are negatively correlated to the quality of the collagen: the lower the 

ratio between these areas of the amide I bands, the greater degenerative state of the collagen confirmed 

by the presence of the vibrational band of the carbonyl compounds (~ 1720 cm -1) and by the atomic 

ratio C: N (Martínez Cortizas and López-Costas, 2020). 

For the careful selection of samples intended for analysis of stable isotopes, it is possible to evaluate 

the suitability of the finds by means of IR spectroscopy in two distinct phases. Initially, the state of 

conservation of the find can be examined by evaluating the state of alteration of the organic and 

inorganic component by means of infrared measurements of the bone sample and subsequently, if the
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quantity of collagen is considered sufficient, it is possible to deepen the pre-screening by analyzing 

the structure polypeptide before laboratory analysis. 

From the research performed in Chapter 4, it can be concluded that the collagen structure could be 

used as a pre-screening for paleonutritional studies or radiocarbon dating while no correlation was 

found with aDNA yields. 

The quantity/quality of endogenous DNA may not be predictable due to the influence of local 

environmental factors while the FTIR signal measurement of the phosphate peak width can predict 

the presence/absence of DNA, but it is still difficult to fully describe what it is a multifactorial process. 

The case of study reported in Chapter 5 multidisciplinary analyzes were carried out on the medieval 

sacred remains of the body of Saint Theobald, which, according to historical sources, has never 

undergone post-mortem alterations linked to the funerary environment (Soffiantini, 2014). 

The investigations carried out on its remains were of a physical, anthropological and 

paleopathological type and infrared spectral analysis were carried out to determine its state of 

conservation and to define whether the sample was suitable for radiocarbon analysis. Finally, the 

features of the saint's face were reconstructed through the elaboration of a 3D virtual model of the 

forensic skull. 

The investigation methodologies applied to the bone material in Chapters 4 and 5, gave way to 

evaluate the state of conservation of the skeletal remains, which were in an excellent state of 

conservation. In conclusion, the pre-screening analysis indicates that the collagen contained in the 

remains of the saint are in a good state of preservation although the organic component has undergone 

denaturation (observable through 1660 cm-1 and 1690 cm-1 sub-bands analysis) of proteins. The 

amount of collagen preserved in the archaeological sample is comparable to that of the fresh bone, 

while analysis of amide I sub-bands shows its quality of preservation where it is evident that a 

denaturation has occurred. 

The analysis at 14C confirmed what had previously been estimated: the quantity of the collagen 

available was found to be equal to 9.7%, indicative of a good state of preservation. 

This research has highlighted the importance and potential of a multidisciplinary approach applied to 

samples of archaeo-anthropological and molecular interest. 

Despite the failure to develop a pre-screening method on archaeological bones that could accurately 

determine the amount of preserved and sequenceable genetic material, a general diagenesis model 

that accurately describes the alteration of samples for their careful evaluation and selection was 

outlined.
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More sensitive and precise parameters to describe the state of conservation of the osteological finds 

were identified and, through their application, the hypothesis that the ancient DNA, preserved in the 

archaeological bones, is preferentially linked to the inorganic component than to the organic one was 

confirmed and strengthened. In addition, a pre-screening method was devised to identify suitable 

samples for isotopic, radiocarbon and genetic analysis. In particular for latter case, the research 

carried out has identified a parameter that provides a predictive response in terms of the 

presence/absence of aDNA. 

Taking into account the results here obtained, the research could be extended by investigating more 

deeply the post-mortem DNA-bioapatite relationship and if there is a chemical interaction functional 

to its conservation during diagenetic processes. This aspect could consequently lead to shed light on 

the mechanisms of collagen preservation and whether the diagenetic processes involved can similarly 

affect the preservation of DNA as well. 

Future studies, useful both in molecular-anthropological and forensic fields, could clarify where and 

how ancient DNA is preserved in bone and how diagenetic alterations affect its preservation. The 

research could also be extended to paleoanthropological finds, such as Neanderthals and other archaic 

human relatives. 

 

Figure 1. Flowchart showing bone pre-screening method 
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Abstract

The geographical location and shape of Apulia, a narrow land stretching out in the sea at the South of Italy, made this
region a Mediterranean crossroads connecting Western Europe and the Balkans. Such movements culminated at the

beginning of the Iron Age with the Iapygian civilization which consisted of three cultures: Peucetians, Messapians, and

Daunians. Among them, the Daunians left a peculiar cultural heritage, with one-of-a-kind stelae and pottery, but, despite
the extensive archaeological literature, their origin has been lost to time. In order to shed light on this and to provide a

genetic picture of Iron Age Southern Italy, we collected and sequenced human remains from three archaeological sites

geographically located in Northern Apulia (the area historically inhabited by Daunians) and radiocarbon dated between
1157 and 275 calBCE. We find that Iron Age Apulian samples are still distant from the genetic variability of modern-day

Apulians, they show a degree of genetic heterogeneity comparable with the cosmopolitan Republican and Imperial

Roman civilization, even though a few kilometers and centuries separate them, and they are well inserted into the Iron
Age Pan-Mediterranean genetic landscape. Our study provides for the first time a window on the genetic make-up of pre-

Roman Apulia, whose increasing connectivity within the Mediterranean landscape, would have contributed to laying the

foundation for modern genetic variability. In this light, the genetic profile of Daunians may be compatible with an at least
partial autochthonous origin, with plausible contributions from the Balkan peninsula.

Key words: ancient DNA, Dauni. Iron Age, Southern Italy.

Introduction

TheMediterranean’s IronAge populations, between 1100 and
600 BCE, lived in a time of previously unprecedented connec-
tivity (Hodos 2020). Although the technological advances in
seafaring had allowed great opportunities for long-distance
mobility just a fewmillennia earlier, it was during the Iron Age
that the cosmopolitan role of Mare Nostrum arose, by pro-
moting the spreading of cultures, goods, languages, technical
advances as well as heterogeneous ancestral genetic compo-
nents coming from far and wide (Abulafia 2011; Hodos 2020).

Notable examples of such distant connections are the Greek
and Phoenician settlements across the Central and Western
Mediterranean shores beginning from the 9th and 8th cen-
turies (Fernandes et al. 2020; Marcus et al. 2020).

The Iron Age is conventionally marked as beginning 950
BCE in the Italian peninsula and its Tyrrenian islands (Nijboer
2006; Hodos 2020; Aneli et al. 2021). These areas too joined
the cosmopolitan wave sweeping across Southern Europe, by
hosting numerous trading posts along its shores. A patchwork
of communities appeared in this period within the Italian
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borders, each characterized by unique and well-defined cul-
tures and identities, which were later encapsulated and
blurred by the Roman colonization. The shift from
Republican to Imperial Rome, with the consequent inclusion
of non-Roman civilizations from and beyond the Italian pen-
insula, has already been shown to be connected with a major
eastward genetic shift in Central Italian samples (Antonio
et al. 2019). Genetic material from Imperial Romans from
Central Italy is indeed the first to colocalize with contempo-
rary Italians in a Principal Component space, pointing to this
time period (after 27 BCE) as a crucial one in shaping con-
temporary Italian genetic makeup. Whether such a shift can
also be observed in the rest of the Italian peninsula and how
the Republic to Imperial transition may have impacted the
genetic landscape of local, pre-Roman populations remains
an open question.

Despite the numerous written records and archaeolog-
ical findings, questions about Iron Age populations, their
origins, and mutual relationships remain unanswered.
Among the many groups occupying Italy in the Iron Age,
the Daunians, a Iapygian population from northern Apulia,
were first mentioned in the 7–6th century BCE (Lombardo
2014; Norman 2016). Similarly to their neighboring popu-
lations, Peucetians and Messapians (living in central and
southern Apulia, respectively), the name of the Daunians
comes from ancient Greek documents and, given the ab-
sence of written Daunian records, the scant information we
have on their social, political, and religious life are wholly
reliant upon the material record, such as their one-of-a-
kind stelae (Norman 2016). For instance, we know that they
were mainly farmers, animal breeders, horsemen, and mar-
itime traders with an established trade network extending
across the sea with Illyrian tribes (Tagliente 1986; Kirigin
et al. 2010; Norman 2016). A fascinating aspect of this pop-
ulation, as opposed to their neighbors in Apulia, was their
tenacious resistance to external influences. For instance,
they did not acquire either social or cultural Hellenic ele-
ments and no Greek alphabet inscriptions have been found
in their settlements. Indeed, they retained a strong cultural
identity and political autonomy until the Roman arrival in
the late 4th–early 3rd century BCE (Norman 2016).

Despite the extensive archaeological literature, their origin
has been lost to time and, as early as in the Hellenistic period,
various legends already existed connecting them to either
Illyria (an ancient region broadly identifiable with the
Balkan peninsula), Arkadia (present-day Peloponnesus), or
Crete (Lombardo 2014; Norman 2016).

To shed light on this population and provide a glance of
the Iron Age genetic landscape of the Southern Italian pen-
insula, we collected human remains from three Iron Age
necropoleis geographically located within the area histori-
cally inhabited by Daunians:Ordona (ancient Herdonia), one
of the largest settlements estimated at 600 hectares
(Norman 2016), Salapia, and San Giovanni Rotondo
(fig. 1A). Here, we provide for the first time a genetic inves-
tigation of Iron Age Apulian individuals associated with the
Daunian culture, offering insight into the genetic landscape
of pre-Roman Southern Italy.

Results

We extracted DNA from 34 human skeletal remains (petrous
bone¼ 23 and teeth¼ 11) from three necropoleis
(Ordona¼ 19; Salapia¼ 12; San Giovanni Rotondo¼ 3; here-
after ORD, SAL, and SGR, respectively) at the Ancient DNA
Laboratory of the Institute of Genomics, University of Tartu in
Estonia (supplementary data 1A, Supplementary Material on-
line), processing between 250 and 1,200mg of bone material
for each sample. All three necropoleis are geographically lo-
cated less than 50 km from each other in modern Apulia,
Southeastern Italy. Ordona and Salapia are archaeologically
dated to the Daunian period (6th–3rd century BCE) except
one individual (ORD010) archaeologically dated to the
Mediaeval time period (which in Europe dates approximately
from the 5th to the late 15th century CE) (fig. 1B). Based on the
museum record, the samples from the San Giovanni Rotondo
necropole have been archaeologically inferred to be from the
Iron Age period. After excluding 13 samples due to low DNA
concentration (<0.5 ng/ml) and screening 21 libraries at a low
depth (620M reads per library), we additionally sequenced to
higher depth 16 libraries with endogenous DNA between
1.81% and 38.82% and mitochondrial DNA-based (mtDNA)
contamination estimated at less than 2.89% (supplementary
data 1A, Supplementary Material online).

The sequencing runs were merged resulting in 16 individ-
uals for genome-wide analysis: eight from Ordona, five from
Salapia, and three from San Giovanni Rotondo. The final data
set includes individuals with an average genomic coverage
between 0.031 and 0.995� and a number of single-nucleotide
polymorphisms (SNPs) overlapping with Human Origins
1240k between �40,000 and �810,000 (supplementary
data 1A, Supplementary Material online).

Out of those 16 individuals, we selected ten individuals
based on their proximity within the principal component
analysis (PCA) space (fig. 1C) for radiocarbon dating and
estimated their age between 1157 and 275 calBCE with a
median date of 521 calBCE (supplementary data 1B,
Supplementary Material online). The radiocarbon dates
confirm the archaeological dates of individuals from
Salapia and Ordona as well as the Iron Age affiliation of
the two San Giovanni Rotondo samples (SGR002 and
SGR003). Two additional samples (ORD010 and SGR001)
with a shift toward the Near East in the PCA (fig. 1C) were
radiocarbon dated to 995–1156 calCE (95.4%) and 670–774
calCE (95.4%), respectively (supplementary data 1B,
Supplementary Material online). Based on their dates, the
samples were used as an external control for further anal-
yses focusing on Iron Age Apulia (IAA).

We determined the mitochondrial DNA (mtDNA) haplo-
type of each individual and the Y chromosome (Ychr) hap-
logroup for nine male individuals (see Materials andMethods
and supplementary data 1A, C, and D, Supplementary
Material online). We found that the mtDNA haplotypes
mostly belong to the mtDNA lineages H1, H5, K1, and U5,
haplotypes found in previous studies of individuals from this
time period in the Italian Peninsula (Antonio et al. 2019).
Besides the Ychr haplogroup R1b, which is the most frequent
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FIG. 1. Geographical location, dating, and genetic structure. (A) Geographical location of the newly generated Apulian ancient individuals (green,

red, and blue diamonds and triangles) and other published Iron Age samples from Italy and surrounding areas (color scale mirroring their “years

before present” dates). (See also table 1 and supplementary data 1 and 2, Supplementary Material online.) (B) Dating and number of SNPs from

1240K set covered. Samples with thick edges have been radiocarbon dated (mean presented), whereas for the others, we represented their

archaeological dating (table 1 and supplementary data 1B, SupplementaryMaterial online). (C) PCA of newly generated individuals with reference

ancient individuals projected onto the genetic variation inferred from modern-day Western Eurasian populations (supplementary data 2 and 3,

SupplementaryMaterial online). For the ancient reference populationswhich have not been attributed to the IronAge, we plotted their centroids.

Genetic Origin of Daunians . doi:10.1093/molbev/msac014 MBE
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haplogroup during the Bronze Age in the Italian Peninsula
and on the islands Sardinia and Sicily (Allentoft et al. 2015;
Haak et al. 2015; Antonio et al. 2019; Fernandes et al. 2020;
Saupe et al. 2021), we found the Ychr lineages I1-M253, I2d-
M223, and J2b-M241. The haplogroup I2d-M223 was one of
themain Y chromosome lineages inWestern Europe until the
Late Neolithic whereas J2b-M241 first appears in the Bronze
Age (Allentoft et al. 2015; Mathieson et al. 2015;
Schuenemann et al. 2017; Fernandes et al. 2020; Marcus
et al. 2020). We found one Early Mediaeval individual
(SGR001) belonging to haplogroup I1-M253, which is com-
mon in Northern Europe and previously also detected in a
6th Century Langobard burial fromNorth Italy (Amorim et al.
2018).

We used READ (Monroy Kuhn et al. 2018) to identify pairs
with first or second degree of genetic relatedness from auto-
somal data (see Materials and Methods and supplementary
data 1E–H, Supplementary Material online, for details, sup-
plementary fig. 11, SupplementaryMaterial online).We found
one first-degree relationship between the two female individ-
uals ORD001 (age: 9–11 years, 779–544 calBCE; 95.4%) and
ORD009 (age: 40–45 years, 749–406 calBCE; 95.4%) from
Ordona sharing the identical mtDNA haplogroup H5c and
indicating amother–daughter or full sibling relationship (sup-
plementary data 1 and fig. 1A and B, Supplementary Material
online).

The Making of Modern Italians
To explore the genetic make-up of the IAA population, we
performed a PCA projecting the ancient individuals onto the
genetic variation of modern Eurasian samples (fig. 1C and
supplementary data 2 and 3, SupplementaryMaterial online).
Our samples are largely scattered between modern peninsu-
lar Italians and Sardinians, and, in contrast to what was gen-
erally described (Schiffels et al. 2016; Saag et al. 2019) for other
European Iron Age populations (e.g., Northern_Europe_IA,
Western_Europe_IA, and Levant_IA in fig. 1C), they are still
clearly distant from the genetic variability of modern-day
inhabitants of Apulia. The downward shift of Iron Age
Apulians from the present-day ones is further confirmed by
the significantly negative f4(Modern Apulians, IAA; X, Mbuti),
where X is a Neolithic/Chalcolithic/Copper Age population
(fig. 2A and supplementary data 4, Supplementary Material
online).Within the heterogeneity reported by the PCA, which
does not mirror the archaeological sites, the two Mediaeval
individuals are shifted toward modern Middle Eastern and
Caucasus populations (ORD010 and SGR001), whereas the
others are stretched along the PC2. This pattern partially
mirrors the chronological date with the most recent being
more similar to present-day Southern Europeans and is fur-
ther strengthened when considering the PC3 distribution
(supplementary fig. 2, Supplementary Material online).
Three samples located at the bottom of the PCA (ORD004,
ORD019, SAL007) and one (SAL010) falling in the middle did
not include modern Apulians among the top 25 results of an
f3 outgroup analysis (supplementary fig. 3, Supplementary
Material online). All of them showed an affinity to Copper
and Bronze Age Italians (Saupe et al. 2021) as well as the

Aegean and the Mediterranean worlds (including Minoans,
Greece, Croatians, and Gibraltar). A similar distribution is
mirrored in the multidimensional scaling (MDS) built from
the f3 outgroup measures, where the oldest IAA individual
(SAL001: 1260–1048 calBCE; 95.4%) lies farthest from the
modern samples, whereas the Mediaeval ones (ORD010
and SGR001) are the closest (supplementary fig. 4,
Supplementary Material online). An additional MDS plot is
reported in supplementary figure 5, Supplementary Material
online: There, we computed the median distances from the
centroid of the IAA samples (excluding the two Mediaeval
samples), the Roman Imperials and the Republicans, obtain-
ing 0.0093, 0.0140, and 0.0101, respectively. Notably, the dis-
tance distributions were not statistically different, thus
suggesting that the extent of genetic heterogeneity of IAA
individuals is comparable to that of the cosmopolitan
Republican and Imperial Roman samples, the latter having
experienced a remarkable degree of admixture with foreign
Mediterranean groups, pushed by strong geopolitical contin-
gencies (Antonio et al. 2019). We also investigated whether
the coverage was somehow responsible for the sample scat-
tering by computing the Pearson correlation between the
coverage itself and the distance from the IAA centroid. We
found out that the two measures are not correlated
(R¼�0.17, P¼ 0.57), thus showing that most of the sample
variation was not due to technical reasons (supplementary
fig. 6, Supplementary Material online).

The peculiar positioning of the IAA individuals casts doubt
on when the major population shift resulting in modern
Italian genetic composition took place. The shift toward the
modern Italian genetic variability can be seen with the
Republican-Imperial Roman samples (Antonio et al. 2019),
the latter being more “similar” to modern Italians (fig. 1C).
Whether Apulian individuals dating back to the Republican
or Imperial phase would also show a repositioning toward
modern genetic variability remains an open question, al-
though the later Mediaeval samples of this study point to
population changes having taken place after the Iron Age in
the area.

The Pan-Mediterranean Genetic Landscape of IAA
The geographic location of Apulia, a narrow peninsula
stretching out in the sea at the South of Italy, has made
this region an important Mediterranean crossroads connect-
ing Western Europe, the Balkans, the Aegean, and Levant
worlds. This is reflected in the PCA where IAA individuals
are closely related to other Iron Age populations from the
Mediterranean and surrounding areas (e.g., Montenegro,
Bulgaria, and Sardinia) (fig. 1C and supplementary fig. 4,
Supplementary Material online). Nomadic or cosmopolitan
groups scatter like IAA: three Punic individuals from Sardinia
(Italy_Sardinia_IA_Punic; Marcus et al. 2020), three Moldova
Scythians already reported to be genetically similar to
Southern Europeans (Krzewi�nska et al. 2018), Spanish individ-
uals from the Hellenistic and the Romans periods (Olalde
et al. 2019), and an individual from the 12th century Iron
Age Ashkelon (Feldman, Master, et al. 2019) which clusters
with ORD001.
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FIG. 2. Genetic relationship of Iron Age andMiddle Age Apulians and their ancestral composition. (A) Heatmap representing the Z score values of

f4(Modern Apulia, IAA; X,Mbuti), where X is an ancient Italian population.We also added the twoMiddle Age samples for comparison. Tests with

Z scores between�3 and 3 or with less than 5,000 SNPs were not included (P, Palaeolithic; M, Mesolithic; N, Neolithic; C, Chalcolithic; CA, Copper

Age; BA, Bronze Age; IA, Iron Age; A, Antiquity). (B) qpAdm proportions of ancient Apulian samples and other reference populations (Modern

Apulians, Minoans, Croatia_EIA, and the Roman individuals from the Republican and the Imperial period) using “base” sources: Caucasus and

Western hunter-gatherer component (HG), Anatolia Neolithic (Anatolia_N), Iranian Neolithic (Iran_N), Steppe-related ancestry. (C) qpAdm

proportions using also the Minoans as source (Materials and Methods). In (B) and (C), we plotted the model with the highest number of sources

and P value (complete results may be seen in supplementary fig. 7, Supplementary Material online).
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In order to shed light onto the genetic composition of the
IAA individuals, we modeled them as a combination of the
main ancestries documented across Western Europe at that
time: Western Hunter-Gatherers (WHG), Anatolian Neolithic
(AN), Steppe-related and, interchangeably, Caucasus Hunter-
Gatherers (CHG), or Iranian Neolithic (IN) using the qpWave/
qpAdm framework (fig. 2B and supplementary fig. 7A,
Supplementary Material online, and Materials and
Methods). Broadly, the contributions of such ancestries to
the genetic variability of ancient European populations vary
according to their geographical positions: in particular, north-
ernmost locations received higher proportions of WHG,
Steppe-related ancestry and, consequently, CHG ancestries,
whereas Southern European groups carried variable Iranian
Neolithic or CHG traces (Lazaridis et al. 2014). In view of this,
we observed that although the IAA individuals could gener-
ally be modeled as a two-way admixture between AN and
Steppe (0.636 0.08 and 0.376 0.08, respectively), the alter-
native model AN þ CHG/IN could also fit for a subset of
them, particularly in case of the samples ORD004, ORD010,
and SAL010 with higher or comparable P values (supplemen-
tary fig. 7A, SupplementaryMaterial online, first row with two
sources). When three or four sources were tested, the pres-
ence of WHG ancestry in the majority of our individuals
emerges and together with AN, Steppe, and CHG/IN, forms
a supported model for IAA samples (fig. 2B and supplemen-
tary fig. 7A and data 5, Supplementary Material online).
Notably, for the individuals stretching downward in the
PCA (ORD004, ORD019, SGR002, and the Mediaeval
ORD010) a three-way admixture involving AN, Steppe, and
CHG/IN is generally preferable. To better understand the pu-
tative contribution of more recent populations, we modeled
our samples with base sources (WHG, AN, Steppe-related,
and CHG/IN) and, alternatively, Minoans (Odigitria and
Lasithi), Amhara_NAF, and Roman Republicans (fig. 2C and
supplementary fig. 7B–D, SupplementaryMaterial online, and
Materials and Methods). Amhara_NAF can be used as a
proxy for the non-African component in modern Ethiopian
individuals that was tentatively linked to the Sea People, a
Bronze Age nomadic seafaring population (Feldman, Master,
et al. 2019; Molinaro et al. 2019). Together with Minoans and
Roman Republicans, this component can be broadlymodeled
as a Pan-Mediterranean population (constituted by AN and
IN/CHG components) with the addition of WHG and
Steppe-related ancestry in Roman Republicans. When mod-
eled also with Minoans and Amhara_NAF, which roughly
proxies the same ancestral signature, the majority of the
samples required an additional CHG/IN contribution (two-
way admixtures in supplementary fig. 7B and C,
Supplementary Material online) as well as Steppe-related
and WHG. We further observed that, as previously seen,
theWHG contribution is less clear in those samples stretching
downward in the PCA. Although the CHG/IN additional con-
tribution may simply proxy the presence of Steppe-related
ancestry in IAA, the absence of which in Minoans has already
been reported (Lazaridis et al. 2017), the same cannot be said
about Roman Republicans (two-way admixtures in supple-
mentary fig. 7D, Supplementary Material online), which

harbored a considerable amount of Steppe component
(Antonio et al. 2019). However, this signature is not con-
firmed with f4 analyses (supplementary fig. 8B and C,
Supplementary Material online), where just Mycenaean
groups report less CHG ancestry than our samples.

Even taking into consideration some uncertainty, especially
for the samples with lower coverage, the broader picture
emerging from qpAdm analyses is the pervasive presence of
coeval Italian ancestries (Rome Republicans), as well as previ-
ous Bronze Age sources (Minoans and Sea People) spread far
and wide across theMediterranean Sea. In such a melting pot
scenario, the genetic heterogeneity of IAA individuals, who
lived in close temporal and geographical proximity, stand out
(fig. 1C and supplementary figs. 4 and 9, Supplementary
Material online). An example of the cosmopolitan nature of
Iron Age Mediterranean is the first-degree relationship be-
tween ORD009 and ORD001, whose positions in the PCA
strikingly differ, with the individual ORD001 being stretched
toward Middle Eastern and Caucasus modern populations,
potentially as a consequence, in case of a mother–daughter
relationship, of the foreign origin of the father (fig. 1C and
supplementary fig. 4, SupplementaryMaterial online). F4 anal-
yses in the form f4(ORD009, ORD001; X, Mbuti) report a
slightly significant (Z score between �2 and �3) excess of
Greece_N, Portugal_LN_C, Lebanon_Roman, and
Italy_Sicily_EBA in ORD001, which may explain its eastward
shift (supplementary fig. 10A, Supplementary Material on-
line). Moreover, ORD001, together with SGR002, but not
ORD009 harbored more CHG when compared with
Lebanon_Hellenistic and Lebanon_IA3 samples, respectively
(supplementary fig. 10C, Supplementary Material online).

We also investigated whether the PCA scattering was due
to varying African or Levantine contributions with f4(Rome
Republican, IAA, Levant_N/YRI, Mbuti) and tried the
same on Mediaeval ancient Apulians (ORD010 and
SGR001). However, none of the tested ancient Apulians
shows a significant excess of YRI ancestry when compared
with the contemporary Roman Republicans, even though
ORD014, SAL007, and SAL011 show negative f4 values with
a Z score between �2 and �3 (supplementary fig. 10B,
Supplementary Material online).

The Origin of Daunians
The apparent genetic heterogeneity of IAA individuals con-
nected to the Daunian population and the cosmopolitan
landscape of Iron Age Mediterranean populations hinder a
full reconstruction of the demographic processes leading to
the Daunians. Nevertheless, a few milestones can be spotted.

When we performed f3 analyses to investigate the nearest
possible source for each IAA individual using Minoans, Iron
Age Croatians, and the local Roman Republicans (fig. 3A), we
found that none of the IAA individuals shows higher affinities
with Minoans. Three of them, which clustered close to mod-
ern Italians in the PCA (ORD001, ORD014, and SGR003,
fig. 1C), show higher affinity with the Iron Age Croatian sam-
ple (ORD004 followed this pattern too, but with lower f3
values). However, the remaining majority are closest to the
Roman Republicans, which can be interpreted as

Aneli et al. . doi:10.1093/molbev/msac014 MBE
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representative of local Iron Age peninsular Italy ancestry, as
also indicated by our MDS results.

Moreover, theWHG contribution, which was a necessary
component to explain IAA and Roman Republicans accord-
ing to qpAdm output, is absent fromMinoans and Iron Age
Croatians, thus making it a putative signature of an at least
partial autochthonous origin (fig. 2B and C and supplemen-
tary fig. 7, Supplementary Material online). These results are
confirmed for Minoans, but not for Croatia_EIA, by the f4
analyses (fig. 3B and supplementary fig. 8A and data 6,
Supplementary Material online). Indeed, the significantly
negative f4(Minoans, IAA; WHG, Mbuti) (fig. 3B and supple-
mentary fig. 8A, Supplementary Material online), as well as
the f4(Greece_Minoan_Lassithi/Greece_BA_Mycenaean/
Greece_BA_Mycenaean_Pylos, IAA; X, Mbuti), reported a
significant excess of WHG ancestry (X being Tagliente2,
Loschbour, Italy_Central_M, Switzerland_Bichon, and so
on) in all IAA individuals, with the exception of ORD004,
SAL001, and SGR003 (also the Mediaeval samples ORD010
and SGR001 deviate from this pattern, supplementary data
6, Supplementary Material online). An excess of Bronze Age
Steppe-related component, which at that time was already
present along the Italian peninsula (Saupe et al. 2021), was
clearly present in SGR002, ORD006, and ORD009 by the
f4(IAA, Greece_Minoan_Lassithi; X, Mbuti) (supplementary
data 6, Supplementary Material online).

The excess of WHG ancestry, tentatively suggesting a local
origin, is somewhat blurred by the genetic similarity of the two
most probable sources—Illyrians (Croatia EIA) and an autoch-
thonous one (Roman Republicans), which together make part
of the same Mediterranean continuum. Indeed, although
no significantly negative f4(Croatia_EIA, IAA; X, Mbuti) values
have been found (with the exception of X being Italy_C_BA,
Italy_Iceman_CA, Portugal_MBA, and Anatolia_MLBA in
SAL007, which retains the highest proportion of AN in
qpAdm in fig. 2B and supplementary fig. 7, Supplementary
Material online), the same pattern is obtained when IAA indi-
viduals are compared with Roman Republicans (f4(Roman
Republicans, IAA; X, Mbuti), supplementary data 6,
Supplementary Material online). Imperial individuals from a
few centuries later (f4(Rome_Imperial, IAA; X, Mbuti)) show
quite the opposite pattern: no positive results have been pro-
duced with the exception of ORD004 (X¼ Lebanon_Roman),
SAL001 (X ¼ Italy_Sardinia_Roman_o), SAL010
(X ¼ Russia_LateMaikop), and ORD010. Conversely, the neg-
ative f4 values point toward WHG, Neolithic, and Bronze Age
Steppe-related ancestries (supplementary data 6,
Supplementary Material online).

Another signal coming from qpAdm analyses is the appar-
ent excess of CHG ancestry in IAA; however, the predominant
contribution of CHG to the Steppe-related ancestry that, by
the Iron Age, had already spread to the Mediterranean area

FIG. 3. Genetic affinities of Iron AgeApulian samples with the putative populations of origin: Minoans (Minoan_Lassithi), Illyrians (here proxied by

the Croatia_EIA individual), and the RomanRepublicans (here proxying the autochthonous IronAge Italian ancestry). (A) Outgroup f3 statistics of

IAA samples compared with the putative Daunian sources. Samples have been sorted and grouped according to the source whose f3 values were

higher. (B) Heatmap showing the Z score values of f4(putative sources, IAA_P; X, Mbuti), where X is an ancient Italian population and IAA_P is the

entire set of Iron Age Apulian samples taken together. Tests with Z scores between�3 and 3 or with less than 5,000 SNPs were not included (P,

Palaeolithic; M, Mesolithic; N, Neolithic; C, Chalcolithic; CA, Copper Age; BA, Bronze Age; IA, Iron Age; A, Antiquity).
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makes it hard to properly detect a CHG signature indepen-
dent from the Steppe wave, possibly brought by pan-
Mediterranean influxes. When directly investigated with an
f4 framework, IAA shows generally more CHG than
Mycenaean, less CHG than contemporary Croatian_EIA
and, in some cases (ORD019, SGR002, and the Mediaeval
SGR001 with Z scores higher than 2) more CHG than older
Croatian samples (_N ¼ Neolithic and _MN ¼ Middle
Neolithic) (supplementary fig. 8, Supplementary Material
online).

Discussion

The new genomic sequences of Daunian samples reveal that
Iron Age (pre-Roman) Southern Italy (Apulia) can be placed
within a Pan-Mediterranean genetic continuum that
stretches from Crete (Minoans; Lazaridis et al. 2017) and
the Levant (Sea People; Feldman, Master, et al. 2019;
Molinaro et al. 2019) to the Republican Rome and the
Iberian Peninsula (Antonio et al. 2019), mainly composed
by AN and IN/CHG genetic features with the addition of
WHG and Steppe-related influences in Continental Italy. Pre-
Roman Italian populations, being part of this broader land-
scape, are not directly superimposable with contemporary
Italians which instead seem to be influenced by the homog-
enizing effect of Imperial Roman and late Antiquity events.

Within the described Pan-Mediterranean landscape, the
IAA/Daunians show a sizeable heterogeneity, comparable to
the one of the broader and cosmopolitan Republican and
even more so Imperial Roman civilization, and the highest
genetic affinity to Republican Romans and IronAge Croatians,
whereas Minoans and other Iron Age Greek samples show
absent or reduced WHG contribution when compared with
IAA. This makes a Cretan or Arkadian origin less likely, even
though some tales have connected themwith the Greek hero
Diomedes and many ancient historians have claimed such
origins for their neighbor Messapians and Peucetians.

The Daunians maintained strong commercial and political
relations with the Illyrian people, controlling together the area
spanning from theDalmatia to theGargano peninsula (Kirigin
et al. 2010) and had many cultural affinities with them (Nava
and Descoeudres 1990). The material culture, involving pecu-
liar anthropomorphic statue stelae, has provided some infor-
mation on Daunian culture and may also help in unraveling
their mysterious origin. In particular, the forearm decorations
on a female stela have been interpreted as tattoos and,
whereas tattooing practices were considered barbarian
among the Greeks (Jones 1987), they were customary in pop-
ulations from Tracia and Illyria and, more generally, among
the women of status from the Balkans (Norman 2011, 2016).

It is not clear whether these connections indicate a move-
ment of people or a sharing of cultural ideas and a conclusive
answer to the origin of the Daunians remains elusive. From a
parsimony perspective, the genetic results point to an au-
tochthonous origin (e.g., a genetic continuity of Daunians
with the population that inhabited the area prior to the ex-
amined historical period), here mainly marked by the pres-
ence of WHG signature, although we cannot exclude

additional influences from Croatia (ancient Illyria), as de-
scribed by available historical sources and by the material
remains (De Juliis 1988; Norman 2016).

Materials and Methods

Samples Information and Ethical Statement
The ancient human remains analyzed in this work belong to
the collections of theMuseum of Anthropology, University of
Padua and have been found and cataloged by different ar-
chaeological campaigns carried out during the 20th century.
Given the samples were kept at the Museum of
Anthropology of the University of Padova, we informed the
territorially competent Soprintendenza (Soprintendenza
Archeologia, Belle Arti e Paesaggio per l’Area metropolitana
di Venezia e per le Province di Belluno, Padova e Treviso)
about our sampling strategy and scientific research project,
which was approved and our communication assigned the
following protocol numbers: prot. 27903 (September 10,
2020) and prot. 29131 (November 23, 2020).

Ordona

The necropolis of Herdonia (today’s Ordona, within the
Apulian Foggia province in Italy) was studied by different
archaeological campaigns interested in the Daunians,
Roman as well as the Mediaeval settlements in 1978 and
1981 (Corrain 1986). The human remains collected on such
occasions were later extensively cataloged and studied and
new paleopathological evidence was also brought back to
light (Scaggion and Carrara 2016). Inhabited starting from
the Neolithic period, Herdonia became an important
Daunian center from the 6th century BCE.

For this study, in collaboration with the University of
Padova and Museum of Anthropology of Padova, samples
of human remains (petrous bone¼ 19) were taken. The sam-
ples ORD001, ORD004, ORD006, ORD009, ORD010, and
ORD014 were dated at 14CHRONO Centre for Climate, the
Environment, and Chronology in Belfast, United Kingdom
(supplementary data 1B, Supplementary Material online).

Salapia

The necropolis of Salapia, an ancient town located 10 km
from contemporary Cerignola, within the Apulian Foggia
province in Italy. The osteological samples were brought by
Prof. Santo Tin�e to the Museum of Anthropology of the
University of Padova with no further information on the ar-
chaeological context, and osteological studies were carried
out by Cleto Corrain and colleagues in 1971 (Corrain et al.
1972). From this site, samples of 12 human remains (petrous
bone¼ 5, teeth¼ 7) were taken. The samples SAL001,
SAL003, and SAL011 were dated at 14CHRONO Centre for
Climate, the Environment, and Chronology in Belfast, United
Kingdom (supplementary data 1B, Supplementary Material
online).

San Giovanni Rotondo

The San Giovanni Rotondo samples come from the osteo-
archaeological collection of the Museum of Anthropology of
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the University of Padova and are not associated to any further
record with the exception of a broad “Iron Age” archaeolog-
ical label and may be part of the samples brought to the
Museum by Prof. Santo Tin�e in the 1960s. From this site,
samples of human remains (petrous bone¼ 3) were taken.
The samples SGR001, SGR002, and SGR003 were dated at
14CHRONO Centre for Climate, the Environment, and
Chronology in Belfast, United Kingdom (supplementary
data 1B, Supplementary Material online).

DNA Extraction
In all ancient DNA work, we strive to reduce the impact of
destructive sampling and retain as much information for fu-
ture researchers as possible. We sample individuals with mul-
tiple elements present, ideally an antimere to the sample
taken (when possible); we take detailed photographs of ma-
terial prior to sampling; we sample the minimum amount
that is necessary and we use protocols that will allow for
different types of biomolecular or chemical analysis (either
simultaneously or in the future).

All of the laboratory work was performed in dedicated an-
cient DNA laboratories at the Estonian Biocentre, Institute of
Genomics, University of Tartu, Tartu, Estonia. The library
quantification and sequencing were performed at the Core
Facility of the Institute of Genomics, Tartu, Estonia. The
main steps of the laboratory work are detailed below.

In total 34 samples from human remains were extracted
for DNA analysis (supplementary data 1, Supplementary
Material online). The first layer of pars petrous was removed
with a sterilized drill bite to avoid exogenous contamination.
A 10-mm core of the inner ear was sampled from the pars
petrous. The drill bits and core drill were sterilized in between
samples with 6% (w/v) bleach followed by distilled water and
then ethanol rinse. Root portions of teeth were removed with
a sterile drill wheel.

The root and the petrous portionswere soaked in 6% (w/v)
bleach for 5min. Samples were rinsed three times with
18.2 MXcm H2O and soaked in 70% (v/v) Ethanol for
2min. The tubes were shaken during the procedure to dis-
lodge particles. The samples were transferred to a clean pa-
per towel on a rack inside a class IIB hood with the UV light
on and allowed to dry for 2–3 h.

Afterward, the samples were weighed to calculate the ac-
curate volume of EDTA (20� EDTA [ml] of sample mass
[mg]) and Proteinase K (0.5� Proteinase K [ml] of sample
mass [mg]). EDTA and Proteinase K were added into PCR-
clean 5ml or 15ml conical tubes (Eppendorf) along with the
samples inside the IIB hood and the tubes were incubated
72 h on a slow shaker at room temperature.

The DNA extracts (of root portions and pars petrous por-
tions) were concentrated to 250ml using the Vivaspin Turbo
15 (Sartorius) and purified in large volume columns (High
Pure Viral Nucleic Acid Large Volume Kit, Roche) using
2.5ml of PB buffer, 1ml of PE buffer, and 100ll of EB buffer
(MinElute PCR Purification Kit, QIAGEN). For the elution of
the endogenous DNA, the silica columns were transferred to
a collection tube to dry and followed in 1.5ml DNA lo-bind
tubes (Eppendorf) to elute. The samples were incubated with

100ml EB buffer at 37 �C for 10min and centrifuged at
13,000 rpm for 2 min. After centrifugation, the silica columns
were removed and the samples were stored at�20 �C. Only
one extraction was performed per extraction for screening
and 30ml used for libraries.

Library Preparation
Sequencing libraries were built using NEBNext DNA Library
Prep Master Mix Set for 454 (E6070, New England Biolabs)
and Illumina-specific adaptors (Meyer and Kircher 2010) fol-
lowing established protocols(Meyer and Kircher 2010;
Orlando et al. 2013; Malaspinas et al. 2014). The end repair
module was implemented using 18.75ll of water, 7.5ll of
buffer, and 3.75ll of enzyme mix, incubating at 20�C for
30min. The samples were purified using 500ll PB and
650ll of PE buffer and eluted in 30ll EB buffer (MinElute
PCR Purification Kit, QIAGEN). The adaptor ligation module
was implemented using 10ll of buffer, 5ll of T4 ligase, and
5ll of adaptor mix (Meyer and Kircher 2010), incubating at
20�C for 15min. The samples were purified as in the previous
step and eluted in 30ll of EB buffer (MinElute PCR
Purification Kit, QIAGEN). The adaptor fill-in module was
implemented using 13ll of water, 5ll of buffer, and 2ll of
Bst DNA polymerase, incubating at 37�C for 30 min and at
80�C for 20min. Libraries were amplified using the following
PCR set up: 50ll DNA library, 1� PCR buffer, 2.5mMMgCl2,
1mg/ml BSA, 0.2lM inPE1.0, 0.2mM dNTP each, 0.1U/
ll HGS Taq Diamond, and 0.2lM indexing primer. Cycling
conditions were: 50 at 94 �C, followed by 18 cycles of 30 s each
at 94, 60, and 68 �C, with a final extension of 7min at 72 �C.
The samples were purified and eluted in 35ll of EB buffer
(MinElute PCR Purification Kit, QIAGEN). Three verification
steps were implemented tomake sure library preparationwas
successful and to measure the concentration of dsDNA/se-
quencing libraries—fluorometric quantitation (Qubit,
Thermo Fisher Scientific), parallel capillary electrophoresis
(Fragment Analyser, Agilent Technologies), and qPCR.

DNA Sequencing
DNA was sequenced using the Illumina NextSeq500/550
High-Output single-end 75 cycle kit. As a norm, 15 samples
were sequenced together on one flow cell; additional data
was generated for 16 samples to increase coverage (supple-
mentary data 1, Supplementary Material online).

Mapping
Before mapping, the sequences of the adapters, indexes, and
poly-G tails occurring due to the specifics of the NextSeq 500
technology were cut from the ends of DNA sequences using
cutadapt-1.11 (Martin 2011). Sequences shorter than 30 bp
were also removed with the same program to avoid random
mapping of sequences from other species. The sequences
were aligned to the reference sequence GRCh37 (hs37d5) us-
ing Burrows-Wheeler Aligner (BWA 0.7.12) (Li and Durbin
2009) and the command mem with reseeding disabled.

After alignment, the sequences were converted to BAM
format and only sequences that mapped to the human ge-
nome were kept with samtools 1.3 (Li et al. 2009). Afterward,
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the data from different flow cell lanes were merged and
duplicates were removed using picard 2.12 (https://github.-
com/broadinstitute/picard/tree/2.12.1, last accessed January
24, 2022). Indels were realigned using GATK 3.5 (McKenna
et al. 2010) and reads with a mapping quality less than 10
were filtered out using samtools 1.3 (Li et al. 2009).

aDNA Authentication
As a result of degradation over time, aDNA can be distin-
guished from modern DNA by certain characteristics: short
fragments and a high frequency of C¼>T substitutions at the
50 ends of sequences due to cytosine deamination. The pro-
gram mapDamage2.0 (J�onsson et al. 2013) was used to esti-
mate the frequency of 50 C¼>T transitions. Rates of
contamination were estimated on mitochondrial DNA by
calculating the percentage of nonconsensus bases at
haplogroup-defining positions as detailed in (Jones et al.
2017). Each sample was mapped against the RSRS
downloaded from phylotree.org and checked against
haplogroup-defining sites for the sample-specific haplogroup
(supplementary data 1A, Supplementary Material online).

Samtools 1.9 (Li et al. 2009) option stats was used to de-
termine the number of final reads, average read length, and
average coverage. The final average endogenous DNA con-
tent of all individuals (proportion of reads mapping to the
human genome) was 10.39% (0.09–38.82%) (supplementary
data 1A, Supplementary Material online).

Calculating Genetic Sex Estimation
Genetic sex was calculated using the methods described in
(Skoglund et al. 2013), estimating the fraction of reads map-
ping to Y chromosome out of all readsmapping to either X or
Y chromosome. Additionally, sex was determined using a
method described in (Fu et al. 2016), calculating the X and
Y ratio by the division of the coverage by the autosomal
coverage. Here, the sex was calculated for samples with a
coverage >0.01� and only reads with a mapping quality
>10 were counted for the autosomal, X, and Y chromosomes
(supplementary data 1A, Supplementary Material online).

Determining mtDNA Haplogroups
Mitochondrial DNA haplogroups were determined using
HaploGrep2 on the command line. For the determination,
the reads were realigned to the reference sequence RSRS and
the parameter -rsrs were given to estimate the haplogroups
using HaploGrep2 (van Oven and Kayser 2009;
Weissensteiner et al. 2016) (supplementary data 1A,
Supplementary Material online). Subsequently, the identical
results between the individuals were checked visually by align-
ing mapped reads to the reference sequence using samtools
0.1.19 (Li et al. 2009) command tview and confirming the
haplogroup assignment in PhyloTree. Additionally, private
mutations were noted for further kinship analysis. The poly-
morphisms were estimated using the online platform of
HaploGrep2. Here, the variant calling files (vcf) were uploaded
to the online platform and the known polymorphisms in the
RSRS were converted to rCRS (supplementary data 1D,
Supplementary Material online).

Y Chromosome Variant Calling and Haplotyping
A total of 161,140 binary Y chromosome SNPs that have been
detected as polymorphic in previous high coverage whole Y
chromosome sequencing studies (Hallast et al. 2015; Karmin
et al. 2015; Poznik et al. 2016) were called in nine male indi-
viduals with more than 0.01� autosomal coverage using
ANGSD-0.916 (Hallast et al. 2015; Karmin et al. 2015; Poznik
et al. 2016) –doHaploCall option. A subset of 826 sites had at
least one of the nine individuals with a derived allele (supple-
mentary data 1C, Supplementary Material online). Basal hap-
logroup affiliations of each sample were determined by
assessing the proportion of derived allele calls in a set of
primary haplogroup defining internal branches, as defined
in (Karmin et al. 2015), using 1,677 informative sites.

Kinship Analysis
All newly generated individuals with an average human cov-
erage more than 0.03� were selected to assess kinship rela-
tionships up to the third degree (Saupe et al. 2021;Wang et al.
2021; �Zegarac et al. 2021). We divided the individuals in dif-
ferent groups regarding their geographical area and resulting
relationships. First, we were called all individuals using
ANGSD-0.916 (Korneliussen et al. 2014) command –
doHaploCall to sample a random base for the positions
that are present at MAF> 0.1 in the 1000 Genomes GBR
population (1000 Genomes Project Consortium et al. 2015)
giving a total of 4,045,514 SNPs for autosomal kinship analysis.
The ANGSD output files were converted to .tped format and
used as an input for kinship analyses with READ (Monroy
Kuhn et al. 2018), known to be reliable when working with
sequencing depth in the order of 0.1� and routinely used in
aDNA studies. First, we tested all individuals together and
found one first degree relationship between ORD001 and
ORD009 and two second degree relationships between
ORD004, SAL007, and SAL011. We tested those relationships
using all individuals from Ordona including SAL007 and
SAL011 and all individuals from Salapia including ORD004.
We compared the estimated mtDNA haplogroups, radiocar-
bon dates, genetic sexes, average human coverages, and the
age of death from the individuals to confirm or dismiss rela-
tionships (supplementary data 1 and fig. 1, Supplementary
Material online). Based on the outputs, we dismissed the
possible second degree relationships.

Data Set Preparation and Preprocessing for
Autosomal Analysis
We assembled a genome-wide data set of ancient and mod-
ern samples by converting the following data sets, where
needed, in PLINK format using convertf from the
EIGENSOFT 8.0.0 (Patterson et al. 2006) and merging them
together with PLINK 1.9 (Chang et al. 2015): 1) the ancient
individuals and the Mbuti Congolese individuals (HGDP;
Patterson et al. 2012) from the “1240K” data set from Dr
David Reich laboratory (https://reich.hms.harvard.edu/allen-
ancient-dna-resource-aadr-downloadable-genotypes-present-
day-and-ancient-dna-data, version 44.3 release, last accessed
January 21, 2021), 2) the modern samples from “1240KþHO”
of the same release, 3) the Italian Chalcolithic and Bronze Age
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samples produced by a recent study (Saupe et al. 2021), 4) the
genotypes of an Italian hunter-gatherer from the Late
Epigravettian site of Riparo Tagliente dated around 17kya
(Bortolini et al. 2021), 5) additional genome-wide data of
129 modern-day Italian samples covering the entire country
(Raveane et al. 2019), 6) genome-wide data of 217 present-
day Apulian individuals (Sallustio et al. 2015), of which 41
individuals (unrelated and filtered for PCA outliers) were
used for qpadm and f3 analyses, and 7) 48 haploid genomes
representing the Eurasian component of modern Ethiopians
(here called Amhara_NAF for “Non African Fraction”;
Molinaro et al. 2019).We excluded the ancient samples show-
ing issues in their group assignment (i.e., “Ignore” in the
“1240K” data set) or in their DNA quality (e.g., those not
containing the string “PASS,” with the exception of the
Iceman individual, or those with less than 5,000 SNPs) and
one of a pair of related samples. We further refined the list of
ancient samples by retaining only those coming from geo-
graphical regions relevant for this study (supplementary data
2, Supplementary Material online) (Keller et al. 2012; Gamba
et al. 2014; Lazaridis et al. 2014, 2016, 2017; Allentoft et al.
2015; Günther et al. 2015; Jones et al. 2015, 2017; Mathieson
et al. 2015, 2018; Olalde et al. 2015, 2018, 2019; Broushaki et al.
2016; Cassidy et al. 2016; Fu et al. 2016; Hofmanov�a et al. 2016;
Kılınç et al. 2016; Martiniano et al. 2016, 2017; Omrak et al.
2016; Schiffels et al. 2016; Gonz�alez-Fortes et al. 2017, 2019;
Haber et al. 2017, 2019, 2020; Lipson et al. 2017; Saag et al.
2017, 2019; Schuenemann et al. 2017; Unterl€ander et al. 2017;
van den Brink et al. 2017; Amorim et al. 2018; de Barros
Damgaard, Marchi, et al. 2018; de Barros Damgaard,
Martiniano, et al. 2018; Fregel et al. 2018; Harney et al. 2018;
Krzewi�nska et al. 2018; Mittnik et al. 2018; Valdiosera et al.
2018; Veeramah et al. 2018; Zalloua et al. 2018; Antonio et al.
2019; Brace et al. 2019; Feldman, Fern�andez-Dom�ınguez, et al.
2019; Feldman, Master, et al. 2019; J€arve et al. 2019;
Narasimhan et al. 2019; Sikora et al. 2019; Villalba-Mouco
et al. 2019; Wang et al. 2019; Agranat-Tamir et al. 2020;
Brunel et al. 2020; Fernandes et al. 2020; Furtw€angler et al.
2020; Gokhman et al. 2020; Marcus et al. 2020; Margaryan
et al. 2020; Rivollat et al. 2020; Skourtanioti et al. 2020). The
same geographical filter was applied on the modern samples
from “1240KþHO” and only those flagged as “PASS (gen-
otyping)” have been selected in order to minimize variation
due to different genotyping techniques (supplementary data
3, Supplementary Material online) (Patterson et al. 2012;
Lazaridis et al. 2014, 2016; Biagini et al. 2019; Jeong et al.
2019). In case of duplicated samples, we selected the item
showing the highest number of SNPs among the 1240K SNP
set. Finally, we added the newly generated ancient Apulian
samples to the merge.

We used two different SNPs set for the following analyses.
The autosomal “1240K” SNP set (1,150,639 SNPs) was used for
the analyses involving just ancient samples, such as the f-sta-
tistics and qpAdm analyses (see below). Conversely, the au-
tosomal “HO” SNP set was used for those analyses relying also
on modern populations (e.g., PCA and ADMIXTURE). In the
latter case, we further refine the “HO” SNP set by removing
monomorphic SNPs and those with more than 5% missing

count in modern populations with PLINK, thus obtaining
503,062 SNPs.

Principal Component Analysis
We performed PCA using the program smartpca imple-
mented in EIGENSOFT software 8.0.0 (Patterson et al. 2006)
with the parameters “lsqproject” and “shrinkmode.” In partic-
ular, we projected the ancient samples’ genetic variation onto
the principal components inferred from the modern samples
of the “1240KþHO” data set. Modern Italian samples coming
from Raveane et al. (2019), the modern Apulians from
Sallustio et al. (2015), and the Amhara_NAF were also
projected.

Admixture
Weused the same data set of modern and ancient individuals
presented in the PCA to explore the genetic components of
each individual. For the analysis, we exploited the model-
based algorithm implemented in ADMIXTURE (Alexander
et al. 2009) projecting ancient individuals (-P flag) into the
genetic structure calculated on the modern data set, due to
missing data in the ancient individuals. We performed unsu-
pervised Admixture for K 2 f2.10g for modern individuals
and used the “per-cluster” inferred allele frequencies to proj-
ect the ancient individuals. We visualized the Q output using
R 3.6 (R Core Team 2021).

f4 Statistics
We performed a series of f4 statistics using the program
qpDstat (option f4mode) implemented in the software
ADMIXTOOLS 7.0.2 (Patterson et al. 2012) in different forms.
f4 statistics are computed for a set of four different popula-
tions (W, X, Y, Z) and the sign of the resultant Z score
indicates the direction of the gene flow: if it is positive, the
gene flow occurred either between W and Y or X and Z,
whereas if it is negative the gene flow occurred either between
W and Z or X and Y).We grouped together ancient published
samples from the same cultural/archaeological assemblages
(labels used for f3 and f4 analyses can be found in the column
“Analysis.Label” of supplementary data 2, Supplementary
Material online). Conversely, ancient Apulian samples were
both analyzed as individual samples and grouped together
according to their archaeological age (Iron Age samples were
grouped together under the acronym “IAA,” Iron Age
Apulians). About 10 individuals from the Mbuti population
from Congo coming from the “1240K” data set were used as
an outgroup (population Z).

Outgroup f3 Statistics
To investigate genetic affinities between ancient Apulian sam-
ples with other ancient and modern human populations, we
performed a series of Outgroup f3 analyses in the form f3(X, Y;
outgroup¼Mbuti) using the qp3Pop function implemented
in ADMIXTOOLS 7.0.2 (Patterson et al. 2012). As above-de-
scribed, we used the “Analysis.Label” groups for the ancient
samples, whereas we used the “Group.Label” already present
in the “1240KþHO” annotation file for modern samples.
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We also computed the distance matrices from the
Outgroup f3 results comparing ancient Apulian samples
(both Iron and Middle Age samples) with other published
ancient samples by subtracting the f3 values from 1 and we
performed a classical (metric)MDSwith default options using
the function cmdscale in the stats package of R (version 4.0.4;
R Core Team 2021).

qpAdm
We exploited the qpWave/qpAdm framework within
the software ADMIXTOOLS 7.0.2 to investigate the genetic
composition of ancient Apulian samples and other
ancient samples of interest with respect to human ancestries
that contributed to coeval European population in the
Mediterranean area. In particular, we tested a number of
left sources from 2 to 5 in combination with a list of reference
sources (right). We used the options “allsnps ¼ YES”
and “inbreed ¼ NO” (the last option was used because
some populations were composed of just one haploid
individual). We tested four different sets of left sources.
The “base” set included Western hunter-gatherers
(Loschbour_published.DG), Anatolian Neolithic (26 samples
flagged as “Anatolia_N” in the Analysis.Label column of sup-
plementary data 2, Supplementary Material online), Iranian
Neolithic (samples Iran_GanjDareh_N), Caucasus hunter-
gatherers (KK1.SG and SATP.SG), and Yamnaya (10
Russia_Samara_EBA_Yamnaya samples). To this set of base
sources, we separately added as left sources: Minoans (both
Greece_Minoan_Lassithi and Greece_Minoan_Odigitria, but
taken individually), Amhara_NAF, and Roman Republican
samples (Italy_Central_Republic_IA). In each run, we consis-
tently used the same set of right sources (if present
in the left set, they were removed from the right):
Russia_Ust_Ishim_HG_published.DG (which was always
kept as the first of the list), Russia_Kostenki14,
Russia_AfontovaGora3, Eastern hunter-gatherers
(I0061¼ Russia_HG_Karelia, I0124¼ Russia_HG_Samara,

I0211¼ Russia_HG_Karelia, and UzOO77¼ Russia_EHG),
Spain_ElMiron, Belgium_UP_GoyetQ116_1_published_all,
Levant_N (Israel_PPNB), Russia_MA1_HG.SG,
Israel_Natufian_published, Czech_Vestonice16, and
Caucasus hunter-gatherers.

Ethical Statement
All ancient samples newly sequenced for this study are kept at
the Museum of Anthropology of the University of Padova,
hence we informed the territorially competent
Soprintendenza (Soprintendenza Archeologia, Belle Arti e
Paesaggio per l’Area metropolitana di Venezia e per le
Province di Belluno, Padova e Treviso) about our sampling
strategy and scientific research project, which was approved
and our communication assigned the following protocol
numbers: prot. 27903 (September 10, 2020) and prot. 29131
(November 23, 2020). We sampled individuals with multiple
elements present, ideally an antimere to the sample taken
(when possible) and took detailed photographs of material
prior to performing the micro destructive sampling.
Furthermore, we sampled the minimum amount that is nec-
essary and we used protocols that allow for different types of
biomolecular or chemical analysis (either simultaneously or in
the future) to be carried out on the same bone material.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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ORD004 Ordona 23746 21 BP; 536–384 calBCE 0.0429 XX U8b1b1 R1b-M269 56,070

ORD006 Ordona 24766 29 BP; 770–425 calBCE 0.12 XY H1 16291T — 158,562

ORD009 Ordona 24336 27 BP; 749–406 calBCE 0.995 XX H5c — 805,966

ORD010 Ordona 9846 25 BP; 995–1156 calCE 0.91 XX X2i — 769,336
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Allm€ae R, Khartanovich V, Moiseyev V, T~orv M, et al. 2018. The
genetic prehistory of the Baltic Sea region. Nat Commun. 9(1):442.

Molinaro L, Montinaro F, Yelmen B, Marnetto D, Behar DM, Kivisild T,
Pagani L. 2019. West Asian sources of the Eurasian component in
Ethiopians: a reassessment. Sci Rep. 9(1):18811.

Monroy Kuhn JM, JakobssonM, Günther T. 2018. Estimating genetic kin
relationships in prehistoric populations. PLoS One 13(4):e0195491.

Narasimhan VM, Patterson N, Moorjani P, Rohland N, Bernardos R,
Mallick S, Lazaridis I, Nakatsuka N, Olalde I, Lipson M, et al. 2019.
The formation of human populations in South and Central Asia.
Science 365(6457):eaat7487.

Nava ML, Descoeudres JP. 1990. Greek and Adriatic influences in Daunia
in the Early Iron Age. In: Descoeudres JP, editor. Greek colonists and
native populations. Canberra: Humanities Research Centre; Oxford:
Clarendon Press. p. 560–578.

Nijboer AJ. 2006. La cronologia assoluta dell’et�a del Ferro nel
Mediterraneo, dibattito sui metodi e sui risultati. In: Bartoloni G,
Delpino F, editors. Oriente e Occidente: Metodi e Discipline a
Confronto. Pisa: Istituti Editoriali e Poligrafici Internazionali. p.
527–556.

Norman C. 2011. The tribal tattooing of Daunian women. Eur J Archaeol.
14(1–2):133–157.

Norman C. 2016. Daunian women: costume and actions commemo-
rated in stone. In: Budin SL, Turfa JM, editors. Women in antiquity.
Real women across the Ancient World. London; New York:
Routledge, Taylor & Francis Group. p. 901–912.

Olalde I, Brace S, Allentoft ME, Armit I, Kristiansen K, Booth T, Rohland
N, Mallick S, Sz�ecs�enyi-Nagy A, Mittnik A, et al. 2018. The Beaker
phenomenon and the genomic transformation of northwest
Europe. Nature 555(7695):190–196.

Olalde I, Mallick S, Patterson N, Rohland N, Villalba-Mouco V, Silva M,
Dulias K, Edwards CJ, Gandini F, Pala M, et al. 2019. The genomic
history of the Iberian Peninsula over the past 8000 years. Science
363(6432):1230–1234.

Olalde I, Schroeder H, Sandoval-VelascoM, Vinner L, Lob�on I, Ramirez O,
Civit S, Garc�ıa Borja P, Salazar-Garc�ıa DC, Talamo S, et al. 2015. A
common genetic origin for early farmers from Mediterranean
Cardial and Central European LBK cultures. Mol Biol Evol.
32(12):3132–3142.

Omrak A, Günther T, Valdiosera C, Svensson EM, Malmström H,
Kiesewetter H, Aylward W, Storå J, Jakobsson M, Götherström A.
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�Zegarac A, Winkelbach L, Blöcher J, Diekmann Y, Kre�ckovi�c Gavrilovi�c
M, Por�ci�c M, Stojkovi�c B,Mila�sinovi�c L, SchreiberM,WegmannD, et
al. 2021. Ancient genomes provide insights into family structure and
the heredity of social status in the early Bronze Age of southeastern
Europe. Sci Rep. 11(1):10072.

Aneli et al. . doi:10.1093/molbev/msac014 MBE

16

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
b
e
/a

rtic
le

/3
9
/2

/m
s
a
c
0
1
4
/6

5
0
9
5
2
4
 b

y
 g

u
e
s
t o

n
 3

0
 M

a
rc

h
 2

0
2
2



Article

Ancient genomes reveal structural shifts after the
arrival of Steppe-related ancestry in the Italian
Peninsula

Highlights

d 22 genomes from Northeastern and Central Italy dated

between 3200 and 1500 BCE

d Arrival of Steppe-related ancestry in the central Italian

Peninsula by 1600 BCE

d Close patrilineal kinship patterns within commingled

Chalcolithic cave burials

d Roman Imperial period had a stronger effect on phenotype

shifts than the Bronze Age

Authors

Tina Saupe, Francesco Montinaro,

Cinzia Scaggion, ..., Cristian Capelli,

Luca Pagani, Christiana L. Scheib

Correspondence

tina.saupe@ut.ee (T.S.),

cls83@ut.ee (C.L.S.)

In brief

Using ancient DNA sequences from the

Italian Peninsula, Saupe et al. explore the

genetic history of the Italian Peninsula

through the Chalcolithic/Bronze Age

transition. The time transect shows

Steppe-related ancestry arrived in

Central Italy by 1600 BCE and possibly

precipitated shifts in kinship patterns, but

not phenotypes.

Saupe et al., 2021, Current Biology 31, 1–16

June 21, 2021 ª 2021 The Authors. Published by Elsevier Inc.

https://doi.org/10.1016/j.cub.2021.04.022 ll



Article

Ancient genomes reveal structural
shifts after the arrival of Steppe-related
ancestry in the Italian Peninsula

Tina Saupe,1,26,27,* Francesco Montinaro,1,2,26 Cinzia Scaggion,3 Nicola Carrara,4 Toomas Kivisild,1,5

Eugenia D’Atanasio,6 Ruoyun Hui,7 Anu Solnik,8 Oph�elie Lebrasseur,9,10 Greger Larson,12 Luca Alessandri,11

Ilenia Arienzo,12 Flavio De Angelis,13 Mario Federico Rolfo,14 Robin Skeates,15 Letizia Silvestri,14 Jessica Beckett,16

Sahra Talamo,17,18 Andrea Dolfini,19 Monica Miari,20 Mait Metspalu,1 Stefano Benazzi,21 Cristian Capelli,22,23,26

Luca Pagani,1,24,26 and Christiana L. Scheib1,25,26,*
1Estonian Biocentre, Institute of Genomics, University of Tartu, Riia 23B, Tartu 51010, Estonia
2Department of Biology-Genetics, University of Bari, Via E. Orabona, 4, Bari 70124, Italy
3Department of Geosciences, University of Padova, Via Gradenigo 6, Padova 35131, Italy
4Museum of Anthropology, University of Padova, Palazzo Cavalli, via Giotto 1, Padova 35121, Italy
5Department of Human Genetics, KU Leuven, Leuven, Herestraat 49 3000, Belgium
6Institute of Molecular Biology and Pathology, CNR, Piazzale Aldo Moro 5, Rome 00185, Italy
7McDonald Institute for Archaeological Research, University of Cambridge, Downing Street, Cambridge CB2 3ER, UK
8Core Facility, Institute of Genomics, University of Tartu, Riia 23B, Tartu 51010, Estonia
9Department of Archaeology, Classics and Egyptology, University of Liverpool, 12-14 Abercromby Square, Liverpool L69 7WZ, UK
10Palaeogenomics & Bio-Archaeology Research Network, School of Archaeology, University of Oxford, 1 South Parks Road, Oxford OX1

3TG, UK
11Groningen Institute of Archaeology, University of Groningen, Poststraat 6, Groningen 9712, the Netherlands
12Istituto Nazionale di Geofisica e Vulcanologia, Osservatorio Vesuviano, Via Diocleziano 328, Naples 80125, Italy
13Centre of Molecular Anthropology for Ancient DNA Studies, Department of Biology, University of Rome ‘‘Tor Vergata,’’ Via della Ricerca

Scientifica 1, Rome 00133, Italy
14Department of History, Culture and Society, University of Rome ‘‘Tor Vergata,’’ Via Columbia 1, Rome 00133, Italy
15Department of Archaeology, Durham University, Lower Mountjoy, South Road, Durham DH1 3LE, UK
16Independent scholar, Cagliari, Italy
17Department of Chemistry ‘‘Giacomo Ciamician,’’ University of Bologna, Via Selmi 2, Bologna 40126, Italy
18Department of Human Evolution, Max Planck Institute for Evolutionary Anthropology, Deutscher Platz 6, Leipzig 04103, Germany
19School of History, Classics and Archaeology, Newcastle University, Newcastle upon Tyne NE1 7RU, UK
20Superintendency of Archeology, Fine Arts and Landscape for the metropolitan city of Bologna and the provinces of Modena, Reggio Emilia

and Ferrara, Comune di Bologna, Sede Via Belle Arti n. 52, Bologna 40126, Italy
21Department of Cultural Heritage, University of Bologna, Via degli Ariani, 1, Ravenna 40126, Italy
22Department of Zoology, University of Oxford, 11a Mansfield Road, Oxford OX1 3SZ, UK
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SUMMARY

Across Europe, the genetics of the Chalcolithic/Bronze Age transition is increasingly characterized in terms

of an influx of Steppe-related ancestry. The effect of this major shift on the genetic structure of populations in

the Italian Peninsula remains underexplored. Here, genome-wide shotgun data for 22 individuals from com-

mingled cave and single burials in Northeastern and Central Italy dated between 3200 and 1500 BCE provide

the first genomic characterization of Bronze Age individuals (n = 8; 0.001–1.23 coverage) from the central Ital-

ian Peninsula, filling a gap in the literature between 1950 and 1500 BCE. Our study confirms a diversity of

ancestry components during the Chalcolithic and the arrival of Steppe-related ancestry in the central Italian

Peninsula as early as 1600BCE, with this ancestry component increasing through time.We detect close patri-

lineal kinship in the burial patterns of Chalcolithic commingled cave burials and a shift away from this in the

Bronze Age (2200–900 BCE) along with lowered runs of homozygosity, which may reflect larger changes in

population structure. Finally, we find no evidence that the arrival of Steppe-related ancestry in Central Italy

directly led to changes in frequency of 115 phenotypes present in the dataset, rather that the post-Roman

Current Biology 31, 1–16, June 21, 2021 ª 2021 The Authors. Published by Elsevier Inc. 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Imperial period had a stronger influence, particularly on the frequency of variants associated with protection

against Hansen’s disease (leprosy). Our study provides a closer look at local dynamics of demography and

phenotypic shifts as they occurred as part of a broader phenomenon of widespread admixture during the

Chalcolithic/Bronze Age transition.

INTRODUCTION

The Italian Chalcolithic (or Copper Age [CA]; 3600–2200 BCE),

the period between the Late Neolithic (N) (7000–3600 BCE)

and the Bronze Age (BA) (2200–900 BCE), is characterized by

the development of new tools from different metallic sources

and was followed by major cultural transformations, including

that of burial practice—from an emphasis on the collective to

the individual and of personal, prestige grave goods.1,2 Ancient

DNA (aDNA) studies have highlighted the occurrence of major

shifts in the genetic profiles of populations coinciding with mate-

rial culture changes, such as from hunting-gathering to

farming.3–6 At the beginning of the transition from the Chalco-

lithic to the BA �5,000 years ago, people from the Eurasian

Steppe arrived in Europe, resulting in further admixing with local

populations.7–10 Although these events have been extensively

studied in most of Europe4,11,12 and a number of studies on

ancient genomes from the Italian Peninsula, Sardinia, and Sicily

have been recently published,4,7,9,13–17 the demographic dy-

namics of the Chalcolithic/Early BA in the Italian Peninsula are

still not well characterized. Though previous studies place the

arrival of a Steppe-related ancestry component in Northern Italy9

and in Sicily16 after 2300 BCE, a chronological gap from 1900 to

900 BCE is present, and little is known about the spread of

Steppe-related ancestry in Central Italy. In addition, the available

data show an Iranian N-related component detected in Sardinia

after 900 BCE,16,17 although affinities to Caucasus hunter-gath-

erers (CHG) and Iran N farmers are present in Central Italian N in-

dividuals13 and in Middle BA Sicily,16 at a lower proportion than

modern Italians.11 However, although the BA CHG affinity in Si-

cily is supported by f4 statistics, the evidence for the N CHG

influx is less robust. Furthermore, with a few exceptions,18,19

previous surveys have focused primarily on describing ancestral

relationships or inferring movement and mixtures of populations

at the expense of questions focusing on the social dynamics

associated with these events, e.g., evaluating the kinship struc-

ture in prehistoric society.

aDNA is proving a useful tool for helping to infer past social

structures and reproductive behavior (reviewed in Racimo

et al.20). In N Europe, several studies have detected a wide-

spread cultural connection of patrilineal social organization21,22

as well as for the BA transition with large-scale, sex-biased mi-

grations,8,23,24 local patterns of patrilocality and female exog-

amy,18,25 and the influence of cultural diffusion versus migra-

tion.9 Although the social implications of these changes are still

debated,26 cultural shifts can have an effect on adaptation

(e.g., a change in technology leads to a change in diet, leading

to selective pressure on metabolism genes). So far, the social

structure(s) in Central Italy during the Chalcolithic/BA transition

and whether shifts in cultural practices (kinship, patrilocality,

and exogamy) correlate with the introduction of Steppe-related

ancestry remains unexplored. This may be partially due to the

fact that, although there exists a wide variety of burial practices

in the Chalcolithic period in Italy, they are often characterized by

collective depositions of commingled remains.2 This has made

the anthropological analysis of the burial populations and inter-

pretations regarding kinship and social structure difficult; how-

ever, high-throughput aDNA sequencing allows for the genetic

screening of large numbers of skeletal samples and reconstruc-

tion of individuals from disarticulated remains.

In addition to reshaping our understanding of the demographic

history of the European continent, analyses of ancient genomes

from Europe have recently called into question hypotheses

regarding the time depth of selection on phenotypic traits in

Europe. For example, aDNA has revealed that Mesolithic hunt-

er-gatherers in Europe could have dark skin and blue eyes

(a combination rarely seen today)27–29 and that selection on

skin pigmentation occurred in the last 5,000 years.30,31 Other

recent work has suggested that selection within genes related

to fatty acid metabolism and starch digestion did not take place

during the transition to agriculture but instead initiated closer to

2000 BCE following the introduction of Steppe-related ancestry

into Europe,31 with the ancestry component itself a possible

driver. Another open question, that of the role of pathogens in

shaping human genomes, is now starting to be explored using

aDNA. One particular pathogen, Hansen’s disease (leprosy), is

first seen in paleopathological evidence in the Mediterranean

dating to the BA32 and is noted in Central and Northeast Italy

by 300 BCE.33 The disease may have been later spread by Ro-

man military movements34 and increased to high numbers in Eu-

rope in the Early Medieval Period, but declined by the 15th cen-

tury CE, and the role of human genetic adaptation in this decline

is unknown. There are a number of genetic loci that have been

implicated in the manifestation and progression of the infec-

tion,35–38 including one recently discovered using aDNA.39

Here, using an aDNA approach, we investigated the diversity

of ancestry components prior to and through the Chalcolithic/

BA transition in Northeastern and Central Italy and whether shifts

in Steppe-related ancestry correlate with changes in inferred so-

cial structure and/or phenotypic traits.

RESULTS

We extracted DNA from 51 skeletal elements (teeth = 37,

petrous bones = 10, and additional powder from petrous

bones = 4) at the Ancient DNA Laboratory of the Institute of

Genomics, University of Tartu in Estonia. The human remains

are from one necropolis (Necropoli di Gattolino; hereafter,

‘‘Gattolino’’) and three cave sites located in Northeastern

(Grottina dei Covoloni del Broion: ‘‘Broion’’) and Central Italy

(Grotta La Sassa: ‘‘La Sassa’’ and Grotta Regina Margherita:

‘‘Regina Margherita’’; Figures 1A and S1). After screening 47

libraries at a low depth (±20M reads per library), we identified

and sequenced 20 libraries with more than 4% endogenous

human DNA and mtDNA-based contamination estimates

less than 1.44% (Data S1A and S1B). For the disarticulated
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remains in the cave sites, we calculated the pairwise

mismatch rate of SNPs (P0) on pseudo-haploid data as imple-

mented in READ40 to identify genetically identical samples

and attempt to calculate a minimum number of individuals

(see STAR Methods and Data S1B for details).

The sequences of identical samples were merged together,

leaving 22 unique individuals: eleven from Broion (Italy_

Broion_CA = 4, Italy_Broion_EBA = 2, and Italy_Broion_BA =

5), four from Gattolino (Italy_Gattolino_CA), three from Regina

Margherita (Italy_ReginaMargherita_BA), and four from La Sassa

(Italy_LaSassa_CA). The final data are composed of individuals

with endogenous DNA between 0.48% and 48.87%, average

genomic coverage between 0.00163 and 1.243, and estimated

contamination rates of 0.00%–1.44% (mtDNA-based) and

0.45%–1.98% (X-chromosome-based in males only; Table 1;

Data S1A and S1B).

In order to characterize the timing of genetic shifts related to

the presence of ancestry from the Steppe and to assign

individuals in commingled contexts within chronological space,

we relied on two forms of temporal assignment: archaeological

evidence (e.g., ceramic fragments, a significant amount of

metallic tools found with the human remains, and geological

layers; STAR Methods) and direct radiocarbon dating of 12 of

the 22 individuals here sequenced (Figure 1B; Data S1C; STAR

Methods). Of the ten undated samples, the age of BRC013 can

be inferred as ± the average reproductive span of a woman

(30 years) to a directly dated sample (BRC022) from the first-

degree relatedness (likely brothers), although for the other

nine (BRC007, BRC011, BRC024, LSC011A1, GCP002A1,

GCP004A1, GLR001A1, GLR002A1, and GLR004), we assigned

them to the most parsimonious group, considering both archae-

ological and genetic information.

Genetic structure of Italy from the N to the Iron Age

To compare Chalcolithic and BA individuals from Italy to other

ancient and contemporary European populations, we performed

A B

Figure 1. Geographical location of samples and relative or absolute dating

(A) Map of the geographical location of selected published (smaller, transparent) and newly generated samples from the Italian Peninsula, Sardinia, and Sicily

included in this study. The titled locations are here newly reported. See also Table 1 and Data S1.

(B) Distribution of relative and absolute dating and genetic assignment from newly generated samples (i) and published (transparent; order: [ii] Italian Peninsula; [iii]

Sardinia; and [iv] Sicily).

See also Data S1A–S1D.
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Table 1. Archaeological information, genome coverage, genetic sex, mtDNA, and Y chromosome haplogroups of the individuals of this study

Individual Site Date Genome coverage Gen. sex mtDNA HG Y chromosome HG No. of SNPs

BRC001/023 Broion 4430 ± 40 BP; 3313–2934 cal

BCE

0.172 XY J2a1a1 G2a3-F1193-F2291 231,702

BRC002 Broion failed C14 dating 0.143 XY N1a1a1a1 R1b1-DF90 200,133

BRC003 Broion 3239 ± 31 BPa; 1532–1452

cal BCE

1.235 XY U4a2f R1b1’5-P312 920,226

BRC007/019 Broion 3272 ± 29 BP; 1608–1502 cal

BCE

0.189 XX K1a1b1 – 259,050

BRC010/018 Broion 3532 ± 35 BP; 1926–1775 cal

BCE

0.360 XX H+16291T – 437,478

BRC011 Broion not dated 0.0025 XY T2c1+146T! – 3,606

BRC013 Broion failed C14 dating 0.052 XY H5a1b G2a3-F705 70,071

BRC015 Broion not dated 0.0016 XY T2c1e – 2,145

BRC022 Broion 4489 ± 41 BP; 3334–3100 cal

BCE

0.145 XY H5a1b G2a3-F1193 188,166

BRC024 Broion not dated 0.0144 XY HV0a R1 19,590

BRC030 Broion 3502 ± 41 BP; 1886–1751 cal

BCE

0.110 XX K1a4a1e – 145,106

GCP002 Regina Margherita failed C14 dating 0.138 XY U5b2b5 G2 181,152

GCP003 Regina Margherita 3277 ± 29 BP; 1608–1504 cal

BCE

0.138 XX H3am – 180,991

GCP004 Regina Margherita not dated 0.0052 XX U5b2b3 – 7,278

GLR001 Gattolino not dated 0.214 XX K2b1b – 262,814

GLR002 Gattolino not dated 0.129 XY J1c3e1 I2d-L623/M223 163,883

GLR003 Gattolino 4829–4627 BP; 2874–2704

cal BCE

0.008 XX H10d – 10,863

GLR004 Gattolino not dated 0.122 XY H3am I2b-M26 157,772

LSC002/004 La Sassa 4091 ± 29 BP: 2840–2575 cal

BCE

1.014 XY H1bv1b J2a7-Z2397 903,958

LSC005/013 La Sassa 4097 ± 39 BP; 2847–2575 cal

BCE

0.1323 XX H1e5a – 176,120

LSC007 La Sassa not dated 0.0029 XY H1bv1b – 4,033

LSC011 La Sassa 4073 ± 37 BP; 2837–2498 cal

BCE

0.063 XY J1c1 J2a-M410 (J2a7-Z2397) 83,596

Dates in BP are raw radiocarbon dates; calibrated dates are the 68.3% probability and were calibrated using IntCal2041 and either CALIBREV8.242 or OxCal 4.443 (GLR003). See also Data S1. Gen.,

genetic; HG, haplogroup.
aSample failed C14 dating, but a genetically identical sample was able to be dated
bIndicates identical haplotype
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principal-component analysis (PCA), projecting ancient samples

onto the genetic variation of 1,471 present-day individuals from

Eurasia (Figures 2A and S4A).44,45Our newly generated samples

scatter into two main clusters: European N (EN) (blue circle) en-

compassing all the Chalcolithic samples (Italy_LaSassa_CA, Ita-

ly_Gattolino_CA, and Italy_Broion_CA) and post-Neolithic (PN)

(red circle), including Early Bronze and BA samples from Grotta

Regina Margherita and Broion. Interestingly, most of the N,

Chalcolithic, and BA Italian samples available from the literature

fall within the EN cluster, although PN ismostly featuring Iron Age

(IA) samples together with a few published BA individuals. This

can be reconciled by the fact that most of the Italian BA samples

available to date come from Sardinia and Sicily, two Mediterra-

nean islands for which a reduced Steppe-related ancestry

component has already been reported.6,11,16,17,46 This is

confirmed by DyStruct analysis (Figures 2B and S2), which

A

C

B

Figure 2. Overview of genetic structure

(A) Principal component analysis (PCA) of newly generated individuals with previously published data projected onto the variation from present-day populations

(Data S1D).

(B) DyStruct analysis of newly reported ancient individuals (bold) numerically ordered at K = 4 together with a subset of key ancient Eurasian populations spanning

from Neolithic to Iron Age. The icons on the right of the graph indicate the symbols of the population as shown on the PCA in (A). Samples with lc indicate low

coverage samples generated in this study. See also Figures S2–S4A.

(C) Analysis of the Steppe-related ancestry components in selected published (transparent) and newly generated ancient samples (X) from the Italian Peninsula

using f4 statistics in form f4(Mbuti.DG, Yamnaya Kalmykia; X, Anatolia Neolithic) (samples with * have a Z score less than or equal to �3). Tests with less than

5,000 SNPs were not included.

See also Data S2B and Figure S4B.

ll
OPEN ACCESS

Current Biology 31, 1–16, June 21, 2021 5

Please cite this article in press as: Saupe et al., Ancient genomes reveal structural shifts after the arrival of Steppe-related ancestry in the Italian Penin-

sula, Current Biology (2021), https://doi.org/10.1016/j.cub.2021.04.022

Article



also shows a high Anatolian N-like component in Sardinian and

Sicilian individuals from the Chalcolithic and BA.

A separation within the EN cluster (Figure 2A) clearly differen-

tiates Anatolian and Eastern Europe N (right) from Western Eu-

rope N, defined as samples west of Germany (left, toward west-

ern hunter-gatherer [WHG]; Data S1D). A similar separation has

already been reported and interpreted as a difference in WHG

proportion of these samples.17,47–49 We note that most of our

Chalcolithic individuals fall on the right side of the cluster (Anato-

lia and Eastern Europe).

Wefurtherexploredtheaffinitybetween ItalianChalcolithic sam-

ples and WHG by computing f4(Mbuti.DG, Italy_Mesolithic.SG;

Italy_Sardinia_N, X) (Data S2H) where X is either Italy_N, Italy_

LaSassa_CA, Italy_Gattolino_CA,or Italy_Broion_CAandnegative

Z scores (min = �12.942; max = �3.026) indicate that Italy_

Central_Mesolithic shares more with Italy_Sardinia_N than with

peninsular Italian Chalcolithic. At the same time, we also tested

f4(Mbuti.DG, Anatolia_N; Italy_Sardinia_N, X), for which only the

comparison with Italy_Gattolino_CA yields significantly negative

values (Z score = �3.753), suggesting that either an imbalance in

WHG and Anatolia_N components between the two sides of the

EN cluster or structure within the EN component9,50 may explain

our results. We note however that outgroup f3 statistics in the

form f3(Mbuti.DG; Italy_CA, Y), where Italy_CA are all Chalcolithic

samples from the Italian Peninsula and Y are members of the EN

clusters may have no power to discriminate the observations

from the PCA analysis (Data S1K). Some studies have detected

an influence fromgroups related to hunter-gatherers fromGeorgia

and Iran starting from the N;13,51 however, our f4 of the form

f4(Mbuti.DG, Georgia Kotias; Italy_Sardinia_N, X) is not significant

for any of the pre-BA Italian groups (Data S2H).

We have evaluated the possibility of continuity at the interface

between N/Chalcolithic and BA, using the qpWave/qpAdm

framework (using the option ‘‘allsnps=YES’’; Data S3G and

S3H). When using two putative sources, all the target BA groups

fromNorth andCentral Italy presented here support a scenario in

which Chalcolithic-like individuals received a contribution of

Steppe-related ancestry, possibly through Late N/Chalcolithic

groups from the north, such as Germany Bell Beaker, France

Middle N, and Italian Chalcolithic sources (Data S3G and S3H).

Model-based clustering analysis (DyStruct [Figures 2B and S2]

and ADMIXTURE [Figure S3])52,53 of selected ancient and pre-

sent-day individuals from Eurasia spanning from the Mesolithic

to the IA points to the presence of a Steppe-related ancestry

component in BA individuals from Italian Peninsula as the main

difference from the Sardinian and Sicilian individuals, explaining

the distribution of individuals between PN and EN in the PCA

(Figure 2A).

We tested this through f4(Mbuti.DG, Yamnaya Kalmykia; X,

Anatolia_N) (Figures 2C and S4B; Data S2B)7,9,13,15–17,54 with

X being Italian post-Mesolithic (only considering tests when at

least 5,000 SNPs were available) and show that the only indi-

viduals with a significant enrichment for Steppe-related

ancestry components are included within the newly generated

Early BA and BA, and in published Bell Beaker (I2478 and

I1979) or Italian IA individuals. Contrary to what has been pre-

viously reported for other Chalcolithic to BA transitions in

Europe,23 we also noted through outgroup f3 tests in form

f3(Italian_CA/Italian_EBA_BA, ancient; Mbuti.DG) (Data S2K)

that populations associated with Steppe-related ancestry did

not leave a male-biased signature in Italy, which, if at all, can

instead be seen through the contribution of pre-existing N

groups (Figure S5).

We recapitulated the emerging picture using two orthogonal

methods based on copying affinity, Chromopainter/NNLS55

and SOURCEFIND,56,57 and on the comparison of multiple f4

pairs (Figure 3). Concerning the novel samples, both approaches

show an overall consistency with DyStruct (Figures 2B and S2),

highlighting the post-N increase of European hunter-gatherer

(HG)-related components10,15 and the arrival of Steppe-related

ancestry, with the only exception being that of Sardinia in the

Early BA. Additionally, the Anatolian N and WHG proportions re-

ported for the Italian N and Chalcolithic samples are similar

B

A

Figure 3. Ancestry composition of European and Italian ancient

samples

(A) We used Chromopainter in the unlinkedmode to reconstruct the genome of

European (for which only a subset of relevant samples was analyzed) and

Italian ancient individuals as a combination of six main putative sources. See

also Figure S6.

(B) The same framework has been used on a vector composed of 4,950

different f4 in the form f4(X, Y; Target, Mbuti.DG). Mbuti.DG has not been used

as a source.

See also Data S2 and S3.
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regardless of their position within the EN cluster identified in the

PCA (Figure 2A).

We determined mitochondrial DNA (mtDNA) haplotypes for all

newly generated samples (Table 1; Data S1B and S1E) and Y

chromosome (Ychr) haplogroups for ten males with Ychr

coverage >0.013 (Table 1; Data S1B and S1F). Consistent with

the previously reported co-spread of Steppe-related ancestry

and Ychr haplogroup R1,7,10 we observed that three out of the

four Italian BA males for which a Ychr haplogroup could be

determined belong to haplogroup R1 and two of those were of

the R1b lineage (Table 1; Data S1B and S1F). This haplogroup

does not appear in the Chalcolithic samples. The two Italian

R1b lineages belong to the L11 subset of R1b, which is common

in modern Western Europe58 and in ancient male Bell-Beaker

burials,9 rather than to the R1b-Z2105 varieties found in the

ancient genomes from the Steppe-Belt of Russia.

Structure and mobility in the Chalcolithic and BA

The sites examined in this study include one necropolis with sin-

gle burials (Gattolino, 2874–2704 BCE), and the rest are com-

mingled cave burials (Broion, La Sassa, and Regina Margherita).

Samples in this study from La Sassa are restricted to the Chalco-

lithic period (2850–2499 BCE) and from Regina Margherita to the

BA (1609–1515 BCE). The Broion site is the only one that spans

both phases: the Chalcolithic (3335–2936 BCE) and the BA

(1923–1451 BCE). To better understand the site usage, whether

differences are present between cave and cemetery burials and

whether shifts in burial behavior occurred concurrently with

shifts in genetic ancestry, we analyzed uniparental markers

(informative of maternal versus paternal lineage diversity and

mobility), genetic kinship (informative of mobility of family struc-

ture), and runs of homozygosity (ROHs) (which can indicate the

size and homogeneity of a population).

In total, the Chalcolithic and BA sample sizes are approxi-

mately equal (n = 12 and 10, respectively), and the total number

of males and females does not differ from expectations (bino-

mial; p = 0.143); however, the ratio of males to females (7:1)

within the Chalcolithic cave burials does differ from the expected

value (binomial; p = 0.038), although it does not within the BA

layer of Broion and Regina Margherita (5:5; binomial; p = 0.50)

or in the Chalcolithic necropolis of Gattolino (2:2; binomial; p =

0.5). These results indicate a slight bias in the Chalcolithic cave

burials toward males.

To identify whether first- and/or second-degree genetic

kinship relationships existed among individuals within or be-

tween the four sites or between the new genomes and published

ancient datasets (Data S4), we utilized two methods. First, for

initial determination of kinship degrees, we utilized a pairwise

mismatch estimation on the pseudo-haploid data (READ).40

We ran the analysis on all of the newly reported ancient genomes

together as one group as well as in groups by site and/or

chronology (separated into N/Chalcolithic and BA) and found

consistent results, regardless of grouping (Data S4A). To distin-

guish relationship type within degree (e.g., first degree, full sib-

lings versus parent-offspring), we used IBD analysis as imple-

mented in Plink-1.959 on imputed genotypes (STAR Methods).

Genotypes were imputed using a pipeline detailed in Hui

et al.60 and STAR Methods, and in the case of close (1 to 2) de-

grees of relationship, both methods provided consistent results

(Table 2).

We found no relationships among the seven tested BA individ-

uals, between any of the newly presented sites, or with published

data (DataS4); however, the small sample size suggests caution in

inferring patterns of general validity from these individuals. For the

twelve Chalcolithic individuals, close kinship relationships were

detected at both cave burial sites: La Sassa and Broion and all re-

lationships were detected between males (Tables 1 and 2). At La

Sassa, the two males LSC002/004 and LSC011 have an identical

Ychr haplotype (J2a-M410/J2a7-Z2397; Table 1; Data S1B and

S1F), different mtDNA haplotypes (H1bv1 and J1c1; Table 1;

Data S1B and S1E), a first-degree relationship, and a proportion

of IBD (PI_HAT) values consistent with parent-offspring (Table 2),

the summary of which indicates a father-son relationship. The na-

tureofcalibration curves for radiocarbondatingprevents the exact

estimation ofwho is the father; however, the radiocarbon dates do

not reject the relatedness inferred from aDNA (Data S1C; STAR

Methods). Very low coverage sample LSC007 appears to have a

first-degree relationship with LSC002/004 (Data S1B; Figure S4),

and they share an identical mtDNA haplotype (H1bv1). LSC007

was too low coverage to assess the Ychr.

Table 2. Comparison of pairwise estimates of Chalcolithic genomes

ID1 ID2

Non-

normalized

P0 SE

READ

relationship Z upper Z lower IBD1 IBD2 Plink Fxy Degree Relationship

BRC013 BRC022 0.255 0.003 first degree 6.23 �13.73 0.44 0.22 0.22 first sibling

LSC002/4 LSC011 0.266 0.002 first degree 3.37 �33.09 0.71 0.06 0.21 first parent-

offspring

LSC007 LSC002/4 0.244 0.005 first degree 4.46 �6.86

BRC001 BRC013 0.298 0.003 second degree 2.94 �7.74 0.37 0.03 0.11 second avuncular or

grandparent-

grandchild

BRC001 BRC022 0.323 0.002 unrelated NA �6.87 0.21 0.04 0.07 third 1st cousin

Kinship coefficient, Fxy, was estimated in PLINK 1.9.059 as 1/2 of the reported PIHAT value. PLINK-genome analyses used an input file of 16 imputed

genomes and a total of 5,526,356 variants with MAF > 0.05 and GP > 0.99. Reported are pairs of individuals in which at least one was >0.13 coverage

and who shared more than 12% of IBD. READ does not calculate third-degree relationships, rather categorizes them as ‘‘unrelated.’’ LSC007 was too

low coverage for imputation; thus, the pair with LSC002/4 was not estimated using PLINK. See also Data S4.
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The chronologically contemporaneous female LSC005/013

(H1e5a) does not have any detectable close genetic kinship rela-

tionships, clusters separately from the males on the PCA, and

hasa strontium isotopesignature that falls outside the rangedeter-

mined for the rest of the sampled teeth in La Sassa (n = 27; STAR

Methods). To test whether LSC005/013 was genetically more

similar to another population than the other La Sassa individuals,

we tested f4(Mbuti.DG, LSC005A1_LSC013; Italy_LaSassa_CA,

Other Sample/Population). There are positive non-zero Z scores

for a few contemporaneous populations, however, nothing above

the significance threshold (Data S2G). The summary of evidence

indicates that she may not have grown up in the same local area

as the other La Sassa individuals, but her genetic affinities require

higher coverage and more comparative samples to be certain.

At Broion, all the individuals directly dated to the Chalcolithic

(BRC001, BRC013, and BRC022) and/or that fall in the EN clus-

ter (BRC011; Figure 2A) are males, and all of the directly dated

individuals show first- and second-degree relationships (Tables

1 and 2; Data S1). These three share the Ychr G2a-P15 marker

and could have the exact same haplotype (G2a3-F1193-

F2291; Table 1; Data S1B and S1F); however, due to differences

in coverage, the terminal branch markers are not covered in all

three individuals (Data S1F). BRC013 and BRC022 share an

mtDNA haplotype (H5a1; Data S1B) and have a first-degree rela-

tionship although BRC001/023 (J2a1a1) has a second-degree

relationship with BRC013, but not BRC022 (Table 2). The PI_HAT

values support the first-degree relationship between BRC013

and BRC022 as full siblings as well as the differing second-de-

gree relationship between BRC013, BRC022, and BRC001/023

(Table 2). Given these values, the most parsimonious scenario

is that BRC013 and BRC022 are brothers and BRC013 is the

grandfather of BRC001/023; the radiocarbon dates do not reject

this scenario (STAR Methods; Data S1C).

Among the 22 novel individuals, we only found two cases of

matching mtDNA (Data S1B and S1E) among a variety of hap-

logroups associated with the N transition N1, H, J, and K,6,10

indicating a lack of detectable structure at the mitochondrial

level, which could be consistent with a larger maternal popula-

tion size, exogamy, and/or with a patrilocal kinship structure

across both time periods. To further explore these scenarios,

we analyzed ROHs (STAR Methods) in the ancient and selected

modern populations (TSI; Figures 4A–4C; Data S5C) with hap-

ROH, which is a method to detect ROH segments in low-

coverage genomes using a haplotype reference panel (STAR

Methods).61 We checked that differences in coverage did not

systematically bias estimates (Figure 4D) and checked against

imputation and sequencing errors (STAR Methods; Figure S7;

Data S5B). We calculated segment number and length in four

length categories: <1.6 centimorgan (cM); >1.6 cM; >4 cM;

and >8 cM (Data S5C) and focus on the greater than 1.6 cM

length category (which includes 4 and 8 cM segments), which

is informative regarding recent consanguinity and is the most

reliably inferred (STAR Methods; Figure S5; Data S5).

Estimates of ROH > 1.6 cM for the ancient samples after the

Mesolithic13 fall within the range of values obtained frommodern

Italian (TSI) individuals, suggesting similar levels of endogamy

(Figures 4A and 4B; Data S5C); however, there is a significant

(two-tailed t test; p = 0.0003) difference between the lengths of

>1.6-cM segments in Italian N (this study and Antonio et al.13)

and Italian BA (newly reported) and the number of >1.6-cM seg-

ments (two-tailed t test; p = 0.0001; Figure 4C; Data S5D), which

is consistent with either larger effective population sizes of the

BA or as the result of added diversity following an admixture

event with the local Chalcolithic populations.Within the La Sassa

site, individual LSC002/4 has the highest total length of >1.6-cM

segments and is the only one with detected segments >8 cM

(Data S5C).

Shifts in phenotypic features of ancient Italians

To determine whether the shifts in ancestry components through

time corresponded to any shifts in phenotypes, we imputed

genetic markers related to 115 phenotypes associatedwithmeta-

bolism, immunity, and pigmentation in the ancient samples pre-

sented here and in previously published studies (Data S6A–S6D;

STAR Methods).7,13,46,64,65 We analyzed a total of 332 ancient in-

dividuals (16 presented here for the first time and 316 from the

literature) grouped bypopulation: ItalianMesolithic (n = 3),13 Italian

N/Chalcolithic (n = 52; this study and Antonio et al.13), Italian BA

(n = 60; this study, Fernandes et al.,16 and Marcus et al.17), Italian

IA/Modern (n = 133),13Near East N/Chalcolithic (n = 41),46,64Near

East BA (n = 18),7,46,65 and Yamnaya (n = 18; Data S6A).4,7,64 For

groups with a sample size larger than three, we calculated the fre-

quency of the effective allele for each phenotypic variant in each

population and then performed an ANOVA test to analyze shifts

in the allele frequency. We compared both between Italian and

non-Italian groups fromdifferent periods (Data S6B) aswell as be-

tween groups within Italy, grouping the Italian individuals into 12

cohorts based both on period and geographic location (Data

S6C). For both tests, we applied a Bonferroni’s correction to set

the significance threshold and used a Tukey test to determine

the significant pairs (STAR Methods).

Eleven variants were significant when comparing the Italian

groups with Near Eastern and Yamnaya populations and eight in

the intra-Italy test, with four significant in both tests (Table 3;

Data S6B and S6C). Although these results should be interpreted

with caution due to the small sample size, some potentially inter-

esting results emerge. For the variants that are significant in both

tests (TLR1 [rs5743618], TNF [rs1800629], HLA [rs3135388], and

SLC45A2 [rs16891982]), the signal is driven almost entirely by

the post-Roman Republic Central Italy sample group (Cen_pos-

tRep), which includes Roman, Late Antiquity, and Medieval indi-

viduals. There is no detectable difference between the Italian BA

samples presented here and the Italian N/Chalcolithic groups,

despite the additional Steppe-related ancestry. Three out of four

of the variants highlighted here are linked to protection and sus-

ceptibility to Hansen’s disease (leprosy). The HLA-related variant

(rs3135388), indicated in the susceptibility to physical manifesta-

tions of the disease in a Danishmedieval population,39was signif-

icantly different between post-BA Italians and N/Chalcolithic Near

East, BA Italians, and Yamnaya. The statistical significance of this

variant in this test is probably due to the low frequency of the pro-

tective allele in central Italians from the IA onward (Data S6C).

Another variant (TNF—rs1800629)66 also seems to decrease in

frequency of the protective allele (Table 3; Data S6C). Both results

are consistent with the rise in frequency of this disease in

the historical and archaeological record in Europe. The other

variant, TLR1 (rs5743618), which has been linked to both pro-

tection against leprosy38,67 and an increased susceptibility to
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tuberculosis in Asian populations,68 shows a significant result in

the other direction, drivenby higher frequencyonly in the post-Ro-

man Republic Central Italy group (Table 3; Data S6C).

The fourth variant significant in both tests (rs16891982 in

SLC45A2 gene) is implicated in hair and eye pigmentation. In

terms of physical appearance, both the Chalcolithic and BA Italy

groups have imputed phenotypes more similar to IA and Later

Romans than to earlier populations in Italy and the Near East.

The three previously published Mesolithic individuals from

Italy13,27,29 are predicted to have dark skin, dark hair, and blue

eyes (Data S6D), although most of the other samples have pre-

dicted intermediate skin pigmentation, brown hair, and brown

eyes; however, individuals with blue eyes paired with either

dark or blond hair are also predicted in all time periods except

in the N individuals from Central Italy (Data S6D).13 The variant

rs16891982, linked to darker eyes and hair, shows a significant

difference between post-BA Italy group and previous groups

from Italy, with the frequency decreasing in Central Italy starting

in the newly reported Chalcolithic individuals and with the lowest

values observed for the newly reported BA individuals and the

post-Roman Republic Central Italy group. This difference is

particularly notable compared to N Central Italy and Sardinian

groups prior to the BA (Data S6C).

DISCUSSION

The newly generated genomes provide a more detailed descrip-

tion of demographic dynamics of later Italian prehistory in a

A B

C D

Figure 4. Runs of homozygosity in ancient and modern populations of the Italian Peninsula

(A) Distribution of total length of segments <1.6 centimorgan (cM) in Mesolithic,13 Neolithic/Chalcolithic (Antonio et al.13 and this study), Bronze Age (this study),

and Modern Italians (TSI).62

(B) Distribution of total length of segments >1.6 cM in Mesolithic,13 Neolithic/Chalcolithic (Antonio et al.13 and this study), Bronze Age (this study), and Modern

Italians (TSI).62

(C) Distribution of the total length of segments <1.6 cM (purple) and >1.6 cM (green) in Neolithic/Chalcolithic (Antonio et al.13 and this study) and Bronze Age (this

study).

(D) Total lengths of segments <1.6 cM (purple) and >1.6 cM (green) in all ancient samples (Antonio et al.13 and this study) plotted against the average genomic

coverage. Linear regression fitted by Datagraph (http://visualdatatools.com),63 solid line is the fitted line, and shaded area represents 95%confidence interval. R2

values are color coded to match the legend and reported in the lower right-hand corner.

See also Data S5.
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Table 3. List of significant phenotypic variants

SNP Gene Phenotype

Comparison between

Italy, Near East, and

Yamnaya significance Significant pairs of groups

Intra-Italy

comparison

significance Significant pairs of groups

rs2167079 NR1H3,

ACP2

HDL + y Yama versus all except NE_BA

rs174546 FADS1/

FADS2

LDL + y Ita_postBA versus NE_NeoCA and

Yama

rs174570 FADS1vs.3 LDL +;HDL +;TG � y Yam versus NE_BA and

Ita_postBAa; Ita_NeoCA versus

Ita_postBA

rs5743618 TLR1 protective factor for leprosy y Ita_postBAa versus Ita_NeoCA,

NE_NeoCA, Ita_BA

y Cen_postRepa versus Cen_NeoCA,

Sic_Neo, Sar_CA, Sic_BA,

Sar_BANur, Sar_IAPun, Cen_IARep

rs1800629 TNF protective factor for leprosy y Ita_postBA versus Ita_NeoCA and

NE_NeoCAa

y Cen_postRep versus CAa,

Sar_BANur

rs3135388 HLA protective factor for leprosy y Ita_postBA versus NE_NeoCAa,

Ita_BA, Yam

y Sar_BANura versus Cen_IARep,

Cen_postRep; Sar_CA versus

Cen_IARep

rs4251545 IRAK4 risk factor for Gram-positive

infection

y not significant pairs

rs13119723 intronic protective factor for celiac disease y Yama versus all Ita

rs2187668 HLA-DQA1 risk factor for celiac disease and

gluten intolerance

y NE_NeoCA and Yama versus all Ita

rs7775228 HLA-DRA risk factor for celiac disease and

gluten intolerance

y BAa versus Sar_Neo and all Cen

rs4713586 HLA-DRA risk factor for celiac disease and

gluten intolerance

y BA versus all except CAb

rs1050152 SLC22A4 risk factor for Crohn’s disease y NE_NeoCA versus Ita_BAa and

Ita_postBA

rs16891982 SLC45A2 eye color: brown; hair color: black

versus nonvs.black

y Ita_postBA versus NE_NeoCA,

Ita_NeoCAa, Ita_BA

y Cen_postRep versus Cen_NeoCAa,

Sar_CA, Sar_BANur

rs28777 SLC45A2 hair color: AAvs.black/CCvs.red;

skin color: dark

y Ita_postBA versus Ita_NeoCAa,

Ita_BA

rs1426654 SLC24A5 skin color: intermediate y Cen_NeoCAa versus all

See also Data S6. BA, Bronze Age; CA, Chalcolithic; Cen, Central Italians; IA, Iron Age; Ita, Italy; NE, Near East; Neo, Neolithic; Nur, Nuragic; Pun, Punic; Rep, Republic; Sar, Sardinia; Sic, Sicily; SNP,

variantID; Yam, Yamnaya.
aThe groups with the highest frequency of the effective allele in the significant pairs
bFrequency approaching 1 in most groups, except BA and CA
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European context.7,9,11,13 The split among European Early N in-

dividuals into two groups observed in the PCA and already re-

ported in Marcus et al.17 separates Sardinia N from mainland

Italy, coupled with the higher affinity of the Sardinia N to both

Anatolia_N andWHG, raise the possibility of population structure

within the EN component, although deeper analysis, including

high-coverage ancient genomes, is needed to dissect subtle dif-

ferences in ancestry.

Our analyses show the expected signature of peri- and post-

BA movements from Steppe-related populations across Italy:

absent in Italian individuals from the N and Chalcolithic,

emerging in the Early BA (Italian Bell Beaker [I2478: 2195–1940

calBCE],9 Italian Remedello [RISE486: 2134–1773 calBCE],7,13

and Broion [BRC010: 1952–1752 calBCE (95.4%)]) and

increasing through time in the individuals from Broion and Re-

gina Margherita (GCP003: 1626–1497 calBCE [95.4%]). These

samples confirm the date of arrival in Northern Italy to at least

�2000 BCE and its presence in Central Italy by 4 centuries later,

although denser sampling strategies are needed to assess the

dynamics of this spread. Our qpAdm results suggest that the

Steppe-related ancestry component could have arrived through

Late N/Bell Beaker groups from Central Europe, though what re-

mains unknown due to small sample size and limited geograph-

ical and chronological distribution is whether there were multiple

Steppe population sources and the exact timing and diffusion of

this ancestry component through the Italian Peninsula. The R1b

subtype found in BA Broion is a lineage found in both ancient Si-

cilian samples and Italian Bell Beakers. Together with the auto-

somal affinity of North and Central Italian BA groups with Late

N Germany, the Ychr data point to a possibly Northern-, trans-

alpine-, and potentially Bell-Beaker-associated source of the

Italian Steppe-related ancestry.

The importance of male kinship structures in the interface be-

tween the Chalcolithic and BA has also been explored using

our autosomal data. It has long been assumed that the com-

mingled cave burials of the Chalcolithic included some form

of kinship structure; however, it was not possible to directly

reveal it before the advent of aDNA. Here, we see the pattern

that, in the Chalcolithic period, these locations were preferen-

tially used to bury closely related male individuals, though the

social significance of this fact is not clear. Although the Chalco-

lithic populations of Italy utilized natural burial chamber spaces,

rock-cut tombs, and trench graves more than building mega-

lithic monuments of the kind seen along the Atlantic Façade

in an earlier time period, it appears that the importance of

burying related males together is a shared feature. The genetic

evidence shown here is consistent with an emphasis on patri-

lineal descendancy and patrilocality for these burial rites to

the populations at both La Sassa and Broion, an emphasis

that disappears in the BA but is also not present at the sin-

gle-burial style Chalcolithic cemetery of Gattolino (possibly

due to small sample size). It is important to note that these sites

do not represent a random and unbiased sampling of the local

populations, rather a snapshot of one particular ritual aspect of

these societies; thus, it cannot be inferred whether patrilocality

and patrilineality were generally practiced or whether these pat-

terns changed over time. More sampling for genetics and iso-

topes is needed to reconstruct the general population structure

and inter-community relationships.

The arrival of the Steppe-related ancestry does not seem to

have affected the frequency patterns of any of the phenotypes

assessed in this work. Rather, the biggest changes seem to

have occurred with or after the Roman Imperial period. The

decrease in alleles associated with a protection against leprosy

after the IA is potentially interesting, given the increase in mani-

festations of the disease in the European bioarchaeological and

historical record from the 3rd to 4th millennium BCE69 until its

decline around the 1st millennium CE.70 It is still not clear exactly

how these variants interact with the disease and other patho-

genic mycobacterial infections; thus, more work is needed on

the clinical side before the full evolutionary history can be deter-

mined. It is also important to note that, as we did not test all

possible phenotypes but only a small subset, our results are

likely to be not the only phenotypic differences and more work

must be done to fully understand the complex relationships be-

tween evolutionary mechanisms and human genes. Fortunately,

whole ancient genomes like those generated in this study pro-

vide an invaluable resource that can be revisited in light of ad-

vancements in all areas of biology and genetics.
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Gómez-Vald�es, J., Everardo Martı́nez, P., Villamil-Ramı́rez, H., et al.

(2018). Latin Americans show wide-spread Converso ancestry and

imprint of local Native ancestry on physical appearance. Nat. Commun.

9, 5388.

57. Ongaro, L., Scliar, M.O., Flores, R., Raveane, A., Marnetto, D., Sarno, S.,

Gnecchi-Ruscone, G.A., Alarcón-Riquelme, M.E., Patin, E.,

Wangkumhang, P., et al. (2019). The genomic impact of European colo-

nization of the Americas. Curr. Biol. 29, 3974–3986.e4.

58. Kivisild, T. (2017). The study of human Y chromosome variation through

ancient DNA. Hum. Genet. 136, 529–546.

59. Chang, C.C., Chow, C.C., Tellier, L.C., Vattikuti, S., Purcell, S.M., and

Lee, J.J. (2015). Second-generation PLINK: rising to the challenge of

larger and richer datasets. Gigascience 4, 7.

60. Hui, R., D’Atanasio, E., Cassidy, L.M., Scheib, C.L., and Kivisild, T.

(2020). Evaluating genotype imputation pipeline for ultra-low coverage

ancient genomes. Sci. Rep. 10, 18542.

61. Ringbauer, H., Novembre, J., and Steinrücken, M. (2020). Human

parental relatedness through time - detecting runs of homozygosity in

ancient DNA. bioRxiv. https://doi.org/10.1101/2020.05.31.126912.

62. The 1000 Genomes Project Consortium (2015). A global reference for hu-

man genetic variation. Nature 526, 68–74.

63. MacAskill, M.R. (2012). DataGraph 3.0. J. Statist. Softw. Softw. Rev. 47,

1–9.

64. Mathieson, I., Lazaridis, I., Rohland, N., Mallick, S., Patterson, N.,

Roodenberg, S.A., Harney, E., Stewardson, K., Fernandes, D., Novak,

M., et al. (2015). Genome-wide patterns of selection in 230 ancient

Eurasians. Nature 528, 499–503.

65. Damgaard, P.B., Marchi, N., Rasmussen, S., Peyrot, M., Renaud, G.,

Korneliussen, T., Moreno-Mayar, J.V., Pedersen, M.W., Goldberg, A.,

Usmanova, E., et al. (2018). 137 ancient human genomes from across

the Eurasian steppes. Nature 557, 369–374.

66. Zhang, F.-R., Huang, W., Chen, S.-M., Sun, L.-D., Liu, H., Li, Y., Cui, Y.,

Yan, X.-X., Yang, H.-T., Yang, R.-D., et al. (2009). Genomewide associa-

tion study of leprosy. N. Engl. J. Med. 361, 2609–2618.

67. Johnson, C.M., Lyle, E.A., Omueti, K.O., Stepensky, V.A., Yegin, O.,

Alpsoy, E., Hamann, L., Schumann, R.R., and Tapping, R.I. (2007).

Cutting edge: a common polymorphism impairs cell surface trafficking

and functional responses of TLR1 but protects against leprosy.

J. Immunol. 178, 7520–7524.

68. Qi, H., Sun, L., Wu, X., Jin, Y., Xiao, J., Wang, S., Shen, C., Chu, P., Qi, Z.,

Xu, F., et al. (2015). Toll-like receptor 1(TLR1) gene SNP rs5743618 is

associated with increased risk for tuberculosis in Han Chinese children.

Tuberculosis (Edinb.) 95, 197–203.
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Serlegi, G., Marton, T., Donoghue, H.D., and Hajdu, T. (2017). Possible

cases of leprosy from the Late Copper Age (3780-3650 cal BC) in

Hungary. PLoS ONE 12, e0185966.

70. Donoghue, H.D., Marcsik, A., Matheson, C., Vernon, K., Nuorala, E.,

Molto, J.E., Greenblatt, C.L., and Spigelman, M. (2005). Co-infection of

Mycobacterium tuberculosis and Mycobacterium leprae in human

archaeological samples: a possible explanation for the historical decline

of leprosy. Proc. Biol. Sci. 272, 389–394.

71. Behar, D.M., van Oven, M., Rosset, S., Metspalu, M., Loogv€ali, E.-L.,

Silva, N.M., Kivisild, T., Torroni, A., and Villems, R. (2012). A

‘‘Copernican’’ reassessment of the human mitochondrial DNA tree from

its root. Am. J. Hum. Genet. 90, 675–684.

72. McCarthy, S., Das, S., Kretzschmar, W., Delaneau, O., Wood, A.R.,

Teumer, A., Kang, H.M., Fuchsberger, C., Danecek, P., Sharp, K.,

et al.; Haplotype Reference Consortium (2016). A reference panel of

64,976 haplotypes for genotype imputation. Nat. Genet. 48, 1279–1283.

73. Meyer, M., and Kircher, M. (2010). Illumina sequencing library prepara-

tion for highly multiplexed target capture and sequencing. Cold Spring

Harb. Protoc. 2010, pdb.prot5448.

74. Martin, M. (2011). Cutadapt removes adapter sequences from high-

throughput sequencing reads. EMBnet. J. 17, 10–12.

75. Li, H., and Durbin, R. (2009). Fast and accurate short read alignment with

Burrows-Wheeler transform. Bioinformatics 25, 1754–1760.

76. Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N.,

Marth, G., Abecasis, G., and Durbin, R.; 1000 Genome Project Data

Processing Subgroup (2009). The Sequence Alignment/Map format

and SAMtools. Bioinformatics 25, 2078–2079.

77. DePristo, M.A., Banks, E., Poplin, R., Garimella, K.V., Maguire, J.R.,

Hartl, C., Philippakis, A.A., del Angel, G., Rivas, M.A., Hanna, M., et al.

(2011). A framework for variation discovery and genotyping using next-

generation DNA sequencing data. Nat. Genet. 43, 491–498.

78. Jónsson, H., Ginolhac, A., Schubert, M., Johnson, P.L.F., andOrlando, L.

(2013). mapDamage2.0: fast approximate Bayesian estimates of ancient

DNA damage parameters. Bioinformatics 29, 1682–1684.

79. Jones, E.R., Zarina, G., Moiseyev, V., Lightfoot, E., Nigst, P.R., Manica,

A., Pinhasi, R., and Bradley, D.G. (2017). The Neolithic transition in the

Baltic was not driven by admixture with Early European farmers. Curr.

Biol. 27, 576–582.

80. Korneliussen, T.S., Albrechtsen, A., and Nielsen, R. (2014). ANGSD:

Analysis of Next Generation Sequencing Data. BMC Bioinformatics 15,

356.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Ancient skeletal element This paper BRC001

Ancient skeletal element This paper BRC002

Ancient skeletal element This paper BRC003

Ancient skeletal element This paper BRC007

Ancient skeletal element This paper BRC010

Ancient skeletal element This paper BRC011

Ancient skeletal element This paper BRC013

Ancient skeletal element This paper BRC015

Ancient skeletal element This paper BRC022

Ancient skeletal element This paper BRC024

Ancient skeletal element This paper BRC030

Ancient skeletal element This paper GCP002

Ancient skeletal element This paper GCP003

Ancient skeletal element This paper GCP004

Ancient skeletal element This paper GLR001

Ancient skeletal element This paper GLR002

Ancient skeletal element This paper GLR003

Ancient skeletal element This paper GLR004

Ancient skeletal element This paper LSC002

Ancient skeletal element This paper LSC005

Ancient skeletal element This paper LSC007

Ancient skeletal element This paper LSC011

Chemicals, peptides, and recombinant proteins

Sodium Hypochlorite

solution (15%)

N/A CAS:7681-52-9

0.5 M EDTA pH 8.0 Fisher Scientific Cat# BP24821

Ethanol 96% Chemlab Cat# CL00.0507.1000

dNTP Mix (25mM each) Thermo Fisher Scientific Cat# R1122

dNTP Mix (10mM each) Thermo Fisher Scientific Cat# R0192

BSA Thermo Fisher Scientific Cat# B14

HGS Diamond Taq Eurogentec Cat# TAQ-I011-5000+

Critical commercial assays

MinElute PCR Purification Kit QIAGEN Cat# 28006

High Pure Viral Nucleic Acid

LargeVolume Kit

Roche Cat# 5114403001

NEBNext DNA Library Prep Master Mix Set

454

New England Biolabs Cat# E6070L

Qubit dsDNA BR Assay Kit Thermo Fisher Scientific Cat# Q32853

Qubit dsDNA HS Assay Kit Thermo Fisher Scientific Cat# Q32854

Fragment Analyzer High Sensitivity NGS

Fragment Analysis Kit

Agilent Cat# DNF-474-0500

D1000 ScreenTape Agilent Cat# 5067-5582

D1000 Reagents Agilent Cat# 5067-5583

High Sensitivity D1000 ScreenTape Agilent Cat# 5067-5584
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REAGENT or RESOURCE SOURCE IDENTIFIER

High Sensitivity D1000

Reagents

Agilent Cat# 5067-5585

KAPA Library Quantification

Kit

Roche Cat# KK4835

Deposited data

Human reference genome NCBI build 37,

GRCh37

Genome Reference Consortium https://www.ncbi.nlm.nih.gov/projects/

genome/assembly/grc/human/

Mitochondrial DNA reference genome,

cRSRS

Behar et al.71 https://www.ncbi.nlm.nih.gov/pmc/

articles/PMC3322232/#!po=70.8333

Compiled modern and ancient comparison

dataset (including restricted access

samples) 1240K and Human Origins

N/A https://reichdata.hms.harvard.edu/pub/

datasets/amh_repo/curated_releases/

index_v42.4.html

1000 Genomes Project Phase 3 The 1000 Genomes Project Consortium62 https://www.internationalgenome.org/

category/phase-3/

Haplotype Reference Consortium McCarthy et al.72 http://www.haplotype-reference-

consortium.org/

Italian aDNA data This paper http://www.ebc.ee/free_data; http://www.

ebi.ac.uk/ena/data/view/PRJEB37660;

ENA: PRJEB37660

Oligonucleotides

NEBNext Multiplex Oligos for

Illumina

New England Biolabs Cat# E7335

IS1_adapter.P5

A*C*A*C*TCTTTCCCTACACG

ACGCTCTTCCG*A*T*C*T

Meyer and Kircher73 Eurofins

IS2_adapter.P7

G*T*G*A*CTGGAGTTCAGACGTG

TGCTCTTCCG*A*T*C*T

Meyer and Kircher73 Eurofins

IS3_adapter.P5+P7 A*G*A*T*CG

GAA*G*A*G*C

Meyer and Kircher73 Eurofins

Software and algorithms

cutadapt Martin74 https://cutadapt.readthedocs.io/

en/stable/#

Burrow-Wheeler Aligner (BWA 0.7.12) Li and Durbin75 http://bio-bwa.sourceforge.net/

Samtools 1.3, 1.6, 1.9 Li et al.76 http://samtools.sourceforge.net/

Picard 2.12, 1.54 N/A http://broadinstitute.github.io/picard/

GATK 3.5 DePristo et al.77 https://gatk.broadinstitute.org

mapDamage 2.0 Jónsson et al.78 https://ginolhac.github.io/mapDamage/

mtDNA contamination algorithm Jones et al.79 N/A

ANGSD-0.916 Korneliussen et al.80 http://www.popgen.dk/angsd/index.php/

ANGSD

sex determination algorithm #1 Skoglund et al.81 https://github.com/pontussk/ry_compute

sex determination algorithm #2 Fu et al.15 N/A

HaploGrep2 Weissensteiner et al.82 https://haplogrep.i-med.ac.at/category/

haplogrep2/

BEDTools Quinlan83 https://bedtools.readthedocs.io/en/latest/

PLINK v1.90b3.27 Purcell et al.84 https://www.partners.org/purcell/plink/

EIGENSOFT 7.2.0 Patterson et al.44 https://github.com/DReichLab/EIG

ADMIXTOOLS Price et al.45 https://github.com/DReichLab/AdmixTools

ADMIXTURE Alexander et al.53 https://bio.tools/admixture

ChromoPainter/NNLS pipeline Lawson et al.55 https://people.maths.bris.ac.uk/�madjl/

finestructure-old/chromopainter_info.html

SourceFind Chacón-Duque et al.56 https://people.maths.bris.ac.uk/�madjl/

finestructure/sourcefind.html
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact: Tina

Saupe (tina.saupe@ut.ee).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The accession number for the DNA sequences reported in this paper is ENA:PRJEB37660 (https://www.ebi.ac.uk/ena/data/view/

PRJEB37660). The data are also available through the data depository of the EBC (http://evolbio.ut.ee).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The DNA was extracted from 47 bone and tooth samples in 51 extracts, 51 double-stranded, single-indexed libraries generated: 30

from Grottina dei Covoloni del Broion, 13 from Grotta La Sassa, four from the Necropoli di Gattolino di Cesena and four from Grotta

Regina Margherita. Forty-nine libraries were NGS screened at low depth and 20 sequenced to higher coverage and analyzed. More

detailed information about the archaeological sites of this study are given below.

Grottina dei Covoloni del Broion

Tina Saupe & Cinzia Scaggion

The Grottina dei Covoloni del Broion is part of the oriental rocky wall complex of Colli Berici. It is close to the famous cave Grotta

Broion in the province of Vicenza in Northern Italy where among Paleolithic sediments, the Italian geologist Piero Leonardi found sig-

nificant traces of Neanderthal. This prehistoric shelter is located in Vallà di Lumignano in themunicipality of Longare and was used as

a funerary site. Through the analysis of the palaeosurface, the site seems to have been used for a long time covering many gener-

ations belonging to the Chalcolithic confirmed by the discovery of Eneolithic artifacts.

Grottina dei Covoloni del Broion was discovered in 1973 and systematic excavations were conducted of the different geological

layers and of parts of the Grottina during four archeological campaigns between 1973 and 1977. The archaeological excavation of

1977 was entirely reserved for the study of funerary depositions. The inner part of the cave was intended for sepulchral use such as

was evidenced by the discovery of many human osteological findings incorporated in the calcareous sediment. The archaeologists

had also found ceramic fragments andmany flint artifacts: a flat blade of dagger, a significant amount of arrow cusps, blades, two flint

cores, small discoid beads and a small calcite tube from a bracelet or necklace, and other personal ornaments found in the same

layer. The human remains include bones and teeth under different states of conservation and distribution.91 For this study, in collab-

oration with the University of Padova andMuseum of Anthropology of Padova, samples of 26 human remains (pars petrous bone = 4,

teeth = 22) were taken with unknown morphological background of age and sex. Samples BRC001, BRC002, BRC003, BRC007,

BRC010, BRC013, BRC022, and BRC030were dated at 14CHRONOCentre for Climate, the Environment, and Chronology in Belfast,

UK (Data S1C).

Grotta La Sassa

Luca Alessandri, Ilenia Arienzo, Flavio De Angelis and Mario Federico Rolfo

The Grotta La Sassa (National Cave Cadastre id: LA 2001) was discovered in 2015 during a survey of the Ausoni Mountains natural

caves carried out by two speleological groups: Gruppo Grotte Castelli Romani and Speleo Club Roma.92 Several archaeological sur-

veys have been carried out in the cave, from 2016 to the present day by the Groningen Institute of Archaeology and the University of

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

READ Monroy Kuhn et al.40 https://bitbucket.org/tguenther/read

VCFtools Danecek et al.85 http://vcftools.sourceforge.net/

Datagraph MacAskill63 https://visualdatatools.com/

Beagle 4.1, 5.0 Browning and Browning86 https://faculty.washington.edu/browning/

beagle/b4_1.html

R 3.6 R Development Core Team87 http://www.R-project.org/

ATLAS v0.9.0 Link et al.88 https://bitbucket.org/wegmannlab/atlas/

wiki/Home

hapROH Ringbauer et al.61 https://pypi.org/project/hapROH/

HIrisPlex-S Chaitanya et al.89 and Walsh et al.90 https://hirisplex.erasmusmc.nl/
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Rome Tor Vergata. The cave is in the valley close to the modern town of Sonnino (Latina, Italy). The coordinates of the entrance are:

WGS84, UTM 33T, 352627E, 4587452N. The cave yields an impressive stratigraphy ranging from the late Pleistocene to the Second

WorldWar, when the cave was used as a hiding shelter by the locals. Hundreds of disarticulated human bones and teeth scattered in

Room 1 (soundings N,WD and L) and Room 2were collected (Figure S1A). They have been radiocarbon dated to the Copper Age and

the Early Bronze Age (for the Italian chronology, see Anzidei and Carboni93 and Alessandri94). The sampled bones pertaining to this

work come from the stratigraphic units (SUs) 19, 31 and 36, in Room 2 (Figure S1B).

The three radiocarbon dates that come from human bones in SU 19 set the layer in the Copper Age/Chalcolithic. SUs 31 and 36

belong to a group of layers which contain Middle Bronze Age potsherds, possibly reworked in Medieval times (Figure S1). However,

the four radiocarbon dates which have been obtained from these samples are all tightly clustered around 4,050 BP (Figure S1D)

which, in Italian chronology, falls into the Late Copper Age. No pottery items were found in association with these bones, despite

the only Copper Age potsherds collected in the cave (Figure 13 in Alessandri et al.95) belonging to the Gaudo funeral facies,96 which

is characteristic of Southern Italy.

The anthropological samples were recruited for micro-sampling at the University of Rome ‘‘Tor Vergata’’ and the sampling process

was performed at Oxford University afterward. The visual preservation status was the driving inclusion criterion for the recruitment.

The osteological characteristics of the selected bones suggested that the fragments could belong to different individuals, even

though the molecular analyses later showed that the bone fragments pertaining to LSC002 and LSC004 come from the same indi-

vidual. These bone fragments consist of diagenetically damaged petrous bones and their siding are not reliably assessed bymorpho-

logical evaluation.

LSC005 is a lower second molar tooth pertaining to an adult individual, whose age at death could be set as 35-40 years old ac-

cording to classical osteological methods.97

LSC007 is an upper first molar related to a young adult whose age at death should be between 15 and 20 years old according to the

lack of enamel wear.97

LSC011 refers to a lower first molar dental element carried by a mandible of an adult male individual whose age at death should be

set up to 40 years old.97,98

The samples are already submitted to multi-isotope analysis for unravelling diet and mobility of people buried in Grotta La Sassa.

The mobility of the ancient people buried in La Sassa is currently under evaluation and the data will be conclusive shortly with the

publication of a dedicated paper in preparation. For the purpose of the present paper, the punctual data pertaining to the sampled

teeth are reported. Remarkably, LSC005 returns an enamel 87Sr/86Sr ratio of 0.709549, which is out of the range determined for the

rest of 27 sampled teeth from the cave. The LSC011 and LSC007 samples return an enamel 87Sr/86Sr ratio of 0.709308 and

0.708800, respectively, that are tuned with the data recovered from the rest of the teeth in La Sassa.

Samples LSC002/004, LSS005/013 and LSC011 were dated at 14CHRONO Centre for Climate, the Environment, and Chronology

in Belfast, UK (Data S1C).

Necropoli di Gattolino di Cesena

Monica Miari

The Necropoli of Gattolino is located in the municipality of Cesena (Emilia-Romagna region, central Italy). The four graves were

probably part of a larger Copper Age necropolis. The graves were all single, NW-SE oriented and the inhumations were in a lying

supine position. The burials included a vessel placed at the foot of the body in addition to flint artifacts, in particular arrow-heads.

Based on the materials, the necropolis highlights important contacts with central and southern Italy - with particular regard to the

Laterza facies - and seems to be framed from a recent phase of the Copper Age to the beginning of the Bronze Age, due to the pres-

ence in the Grave 1 of beads in Sicilian amber and silver.

Radiocarbon method and date of Gattolino

Sahra Talamo

The Gattolino bone collagen was extracted at the Department of Human Evolution, Max Planck Institute for Evolutionary Anthropol-

ogy (MPI-EVA) in Leipzig, Germany, following the pretreatment procedures in Talamo and Richards99 (MPI-Code: S-EVA). The outer

surface of the bone sample is first cleaned by a shot blaster and then 500mg of the whole bone is taken. The samples are then decal-

cified in 0.5M HCl at room temperature until no CO2 effervescence is observed. 0.1M NaOH is added for 30 minutes to remove

humics. The NaOH step is followed by a final 0.5M HCl step for 15 minutes. The resulting solid is gelatinized following Longin100

at pH 3 in a heater block at 75�C for 20h. The gelatine is then filtered in an Eeze-Filter (Elkay Laboratory Products (UK)) to remove

small (> 80 mm) particles. The gelatine is then ultrafiltered101with Sartorius ‘‘VivaspinTurbo’’ 30 KDa ultrafilters. Prior to use, the filter

is cleaned to remove carbon containing humectants.102 The samples are lyophilized for 48 hours. C:N atomic ratios, and collagen

yields were measured to determine the extent of collagen preservation. Bones with > 1%weight collagen and C:N ratios in the range

2.9–3.6 are passing the evaluation criteria for collagen to proceed with the AMS analysis.103 Samples were graphitised and dated by

AMS at the Mannheim facility (laboratory code MAMS104).

In order tomonitor contamination introduced during the pretreatment stage, a sample from a cave bear bone, kindly provided byD.

Döppes (MAMS, Germany), was extracted along with the batch of La Ferrassie samples.105 The Gattolino collagen sample passed

the evaluation criteria for good quality collagen and is reported in Data S1C. TheRadiocarbon date of Gattolino 3was calibrated using

IntCal20;41with the OxCal 4.4 program.43 The C:N ratio and the amount of collagen extracted (%Coll, > 30 kDa fraction) are reported.

ll
OPEN ACCESS

e4 Current Biology 31, 1–16.e1–e12, June 21, 2021

Please cite this article in press as: Saupe et al., Ancient genomes reveal structural shifts after the arrival of Steppe-related ancestry in the Italian Penin-

sula, Current Biology (2021), https://doi.org/10.1016/j.cub.2021.04.022

Article



Grotta Regina Margherita

Robin Skeates

Grotta Regina Margherita is situated in the modern municipality of Collepardo (Frosinone province, Westcentral Italy). It is a large

limestone karst cave. It is located at an altitude of 480 m in the Fiume valley, and opens about 30 m above the bottom of a gorge

and below the hill on which the Medieval village of Collepardo now sits. It is the largest known mortuary cave in Middle Bronze

Age Central Italy (c. 1650-1400 BCE). Essentially, the cave can be divided into two contrasting zones: the twilight Entrance Hall

and the dark Interior Hall. Since 2008,106 our team has excavated and compared soundings in the archaeological deposits found

in diverse areas of the cave. The three aDNA samples of human petrous bone come from two different soundings in the Interior

Hall. In this part of the cave, we found clear evidence for primary and secondary mortuary rites having been performed in the Middle

Bronze Age in well-defined spaces enclosed by speleothems- distinguished archaeologically by concentrations of human remains

and body ornaments. This mortuary activity in the cave has been radiocarbon dated to between c. 1650 and 1450 cal BC.

Sample B297 comes from Sounding D, Context 32

Sounding D lies in a relatively well-defined sunken space delimited by large speleothems. Here, a rich and relatively extensive mor-

tuary deposit has been identified, comprising a dense and compact ‘carpet’ of human bones and associated artifacts (Context 32),

embedded in a fine cave loam and patches of calcite crust. Finds include: human and animal bones, pottery fragments, a clay spindle

whorl, two fragments of a small bronze ornamentmade of a cylindrical spiral of wire to which is attached a fragment of a faı̈ence bead,

a disc-shaped bead or button of mother-of-pearl, a quadrangular piece of sandstone, with wear traces from use in sharpening or

smoothing, and some pieces of charcoal. The human remains recovered so far (from the upper two thirds of the deposit) belong

to at least 19 individuals, with ten adults (including at least three young adults and one older adult of 40-60 years) and 9 sub-adults

(one fetus/perinatal individual, one infant of 18months, one infant of approximately 2 years, one child of approximately 3-6 years, one

child of approximately 8 years, one older child of 10 years, and three adolescents). There are at least two females and onemale adult.

Despite the generally disarticulated (and also somewhat fragmented) state of the human remains, a few of the bones (including some

phalanges) were found in articulation, and all bones from the skeleton (including many small and fragile bones) were represented,

suggesting the original deposition of whole bodies in this area. However, the significant under-representation of long bones (partic-

ularly the lower limbs-tibiae and femurs) hints at the successive removal of large bones from this area, which might then have been

redeposited elsewhere in or beyond the cave. The presence of mineralised breaks and calcite accretions covering breakage points

also indicates that most of the boneswere fragmented prior to the formation of the calcite, quite possibly unintentionally in the Bronze

Age during the course of primary and secondary mortuary rites, which added to and disturbed earlier mortuary deposits in this area.

We obtained 10 radiocarbon determinations on human bones from Sounding D, to gain some idea of the period of time over which

thesemortuary deposits were formed, selecting only left heels (astragali) to ensure that wewere dating different individuals. The basic

time span provided by these determinations, at the 68 per cent probability level, is c. 1600-1450 cal BCE. Using Bayesian chrono-

logical modeling, at the same probability level, the period of activity can be narrowed down to 1-60 years, falling within 1545-1480 cal

BCE.

Samples B152 and B154 come from Sounding E, Context 60

Sounding E comprises a small sunken space situated among a group of speleothems. It is the innermost area excavated in the cave.

The deposits in this area are loose, having been heavily disturbed by the installation of the tourist walkway. Context 60 is the upper-

most layer of these deposits. Numerous concrete human bones, a few pottery fragments, and some charcoal and ashes were found

here. Aminimum number of 7 individuals is represented by the human bones, with three adults and four sub-adults (one infant of less

than one year, one child of around 6 years, one child of around 9 years, and one adolescent). There is at least one female adult and

onemale adult. Exceptionally, a humerus and an ulnawere found in anatomical connection here. This, together with the relatively high

average frequency of representation of skeletal elements in this area (50 per cent), indicates the successive primary deposition of

whole bodies in this area.

A human left astragalus (SUERC-78150) from Sounding E has a radiocarbon date of c. 1500–1450 cal BC, which is contemporary

with some of the dated left astragali from Sounding D.

Samples GCP002 and GCP003 were dated at 14CHRONO Centre for Climate, the Environment, and Chronology in Belfast, UK

(Data S1C).

METHOD DETAILS

All of the laboratory work was performed in dedicated ancient DNA laboratories at the Estonian Biocenter, Institute of Genomics,

University of Tartu, Tartu, Estonia. The library quantification and sequencing were performed at the Estonian Biocenter Core Labo-

ratory. The main steps of the laboratory work are detailed below.

DNA extraction

In total 47 samples from human remains were extracted for DNA analysis. The four petrous bones from Broion cave were sampled

twice, giving a total of 51 extracts.
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The first layer of pars petrous was removedwith a sterilized drill bite to avoid exogenous contamination. Bone powder and a 10mm

core of the inner ear were sampled from the pars petrous. The drill bits and core drill were sterilized in between samples with 6% (w/v)

bleach followed by distilled water and then ethanol rinse. Root portions of teeth were removed with a sterile drill wheel.

The root and the petrous portions were soaked in 6% (w/v) bleach for 5 minutes. Samples were rinsed three times with 18.2 MUcm

H2O and soaked in 70% (v/v) Ethanol for 2 minutes. The tubes were shaken during the procedure to dislodge particles. The samples

were transferred to a clean paper towel on a rack inside a class IIB hood with the UV light on and allowed to dry for two to three hours.

Afterward, the samples were weighed to calculate the accurate volume of EDTA (20x EDTA [ml] of sample mass [mg]) and Protein-

ase K (0.5x Proteinase K [ml] of sample mass [mg]). EDTA and Proteinase K were added into PCR-clean 5 mL or 15 mL conical tubes

(Eppendorf) along with the samples inside the IIB hood and the tubes were incubated 72 h on a slow shaker at room temperature.

1000 ml of EDTA and 25 ml of Proteinase K were added to the bone powder of the pars petrous and were incubated 24 h on a

slow shaker at room temperature.

The DNA extracts (of root portions, pars petrous portions and bone powder) were concentrated to 250 ml using the Vivaspin Turbo

15 (Sartorius) and purified in large volume columns (High Pure Viral Nucleic Acid Large Volume Kit, Roche) using 2.5 mL of PB buffer,

1 mL of PE buffer and 100 mL of EB buffer (MinElute PCR Purification Kit, QIAGEN). For the elution of the endogenous DNA, the silica

columnswere transferred to a collection tube to dry and followed in 1.5mLDNA lo-bind tubes (Eppendorf) to elute. The samples were

incubated with 100 ml EB buffer at 37 C for 10 minutes and centrifuged at 13,000 rpm for two minutes. After centrifugation, the silica

columns were removed and the samples were stored at �20 C. Only one extraction was performed per extraction for screening and

30 ml used for libraries.

Library preparation

Sequencing libraries were built using NEBNext DNA Library Prep Master Mix Set for 454 (E6070, New England Biolabs) and Illumina-

specific adaptors73 following established protocols.73,107,108 The end repair module was implemented using 18.75 mL of water, 7.5 mL

of buffer and 3.75 mL of enzymemix, incubating at 20�C for 30 minutes. The samples were purified using 500 mL PB and 650 mL of PE

buffer and eluted in 30 mL EB buffer (MinElute PCR Purification Kit, QIAGEN). The adaptor ligation module was implemented using

10 mL of buffer, 5 mL of T4 ligase and 5 mL of adaptor mix,73 incubating at 20�C for 15 minutes. The samples were purified as in the

previous step and eluted in 30 mL of EB buffer (MinElute PCR Purification Kit, QIAGEN). The adaptor fill-in module was implemented

using 13 mL of water, 5 mL of buffer and 2 mL of Bst DNA polymerase, incubating at 37�C for 30 and at 80�C for 20 minutes. Libraries

were amplified using the following PCR set up: 50 mL DNA library, 1X PCR buffer, 2.5mM MgCl2, 1 mg/ml BSA, 0.2 mM inPE1.0,

0.2mM dNTP each, 0.1U/ml HGS Taq Diamond and 0.2 mM indexing primer. Cycling conditions were: 50 at 94C, followed by 18 cycles

of 30 s each at 94C, 60C, and 68C, with a final extension of 7 minutes at 72C. The samples were purified and eluted in 35 mL of EB

buffer (MinElute PCR Purification Kit, QIAGEN). Three verification steps were implemented to make sure library preparation was suc-

cessful and tomeasure the concentration of dsDNA/sequencing libraries - fluorometric quantitation (Qubit, Thermo Fisher Scientific),

parallel capillary electrophoresis (Fragment Analyzer, Agilent Technologies) and qPCR.

DNA sequencing

DNA was sequenced using the Illumina NextSeq500/550 High-Output single-end 75 cycle kit. As a norm, 15 samples were

sequenced together on one flow cell; additional data was generated for 20 samples to increase coverage (Data S1).

QUANTIFICATION AND STATISTICAL ANALYSIS

Mapping

Before mapping, the sequences of the adapters, indexes, and poly-G tails occurring due to the specifics of the NextSeq 500 tech-

nology were cut from the ends of DNA sequences using cutadapt-1.11.74 Sequences shorter than 30 bp were also removed with the

same program to avoid random mapping of sequences from other species. The sequences were aligned to the reference sequence

GRCh37 (hs37d5) using Burrows- Wheeler Aligner (BWA 0.7.12)75 and the command mem with re-seeding disabled.

After alignment, the sequences were converted to BAM format and only sequences that mapped to the human genome were kept

with samtools 1.3.76 Afterward, the data from different flow cell lanes were merged and duplicates were removed using picard 2.12

(http://broadinstitute.github.io/picard/index.html). Indels were realigned using GATK 3.5109 and reads with a mapping quality less

than 10 were filtered out using samtools 1.3.76

aDNA authentication

As a result of degrading over time, aDNA can be distinguished from modern DNA by certain characteristics: short fragments and a

high frequency of C = > T substitutions at the 50 ends of sequences due to cytosine deamination. The programmapDamage2.078was

used to estimate the frequency of 50 C = > T transitions. Rates of contamination were estimated on mitochondrial DNA by calculating

the percentage of non-consensus bases at haplogroup-defining positions as detailed in Jones et al.79 Each sample was mapped

against the RSRS downloaded from phylotree.org and checked against haplogroup-defining sites for the sample-specific hap-

logroup (Data S1).
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Samtools 1.976 option stats was used to determine the number of final reads, average read length, average coverage etc. The

average endogenous DNA content (proportion of reads mapping to the human genome) was 10.77% (0.48 - 48.87%) (Data S1A

and S1B).

Calculating genetic sex estimation

Genetic sex was calculated using the methods described in Skoglund et al.,81 estimating the fraction of reads mapping to Y chro-

mosome out of all reads mapping to either X or Y chromosome. Additionally, sex was determined using a method described in Fu

et al.,15 calculating the X and Y ratio by the division of the coverage by the autosomal coverage. Here, the sex was calculated for

samples with a coverage > 0.013 and only reads with amapping quality > 10 were counted for the autosomal, X, and Y chromosome

(Data S1A and S1B).

Determining mtDNA haplogroups

Mitochondrial DNA haplogroups were determined using Haplogrep2 on the command line. For the determination, the reads were re-

aligned to the reference sequence RSRS and the parameter -rsrs were given to estimate the haplogroups using Haplogrep282,110

(Data S1B). Subsequently, the identical results between the individuals were checked visually by aligning mapped reads to the refer-

ence sequence using samtools 0.1.1976 command tview and confirming the haplogroup assignment in PhyloTree. Additionally, pri-

vate mutations were noted for further kinship analysis (Data S1E). The polymorphisms were estimated using the online platform of

haplogrep2. Here, the variant calling files (vcf.) were uploaded to the online platform and the known polymorphism in the RSRS

were converted to rCRS (Data S1E).

Y chromosome variant calling and haplotyping

A total of 138,425 binary Y chromosome SNPs that have been detected as polymorphic in previous high coverage whole Y chromo-

some sequencing studies111–113 were called in Chalcolithic/Bronze Age samples using ANGSD-0.91680 command–doHaploCall.

Only ten individual samples that had more than 0.01 3 Y chromosome variant coverage were kept for further analyses. A subset

of 105,691 sites yielded a call in at least one of the samples and in case of 2,480 sites at least one of the ten samples carried a derived

allele. Basal haplogroup affiliations of each sample were determined by assessing the proportion of derived allele calls (pD) in a set of

primary (A, B, C...T) haplogroup defining internal branches, as defined in Karmin et al.,112 using 1,677 informative sites. In case of all

ten samples the primary haplogroup could be determined unambiguously (pD > 0.85) with the support of at least 4 variants in derived

state considering the pD values outside the path connecting the root of the Y chromosome tree and the respective haplogroup were

observed in the range of 0-0.037. Further detailed sub-haplogroup assignments within the phylogeny of the primary haplogroupwere

determined on the basis of mapping the derived allele calls to the internal branches of a tree based on modern high coverage ge-

nomes and highlighting the marker tagging the branch with the lowest derived allele frequency (Data S1B and S1F).

Kinship analysis and identical samples

Preparing data for analysis

First, all newly generated samples were called with ANGSD-0.91680 command–doHaploCall, sampling a random base for the posi-

tions that are present at MAF > 0.1 in the 1000 Genomes GBR population62 giving a total of 4,446,224 SNPs for autosomal kinship

analysis.

For the comparison with published studies, we used the 1240k panel SNPs only and select populations (Data S4) were retained

from the combined dataset using plink–keep and converted to .tped. We chose two sets of contemporaneous samples (CA and

BA) and only samples with > 0.1x coverage were included. The ANGSD output files were converted to .tped format, which was

used as an input for kinship analyses with READ.40

Identifying genetically identical individuals

When using this approach the coverage, sample size and population diversity is important. Recommendedminimum coverage com-

bined between compared individuals is 0.1x40 for accurate relationship estimation and too small a sample size will shift the estimated

P0 upward leading to false negatives (not detecting 1st or 2nd degree relatives) and too much population diversity, i.e., analyzing

completely different populations together (separated by too much time, distance etc.) will shift the P0 values lower, leading to false

positives. Keeping this in mind, we first used the tool to identify the redundant sampling of identical individuals within sites. All sam-

ples over 0.1x were first run and any identical samples merged. Then one sample of lower than 0.1x was tested against the newly

merged set starting with the highest coverage (e.g., 0.08x then 0.06x) and each time if the low coverage sample was estimated to

be identical to any other sample, it was merged. If it was not, it was removed from the pool. Only if the estimated mtDNA haplotype

and the READ analysis matched (showed identical) were they merged. This process was repeated until all samples with over 100,000

reads mapping to hg19 had been tested. We also checked the method using samples BRC027-29, which were powders taken from

the same petrous bones as BRC001-3. The approach correctly identified the matches in these three cases. Using this approach we

estimate the minimum/maximum number of individuals per site to be: Broion (12-15) and La Sassa (4-9).

Identifying kinship in new samples

Once identical individuals were identified and merged, to assess kinship relationships up to the 3rd degree, we divided the samples

several ways according to geography and time. First all sites were analyzed together regardless of time period, then all sites
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separated into Chalcolithic and Bronze Age based on C14 dates and genetic clustering on the PCA (EN versus PN clusters), then

each site separately with Broion also run in two ways: 1) all samples together and 2) separated into Chalcolithic and Bronze Age

sets. The mean P0 values are consistent across groupings (Data S4A) when assessing the results output, only pairs in which both

the lower and upper Z score are greater than 4 are reported in Table 2. The full list of comparative genomes is listed in Data S4B,

newly reported CA and BA results in Data S4C and S4D. Our main analysis is restricted to samples over 0.05x; however, we did

run some tests on individuals over 0.0005x as part of the exploration of identical samples, these results are in Data S4E and S4F.

We also compared our newly generated genomes (> 0.05x) to publishedCA andBA samples as listed in Data S4B, restricting analysis

to published genomes over 0.1x. Results are listed in Data S4G–S4J, with no new confirmed close kinship relationships to report.

Imputed genomes (see section Genome imputation) were used to study in further detail cases of close degree of genetic related-

ness detectedwith READ.We used the–genome function of PLINK 1.9.059 to estimate pairwise proportions of IBD1 and IBD2 that are

informative, for example, for distinguishing parent-offspring from sibling relationships (Table 2).

Preparing the datasets for autosomal analysis

For the chronological sample assignment for the study of the arrival of Steppe-related ancestry component in Italy, comparative

ancient samples from the Italian Peninsula, Sardinia, and Sicily broadly dated from the Neolithic to the Iron Age were added to

the dataset along with the newly generated ancient samples from this study.7,9,13,14,16,17 We used the following ranges for the

time periods: Neolithic ((N), 7000 - 3500 BCE), Copper Age/Chalcolithic ((CA), 3500 - 2200 BCE), Early Bronze Age ((EBA), 2200 -

1700 BCE), Bronze Age ((BA), 1700 - 900 BCE), and Iron Age ((IA), 900 - 200 BCE) and grouped samples using the published relative

and absolute dates. Because of the different chronological association of the transition from the Copper Age to the Bronze Age in

Sardinia, ancient samples from the Nuragic culture were grouped with other ancient samples from Sardinia dated to the Bronze

Age and ancient samples from the Punic culture were grouped with samples dated to the Iron Age (see also Data S1D).

20 individuals were sequenced in additional runs to an average genomic coverage between 0.13 and 1.24x. Sequences were re-

aligned using the same process as previously described and identical individuals were merged using samtools 1.676 command

merge and duplicates were removed using picard tools 1.54 (http://broadinstitute.github.io/picard/index.html).

In total, 22 individuals were selected for genomic analysis (Table 1; Data S1). Autosomal variants were called with ANGSD-0.91680

command–doHaploCall calling all the positions in the Lazaridis et al., 2016aDNAdataset.46For the analysis, a dataset of ancient andpre-

sent-day individuals from David Reich Lab (https://reich.hms.harvard.edu/allen-ancient-dna-resource-aadr-downloadable-genotypes-

present-day-and-ancient-dna-data, release: 1st ofMarch2020) and the dataset fromFernandes et al.16 andMarcus et al.17weremerged

usingPLINKv1.9059 (TableS4).Weperformedall subsequentanalysisonautosomaldata.However,weexcludedpublishedancient sam-

ples from Sardinia and Sicily which had been annotated as low coverage or contaminated samples and group_label_sampleID.

We created two different datasets maximizing SNP coverage in 1)modern (1240K +HO) and 2) ancient samples (1240K). Themod-

ern dataset was used to perform principal component analysis, DyStruct, and ADMIXTURE. The ancient dataset was used for out-

group f3 statistics, f4 statistics, Chromopainter/NNLS, f4 NNLS analysis and qpAdm.

Principal component analysis

Plink files were converted to EIGENSTRAT format using the program convertf from the EIGENSOFT 7.2.0 package with the param-

eter familynames:NO.44,45 PCA was performed using the program smartpca with the parameter autoshrink:YES, projecting ancient

individuals onto the components constructed based on the modern genotypes. The PCA was visualized using R-3.6.87 The sampled

individuals were projected on top of the present-day individuals in the David Reich dataset. A subset of ancient individuals from Eur-

asia were projected in groups (Figures 2A and S4; Data S1D).4–7,9,10,12–15,23,24,46,47,64,65,114–121

DyStruct

We modeled individuals as a mixture of different ancestral components by means of DyStruct, which takes into consideration

temporal dynamics in the model based clustering method similar to admixture.52 In detail, we performed five independent runs

for K ancestral component K Î {2..10}, of 50 epochs each, using the same set of modern and ancient individuals used in PCA and

ADMIXTURE analysis, and assigning them to time-interval of 1000 years, assuming generations of 25 years (Figures 2B and S2).

To ease the visualization in Figure 2B, we focused only on Italian individuals together with a small subset of key Eurasian

populations.

f4 statistics

For the f4 statistics, the same dataset as for the PCA was used and the target groups with 798 individuals from 191 ancient groups

from Europe, Caucasus, Near East (Data S2). We performed f4 statistics in the form f4(Mbuti.DG, site1; site2, Y) for each studied site,

whereby site 1 + 2 are the newly studied sites and Y is one of the comparative ancient groups/population (Data S2A). Additionally, we

performed f4 statistics in form f4(Mbuti.DG, sample1; sample2, Y) as well as f4(Mbuti.DG, sample1; Y1, Y2) for each studied sample

(Data S2C–S2F). We used ancient individuals from different context: Western Hunter-Gatherers, Eastern Hunter-Gatherers, Yam-

naya Steppe/ Pontic Steppe, European Neolithic farmers, Anatolia Neolithic, and ancient Italian individuals from previously

studies.7,9,13,14,16,17 We used the program qpDstat with the option f4mode:YES from the software ADMIXTOOLS 4.1.122

Additionally, we performed f4 statistics in form f4(Mbuti.DG, Russia_EBA_Yamnaya_Kalmykia.SG/Samara, X, Anatolia_N) to test

the affinity of all ancient Italian individuals spanning from the Neolithic to the Iron Age using qpDstats (Data S2B). The results of the
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f4 statistics in form f4(Mbuti.DG, Russia_EBA_Yamnaya_Kalmykia.SG, X, Anatolia_N) were visualized using R 3.687 (See also Figures

2C and S4B).

Outgroup f3 statistics

For the study of X chromosome versus autosomes, outgroup f3 statistics in the form f3(Italian_CA/Italian_EBA_BA,X; Mbuti.DG) were

performed with Mbuti.DG as the outgroup and the same subset of the ancient population previously described was chosen. For the

analysis, the autosome and X chromosome positions available in Lazaridis et al.46 ancient dataset were selected and the data was

converted to EIGENSTRAT format using the program convertf from EIGENSOFT 7.2.044 with the parameter familynames:NO. To un-

derstand the sex-specific patterns detected in European Bronze Age populations, the newly generated samples were grouped ac-

cording to the clusters seen in the PCA (Figure 2A) - Italy_CA (n = 12) and Italy_EBA_BA (n = 8). Published ancient individuals from

Italian Peninsula were added to the groups following Italy_CA: Italy_C.SG (R1014.SG, R4.SG, R5.SG = 3),13 Italy_North_Remedel-

lo_C.SG (RISE487.SG, RISE4879.SG = 2)7 and Italy_EBA_BA: Italy_North_Remedello_EBA.SG (RISE486.SG = 1), Italy_North_Bell-

Beaker (I1979, I2477, I2478 = 3).9 Outgroup f3 statistics were computed using ADMIXTOOLS 1.1122 option qp3Pop (See also Data

S1K, Figure S5).

Additionally, we performed outgroup f3 statistics in form f3(Italy_CA, X; Mbuti.DG) to explore the genetic relationships of Italy_CA

and peri-Neolithic groups (X) (Data S1K). The group Italy_CA contains following samples from the Italian Peninsula dated to the Chal-

colithic: Italy_Broion_CA, Italy_Gattolino_CA, Italy_LaSassa_CA, Italy_C.SG, Italy_North_MN_Iceman_contam.S, and

Italy_North_Remedello_C.SG.

Admixture analysis

We exploited themodel-based algorithm implemented in ADMIXTURE53 projecting ancient individuals (-P flag) into the genetic struc-

ture calculated on the modern dataset, due to missing data in the ancient samples. In detail, we performed unsupervised Admixture

for K Î {2..10} formodern samples, and used the ‘‘per-cluster’’ inferred allele frequencies to project the ancient samples.We visualized

the Q output using R 3.687 (Figure S3).

Chromopainter/NNLS and SourceFind

We reconstructed the ancestry of each individual using the Chromopainter (CP)/NNLS framework55 and SourceFind (Figures 3 and

S6). First, in order to obtain information from the highest number of markers, we painted all the Italian and a selection of European

ancient individuals, using the unlinked mode, together with Loschbour_published.DG (Western European Hunter-Gatherer), I0061

(Eastern European Hunter-Gatherer), I0707 (Anatolia Neolithic), KK1.SG (Caucasus Hunter-Gatherer), HGDP00982 (Mbuti), I0443

(Yamnaya herders), against a set of 1,260 modern individuals (donors). We used 0.0002 and 318 as M and n parameters.123 The re-

sulting copying vectors, summarizing the number of markers inherited from each modern individual, were then pooled according to

donors’ affiliation and normalized to sum 1. Finally, we reconstructed each target individual copying vector as a mixture of different

proportions of the putative surrogate sources, taking advantage of a slightly modified version of the nnls function in the ‘‘nnls’’ pack-

age in R software, and implemented in GlobeTrotter. In addition, in order to reduce the noise generated by the relatively low number of

markers, the same analysis has been repeated using the putative source average copying vectors through all the ChromoPainter runs

(Figure S6).

Additionally, the same analysis has been performed using SourceFind rather than the NNLS.56,57 In detail, for each sample, we

performed 10 runs of 5million iterations thinned by 10,000 and discarding the first 50,000 iterations. The expected number of sources

was set to 3 with a maximum of 4 possible sources. Only the iteration characterized by the highest Likelihood was shown in a barplot

(Figure S6).

f4 NNLS analysis

In order to provide an additional description of ancestral composition of the analyzed samples we carried out a NNLS analysis using

different f4 statistics vectors as a proxy of relations among different ancient groups. In detail, for any given target population, an f4

analysis in the form f4(X,Y, Target, Mbuti.DG) has been performed, where X, Y and target belong to one of 100 ancient groups from

previously and newly genotyped data. In doing so, we obtain for each target a vector of 4,950DStatistics; andwe used the vectors for

two different sets of putative sources to infer the ancestral proportions of a selection of European and Italian ancient samples, using

the same nnls function of the Chromopainter/NNLS analysis (See also Figure S6). We used the following sets of sources:

Set 1: Luxembourg_Loschbour_published.DG, Anatolia_N, Iran_Tepe_Abdul_Hosein_N.SG, Russia_EHG

Set 2: Luxembourg_Loschbour_published.DG, Anatolia_N, Iran_Tepe_Abdul_Hosein_N.SG, Russia_Yamnaya_Kalmykia.SG

qpAdm

In order to describe the ancestry of Italian target individuals as a combination of prehistoric groups known to have played amajor role

in European demography, we harnessed the qpWave/qpAdm framework (Data S3). In details, for each sample, given a set of left and

right populations, and for the number of left (sources) K Î {2..4} we:
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a) Evaluated if the right samples can be used to significantly discriminate the provided sources, harnessing qpWave. Right pop-

ulations present in sources were excluded for that specific test.

b) If step a) provided a significant p value < 0.01, we used qpWave to evaluate if the target sources could be described as a com-

bination of K sources.

c) If b) provided a p value > 0.01, we used qpAdm to describe the target as a mixture of the K sources employed for that specific

experiment. Given the high rate of missingness in some of our tested samples we used the option ‘‘allsnps=YES’’

We used three different sets of left groups which we called ‘‘pre-Bronze Age,’’ ‘‘post-Bronze Age,’’ and ‘‘Continuity Neolithic’’

pre-Bronze Age left panel:

Anatolia_N, Luxembourg_Loschbour_published.DG,Russia_EHG, Georgia_Kotias.SG

post-Bronze Age left panel:

Anatolia_N, Russia_Yamnaya_Samara, Luxembourg_Loschbour_published.DG

Continuity Neolithic left panel:

Russia_EBA_Yamnaya_Samara, Italy_Mesolithic.SG, Italy_C.SG, LaSassa, Broion_CA, Iberia_C, Germany_BellBeaker, France

MN

In all cases we used the following right populations:

Russia_AfontovaGora3, Russia_EHG, Iberia_ElMiron, Belgium_GoyetQ116_1_published, Russia_Kostenki14, Jordan_PPNB,

Russia_MA1_HG.SG, Israel_Raqefet_M_Natufian, Ust_Ishim.DG, Czech_Vestonice16, Georgia_Kotias.SG

Genome imputation

Following Hui et al.,60 genotype likelihoods were first updated with BEAGLE 4.186 from genotype likelihoods produced by ATLAS88 in

Beagle -gl mode, followed by imputation in Beagle -gt mode with BEAGLE 5124 from sites where the genotype probability (GP) of the

most likely genotype reaches 0.99. To balance between imputation time and accuracy, we used 503 Europeans genomes in 1000

Genomes Project Phase 362 as the reference panel in Beagle -gl step, and 27,165 genomes (except for chromosome 1, where

the sample size is reduced to 22,691 due to a processing issue in the release) from the Haplotype Reference Consortium (HRC)72

in the Beagle -gt step. A second GP filter (MAX(GP) > = 0.99) was applied after imputation. Both new and published genomes

were processed individually in the -gl step; in the -gt step, they were jointly imputed in the following groups:

All new genomes sequenced in this study; Mesolithic genomes (n = 3), Neolithic and Chalcolithic genomes (n = 13), Iron Age and

later genomes (n = 11) from Antonio et al.;13 Bronze Age Steppe: RISE509, RISE511, RISE547, RISE548, RISE550, RISE552 from

Allentoft et al.;7 EBA1 and EBA2 from Damgaard et al.;65 Anatolia Neolithic: Bar31, Bar8, Klei10, Pal7, Rev5 from Hofmanová

et al.;5 WHG: KO1 from Gamba et al.;125 Bichon from Jones et al.;121 La Braña from Olalde et al.;27 EHG: Sidelkino from Damgaard

et al.;65 CHG: KK1 and SATP from Jones et al.121

Runs of Homozygosity

We used hapROH61 to detect runs of homozygosity (ROH) in ancient genomes. Using information from a reference panel, hapROH

has been shown to work for genomes with more than 400K of the 1240K SNPs panel covered at an error rate lower than 3% in

pseudo-haploid genotypes.61 We note that the requirement is broadly in line with the imputation accuracy we get from coverages

as low as 0.05x, where �60% of common variants (MAF greater than or equal to 0.05) in the HRC panel are recovered with an ac-

curacy greater than 0.95 in diploid genotypes.60 Among common variants in the HRC panel, 853,159 overlap with the 1240K SNPs

panel.

Nevertheless, imputation errors are not evenly distributed across the genome; the accuracy varies with the genotypes, minor allele

frequency and local recombination rate, which may bias results in downstream analysis. We introduced random genotype errors into

modern high-coverage genomes following the pattern observed in imputed ancient genomes. We then compare the total amount of

ROHdetected in the original genomes and the genomeswith simulated imputation errors to explore whether hapROH can be used on

imputed genomes.

Predicting imputation errors

A logistic regressionmodel was developed to predict imputation errors from the features of the variant. Imputation accuracy has been

shown to vary according to the true underlying genotypes (heterozygous sites have lower accuracy than homozygous sites) and mi-

nor allele frequencies (rarer variants have lower accuracy).24,60,125 Since recombination breaks down linkage disequilibrium, the local

recombination rate will also affect imputation accuracy via the number of linked sites. Finally we also included the substitution type

(transition versus transversion) among the explanatory variables, because post-mortem damage in aDNA might be erroneously in-

terpreted asC to T (or G to A)mutations. Considering that allele frequencies influence both imputation accuracy andROHdetection, a

log-transformedMAF termwas added in addition to the untransformedMAF to capture its effect more accurately. The recombination

rate was also log-transformed. The header of Data S5 lists the explanatory variables and the transformation applied to each of them.

We down-sampled the 20x Neolithic Hungarian genomeNE1 to 0.05x and ran it through the same imputation pipeline. The imputed

genotypes were then compared to the confidently called genotypes in the original 20x genome to calculate the error rate. Because

NE1 is older than all the genomes sequenced in this study, we expect to establish a lower bound of the performance of imputation

from its result.
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We fitted three separate multinomial logistic regression models to predict the imputed genotypes when the true genotype is ho-

mozygous for the reference allele (0/0), homozygous for the alt allele (1/1), or heterozygous (0/1). The outcome is a categorical var-

iable with four values: missing genotypes (not passing the max(GP) greater than or equal to 0.99 post-imputation filter), 0/0, 0/1, and

1/1. Data S5A shows the coefficients and intercept for each model.

We then used themodel to simulate the effect of imputation by introducing random genotype errors into a VCF file with high-quality

genotypes. For each variant, we applied the softmax function on the scores for the four outcome categories (./., 0/0, 0/1, 1/1) to obtain

the probability distribution before randomly drawing an ‘‘imputed’’ genotype. This allows us to quickly generate large numbers of

‘‘pseudo-imputed’’ genomes where the true genotypes are known for assessing the effect on downstream analysis without the

lengthy process of down-sampling and imputation. Data S5B shows that the error pattern after imputation is well approximated

by this approach when applied onto the original 20x NE1 genome.

Introducing imputation errors into modern genomes

Weused the samemodel to introduce randomerror into 107modern Italian (TSI) genomes from the 1000Genomes Project Phase 3.62

We extracted them from the HRC panel so that the list of variants is identical to what we get after imputation with HRC as the refer-

ence panel. We then used hapROH to detect ROH segments in both the original genomes and the genomes after introducing impu-

tation errors. Except for switching from haploid to diploidmode, we kept the default parameters unchanged.We also used the default

reference panel, 1000 Genomes Project data at 1240K sites, after masking out the TSI population. The relevant parameters to the

hapsb_ind function are:

h5_path1000 g = ‘all1240/chr’, e_model = ‘diploid_gt’, p_model = ‘EigenstratUnpacked’, post_model = ‘Standard’, delete = False,

n_ref = 2504, exclude_pops = [‘TSI’], readcounts = True, random_allele = False, roh_in = 1, roh_out = 20, roh_jump = 300, e_rate =

0.01, e_rate_ref = 0.0, cutoff_post = 0.999, max_gap = 0, roh_min_l = 0.01

Figure S7A compares the total length (top) and number (bottom) of ROH tracks detected in the original genomes and the genomes

with simulated imputation errors. In general the correlation is high for ROH segments longer than 1.6cM, although the total length is

under-estimated in the presence of simulation errors when we filter for ROH segments longer than 4cM. This is most likely caused by

longer ROH segments being broken down into shorter ones due to erroneous genotypes. Nevertheless outlier individuals with long

ROH segments still stand out. The total number of ROH segments is reproduced less accurately in the simulated genomes than the

total length of ROH segments.

In addition we tested a hidden Markov model-based ROH detection algorithm implemented in BCFtools126 on the original and

simulated genomes. Because this hidden Markov model-based algorithm takes allele frequencies in the population into account,

we randomly divided the 107 individuals into 9 groups in order to 1) better match the sample size in this study and 2) reduce the

running time of the analysis. Example command:

bcftools roh -G 30 -I -m genetic_map_chr{CHROM}_combined_b37.txt < input.vcf.gz > -o < output > -O r

Only ROH segments with a quality above 20 on the phred scale were retained. The result is similar to that from hapROH although

the correlation is slightly lower (Figure S7B), supporting that the total length of ROH segments longer than 1.6cM can be reliably

recovered in imputed genomes.

We also observed a strong correlation between the total ROH lengths detected by hapROH and BCFtools in the original genomes,

which drops from �0.97 to �0.8 after imputation errors are introduced (Figure S7C). We chose to use hapROH on the ancient ge-

nomes out of two considerations. First, hapROH appears more robust in the presence of imputation errors (Figures S7A and

S7B). Moreover, unlike BCFtools which processes a group of individuals together and utilizes allele frequencies in the population,

hapROH examines one individual at a time. In this way it is less likely for our ROH result to be biased by the differences in sequencing

coverage.

Detecting ROH segments in ancient genomes

We ran hapROHwith the same setting as above on the imputedChalcolithic andBronze Age genomes generated in this study and the

published Italian Mesolithic, Neolithic and Chalcolithic genomes (Data S1; Figure 4). For the 107 TSI genomes, we used results from

the original genomes without the simulated errors.

Phenotype prediction

For the 41 HIrisPlex-S set of SNPs we selected 2Mb around the informative variants, merging the regions on the same chromosome,

with the exception of the variants on chromosome 15, which have been analyzed in two different regions since the distance between

the two nearest SNPs was about 20 Mb. We finally selected 10 regions from 9 autosomes, spanning from about 1.5 Mb to 6 Mb. For

the other phenotypic informative markers (diet, immunity and diseases), we selected 2Mb around each variant andmerged the over-

lapping region, for a total of 48 regions from 17 autosomes and X chromosome.

We called the variants using ATLAS v0.9.088 task = call andmethod =MLE commands at positions with aminimum allele frequency

(MAF) greater than or equal to 0.1% in the reference panel, that has been selected according to the different components of the sam-

ples: 1) Europeans from 1000 Genomes (EUR),62 for our Chalcolithic and Bronze Age Italians, for the pre-Imperial Romans from An-

tonio et al.13 for pre-Nuragic and Nuragic Sardinians from Fernandes et al.16 and Marcus et al.17 and for Yamnaya;4,7,64 2) EUR plus

the MANOLIS (EUR-MNL) set from Greece and Crete extracted from the Haplotype Reference Consortium (HRC)72 (accessed at:

http://www.haplotype-reference-consortium.org/) for the ancient Near Easterns, for non-Sardinian western Mediterraneans from
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Fernandes et al.,16 for post-Nuragic Sardinians from Marcus et al.17 and for Imperial and Later Romans from Antonio et al.13 (Table

S4). After calling the variants separately for each sample, we merged them in one VCF file per region. We used the merged VCFs as

input for the first step of our imputation pipeline60 (genotype likelihood update), performed with Beagle 4.1 -gl command86 using the

same panels as before as reference. We then discarded the variants with a genotype probability (GP) less than 0.99 and imputed the

missing genotype with the -gt command of Beagle 5.0124 using the HRC as a reference panel for all groups of samples. We then dis-

carded the variants with a GP < 0.99 and used the remaining SNPs to perform the phenotype prediction. Two markers of the HIris-

Plex-S set, namely the rs312262906 indel and the rare (MAF = 0 in the HRC) rs201326893 SNP, were not analyzed because of the

difficulties in the imputation of such variants. Results are reported in Data S6A–S6D.

We performed this analysis on our Chalcolithic and Bronze Age individuals and on published ancient samples from the Near

East,7,46,64,65 Italy13,16,17 and Yamnaya population,4,7,64 with a coverage greater than or equal to 0.05x. First, we grouped the indi-

viduals in six groups based on their location and time, namely two groups from Near East (Neolithic/Chalcolithic and Bronze Age),

three from Italy (Neolithic/Chalcolithic, Bronze Age, post-Bronze Age) and one Yamnaya (Data S6A). We compared the groups per-

forming an ANOVA test and, for the significant variants, we performed a Tukey test to identify the significantly different pairs of groups

(Data S6B). We then analyzed the difference within Italy by creating 13 local groups (excluding 7 Sardinian individuals with an uncer-

tain dating) (Data S6A) and comparing the 12 groups larger than 3 with an ANOVA test (Data S6C). For both comparisons, we used a

Bonferroni’s correction on an alpha value of 0.01 for the number of tested SNPs to set the significance threshold. We performed our

phenotype analysis in a set of 332 ancient individuals, composed of the 16 Italian Bronze and Chalcolithic individuals reported here

for the first time and 316 ancient Italians, Near Easterns and Yamnaya from the literature (Data S6A). Sample-by-sample phenotype

prediction and genotype at the selected phenotype informative SNPs, reported as number of effective alleles (0, 1 or 2) are shown in

Data S6D.
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