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Je tiens à

PART 1 STATE O T E EST O

Part one -State of the question "I shall treat this subject briefly" were the first words of Charles Darwin introducing the chapter about sheep and goats in his Variation of Animals and Plants under domestication 1 . Research has now highlighted that the question of sheep (Ovis aries, Linnaeus) and goat (Capra hircus, Linnaeus) domestication is much more complex than he seemed to think at the end of the XIX th century (hereafter, c.). Domestication is a long, complex and still ongoing process defined by the relationships existing between humans and animals or plants 2 . The control of animals' populations, notably through their captivity, have led after several generations first to morphological modifications of those animals, then to the complete biological separation between the initial wild species and the "newly-formed" domestic ones, preventing them to interbreed anymore [3][4][5] . This process should be seen as co-evolutionary, and thus affect human populations also. Not only identifiable at the biological level, domestication has also deeply and lastingly affected human societies, implying shifts from nomadism to sedentarism and from hunting-fishing and gathering based economies to intensive herding and agriculture, or food production economies.

A. Caprines herding in Africa

1.

Chronology of caprines introduction in Africa

After the end of a period of hyperaridity that will last eight millenia, the Big Dry, roughly corresponding to the Oxygen Isotopic Stage 2 (OIS 2, starting approximately 24 millennia ago 6,7 ), landscapes were drastically transformed and human populations witnessed the expansion of African deserts 8 . The start of the Holocene will be marked by the global return of more humid conditions during the African Humid Period 9,10 (AHP, circa 16700-7500 years ago)

and, an increase of the aridity is then observed again by the end of the VI th millennium before common era (BCE) to install the environmental conditions observed today in Africa 8 . These major changes obviously affected the biomass of the continent, forcing humans to adapt and exploit their environment differently. Due to a decrease in food resources availability and their increasing unpredictability 11 , population groups have been obliged to adapt their subsistence strategies and thus to change their societal paradigms.

The first occurrences of domesticated animals in African archaeological sites date from the end of the VII th millennium BCE. Even if some attempt at domesticating wild caprines, such as the one on the aoudad or Barbary sheep (Ammotragus lervia), have been reported in the archaeological record 12 , the majority of these animals is exogenous: they were domesticated in Part one -State of the question the Levant and Asia from their wild representatives and then introduced in Africa. Besides the controversial case of cattle, Bos taurus (see Lesur, 2017; chapter 4 for an extended discussion thereupon), only donkeys Equus asinus [13][14][15][16] and helmeted guinea fowl, Numida meleagris [17][18][19] were domesticated in Africa. On the contrary, it is commonly accepted that pigs (Sus domesticus), sheep, goat, dromedaries (Camelus dromedarius), zebu (Bos indicus) and chickens (Gallus gallus domesticus)

were not domesticated on the continent. Dromedaries, zebu and chickens were domesticated from Asia [20][21][22][23][24][25][26] whereas pigs, sheep and goats came from the Levant 5,[27][28][29][30] .

In the absence of their wild representatives Ovis orientalis and Capra aegragus in Africa, the exogenous origin of sheep and goat is largely admitted. Their first occurrence in the archaeological record dates from the end of the VII th millennium, in Lybia 31 and Egypt [32][33][34][35][36] (Fig. 1). Yet, the systematic association of domesticates with wild faunas in archaeological assemblages endures through the archaeological record and suggests the addition of few domesticates in hunter-gatherer societies which still rely mostly on wild bovids, fish and wild plants exploitation 6 . The observed continuity of a subsistence economy based on hunting, fishing and gathering suggests a slow diffusion of domesticated animals in Holocene African populations, which would rather be seen as "pastro-foragers" more than pastoralists 11,37 .

Figure 1: Archaeological sites with earliest occurrence of domesticated caprines remains, except for Uan Afuda, where the park of Ammotragus lervia has been reported 12 . References for each site are in the main text. Modified after Lesur, 2017.

Part one -State of the question By the end of the V th millennium BCE in Northern Africa and the installation of an expanded desertification, African human populations might be seen as pastro-gatherers that rely less and less on hunting and fishing, establishing the ongoing "pastoral Neolithic" 38,39 .

These groups were then forced to leave the Sahara and to go south, to the Sahel 11,[40][41][42][43] . In Eastern Africa, the first occurrences of sheep and goat are concentrated in the Gobaad region of Djibouti and in Somaliland and dated from the III rd millennium BCE 6,[44][45][46][47] . In Kenya and Tanzania, the association of a new ceramic tradition, the "Nderit ware" as described by K.

Grillo 48 , and of caprines remains in sites are described from the beginning of the III rd millennium BCE (2800-2200 cal. BCE) 49 at sites near the lake Turkana 50,51 and afterwards near lake Eyasi and Luxmanda [52][53][54][55] . Thus, it seems that herding was concomitant with the development of new ceramic traditions, along with linguistic and cultural changes, implying the movement of pastoral communities from the north who "shared" territories with already present hunter-gatherer populations 56 . The first occurrences of domesticated caprines in Southern African sites are documented around the first c. CE [57][58][59] and associated again with particular pottery tradition, defined at the Zimbabwean site of Bambata 60 . Two distinct paths concerning caprines herding diffusion are proposed 49,61 , illustrated on Fig. 2. Because of the evidence that emphasizes particularly on the Eastern route (see following paragraphs), we will hereafter concentrate on this particular hypothesis.

Part one -State of the question Lesur, 2017 (ref. 6 ).

Modalities of caprines herding diffusion between Eastern and Southern Africa

Ancient DNA (aDNA) analyses have shown that the migration of pastoralists groups from the Levant have entered Africa during the VIII th and VII th millennium with the appearance in populations of lactase persistence (LP) phenotypes [62][63][64] . It is admitted that only a third of human population today possesses the particular allele, responsible for the continuity of milk and milk-related product digestion after weaning (by the production of lactase-phlorizin hydrolase, a β-galactosidase which degrades milk into galactose and glucose monomers allowing degradation [65][66][67] ). In Africa, several studies have highlighted the presence of this phenotype and of an associated particular allele (C-14010, Fig. 3) in Khoisan -or Khoe-San-populations (Hadza and Sandawe from Eastern Africa and San and !Xhosa from Southern Africa), suggesting the positive selection of ancestral gene-flow between populations of the two regions 67- 70 . The migration of Khoisan populations from Eastern to Southern Africa is additionally supported by the presence in both region of click-languages (Khoe-khoe speakers, Swahili, nama and !Kung for instance) [71][72][73][74] absent from other regions. These extensive "relations" between Eastern and Southern Africa are thought to have occurred from the IV th millennium Part one -State of the question BCE and the first c. CE, supporting a migration model of herding practices of Khoe-speaking populations 70,[75][76][77] .

Three hypotheses are thus put forward concerning the spread of caprines herding from Eastern to Southern Africa 78 . The first one insists on large migrations of proto-Khoekhoe herders from Eastern to Southern Africa regarding modalities mentioned above (constraints due to diseases for instance) 75,76 ; the second describes caprines trade from small group to another, without requiring human population movements, referred to as the "cultural diffusion model" 79 ;

and the last one is based on the occasional incorporation of few caprines heads into huntergatherers populations, leading to groups referred to as "hunters with sheep" 80 . Either way, the story of caprines herding is surely linked to the interactions that have existed between Eastern and Southern Africa.

Sheep and goats in the desert: local adaptations, breed selection and disease pressure

Moreover, in these two regions of the continent, animals do present local adaptations to their environment, reflecting ancestral breed selection. Nowadays, approximately 170 breeds of sheep can be found in Africa, of two different groups: thin-tailed and fat-tailed sheep 81 . The thin-tailed breeds are distributed mainly in North-western Africa (from Senegal to Nigeria, Morocco, Sudan and Egypt), whereas the fat-tailed breeds can be found in Northern (Algeria, Egypt), Eastern and Southern Africa 81 . African breeds descend from the wild mouflon (Ovis orientalis), domesticated in the Zagros Mountains 82 . DNA based studies have shown that the two groups entered the African continent at different times, with a primary introduction of thintailed breeds through the Sinai Peninsula during the VII th millennium BCE 35,83,84 . A second wave of introduction of fat-tailed breeds through the Horn during the IV th millennium is supported by depiction of these animals during the Middle Kingdom in Egypt 85 . The latter represents the most widely spread breed in Africa today and it thus appears that they have superseded thin-tailed breeds 81 . Fat-tailed sheep present particular abilities to better support mountainous as well as arid and semi-arid environments with unpredictable nutrient inputs.

They indeed present higher capacities to survive low food incomings and rely on their resources for reproduction, making them particularly adapted to tropical environments 86,87 . In the same way, African goat breeds present local adaptations to the different ecozones. Domesticated from the wild goat Capra aegragus in the Zagros Mountains 29 , they entered the African continent at the same time as sheep 85 . The different goat breeds observed nowadays show substantial adaptations revealed by light coat, long-legged animals in the Saharan and Sahelian regions

Part one -State of the question and, on the contrary, dark-coated and a pronounced dwarfism in the closed forest environment of Western Africa 6,88 . Goats have been exploited for their milk, skin and hair and the association of the two caprines species in African herds is largely admittable regarding the complementarity in resources they can bring. There is no evidence that sheep and goat were always herded together, and their different ethologies suggest that they might have been kept separately. They indeed differ in their nutritional and water needs. Although their reproductive cycles are both seasonal and of comparative durations, caprines present different behavioural responses: goats are more independent, present more exploratory behaviours and are more to respond to threat than sheep which are more fearful and present escape behaviours 89,[START_REF] Houpt | Domestic Animal Behavior for Veterinarians and Animal Scientists[END_REF] . However, observations of nomadic herders in Central Asia indicate an association of the two animals in herds, where goats lead the sheep [START_REF] Marchina | Le pastoralisme de Mongolie[END_REF] . (pink dots) populations from Eastern and Southern Africa. Map have been generated based on ref. 66,[START_REF] Gifford-Gonzalez | Animal disease challenges to the emergence of pastoralism in sub-Saharan Africa[END_REF] .

Furthermore, unlike goats, sheep are more likely to be the subjects of infections. Despite their appearance in the Northern part of Africa during the VII th millennium, it seems that the spread of caprine may have been delayed and slowed by the existence of herd-decimated pathogens. The African most widely spread -and killing-of these pathogens being the Part one -State of the question trypanosomiasis. Being hosted by tsetse flies, the protozoan parasite of genus Trypanosoma infects both humans and animals [START_REF] Steverding | The history of African trypanosomiasis[END_REF] . It has been demonstrated that goats are less likely to be infected by the parasite than other livestock and may have been used as "path-clearer" from pathogens for cattle or sheep [START_REF] Gifford-Gonzalez | Animal disease challenges to the emergence of pastoralism in sub-Saharan Africa[END_REF]94 . The current distribution of the pathogen (Fig. 3), which is thought to not have evolved much since the aridification regain during the VI th millennium BCE, indicates that, in order to avoid the disease and thus the associated massive mortality of livestock, herders might have to take a specific route to reach Southern Africa from the East [START_REF] Gifford-Gonzalez | Animal disease challenges to the emergence of pastoralism in sub-Saharan Africa[END_REF][START_REF] Gifford-Gonzalez | Animal disease challenges" fifteen years later: The hypothesis in light of new data[END_REF] .

B. About the importance of distinguishing caprines in archaeological sites

We have seen that, even linked, the story of sheep and goat diffusion in Africa might not always be correlated and archaeological assemblages should reflect the preference for one or the other species [START_REF] Prendergast | Sorting the sheep from the goats in the Pastoral Neolithic: morphological and biomolecular approaches at Luxmanda, Tanzania[END_REF] . The differences existing between sheep and goat to provide meat and secondary products might have led to differences in their husbandry. It is thus of particular importance to identify remains at the species level. In the following paragraphs, we will discuss the different methods used for species distinction of archaeological remains.

Classical zooarchaeology and biometry

Despite their behavioural differentiation, sheep and goat do present highly similar skeletal morphology and a tremendous amount of literature has proposed criteria for their distinction in archaeological sites (see for instance, but not exclusively, ref. [START_REF] Boessneck | Osteological differences between sheep (Ovis aries Linné) and goat (Capra hircus Linné)[END_REF][START_REF] Halstead | Sorting the Sheep from the Goats: Morphological Distinctions between the Mandibles and Mandibular Teeth of AdultOvis and Capra[END_REF][START_REF] Payne | Morphological distinctions between the mandibular teeth of young sheep, Ovis, and goats, Capra[END_REF][100][101][102][103] ). But the preservation of the bone morphology and the absence of an individual specific trait is essential to ensure identification. The zooarchaeologist skills and the availability of representative reference collections (the high diversity of breeds selected in one region may also flawed identifications) are thus crucial for caprines differentiation. Yet, in African contexts, the degradation of the remains is often advanced due to arid and semi-arid conditions, leading to language cautiousness in faunal spectra reconstitutions, with the placement of putative sheep or goat remains in a class referred to as "ovicaprid" or more often "caprines" [START_REF] Gifford-Gonzalez | Animal disease challenges to the emergence of pastoralism in sub-Saharan Africa[END_REF] . Moreover, the question of caprines distinction is highly blurred in Africa by the presence of wild small bovids which share morphological similarities with the two domesticates representatives. This question is complexified by the often association of these wild antelopes and domesticated caprines remains in archaeological sites, testifying of their simultaneous consumption by ancestral human

Part one -State of the question populations. Because of the reasons exposed above, studies increasingly present the use of methods relying on the molecular analysis of ancient remains.

Molecular methods

Ancient DNA has proven its high efficiency in sheep/goat differentiation [104][105][106] and have highlighted the difficulty to morphologically assess the presence of Caprinae at some Southern African sites, largely contributing to the debate of their early identification in archaeological sites [107][108][109][110][111][112][113] . The use of stable isotopes analyses, particularly using δ 13 C and δ 18 O values, to reveal the remains species has also proven to be of great use 51,[START_REF] Prendergast | Sorting the sheep from the goats in the Pastoral Neolithic: morphological and biomolecular approaches at Luxmanda, Tanzania[END_REF]114 . However, these two methods do present limitations: aDNA relies on biomolecules highly subject to rapid degradation, the latter being increased in tropical environments 13,115 ; and in the case of stable isotopes, which relies on the different amount of C3 or C4 plants present in the animals diets, on the availability of such plants in the surroundings of an archaeological site for the animals to pasture. In this context, another method relying on long-persistent biomolecules reveals to be of interest: the study of ancient proteins or palaeoproteomics.

C. Ancient proteins characterisation to document zooarchaeology

The term of "proteomics", or in the case of ancient material, palaeoproteomics, refers to the characterisation of the set of proteins from a given biological tissue. Mass spectrometry has become the preferred method for palaeoproteomics studies in comparison to immunoassays, two-dimensional electrophoresis (2-D and 2D-DIGE) and amino acid profiling, mostly because it requires small amount of starting material and allows the assignment of amino acid arrangements which compose the protein sequences 116 . Here, we will focus on bones and teeth -dentin-as they represent the majority of faunal remains in archaeology, and the material on which this thesis is based.

Bones are tissues in constant renewing and composites material made of a mineral phase and an organic phase. The mineral phase is composed of hydroxy-apatite crystals of which calcium and phosphate are the major elements that form the carbonate CO3 2+ and phosphate PO4 3-ions 117 . The organic matrix is composed by proteins of which type I collagen represents up to 90 % and of non-collagenous proteins (NCPs), such as glycoproteins, osteocalcin, osteonectin, sialoprotein, etc 117 .

Part one -State of the question

Type I collagen: structure, functions

Because it is the most abundant protein of vertebrate body and of the bone matrix 118,119 , type I collagen is the most retrieved from archaeological or palaeontological material, and will be the only molecule of interest in the following thesis. Type I collagen is a left-handed triple helix composed of two alpha 1 (COL1A1) and one alpha 2 (COL1A2) chains later assembled into fibrils (or super-helixes, right-handed) 121 .

Coded by two different genes, the protein biosynthesis consists in the independent translation of two pro-α1 and one pro-α2 chains [122][123][124] . As long as the pro-chains translation goes, proline and lysine hydroxylases immediately modify proline (P) and lysine (K) residues into hydroxyproline (HyP) and hydroxylysine (HyK). It is only after the subsequent hydroxylation and glycosylation of some of the P residues that the pro-chains leave the ribosomal complexes 122,125 . The pro-α chains carry characteristic telopeptides in N-and C-terminus positions (N-ter and C-ter, Fig. 4). The folding of the three α chains in a triple helix structure is led by signal peptides and occurs in a "zipper-like" manner towards the N-ter in the rough endoplasmic reticulum (RER) where telopeptides will assemble into globular extremities 122 . The Part one -State of the question molecule is then secreted outside the cell and telopeptides are cleaved by pro-collagen peptidases at the cellular membrane level, allowing the secretion of the triple-helix only. The mature collagen protein undergoes glutamine (Q) cyclisation at its N-ter (Pyro-Q162), as long as formation of an allysine (α-amino-adipic-δ-semialdehyde) of K1207, both being characteristics of crosslinking formation in the extracellular matrix 126,127 . When matured, COL1A1 and COL1A2 are in fine composed of 1056 and 1038 amino acids, respectively (Fig. 5). (positions 1-22) is highlighted in blue, the N-ter and C-ter telopeptides are highlighted in green and corresponds to positions 23-161 and 1218-1463, respectively and the mature protein is figured in yellow (positions 162-1217).

Mature type I collagen presents a sequence repeating pattern of three amino acid (aa), often displayed as G-X-Y, where G is a glycine every third aa, X is often a P or 4-hydroxyproline

Part one -State of the question and Y any other aa 118,119,128 . Within the helix, G residues are buried inside due to their small size, herewith forming a central axis, while P are exposed to the outside of the molecule 121,129 .

The repetitive pattern allows to form cylindrical turns, linked by hydrogen bonds with an oxygen of the other two chains 121 . The transition between single chains to triple helix allows higher rigidity, less accessibility to the central axis which ensure less proteolysis and an ability of any aa to be in X and Y positions without structure destabilization 130 . Due to this particular structure, and especially of the remaining availability of some aa on the outer part of the helix, numerous post-translational modifications (PTMs) have been reported, including the 4hydroxylation of P residues that ensure thermal stability of the final structure 130 . After secretion outside the cell, the triple helixes assemble in a supramolecular complex, called fibrils, which defines bone tissue architecture 118,131,132 (Fig. 6). The subsequent association of type I collagen with hydroxyapatite crystals is conditioned by the gaps between the turns of each helix where calcium phosphate mineralises and allows the intrinsic bonds between the mineral and the organic components of the bone matrix 133,134 . Figure is taken from Shoulders and Raines, 2009, ref. 118 .

Part one -State of the question

Protein characterisation using mass spectrometry

The characterisation of bone and dentin ancient proteomes are generally assessed using mass spectrometry (MS) in order to retrieve taxonomic information through protein sequence identification 135 . Basically, mass spectrometry relies on the ionization and analysis in gas phase of the molecules composing a sample. It generates mass spectrum of the analysed compounds, providing a measurement of mass over charge ratios (m/z) of the ionized molecules. Some instruments also provide the fragmentation spectrum of ions of interest through tandem mass spectrometry (MS/MS). Different MS approaches are used in proteomics (for a review of MS methods used in palaeoproteomics, see ref. 136 ). The most commonly used is bottom-up proteomics, based on the protein hydrolysis into peptides (by enzymatic or chemical treatments),

prior to MS analyses 137 . Recently, top-down proteomics, dedicated to the analysis of intact proteins, has emerged as a powerful method to characterise proteoforms 138,139 . An intermediate approach, middle-down proteomics, consist in the use of specific enzymes that generates large peptides 140,141 . In addition, different ionization processes are used. proposed for data production and standardization [144][145][146] .

Applications of palaeoproteomics have been reported for a large variety of material (teeth and bones 147,148 , dental calculus 149,150 , parchment 151,152 , soil 153 , etc.) and of questions (species identification 154 , residues characterisation 155,156 , trade strategies 157 , etc.) described in numerous studies concentrating on archaeological sites. The survival and diagenetic alterations that proteins undergo has been discussed [158][159][160][161][162][163] , miniaturisation of sampling [164][165][166] as long as methodological developments and extraction protocols tested 140,[167][168][169][170] . A large variety of periods have been covered, from millions of years old dinosaurs [171][172][173] (although controversial 174,175 ) to Renaissance artworks 176 and XVIII th c. material 177 . The use of both

Part one -State of the question ZooMS and LC-MS/MS analyses finally highlighted their potential for solving sometimes complex archaeological questions: phylogenetic places of extinct species 178-180 , sex attribution 181,182 , food consumption [183][184][185][186] or palaeopathogens characterisation 187,188 . The applications on type I collagen are numerous, and range from specific identification of human remains 189 , phylogenetic relationships of extant and extinct species 173,190,191 to insights regarding past subsistence strategies and human-animals interactions [START_REF] Prendergast | Sorting the sheep from the goats in the Pastoral Neolithic: morphological and biomolecular approaches at Luxmanda, Tanzania[END_REF]157,[192][193][194][195] . Anyhow, excellent extended reviews have been proposed by J. Hendy 196 and F. Welker 197 that describe in details the entire range of applications of the method.

Hereafter, we will describe the applications of ZooMS and LC-MS/MS analyses only to African archaeological material.

Palaeoproteomics contribution to African archaeology

At the early stages of this doctoral work in 2017, only a very limited number of papers tackled African archaeological problematics through the prism of ancient proteins analyses. We presented earlier (this part, section B) the poor preservation of aDNA in tropical contexts which might have led to cautiousness in using bioanalytical analyses of archaeological material, which might be an explanation of the limited applications of palaeoproteomics to African sites remains.

Indeed, only two papers focusing on continental Africa faunal remains predated this thesis. An introductory paper is following this first part (Lesur & Le Meillour, 2019, ref. 202 ), generally describing the archaeological question and the application of palaeoproteomics.

The second part of this manuscript will propose to enrich the available referential of type I collagen for nineteen African wild bovids species absent from known protein databases and discuss the phylogenetic relationships arising from the protein sequences (Paper 1).

The 

Introduction

Si le pastoralisme africain est traditionnellement associé aux grands troupeaux de bovins marchant à travers le Sahel, les moutons et chèvres n'en demeurent pas moins une composante fondamentale des sociétés d'éleveurs et d'agro-pasteurs actuelles comme passées. Espèces adaptées aux milieux arides et tropicaux qui se développent sur une grande partie du continent, elles ont permis une diffusion des pratiques pastorales dans la majorité du territoire, même si ce processus a été lent et a pris des formes extrêmement diverses.

Bien que la question de début de l'élevage en Afrique soit soulevée par les archéologues et archéozoologues depuis plusieurs décennies, les vestiges matériels pour y répondre sont souvent épars et dif cilement exploitables. En effet, les milieux arides ou au contraire très humides auxquels les caprinés se sont si bien accommodés sont peu propices à la conservation des restes osseux. Les échantillons souvent réduits, leur forte fragmentation ainsi que la proximité morphologique entre le grand nombre d'espèces de petits bovidés africains limitent les performances des approches morphoscopiques et métriques. Le développement de nouvelles approches biochimiques offre depuis quelques années de très intéressantes perspectives pour mieux appréhender ces phénomènes dans toute leur complexité et leur diversité.

Actuellement, trois espèces de caprinés sauvages sont présentes en Afrique : le mou on à manchette (Ammotragus lervia), l'ibex de Nubie (Capra nubiana) et le bouquetin d'Abyssinie (Capra walie). Occupant les zones arides et montagneuses dans le nord et l'est du continent, leurs populations se sont fortement réduites au cours des deux derniers siècles en raison du braconnage et de l'anthropisation (A et al., 2008 ; C et al., 2008 ; G , G , 2008).

Chasse et consommation

À l'exception du bouquetin d'Abyssinie, dont aucun reste osseux n'a jamais été identi é (probablement en raison d'un manque de données archéologiques sur le haut plateau éthiopien), le mou on à manchette et l'ibex de Nubie sont régulièrement présents dans les assemblages fauniques depuis la n du Pléistocène et durant une grande partie de l'Holocène (J , 2017). Ainsi, en Égypte, dans les nombreux sites archéologiques allant de l'épipaléolithique à la période dynastique, les deux espèces sont présentes bien que toujours en faible quantité : le mou on à manchette à l'ouest du Nil dans le Sahara et l'ibex de Nubie à l'est du Nil dans le désert oriental (O , H , 1980 ; L , V N , 2009). Bien que rare, leur exploitation est donc continue même pendant les périodes où l'élevage est présent. Leur chasse, principalement opportuniste, devait probablement se dérouler pendant la saison sèche alors que les animaux descendaient des montagnes pour boire dans le Nil ou ses af uents.

La chasse au mou on à manchette est régulièrement représentée dans l'iconographie prédynastique suggérant l'importance de cette activité, au moins d'un point de vue symbolique (H et al., 2009). L'ibex a également pu être chassé pour ses cornes, à des ns de prestige ou d'exploitation artisanale. Ainsi, sur le site de Maadi, les trois-quarts des vestiges d'ibex sont des chevilles osseuses (B et al., 1989).

Si l'exploitation des caprinés sauvages a été dans la plupart des cas marginale au cours de la Préhistoire récente, le cas du mou on à manchette en Afrique du Nord est toutefois assez différent. En effet, depuis la n du Pléistocène et au début de l'Holocène, cette espèce constitue la principale source de viande sur plusieurs sites d'Afrique du Nord ( L , 1996 ; 2001 ; M , S , 2008). Certains sites libyens comme celui de Uan Afuda montrent même des preuves du parcage de ces animaux au cours des VIII e et VII e millénaires, de même qu'une exploitation intensive de céréales sauvages ( L , 1996 ; 2001). Associée aux nombreuses représentations rupestres de mou ons à manchette dans la région, cette exploitation très contrôlée de quelques espèces animales et végétales peut être considérée comme une réponse sociale pour maintenir une vie semi-sédentaire au cours, notamment, de la phase aride qui touche cette région au VII e millénaire ( L , 2013). Cependant, cette gestion de troupeaux de mou ons à manchette n'a pas mené à leur domestication. Plusieurs hypothèses ont été avancées pour expliquer ce fait, soit biologiques (l'espèce n'était pas « domesticable » ; L , 2013), soit sociales (pas de sédentarité ou d'augmentation démographique sufsante pour justi er un contrôle accru des troupeaux ; S , 2013). Quoi qu'il en soit, même très localisé, cet exemple suggère la présence dès le VIII e millénaire de sociétés dont les pratiques de parcage et d'utilisation plani ée impliquent l'existence d'un système social où les stratégies de consommation différée étaient tout à fait adaptées pour une future adoption de l'élevage.

Début de l'élevage des caprinés

D'une manière plus générale, l'apparition des moutons et des chèvres se fait dans un contexte de grands changements sociaux et culturels. Avant d'aborder la question de l'origine des premiers caprinés domestiques, il nous faut donc présenter plus en détail les sociétés dans lesquelles ils sont apparus.

À partir du début de l'Holocène, le retour des pluies et le mouvement vers le nord du front de mousson ont permis l'installation d'une végétation de type savane rendant une grande partie de l'Afrique du Nord, et notamment du Sahara, habitable (K , K , 2006). Même si les traces archéologiques de ces occupations sont rares, elles ont permis de mettre en évidence plusieurs changements majeurs se produisant dans la sphère sociale et culturelle. Ainsi, du Mali à l'Égypte, les premières céramiques sont produites aux abords méridionaux et orientaux du Sahara, dès le X e millénaire BCE (H et al., 2009 ; J , 2010). On observe par ailleurs dès les VIII e -VII e millénaires, des traces d'installations semi-permanentes sous forme de trous de poteaux supportant des structures légères et de cabanes semi-enterrées sur certains sites du Sahara oriental et Soudan septentrional (W , S , 1998 ; H , 2005 ; M D , 2009 ; L , com. pers.). À partir du VII e millénaire BCE, des adaptations économiques et techniques aux différentes contraintes écologiques permettent une occupation humaine dans le Sahara oriental. Ainsi, de nombreux sites offrent des restes de céramique imprimée de tradition soudanaise dans le sud de l'Égypte, dans les oasis de même que dans le nord du Soudan (R , J , 2006). Le matériel de mouture présent dès la n du Pléistocène (G , V N , 1989) voit son utilisation augmenter fortement durant les VII e et VI e millénaires, suggérant une consommation plus intense des graines sauvages, même si les restes archéobotaniques manquent encore largement pour le con rmer (H , H , 2013). En n, une nouvelle technologie lithique bifaciale, probablement d'origine levantine, provoque un profond changement dans l'outillage lithique (K , 2010). En ce qui concerne l'environnement, bien qu'une large part du Sahara soit occupée pendant la première partie de l'Holocène, les conditions demeurent difciles. Les précipitations annuelles ne dépassent pas les 100 mm dans un milieu de savane sèche (N , 1989) et les pluies irrégulières rendent les ressources en eau de même les ressources végétales et animales imprévisibles. Une forte mobilité et une exibilité dans les déplacements saisonniers sont donc nécessaires aux chasseurs-cueilleurs pour s'adapter à ces conditions de vie aléatoires et risquées. Ces comportements se matérialisent archéologiquement par la distribution de certains artéfacts comme la céramique, les matériaux exotiques ou encore les coquillages (R , 2007). Du point de vue de l'alimentation, les principales ressources proviennent alors de la chasse de petites gazelles, d'oryx, d'addax, de lièvre ou encore de la collecte de plantes sauvages (P , 2009 ; K et al., 2006). Durant la première moitié de l'Holocène, les évolutions culturelles et économiques des sociétés du nord-est africain sont donc fortement in uencées par des modes d'occupation fondés surtout sur une grande mobilité (avec quelques exemples de pratiques plus sédentaires) et des adaptations à un environnement très changeant, notamment dans le Sahara. L'une de ces évolutions sera l'adoption de l'élevage.

En l'absence d'ancêtres sauvages du mouton (Ovis aries) et de la chèvre (Capra hircus) en Afrique, leur origine est obligatoirement exogène et plus probablement proche-orientale. En raison de la rareté des restes et de la dif culté à identi er spéci quement les deux taxons à partir de vestiges très fragmentés, les plus anciens ossements sont très souvent groupés sous la catégorie « caprinés » et encore actuellement, il est dif cile de savoir si les deux ont été introduits au même moment ou lors d'événements séparés. Dès la n du VII e millénaire et le début du VI e millénaire BCE, on trouve des caprinés sur la côte libyenne (Haua Fteah : K , S , 1986) mais aussi dans le sud du Sinaï (région de El Qaa : C , 2002) ainsi que dans l'Est (Sodmein Cave : V et al., 1994) et dans l'Ouest de l'Égypte (Fayum : L et al., 2014 ; Djara : K et al., 2006 ; Dakhla : C et al., 2008 ; Nabta Playa-Bir Kiseiba : G , 2001 ; g. 1). Plusieurs routes d'introduction sont donc possibles et ont été probablement utilisées au cours de ce millénaire : par le nord du Sinaï et le Delta du Nil, par le sud du Sinaï puis à travers le Golfe de Suez, ou encore par la route maritime le long des côtes méditerranéennes (H , 2000 ; C , 2002). L'hypothèse de cette dernière voie est d'ailleurs renforcée par une étude génétique montrant la dispersion de boucs en provenance du Levant le long de ces côtes (P et al., 2009). Les multiples phénotypes des chèvres africaines actuelles montrent des adaptations substantielles aux conditions locales (G -G , H , 2011). Ainsi, les races sahéliennes et soudanaises sont majoritairement de couleur claire avec de longs membres, et très résistantes à la chaleur. À l'inverse, les races d'Afrique de l'Ouest, associées à un habitat plus fermé, montrent un nanisme marqué. Ces chèvres naines ou « chèvres de forêt » ont donc des membres courts, un fort taux de reproduction et sont trypanotolérantes (G -G , H , 2011 : 10). Leur origine est encore inconnue, mais elles ont pu être présentes dès le II e millénaire BCE sur le site de Kintampo au Ghana (V N , 2000). En ce qui concerne le mouton, les premiers ossements assurément attribuables à ce taxon proviennent du site égyptien de Mérimdé daté du V e millénaire BCE ( D , B , 1985). Actuellement, les différentes races 1. Haua Fteah (KLEIN, SCOTT, 1986) ; 2. Fayum (LINSEELE et al., 2014) ; 3. Djara (KINDERMANN et al., 2006) ; 4. El Qaa (CLOSE, 2002) ; 5. Sodmein Cave (VERMEERSCH et al., 1994) ; 6. Dakhla (CHURCHER et al., 2008) ; 7. Nabta Playa-Bir Kiseiba (GAUTIER, 2001).

africaines montrent également une grande diversité morphologique. On note cependant la présence de deux grandes variétés : les moutons à queue ne et ceux à queue grasse. D'après des études génétiques récentes (M , H , 2013), il s'agit de deux lignées introduites à des périodes et par des voies distinctes. Actuellement, les données archéozoologiques ne sont en mesure ni d'appuyer cette hypothèse ni de dater ces événements. Toutefois, les premières représentations picturales de moutons, datées de la n du 4 e millénaire en Égypte, présentent des individus à queue ne, ce qui con rmerait l'antériorité de cette variété (C -B , 1993). À l'opposé, les représentations rupestres de mouton à queue grasse dans la Corne de l'Afrique et l'Afrique du Sud, sur des sites datés de la seconde moitié de l'Holocène, suggèrent également la prévalence de cette variété dans ces régions (L , 2007 ; G -G , H , 2011).

Diffusion et adaptations

Même si elle est encore mal connue, la diffusion des caprinés sur le continent a été conditionnée par certains facteurs limitatifs ou tout du moins sélectifs tels que la diversité des écosystèmes et des paysages sans cesse remodelés par les variations climatiques.

Le pastoralisme africain va ainsi s'adapter à ces milieux contraignants, non seulement dans le choix d'espèces mobiles comme le boeuf, les caprinés, puis plus tard le dromadaire, mais également dans ses pratiques. En plus d'une grande mobilité, les éleveurs vont rapidement faire le choix de troupeaux mixtes, notamment en mêlant systématiquement des moutons et des chèvres qui ont des habitudes alimentaires différentes (l'un se nourrissant plutôt d'herbes alors que l'autre consomme préférentiellement du feuillage d'arbustes). D'une manière générale, l'utilisation, exible selon les milieux, de troupeaux associant des espèces présentant des différences dans les habitudes alimentaires, le taux de reproduction, la résistance aux maladies ou à la sécheresse, la capacité de production, augmente les rendements et offre une plus grande sécurité sur le long terme (H , 2000). Les autres stratégies pastorales adaptées à cet environnement sont une alimentation fondée sur la consommation du lait et une maximisation de la taille des troupeaux (H , 2000). L'imprévisibilité des précipitations et donc de la productivité des plaines herbeuses pousse les éleveurs à adopter des tactiques à court terme pour permettre un rétablissement rapide des troupeaux sur le long terme (G -G , 2005). Pour reconstituer rapidement les troupeaux après des événements tels que famine ou épidémie, les éleveurs vont alors privilégier la préservation des femelles et de fait abattre la majorité des mâles dès la naissance. Cette stratégie permet également une plus forte consommation de lait, qui est ainsi un moyen simple de se nourrir à partir du bétail sans le tuer.

Toutes ces pratiques sont encore largement visibles chez les pasteurs africains, notamment dans l'est du continent (H , 2000). Toutefois, il est dif cile archéologiquement de mettre en évidence l'ancienneté de ces stratégies particulièrement parce que les assemblages fauniques sont souvent mal conservés et trop petits pour appréhender la gestion des troupeaux et leurs nalités.

On peut cependant citer le cas des sites égyptiens de KS 43 et KS 52 dans l'oasis de Kharga située au sud du désert occidental. Ces sites strati és et associés à un complexe de sources artésiennes sont occupés au cours du V e millénaire BCE, période de mise en place d'un réel pastoralisme dans le Nord-Est africain (B et al., 2012). Les spectres de faunes montrent une nette prédominance des caprinés qui représentent plus de 65 % des restes. Les analyses ont montré que mouton et chèvre sont tous les deux présents et élevés pour la viande et dans une moindre mesure pour la production laitière (L et al., 2011). Par ailleurs, la présence de plusieurs dizaines d'ossements de foetus dont l'âge est estimé à quatre mois (soit un mois avant la naissance) suggère une saison d'occupation des sites concentrée au moment des naissances, soit probablement en hiver (L et al., 2011). Associés au reste du matériel archéologique, la faune renvoie l'image d'une population de pasteurs mobiles qui bougent saisonnièrement entre la vallée du Nil et le désert, emmenant avec eux leurs troupeaux de caprinés et de bovins (B et al., 2012 ; L et al., 2011). Il s'agit donc d'un des premiers exemples africains de pastoralisme mobile et adapté aux conditions désertiques du Sahara.

Si l'on connaît encore mal les périodes et les modalités d'adoption de ces pratiques d'élevage, leur succès et leur perduration montrent qu'elles ont été forgées pour une grande part en réponse aux milieux naturels uctuants, arides ou humides, qui prévalent dans la majeure partie du continent. La ceinture sahélo-soudanaise a ainsi pu représenter une barrière pour les pasteurs et leurs animaux. La pénétration des régions de savanes humides et forestières est rendue dif cile par la présence de maladies infectieuses comme la trypanosomiase, particulièrement virulente pour les bovins, mais aussi pour les caprinés et parfois pour les hommes. Toutefois, le comportement de certains taxons, et notamment les chèvres, à l'égard de la mouche tsé-tsé peut expliquer en partie pourquoi cette espèce a pu être privilégiée dans un premier temps par les pasteurs pénétrant ces zones. Les pasteurs actuels utilisent en effet les chèvres comme « troupes de choc » pour débroussailler les zones infestées (G -G , H , 2011). En plus de se nourrir majoritairement d'arbustes, ces animaux se défendent vigoureusement contre les morsures de la mouche, réduisant le nombre de ponctions de sang par lesquelles l'infection est transmise. Des expérimentations ont montré que le rapport entre les tentatives de morsures des mouches et les ponctions de sang réussies est de 63 :1 chez les chèvres, alors qu'il est de 4 :1 chez les boeufs (G -G , 2000).

Bien qu'ils n'aient pas acquis le statut de bétail privilégié, particulièrement au niveau social et symbolique, comme c'est le cas encore aujourd'hui pour les bovins, les moutons et chèvres ont souvent été les premières espèces à voyager à travers le continent grâce à leurs aptitudes physiques et physiologiques. Cette diffusion va se faire selon des modalités extrêmement variées sur plus de 6 000 ans d'un bout à l'autre du continent. Les caprinés n'atteignent ainsi l'Afrique australe que vers le début de notre ère (L , 2017). Un grand nombre de débats sont toujours en cours quant à l'origine de ces populations. Pendant longtemps, l'hypothèse d'une arrivée de l'élevage via la migration Bantu venue d'Afrique de l'Ouest au cours du I er millénaire CE (S , 2013) a prévalu. Toutefois, de récentes études génétiques suggèrent une expansion plus ancienne depuis l'Afrique de l'Est vers l'Afrique australe (H et al., 2008 ; S et al., 2012). Les rares données archéologiques disponibles sur cette question suggèrent avant tout que les animaux domestiques ont été introduits petit à petit dans des groupes locaux de chasseurs-cueilleurs par percolation culturelle avec des éleveurs du Nord, au cours de la seconde moitié du I er millénaire BCE, sans vague migratoire et sans que cela provoque dans un premier temps de réels changements sociaux (S , 2008). Cette première diffusion concerne d'abord les caprinés, les bovins n'apparaissant que plusieurs siècles après (G -G , H , 2011 ; S , 2013). Les dif cultés à comprendre l'origine des premiers éleveurs d'Afrique australe et de leur bétail tiennent au fait que, outre le petit nombre de sites archéologiques, les ossements sont souvent mal conservés, ce qui limite leur identi cation. Cette dernière est également souvent peu précise en raison de la proximité morphologique entre mouton et chèvre, mais aussi avec les nombreuses espèces de petits bovidés sauvages. Cette proximité concerne non seulement les restes osseux (H , R , 1994 ; L , 2007 ; P , 2014), mais aussi les restes de déjections qui peuvent se conserver dans les milieux très arides (L et al., 2013).

Le recours à des méthodes d'analyses biomoléculaires apparaît alors comme une alternative offrant de nombreuses possibilités. La technique la plus communément employée à l'heure actuelle reste la caractérisation de l'ADN ancien préservé dans les restes archéologiques, y compris dans le cas de déjections fossilisées (grâce, par exemple, à la caractérisation de parasites spéci ques à certaines espèces hôtes ; P et al., 2001 ; T et al., 2018). Dans le cas de restes africains soumis à des conditions taphonomiques rudes inhérentes aux climats arides, l'extraction, l'ampli cation et le séquençage d'ADN ancien restent largement problématiques (K et al., 2011 ; L et al., 2018) et limitent de fait la possibilité d'employer cette méthode dans ce cas précis. Depuis près de deux décennies, le recours à la paléoprotéomique s'est imposé comme une alternative et un complément considérable à la paléogénétique. Cette méthode s'appuie sur la caractérisation des protéines conservées dans les restes archéologiques grâce à des analyses par spectrométrie de masse. Il s'agit de mettre en évidence les variations en acides aminés des séquences protéiques (principalement du collagène, protéine majoritaire de l'os et de la dent) qui permettent notamment la détermination spéci que, puisque chaque espèce possède une séquence propre. Son potentiel d'application à des restes provenant d'Afrique a été démontré récemment par une étude caractérisant, à l'heure actuelle, les plus anciennes protéines extraites de coquilles d'oeufs d'autruches des sites de Laetoli (3,8 Ma) et Olduvai Gorge (1,3 Ma) en Tanzanie (D et al., 2016). En outre, seule une étude paléoprotéomique publiée en ligne en octobre 2018 (P et al., 2018) s'est attachée à la distinction des moutons et chèvres du site pastoral de Luxmanda (Tanzanie), daté de c. 3 000 BP.

Dans l'optique de documenter la diffusion des premiers caprinés sur le continent africain et en particulier l'hypothèse de liens forts entre Afrique de l'Est et Afrique australe, mais également d'apporter de nouvelles méthodologies aux études paléoprotéomiques en contextes arides, nous présentons ici les données issues d'un travail collaboratif initié entre plusieurs unités du Muséum national d'Histoire naturelle impliquant les auteurs de cet article mais aussi S. Zirah (UMR 7245 MCAM), A. Zazzo (UMR 7209 AASPE) et D. Pleurdeau (UMR 7145 HNHP). Cette étude porte sur des restes osseux et dentaires du site de Toteng (Botswana), daté par le radiocarbone de 2020 ± 40 BP (2 , R et al., 2005). Dix-huit esquilles et restes dentaires déterminés morphologiquement comme « mammifères » en raison de leur altération ont fait l'objet de cette étude (L M et al., 2018). Ces restes ont dans un premier temps fait l'objet d'un pré-screening par spectroscopie infra-rouge à transformée de Fourier (FTIR) dans le but d'estimer la préservation de leur phase organique selon une méthode décrite par L et collaborateurs (2016). Neuf des 18 restes initiaux ont été sélectionnés pour les analyses protéomiques selon une gamme de préservation s'étalant entre 1,91 et 5,72 % de collagène préservé. Le pré-screening a nécessité un premier prélèvement de moins d'un mg de poudre d'os, tandis que les restes sélectionnés pour analyses ultérieures ont été prélevés à nouveau (entre 20 et 150 mg). Trois protocoles de déminéralisation des restes ainsi sélectionnés ont été testés a n de proposer, in ne, une méthodologie adaptée aux restes de milieux arides africains ( g. 2). Les deux premiers protocoles ont consisté en l'emploi d'un acide fort (acide chlorhydrique, HCl) à deux concentrations différentes (0,6 et 1 M), tandis que le troisième et dernier protocole a vu l'immersion des restes dans un tampon dit « doux » (Tris-EDTA, 0,05 et 0, 5 M, pH 7,4). Une fois déminéralisée, la partie organique des restes archéologiques a été solubilisée dans un tampon de bicarbonate d'ammonium (50 mM) et les protéines ainsi en solution ont été hydrolysées à l'aide d'une enzyme spéci que (trypsine) permettant de réduire la taille des fragments à analyser, alors appelés peptides. Les extraits protéiques de chaque échantillon archéologique ont en n été analysés par chromatographie liquide ultra-haute performance couplée à la spectrométrie de masse en tandem (UHPLC-MS/MS). Les données brutes obtenues ont été traitées à l'aide de deux logiciels différents adaptés à ce type d'étude : le premier permettant de comparer les données générées aux bases de données internationales disponibles (MatrixScience.com) ; le second permettant d'employer un algorithme spéci que qui, en l'absence de référence, proposera de reconstruire des séquences d'espèces absentes des bases de données (PEAKS DB Studio, version 7,5, BioInformatics Solutions, Waterloo, Canada). Sur les neuf restes analysés, seuls quatre présentaient des peptides identi ables. Tous les échantillons positifs ont permis de caractériser des peptides associés aux chaînes alpha 1 et alpha 2 du collagène de type I (COL1A1 et COL1A2). Aucune protéine dite « non-collagénique » n'a été identi ée. Un protocole sur les trois testés, celui impliquant une déminéralisation au Tris-EDTA, a permis l'identi cation d'un plus grand nombre de peptides, mais aussi une meilleure couverture des séquences. Les données générées par ces analyses ont rendu possible l'attribution de deux restes à la famille des équidés, d'un reste à la famille des suidés et en n d'un reste à l'espèce Ovis aries.

Cette étude, la première du genre sur des restes datés du Late Stone Age d'un site d'Afrique australe témoigne du potentiel informatif de la paléoprotéomique. Elle a notamment permis d'identi er un protocole de déminéralisation adapté à des restes mal conservés provenant de milieux arides. À Toteng, malgré une mauvaise préservation de la partie organique des restes (3,25 % coll. wt en moyenne, contre 22 % pour un os moderne), trois identi cations à la famille et une à l'espèce ont été possibles. Le reste attribué à du mouton a permis la mise en évidence d'un nouveau marqueur peptidique spéci que de cette espèce (COL1A1), jusqu'alors jamais rapporté dans la littérature. Cette identi cation a, en outre, permis de con rmer la présence de ce capriné domestique sur le site, présence déjà attestée par des études morphologiques (R et al., 2005). En Afrique, l'utilisation de la paléoprotéomique dans le cadre de problématiques relatives à la question de l'introduction et la diffusion des caprinés semble donc se positionner comme un outil puissant, renseignant l'espèce quand cela n'est plus possible morphologiquement.

Reste archéologique

Conclusion

Dès la n du Pléistocène et durant la majeure partie de l'Holocène, deux, voire trois des espèces de caprinés sauvages présentes en Afrique sont exploitées, et dans une aire bien plus grande qu'actuellement. C'est le cas notamment du mouon à manchette en Afrique du Nord. Pour ce dernier toutefois, l'exploitation intensive avec parcage et affouragement n'a pas conduit à sa domestication. Cette gestion de l'espèce s'inscrit cependant dans un contexte de grands changements sociaux, culturels et techniques favorables à l'introduction du bétail dès la n du VII e millénaire BCE. Si l'introduction des caprinés a été privilégiée d'un point de vue économique du fait de leur meilleure adaptation aux milieux arides et tropicaux, la mise en place d'un réel pastoralisme mobile ne se fait qu'au cours du V e millénaire BCE, dans le Nord-Est africain. Les modalités de leur diffusion sur le reste du continent semblent avoir été très diversi ées et étalées sur un temps très long. Toutefois, nous nous heurtons encore à un manque de données précises, que cela soit pour les datations des premiers ossements ou pour leur identi cation spéci que.

Ainsi, la combinaison des données archéologiques et biomoléculaires comme celle que nous avons évoquée ici permet une documentation précise concernant l'introduction et la diffusion des caprinés sur le continent africain. De nouvelles avancées en termes techniques et dans l'analyse des données ouvrent également la voie à un potentiel informatif d'un autre genre telle la caractérisation des races (queue grasse/queue nes, races locales), des parasites infestant les animaux (comme le trypanosome dans le cas qui nous intéresse) ou encore des données environnementales (dans le cas de la mise en évidence de modi cations post-traductionnelles portées par les protéines anciennes). La con rmation ou l'in rmation de la présence de caprinés sur les sites, la distinction spéci que systématique ainsi que le recours à des datations directes des restes renseigneraient sur une éventuelle domestication préférentielle d'une espèce par rapport à l'autre, et dateraient précisément le recours aux premières pratiques pastorales. L'utilisation conjointe des données archéologiques, biomoléculaires et biogéographiques présente donc un intérêt particulier en Afrique où l'histoire des caprinés, qu'ils soient ou non domestiques, reste encore complexe à appréhender. with small wild bovids from Africa. Thus, to ensure proper identification of domesticated caprines within African archaeological assemblages, there was a need to ascertain that species with close morphologies could be excluded. A large part of this work has then been dedicated to the construction of a proper type I collagen database for nineteen species that could be misidentified as either sheep or goat, mainly composed of antelopes and antelopes-like species.
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The following chapter addresses this question through an article in preparation for a submission to Nature Ecology & Evolution.

Material. A total of nineteen species of African wild bovids was selected for the purpose of this study, which takes into account the biogeographical repartitions of wild small bovids.

These species were all available in the "Collections d'Anatomie Comparée" of the Muséum national d'Histoire naturelle. Species were chosen for their potential presence in the vicinity of the archaeological sites at given time ranges. They all are potentially the approximate size of sheep and goat and are distributed in six different sub-families of Bovidae: Bovinae, Aepycerotinae, Antilopinae, Caprinae, Hippotraginae and Reduncinae. Sixteen genders are represented (Fig. 1 in the paper.). The strategy regarding the sampling was established in agreement with the conservator of this collection (Dr Joséphine Lesur) to ensure that both the proteomics (enough material sampled to provide sufficient protein identification, several individuals for comparison) and conservation (minimal sampling, if possible invisible, low number of animals) aspects would be respected. Two individuals were selected per species except for one species from which a single specimen was available in the collections. Sampling of approximately 15-20 mg of material was realised with a preference for molar roots to guarantee that sampling would then be invisible. Results. Database-assisted de novo sequencing allowed to retrieve both COL1A1 and COL1A2 sequences for the nineteen species. The sequence coverages were of 100% for at least one of the two individuals of a given species. Each peptide sequence de novo generated was assessed using the most restrictive filter and the corresponding MS/MS spectra were inspected manually. Several peptide markers were identified on both chains: one marker common to all the wild bovids on COL1A1 allows to distinguish between wild and domesticates; several markers on COL1A2 allows to identify remains at the species level for some of the wild and domesticates species, but mainly at the sub-family level.

Methods

Discussion. The newly identified markers are discussed regarding the number of species they are represented in and their conservative character. We then compare and discuss the phylogenetic hypotheses offered by different parsimony cladograms (strict consensus, majority consensus rule).

Conclusion.

The work presented in the paper hereafter is of particular importance because it offers the possibility to identify at the sub-family and at the species level an appreciable number of wild small bovids from Africa, by using type I collagen features, the main protein composing bone tissue which is the most preserved in archaeological material.

Moreover, because of the very low proportion of "antelopes" biological information available, we add significant contribution to the debate regarding the phylogenetic position of some of the sequenced species. 

Paper 1

Towards species identification of problematical archaeological remains: type I collagen sequences of African wild bovids

Abstract

In African archaeology, characterising the presence of domestic sheep and goats is often blurred by the morphological similarities existing between these species and a large variety of endemic wild antelopes. The archaeological alterations endured by the remains complexify the story of caprines domestication, because this is highly difficult to distinguish between wild and domesticated specimens. In this case, the use of biomolecular methods can greatly improve our understanding of the story of early domestication. Because DNA is often poorly preserved in African archaeological contexts due to harsh environmental conditions, palaeoproteomics revealed to be a great tool to retrieve biological information. The major bone and tooth protein, type I collagen, although less informative than DNA, carry, amongst other, taxon related variations allowing distinction of close related species. Nonetheless, the reference sequences of type I collagen in available databases present only a few bovids representatives. Here, we de novo sequenced type I collagen of nineteen species of wild bovids present in African lands absent from the databases. Species were chosen for their putative presence in archaeological sites from Eastern and Southern Africa and their morphological proximity with sheep and goat. Dental roots and bones of two specimens for each species from the Collection d'Anatomie Comparée of the Muséum national d'Histoire naturelle (Paris, France) were sampled. Protein extracts were digested and analysed using high-performance liquid chromatography coupled to tandem mass spectrometry (UHPLC-MS/MS). The generated data allowed the de novo reconstruction of both chains of type I collagen of the nineteen species with a hundred percent coverage of the secreted protein. Amino acids variations to reference sequences allow us to propose phylogenetic relationships between the species, for some of which no DNA or protein information was available. This study represents a giant leap both for biological and archaeological sciences, presenting a type I collagen-based phylogeny and will further allow fine-scale identification of faunal remains.

Introduction

The story of sheep (Ovis aries) and goat (Capra hircus) domestication in Africa is particularly complexified due to difficult identification of archaeological remains. These two domestic species are not endemic of the continent and were added to a large variety of already present small bovids 1 . Because domestic sheep and goats present strong similarities in their morphology between them and with other wild African antelopes, morphological identifications of degraded remains alter their characterisation in archaeological contexts. Of the same size, these antelopes might easily be confused for domesticated caprines 2,3 . Yet, confusing these animals is a real problem for archaeological interpretation of one site: the changeover between a huntinggathering-fishing based economy to one based on domestication of plants and animals is a major transition in the subsistence economy of prehistoric societies. Thus, the study of the first steps of animal domestication require a fine-scale analysis and precise identification of the faunal remains. This is particularly crucial in African archaeological context when the introduction of domesticated animals might not have led to a complete cessation of hunting or gathering activities. Societies are likely to have adopted a mixed economy, mostly due to particularly constraining environmental conditions that cannot allow extensive farming, or complete abandonment of hunting practises 4,5 . It is very common across Africa to witness the association of wild antelopes together with first occurrences of sheep or goat representatives in Later Stone Age archaeological sites.

Africa is the continent offering the largest concentration of small bovids species on the planet 1 . Within the Bovidae family (Artiodactyla, Ruminantia), eight sub-families are reported, fifty genera, over a hundred species and more subspecies 6 . The oldest ancestor of African bovids, Namibiomeryx, was recovered in Namibian lands and is thought to have inhabited 20 to 18 millions years ago 7 . The taxonomy of family Bovidae is complicated since it groups subfamilies that have been described on morphological features at first, of which some are displaced by genomic analyses. Depending on the study, the subfamilies Aepycerotinae, Hippotraginae and Reduncinae -sometimes even some species of Caprinae-are included in the Antilopinae sub-family, a sister group of Bovinae, which includes cattle and spiral-horned antelopes (such as kudu) 8 . Based on maximum-likelihood of mitochondrial DNA, Hassanin and collaborators 9 defined four genera sub-groups within the Antilopinae: Procaprina, Ourebina, Raphicerina and Antilopina. But the relationships between these tribes does not reach consensus and there is no doubt that incoming molecular data will re-activate discussions. Since there still exists a debate among the scientific community, we will use the groups proposed by Mammals Species of the Part two -Paper 1 World 6 , defining the subfamilies Aepycerotinae, Antilopinae, Bovinae, Caprinae, Hippotraginae and Reduncinae, from which nineteen species were sampled for the purpose of this paper (Fig. 1). Among the species chosen for this work, the springbok Antidorcas marsupialis, the rhebok Pelea capreolus, and the steenbok Raphicerus campestris are only encountered in Southern Africa; the impala Aepyceros melampus can be seen in Kenya, Botswana and South Africa; the oribi Ourebia ourebi is present in south-Sudan, Ethiopia, east-Kenya and a small part of South Africa, as long as another small bodied and short-horned species, the klipspringer Oreotragus oreotragus that can be seen in Ethiopia, Kenya, South Africa and Namibia. In Ethiopia and Kenya, the presence Part two -Paper 1 of the bohor reedbok Redunca redunca is attested. In Kenya and a part of the Horn, the gerenuk Litocranius walleri has been reported; along the Horn of Africa, the Abyssinian mohr Gazella soemmerringii, Grant's gazelle Nanger granti and the dibatag Ammordorcas clarkei as long as the two species of Tragelaphini, the lesser kudu Tragelaphus imberbis and the harnessed bushbuck Tragelaphus scriptus can be seen. In part of the Horn and in the north of the continent the Ariel gazelle Gazella dorcas has been reported, as long as the red-fronted gazelle Eudorcas rufifrons under the Sahara until Sudan. Finally, the addax Addax nasomaculatus, the Addra gazelle Nanger dama and the Barbary sheep Ammotragus lervia can be found in northern Sudan, and the Nubian ibex Capra nubiana in the eastern part of the country 1 . The species repartitions described here are prevailing. Indeed, the past repartitions of each species is not well known, although Kingdon 1 offers a few propositions, and it is assumed that they were substantially the same as nowadays along the Holocene. All the nineteen species are encountered across a long corridor from Northern to Southern Africa via the Horn, a path which is thought to have been the preferential road taken by the first pastoralists and herds to diffuse domestic sheep and goat 3,5,[10][11][12] across the continent. Even though recovering biomolecules from archaeological sites in Africa is often a challenge 13,14 , these past few years have witnessed the emergence of the field of palaeoproteomics which has demonstrated its interests for such matters. Based on the recovery and characterisation of proteins contained in archaeological ecofacts and artefacts using mass spectrometry, the method has proven great efficiency on remains from African contexts 3,[15][16][17][18] , especially when concerning remains of small bovids 3,16,17 . Even though some palaeoproteomics studies have highlighted its potential for phylogenetics reconstruction [19][20][21][22][23][24][25] , none has ever focus on African bovids. The major protein of bone and tooth matrix, type I collagen, which represents 90 % of the bone and tooth organic phase 26 , is often the only one recovered in For the purpose of proposing an exploitable referential for zooarchaeological problematics, especially those concerning the introduction and diffusion of domestic caprines in Africa, we concentrated on the extraction and characterisation of type I collagen of nineteen species of wild small bovids from Africa that might be misinterpreted for domesticated caprines in archaeological sites. With the type I collagen sequences de novo generated, we thus propose a parsimony analysis and subsequent cladograms that can help in the understanding of the different groups these antelopes belong to.

Results

Type I collagen sequences of African wild bovids

The LC-MS data provided around 1000 MS/MS spectra per reference sample. One sample only, namely WALL_3 (Litocranius walleri) gave no exploitable results. Database-assisted de novo sequencing from LC-MS/MS data permitted to reconstruct the alpha 1 (COL1A1) and alpha 2 (COL1A2) type I collagen sequences from the 19 species of interest (Supplementary Material 1). The corresponding sequences from B. taurus, B. mutus, Capra hircus and Ovis aries, obtained from databases, were used for alignment and comparison purposes. A total of 38 sequences with a 100 % sequence coverage is presented here. In general, only 11 amino acids are substituted, with a predominance of alanine (A), threonine (T), valine (V), serine (S) and methionine (M). The majority of peptide markers show only one amino acid substitution, generating two peptide variants (Table 1). Interestingly, four peptides of COL1A2 show Part two -Paper 1 

Discussion

The collection materials used in this study date from an extended timescale (from late XIX th to early XXI st c.). The most ancient ones may have been conserved following treatment with chemicals that might have altered the bone or tooth matrix. Nevertheless, 36 out of 37 samples provided informative proteomic profiles, indicative of a good preservation.

The peptide markers identified show a higher variability on the alpha 2 chain of type I collagen than on the alpha 1. Interestingly, the taxonomic markers are located on other peptides than the ones used for distinguishing the domesticated caprines, meaning that the peptides combinations described in this paper can be used for distinction between wild and domesticated small bovids. The Antilopinae do not present many variations among themselves, except for two species: A. marsupialis (springbok) and O. oreotragus (klipspringer), with two specific peptides on COL1A2 and of one peptide on COL1A1 and COL1A2, respectively. One peptide on COL1A2 is conserved in all groups, except for the wild and domesticated Caprinae species, indicating that the sub-family do present specific features that are not shared by the other species. The COL1A1 peptide previously described for sheep identification (AGEVGPPGPPGPAGEK 16 ) is not shared with any other species and is thus highly valuable for species distinction. The COL1A2 peptide of goat is only present in the other Capra species,

Capra nubiana, as it was previously noted 29 . Moreover, the uncertainty concerning the COL1A2 peptide 3 common to sheep and all other bovids, with the exception of Capra sp., is not solved for the impala (Aepyceros melampus) and noticed in another gazelle, Nanger soemmeringii, suggesting there might be another form, or even the alternative presence of the two variants. All other peptide markers are alternatively shared between the nineteen species and the bovids, cattle and zebu, or the caprines, sheep and goat, suggesting a strong conservation within type I collagen sequence in Bovidae.

On the cladogram of majority-rule consensus 50 % (Fig. indicus but the other species, the lesser kudu T. imberbis do appear closer to the Caprinae and the Antilopinae. The phylogenetic cladograms proposed here are of particular interest for two main reasons: this is the first-time molecular data are proposed for some of the species described here and thus, it provides a first attempt at replacing species from one another. Nonetheless, despite the importance of those sequences, especially for archaeological use, this is necessary to nuance the phylogenetic results. Indeed, the cladograms were generated using type I collagen concatenated sequences. Despite the fact that it might not biologically be the most informative protein of all, the concatenated sequence induces a bias during heuristic search. This means that the seven peptide markers on COL1A1 might have been underestimated during the search, in comparison with the twice more abundant markers on COL1A2.

The work presented in this paper, although on a structural protein, type I collagen, provides new insights into the classification of Bovidae. Moreover, it opens a new perspective on African wild antelopes upon which very few, perhaps none, biological information was yet available. In the future, we do hope being able to propose a more precise phylogeny, including other biological markers. Above all, this paper presents the first sequences of nineteen wild small bovids that we do hope, will be of great use for zooarchaeological problematics.

Material

For purposes of proposing protein sequences that can be of archaeological use, dental roots -or bone when tooth was unavailable-of nineteen wild antelope's species encountered in Eastern and Southern Africa were sampled (Table 2). Two individuals (except for the species Ammodorcas clarkei, from which only one specimen was available) of each species were sampled from the Collections d'Anatomie Comparée of the Muséum national d'Histoire naturelle in Paris, France. A diamond drill Dremel was used and cleaned with 96% EtOH between each sampling, even if the samples were from the same species in order to avoid any contamination.

An individual, clean microtube (Eppendorf, Germany) was used to recover the sampled tooth or bone powder. 

Methods

Protein extraction

We followed the in-house protocol for African remains 16 , which is appropriate for the extraction and characterisation of proteins from skeletal remains of arid environments. A millilitre of extraction solution (0.05 M tris(hydroxymethyl)aminomethane (Tris) and 0.5 M ethylendiaminetretraacetic acid (EDTA), pH 7.4) was added to each sample for an eight to fifteen days decalcification. We replaced the solution every half-day for the first four days, and then every day for the rest of the process. After complete decalcification, remaining pellets were

Part two -Paper 1 rinsed five times with Milli-Q water (to neutral pH). Proteins were gelatinised in 50 mM ammonium bicarbonate, pH 8 in a thermostat-controlled stirrer for three hours at 65°C.

Solutions were centrifugated (10 min, 3000 g) and supernatants collected into new microtubes.

The extracted proteins were reduced (addition of dithiothreitol, 10 mM final concentration)

during 20 min at 56°C and alkyled (addition of iodoacetamide 10 mM final concentration) during 30 min in the dark at room temperature. Finally, the samples were hydrolysed with trypsin (Trypsin Gold, Promega, 0.01 μg/μL final concentration). The digests were subsequently transferred into clean vials and kept at -20°C until mass spectrometry analyses.

UHPLC-MS/MS

Bovid digests were analysed by UHPLC-MS/MS using the workflow described previously 3 . The separation was performed on an Ultimate 3000-RSLC system (Thermo Fisher telopeptides 30 . Unmatched peptides reported in Mascot for alpha 1 and alpha 2 chains were recorded. We wrote chimeric sequences of COL1A1 and COL1A2 for each of the 19 species which contain the covered peptides identified by Mascot and, for the uncovered regions, sequences of the most common peptide (i.e., present in most bovid species).

The second step of sequence reconstruction was performed using the Byonic workflow C57 (Byologic, Protein Metrics). Chimeric sequences for the 19 species were used as references.

The parameters were set to 1% FDR, post-translational modifications were the same as the ones used for the Mascot search and a maximum for 5 modifications were allowed for one peptide. Proline oxidations (HyP) were considered as "common modification" and every amino acid substitution was included in the "rare modification" list. Once results obtained, peptides with potential amino acid substitution were manually assessed by verifying MS/MS spectra and at least 2 PSMs in each of the two samples' specimens for one species. For each marker peptide detected in a sample, we verified that the alternate sequence was absent by counting spectrum matches (Supplementary Table 3).

Phylogenetic analyses

Once type I collagen for each species reconstructed, we conducted parsimony analyses.

Using PAUP* The use of palaeoproteomics in archaeology has proven its importance over the past few decades (see Part one of this thesis). Here, we aimed at showing that even in semi-arid to arid environments like the ones encountered in Africa, proteins can be a retrievable biological information. The following part reports the developments and applications that were at the core of this doctoral work.

In the first place, we aimed at developing an analytical protocol dedicated to remains from arid environments. Indeed, no particular protocol was ever developed for the proteomic Material. Eighteen bone and tooth splinters from the LSA site of Toteng in northern Botswana were sampled.

Methods. Organic phase preservation of the remains was assessed using infra-red spectroscopy (ATR-FTIR). Three different decalcification protocols were tested: two using different concentrations of hydrochloric acid and one using a Tris-EDTA buffer classically employed in molecular biology. Once decalcified, protein extracts were subject to enzymatic hydrolysis and analysed by ultra-high-performance liquid chromatography coupled to tandem mass spectrometry (UHPLC-MS/MS). Bioinformatic analyses of the resulting raw data consisted in a database assisted search using Mascot and PEAKS software.

Results. The organic phase preservation of the 18 samples were distributed between 1.9 and 5.7% of collagen content (in comparison, a modern bone contains approximately 22% of collagen). Nine of the 18 samples covering all the range of preservation were selected for palaeoproteomics analyses. Four of them yielded identifiable peptides, all corresponding to type I collagen. The protocol using the Tris-EDTA buffer allowed the identification of the greatest number of peptides for all four samples, with the "best preserved" sample presenting the highest number of peptides -and thus, the best sequence coverage. Samples data were searched against a bovids restricted collagen sequences database and all gave species identification: one is a Suidae, two are Equidae and the last one belongs to sheep, identified thanks to a COL1A1 marker.

Part three -Introduction to Papers 2, 3 and 4 Discussion. The results obtained in this study have enabled to confirm the threshold of approximately 3% of organic phase preserved for palaeoproteomics analyses, which corresponds to the previous one established for radiocarbon dating with ATR-FTIR 2 .

Palaeoproteomics analyses allowed the identification of one sheep and three other remains at the gender level (one Suidae and two equids). Given the biogeographical repartitions of representatives of these families in Africa, it is more likely that the Suidae is of species Potamochoerus larvatus or Phacochoerus africanus, the bush pig or warthog, respectively, because no domestic pig has yet been introduced into southern Africa at that time; and that the Equids belong to the zebra Equus burchellii since no horse nor donkey were present in the vicinity of the site at the time range.

Conclusion.

The different results obtained through this study highlight the importance of the use of "soft" decalcification protocol in the case of highly degraded remains from African contexts; that below the threshold of ~ 3%, the chance to characterise preserved proteins in archaeological remains is diminished; and that for species identification, the biogeographical repartitions of African mammals are of great interest for the refinement of species attributions. Methods. Using the optimised protocol described in Paper 2, we analysed the 28 remains and the modern springbok and impala protein extracts and investigated for peptide markers that could allow species distinction. Springbok and impala type I collagen sequences in the following paper predate the one in Part 2 of this thesis and were reconstructed using the different PEAKS tools and algorithms. The archaeological samples identified as domesticates were radiocarbon dated in a second phase.

Results. Sequences of springbok and impala -although incomplete, represented a mean of 70% of sequence coverage -provide three new markers on the COL1A2 and two markers shared alternatively with sheep and goat or between the two antelope species. The characterisation of the type I collagen of the two antelopes helped to attribute some of the archaeological samples. At Leopard Cave, the three remains previously identified as caprines along with one remain from the upper layer were indeed of springbok, whereas the rest of the 24 remains presented the sheep peptide markers. Two of them were radiocarbon dated to ascertain their antiquity and yielded dates between 700 and 1000 BP.

Discussion. Type I collagen sequences of springbok and impala are discussed in the previous part of the manuscript in more details, but the work realised in the frame of this paper highlighted the absolute need of multiplying peptide markers from both chains when wanting to discriminate small bovids, domesticated or wild. We noticed that the common COL1A2 peptide used to discriminate sheep from goat was shared between sheep and springbok/impala and the COL1A1 peptide is shared between goat and springbok/impala. The springbok possesses two COL1A2 markers alone, whereas the impala could better be characterised by a combination of markers rather than one specific to this species only. The archaeological identifications obtained using palaeoproteomics revise the morphological assessments of the three remains originally identified as domesticated caprines. Instead, they must be replaced among the springbok species. On the contrary, 24 of the upper layer were attributed to sheep based on protein features, of which two were radiocarbon dated. Direct radiocarbon dates push back from 1500 years the arrival of domestic caprines in the region, probably corresponding to a milder climate described in the literature as the Little Ice Age.

Conclusion.

The use of palaeoproteomics proved to be particularly interesting in the context of characterising earliest occurrences of domesticates in southern Africa. At Leopard Cave, we were able to disprove the first species identification based on morphological features and we show that the arrival of caprines at the site is more recent than previously thought. We promote the use of a combination of multiple peptide markers to propose species attribution Part three -Introduction to Papers 2, 3 and 4 when using type I collagen, especially in African contexts where the wide presence of wild bovids in the surroundings of the sites cannot be excluded in the assemblages.

Finally, the fourth paper of this thesis describes the palaeoproteomics results obtained for 18 archaeological sites. Distributed across Eastern and Southern Africa, those sites cover a large time range, allowing to tackle the issue of the caprines exploitation in the two regions. Paper 4 is in preparation for a submission to the Journal of Archaeological Science.

Material.

Here, all the material exploited for this doctoral work is presented. A total of 117 archaeological remains putatively belonging to either domestic sheep or goat from 18 archaeological sites were included in the study. They originate from 18 archaeological sites and cover a large time-range based on both relative and absolute dating, from the IV th millennium BCE to the XVII th c. CE.

Methods. The 117 remains were sampled and analysed using the same palaeoproteomics workflow as the one described in Le Meillour et al. 2020 4 . The species identifications were based on a mixed custom database including type I collagen sequences of bovids available and extracted from international databases and of the wild small bovids sequences described in the second part of this manuscript 5 . In this paper, we considered the 19 wild bovids type I collagen sequences as acquired, and thus do not further discuss the obtained results. When confidently identified as domesticated representatives, they were directly radiocarbon dated in order to ascertain their antiquity.

Results. Seventy-three percent of the remains allowed species identification based on type I collagen. Identified domesticates yielded dates between the IV th c. BCE to the twentieth c. CE (apart from one sample from a Southern African site, further discussed).

Discussion. The results obtained in this paper allowed to identify several taphonomic factors that alter the integrity of the bone organic matrix: the context and the antiquity of the sites. We observe a better preservation in remains from rock shelters than in the ones from open air sites. The best-preserved remains come from sites dated after the first c. CE, although some exceptions remain. The site of Charè, particularly, is discussed in detail, since one sample has been identified as belonging to a goat, and yielded a date from the IV th millennium BCE, yet The analysis of the skeletal remains of vertebrates in archaeological contexts provides information about humananimal relationship and their environment. Their taxonomic identification based on macroscopic observation is not always possible due to fragmentation and poor preservation. In recent years, proteomics has emerged as an alternative but there is clearly a lack of data in arid environment where diagenesis rapidly affects the integrity of bone proteins. Here, we report the efficiency of three protocols for protein extraction. The protocols used harsh (1 M HCl and 0.6 M HCl) and soft (Tris-EDTA) decalcification agents and were tested on unidentified splinters from the 2000 years-old site of Toteng, Botswana. The preservation of the organic phase was first estimated using attenuated total reflectance Fourier transform infrared spectroscopy and a set of samples with contrasted collagen contents were selected for palaeoproteomics. The extracted proteins were submitted to a bottom-up proteomic approach involving trypsin digestion followed by ultra-high-performance liquid chromatography coupled to mass spectrometry (UHPLC-MS). Our results identify Tris-EDTA buffer as the most suitable decalcification protocol for poorly preserved bones and propose a collagen content threshold of ~3% weight content for successful detection of peptides. This approach, combined with biogeographical and chronological repartitions of mammals in Africa allows refining taxonomic attributions for four out of nine splinters, leading to species identification. Data are available via ProteomeXchange with identifier PXD010725.

Introduction

Bones are among the most abundant material excavated from archaeological sites and thus, potentially the most informative about past societies. Yet, the physical integrity of bone remains is often degraded due to the influence of the environment and burial conditions leading to a large amount of material described as "undetermined" in faunal analyses. New developments in biomolecular methods for the study of ancient remains enabled the archaeologists to use DNA analyses for solving number of archaeological questioning such as phylogenetic relationships (Debruyne et al., 2008; Enk et al., 2011; Hänni et al., 1994) or the genetic impact of species domestication (Bollongino et al., 2006, 2008; Jaenicke-Després et al., 2003; Zeder, 2008). Even though major progresses has been made such as the amplification of the oldest DNA molecules ever identified (Orlando et al., 2013), it is still challenging to extract and amplify this type of biomolecules from arid environment (Kimura et al., 2010; Loosdrecht et al., 2018).

The analysis of protein remains in archaeological samples by palaeoproteomics has become a powerful tool for species identification (Buckley et al., 2008, 2010; Buckley, 2016; van der Sluis et al., 2014), reconstructions of phylogenetic relations between extant and extinct species (Buckley et al., 2011; Cleland et al., 2015, 2016; Welker et al., 2015a, 2017), and sometimes even on unidentified splinters (Welker et al., 2015b). The oldest characterized protein of ostrich eggshell from Tanzania dates back to 3.8 My BP (Demarchi et al., 2016), testifying the potential of palaeoproteomics. But most of the archaeological material analysed by palaeoproteomics comes from temperate climates and not from arid environments. Such environment generates different biochemical and physical constraints on bone matrix, related to differences in temperatures, hydrology, pH or even soil chemical composition.

Often, morphological alterations can come along with biochemical modifications of the organic matrix. Indeed, number of studies focus on both biological and chemical alteration of the bone organic matrix (Collins et al., 2002; Dobberstein et al., 2009; Hedges et al., 1995; Schroeter and Cleland, 2016; Simpson et al., 2016), composed in majority of type I collagen. As the major component of bone extracellular organic matrix, this molecule is formed of two α1 chains and one α2 chain forming a triple helix, further arranged into fibrils (Rich and Crick, 1961). It contains the repetitive sequence Gly -Xaa -Yaa in which Gly is glycine, Xaa can often be either proline (Pro) or hydroxyproline (Hyp) and Yaa any amino acid including Pro or Hyp (Jenkins and Raines, 2002; Kadler et al., 2007; Shoulders and Raines, 2009). The N-and C-terminal regions of the α1 and α2 chains are connected through hydroxylysine cross-links (Eyre et al., 2008). Those structural characteristics allow the three chains to associate and create empty regions described as gap zones (Xu et al., 2018), where calcium phosphate mineralization occurs, leading to the formation of subsequent hydroxyapatite crystals (Nudelman et al., 2010). Diagenetic processes inherent to archaeological material such as collagen hydrolysis or biochemical modifications (such as deamidation) can increase difficulties associated with biomolecules analyses (Tuross, 2002). Thus, variations occurring in the collagen helix or additional modifications can highly hindered the characterization of biomolecules contained in remains from arid environment.

Despite the increasing number of collected information, no study has ever focused on the characterization of Later Stone Age fauna proteins originating from tropical zones in Africa. To our knowledge, only two papers rely on continental African remains (Demarchi et al., 2016; Prendergast et al., 2017): yet, the first one focused on ostrich eggshells and the second on bone historical material. In Africa, the frequent absence of sufficiently preserved DNA in archaeological material restricted molecular studies (Colson et al., 1997; Gifford-Gonzalez and Hanotte, 2011) and protocols suited for arid environments need to be developed, in order to bring new insights about African faunas recovered in archaeological sites using palaeoproteomics.

The aim of this study was to develop a protein extraction protocol for palaeoproteomics analysis adapted to highly degraded remains from arid environment. The protocols were tested on bone splinters from the 2000 years-old site of Toteng, Botswana. Organic preservation was first estimated using attenuated total reflectance Fourier transform infra-red spectroscopy (ATR-FTIR) and the selected samples underwent three different decalcification protocols. A bottom-up proteomic approach was used to identify digests of the extracted proteins. Finally, protein identification and chrono-biogeographical repartitions of mammals in Africa enabled to propose species attribution of certain of the bone splinters.

Material

Analyses were performed on morphologically unidentified splinters from the Later Stone Age sites of Toteng 1 and Toteng 3, Botswana (Fig. 1, left). Discovered in 1991 by A.C. Campbell and collaborators, Toteng 1 and Toteng 3 are open-air sites located West from Ngami Lake basin in Botswana (Fig. 1, right). They are distant only from tens of meters along Ngami Lake tributaries, 934 m above sea level. First digs revealed a rich sequence (Campbell, 1992; Robbins et al., 1998; Sadr, 1997) with typical Later Stone Age lithic industry and a large spectrum of faunal remains, especially the presence of domestic bovid species, associated with Bambata sherds (Huffman, 1994). In 2003, a new campaign was organized and the two sites delivered new artefacts and ecofacts that enriched the archaeological assemblage (Robbins et al., 2008). Zooarchaeological analyses performed by S. Badenhorst revealed the presence of domestic sheep (O. aries) in Later Stone Age levels, directly AMS dated to 2020 ± 40 BP (2σ, Robbins et al., 2005). This early AMS date increased the interest of the site regarding the quest for the earliest domestic caprines in Southern Africa. We accessed the faunal remains (n = 150) excavated during the 2003 campaign, stored at the National Museum of Botswana, and we temporarily exported them under authorization. Exported remains were examined by one of the authors (JL) and 12 bone fragments and 6 teeth were selected for this study. Most of them were too fragmented and altered by taphonomic processes to allow precise identification (Fig. 2 and Table 1). The identified remains were attributed to bovids and equids.

Methods

Sample preparation

The surface of the sample was first cleaned with a diamond drill. Less than 1 mg was sampled for ATR-FTIR analyses and between 20 and 150 mg for palaeoproteomics. Fragments for proteomics were roughly crushed into chunks and then divided into three equal subsamples. The first two subsamples were placed in 2 mL Eppendorf tubes (Protein LoBind, Eppendorf, Hambourg, Germany) while the third one was placed in 5 mL glass tubes.

ATR-FTIR

Prior to palaeoproteomics analyses, we estimated the organic content of the samples using attenuated total reflectance Fourier transform infra-red (ATR-FTIR) spectroscopy following the method established in Lebon et al., 2016. We applied approximately 0.5 mg of powder on the diamond (Golden Gate Single Reflection Diamond ATR accessory (Specac, France) with KRS-5 lens) of a Vertex 70 FTIR spectrometer (Bruker Optics, France). ATR-FTIR spectra were obtained by accumulation of 64 scans with a resolution of 4 cm -1 in the 4000-400 cm -1 wavenumber range. During acquisition, anvil pressure on sample was adjusted to normalise ν 3 PO 4 peaks to an absorbance of 0.5. Resulting data were treated using the OPUS software (Bruker Optics, France) and linear baselines were drawn to measure the area of amide I (between 1710 and 1590 cm -1 ) and phosphate ν 3 (PO 4 ) (between 1110 and 940 cm -1 ) bands (Fig. S1). Then, the amide I/PO 4 ratio (standard deviation taken into account) was used to estimate nitrogen and collagen weight percent content (%wt) using the equations presented below: %N (wt) 20.6 Amide I PO 0.31 More detailed information on data calculation can be obtained in Lebon et al. (2016).

Demineralization and protein extraction

Three different decalcification protocols were tested (Fig. 3) and an extraction blank performed for each, consisted in the same steps of chemical preparation without any bone powder. The first protocol (Fig. 3, left) follows a previously published method by Buckley et al. (2008). Samples were placed in 1 mL 0.6 M HCl for 4 h at 4 °C. Solutions were replaced every hour after mixing and 10 min of 13,000 rpm centrifugation. After 4 h, samples were washed 5 times with MilliQ water to reach neutrality.

The second protocol (Fig. 3, center) is an in-house protocol for collagen extraction (Bocherens et al., 2011; Cersoy et al., 2017a). Samples were immersed in 1 mL 1 M HCl for 30 min under 350 rpm agitation at room temperature (ThermoMixer, Eppendorf, Germany). Then, all samples were centrifuged at 13,000 rpm for 10 min and then washed 5 times with MilliQ water to reach neutrality.

In the third protocol (Fig. 3, right), samples were immersed in 1 mL 0.05 M tris(hydroxymethyl)aminomethane (Tris, Sigma Aldrich, Missouri) and 0.5 M ethylendiaminetretraacetic acid (EDTA) buffer, final pH 7.4 as proposed by Balasse and Tresset (2002) and Tuross et al. (1988). The solution was changed daily for 4 days, then every two days. Decalcification was visually and manually checked until a remaining pale-yellow transparent phantom and varied between 1 and 7 days depending on the sample (Table S1).

Enzymatic hydrolysis

Following demineralization, all samples were washed out with MilliQ water. They were then dried under vacuum (SpeedVac Concentrator™, Savant™, ThermoFisher Scientific, Massachusetts). Dried fractions of organic material were solubilized in 100 μL 50 mM ammonium bicarbonate for 3 h at 65 °C under 650 rpm agitation (ThermoMixer, Eppendorf, Germany). Supernatants were collected after centrifugation, placed into clean tubes and stored on lab bench until they reached room temperature. Proteomics grade trypsin (Trypsin Gold, Promega, Wisconsin) was added to each sample, 1:100 proportions. They were incubated at 37 °C under 650 rpm agitation overnight. Tryptic digestion was stopped adding 1 μL 10% trifluoroacetic acid (TFA, SigmaAldrich, Missouri). Protein concentration of each extract was measured using a microvolume spectrophotometer (NanoVue, GE HealthCare, France) using the pre-set parameters for protein concentration measurement. The concentration values were distributed between 0.5 and 2.3 μg/μL.

MS analysis & data treatment

Mass spectrometry

Tryptic digests were analysed by mass spectrometry (UHPLC-MS). The chromatographic separation was conducted on an Ultimate 3000-RSLC (Thermo Scientific, Massachusetts) using a RSLC Polar Advantage II Acclaim column (2.2 μm, 120 Å, 2.1 × 100 mm, Thermo Scientific, Massachusetts) with a flow rate of 300 μL/min using a mobile phase gradient with A: H 2 O + formic acid (FA) 0.1% and B: acetonitrile (ACN) + FA 0.08%. Each analysis consisted in 1 μL of sample injected and a blank (5 μL of A-B mix -20:80) every 5 samples. The mass spectrometer (electrospray ionization, quadripole, time of flight instrument -ESI Q-TOF, Maxis II ETD, Bruker Daltonics) was used in positive mode on m/z range 200-2200 using an accelerating tension of 3500 V. Analysis were performed in data dependent auto-MS/MS mode with a cycle time option fixed at 3 s. and MS acquisition frequency of 2 Hz. Two series of experiments were conducted both with collision induced dissociation (CID): one with low acquisition frequencies to boost MS/MS spectra quality (0.5 Hz for low-abundance ions, 2 Hz for intense ions) and a second with high acquisition frequencies (4 Hz, 16 Hz) to maximize the number of MS/MS spectra. Ion selection targeted m/z range 300-2200 with charge states 1 + to 5 + . The mass spectrometer was calibrated with sodium formate clusters at the beginning of each analysis (between 0 and 0.5 min) and data were automatically calibrated.

Data analysis

The LC-MS/MS data were converted to mgf files using DataAnalysis software (Bruker Daltonics, Massachusetts). Database search was carried out against public protein databases (SwissProt and NCBI simultaneously) using the online software Mascot (MatrixScience.com). We restricted the search to "Mammalia (mammals)" protein sequences and allowed 2 missed cleavages for the enzyme. We considered deamidation (N or Q), oxidation (M or P) and phosphorylation (S or T) as variable post-translational modifications (PTM), as these type of PTM were previously reported in the literature for archaeological samples (Buckley and Wadsworth, 2014; Cleland et al., 2015). 1 + , 2 + and 3 + peptides were considered with 10 ppm tolerance, MS/MS fragments with 0.1 Da tolerance and the statistic decoy applied to avoid false positive match.

MS/MS data were also analysed using PEAKS DB Studio software (7.5 version, BioInformatics Solutions, Waterloo, Canada, hereafter PEAKS) which permits to propose database search assisted de novo sequencing. PEAKS searches (including de novo, PEAKS PTM and SPIDER algorithms) were set using the following parameters: 10 ppm precursor mass (monoisotopic) and 0.1 Da fragment ion tolerances; a maximum of 5 PTM per peptide was authorized. PTM set in PEAKS searches were the same as for Mascot, together with the addition of pyroglu from Q and amino acid substitutions. Searches were performed using a restrained collagen database containing sequences described in Table S2. The database was constructed using NCBI protein sequences of alpha 1 and alpha 2 chains of collagen type I (COL1A1 and COL1A2) of the species of interest. The obtained results were filtered using the following parameters: ≤1% false discovery rate (FDR) for peptide spectral matches, ≤1% FDR and at least one unique peptide for proteins. Finally, peptides that were attributed to a unique species either by Mascot or PEAKS (MS/MS spectra) and all de novo peptides were verified using Geneious software (Biomatters, New Zealand) by aligning protein sequences of all species used in the construction of PEAKS restrained database (Table S2). We then made sure that amino acids substitutions between species were not due to any transcription mistake by verifying all codons manually.

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Vizcaíno et al., 2016) partner repository with the dataset identifier PXD010725 and https:// doi.org/10.6019/PXD010725.

Results

ATR-FTIR pre-screening

The collagen contents (collagen wt%) of the samples are summarized in Table 2. They vary between 1.9 and 5.7%, which corresponds to 8.6% to 25.8% of the organic content of modern bone (22.2%, "B. taurus bone (modern reference)" in Table 2). Examples of the best and least preserved samples spectra are presented in Fig. 4. We observed a decrease in the absorbance of the amide I band absorbance in the archaeological samples compared to the modern sample. Nine samples covering the entire range of collagen preservation were selected for palaeoproteomics analyses (Table 2).

LC-MS analyses

Four out of nine remains (TOT_09, TOT_11, TOT_14 and TOT_15) contained identifiable peptides. The other five (TOT_03, TOT_06, TOT_07, TOT_18 and TOT_26) presented a single peptide corresponding to trypsin autolysis, VATVSLPR ([M + 2H] 2+ , m/z 421. 75, rt. 7.6-7.8 min). Depending on the sample, 4 to 342 MS/MS spectra were generated. All identified peptides and corresponding proteins are presented for each sample in Table S3. Protocols using Tris-EDTA, 0.6 M HCl and 1 M HCl allowed the identification of 240, 89 and 97 peptides, respectively. Low errors (between 0 and 3.83 ppm) between the observed and calculated m/z for the peptides increased the confidence in the peptide match. All the identified peptides in the samples were assigned either to COL1A1 or COL1A2, corresponding to the α1 and α2 chains of type I collagen. No other proteins were identified in any sample. No contamination that could be attributed to peptide signals were detected in the preparation or the solvent mixture blanks, and no keratins or other human protein was detected, indicating the reliability Table 1 Archaeological remains selected for the study from the 2003 campaign (Robbins et al., 2005, 2008). of the protocol used in this work. The analysis suggests that peptide identification depends both on the preservation of the sample and of the decalcification protocol (Fig. 5). Among the samples, TOT_14 yielded the greater number of peptides and TOT_11 the least and all of them presented more identified peptides with Tris-EDTA than with 0.6 and 1 M HCl. PTM were identified in all the protocols with deamidation (NQ) and oxidations (MP) (Table S3). No phosphorylation (ST) was detected. Sequence coverages per sample and protocol range between 3 and 40% (Table 3). Samples decalcified using Tris-EDTA presented a larger coverage (between 18 and 40%) than the ones decalcified using 0.6 and 1 M HCl solutions (respectively ranged between 3 and 17% and 4-22%). Finally, all samples but TOT_11 presented > 200 unassigned spectra after Mascot analyses (Table S3), denoting that proteins were hydrolysed at nontryptic sites or harboured additional PTMs, and/or that the database used was incomplete.

Species identification -PEAKS results

In order to refine Mascot identifications, we analysed raw data using PEAKS software. The use of PEAKS in this study was mainly to take into consideration additional PTMs and amino acid substitution and to compensate the potential lack of information in the databases. PEAKS algorithm is designed to reconstruct database search assisted de novo peptides from the MS/MS data and match the generated sequences against a protein database (Zhang et al., 2012). PEAKS PTM and SPIDER tools were used after de novo reconstruction. We created a database from the type I collagen sequences reported within bovids, equids and suids in NCBI (Table S2). The limited database was constructed to restrain the search against species that were suspected after morphological identifications (Table 1).

Sequence coverages with PEAKS search covered up to 44% of protein sequence and were slightly higher 13/24 times (Table 3). Likewise, samples decalcified using Tris-EDTA presented the highest coverage (between 9 and 44%), while coverages were lower when samples were decalcified using HCl (between 0-22% and 0-26% with 0.6 and 1 M HCl, respectively). We observed an increasing number of PTM: in addition to the already identified oxidation (MP) and deamidation (NQ), we observed dimethylation, hydroxylation, phosphorylation (STY) and even P to Y substitution (Fig. S2). Furthermore, the most abundant PTM identified was P hydroxylation (up to 60% of P), as described by Cleland et al. (2015). Species identifications made by Mascot were ascertained and improved with de novo peptides as both non-tryptic and modified peptides were reconstructed and assigned to the restrained collagen database.

To ascertain the species identifications, we looked for unique collagen peptides of all family and species represented in the samples. Even though COL1A2 is commonly used for distinction because it presents more taxonomic variations, we report here COL1A1 peptides for species and genera identification. Fig. 6 presents the MS/MS spectra corresponding to COL1A1 peptides for the samples decalcified using Tris-EDTA. Spectrum in Fig. 6a corresponds to a unique peptide of COL1A1 of suids, identified in sample TOT_09 (long mammal bone). Three PTM are reported here: two P hydroxylations and one Q deamidation. Similarly, sample TOT_11 (morphologically identified as an equid tooth) revealed a unique peptide of equid COL1A1 (Fig. 6b). The same peptide was observed in TOT_15, the second sample identified as an equid both by morphological criteria and previous search against available databases (this paper, Section 4.2). TOT_14, morphologically identified as a size 2-3 bovid metapodial, was attributed to the species Ovis aries (sheep) thanks to 51 unique peptides of the COL1A1 identified using Mascot (Table S3). The re-examination of this sample's data highlighted that only one out of the 51 previously identified peptides was indeed specific for the alpha 1 chain of collagen type I (Fig. 6c) and that 2 amino acids changes can be observed against other species (Table 4).

Table 2 ATR-FTIR results. Amide I/ν3PO 4 ratio was calculated with OPUS software (Bruker Optics, France) on raw spectra. N wt% and collagen wt% were estimated after the ratio calculation. Selected samples and their corresponding collagen wt% for palaeoproteomics analysis are presented in bold black. 

Discussion

In the context of rare palaeoproteomics analyses of remains originating from Africa, this study aimed to identify a suitable chemical preparation protocol and then to exploit proteomics data for taxonomic identification of splinters from Botswana. Data analysis allowed to point Tris-EDTA as the best decalcification protocol and to refine taxa attributions of the splinters.

Influence of the decalcification protocols

This study explored the use of ATR-FTIR as pre-screening for palaeoproteomics analyses. This method is indeed now used in routine to select samples suitable for radiocarbon dating (Cersoy et al., 2017b; Lebon et al., 2016). Our results show that below 2.9% collagen, no peptide could be identified in the Toteng samples. This threshold is in the same range than that was reported for radiocarbon dating proposed by Cersoy et al. (2017b) and Lebon et al. (2016), set at ~4 ± 1.2 wt% of collagen, suggesting that it could also apply to palaeoproteomics studies. This conclusion, however, is based on a limited number of samples, and more work is needed to further confirmation. Moreover, it is important to remind that the heterogeneity of bone material can introduce biases in the results and that several samplings are to be made to ascertain the reliability of this estimation (Lebon et al., 2016).

Table 5 presents a synthesis of the results obtained for the four samples that yielded peptide. Here, the relationship between the sequence coverage and organic phase preservation is not as clear as we might have expected. While the sample with the poorest preservation (TOT_11, 2.94%) presented the lowest sequence coverage (18% and 23% for COL1A1 & A2, respectively) the highest coverage (36% and 44% for COL1A1 & A2, respectively) was obtained for a sample showing intermediate collagen preservation (TOT_14, 3.58%). The triple helix bond by hydroxylysine at their extremity making the collagen structure can be argued as an explanation (Shoulders and Raines, 2009). We can assume that the best-preserved samples should present the best collagen integrity. The preservation of collagen crosslinks could limit sequence coverage, as crosslinked peptides would not match to databases. Even if the sequence coverages obtained are not directly comparable to proteomics studies on modern bones (Schroeter et al., 2016), it appears that the protocol used that allowed best sequence coverage is Tris-EDTA. Indeed, recent studies have highlighted the potential of Tris-EDTA for the analysis of bone collagen (Cappellini et al., 2012; Procopio and Buckley, 2017; Sawafuji et al., 2017; Schroeter et al., 2016) and we here point out its efficiency for palaeoproteomics analyses of poorly preserved archaeological bones and teeth.

This study also demonstrates the advantage of combining diverse data analysis treatment. The combination of the results obtained with database search (Mascot) and database search assisted de novo sequencing (PEAKS) allowed increasing peptide reconstruction and protein assignation. The use of database search allowed to estimate which sample presented remaining peptides and the corresponding protein and, in some extent, permitted to propose taxonomic assignations. The use of database search assisted de novo sequencing allowed to increase the number of both identified peptides, sequence coverages and to compare the efficiency of the different protocols. A higher number of Fig. 5. Number of assigned peptides per sample regarding the available protein databases by Mascot software. In black, number of assigned peptides using Tris-EDTA; in light grey using 0.6 M HCl and in dark grey using 1 M HCl. Preserved collagen content (collagen wt%) are presented above the corresponding sample.

Table 3

Proteins sequences coverages realised after using Mascot and PEAKS. Each protein sequence coverage is presented by sample (lines) and protocol (columns). Here, two P are presenting hydroxylations. This peptide corresponds to Ovis aries COL1A1.

PTM were observed, especially Q deamidation and P hydroxylation. Glutamine deamidation are often reported in the case of ancient proteins, and are believed to be caused by diagenetic processes (Cleland et al., 2015; Schroeter and Cleland, 2016; van Doorn et al., 2012). Proline hydroxylation is inherent to type I collagen (Kadler et al., 2007) and can also be induced both by acidic treatment and to a lesser extent diagenesis (Cleland et al., 2015; Procopio and Buckley, 2017). Identifications with Mascot based on the COL1A2 peptides and the database search assisted de novo sequenced peptides of COL1A1 in each positive sample allowed to strongly confirm the identifications previously made and thus giving clear genus and species attributions of the splinters. The results showed that 4 out of 9 splinters presented conserved proteins.

The presence of a tryptic peptide and the absence of other proteins in TOT_03, _06, _07, _18 and _26 suggest that they were too degraded and that no organic fraction could be detected by MS analysis. However, and as it was previously demonstrated by Schroeter et al. (2016), there is a possibility for the remaining protein to have been solubilized in decalcification solution (Tris-EDTA, 0.6 M or 1 M HCl). Surprisingly, one sample that presented over ~3%wt of collagen preserved (TOT_07, 3.11%collagen wt) did not yield any protein. One explanation would be the overestimate of the collagen content caused by the important content of carbonate (calcite) (Lebon et al., 2016). In any case, the collagen content value of 3.11 is low and, in comparison to the threshold (2.9%), sensibly equivalent taking the error into account (1.4 maximum). Thus, we could argue that a risk of non-identifying preserved proteins does exist in samples with ATR-FTIR values between 2.9 wt% and 3.11 wt% of collagen for palaeoproteomics analyses. In other way, the absence of non-collagenous protein (NCP) in the sample is consistent with what was previously reported in 4000 years archaeological remains from Cyprus (Buckley and Wadsworth, 2014).

Refining species identification using biogeographical and chronological repartitions of African mammals

Regarding the results presented here, palaeoproteomics analyses allowed the identification of two equids (TOT_11 and TOT_15), one suid (TOT_09) and one sheep (TOT_14). Those attributions remain to genus level, excepted for TOT_14 which was identified to the species level. This can mostly be explained by the lack of protein sequences of African animals in the modern databases. However, the available literature provides guidance regarding the biogeographical and chronological repartition of African mammals (Kingdon, 2015) allowing to refine the proteomics attributions (Table 6). Because Toteng dates from the first century before common era (BCE), the equid remains probably belong to the zebra species Equus burchellii (Mammals Species of the World, 2005). Indeed, domestic equids (donkey E. asinus and horse E. caballus) were brought by Europeans much later, around the XVII th century (Blench, 2000; Lesur, 2017) and no remains of wild horse (E. caballus przewalski) has ever been mentioned on the African continent. Regarding the sample attributed to the suid family (TOT_09) the situation is less clear. Six species coming from four genera of suids do exist nowadays in Africa: Phacochoerus aethiopicus and P. africanus, Potamochoerus porcus and P. larvatus, Hylochoerus meinertzhageni and Sus scrofa. Only the first two genera can correspond to this remain in terms of localization and chronology. Indeed, Hylochoerus can be found in western, central and a part of eastern Africa (Grimshaw, 1998; Kingdon, 2015); Sus scrofa is endemic of northern Africa (Kingdon, 2015) and its domestic form, Sus domesticus was not introduced in Africa before the 5th millenium BCE and arrived in southern Africa mostly by first millennia CE importations (Lesur, 2017; Smith, 2000). In term of species, the geographic distribution thus suggests that the remain could either be attributed to the bushpig Potamochoerus larvatus or the common warthog Phacochoerus africanus (D'Huart and Grubb, 2001; Grubb, 1993).

Conclusion

This study reports a first attempt at using palaeoproteomics for the species identification of archaeological bones from arid environment of Southern Africa. Estimation of preserved collagen content of bone samples prior to palaeoproteomics analysis using ATR-FTIR permits to propose a threshold of ~3%, similar to that previously proposed for radiocarbon dating. The comparison of three decalcification protocols suggests that the use of Tris-EDTA is best suited to poorly preserved samples (< 5 wt% of collagen preserved as estimated using ATR-FTIR) rather than classical HCl based protocols. Associated with an efficient combination of software for MS data analyses, this study ascertain the use of combined bioinformatics tools for accurate analysis of palaeoproteomics data as previously proposed by Cleland et al. (2015). Both database search (using Mascot search engine) and database search assisted de novo sequencing (using PEAKS software) were used to reconstruct and assign remaining peptides. But the use of de novo tools and manual examination allowed to ascertain taxonomic identifications. Finally, this study enables to improve morphological identifications for splinters from the Later Stone Age site of Toteng, Botswana. About half of them contained enough proteins to propose a taxonomic attribution. This attribution was further refined by combining proteomics data with biogeographical and chronological distributions of mammals. We then suggest that species identification using palaeoproteomics of remains from Africa should be combined, when possible, with chronological and biogeographical repartitions data. Finally, this study permits the identification of two zebras, one Phacochoerus or Potamochoerus and one domestic sheep. The latter may potentially have important archaeological implications regarding the introduction of the first domestic caprines in Southern Africa. Supplementary data to this article can be found online at https:// doi.org/10.1016/j.palaeo.2018.09.013. herding practices in arid environments.

Understanding how past human populations interacted with their environment, and particularly with other animals, allows understanding large parts of societies, their organisation and their economy. Climatic change is one of the factors that may have pressured human populations to adapt their subsistence strategy and diet. With Saharan and Sahelian aridi cation starting at the end of the African Humid Period (ca. 14,800-5500 years before present [BP] 1 ), Africa experienced its last major climatic change 2 and humans had to adapt to new environments 3 . us, the inception of domestication may have been constrained by fewer food resources and their increased unpredictability 4 . Given that they have no wild representatives on the continent, it is now commonly accepted that domestic sheep (Ovis aries) and goat (Capra hircus) were introduced from the Near East 5,6 . e rst archaeozoological evidence of these species dates from the end of the 9th and the beginning of the 8th millennium BP, in the eastern part of the Sahara [7][8][9][10][11][12][13] . Yet, their di usion across the continent was slow: the rst open * ; domesticated caprines appear in southern Africa around 2000 BP (Fig. 1), and their presence is scarce within the faunal assemblages.

e modalities of the possible routes, timing, and di usion of caprine herding practices are the subject of a long-standing debate amongst the scienti c community [18][19][20][21] . Genetic [22][23][24][25] and linguistic [26][27][28] studies point toward an east African origin of the human populations and the herds, both of which could have reached the southernmost tip of the continent ca. 2300 years ago (see ref. 20,29 for a recent review). e hypothesis of a migration of 'proto-Khoekhoe' populations is supported both by allelic similarities between Nama people from Namibia and Maasai people from east Africa [30][31][32] and by the linguistic merging of click languages 28,33,34 . e presence of caprine species breeds (fat-tailed sheep, for example 35,36 ) that are only represented in eastern and southern Africa is a supplementary argument in favour of strong networks of exchange between the two regions. Alternatively, the scarcity of remains of domesticated livestock in African Later Stone Age (LSA) archaeological sites has been argued to support the hypothesis of livestock di usion from the northern part of Africa to the southern tip of the subcontinent by gradual in ltration, as has been demonstrated for other regions 37 . According to this model, domestic animals were introduced progressively into small, local hunter-gatherer groups through cultural percolation from livestock farmers from the north, implying a 'low-intensity' herding economy without any profound social or economic changes 20 . In this model, major cultural changes (technical or subsistence strategy shi s) that can be archaeologically attested arose considerably later and were linked to a more massive arrival of the Khoekhoe population, around 1000 BP 38 .

e western margins of the Kgalagadi basin and the Namib Desert, in Namibia, feature prominently in the question whether herding practices originated earlier, from the North, or later, from the South 19,39,40 . In central western Namibia, only a few archaeological sites have yielded early remains attributed to domesticated caprines, namely Geduld 41 , Mirabib 42 , Stripped Gira e 43 , Oruwanje 95/1 44 and Charè 45,46 . At the LSA site of Leopard Cave, in the Erongo region of the country 15 , remains identi ed morphologically as sheep or goat and directly radiocarbon dated (i.e. dated on the remains themselves) to 2300-2100 years cal. BP have been reported and thus were considered to be the oldest evidence of caprine herding. Extensive eldwork has been ongoing at the Figure 1. Map of southern Africa synthesizing all Later Stone Age sites from which caprine remains have been identi ed, including Leopard Cave (red dot), sites with remains attributed morphologically to caprines (a er ref. 14 ) (green dots), and sites with directly radiocarbon dated remains attributed morphologically to caprines (a er ref. 15 ) (orange dot). Site names circled in red refer to the three archaeological sites where caprine remains were molecularly identi ed (ref. 16 and this study for Toteng and Leopard Cave; ref. 17 for Blydefontein). Associated dates are given to the right of the map. e map was generated by Louise Le Meillour and David Pleurdeau using Google Maps (https ://www.googl e.fr/maps) for country and river edges and created using Adobe Illustrator CC 2017 (https ://www.adobe .com/). site, mainly focused on the lower levels and rock art pigments 47 . In addition to the two dental remains previously described 15 , the excavations have yielded one mandible from the same layer and 25 remains from a layer higher up in the cave's stratigraphic sequence (Fig. 2 and Table S1), all morphologically identi ed as possible caprines.

e excavation campaigns also allowed re ning of the chronostratigraphy of the rock shelter, con rming the integrity of the sequence, particularly for the upper layers, where the remains identi ed morphologically as caprines were recovered (Fig. 2 and Table S3).

Although the Leopard Cave remains fuelled a debate 14,18 regarding the timing and process of the arrival of the rst herding practices, the secure taxonomic identi cation of the rst introduced caprine species in southern Africa (i.e. whether sheep or goat) is still pending [48][49][50][51][52][53] , even though nearly all the archaeological remains in this part of the continent have been attributed to O. aries 19 based on comparative anatomy. Sheep and goat are morphologically close 54 ; therefore, distinguishing between them is o en a real challenge, especially given the high degree of bone fragmentation o en observed in African archaeological contexts. e presence of midsized wild bovids that also share strong morphological similarities with domestic caprines makes morphological identi cation of bones and teeth particularly uncertain 49 . is problem is illustrated, for instance, by a recent morphological reassessment of a few bones of mid-sized bovid initially attributed to wild antelope species from the sites of Falls Rock Shelter and Snake Rock, on the Daures (also known as the Brandberg), Namibia, in layers dating from 2000 BP, which were reassigned to sheep 55 . Similarly, ancient DNA studies showed that remains morphologically identi ed as domestic caprines from Blydefontein rock shelter (South Africa) actually belong to several wild antelope species, including the springbok (Antidorcas marsupialis) 49 .

In this context, the use of molecular tools can be of great interest because ancient biomolecules preserved in archaeological remains can reveal features impossible to assess with traditional, morphological methods. In addition to ancient DNA studies, the past few years have witnessed a multiplicity of analyses based on the extraction and characterisation of long-term persistent biomolecules: proteins [56][57][58][59][60][61] . Since their amino acid sequence is coded for by the DNA, proteins carry genetically derived features that allow researchers to propose phylogenetic relationships of extinct species [62][63][64][65] , sex attribution 66,67 or even characterisation of palaeopathogens 68 . e major protein of bone and teeth, type I collagen (constituting 90% of the organic phase of these materials), is composed of amino acid sequences that carry taxon-related di erences in their order, allowing species discrimination [START_REF] Buckley | Distinguishing between archaeological sheep and goat bones using a single collagen peptide[END_REF] . Shi s in amino acids of type I collagen allow distinction between domestic caprine species, and palaeoproteomics is therefore particularly suited to the study of the di usion of domesticates in southern Africa 16,57 . For the purpose of addressing this question in relation to Leopard Cave, we conducted palaeoproteomic analyses on all the remains morphologically identi ed as possible caprines among the mid-sized bovids, including ones identied below the taxonomic level of family.

Results

Palaeoproteomic analyses were carried out on 28 remains from di erent layers of Leopard Cave. Two of them are dental remains from layer F identi ed as caprines 15 , one is a mandible half from layer E, and the other 25 are various skeletal elements from layer D (Fig. 2). e remains from layer E and D were morphologically identi ed as either caprines (sheep or goat) or mid-sized bovids (a category that includes sheep, goat, springbok and impala, Aepyceros melampus) (Table S1). Given the morphological proximity between these taxa and the absence of protein sequences available in the existing databases for mid-sized wild bovids, we simultaneously conducted proteomics on modern museum collection specimens of an Ethiopian sheep and a Namibian goat, as long as springbok and impala, two species which were present in the vicinity of Leopard Cave at the relevant time periods (Table S2).

Proteomics analysis of the twentieth-century museum collection specimens of springbok and impala allowed us to reconstruct alpha 1 and alpha 2 chains of type I collagen (COL1A1 and COL1A2) using the PEAKS algorithm, which generates database-assisted de novo sequences (see Methods section). e generated type I collagen sequences of springbok and impala were aligned to available bovid reference sequences. e peptides observed in our dataset cover 97% and 67% of the reference mature COL1A1 sequence (i.e. the secreted protein, which only represents the helical regions of collagen) and 91% and 52% of the reference mature COL1A2 sequence for springbok and impala, respectively (Fig. S1 and Fig. S2). Sequence alignments point out several amino acid substitutions between the two species, but also with cattle (Bos taurus), sheep, goat and an Asiatic wild caprine, the chiru (Pantholops hodgosonii). Several peptide taxonomic markers were thus identi ed: one on the alpha 1 chain and four on the alpha 2 chain of type I collagen (Table 1).

e sequences are written below, with speci c amino acids in boldface and modi ed amino acids underlined (post-translational modi cations). e springbok and the impala present one shared derived peptide on COL1A2, GPPGESGAAGPAGPIGSR (DP#2; Fig. S3a, Fig. S6). e springbok presents two uniquely derived peptides on COL1A2, that discriminates the species from the others bovids: GEAGAAGPAGPAGPR (DP#3; Fig. S3b, Fig. S6) and GENGPVGPTGPAGAAGPSGPNGPPGPAGSR (DP#4; Fig. S3c, Fig. S6). ese three peptide markers allow the discrimination of springbok and impala from all other bovid species. In addition, our analyses indicate that the two peptide markers traditionally used for distinguishing sheep from goat on COL1A1 16 and COL1A2 57,[START_REF] Buckley | Distinguishing between archaeological sheep and goat bones using a single collagen peptide[END_REF]70 are shared by the antelope species: the COL1A1 peptide PGEVGPPGPPGPAGEK (919-934, DP#1; Table S5) is shared between goat, springbok, and impala, and the COL1A2 peptide GPSGEPGTAGPPGTPGPQGLLGAPG-FLGLPGSR (845-877, DP#5; Table S5) is shared between springbok and sheep (Table 1). For impala, we could not specify the sequence of DP#5, since both the sequences of sheep and goat were proposed as PSM (Table S5).

e sequence PGEVGPPGPPGPAGEK was detected in almost every goat, impala and springbok sample, but always with at least one missed cleavage, contrary to the sheep sequence AGEVGPPGPPGPAGEK (Table S5).

is is expected given the disfavoured proteolytic cleavage at the N-terminus of proline residues 71 .

Table 1. Alpha 1 and alpha 2 chains of type I collagen discriminating peptides of Aepyceros melampus and Antidorcas marsupialis. Speci c amino acids are represented in boldface red. Sheep is represented in grey; goat, in brown; springbok, in orange; and impala, in turquoise. Sequences were constructed using the PEAKS database-assisted de novo tool and aligned using Geneious so ware.

e collagen content of the archaeological samples, measured using infrared spectroscopy (speci cally, Fourier transform infrared spectroscopy in Attenuated Total Re ectance mode [ATR FT-IR]), varied between 11.2% and 22.1%weight (wt) of collagen preserved (Table S4). Compared with the modern bone value of 22%wt of collagen, the remains from Leopard Cave thus appear well to very well preserved; these values are certainly above the threshold of ~ 3%wt of collagen determined for radiocarbon and proteomics analysis 16,72 .

e protein extracts were analysed using liquid chromatography coupled to tandem mass spectrometry (a method known as ultra-high-performance liquid chromatography-tandem mass spectrometry [UHPLC-MS/ MS]), and the data generated were examined for collagen correspondence through our local collagen sequence database, containing the de novo sequences of springbok and impala described above, and available collagen references of bovids (see Methods section for all accession numbers used). Protein extractions succeeded on each analysed remain selected for this study. Con dently identi ed peptides were assigned to alpha 1 and alpha 2 chains of type I collagen with sequence coverages of, on average, 70% of mature collagen for the 28 samples. Di erent algorithms were used, and raw data were manually assessed by extracting ion chromatograms and verifying fragment spectra of each taxonomic peptide reported for sheep and goat, as well as for the springbok and impala ones previously reported (Table S5).

Identi cations were secured for all 28 of the remains by the presence of all the taxonomic markers of the corresponding species (Table 2). e three remains from layers E and F (LC_113, LC_149, and LC_176, respectively) present the COL1A1 peptide marker of goat and the COL1A2 marker of sheep, as well as the three new COL1A2 markers: the one shared between springbok and impala and the two others speci c of springbok. e presence of the speci c markers on the COL1A2 of springbok allows us to con dently identify the remains to this species (Table 2). One of the remains from layer D (LC_134) present a combination of COL1A1 and COL1A2 markers speci c of the impala. e 24 other remains presented COL1A1 and COL1A2 peptide markers of sheep (Table 2, Table S5).

Two of the remains from layer D (LC_131 and LC_135) identi ed as sheep were selected for radiocarbon dating. ese provided 14 C ages of 870 ± 30 BP (789-680 cal. BP, 2σ) and 960 ± 30 BP (919-760 cal. BP, 2σ) (Fig. 3).

ese newly generated direct dating results make sense regarding the position of the dated samples within the stratigraphy (Fig. 2 and Table S3).

Discussion

e proteomics analyses we performed allow us to propose de novo collagen sequences for two wild antelopes, the impala and the springbok, which were not yet available in the international databases. We identi ed three new markers on the alpha 2 chain of type I collagen that will be useful to identify archaeological remains of closely related mid-sized bovid species. We noticed that the markers of both of the type I collagen chains that are commonly used to discriminate between sheep and goat are shared by springbok and impala. In the case of the impala, we detected in our samples the COL1A2 marker DP#5 of both sheep/springbok and goat, suggesting that there might be an intra-speci c variation of the peptide in this species. Since those peptides are widely used for species identi cation of archaeological remains 16,57,[START_REF] Buckley | Distinguishing between archaeological sheep and goat bones using a single collagen peptide[END_REF]70 , we highly recommend the use of both of the type I collagen chain markers to assess attribution of bones and teeth to domestic caprines, especially in cases where the presence of wild antelopes within the archaeological assemblage is a possibility or already attested. All identi ed type I collagen peptide markers di er by one amino acid only between the di erent species, highlighting their phylogenetic proximity and the need to use multiple markers when working on closely related animal remains.

Based on the speci c markers identi ed for springbok and impala and those previously reported in the literature for sheep and goat, we were able to disprove the original species attributions of the Leopard Cave remains dated to ca. 2300-2100 cal. BP. Our results suggest that domestic caprines were not present during this time range, and that they rst appear in the cave sequence 1500 years later. We propose that environmental conditions could be one of the factors to explain this late presence of domesticates at Leopard Cave. Indeed, several authors have argued that the medieval warm period (occurring before the Little Ice Age) may have favoured increased precipitation in southern Africa between 1000 and 700 BP [75][76][77] . Wetter conditions may have created watering holes and improved grazing land availability and, thus, better environmental conditions for the management of livestock in the Namib region, particularly within each of the three inselbergs of Brandberg, Spitzkoppe, and Erongo. Remains from the LSA sites of Geduld 41 , Charè 45,46 , Mirabib 78 , Falls Rock, and Snake Rock 40 may represent the earliest archaeological evidence of caprine introduction to what is now Namibia. However, none of these remains have been directly dated or molecularly analysed, raising questions about their antiquity and species determination. As our study illustrates, there is a need to be cautious under these circumstances. us, if collagen preservation of remains morphologically identi ed as domesticates allows it, and bearing in mind recent recommendations on the sampling of faunal remains 79 , we recommend the use of palaeoproteomics coupled with direct radiocarbon dating to document the early presence of caprines in Namibia and, more broadly, in southern Africa. is combination of methods will also help to accurately frame the chronology of the di erent waves of their introduction.

e archaeological evidence relating to pastoralism is thought to back up genetic and linguistic ndings (speci cally, the frequency of the lactase persistence allele among populations of 'east Africans' and the linguistic links between the Sandawe and KhoeKwadi languages among Khoekhoe populations) 24 . e low number of remains of domesticated caprines in LSA sites has been considered additional support for the hypothesis of the di usion by gradual in ltration. In this model, the process of domestic caprines di usion through Africa would have le no direct archaeological evidence of early herding practices. is 'invisibility' may also be due to the fact that populations exploited these domesticated animals mainly for their secondary products, such as milk or wool, or even for their carrying capacity, rather than their meat. us, the initial number of bones deposited and their Table 2. Species identi cations of the 28 remains from Leopard Cave. Each sample is identi ed by its lab code, the layer it was recovered from, the morphological identi cation, the molecular identi cation, and, if applicable, the corresponding radiocarbon date. e dates in boldface blue represent the direct dating for this study; the ones in black come from ref. 15 . e last column lists the discriminating peptide number present in the corresponding sample used for the species identi cation. degree of preservation, given variable taphonomic conditions, may in uence the presence and detectability of domesticates in faunal assemblages. Hence, traces of herding practices may not be visible archaeologically, even though the animals being herded were eventually consumed by humans. Here again, the use of molecular methods would be appropriate, as the characterisation of pottery residues [80][81][82] or dental calculus 83,84 can reveal the exploitation of secondary products.

In addition, the identi cation of the rst introduced sheep or goat is of particular importance to understanding the ecological, social, and subsistence behaviours of the rst (semi-) pastoral societies. Because sheep and goat di er in their ability to adapt to climate change and harsh conditions 85 , people may have had a preference for one over the other when they rst started exploiting domesticated caprines. Palaeoproteomics can thus play a leading role in the long-standing debate concerning the introduction of domestic sheep and/or goat throughout the subcontinent. is study particularly highlights the need to apply multiple lines of evidence when evaluating the modalities of the spread of pastoralism in southern Africa (and other parts of the continent), an application that is possible in the new era of biomolecular archaeology.

Methods

We extracted and characterised ancient proteins from all the remains from the site morphologically attributed to caprines, Antidorcas/Aepyceros or mid-sized bovid, following recent recommendations on sampling and processing 79,80 . Having assessed their organic phase preservation using ATR FT-IR spectroscopy, we analysed ancient proteins from 25 bones and 3 dental remains (Table S1). In parallel, and based on the possibility of the presence of wild bovid species, we conducted proteomics analyses on molar roots of modern specimens of two wild antelopes (Artiodactyla, Bovidae), Antidorcas marsupialis (springbok, Antilopini) and Aepyceros melampus (impala, Aepycerotini) from the comparative anatomy collections of the Muséum national d'Histoire naturelle (Paris, France) (Table S2). One sheep and one goat remain from Namibia were also sampled for reference. We then radiocarbon dated two of the archaeological remains molecularly identi ed as domesticates, using accelerator mass spectrometry (AMS), in order to ascertain their antiquity.

Archaeological remains from Leopard cave. Leopard Cave is a rock shelter of approximately 50 square metres located in the locality of Omandumba West Farm, in the Erongo region of Namibia 15 . Archaeological excavations (200715 . Archaeological excavations ( -2019) ) have uncovered a long stratigraphic sequence, from the end of the Pleistocene to the Holocene (Fig. 1). e individual layers of the stratigraphic sequence have been previously published using numbers. Recent excavations (2017-2018) have allowed the re nement of the stratigraphy into three di erent complexes, and layers have now been redocumented by means of letter tags accordingly. Within a faunal assemblage largely dominated by wild game, only two dental remains in layer F (previously layer 6), one mandible in layer E (previously layer 5) and 25 remains in anatomical connection from an upper layer (layer D, previously layer 4) were identi ed morphologically as caprine or mid-size bovid (Table S1). ey were all found in squares N6 and N7. collagen preservation estimation. Collagen preservation was estimated prior to any palaeoproteomic analyses, in order to avoid unnecessary destruction of archaeological remains. Less than a milligram of bone or tooth powder was drilled and analysed using ATR FT-IR, following the method described for the radiocarbon sample selection 72 , and the exact same parameters were used to assess archaeological collagen preservation 16 . All archaeological remains were sampled using a Dremel drill with a diamond bur that was rinsed with 96% EtOH between each sampling to avoid cross-contamination. A mean of 50 mg of bone or tooth powder was collected and chemically prepared following a modi ed version of the protocol previously published by our team for archaeological remains from African contexts 16 . In brief, samples (both modern and archaeological) were decalci ed 8-15 days in a Tris-EDTA bu er (0.05 M and 0.5 M, nal pH 7.4, Sigma Aldrich, St. Louis, Missouri, United States). Solutions were replaced every day and kept at 4 °C until further preparation (herea er, decalci cation solution, D). Once they were totally decalci ed, pellets were rinsed with Milli-Q water until they were pH neutral. e remaining proteins were then resuspended in ammonium bicarbonate (ABC, 50 mM pH 8, Sigma Aldrich) for 3 h at 65 °C. A er centrifugation, supernatants were collected (herea er extract solutions, E) and placed into clean microtubes. D underwent bu er exchange from Tris-EDTA to ABC using 5 mL Vivaspin (3 kDa, Amicon Ultra, Merck Millipore, Burlington, Massachusetts, United States). Both D and E recovered proteins were reduced with dithiothreitol (DTT, nal concentration of 10 mM, 20 min, 56 °C, 350 rpm), alkyled with iodoacetamide (10 mM, 30 min, in the dark, at room temperature) and subjected to trypsin hydrolysis (0.1 μg/μL, Trypsin Gold, Promega, Madison, Wisconsin, United States). Finally, D peptides were recovered, and solutions were desalted by solid phase extraction (SPE) using C8 cartridges (Sep-Pak C8 Plus Short 400 mg Sorbent, Waters, Milford, Massachusetts, United States). Protein concentrations were measured on a NanoVue instrument (GE HealthCare, Chicago, Illinois, United States), yielding amounts ranging between 0.54 and 1.48 μg/μL for archaeological samples and between 0.62 and 1.95 μg/μL for modern samples. Peptides in solutions were kept at -20 °C until further analysis.

Mass spectrometry analyses.

e digested samples were analysed by ultra-high-performance-liquidchromatography coupled to tandem mass spectrometry (UHPLC-MS/MS) following ref. 16 . Brie y, we conducted the UHPLC separation on an Ultimate 3000-RSLC ( ermo Fisher Scienti c, Waltham, Massachusetts, United States) using a RSLC Polar Advantage II Acclaim column (2.2 μm, 120 Å, 2.1 × 100 mm, ermo Fisher Scienti c). We used a mobile phase gradient composed of A: H 2 O + FA 0.1% and B: ACN + FA 0.08%, with a ow rate of 300 μL/min. e Electrospray-Quadrupole-Time of Flight (ESI-Q-TOF) mass spectrometer (Maxis II ETD, Bruker Daltonics, Billerica, Massachusetts, United States) was used in positive mode on the m/z range 200-2200 in data-dependent auto-MS/MS mode. MS/MS spectra were generated using collision-induced dissociation, with ion selection set to m/z 300-2200 and charge states set to 1 + to 5 + . Data were automatically calibrated with sodium formate injected at the beginning of each analysis. An ABC blank was performed every ve analyses to avoid cross-sample contamination.

e LC-MS/MS data were converted to .mgf format using DataAnalysis so ware (version 4.4, Bruker Daltonics). Sequences of the two wild antelopes species were reconstructed using the database-assisted de novo tool of PEAKS Studio so ware 86 (version 7.5,BioInformatics Solutions,Waterloo,Canada). Error tolerance was set to 10 ppm for precursors and 0.02 Da for fragment ions. Both SPIDER and PEAKS DB tools searches were used to propose the new COL1A1 and COL1A2 sequences. Each amino acid substitution proposed by the so ware was veri ed manually by looking at the MS/MS spectra, using the reference sequence that allowed the best coverage percentage. e de novo scores were set to 1% FDR, score of 50% and protein hit ≥ 20. e combined Mascot protein results were generated with ProteinScape Version 4.0.2 (Bruker Daltonics), using the Bovidae collagen database used in PEAKS, complemented by the impala and springbok sequences generated de novo. Once condently identi ed, the COL1A1 and COL1A2 were aligned using Geneious 87 so ware (version 11.0. 88 ). e database was assembled using the National Center for Biotechnology Information (NCBI) collagen sequences (last updated December 9, 2018; 88530 sequences for 78817228 residues, all entries). e same set of parameters used for the PEAKS search was used for the Mascot search. Since the results did not allow to propose clear species identi cation, they were analysed using Protein-Scape so ware (Bruker, Mannheim, Germany) by implementing the new COL1A1 and COL1A2 sequences of springbok and impala previously de novo reconstructed to the bovid species type I collagen sequence databases. Note that we cannot rule out Leu/Ile substitution in the marker sequences as standard MS/MS cannot di erentiate between these two isomeric amino acids.

We immersed coarse bone powder (0.3-0.7 mm) in 1 M HCl for 20 min under continuous stirring. We then separated the acid-insoluble residues from the solution by centrifugation and rinsed them with Milli-Q water, using vortex. We then immersed them in 0.1 M NaOH for 30 min under stirring, with a change of solution a er 10 min. A er a new rinsing with Milli-Q water using centrifugation, we immersed the alkali-insoluble residues in 0.01 M HCl and performed solubilisation at 95 °C overnight. We ltered the nal solution on MF-Millipore membranes (mixed cellulose ester membranes of 5.0 µm pore size from Fisher Scienti c, Illkirch, France) before freeze-drying them and collecting them for analysis. We performed sample graphitization using the automated AGE 3 graphitization unit and AMS measurements using the compact AMS ECHoMICADAS at the Laboratoire des Sciences du Climat et de l'Environnement (LSCE, CEA, CNRS, UVSQ).

e mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE 89 partner repository, with the dataset identi er PXD017519 and 10.6019/PXD017519. Each le name in ProteomeXchange corresponds to the nomenclature used for the sample's code, both in this paper and in the associated supplementary data. Sequences of type I collagen for springbok and impala have been deposited on the UniProt database.

Introduction

At the heart of changes in African populations subsistence economies, the progressive introduction of domesticated animals in nomadic societies appears to have occurred gradually, more than a drastic shift leading to food production. Debated at length, the question of the introduction of domestic caprines through Africa is increasingly understood as a complex process. In the absence of wild representatives of sheep (Ovis aries) and goats (Capra hircus) ancestors on the African continent, the origin of these domesticated species is inevitably from the centre of their domestication, the Near East (Lesur, 2017; MacHugh et al., 2017; Vigne et al., 2011). Identified as early as the VI th millennium BCE for the goat at the Lybian site of Haua Fteah (Klein and Scott, 1986) and at Sodmein Cave in Eastern Egypt (Vermeersch et al., 1994), when the oldest remains of sheep were recovered from the VI th millennium Egyptian site of Merimde (von den Driesch-Karpf and Boessneck, 1985). In Kenya, archaeological evidences indicate their presence circa the IV th millennium BCE in the vicinity of the Lake Turkana basin (Garcin et al., 2012; Janzen et al., 2020), at the end of the African Humid Period. They are thought to have spread afterward and have reached Southern Africa by the turn of the era (Sadr, 2015). With different behaviour and ecology, sheep and goat do present local adaptations to their environment with, at least, two varieties of each species described, substantially indicating different events of introduction (Gifford-Gonzalez and Hanotte, 2011; Muigai and Hanotte, 2013). Although no archaeological finding could provide any indication on the matter, it seems that the fat-tailed sheep and trypanotolerant breeds of goats were already present in Eastern and Southern Africa during the Holocene. It appears indeed that the only "safe" passage for the animals to southern Africa has been made possible along a "tse-tse free" corridor from Kenya, Tanzania and Zambia to Botswana (Gifford-Gonzalez, 2000; Smith, 1984). The described breeds of sheep and goat, only present in these two parts of the continent, reinforce the hypothesis of substantial contact between the two regions. Moreover, even though caprine spreading route remains unclear, recent findings have argued for population migrations from Eastern Africa to Southern Africa, putting forward genetic and linguistic evidence (Blench and MacDonald, 2006; Breton et al., 2014; Ehret and Posnansky, 1982; Guldemann, 2008; Ranciaro et al., 2014; Skoglund et al., 2017). Documenting the advent of food production in Africa appears challenging in many ways.

One of them lies in the identification of the archaeological remains. Hence, sheep and goat share a lot of morphological similarities which, along with the climatic conditions leading to poor preservation, prevent species attributions (Gillis et al., 2011; Salvagno and Albarella, Part three -Paper 4 2017). Often recorded as "caprines" (Lesur, 2017), remains of the two species are almost undistinguishable. In Africa, the difficulty is enhanced by the world's most abundant presence of wild bovids species, of which some share sheep and goat morphological features. The use of biomolecular methods could thus help in identifying remains of domesticates. But the African climate highly limits the recovery of molecular material, especially of DNA (Kimura et al., 2010; Loosdrecht et al., 2018). Often degraded, the valuable information retrieved from DNA can be filled with another biomolecule, more persistent in these environments: proteins. Intrinsically embedded in a mineral matrix composed of hydroxyapatite crystals (Nudelman et al., 2010), fibrils of type I collagen persist longer than other molecules (Demarchi et al., 2016). The study of ancient proteins or palaeoproteomics, focuses on the extraction, purification and characterisation of preserved proteomes from archaeological -sometimes palaeontologicalremains using mass spectrometry (Wang et al., 2020). For Africa, only a few papers have focused on the use of this method and reveal interesting conclusions like the protein persistence (the oldest protein ever characterised comes from an ostrich eggshell dated to 3.8 million years (My) from Laetoli, Tanzania, Demarchi et al., 2016) or the spread of domesticates through the continent (the story of chicken -Gallus gallus-and rat -Rattus norvegicus-introduction from Asia to Eastern Africa, Prendergast et al., 2017). Recently, the method has been applied to the distinction of sheep and goat remains from both Eastern (Prendergast et al., 2018) and Southern Africa (Le Meillour et al., 2020).

Because of the importance of characterising the shift to food production in Africa, we used palaeoproteomics on 117 remains from various sites across Eastern and Southern Africa. The remains were selected because of their morphological proximity with either sheep or goat and underwent extraction and characterisation of their remaining protein. The results were then confronted to a custom database containing type I collagen sequences of both available bovids present in Africa recorded in international protein databases (Bos taurus, Capra hircus and Ovis aries) and of nineteen species of wild small bovids (antelopes) that might correspond to the sampled remains. Then, the remains confidently identified as sheep or goat were directly radiocarbon dated.

Archaeological sites faunal remains

A hundred and seventeen remains from eighteen archaeological sites were selected for this study (Table 1). They originate from North-Eastern (n=17), Eastern Africa (n=48) and Part three -Paper 4 Southern Africa (n=53) Holocene sites covering a large chronology ranging from the Later Stone Age to historical times.

North-Eastern sites

The two Sudanese sites are intentionally separated from the East African sites for two main reasons. First, they are located along a very important waterpoint, the Nile, which is a very peculiar environment in comparison to the other sites. Second, because they cover a large period of time as they both belong to what were kingdoms.

The first site (number 1 on Fig. 1, Table 1), Kerma, is a large locality located 20 km South from the third cataract. It is the major site of a culture developed ca. 2500 BCE and the capital of the kingdom of the same name. Kerma was first discovered in 1923 (Reisner, 1923) but the excavations of the two sectors (the town and the necropolis, 4 km away from each other) mainly took place between 1977 and 2012 (lead by a Swiss team, see for instance : Chaix, 1986; Chaix and Grant, 1993, 1987; Honegger, 2020; Honegger and Williams, 2015). Within the necropolis, a tremendous number of burials was discovered and allowed to establish a chronology of the Kerma civilization between the IV th millennium to the II nd millennium BCE: the Ancient Kerma (2500-2050 BCE), the Middle Kerma (2050-1750 BCE) and the Classic Kerma (1750-1500 BCE). Indeed, a large number of cattle bucrania were recovered in the tombs, suggesting a major symbolic role of the animal (Chaix, 1986). Both the botanical and faunal material allowed Chaix and Grant (1993) to propose that the climate encountered by the ancient inhabitants of the city was more or less the same as it is today in this part of Sudan, with a more developed grassy or woody savanna. The material recovered from Kerma for this study (n=9) was collected from the Natural History Museum of Geneva and comes from both the city and the necropolis (Table 1).

Excavated by a French team (Musée du Louvre, Département des Antiquités Egyptiennes) since 2007 and located South of Kerma, after the Nile fifth cataract, the second sampled site is Muweis (number 2 on Fig. 1). Muweis lies only one kilometre from the Nile and is approximately 50 km south from the capital of the kingdom it belongs to, Meroe (Millet, 2013). It covers 16 ha of surface with a large downtown surrounded by habitation and crafts districts. It is believed to have been occupied between the IV th c. BCE and the V th c. CE, which corresponds to the emergence and decline of the Meroitic kingdom (Baud, 2010). The botanical remains show an annual exploitation of the site with both summer (sorghum, pearl millet, cotton) and winter (barley and wheat) crops, although the latter is less represented (Bouchaud et al., 2018; Milon et al., 2019). Within the faunal remains, the large presence of domestic cattle Part three -Paper 4 (among which the zebu -Bos indicus-is attested for the first time in Africa through bone remain) and caprines among the town have been highlighted (Chaix, 2011). The presence of gazelle (Gazella dama) and other frequently encountered species of wild mammals are also described at the site, suggesting that the inhabitants based their subsistence both on domesticated and wild animals. Here we accessed unpublished material (n=8) from recent excavations. These eight specimens were selected after zooarchaeological examination of one of the authors (J. L., Table 1) and of which only one come from a level (MOW_45, US 2002) directly radiocarbon dated by mean of a charcoal between 137 and 380 CE (C. Bouchaud, pers. comm., Supplementary Table 1). Discovered in 1996 and excavated in the frame of a research program on the Tigray region, the site of Wakarida (number 3, Fig. 1) lies near the Eritrean frontier of northern Ethiopia (Dugast and Gajda, 2014). Located on a small rocky hilltop on the May Ayni valley, the different archaeological campaigns brought to the fore a middle size agglomeration belonging to the Axumite kingdom. Over the 9 ha of the city, three different periods have been set: the Proto-Axumite period (IV th -II nd c. BCE), the Middle and Recent Axumite period (IV th -VII th c. CE) and the Post-Axumite period (VII th -XII th c. CE), with a hiatus between the II nd c. BCE and the IV th c. CE (Gajda et al., 2015). Lying at 2342 m above sea level (asl), the site is enclaved between the mountains and thus benefited from the Ethiopian plateau environment (humid and cold). The material from this site is remarkably well preserved (complete mandibles) and recovered from the 2012 and 2014 excavations campaigns (Table 1 Part three -Paper 4 In order to ascertain the antiquity of the identified domesticates, some remains were radiocarbon dated after identification. Herewith, the goat from Garu, a sheep and a goat from Wakarida, the two sheep from Laas Geel, two goats and one sheep from Vaave Makonge, the sheep from Toteng, two sheep from Leopard Cave and a goat were dated (Table 2). In Eastern Africa, the dates obtained on the domesticates range from the IV th c. cal. BCE for the Kenyan samples to the XX th c. CE for the sample of Garu (Ethiopia). Those from Southern African sites range from the V th millennium BCE for the sample of Charè to the XIII th c. CE for the samples of Leopard Cave in Namibia (Table 2). Regarding the four other sites that yielded domesticates remains, we do not present any radiocarbon date for several reasons: at Kerma the analysis on one sample did not allow us to obtain any date (not enough material extracted to allow dating); at Kurub, the sample was modern (post-bomb), and thus was not included in the discussion;

Part three -Paper 4 finally, for the sheep from Prolonged Drift, we are, at the date this manuscript is being deposited, waiting for the radiocarbon dates.

Table 3: Radiocarbon dates obtained for the specimens identified as domesticates. Ages BP were calibrated using online OxCal 4.4 (Bronk Ramsey, 2017) and calibration curves IntCal20 for Garu, Wakarida and Laas Geel (Reimer et al., 2020) and SHCal20 for Vaave Makonge, Toteng, Charè and Leopard Cave (Hogg et al., 2020). Part four -General conclusions Along this manuscript, we have attempted to demonstrate that palaeoproteomics can enrich our understanding of herding practices, especially of caprines, during the Holocene in two key regions of Africa.

Sample code

In order to establish accurate species identifications, palaeoproteomics is conditioned to wide protein sequences referential. We have described the difficulties to precisely identify sheep and goats in African archaeological assemblages. Not only because they present strong similarities between them, but also with other wild small bovids species. Yet, no type I collagen sequences of these species were available at the time we started this research. Besides, several studies have pointed to the misidentifications of numbers of wild bovids to sheep and/or goat in African contexts [1][2][3][4] . Using biogeographical distribution of antelopes and "antelopes-like" species that could be misinterpreted as caprines, we selected nineteen species of African Once the COL1 referential established, our aim was to apply palaeoproteomics to remains identified as sheep/goat or small bovids, putatively caprines from African archaeological sites. But no extraction protocol of preserved proteins from remains coming from arid and semi-arid environments was ever established. Indeed, regarding the environmental pressure that influences bone preservation in such climate, there was a need to develop an experimental protocol adapted to such constraints. After assessing the organic content in remains from the LSA site of Toteng (Botswana) using ATR-FTIR 5 , we thus compared three decalcification protocols used in proteomics in order to maximise protein identification. We observed that the softer protocol (the one using Tris-EDTA as decalcification agent) along with an optimised MS workflow allowed higher peptide recovery. We also proposed to use the same threshold of ~ 3 % of organic content as the one for radiocarbon dating to prevent any unnecessary destruction of archaeological material. In addition, we highlighted the importance of using biogeographical repartitions of mammals to Part four -General conclusions perform species or gender identifications when proteins are not well preserved and only allow family level determination.

The establishment of a modern referential and of a suited analytical protocol of type I collagen characterisation then allowed to test the presence of caprines in 18 archaeological sites (n=117 remains) across Eastern and Southern Africa.

A particular attention was paid to the Later Stone Age of Leopard Cave, Namibia, which is the object of a separate article. Indeed, at this site, three remains provided morphological features understood as ones of sheep or goat, and radiocarbon analyses yielded dates as early as the IV th c. BCE 6 . Those remains predated others directly dated from the region, making them the earliest occurrence of domesticated caprines in Southern Africa. In our study, we reevaluated the three remains using palaeoproteomics, with the first intention of discriminating between the two caprines taxa. We included putative caprines remains from an upper layer of the rock shelter (n=25), as well as modern specimens of springbok and impala for comparison This doctoral research represents a first attempt at developing and using palaeoproteomics in African archaeological contexts, with a focus on the story of sheep and goat herding diffusion across the continent. We will try hereafter to look at the perspectives that such work opens in the near future.

We generated type I collagen sequences of nineteen wild African bovids for use in zooarchaeology. Of course, improving the dataset, that is to say adding more sampled specimens for a species, as long as species initially not sampled here, would be statistically and biologically more significant. Moreover, and for short time reasons, we did not explore our dataset in more detail. It would be of interest to look at the amino acid representation in the varying peptides between the different bovids species, identify the subsequent mRNA codons and see if there are any difficulties for codon modification 9 . By testing the substitution matrix and their substitutions frequencies, we could obtain biological information regarding selection pressure 10,11 . Identifying the changing amino acids could also improve our knowledge of the phylogeny: by computing the sequences, we could have a better look at the "molecular clock", i.e., when and in which species did the substitutions occur. This last point should nonetheless be considered with cautiousness since type I collagen is very conserved amongst the studied Bovidae species. We could also compare the dataset generated to genomic sequences: by looking at the COL1 coding genes, we could have a better image of the derived phylogeny, and maybe a more distinct tree. Finally, in order to refine the Bovidae phylogeny, the sequencing of COL1 coding genes or of the associated mRNA should be of great value and the whole genome sequencing for each of the nineteen species would, for sure, be ideal.

Concerning the archaeological samples analysed in this work, an obvious perspective would be to increase the number of samples. As a short-time perspective, we plan to test the Part four -General conclusions ATR-FTIR 5 threshold established here on Toteng remains using the data generated for all the remain included in this thesis. Actually, the tested samples here came from an open-air site located near a lake basin very inclined to water run-off. Including remains from rock shelters and open-air sites with various environmental conditions (altitude, sea proximity, semi-and desertic areas) could help improving the sensitivity of the method. Moreover, the use of various approaches both in mass spectrometry (middle-and top-down approaches 12 ) and in data analyses (multivariate analyses and molecular networks 13 ) would be of great interest in the identification of remains from arid and semi-arid climates, as it could push forward the method for specific applications (gain both in efficiency and time or based identification on other bone proteins for example).

Increasing the number of samples could in addition strengthen the archaeological conclusions we made in this work. We indeed accessed only a limited number of sites which gave the oldest remains identified as sheep or goat, and thus our conclusions remain partial. By increasing the number of sites, both in Eastern and Southern Africa, and including the ones where the earliest occurrence of these species has been described, we could enrich both the palaeoproteomics statistical significance (presence or absence of preserved proteins) and if identified and dated, the chronology of caprines diffusion between the two regions. Besides, the inclusion of other sites from countries not included in the present study along the putative diffusion route (Zambia, Mozambique) would be of great interest, but, to our knowledge, only a few sites have been described so far, and very little is known about them.

Still in an archaeological perspective, a great interest would be to look closer at the breeds of the caprines characterised in the assemblages. First, because we discussed in this manuscript that sheep, at least, might have been introduced in two distinct events: a first introduction of thin-tailed breeds through the Sinai, and a second of fat-tailed breeds through the Horn 14 . The characterisation of one or another breed can give access to many aspects of the species domestication and could help answer many questions. Did the breeds were herded together after their introduction to the continent? Did the first herders have exerted a selection pressure on thin-tailed breed for them to adapt to harsh climate? Did pastoralists have interbreed thintailed and fat-tailed animals? The combination of genetics and proteomics data could allow to spot peculiar mutations that could have been translated into proteins, the latter putatively preserved in archaeological remains. Analysis of particular proteins (like glycoproteins, which can carry environmental-related features on their glycans chains through PTM) or bones, like the septum of the nose, which is covered with the nasal mucosa, could give access to preserved proteins that can carry breed-related information 15 .

Part four -General conclusions Although interesting, breeds present nowadays could not give as many information as the ones identified in archaeological assemblages. Indeed, as stated by Gifford-Gonzalez and Hanotte 16 , domestication should not be looked at as an event or an invention, but rather a process, still ongoing. The selection pressure that humans wield on animals is considerable and might have changed through times and through environments. The question of domestication in Africa is to be considered distinctly than in other contexts. In our sheep and goat are exogenous species, introduced in a different environment than the one they were first domesticated in. They then underwent two distinct selection pressures: the natural one, induced by a harsh environment, and the human one. Understanding domestication as a coevolutionary process is thus particularly important: any retrieved information could not only allow a glimpse at human and herds biology, but also about cultural behaviour, ancient societies and their organisation. For instance, a good example of this co-evolutionary process is lactase persistence. Normally, adults lose their ability to digest the lactose (the main sugar of milk) when growing up, but this ability is present in populations, such as Africans, which lived in strong interactions with dairying animals, and thus consumed the subsequent products 17 . The latter has been identified through identification of β-lactaglobulin in ancient human dental calculus from East African sites 18 . The combination of different biological analytical tools (genetics, proteomics, stable isotopes, radiocarbon) could allow a better and fine-scale glimpse at the story of early caprines herding in Africa.

The present doctoral research described the analysis of both modern and ancient proteins preserved in animals' skeletal elements. We have shown the ongoing importance of biomolecular methods for particular archaeological questions. In the particular case of sheep and goat diffusion across Africa, palaeoproteomics proved to be a key tool and its use in arid and semi-arid environments is still beginning and still hold many exciting applications to come.
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Abstract

In the absence of wild representatives on the continent, domestic sheep (Ovis aries) and goats (Capra hircus), subfamily Caprinae, were imported from the Levant into Africa around the VII th millennium before common era (BCE). The archaeological record indicates a very slow diffusion on the continent with an attested presence during the III rd millennium BCE in Eastern Africa (Djibouti, Somaliland), Kenya and Tanzania, while the oldest caprines remains are dated only from the I st century CE in Southern Africa. The introduction of domestic animals into populations subsistence economies is gradually emerging and, after several centuries, become the primary food supply. In archaeological context, the morphological similarities between the two species of caprines and with other small African wild bovids blur zooarchaeological identifications and the fragmentary state of the remains often makes it impossible to propose an identification below the sub-family. The history of the spread of sheep and goats across Africa requires a fine-scale analysis of the remains in order to provide an accurate archaeological interpretation. This doctoral thesis presents the application of palaeoproteomics, the study of ancient proteins preserved in archaeological remains, to various archaeological sites across Eastern and Southern Africa. The type I collagen sequences of nineteen antelope and antelope-like species are proposed, and the resulting phylogenetic analyses discussed. An extraction protocol adapted to remains of arid and semi-arid environments, as well as the palaeoproteomics analyses of 117 remains from 19 archaeological sites are presented. This research has allowed to adapt palaeoproteomics studies to remains from African archaeological contexts, to establish a broad collagen referential of species that can potentially be interpreted as domestic caprines and to note the quasi-systematic association of wild and domestic species within archaeological sites during the Holocene. The results obtained in this study highlighted the importance of multiplying different levels of information and the crucial part that palaeoproteomics has to play concerning the study of caprines herding practices diffusion across Africa.

Résumé

En l'absence de représentants sauvages sur le continent, les moutons (Ovis aries) et les chèvres (Capra hircus) domestiques, sous-famille Caprinae, ont été importés du Levant en Afrique vers le VII e millénaire avant notre ère (BCE). Le corpus archéologique indique une diffusion très lente sur le continent avec une présence attestée au cours du III e millénaire avant notre ère en Afrique de l'Est (Djibouti, Somaliland), au Kenya et en Tanzanie alors que les plus anciens vestiges de caprinés ne sont datés que du I er siècle de notre ère en Afrique australe. L'introduction d'animaux domestiques dans les économies de subsistance apparait progressivement et, après plusieurs siècles, devient majoritaire. En contexte archéologique, les similitudes morphologiques existant entre les deux espèces de caprinés entre elles et avec d'autres petits bovidés sauvages africains brouillent les identifications et l'état très souvent fragmentaire des restes ne permettent souvent pas de proposer une identification en dessous de la sous-famille. L'histoire de la diffusion des ovins et des caprins à travers l'Afrique nécessite une analyse fine des vestiges afin de fournir une interprétation archéologique précise. Cette thèse de doctorat présente l'application de la paléoprotéomique, l'étude des protéines anciennes conservées dans les vestiges archéologiques, à divers sites archéologiques répartis entre l'Afrique de l'Est et l'Afrique australe. Les séquences de collagène de type I de dix-neuf espèces d'antilopes et assimilées sont proposées et l'analyse phylogénétique qui en résulte est discutée. Un protocole d'extraction adapté aux vestiges des milieux arides et semi-arides, ainsi que les analyses paléoprotéomiques de 117 restes provenant de 19 sites archéologiques sont présentés. Ces recherches ont permis d'adapter les études paléoprotéomiques aux vestiges provenant de contextes archéologiques africains, d'établir un large référentiel d'espèces pouvant potentiellement être interprétées comme des caprinés domestiques et de constater l'association quasisystématique des espèces sauvages et domestiques au sein des sites archéologiques au cours de l'Holocène. Les résultats obtenus dans cette étude ont mis en évidence l'importance de la multiplication de différents niveaux d'information et le rôle central de la paléoprotéomique dans l'étude de la diffusion des pratiques d'élevage de caprinés domestiques à travers l'Afrique.

Figure 2 :

 2 Figure 2: Schematic representation of the two possible routes of caprines herding diffusion: in pink is the "Western route" and the "Eastern route" is represented in green. Map modified afterLesur, 2017 (ref. 6 ).

Figure 3 :

 3 Figure 3 : Map indicating the current repartition of the tse-tse fly (areas in green) and the LP alleles in Khoisan (orange dots) and Niger-Kordofanian

Figure 4 :

 4 Figure 4: 3D representation of type I collagen before folding. The two alpha 1 chains are represented in pink and blue, and the alpha 2 chain in green. The N-terminal telopeptides are guided by the signal peptide ahead to enter the RER and fold the protein into a triple helix. The C-terminal telopeptides are more buried inside the structure. Here, the COL1 is of Homo sapiens and the crystal structure obtained using X-Ray diffraction with 2.20 Å resolution (PDB code 5K31 associated to ref. 120 ).

Figure 5 :

 5 Figure 5: Sequence of the translated aa sequence of COL1A1 from Bos taurus, showing the different peptide components. The signal peptide

Figure 6 :

 6 Figure 6: Schematical representation of collagen biosynthesis. The different steps from tropocollagen to fibers are described.

  Matrix-assisted laser desorption/ionization (MALDI) 142 is commonly used for peptide fingerprinting because it provides m/z measurements of peptides generated by hydrolysis. Besides, electrospray ionization (ESI) is often coupled to liquid chromatography (LC) on high-resolution instruments to generate data-dependent LC-MS/MS analyses. Such experiments performed on protein digests provide m/z measurements of the detected peptides along with MS/MS spectra of the most intense ions, which constitute a signature of their sequences. In archaeology, the development of ZooMS, standing for Zooarchaeology by Mass Spectrometry 143 , is based on a cheap and quick identification of COL1 peptides using peptide fingerprinting by MALDI, while the term palaeoproteomics refers to LC-MS/MS-based analyses. The two different approaches, used in archaeology for about a decade, have seen many developments and guidelines are now

  Prendergast and colleagues 194 described the aDNA and ZooMS analyses along with morphological description of putatively domestic avian and rodents remains from 22 eastern African sites while Demarchi and colleagues 198 pushed back the oldest ever identified protein to 3.8 million years by characterising struthiocalcin 1 and 2 preserved in ostrich eggshells from Laetoli, Kenya. Few other studies have been published during the realisation of this work, enhancing our knowledge concerning bone industry 199-201 , or sheep and goat distinction from Eastern Africa combining comparative anatomy, stable isotopes and ZooMS 96 . Very recently, palaeoproteomics has been used for bringing out ancient milk consumption from human dental calculus of sites in Sudan and Kenya, highlighting an early consumption of dairy products 186 . All these studies were based either on the use of ZooMS on bones or LC-MS/MS on dental calculus. Furthermore, when interested in sheep and goat distinction, none of the studies described above attempted at the specific identification of the remains when not of domestic caprines. Part one -State of the question This doctoral thesis proposes to concentrate on the necessary palaeoproteomics developments for the documentation of the diffusion of caprines herding between Eastern and Southern Africa at various time-scale archaeological sites.

  third part discusses three different aspects of the work: (a) first, a palaeoproteomics extraction protocol is proposed for remains coming from archaeological sites of arid environments (Paper 2); (b) the application of palaeoproteomics on remains morphologically identified as the earliest caprines from the Southern African site of Leopard Cave, Namibia, is presented (Paper 3); (c) finally, palaeoproteomics data from 18 archaeological sites distributed between Eastern and Southern Africa are presented, and the subsequent outcomes discussed (Paper 4). In closing, the fourth and final part of this manuscript presents the general conclusions of the work and the resulting outlooks. Part one -State of the question D. Introductory paper: Lesur & Le Meillour, 2019

Fig. 1 .

 1 Fig. 1. Carte du Nord-Est africain avec la localisation des premiers sites des VII e et VI e millénaires BCE ayant livré des restes de caprinés.1. Haua Fteah (KLEIN, SCOTT, 1986) ; 2. Fayum (LINSEELE et al., 2014) ; 3. Djara (KINDERMANN et al., 2006) ; 4. El Qaa (CLOSE, 2002) ; 5. Sodmein Cave (VERMEERSCH et al., 1994) ; 6. Dakhla (CHURCHER et al., 2008) ; 7. Nabta Playa-Bir Kiseiba (GAUTIER, 2001).

.

  Analyses were performed in two steps: extraction and enzymatic digestion of proteins and liquid-chromatography -tandem mass spectrometry (LC-MS/MS) data collection. Extraction of proteins were assessed in a dedicated and clean lab bench of the Part two -Introduction to Paper 1 biochemistry laboratory (Molécules de Communications et Adaptations des Micro-Organismes, UMR 7245) of the MNHN. The LC-MS analyses were conducted with an optimised workflow at the "Plateau technique de Spectrométrie de Masse Bio-organique", component of the MNHN analytical platform. Data-dependant LC-MS/MS data were collected using collisioninduced dissociation of the most intense peptide ions. The data were treated through database search (using Mascot software) together with database-assisted de novo sequencing (using PEAKS 1 and Byonic 2 software). The reconstituted type I collagen sequences were converted to Fasta format and aligned using SeaView (5.0.4 version 3 ). Phylogenetic cladograms were generated using PAUP* 4 .

Louise

  Figure A: Graphical abstract of the paper presented in the following chapter (Part two).

Figure 1 :

 1 Figure 1: Taxa included in this study and their associated sub-family. Position of the species in the phylogeny is based on Mammals Species of the World.

Figure 2 :

 2 Figure2: Biogeographical repartitions of all nineteen species in the African continent. AfterKingdon, 2015. 

  Part two -Paper 1 remains from arid environments. Composed of a triple helix, with two alpha 1 and one alpha 2 chains (1056 and 1038 amino acids, respectively) that do not vary much from one species to another due to the structural function of the protein 27 , type I collagen has not been sequenced for the majority of African wild bovids. The only sequences that can be found in international databases are those of cattle Bos taurus, zebu Bos indicus, wild yak Bos mutus, a hybrid B. taurus x B. indicus, chiru Pantholops hodgsonii (until recently) and those of sheep O. aries and goat C. hircus 28 .

variations at 2

 2 to 4 positions. The two markers classically used to distinguish sheep and goat, XGEVGPPGPPGPAGEK from COL1A1 (X = A for O. aries, X = P for C. hircus) and GPSGEPGTAGPPGTPGPQGXLGZPGFLGLPGSR from COL1A2 (X = L and Z = A for O. aries, X = F and Z = P for C. hircus), are shared with other phyla, as already reported 3 . The alpha 1 chain of type I collagen shows 8 peptide markers. Only one, SAGISVPGPMGPSGPR, is specific to a single species, O. oreotragus. The peptide marker VGPPGPSGNAGPPGPPGPVGK discriminates the Tragelaphini tribe from all other species, Part two -Paper 1 while the sequence GPPGSAGSPGK is specific to both Tragelaphini and the gender Bos. The Caprinae share most of the peptide marker sequences. However, two diagnostic sequences are revealed for the identification of the wild species, GLPGTAGWPGMK for Ammotragus lervia (for C. nubiana (M substituted to V in A. lervia, C. hircus and O. aries). The alpha 2 chain shows 15 peptide markers. Four of them are species-specific, namely AGGMGPAGSR for Addax nasomaculatus, GPSGDSGR for Oreotragus oreotragus, to Caprinae representatives. One peptide shows 5 variant sequences resulting from substitutions at 2 positions, GYPGNAGPVGAXGAPGPQGPVGPZGK (where X = A or V and Z = V, T, I or A). Two of these sequences are isomeric, GYPGNAGPVGAAGAPGPQGPVGPVGK reported in databases for B. taurus and B. mutus, and GYPGNAGPVGAVGAPGPQGPVGPAGK, detected for most Antilopinae together with R. redunca. The latter was clearly differentiated from the Bos sequence by MS/MS (Supplementary Material 2).

  Phylogenetic analysis and relationships of the nineteen speciesAfter alignment, the COL1A1 and COL1A2 sequences were concatenated into one COL1A1+COL1A2 unique sequence for the nineteen species and the two Bos taurus and indicus, the sheep and the goat, and the two outgroups: the pig Sus scrofa and the Chinese dolphin Lipotes vexillifer. The parsimony analysis points out that, over the 2096 characters (i.e., total number of amino acids when the chains are concatenated), 1959 sites are constant(93 %), 85 sites are variable but non informative, and 52 sites are informative. When compared, it appears that the concatenated COLA1+COL1A2 sequences of Nanger granti, Ammodorcas clarkei, Ourebia ourebi, Eudorcas rufifrons and Nanger sommerringii are identical. The heuristic search (TBR branch swapping 1000 replicates) generated 63 trees with 197 steps (consistency index, CI=0.7868 and retention index, RI=0.7273), with a strict consensus tree of 209 steps, a consistency index of 0.7416, a retention index of 0.6471 and a majority-rule consensus tree 50 % of 199 steps, a consistency index of 0.7789 and a retention index of 0.7124 (Supplementary Material 3). The strict consensus cladogram (Fig. 3.1) indicate that the clade Bovidae is monophyletic along with Caprinae and Reduncinae sub-families (nodes g and f respectively). The Bovinae, however, does not appear as a monophyletic branch, since T. imberbis is not included in the group formed by the other representatives of its sub-family (the two Bos and the other Tragelaphus, node b). The Antilopinae are clustered together except for two species: R. campestris -which is sister group of part of Bovini (node b) -and O. oreotragus -placed in the clade Caprinae, Reduncinae and T. imberbis (node e). In the same way, Aepyceros melampus and Addax nasomaculatus, although belonging to different sub-families, are placed in the polytomy with the majority of Antilopinae. This multifurcation being partly resolved with the majority-rule consensus 50% cladogram (Fig. 3.2) with two clades (node k and l). This cladogram also clarifies the position of A. marsupialis, N. dama and G. dorcas within node k; and forms a clade with A. clarkei and L. walleri (node m).

Figure 3 :

 3 Figure 3: Strict consensus and majority-rule consensus cladograms of the COL1A1+COL1A2 sequences for each species. In black are the outgroups; in brown the Bovini; in green the Tragelaphini, in yellow the Caprinae, in pink the Reduncinae, in grey the Hippotraginae, in orange the Aepycerotinae and in blue the Antilopinae. In blue are refered the minimum and maximum numbers of synapomorphies with unambiguous localisation in comparison to the previous. On the majority-rule consensus (right, 2) tree, numbers in black indicate the percentage of trees in which the clad is present and letters in red are used to describe clades.

  Scientific) with a RSLC Polar Advantage II Acclaim column (2.1 × 100 mm, 120 Å, 2.2 μm) using a flow rate of 300 μL/min and mobile phase gradient of A: H2O + formic acid (FA) 0.1% and B: acetonitrile + FA 0.08%. We used a high-resolution ESI-Q-TOF mass spectrometer (Maxis II ETD, Bruker Daltonics) in positive mode and data-dependent auto-MS/MS mode on the m/z range 200-2200. MS/MS spectra were generated using collision induced dissociation by selection of ions with charge states between 2 + and 5 + and on m/z range 300-2200. Calibration was carried out with sodium formate clusters.Type 1 collagen sequences de novo reconstructionThe raw data were converted to .mgf using the mass spectrometer manufacturer software,DataAnalysis (version 4.4, Bruker Daltonics). First, we searched the .mgf files against a restricted database of alpha 1 and alpha 2 chains of type I collagen sequences of published bovids using the Mascot search engine (Matrixscience, version 2.4.1) with following parameters: 2 missed cleavages were allowed with trypsin; variable Gln -> pyro-Glu (N-term Q), deamidation (N, Q), oxidation (M, P) and phosphorylation (S, T); tolerances were set to 10 ppm for peptides and 0.02 Da for MS/MS; peptide charges were set to 2 + , 3 + and 4 + ; finally, the instrument was set to ESI-QUAD-TOF. The restricted database contained COL1A1 and COL1A2 of the following bovids: Bos taurus (P02453 and P02465), B. mutus (L8IV51 and L8HQF7), B. indicus (A0A4W2FAL4 and A0A4W2FTM9), C. hircus (A0A452FHU9 and A0A452G3V6), O. aries (W5P481 and W5NTT7) and Pantholops hogsonii (XM_005964647.1 and XM_005985683.1). The referenced sequences correspond to the longer precursors called procollagens. Since only the helical regions are secreted, we excluded the signal peptides as long as the N-and C-terminal Part two -Paper 1

Part two -Paper 1 Comparison of sequences 2 by 2 :

 12 Identical sequences for several species Ammodorcas clarkei = Nanger granti = Ourebia ourebi = Eurdorcas rufifrons = Nanger sommerringii Heuristic search (option Random stepwise addition 1000 replicates, TBR Branch swapping): 63 trees of 197 steps (CI = 0.7868 and RI = 0.7273) Strict consensus tree: L=209 steps, CI = 0.7416, RI=0.6471 Majority-rule consensus tree 50%: L=199 steps, CI=0.7789, RI=0.

  analysis of African remains. The following paper (Paper 2) describes our exploration of the use of different decalcification protocols prior to palaeoproteomics analyses on remains from the site of Toteng, Botswana in order to maximize type I collagen sequences coverage. This aspect of the work has been published in December 2018 in the journal Palaeogeography, Palaeoclimatology, Palaeoecology as part of the 4 th Bone Diagenesis meeting proceedings (edited by J. Lee-Thorp and C. Snoeck) 1 .

  Once the palaeoproteomics analytical protocol for African remains established along with the proper type I collagen sequences referential (see Part two of this manuscript), we aimed at characterising zooarchaeological occurrences of domestic sheep and/or goat in a variety of archaeological sites. The following two papers describe case studies of identification of zooarchaeological remains from various sites between Eastern and Southern Africa, all from various archaeological contexts and ages.Paper 3 focuses on the Namibian site of Leopard Cave. This LSA site was treated separately since part of its excavated material was considered as the earliest evidence of caprine herding in southern Africa. As a matter of fact, three dental remains were morphologically identified as belonging to domestic caprines and directly dated from 2000 BP 3 . They then became the earliest remains from putative sheep or goat from the region. The results of this work are published in Scientific Reports (September 2020)4 .Material.The three dental remains previously identified as caprines and 25 bones qualified as medium-sized bovids from two different layers of Leopard Cave rock shelter were sampled for the goal of species identification using palaeoproteomics. Two individuals of springbok and impala were included in the paper for reference purpose (they are more described and discussed in Part two).Part three -Introduction toPapers 2, 3 and 4 

2

 2 Figure B: Graphical abstract synthesizing the main achievements of paper 2.

Fig. 1 .

 1 Fig. 1. Africa map with Botswana localization (dark grey) in Austral Africa and country map with Toteng 1 and Toteng 3 sites localization.

Fig. 2 .

 2 Fig.2. Pictures of 9 out of the 18 remains selected for this study. The 9 presented are those selected for palaeoproteomics analysis after ATR-FTIR pre-screening.

Fig. 3 .

 3 Fig. 3. Flow chart illustrating the three decalcification protocols employed in this study and further steps of extraction, enzymatic hydrolysis and mass spectrometry analyses.

Fig. 4 .

 4 Fig. 4. ATR-FTIR spectra of Toteng best preserved (TOT_09, red curve) and least preserved sample (TOT_26, blue curve) in comparison to modern sample (B. taurus bone, yellow curve here). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Figure 2 .

 2 Figure 2. Stratigraphy of squares N6/N7 and O6/O7 in Leopard Cave. e stratigraphic position of the remains included in the study is indicated by red circles. All radiocarbon dates obtained within the sequence are presented by depth. e two dates corresponding to the direct dating of the teeth morphologically identi ed as caprine are shown in blue.

Figure 3 .

 3 Figure 3. Leopard Cave mid-sized bovid remains direct radiocarbon dates. Direct dates previously reported for what are now known, based on proteomics, to be two springbok remains are shown in blue (LC_113, LC_149). New radiocarbon dates on remains identi ed as sheep by palaeoproteomics are shown in grey (LC_131, LC_135). Radiocarbon dates were calibrated at 2 σ (95.4%) using OxCal 4.3 73 and the SHCal13 74 calibration curve, for the southern hemisphere.

  e search was conducted on a database combining the COL1A1 (B. taurus P02453, B. indicus A0A4W2FAL4, B. mutus L8IV51, C. hircus A0A452FHU9, O. aries W5P481, and P. hodgosonii XM_005964647.1) and COL1A2 (B. taurus P02465, B. indicus A0A4W2FTM9, B. mutus L8HQF7, C. hircus A0A452G3V6, O. aries W5NTT7, and P. hodgosonii XM_005985683.1) sequences of bovids. e entire PEAKS work ow was set to 'trypsin' enzymatic digestion, allowing 2 missed cleavages and including the following modi cations: xed carbamidomethylation (C) and variable oxidation (M), deamidation (NQ), hydroxylation (P) and phosphorylation (ST).

Figure 1 :

 1 Figure 1: Localisation of North-Eastern African sites where material included in this study was recovered. Numbers referred to one site. Modified after(Lesur, 2017) 

Figure 3 :

 3 Figure 3: Synthesis of the species identifications obtained using palaeoproteomics. Sites in red yielded domesticated caprines with numbers indicating the amount of remains identified. Sites in green and underlined indicate that palaeoproteomics analyses allowed species or gender identification only of wild small bovids. Sites in black indicate the lack of preserved proteins. Map modified afterLesur, 2017. 

  wild bovids. The extraction and characterisation of type I collagen from the skeletal elements, as long as the use of diverse bioinformatics tools, allowed us to propose protein sequences of α1 and α2 chains for each of the analysed species. The de novo reconstruction of these COL1 sequences allowed to propose cladograms of biological relationships existing between the different species. Although very conserved amongst mammals, this work represents a substantial addition to Bovidae phylogeny and was of great use for the second part of this doctoral research.

  purposes. The results indicate that the remains originally identified as caprines, along with another from the upper layer belong to wild small bovids species. By contrast, we secured the presence of domestic sheep at Leopard Cave (n=24), and, after radiocarbon dating of two of the bones identified, we concluded that their presence in the vicinity of the site can only be attested during the XII th -XIII th c. CE. These molecular identifications coupled to direct radiocarbon dates allowed the refinement of early herding in Southern Africa. Indeed, it appears that caprines identifications at LSA sites should be considered carefully, and for what we observe, that a later wave of caprines diffusion to southern Africa occurred during what is known as the Little Ice Age, when the climate was more lenient and conducive for the adoption of herding practices. The palaeoproteomics analyses conducted on the other 16 archaeological sites allow the refinement of taxonomic attributions. Those sites were chosen because of the putative presence of caprines representatives within their faunal assemblages and represent a large variety of archaeological contexts (open-air sites, rock shelters, different altitudes and environments, different burying conditions, etc.). With help of the referential previously built, we were able to secure gender or species attributions for 64 % of the sampled remains (57 out of 88). We confirm the presence of domesticates at ten sites, observe only wild faunas in three, and saw an association of wild and domesticated animals in all of them. The last assumptions being possible regarding the global spectrum of mammals of each site, since we only accessed remains with possible caprines attributions. Remains identified as either sheep or goat were Part four -General conclusions then systematically radiocarbon dated and, although expected for the majority, gave more recent dates than was suggested by the different stratigraphies. The obtained dates for the different individuals indicate the presence of domestic caprines in Kenya during the IV th c. BCE and in the Kalahari around the IV th c. CE. Although this study did not focus on the earliest evidence of sheep and goat in Eastern and Southern Africa (except for the case of LeopardCave), on the analysed remains, we observe the same pattern of diffusion as one proposed in the literature7,8 : with a first occurrence in the North-Eastern part of the continent, their presence is attested in the Horn and later in Kenya. Finally, via the Zambezi river basin and the Kalahari basin, they are attested in Southern Africa with an extremely large time-lapse and their diffusion appears to have follow a tsetse free path.

  

  

  

  

  

  

  

  

  

  At the beginning of this doctoral work, we faced a main issue: the lack of referential for African small wild bovids in international protein databases. Without proper references, we would not be able to propose specific attributions other than the ones of the species already available in the databases. Indeed, the only available type I collagen sequences of representatives of the Bovidae family available in both NCBI and UniProt (the two main databases for protein sequences references) were those of Bos taurus, B. mutus and B. indicus, Ovis aries and O. musimon, Capra hircus and Pantholops hodgsonii. As previously mentioned (see Part one of this manuscript), O. aries and C. hircus do share a certain amount of morphological features
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Table 1 :

 1 Peptide markers identified and corresponding species. Varying amino acids are shown in bold red.

	Addax nasomaculatus	Aepyceros melampus	Ammordorcas clarkei	Ammotragus lervia	Antidorcas marsupialis	Bos mutus	Bos taurus	Capra hircus	Capra nubiana	Eudorcas rufifrons	Gazella dorcas	Litocranius walleri	Nanger dama	Nanger granti	Nanger soemmerringii	Oreotragus oreotragus	Ourebia ourebi	Ovis aries	Pelea capreolus	Raphicerus campestris	Redunca redunca	Tragelaphus imberbis	Tragelaphus scriptus

  3.2) generated after alignment of the COL1A1+COL1A2 sequences and heuristic search, it appears that the klipspringer and the steenbok R. campestris are separated from the clade of Antilopinae. The klipspringer seems more to be a sister group to the Caprinae, and the steenbok a sister group to the Bovinae. A new group is also defined by our analysis: it seems that the dibatag A. clarkei and the gerenuk L.Part two -Paper 1 addax A. nasomaculatus, can be distinguished from all other species by one specific peptide on COL1A2, and thus, is equally distant from all other clades. The cases of the impala and addax is, though, unresolved by the analysis conducted here using both chains of type I collagen. The Reduncinae appear to present enough variations in comparison to the other species to form a group with the two species P. capreolus and R. redunca, the rhebok and bohor reedbok, respectively. The same grouping is observed within the Caprinae, where the four species, goat C. hircus, sheep O. aries for the domesticated and C. nubiana, the Nubian ibex and A. lervia, the Barbary sheep do share a large amount of their secreted sequences. It is however worth noticing that the Barbary sheep present more variations than the Nubian ibex with other representatives of the clade probably due to the fact that the species does not belong to the same gender as O.aries. Finally, the two species of tribe Tragelaphini (T. scriptus and T. imberbis), normally placed within the Bovinae sub-family8,9 , are separated in the cladograms we propose. The bushbuck

walleri form a clade, distinguishing themselves from other representatives of the Antilopinae subfamily, although still within it. The impala, A. melampus is separated from all other Antilopinae species, confirming the necessity of placing the species in a distinct sub-family, Aepycerotinae, although morphologically very close to other antelopes. The Hippotraginae representative, the T. scriptus in our analysis do appear as sister group of the two Bovinae species B. taurus and B.

Table 2 :

 2 Species, sample new and old code and anatomical localisation of sampling for the seventeen wild small bovid species from Museum collections. Samples of springbok and impala (A. melampus and A. marsupialis) marked with a star were previously published in ref3 .

	Species	Sample code	Inventory number	Anatomical part
		ADD_144	MNHN-ZM-AC 1874-144	Left upper P4 root
	Addax nasomaculatus			
		ADD_180	MNHN_MO_1960-180	Left upper M1 root
		CAPR_898	MNHN_AC_A.11898	Small bone of metatarsus
	Pelea capreolus			
		CAPR_283	MNHN_AC_BVI-283	Coccygeal vertebra
	Ammodorcas clarkei	CLARK	without number	Right upper M1 root
		DAM_393	MNHN_AC_1849-393	Right lower P3 root
	Nanger dama			
		DAM_477	MNHN_MO_1957-477	Right lower P4
		DOR_478	MNHN_MO_1957-478	Left upper P3 root
	Gazella dorcas			
		DOR_734	MNHN_MO_1908-734	Right upper P4 root
		GRAN_114	MNHN_MO_1940-1146	Left upper P4 root
	Nanger granti			
		GRAN_122	MNHN_MO_1945-22	Right upper P3 root
		IMB_111	MNHN_AC_1945-111	Left upper M1 root
	Tragelaphus imberbis			
		IMB_622	MNHN_AC_1931-622	Left upper M3 root
		IMP_118	MNHN_AC_1945-118	Lower M2 root
	Aepyceros melampus*			
		IMP_119	MNHN_AC_1945-119	Upper P3 root
		LERV_144	MNHN_AC_1909-144	Right upper P2
	Ammotragus lervia			
		LERV_223	MNHN_AC_1923-2238	Right upper P2
	Capra nubiana	NUB_2955	MNHN_MO_1994-2955	Right lower I1 root

  Sequences of alpha 1 chain and alpha 2 chain of type I collagen for the nineteen species included to this work.

	Part two -Paper 1 Part two -Paper 1 Part two -Paper 1 Part two -Paper 1 Part two -Paper 1 Part two -Paper 1 Part two -Paper 1 Part two -Paper 1 Part two -Paper 1 Part two -Paper 1 Part two -Paper 1
	>XP_444444444 PREDICTED Alpha 2 chain type I collagen [Antidorcas PGPAGAAGPAGNPGADGQPGAKGANGAPGIAGAPGFPGARGPSGPQGPSGPPGPKGNSGEPGAPGNKGDTG GPNGFAGPAGAAGQPGAKGERGTKGPKGENGPVGPTGPVGAAGPSGPNGPPGPAGSRGDGGPPGATGFPGA >XP_140000000.1 PREDICTED Alpha 2 chain type I collagen [Gazella GPKGSPGEAGRPGEAGLPGAKGLTGSPGSPGPDGKTGPPGPAGQDGRPGPPGPPGARGQAGVMGFPGPKGA PQGLLGAPGFLGLPGSRGERGLPGVAGSVGEPGPLGIAGPPGARGPPGNVGNPGVNGAPGEAGRDGNPGND QFDGKGGGPGPMGLMGPRGPPGASGAPGPQGFQGPPGEPGEPGQTGPAGARGPPGPPGKAGEDGHPGXPGR GPKGSPGEAGRPGEAGLPGAKGLTGSPGSPGPDGKTGPPGPAGQDGRPGPPGPPGARGQAGVMGFPGPKGA PQGLLGAPGFLGLPGSRGERGLPGVAGSVGEPGPLGIAGPPGARGPPGNVGNPGVNGAPGEAGRDGNPGND >XP_340000000.1 PREDICTED Alpha 2 chain type I collagen [Tragelaphus PGPAGAAGPAGNPGADGQPGAKGANGAPGIAGAPGFPGARGPSGPQGPSGPPGPKGNSGEPGAPGSKGDTG Supplementary Material 3. Parameters used for the parsimony search using PAUP* and
	marsupialis] QFDGKGGGPGPMGLMGPRGPPGASGAPGPQGFQGPPGEPGEPGQTGPAGARGPPGPPGKAGEDGHPGKPGR AKGEPGPTGIQGPPGPAGEEGKRGARGEPGPAGLPGPPGERGGPGSRGFPGADGVAGPKGPAGERGAPGPA GPKGSPGEAGRPGEAGLPGAKGLTGSPGSPGPDGKTGPPGPAGQDGRPGPPGPPGARGQAGVMGFPGPKGA AGRTGPPGPAGISGPPGPPGPAGKEGLRGPRGDQGPVGRTGETGASGPPGFAGEKGPSGEPGTAGPPGTPG PQGLLGAPGFLGLPGSRGERGLPGVAGSVGEPGPLGIAGPPGARGPPGNVGNPGVNGAPGEAGRDGNPGND dorcas] QFDGKGGGPGPMGLMGPRGPPGASGAPGPQGFQGPPGEPGEPGQTGPAGARGPPGPPGKAGEDGHPGXPGR AGEPGKAGERGVPGPPGAVGPAGKDGEAGAQGPPGPAGPAGERGEQGPAGSPGFQGLPGPAGPPGEAGKPG EQGVPGDLGAPGPSGARGERGFPGERGVQGPPGPAGPRGANGAPGNDGAKGDAGAPGAPGSQGAPGLQGMP GPPGRDGQPGHKGERGYPGNAGPVGAAGAPGPQGPVGPTGKHGSRGEPGPVGAVGPAGAVGPRGPSGPQGI RGDKGEPGDKGPRGLPGLKGHNGLQGLPGLAGHHGDQGAPGAVGPAGPRGPAGPTGPAGKDGRTGQPGAVG PGERGVVGPQGARGFPGTPGLPGFKGIRGHNGLDGLKGQPGAPGVKGEPGAPGENGTPGQTGARGLPGERG RVGAPGPAGARGSDGSVGPVGPAGPIGSAGPPGFPGAPGPKGELGPVGNPGPAGPAGPRGEVGLPGLSGPV AGEPGKAGERGVPGPPGAVGPAGKDGEAGAQGPPGPAGPAGERGEQGPAGSPGFQGLPGPAGPPGEAGKPG EQGVPGDLGAPGPSGARGERGFPGERGVQGPPGPAGPRGANGAPGNDGAKGDAGAPGAPGSQGAPGLQGMP GPPGRDGQPGHKGERGYPGNAGPVGAVGAPGPQGPVGPAGKHGNRGEPGPAGAVGPAGAVGPRGPSGPQGI RGDKGEPGDKGPRGLPGLKGHNGLQGLPGLAGHHGDQGAPGAVGPAGPRGPAGPTGPAGKDGRAGQPGAVG scriptus] QFDGKGGGPGPMGLMGPRGPPGASGAPGPQGFQGPPGEPGEPGQTGPAGARGPPGPPGKAGEDGHPGKPGR AKGEPGPTGIQGPPGPAGEEGKRGARGEPGPAGLPGPPGERGGPGSRGFPGADGVAGPKGPAGERGAPGPA GPKGSPGEAGRPGEAGLPGAKGLTGSPGSPGPDGKTGPPGPAGQDGRPGPPGPPGARGQAGVMGFPGPKGA resulting data and trees.
	PGERGVVGPQGARGFPGTPGLPGFKGIRGHNGLDGLKGQPGAPGVKGEPGAPGENGTPGQTGARGLPGERG AGEPGKAGERGVPGPPGAVGPAGKDGEAGAQGPPGPAGPAGERGEQGPAGSPGFQGLPGPAGPPGEAGKPG GPPGRDGQPGHKGERGYPGNAGPVGAVGAPGPQGPVGPAGKHGNRGEPGPAGAVGPAGAVGPRGPSGPQGI PGERGVVGPQGARGFPGTPGLPGFKGIRGHNGLDGLKGQPGAPGVKGEPGAPGENGTPGQTGARGLPGERG GERGAAGLPGPKGDRGDAGPKGADGAPGKDGVRGLTGPIGPPGPAGAPGDKGETGPSGPAGPTGARGAPGD PAGIRGSQGSQGPAGPPGPPGPPGPPGPSGGGYDFGFDGDFYRA GPPGNPGANGLPGAKGAAGLPGVAGAPGLPGPRGIPGPVGAAGATGARGLVGEPGPAGSKGESGNKGEPGA GERGAAGLPGPKGDRGDAGPKGADGAPGKDGVRGLTGPIGPPGPAGAPGDKGETGPSGPAGPTGARGAPGD PAGIRGSQGSQGPAGPPGPPGPPGPPGPSGGGYDFGFDGDFYRA PGERGVVGPQGARGFPGTPGLPGFKGIRGHNGLDGLKGQPGAPGVKGEPGAPGENGTPGQTGARGLPGERG AGEPGKAGERGVPGPPGAVGPAGKDGEAGAQGPPGPAGPAGERGEQGPAGSPGFQGLPGPAGPPGEAGKPG
	>XP_111111111 PREDICTED Alpha 1 chain type I collagen [Aepyceros melampus] RVGAPGPAGARGSDGSVGPVGPAGPIGSAGPPGFPGAPGPKGELGPVGNPGPAGPAGPRGEVGLPGLSGPV GPPGNPGANGLPGAKGAAGLPGVAGAPGLPGPRGIPGPVGAAGATGARGLVGEPGPAGSKGESGNKGEPGA VGQPGPPGPSGEEGKRGSTGEIGPAGPPGPPGLRGNPGSRGLPGADGRAGVMGPAGSRGATGPAGVRGPNG EQGVPGDLGAPGPSGARGERGFPGERGVQGPPGPAGPRGANGAPGNDGAKGDAGAPGAPGSQGAPGLQGMP GERGAAGLPGPKGDRGDAGPKGADGAPGKDGVRGLTGPIGPPGPAGAPGDKGETGPSGPAGPTGARGAPGD RGEPGPPGPAGAAGPPGADGQPGAKGEPGDAGAKGDAGPPGPAGPAGPPGPIGNVGAPGPKGARGSAGPPG RGDKGEPGDKGPRGLPGLKGHNGLQGLPGLAGHHGDQGAPGAVGPAGPRGPAGPTGPAGKDGRTGQPGAVG PAGIRGSQGSQGPAGPPGPPGPPGPPGPSGGGYDFGFDGDFYRA RVGAPGPAGARGSDGSVGPVGPAGPIGSAGPPGFPGAPGPKGELGPVGNPGPAGPAGPRGEVGLPGLSGPV GPPGNPGANGLPGAKGAAGLPGVAGAPGLPGPRGIPGPVGAAGATGARGLVGEPGPAGSKGESGNKGEPGA VGQPGPPGPSGEEGKRGSTGEIGPAGPPGPPGLRGNPGSRGLPGADGRAGVMGPAGSRGATGPAGVRGPNG RGEPGPPGPAGFAGPPGADGQPGAKGEPGDAGAKGDAGPPGPAGPAGPPGPIGNVGAPGPKGARGSAGPPG ATGFPGAAGRVGPPGPSGNAGPPGPPGPVGKEGSKGPRGETGPAGRPGEVGPPGPPGPAGEKGAPGADGPA GAPGTPGPQGIAGQRGVVGLPGQRGERGFPGLPGPSGEPGKQGPSGASGERGPPGPMGPPGLAGPPGESGR >XP_210000000.1 PREDICTED Alpha 1 chain type I collagen [Capra nubiana] QLSYGYDEKSTGISVPGPMGPSGPRGLPGPPGAPGPQGFQGPPGEPGEPGASGPMGPRGPPGPPGKNGDDG VGQPGPPGPSGEEGKRGSTGEIGPAGPPGPPGLRGNPGSRGLPGADGRAGVMGPAGSRGATGPAGVRGPSG DSGRPGEPGLMGPRGFPGSPGNIGPAGKEGPAGLPGIDGRPGPIGPAGARGEPGNIGFPGPKGPTGDPGKA GEKGHAGLAGPRGAPGPDGNNGAQGPPGLQGVQGGKGEQGPAGPPGFQGLPGPAGTAGEAGKPGERGIPGE RGEPGPPGPAGFAGPPGADGQPGAKGEPGDAGAKGDAGPPGPAGPAGPPGPIGNVGAPGPKGARGSAGPPG ATGFPGAAGRVGPPGPSGNAGPPGPPGPAGKEGSKGPRGETGPAGRPGEVGPPGPPGPAGEKGAPGADGPA GAPGTPGPQGIAGQRGVVGLPGQRGERGFPGLPGPSGEPGKQGPSGASGERGPPGPMGPPGLAGPPGESGR >XP_310000000.1 PREDICTED Alpha 1 chain type I collagen [Eudorcas rufifrons] RVGAPGPAGARGSDGSVGPVGPAGPIGSAGPPGFPGAPGPKGELGPVGNPGPAGPAGPRGEVGLPGLSGPV GPPGNPGANGLPGAKGAAGLPGVAGAPGLPGPRGIPGPVGAAGATGARGLVGEPGPAGSKGESGNKGEPGA VGQPGPPGPSGEEGKRGSTGEIGPAGPPGPPGLRGNPGSRGLPGADGRAGVMGPAGSRGATGPAGVRGPNG EQGVPGDLGAPGPSGARGERGFPGERGVQGPPGPAGPRGANGAPGNDGAKGDAGAPGAPGSQGAPGLQGMP Alpha 1 chain type I collagen GERGAAGLPGPKGDRGDAGPKGADGAPGKDGVRGLTGPIGPPGPAGAPGDKGETGPSGPAGPTGARGAPGD RGEPGPPGPAGFAGPPGADGQPGAKGEPGDAGAKGDAGPPGPAGPAGPPGPIGNVGAPGPKGARGSAGPPG 25 taxa (species) with 2 outgroups (Sus scrofa and Lipotes vexillifer)
	QLSYGYDEKSTGISVPGPMGPSGPRGLPGPPGAPGPQGFQGPPGEPGEPGASGPMGPRGPPGPPGKNGDDG DSGRPGEPGLMGPRGFPGSPGNIGPAGKEGPVGLPGIDGRPGPIGPAGARGEPGNIGFPGPKGPTGDPGKA ATGFPGAAGRVGPPGPSGNAGPPGPPGPAGKEGSKGPRGETGPAGRPGEVGPPGPPGPAGEKGAPGADGPA >XP_110000000.1 PREDICTED Alpha 1 chain type I collagen [Nanger dama] DSGRPGEPGLMGPRGFPGSPGNIGPAGKEGPVGLPGIDGRPGPIGPAGARGEPGNIGFPGPKGPTGDPGKA EGAPGAEGSPGRDGAPGAKGDRGETGPAGPPGAPGAPGAPGPVGPAGKSGDRGETGPAGPAGPIGPVGARG EAGKPGRPGERGPPGPQGARGLPGTAGLPGMKGHRGFSGLDGAKGDAGPAGPKGEPGSPGENGAPGQMGPR FGLPGPAGARGERGPPGESGAAGPAGPIGSRGPSGPPGPDGNKGEPGVVGAPGTAGPSGPSGLPGERGAAG EGAPGAEGSPGRDGAPGAKGDRGETGPAGPPGAPGAPGAPGPVGPAGKSGDRGETGPAGPAGPIGPVGARG QLSYGYDEKSTGISVPGPMGPSGPRGLPGPPGAPGPQGFQGPPGEPGEPGASGPMGPRGPPGPPGKNGDDG DSGRPGEPGLMGPRGFPGSPGNIGPAGKEGPVGLPGIDGRPGPIGPAGARGEPGNIGFPGPKGPTGDPGKA ATGFPGAAGRVGPPGPSGNAGPPGPPGPAGKEGSKGPRGETGPAGRPGEVGPPGPPGPAGEKGAPGADGPA 1056 characters : 1010 constant sites (96%)
	EAGKPGRPGERGPPGPQGARGLPGTAGWPGMKGHRGFSGLDGAKGDAGPAGPKGEPGSPGENGAPGQMGPR GLPGERGRPGAPGPAGARGNDGATGAAGPPGPTGPAGPPGFPGAVGAKGEAGPQGPRGSEGPQGVRGEPGP PGPAGAAGPAGNPGADGQPGAKGANGAPGIAGAPGFPGARGPSGPQGPSGPPGPKGNSGEPGAPGNKGDTG GEKGHAGLAGPRGAPGPDGNNGAQGPPGLQGVQGGKGEQGPAGPPGFQGLPGPAGTAGEAGKPGERGIPGE FGLPGPAGARGERGPPGESGAAGPAGPIGSRGPSGPPGPDGNKGEPGVVGAPGTAGPSGPSGLPGERGAAG IPGGKGEKGETGLRGDVGSPGRDGARGAPGAVGAPGPAGANGDRGEAGAAGPAGPAGPRGSPGERGEVGPA GAPGTPGPQGIAGQRGVVGLPGQRGERGFPGLPGPSGEPGKQGPSGASGERGPPGPMGPPGLAGPPGESGR EGAPGAEGSPGRDGAPGAKGDRGETGPAGPPGAPGAPGAPGPVGPAGKSGDRGETGPAGPAGPIGPVGARG PAGPQGPRGDKGETGEQGDRGIKGHRGFSGLQGPPGPPGSPGEQGPSGASGPAGPRGPPGSAGTPGKDGLN QLSYGYDEKSTGISVPGPMGPSGPRGLPGPPGAPGPQGFQGPPGEPGEPGASGPMGPRGPPGPPGKNGDDG EAGKPGRPGERGPPGPQGARGLPGTAGWPGMKGHRGFSGLDGAKGDAGPAGPKGEPGSPGENGAPGQMGPR GLPGERGRPGAPGPAGARGNDGATGAAGPPGPTGPAGPPGFPGAVGAKGEAGPQGPRGSEGPQGVRGEPGP GEKGHAGLAGPRGAPGPDGNNGAQGPPGLQGVQGGKGEQGPAGPPGFQGLPGPAGTAGEAGKPGERGIPGE FGLPGPAGARGERGPPGESGAAGPAGPIGSRGPSGPPGPDGNKGEPGVVGAPGTAGPSGPSGLPGERGAAG IPGGKGEKGETGLRGDVGSPGRDGARGAPGAVGAPGPAGANGDRGEAGPAGPAGPAGPRGSPGERGEVGPA PAGPQGPRGDKGETGEQGDRGIKGHRGFSGLQGPPGPPGSPGEQGPSGASGPAGPRGPPGSAGSPGKDGLN GLPGPIGPPGPRGRTGDAGPAGPPGPPGPPGPPGPPSGGYDLSFLPQPPQEKAHDGGRYYRA >XP_180000000.1 PREDICTED Alpha 2 chain type I collagen [Tragelaphus GLPGERGRPGAPGPAGARGNDGATGAAGPPGPTGPAGPPGFPGAMGAKGEAGPQGPRGSEGPQGVRGEPGP PGPAGAAGPAGNPGADGQPGAKGANGAPGIAGAPGFPGARGPSGPQGPSGPPGPKGNSGEPGAPGSKGDTG AKGEPGPTGIQGPPGPAGEEGKRGARGEPGPAGLPGPPGERGGPGSRGFPGSDGVAGPKGPAGERGAPGPA IPGPKGEKGETGLRGDIGSPGRDGARGAPGAVGAPGPAGANGDRGEAGPAGPAGPAGPRGSPGERGEVGPA GPNGFAGPAGAAGQPGAKGERGTKGPKGENGPVGPTGPVGAAGPSGPNGPPGPAGSRGDGGPPGATGFPGA AGRTGPPGPAGISGPPGPPGPAGKEGLRGPRGDQGPVGRTGEPGAAGPPGFAGEKGPSGEPGTAGPPGTPG PAGPQGPRGDKGETGEQGDRGIKGHRGFSGLQGPPGPPGSPGEQGPSGASGPAGPRGPPGSAGTPGKDGLN GLPGPIGPPGPRGRTGDAGPAGPPGPPGPPGPPGPPSGGYDLSFLPQPPQEKAHDGGRYYRA >XP_280000000.1 PREDICTED Alpha 2 chain type I collagen [Raphicerus EAGKPGRPGERGPPGPQGARGLPGTAGWPGMKGHRGFSGLDGAKGDAGPAGPKGEPGSPGENGAPGQMGPR GLPGERGRPGAPGPAGARGNDGATGAAGPPGPTGPAGPPGFPGAVGAKGEAGPQGPRGSEGPQGVRGEPGP PGPAGAAGPAGNPGADGQPGAKGANGAPGIAGAPGFPGARGPSGPQGPSGPPGPKGNSGEPGAPGSKGDTG GEKGHAGLAGPRGAPGPDGNNGAQGPPGLQGVQGGKGEQGPAGPPGFQGLPGPAGTAGEAGKPGERGIPGE FGLPGPAGARGERGPPGESGAAGPTGPIGSRGPSGPPGPDGNKGEPGVVGAPGTAGPSGPSGLPGERGAAG IPGGKGEKGETGLRGDIGSPGRDGARGAPGAVGAPGPAGANGDRGEAGPAGPAGPAGPRGSPGERGEVGPA GAPGTPGPQGIAGQRGVVGLPGQRGERGFPGLPGPSGEPGKQGPSGASGERGPPGPMGPPGLAGPPGESGR 32 variables sites non-informative EGAPGAEGSPGRDGAPGAKGDRGETGPAGPPGAPGAPGAPGPVGPAGKSGDRGETGPAGPAGPIGPVGARG PAGPQGPRGDKGETGEQGDRGIKGHRGFSGLQGPPGPPGSPGEQGPSGASGPAGPRGPPGSAGTPGKDGLN 14 informative sites
	AKGEPGPTGIQGPPGPAGEEGKRGARGEPGPAGLPGPPGERGGPGSRGFPGADGVAGPKGPAGERGAPGPA GPNGFAGPAGAAGQPGAKGERGTKGPKGENGPVGPTGPAGAAGPSGPNGPPGPAGSRGDGGPPGATGFPGA GLPGPIGPPGPRGRTGDAGPAGPPGPPGPPGPPGPPSGGYDLSFLPQPPQEKAHDGGRYYRA PGPAGAAGPAGNPGADGQPGAKGANGAPGIAGAPGFPGARGPSGPQGPSGPPGPKGNSGEPGAPGSKGDTG GPNGFAGPAGAAGQPGAKGERGTKGPKGENGPVGPTGPVGAAGPSGPNGPPGPAGSRGDGGPPGATGFPGA imberbis] GPKGSPGEAGRPGEAGLPGAKGLTGSPGSPGPDGKTGPPGPAGQDGRPGPPGPPGARGQAGVMGFPGPKGA PQGLLGAPGFLGLPGSRGERGLPGVAGSVGEPGPLGIAGPPGARGPPGNVGNPGVNGAPGEAGRDGNPGND campestris] AKGEPGPTGIQGPPGPAGEEGKRGARGEPGPAGLPGPPGERGGPGSRGFPGADGVAGPKGPAGERGAPGPA GPNGFAGPAGAAGQPGAKGERGTKGPKGENGPVGPTGPVGAAGPSGPNGPPGPAGSRGDGGPPGATGFPGA GLPGPIGPPGPRGRTGDAGPAGPPGPPGPPGPPGPPSGGYDLSFLPQPPQEKAHDGGRYYRA
	GPKGSPGEAGRPGEAGLPGAKGLTGSPGSPGPDGKTGPPGPAGQDGRPGPPGPPGARGQAGVMGFPGPKGA AGEPGKAGERGVPGPPGAVGPAGKDGEAGAQGPPGPAGPAGERGEQGPAGSPGFQGLPGPAGPPGEAGKPG EQGVPGDLGAPGPSGARGERGFPGERGVQGPPGPAGPRGANGAPGNDGAKGDAGAPGAPGSQGAPGLQGMP AGRTGPPGPAGISGPPGPPGPAGKEGLRGPRGDQGPVGRTGETGASGPPGFAGEKGPSGEPGTAGPPGTPG PQGLLGAPGFLGLPGSRGERGLPGVAGSVGEPGPLGIAGPPGARGPPGNVGNPGVNGAPGEAGRDGNPGND GPPGRDGQPGHKGERGYPGNAGPVGAVGAPGPQGPVGPAGKHGNRGEPGPAGAVGPAGAVGPRGPSGPQGI >XP_888888888.1 PREDICTED Alpha 2 chain type I collagen [Pelea capreolus] QFDGKGGGPGPMGLMGPRGPPGASGAPGPQGFQGPPGEPGEPGQTGPAGARGPPGPPGKAGEDGHPGXPGR AKGEPGPTGIQGPPGPAGEEGKRGARGEPGPAGLPGPPGERGGPGSRGFPGADGVAGPKGPAGERGAPGPA GPKGSPGEAGRPGEAGLPGAKGLTGSPGSPGPDGKTGPPGPAGQDGRPGPPGPPGARGQAGVMGFPGPKGA AGEPGKAGERGVPGPPGAVGPAGKDGEAGAQGPPGPAGPAGERGEQGPAGSPGFQGLPGPAGPPGEAGKPG AGRTGPPGPAGISGPPGPPGPAGKEGLRGPRGDQGPVGRTGETGASGPPGFAGEKGPSGEPGTAGPPGTPG PQGLLGAPGFLGLPGSRGERGLPGVAGSVGEPGPLGIAGPPGARGPPGNVGNPGVNGAPGEAGRDGNPGND GPPGRDGQPGHKGERGYPGNAGPVGAVGAPGPQGPVGPAGKHGNRGEPGPAGAVGPAGAVGPRGPSGPQGI QFDGKGGGPGPMGLMGPRGPPGASGAPGPQGFQGPPGEPGEPGQTGPAGARGPPGPPGKAGEDGHPGXPGR PGERGVVGPQGARGFPGTPGLPGFKGIRGHNGLDGLKGQPGAPGVKGEPGAPGENGTPGQTGARGLPGERG RVGAPGPAGARGSDGSVGPVGPAGPIGSAGPPGFPGAPGPKGELGPVGNPGPAGPAGPRGEVGLPGLSGPV AGEPGKAGERGVPGPPGAVGPAGKDGEAGAQGPPGPAGPAGERGEQGPAGSPGFQGLPGPAGPPGEAGKPG EQGVPGDLGAPGPSGARGERGFPGERGVQGPPGPAGPRGANGAPGNDGAKGDAGAPGAPGSQGAPGLQGMP GERGAAGLPGPKGDRGDAGPKGADGAPGKDGVRGLTGPIGPPGPAGAPGDKGETGPSGPAGPTGARGAPGD GPPGRDGQPGHKGERGYPGNAGPVGAAGAPGPQGPVGPTGKHGNRGEPGPAGAVGPAGAVGPRGPSGPQGI RGDKGEPGDKGPRGLPGLKGHNGLQGLPGLAGHHGDQGAPGAVGPAGPRGPAGPTGPAGKDGRIGQPGAVG PAGIRGSQGSQGPAGPPGPPGPPGPPGPSGGGYDFGFDGDFYRA QFDGKGGGPGPMGLMGPRGPPGASGAPGPQGFQGPPGEPGEPGQTGPAGARGPPGPPGKAGEDGHPGKPGR PGERGVVGPQGARGFPGTPGLPGFKGIRGHNGLDGLKGQPGAPGVKGEPGAPGENGTPGQTGARGLPGERG RVGAPGPAGARGSDGSVGPVGPAGPIGSAGPPGFPGAPGPKGELGPVGNPGPAGPAGPRGEVGLPGLSGPV GPKGSPGEAGRPGEAGLPGAKGLTGSPGSPGPDGKTGPPGPAGQDGRPGPPGPPGARGQAGVMGFPGPKGA AGEPGKAGERGVPGPPGAVGPAGKDGEAGAQGPPGPAGPAGERGEQGPAGSPGFQGLPGPAGPPGEAGKPG EQGVPGDLGAPGPSGARGERGFPGERGVQGPPGPAGPRGANGAPGNDGAKGDAGAPGAPGSQGAPGLQGMP AGRTGPPGPAGISGPPGPPGPAGKEGLRGPRGDQGPVGRSGETGASGPPGFVGEKGPSGEPGTAGPPGTPG PQGLLGAPGFLGLPGSRGERGLPGVAGSVGEPGPLGIAGPPGARGPPGNVGNPGVNGAPGEAGRDGNPGND GPPGRDGQPGHKGERGYPGNAGPVGAAGAPGPQGPVGPIGKHGNRGEPGPAGAVGPAGAVGPRGPSGPQGI >XP_380000000.1 PREDICTED Partial Alpha 2 chain type I collagen Comparison of sequences 2 by 2: [Litocranius walleri] QFDGKGGGPGPMGLMGPRGPPGASGAPGPQGFQGPPGEPGEPGQTGPAGARGPPGPPGKAGEDGHPGKPGR Identical sequences for several species
	GERGAAGLPGPKGDRGDAGPKGADGAPGKDGVRGLTGPIGPPGPAGAPGDKGETGPSGPAGPTGARGAPGD RGDKGEPGDKGPRGLPGIKGHNGLQGLPGLAGHHGDQGAPGAVGPAGPRGPAGPTGPAGKDGRTGQPGAVG PGERGVVGPQGARGFPGTPGLPGFKGIRGHNGLDGLKGQPGAPGVKGEPGAPGENGTPGQTGARGLPGERG EQGVPGDLGAPGPSGARGERGFPGERGVQGPPGPAGPRGANGAPGNDGAKGDAGAPGAPGSQGAPGLQGMP RGDKGEPGDKGPRGLPGLKGHNGLQGLPGLAGHHGDQGAPGAVGPAGPRGPAGPTGPAGKDGRTGQPGAVG GPPGNPGANGLPGAKGAAGLPGVAGAPGLPGPRGIPGPVGAAGATGARGLVGEPGPAGSKGESGNKGEPGA RGEPGPPGPAGFAGPPGADGQPGAKGEPGDAGAKGDAGPPGPAGPAGPPGPIGNVGAPGPKGARGSAGPPG GPPGNPGANGLPGAKGAAGLPGVAGAPGLPGPRGIPGPVGAAGATGARGLVGEPGPAGSKGESGNKGEPGA GERGAAGLPGPKGDRGDAGPKGADGAPGKDGVRGLTGPIGPPGPAGAPGDKGETGPSGPAGPTGARGAPGD RGDKGEPGDKGPRGLPGLKGHNGLQGLPGLAGHHGDQGAPGAVGPAGPRGPAGPTGPAGKDGRIGQPGAVG PGERGVVGPQGARGFPGTPGLPGFKGIRGHNGLDGLKGQPGAPGVKGEPGAPGENGTPGQTGARGLPGERG Bos taurus = Bos mutus
	RGEPGPPGPAGFAGPPGADGQPGAKGEPGDAGAKGDAGPPGPAGPAGPPGPIGNVGAPGPKGARGSAGPPG ATGFPGAAGRVGPPGPSGNAGPPGPPGPAGKEGSKGPRGETGPAGRPGEVGPPGPPGPAGEKGAPGADGPA PAGIRGSQGSQGPAGPPGPPGPPGPPGPSGGGYDFGFDGDFYRA RVGAPGPAGARGSDGSVGPVGPAGPIGSAGPPGFPGAPGPKGELGPVGNPGPAGPAGPRGEVGLPGLSGPV GPPGNPGANGLPGAKGAAGLPGVAGAPGLPGPRGIPGPVGAAGATGARGLVGEPGPAGSKGESGNKGEPGA GERGAAGLPGPKGDRGDAGPKGADGAPGKDGVRGLTGPIGPPGPAGAPGDKGETGPSGPAGPTGARGAPGD RGEPGPPGPAGFAGPPGADGQPGAKGEPGDAGAKGDAGPPGPAGPAGPPGPIGNVGAPGPKGARGSAGPPG PAGIRGSQGSQGPAGPPGPPGPPGPPGPSGGGYDFGFDGDFYRA VGQPGPPGPSGEEGKRGSTGEIGPAGPPGPPGLRGNPGSRGLPGADGRAGVMGPAGSRGATGPAGVRGPNG DSGRPGEPGLMGPRGFPGSPGNIGPAGKEGPVGLPGIDGRPGPIGPAGARGEPGNIGFPGPKGPTGDPGKA ATGFPGAAGRVGPPGPSGNAGPPGPPGPAGKEGSKGPRGETGPAGRPGEVGPPGPPGPAGEKGAPGADGPA GAPGTPGPQGIAGQRGVVGLPGQRGERGFPGLPGPSGEPGKQGPSGASGERGPPGPMGPPGLAGPPGESGR >XP_250000000.1 PREDICTED Alpha 1 chain type I collagen [Ourebia ourebi] VGQPGPPGPSGEEGKRGSTGEIGPAGPPGPPGLRGNPGSRGLPGADGRAGVMGPAGSRGATGPAGVRGPNG DSGRPGEPGLMGPRGFPGSPGNIGPAGKEGPVGLPGIDGRPGPIGPAGARGEPGNIGFPGPKGPTGDPGKA RGEPGPPGPAGFAGPPGADGQPGAKGEPGDAGAKGDAGPPGPAGPAGPPGPIGNVGAPGPKGARGSAGPPG ATGFPGAAGRVGPPGPSGNAGPPGPPGPAGKEGSKGPRGETGPAGRPGEVGPPGPPGPAGEKGAPGADGPA PAGIRGSQGSQGPAGPPGPPGPPGPPGPSGGGYDFGFDGDFYRA RVGAPGPAGARGSDGSVGPVGPAGPIGSAGPPGFPGAPGPKGELGPVGNPGPAGPAGPRGEVGLPGLSGPV GPPGNPGANGLPGAKGAAGLPGVAGAPGLPGPRGIPGPVGAAGATGARGLVGEPGPAGSKGESGNKGEPGA Addax nasomaculatus = Aepyceros melampus (presence of 1 X)
	GAPGTPGPQGIAGQRGVVGLPGQRGERGFPGLPGPSGEPGKQGPSGASGERGPPGPMXPPGLAGPPGESGR >XP_555555555.1 PREDICTED Alpha 1 chain type I collagen [Addax VGQPGPPGPSGEEGKRGSTGEIGPAGPPGPPGLRGNPGSRGLPGADGRAGVMGPAGSRGATGPAGVRGPNG ATGFPGAAGRVGPPGPSGNAGPPGPPGPAGKEGSKGPRGETGPAGRPGEVGPPGPPGPAGEKGAPGADGPA >XP_150000000.1 PREDICTED Alpha 1 chain type I collagen [Nanger granti] GEKGHAGLAGPRGAPGPDGNNGAQGPPGLQGVQGGKGEQGPAGPPGFQGLPGPAGTAGEAGKPGERGIPGE EGAPGAEGSPGRDGAPGAKGDRGETGPAGPPGAPGAPGAPGPVGPAGKSGDRGETGPAGPAGPIGPVGARG QLSYGYDEKSTGISVPGPMGPSGPRGLPGPPGAPGPQGFQGPPGEPGEPGASGPMGPRGPPGPPGKNGDDG GEKGHAGLAGPRGAPGPDGNNGAQGPPGLQGVQGGKGEQGPAGPPGFQGLPGPAGTAGEAGKPGERGIPGE GAPGTPGPQGIAGQRGVVGLPGQRGERGFPGLPGPSGEPGKQGPSGASGERGPPGPMGPPGLAGPPGESGR >XP_350000000.1 PREDICTED Alpha 1 chain type I collagen [Nanger VGQPGPPGPSGEEGKRGSTGEIGPAGPPGPPGLRGNPGSRGLPGADGRAGVMGPAGSRGATGPAGVRGPNG
	EGAPGAEGSPGRDGAPGAKGDRGETGPAGPPGAPGAPGAPGPVGPAGKSGDRGETGPAGPAGPIGPVGARG nasomaculatus] DSGRPGEPGLMGPRGFPGSPGNIGPAGKEGPVGLPGIDGRPGPIGPAGARGEPGNIGFPGPKGPTGDPGKA GAPGTPGPQGIAGQRGVVGLPGQRGERGFPGLPGPSGEPGKQGPSGASGERGPPGPMGPPGLAGPPGESGR QLSYGYDEKSTGISVPGPMGPSGPRGLPGPPGAPGPQGFQGPPGEPGEPGASGPMGPRGPPGPPGKNGDDG FGLPGPAGARGERGPPGESGAAGPTGPIGSRGPSGPPGPDGNKGEPGVVGAPGTAGPSGPSGLPGERGAAG PAGPQGPRGDKGETGEQGDRGIKGHRGFSGLQGPPGPPGSPGEQGPSGASGPAGPRGPPGSAGTPGKDGLN EAGKPGRPGERGPPGPQGARGLPGTAGWPGMKGHRGFSGLDGAKGDAGPAGPKGEPGSPGENGAPGQMGPR FGLPGPAGARGERGPPGESGAAGPAGPIGSRGPSGPPGPDGNKGEPGVVGAPGTAGPSGPSGLPGERGAAG EGAPGAEGSPGRDGAPGAKGDRGETGPAGPPGAPGAPGAPGPVGPAGKSGDRGETGPAGPAGPIGPVGARG sommerringi] DSGRPGEPGLMGPRGFPGSPGNIGPAGKEGPVGLPGIDGRPGPIGPAGARGEPGNIGFPGPKGPTGDPGKA
	PAGPQGPRGDKGETGEQGDRGIKGHRGFSGLQGPPGPPGSPGEQGPSGASGPAGPRGPPGSAGTPGKDGLN QLSYGYDEKSTGISVPGPMGPSGPRGLPGPPGAPGPQGFQGPPGEPGEPGASGPMGPRGPPGPPGKNGDDG GEKGHAGLAGPRGAPGPDGNNGAQGPPGLQGVQGGKGEQGPAGPPGFQGLPGPAGTAGEAGKPGERGIPGE EGAPGAEGSPGRDGAPGAKGDRGETGPAGPPGAPGAPGAPGPVGPAGKSGDRGETGPAGPAGPIGPVGARG EAGKPGRPGERGPPGPQGARGLPGTAGWPGMKGHRGFSGLDGAKGDAGPAGPKGEPGSPGENGAPGQMGPR IPGPKGEKGETGLRGDIGSPGRDGARGAPGAVGAPGPAGANGDRGEAGPAGPAGPAGPRGSPGERGEVGPA GLPGPIGPPGPRGRTGDAGPAGPPGPPGPPGPPGPPSGGYDLSFLPQPPQEKAHDGGRYYRA GLPGERGRPGAPGPAGARGNDGATGAAGPPGPTGPAGPPGFPGAVGAKGEAGPQGPRGSEGPQGVRGEPGP IPGGKGEKGETGLRGDVGSPGRDGARGAPGAVGAPGPAGANGDRGEAGPAGPAGPAGPRGSPGERGEVGPA PAGPQGPRGDKGETGEQGDRGIKGHRGFSGLQGPPGPPGSPGEQGPSGASGPAGPRGPPGSAGTPGKDGLN QLSYGYDEKSTGISVPGPMGPSGPRGLPGPPGAPGPQGFQGPPGEPGEPGASGPMGPRGPPGPPGKNGDDG GEKGHAGLAGARGAPGPDGNNGAQGPPGLQGVQGGKGEQGPAGPPGFQGLPGPAGTAGEAGKPGERGIPGE
	GLPGPIGPPGPRGRTGDAGPAGPPGPPGPPGPPGPPSGGYDLSFLPQPPQEKAHDGGRYYRAK EAGKPGRPGERGPPGPQGARGLPGTAGWPGMKGHRGFSGLDGAKGDAGPAGPKGEPGSPGENGAPGQMGPR FGLPGPAGARGERGPPGESGAAGPAGPIGSRGPSGPPGPDGNKGEPGVVGAPGTAGPSGPSGLPGERGAAG PAGPQGPRGDKGETGEQGDRGIKGHRGFSGLQGPPGPPGSPGEQGPSGASGPAGPRGPPGSAGTPGKDGLN GLPGERGRPGAPGPAGARGNDGATGAAGPPGPTGPAGPPGFPGAVGAKGEAGPQGPRGSEGPQGVRGEPGP GPNGFAGPAGAAGQPGAKGERGTKGPKGENGPVGPTGPVGAAGPSGPNGPPGPAGSRGDGGPPGATGFPGA >XP_220000000.1 PREDICTED Alpha 2 chain type I collagen [Capra nubiana] PGPAGAAGPAGNPGADGQPGAKGANGAPGIAGAPGFPGARGPSGPQGPSGPPGPKGNSGEPGAPGSKGDTG GPNGFAGPAGAAGQPGAKGERGTKGPKGENGPVGPTGPVGAAGPSGPNGPPGPAGSRGDGGPPGATGFPGA GLPGPIGPPGPRGRTGDAGPAGPPGPPGPPGPPGPPSGGYDLSFLPQPPQEKAHDGGRYYRA EAGKPGRPGERGPPGPQGARGLPGTAGWPGMKGHRGFSGLDGAKGDAGPAGPKGEPGSPGENGAPGQMGPR FGLPGPAGARGERGPPGESGAAGPAGPIGSRGPSGPPGPDGNKGEPGVVGAPGTAGPSGPSGLPGERGAAG
	>XP_222222222 PREDICTED Alpha 2 chain type I collagen [Aepyceros GLPGERGRPGAPGPAGARGNDGATGAAGPPGPTGPAGPPGFPGAVGAKGEAGPQGPRGSEGPQGVRGEPGP IPGGKGEKGETGLRGDIGSPGRDGARGAPGAVGAPGPAGANGDRGEAGPAGPAGPAGPRGSPGERGEVGPA GLPGPIGPPGPRGRTGDAGPAGPPGPPGPPGPPGPPSGGYDLSFLPQPPQEKAHDGGRYYRA PGPAGAAGPAGNPGADGQPGAKGANGAPGIAGAPGFPGARGPSGPQGPSGPPGPKGNSGEPGAPGSKGDTG AGRTGPPGPAGISGPPGPPGPAGKEGLRGPRGDQGPVGRTGEPGAAGPPGFAGEKGPSGEPGTAGPPGTPG QFDGKGGGPGPMGLMGPRGPPGASGAPGPQGFQGPPGEPGEPGQTGPAGARGPPGPPGKAGEDGHPGKPGR AKGEPGPTGIQGPPGPAGEEGKRGARGEPGPAGLPGPPGERGGPGSRGFPGADGVAGPKGPAGERGAPGPA AGRTGPPGPAGISGPPGPPGPAGKEGLRGPRGDQGPVGRSGETGASGPPGFVGEKGPSGEPGTAGPPGTPG >XP_320000000.1 PREDICTED Alpha 2 chain type I collagen [Eudorcas GLPGERGRPGAPGPAGARGNDGATGAAGPPGPTGPAGPPGFPGAVGAKGEAGPQGPRGSEGPQGVRGEPGP IPGPKGEKGETGLRGDVGSPGRDGARGAPGAVGAPGPAGANGDRGEAGPAGPAGPAGPRGSPGERGEVGPA
	melampus] PGPAGAAGPAGNPGADGQPGAKGANGAPGIAGAPGFPGARGPSGPQGPSGPPGPKGNSGEPGAPGNKGDTG GPNGFAGPAGAAGQPGAKGERGTKGPKGENGPVGPSGPVGAAGPSGPNGPPGPAGSRGDGGPPGATGFPGA >XP_120000000.1 PREDICTED Alpha 2 chain type I collagen [Nanger dama] AKGEPGPTGIQGPPGPAGEEGKRGARGEPGPAGLPGPPGERGGPGSRGFPGADGVAGPKGPAGERGAPGPA PQGLLGAPGFLGLPGSRGERGLPGVAGSVGEPGPLGIAGPPGARGPPGNVGNPGVNGAPGEAGRDGNPGND PGERGVVGPQGARGFPGTPGLPGFKGIRGHNGLDGLKGQPGAPGVKGEPGAPGENGTPGQTGARGLPGERG GPKGSPGEAGRPGEAGLPGAKGLTGSPGSPGPDGKTGPPGPAGQDGRPGPPGPPGARGQAGVMGFPGPKGA PQGLLGAPGFLGLPGSRGERGLPGVAGSVGEPGPLGIAGPPGARGPPGNVGNPGVNGAPGEAGRDGNPGND rufifrons] PGPAGAAGPAGNPGADGQPGAKGANGAPGIAGAPGFPGARGPSGPQGPSGPPGPKGNSGEPGAPGSKGDTG GPNGFAGPAGAAGQPGAKGERGTKGPKGENGPVGPTGPVGAAGPSGPNGPPGPAGSRGDGGPPGATGFPGA Heuristic search (option Random stepwise addition 1000 replicates, TBR Branch swapping):
	QFDGKGGGPGPMGLMGPRGPPGASGAPGPQGFQGPPGEPGEPGQTGPAGARGPPGPPGKAGEDGHPGXPGR PGERGVVGPQGARGFPGTPGLPGFKGIRGHNGLDGLKGQPGAPGVKGEPGAPGENGTPGQTGARGLPGERG RVGAPGPAGARGSDGSVGPVGPAGPIGSAGPPGFPGAPGPKGELGPVGNPGPAGPAGPRGEVGLPGLSGPV AKGEPGPTGIQGPPGPAGEEGKRGARGEPGPAGLPGPPGERGGPGSRGFPGADGVAGPKGPAGERGAPGPA GPKGSPGEAGRPGEAGLPGAKGLTGSPGSPGPDGKTGPPGPAGQDGRPGPPGPPGARGQAGVMGFPGPKGA AGEPGKAGERGVPGPPGAVGPAGKDGEAGAQGPPGPAGPAGERGEQGPAGSPGFQGLPGPAGPPGEAGKPG AGRTGPPGPAGISGPPGPPGPAGKEGLRGPRGDQGPVGRTGEPGAAGPPGFAGEKGPSGEPGTAGPPGTPG PQGLLGAPGFLGLPGSRGERGLPGVAGSVGEPGPLGIAGPPGARGPPGNVGNPGVNGAPGEAGRDGNPGND GPPGRDGQPGHKGERGYPGNAGPVGAAGAPGPQGPVGPAGKHGNRGEPGPAGAVGPAGAVGPRGPSGPQGI QFDGKGGGPGPMGLMGPRGPPGASGAPGPQGFQGPPGEPGEPGQTGPAGARGPPGPPGKAGEDGHPGXPGR PGERGVVGPQGARGFPGTPGLPGFKGIRGHNGLDGLKGQPGAPGVKGEPGAPGENGTPGQTGARGLPGERG RVGAPGPAGARGSDGSVGPVGPAGPIGSAGPPGFPGAPGPKGELGPVGNPGPAGPAGPRGEVGLPGLSGPV GPKGSPGEAGRPGEAGLPGAKGLTGSPGSPGPDGKTGPPGPAGQDGRPGPPGPPGARGQAGVMGFPGPKGA AGEPGKAGERGVPGPPGAVGPAGKDGEAGAQGPPGPAGPAGERGEQGPAGSPGFQGLPGPAGPPGEAGKPG EQGVPGDLGAPGPSGARGERGFPGERGVQGPPGPAGPRGANGAPGNDGAKGDAGAPGAPGSQGAPGLQGMP GPPGRDGQPGHKGERGYPGNAGPVGAAGAPGPQGPVGPIGKHGNRGEPGPAGAVGPAGAVGPRGPSGPQGI RGDKGEPGDKGPRGLPGLKGHNGLQGLPGLAGHHGDQGAPGAVGPAGPRGPAGPTGPAGKDGRTGQPGAVG PAGIRGSQGSQGPAGPPGPPGPPGPPGPSGGGYDFGFDGDFYRA RVGAPGPAGARGSDGSVGPVGPAGPIGSAGPPGFPGAPGPKGELGPVGNPGPAGPAGPRGEVGLPGLSGPV GPPGNPGANGLPGAKGAAGLPGVAGAPGLPGPRGIPGPVGAAGATGARGLVGEPGPAGSKGESGNKGEPGA VGQPGPPGPSGEEGKRGSTGEIGPAGPPGPPGLRGNPGSRGLPGADGRAGVMGPAGSRGATGPAGVRGPNG AGEPGKAGERGVPGPPGAVGPAGKDGEAGAQGPPGPAGPAGERGEQGPAGSPGFQGLPGPAGPPGEAGKPG EQGVPGDLGAPGPSGARGERGFPGERGVQGPPGPAGPRGANGAPGNDGAKGDAGAPGAPGSQGAPGLQGMP GERGAAGLPGPKGDRGDAGPKGADGAPGKDGVRGLTGPIGPPGPAGAPGDKGETGPSGPAGPTGARGAPGD GPPGRDGQPGHKGERGYPGNAGPVGAAGAPGPQGPVGPAGKHGNRGEPGPAGAVGPAGAVGPRGPSGPQGI RGDKGEPGDKGPRGLPGLKGHNGLQGLPGLAGHHGDQGAPGAVGPAGPRGPAGPTGPAGKDGRTGQPGAVG PAGIRGSQGSQGPAGPPGPPGPPGPPGPSGGGYDFGFDGDFYRA QFDGKGGGPGPMGLMGPRGPPGASGAPGPQGFQGPPGEPGEPGQTGPAGARGPPGPPGKAGEDGHPGXPGR PGERGVVGPQGARGFPGTPGLPGFKGIRGHNGLDGLKGQPGAPGVKGEPGAPGENGTPGQTGARGLPGERG RVGAPGPAGARGSDGSVGPVGPAGPIGSAGPPGFPGAPGPKGELGPVGNPGPAGPAGPRGEVGLPGLSGPV AKGEPGPTGIQGPPGPAGEEGKRGARGEPGPAGLPGPPGERGGPGSRGFPGADGVAGPKGPAGERGAPGPA GPKGSPGEAGRPGEAGLPGAKGLTGSPGSPGPDGKTGPPGPAGQDGRPGPPGPPGARGQAGVMGFPGPKGA AGEPGKAGERGVPGPPGAVGPAGKDGEAGAQGPPGPAGPAGERGEQGPAGSPGFQGLPGPAGPPGEAGKPG AGRTGPPGPAGISGPPGPPGPAGKEGLRGPRGDQGPVGRSGETGASGPPGFAGEKGPSGEPGTAGPPGTPG 1336 trees of 59 steps (CI = 0.8136 and RI = 0.7179) PQGLLGAPGFLGLPGSRGERGLPGVAGSVGEPGPLGIAGPPGARGPPGNVGNPGVNGAPGEAGRDGNPGND GPPGRDGQPGHKGERGYPGNAGPVGAVGAPGPQGPVGPAGKHGNRGEPGPAGAVGPAGAVGPRGPSGPQGI Strict consensus tree: L=78 steps, CI=0.6154, RI=0.2308
	GPPGNPGANGLPGAKGAAGLPGVAGAPGLPGPRGIPGPVGAAGATGARGLVGEPGPAGSKGESGNKGEPGA EQGVPGDLGAPGPSGARGERGFPGERGVQGPPGPAGPRGANGAPGNDGAKGDAGAPGAPGSQGAPGLQGMP RGDKGEPGDKGPRGLPGLKGHNGLQGLPGLAGHHGDQGAPGAVGPAGPRGPAGPTGPAGKDGRAGQPGAVG GPPGNPGANGLPGAKGAAGLPGVAGAPGLPGPRGIPGPVGAAGATGARGLVGEPGPAGSKGESGNKGEPGA GERGAAGLPGPKGDRGDAGPKGADGAPGKDGVRGLTGPIGPPGPAGAPGDKGETGPSGPAGPTGARGAPGD DSGRPGEPGLMGPRGFPGSPGNIGPAGKEGPAGLPGIDGRPGPIGPAGARGEPGNIGFPGPKGPTGDPGKA RGEPGPPGPAGFAGPPGADGQPGAKGEPGDAGAKGDAGPPGPAGPAGPPGPIGNVGAPGPKGARGSAGPPG GPPGNPGANGLPGAKGAAGLPGVAGAPGLPGPRGIPGPVGAAGATGARGLVGEPGPAGSKGESGNKGEPGA EQGVPGDLGAPGPSGARGERGFPGERGVQGPPGPAGPRGANGAPGNDGAKGDAGAPGAPGSQGAPGLQGMP RGDKGEPGDKGPRGLPGLKGHNGLQGLPGLAGHHGDQGAPGAVGPAGPRGPAGPTGPAGKDGRTGQPGAVG Majority-rule consensus tree 50%: L=67 steps, CI=0.7167, RI=0.5128
	VGQPGPPGPSGEEGKRGSTGEIGPAGPPGPPGLRGNPGSRGLPGADGRAGVMGPAGSRGATGPAGVRGPNG GERGAAGLPGPKGDRGDAGPKGADGAPGKDGVRGLTGPIGPPGPAGAPGDKGETGPSGPAGPTGARGAPGD PAGIRGSQGSQGPAGPPGPPGPPGPPGPSGGGYDFGFDGDFYRA VGQPGPPGPSGEEGKRGSTGEIGPAGPPGPPGLRGNPGSRGLPGADGRAGVMGPAGSRGATGPAGVRGPNG RGEPGPPGPAGFAGPPGADGQPGAKGEPGDAGAKGDAGPPGPAGPAGPPGPIGNVGAPGPKGARGSAGPPG >XP_190000000.1 PREDICTED Alpha 1 chain type I collagen [Ammotragus GEKGHAGLAGPRGAPGPDGNNGAQGPPGLQGVQGGKGEQGPAGPPGFQGLPGPAGTAGEAGKPGERGIPGE ATGFPGAAGRVGPPGPSGNAGPPGPPGPAGKEGSKGPRGETGPAGRPGEVGPPGPPGPAGEKGAPGADGPA >XP_290000000.1 PREDICTED Partial Alpha 1 chain type I collagen VGQPGPPGPSGEEGKRGSTGEIGPAGPPGPPGLRGNPGSRGLPGADGRAGVMGPAGSRGATGPAGVRGPNG GERGAAGLPGPKGDRGDAGPKGADGAPGKDGVRGLTGPIGPPGPAGAPGDKGETGPSGPAGPTGARGAPGD PAGIRGSQGSQGPAGPPGPPGPPGPPGPSGGGYDFGFDGDFYRA
	DSGRPGEPGLMGPRGFPGSPGNIGPAGKEGPVGLPGIDGRPGPIGPAGARGEPGNIGFPGPKGPTGDPGKA GEKGHAGLAGPRGAPGPDGNNGAQGPPGLQGVQGGKGEQGPAGPPGFQGLPGPAGTAGEAGKPGERGIPGE RGEPGPPGPAGFAGPPGADGQPGAKGEPGDAGAKGDAGPPGPAGPAGPPGPIGNVGAPGPKGARGSAGPPG ATGFPGAAGRVGPPGPSGNAGPPGPPGPAGKEGSKGPRGETGPAGRPGEVGPPGPPGPAGEKGAPGADGPA >XP_999999999.1 PREDICTED Alpha 1 chain type I collagen [Ammodorcas DSGRPGEPGLMGPRGFPGSPGNIGPAGKEGPVGLPGIDGRPGPIGPAGARGEPGNIGFPGPKGPTGDPGKA GEKGHAGLAGPRGAPGPDGNNGAQGPPGLQGVQGGKGEQGPAGPPGFQGLPGPAGTAGEAGKPGERGIPGE ATGFPGAAGRVGPPGPSGNAGPPGPPGPAGKEGSKGPRGETGPAGRPGEVGPPGPPGPAGEKGAPGADGPA GAPGTPGPQGIAGQRGVVGLPGQRGERGFPGLPGPSGEPGKQGPSGASGERGPPGPMGPPGLAGPPGESGR lervia] QLSYGYDEKSTGISVPGPMGPSGPRGLPGPPGAPGPQGFQGPPGEPGEPGASGPMGPRGPPGPPGKNGDVG FGLPGPAGARGERGPPGESGAAGPTGPIGSRGPSGPPGPDGNKGEPGVVGAPGTAGPSGPSGLPGERGAAG IPGPKGEKGETGLRGDVGSPGRDGARGAPGAVGAPGPAGANGDRGEAGPAGPAGPAGPRGSPGERGEVGPA GAPGTPGPQGIAGQRGVVGLPGQRGERGFPGLPGPSGEPGKQGPSGASGERGPPGPMGPPGLAGPPGESGR EGAPGAEGSPGRDGAPGAKGDRGETGPAGPPGAPGAPGAPGPVGPAGKSGDRGETGPAGPAGPIGPVGARG [Redunca redunca] QLSYGYDEKSTGISVPGPMGPSGPRGLPGPPGAPGPQGFQGPPGEPGEPGASGPMGPRGPPGPPGKNGDDG DSGRPGEPGLMGPRGFPGSPGNIGPAGKEGPVGLPGIDGRPGPIGPAGARGEPGNIGFPGPKGPTGDPGKA GEKGHAGLAGPRGAPGPDGNNGAQGPPGLQGVQGGKGEQGPAGPPGFQGLPGPAGTAGEAGKPGERGIPGE RGEPGPPGPAGFAGPPGADGQPGAKGEPGDAGAKGDAGPPGPAGPAGPPGPIGNVGAPGPKGARGSAGPPG ATGFPGAAGRVGPPGPSGNAGPPGPPGPAGKEGSKGPRGETGPAGRPGEVGPPGPPGPAGEKGAPGADGPA Alpha 2 chain type I collagen
	FGLPGPAGARGERGPPGESGAAGPAGPIGSRGPSGPPGPDGNKGEPGVVGAPGTAGPSGPSGLPGERGAAG IPGPKGEKGETGLRGDVGSPGRDGARGAPGAVGAPGPAGANGDRGEAGPAGPAGPAGPRGSPGERGEVGPA GPNGFAGPAGAAGQPGAKGERGTKGPKGENGPVGPTGPVGAAGPSGPNGPPGPAGSRGDGGPPGATGFPGA GAPGTPGPQGIAGQRGVVGLPGQRGERGFPGLPGPSGEPGKQGPSGASGERGPPGPMGPPGLAGPPGESGR EGAPGAEGSPGRDGAPGAKGDRGETGPAGPPGAPGAPGAPGPVGPAGKSGDRGETGPAGPAGPIGPVGARG PAGPQGPRGDKGETGEQGDRGIKGHRGFSGLQGPPGPPGSPGEQGPSGASGPAGPRGPPGSAGTPGKDGLN clarkei] QLSYGYDEKSTGISVPGPMGPSGPRGLPGPPGAPGPQGFQGPPGEPGEPGASGPMGPRGPPGPPGKNGDDG EAGKPGRPGERGPPGPQGARGLPGTAGWPGMKGHRGFSGLDGAKGDAGPAGPKGEPGSPGENGAPGQMGPR FGLPGPAGARGERGPPGESGAAGPAGPIGSRGPSGPPGPDGNKGEPGVVGAPGTAGPSGPSGLPGERGAAG IPGPKGEKGETGLRGDVGSPGRDGARGAPGAVGAPGPAGANGDRGEAGPAGPAGPAGPRGSPGERGEVGPA GPNGFAGPAGAAGQPGAKGERGTKGPKGENGPVGPTGPVGAAGPSGPNGPPGPAGSRGDGGPPGATGFPGA EGAPGAEGSPGRDGAPGAKGDRGETGPAGPPGAPGAPGAPGPVGPAGKSGDRGETGPAGPAGPIGPVGARG PAGPQGPRGDKGETGEQGDRGIKGHRGFSGLQGPPGPPGSPGEQGPSGASGPAGPRGPPGSAGTPGKDGLN GLPGPIGPPGPRGRTGDAGPAGPPGPPGPPGPPGPPSGGYDLSFLPQPPQEKAHDGGRYYRA EAGKPGRPGERGPPGPQGARGLPGTAGWPGMKGHRGFSGLDGAKGDAGPAGPKGEPGSPGENGAPGQMGPR GLPGERGRPGAPGPAGARGNDGATGAAGPPGPTGPAGPPGFPGAVGAKGEAGPQGPRGSEGPQGVRGEPGP PGPAGAAGPAGNPGADGQPGAKGANGAPGIAGAPGFPGARGPSGPQGPSGPPGPKGNSGEPGAPGSKGDTG GPNGFAGPAGAAGQPGAKGERGTKGPKGENGPVGPTGPVGAAGPSGPNGPPGPAGSRGDGGPPGATGFPGA AGRTGPPGPAGISGPPGPPGPAGKEGLRGPRGDQGPVGRTGEPGAAGPPGFVGEKGPSGEPGTAGPPGTPG PQGFLGPPGFLGLPGSRGERGLPGVAGSVGEPGPLGIAGPPGARGPPGNVGNPGVNGAPGEAGRDGNPGND PAGPQGPRGDKGETGEQGDRGIKGHRGFSGLQGPPGPPGSPGEQGPSGASGPAGPRGPPGSAGTPGKDGLN GLPGPIGPPGPRGRTGDAGPAGPPGPPGPPGPPGPPSGGYDLSFLPQPPQEKAHDGGRYYRA >XP_260000000.1 PREDICTED Alpha 2 chain type I collagen [Ourebia EAGKPGRPGERGPPGPQGARGLPGTAGLPGMKGHRGFSGLDGAKGDAGPAGPKGEPGSPGENGAPGQMGPR GLPGERGRPGAPGPAGARGNDGATGAAGPPGPTGPAGPPGFPGAVGAKGEAGPQGPRGSEGPQGVRGEPGP PGPAGAAGPAGNPGADGQPGAKGANGAPGIAGAPGFPGARGPSGPQGPSGPPGPKGNSGEPGAPGNKGDTG FGLPGPAGARGERGPPGESGAAGPAGPIGSRGPSGPPGPDGNKGEPGVVGAPGTAGPSGPSGLPGERGAAG IPGPKGEKGETGLRGDVGSPGRDGARGAPGAVGAPGPAGANGDRGEAGPAGPAGPAGPRGSPGERGEVGPA GPNGFAGPAGAAGQPGAKGERGTKGPKGENGPVGPTGPVGAAGPSGPNGPPGPAGSRGDGGPPGATGFPGA GAPGTPGPQGIAGQRGVVGLPGQRGERGFPGLPGPSGEPGKQGPSGASGERGPPGPMGPPGLAGPPGESGR 25 taxa (species) with 2 outgroups (Sus scrofa and Lipotes vexillifer) EGAPGAEGSPGRDGAPGAKGDRGETGPAGPPGAPGAPGAPGPVGPAGKSGDRGETGPAGPAGPIGPVGARG PAGPQGPRGDKGETGEQGDRGIKGHRGFSGLQGPPGPPGSPGEQGPSGASGPAGPRGPPGSAGTPGKDGLN 1040 characters : 949 constant sites (91%)
	AGRTGPPGPAGISGPPGPPGPAGKEGLRGPRGDQGPVGRTGETGASGPPGFAGEKGPSGEPGTAGPPXTPG GLPGPIGPPGPRGRTGDAGPAGPPGPPGPPGPPGPPSGGYDLSFLPQPPQEKAHDGGRYYRA GLPGERGRPGAPGPAGARGNDGATGAAGPPGPTGPAGPPGFPGAMGAKGEAGPQGPRGSEGPQGVRGEPGP AGRTGPPGPAGISGPPGPPGPAGKEGLRGPRGDQGPVGRTGETGASGPPGFAGEKGPSGEPGTAGPPGTPG >XP_160000000.1 PREDICTED Alpha 2 chain type I collagen [Nanger granti] AKGEPGPTGIQGPPGPAGEEGKRGARGEPGPAGLPGPPGERGGPGSRGFPGSDGVAGPKGPAGERGAPGPA GPPGRDGQPGHKGERGYPGNAGPVGAAGAPGPQGPVGPTGKHGSRGEPGPVGAVGPAGAVGPRGPSGPQGI ourebi] AKGEPGPTGIQGPPGPAGEEGKRGARGEPGPAGLPGPPGERGGPGSRGFPGADGVAGPKGPAGERGAPGPA AGRTGPPGPAGISGPPGPPGPAGKEGLRGPRGDQGPVGRTGETGASGPPGFAGEKGPSGEPGTAGPPGTPG GLPGPIGPPGPRGRTGDAGPAGPPGPPGPPGPPGPPSGGYDLSFLPQPPQEKAHDGGRYYRA 53 variables sites non-informative
	PQGLLGAPGFLGLPGSRGERGLPGVAGSVGEPGPLGIAGPPGARGPPGNVGNPGVNGAPGEAGRDGNPGND GPPGRDGQPGHKGERGYPGNAGPVGAAGAPGPQGPVGPAGKHGNRGEPGPAGAVGPAGAVGPRGPSGPQGI >XP_666666666.1 PREDICTED Alpha 2 chain type I collagen [Addax nasomaculatus] PGPAGAAGPAGNPGADGQPGAKGANGAPGIAGAPGFPGARGPSGPQGPSGPPGPKGNSGEPGAPGSKGDTG AKGEPGPTGIQGPPGPAGEEGKRGARGEPGPAGLPGPPGERGGPGSRGFPGSDGVAGPKGPAGERGAPGPA PQGLLGAPGFLGLPGSRGERGLPGVAGSVGEPGPLGIAGPPGARGPPGNVGNPGVNGAPGEAGRDGNPGND GPPGRDGQPGHKGERGYPGNAGPVGAVGAPGPQGPVGPAGKHGNRGEPGPAGAVGPAGAVGPRGPSGPQGI QFDGKGGGPGPMGLMGPRGPPGASGAPGPQGFQGPPGEPGEPGQTGPAGARGPPGPPGKAGEDGHPGXPGR PGERGVVGPQGARGFPGTPGLPGFKGIRGHNGLDGLKGQPGAPGVKGEPGAPGENGTPGQTGARGLPGERG GPKGSPGEAGRPGEAGLPGAKGLTGSPGSPGPDGKTGPPGPAGQDGRPGPPGPPGARGQAGVMGFPGPKGA AGEPGKAGERGVPGPPGAVGPAGKDGEAGAQGPPGPAGPAGERGEQGPAGSPGFQGLPGPAGPPGEAGKPG RGDKGEPGDKGPRGLPGLKGHNGLQGLPGLAGHHGDQGAPGAVGPAGPRGPAGPTGPAGKDGRTGQPGAVG PAGIRGSQGSQGPAGPPGPPGPPGPPGPSGGGYDFGFDGDFYRA QFDGKGGGPGPMGLMGPRGPPGASGAPGPQGFQGPPGEPGEPGQTGPAGARGPPGPPGKAGEDGHPGXPGR PGERGVVGPQGARGFPGTPGLPGFKGIRGHNGLDGLKGQPGAPGVKGEPGAPGENGTPGQTGARGLPGERG GPKGSPGEAGRPGEAGLPGAKGLTGSPGSPGPDGKTGPPGPAGQDGRPGPPGPPGARGQAGVMGFPGPKGA AGEPGKAGERGVPGPPGAVGPAGKDGEAGAQGPPGPAGPAGERGEQGPAGSPGFQGLPGPAGPPGEAGKPG PQGLLGAPGFLGLPGSRGERGLPGVAGSVGEPGPLGIAGPPGARGPPGNVGNPGVNGAPGEAGRDGNPGND GPPGRDGQPGHKGERGYPGNAGPVGAVGAPGPQGPVGPAGKHGNRGEPGPAGAVGPAGAVGPRGPSGPQGI >XP_360000000.1 PREDICTED Alpha 2 chain type I collagen [Nanger sommerringi] 38 informative sites
	RGDKGEPGDKGPRGLPGIKGHNGLQGLPGLAGHHGDQGAPGAVGPAGPRGPAGPTGPAGKDGRTGQPGAVG PAGIRGSQGSQGPAGPPGPPGPPGPXGPSGGGYDFGFDGDFYRA QFDGKGGGPGPMGLMGPRGPPGASGAPGPQGFQGPPGEPGEPGQTGPAGARGPPGPPGKAGEDGHPGXPGR PGERGVVGPQGARGFPGTPGLPGFKGIRGHNGLDGLKGQPGAPGVKGEPGAPGENGTPGQTGARGLPGERG GPKGSPGEAGRPGEAGLPGAKGLTGSPGSPGPDGKTGPPGPAGQDGRPGPPGPPGARGQAGVMGFPGPKGA AGEPGKAGERGVPGPPGAVGPAGKDGEAGAQGPPGPAGPAGERGEQGPAGSPGFQGLPGPAGPPGEAGKPG RGDKGEPGDKGPRGLPGLKGHNGLQGLPGLAGHHGDQGAPGAVGPAGPRGPAGPTGPAGKDGRTGQPGAVG PAGIRGSQGSQGPAGPPGPPGPPGPPGPSGGGYDFGFDGDFYRA RVGAPGPAGARGSDGSVGPVGPAGPIGSAGPPGFPGAPGPKGELGPVGNPGPAGPAGPRGEVGLPGLSGPV GPPGNPGANGLPGAKGAAGLPGVAGAPGLPGPRGIPGPVGAAGATGARGLVGEPGPAGSKGESGNKGEPGA EQGVPGDLGAPGPSGARGERGFPGERGVQGPPGPAGPRGANGAPGNDGAKGDAGAPGAPGSQGAPGLQGMP GERGAAGLPGPKGDRGDAGPKGADGAPGKDGVRGLTGPIGPPGPAGAPGDKGETGPSGPAGPTGARGAPGD >XP_230000000.1 PREDICTED Alpha 1 chain type I collagen [Oreotragus RVGAPGPAGARGSDGSVGPVGPAGPIGSAGPPGFPGAPGPKGELGPVGNPGPAGPAGPRGEVGLPGLSGPV GPPGNPGANGLPGAKGAAGLPGVAGAPGLPGPRGIPGPVGAAGATGARGLVGEPGPAGSKGESGNKGEPGA EQGVPGDLGAPGPSGARGERGFPGERGVQGPPGPAGPRGANGAPGNDGAKGDAGAPGAPGSQGAPGLQGMP GERGAAGLPGPKGDRGDAGPKGADGAPGKDGVRGLTGPIGPPGPAGAPGDKGETGPSGPAGPTGARGAPGD RGDKGEPGDKGPRGLPGLKGHNGLQGLPGLAGHHGDQGAPGAVGPAGPRGPAGPTGPAGKDGRTGQPGAVG PAGIRGSQGSQGPAGPPGPPGPPGPPGPSGGGYDFGFDGDFYRA QFDGKGGGPGPMGLMGPRGPPGASGAPGPQGFQGPPGEPGEPGQTGPAGARGPPGPPGKAGEDGHPGKPGR PGERGVVGPQGARGFPGTPGLPGFKGIRGHNGLDGLKGQPGAPGVKGEPGAPGENGTPGQTGARGLPGERG Comparison of sequences 2 by 2:
	>XP_333333333 PREDICTED Alpha 1 chain type I collagen [Antidorcas marsupialis] QLSYGYDEKSTGISVPGPMGPSGPRGLPGPPGAPGPQGFQGPPGEPGEPGASGPMGPRGPPGPPGKNGDDG RVGAPGPAGARGSDGSVGPVGPAGPIGSAGPPGFPGAPGPKGELGPVGNPGPAGPAGPRGEVGLPGLSGPV GPPGNPGANGLPGAKGAAGLPGVAGAPGLPGPRGIPGPVGAAGATGARGLVGEPGPAGSKGESGNKGEPGA VGQPGPPGPSGEEGKRGSTGEIGPAGPPGPPGLRGNPGSRGLPGADGRAGGMGPAGSRGATGPAGVRGPNG DSGRPGEPGLMGPRGFPGSPGNIGPAGKEGPAGLPGIDGRPGPIGPAGARGEPGNIGFPGPKGPTGDPGKA EQGVPGDLGAPGPSGARGERGFPGERGVQGPPGPAGPRGANGAPGNDGAKGDAGAPGAPGSQGAPGLQGMP GERGAAGLPGPKGDRGDAGPKGADGAPGKDGVRGLTGPIGPPGPAGAPGDKGETGPSGPAGPTGARGAPGD RGEPGPPGPAGFAGPPGADGQPGAKGEPGDAGAKGDAGPPGPAGPAGPPGPIGNVGAPGPKGARGSAGPPG ATGFPGAAGRVGPPGPSGNAGPPGPPGPAGKEGSKGPRGETGPAGRPGEVGPPGPPGPAGEKGAPGADGPA >XP_130000000.1 PREDICTED Alpha 1 chain type I collagen [Gazella dorcas] QLSYGYDEKSTGISVPGPMGPSGPRGLPGPPGAPGPQGFQGPPGEPGEPGASGPMGPRGPPGPPGKNGDDG VGQPGPPGPSGEEGKRGSTGEIGPAGPPGPPGLRGNPGSRGLPGADGRAGVMGPAGSRGATGPAGVRGPNG DSGRPGEPGLMGPRGFPGSPGNIGPAGKEGPVGLPGIDGRPGPIGPAGARGEPGNIGFPGPKGPTGDPGKA GEKGHAGLAGPRGAPGPDGNNGAQGPPGLQGVQGGKGEQGPAGPPGFQGLPGPAGTAGEAGKPGERGIPGE FGLPGPAGARGERGPPGESGAAGPAGPIGSRGPSGPPGPDGNKGEPGVVGAPGTAGPSGPSGLPGERGAAG RGEPGPPGPAGFAGPPGADGQPGAKGEPGDAGAKGDAGPPGPAGPAGPPGPIGNVGAPGPKGARGSAGPPG ATGFPGAAGRVGPPGPSGNAGPPGPPGPAGKEGSKGPRGETGPAGRPGEVGPPGPPGPAGEKGAPGADGPA GAPGTPGPQGIAGQRGVVGLPGQRGERGFPGLPGPSGEPGKQGPSGASGERGPPGPMGPPGLAGPPGESGR EGAPGAEGSPGRDGAPGAKGDRGETGPAGPPGAPGAPGAPGPVGPAGKSGDRGETGPAGPAGPIGPVGARG oreotragus] QLSYGYDEKSAGISVPGPMGPSGPRGLPGPPGAPGPQGFQGPPGEPGEPGASGPMGPRGPPGPPGKNGDDG EAGKPGRPGERGPPGPQGARGLPGTAGWPGMKGHRGFSGLDGAKGDAGPAGPKGEPGSPGENGAPGQMGPR GLPGERGRPGAPGPAGARGNDGATGAAGPPGPTGPAGPPGFPGAMGAKGEAGPQGPRGSEGPQGVRGEPGP VGQPGPPGPSGEEGKRGSTGEIGPAGPPGPPGLRGNPGSRGLPGADGRAGVMGPAGSRGATGPAGVRGPNG DSGRPGEPGLMGPRGFPGSPGNIGPAGKEGPVGLPGIDGRPGPIGPAGARGEPGNIGFPGPKGPTGDPGKA GEKGHAGLAGPRGAPGPDGNNGAQGPPGLQGVQGGKGEQGPAGPPGFQGLPGPAGTAGEAGKPGERGIPGE FGLPGPAGARGERGPPGESGAAGPAGPIGSRGPSGPPGPDGNKGEPGVVGAPGTAGPSGPSGLPGERGAAG RGEPGPPGPAGFAGPPGADGQPGAKGEPGDAGAKGDAGPPGPAGPAGPPGPIGNVGAPGPKGARGSAGPPG ATGFPGAAGRVGPPGPSGNAGPPGPPGPAGKEGSKGPRGETGPAGRPGEVGPPGPPGPAGEKGAPGADGPA GAPGTPGPQGIAGQRGVVGLPGQRGERGFPGLPGPSGEPGKQGPSGASGERGPPGPMGPPGLAGPPGESGR EGAPGAEGSPGRDGAPGAKGDRGETGPAGPPGAPGAPGAPGPVGPAGKSGDRGETGPAGPAGPIGPVGARG >XP_330000000.1 PREDICTED Alpha 1 chain type I collagen [Tragelaphus scriptus] QLSYGYDEKSTGISVPGPMGPSGPRGLPGPPGAPGPQGFQGPPGEPGEPGASGPMGPRGPPGPPGKNGDDG RVGAPGPAGARGSDGSVGPVGPAGPIGSAGPPGFPGAPGPKGELGPVGNPGPAGPAGPRGEVGLPGLSGPV Identical sequences for several species GPPGNPGANGLPGAKGAAGLPGVAGAPGLPGPRGIPGPVGAAGATGARGLVGEPGPAGSKGESGNKGEPGA Ammodorcas clarkei = Nanger granti = Ourebia ourebi = Eudorcas rufifrons= Nanger VGQPGPPGPSGEEGKRGSTGEIGPAGPPGPPGLRGNPGSRGLPGADGRAGVMGPAGSRGATGPAGVRGPNG DSGRPGEPGLMGPRGFPGSPGNIGPAGKEGPVGLPGIDGRPGPIGPAGARGEPGNIGFPGPKGPTGDPGKA sommerringii
	EAGKPGRPGERGPPGPQGARGLPGTAGWPGMKGHRGFSGLDGAKGDAGPAGPKGEPGSPGENGAPGQMGPR GEKGHAGLAGPRGAPGPDGNNGAQGPPGLQGVQGGKGEQGPAGPPGFQGLPGPAGTAGEAGKPGERGIPGE GAPGTPGPQGIAGQRGVVGLPGQRGERGFPGLPGPSGEPGKQGPSGASGERGPPGPMGPPGLAGPPGESGR EAGKPGRPGERGPPGPQGARGLPGTAGWPGMKGHRGFSGLDGAKGDAGPAGPKGEPGSPGENGAPGQMGPR IPGPKGEKGETGLRGDVGSPGRDGARGAPGAVGAPGPAGANGDRGEAGPAGPAGPAGPRGSPGERGEVGPA PAGPQGPRGDKGETGEQGDRGIKGHRGFSGLQGPPGPPGSPGEQGPSGASGPAGPRGPPGSAGTPGKDGLN PGPAGAAGPAGNPGADGQPGAKGANGAPGIAGAPGFPGARGPSGPQGPSGPPGPKGNSGEPGAPGNKGDTG IPGPKGEKGETGLRGDVGSPGRDGARGAPGAVGAPGPAGANGDRGEAGPAGPAGPAGPRGSPGERGEVGPA PAGPQGPRGDKGETGEQGDRGIKGHRGFSGLQGPPGPPGSPGEQGPSGASGPAGPRGPPGSAGTPGKDGLN EAGKPGRPGERGPPGPQGARGLPGTAGLPGMKGHRGFSGLDGAKGDAGPAGPKGEPGSPGENGAPGQMGPR GEKGHAGLAGPRGAPGPDGNNGAQGPPGLQGVQGGKGEQGPAGPPGFQGLPGPAGTAGEAGKPGERGIPGE
	GLPGERGRPGAPGPAGARGNDGATGAAGPPGPTGPAGPPGFPGAVGAKGEAGPQGPRGSEGPQGVRGEPGP PGPAGAAGPAGNPGADGQPGAKGANGAPGIAGAPGFPGARGPSGPQGPSGPPGPKGNSGEPGAPGSKGDTG FGLPGPAGARGERGPPGESGAAGPTGPIGSRGPSGPPGPDGNKGEPGVVGAPGTAGPSGPSGLPGERGAAG IPGGKGEKGETGLRGDVGSPGRDGARGAPGAVGAPGPAGANGDRGEAGPAGPAGPAGPRGSPGERGEVGPA EGAPGAEGSPGRDGAPGAKGDRGETGPAGPPGAPGAPGAPGPVGPAGKSGDRGETGPAGPAGPIGPVGARG PAGPQGPRGDKGETGEQGDRGIKGHRGFSGLQGPPGPPGSPGEQGPSGASGPAGPRGPPGSAGTPGKDGLN GLPGERGRPGAPGPAGARGNDGATGAAGPPGPTGPAGPPGFPGAVGAKGEAGPQGPRGSEGPQGVRGEPGP PGPAGAAGPAGNPGADGQPGAKGANGAPGIAGAPGFPGARGPSGPQGPSGPPGPKGNSGEPGAPGSKGDTG GPNGFAGPAGAAGQPGAKGERGTKGPKGENGPVGPTGPVGAAGPSGPNGPPGPAGSRGDGGPPGATGFPGA AGRTGPPGPAGISGPPGPPGPAGKEGLRGPRGDQGPVGRTGETGASGPPGFAGEKGPSGEPGTAGPPGTPG GLPGPIGPPGPRGRTGDAGPAGPPGPPGPPGPPGPPSGGYDLSFLPQPPQEKAHDGGRYYRA >XP_200000000.1 PREDICTED Alpha 2 chain type I collagen [Ammotragus AKGEPGPTGIQGPPGPAGEEGKRGARGEPGPAGLPGPPGERGGPGSRGFPGSDGVAGPKGPAGERGAPGPA GPKGSPGEAGRPGEAGLPGAKGLTGSPGSPGPDGKTGPPGPAGQDGRPGPPGPPGARGQAGVMGFPGPKGA GPNGFAGPAGAAGQPGAKGERGTKGPKGENGPVGPTGPVGAAGPSGPNGPPGPAGSRGDGGPPGATGFPGA AGRTGPPGPAGISGPPGPPGPAGKEGLRGPRGDQGPVGRTGETGASGPPGFAGEKGPSGEPGTAGPPGTPG GLPGPIGPPGPRGRTGDAGPAGPPGPPGPPGPPGPPSGGYDLSFLPQPPQEKAHDGGRYYRA >XP_300000000.1 PREDICTED Alpha 2 chain type I collagen [Redunca GLPGERGRPGAPGPAGARGNDGATGAAGPPGPTGPAGPPGFPGAVGAKGEAGPQGPRGSEGPQGVRGEPGP PGPAGAAGPAGNPGADGQPGAKGANGAPGIAGAPGFPGARGPSGPQGPSGPPGPKGNSGEPGAPGSKGDTG FGLPGPAGARGERGPPGESGAAGPAGPIGSRGPSGPPGPDGNKGEPGVVGAPGTAGPSGPSGLPGERGAAG IPGPKGEKGETGLRGDVGSPGRDGARGAPGAVGAPGPAGANGDRGEAGPAGPAGPAGPRGSPGERGEVGPA Heuristic search (option Random stepwise addition 1000 replicates, TBR Branch swapping):
	AKGEPGPTGIQGPPGPAGEEGKRGARGEPGPAGLPGPPGERGGPGSRGFPGADGVAGPKGPAGERGAPGPA GPNGFAGPAGAAGQPGAKGERGTKGPKGENGPVGPTGPVGAAGPSGPNGPPGPAGSRGDGGPPGATGFPGA GLPGPIGPPGPRGRTGDAGPAGPPGPPGPPGPPGPPSGGYDLSFLPQPPQEKAHDGGRYYRA AKGEPGPTGIQGPPGPAGEEGKRGARGEPGPAGLPGPPGERGGPGSRGFPGADGVAGPKGPAGERGAPGPA PQGLLGAPGFLGLPGSRGERGLPGVAGSVGEPGPLGIAGPPGARGPPGNVGNPGVNGAPGEAGRDGNPGND lervia] AGEPGKAGERGVPGPPGAVGPAGKDGEAGAQGPPGPAGPAGERGEQGPAGSPGFQGLPGPAGPPGEAGKPG PQGLLGAPGFLGLPGSRGERGLPGVAGSVGEPGPLGIAGPPGARGPPGNVGNPGVNGAPGEAGRDGNPGND redunca] AKGEPGPTGIQGPPGPAGEEGKRGARGEPGPAGLPGPPGERGGPGSRGFPGSDGVAGPKGPAGERGAPGPA GPNGFAGPAGAAGQPGAKGERGTKGPKGENGPVGPTGPVGAAGPSGPNGPPGPAGSRGDGGPPGATGFPGA 2014 trees of 131 steps (CI = 0.8168 and RI = 0.7913)
	helical regions for both chains of type I collagen, meaning that sequences were reduced to amino GPKGSPGEAGRPGEAGLPGAKGLTGSPGSPGPDGKTGPPGPAGQDGRPGPPGPPGARGQAGVMGFPGPKGA AGEPGKAGERGVPGPPGAVGPAGKDGEAGAQGPPGPAGPAGERGEQGPAGSPGFQGLPGPAGPPGEAGKPG EQGVPGDLGAPGPSGARGERGFPGERGVQGPPGPAGPRGANGAPGNDGAKGDAGAPGAPGSQGAPGLQGMP AGRTGPPGPAGISGPPGPPGPAGKEGLRGPRGDQGPVGRSGETGASGPPGFAGEKGPSGEPGTAGPPGTPG PQGLLGAPGFLGLPGSRGERGLPGVAGSVGEPGPLGIAGPPGARGPPGNVGNPGVNGAPGEAGRDGNPGND GPPGRDGQPGHKGERGYPGNAGPVGAAGAPGPQGPVGPAGKHGNRGEPGPAGAVGPAGAVGPRGPSGPQGI >XP_100000000.1 PREDICTED Alpha 2 chain type I collagen [Ammodorcas clarkei] QFDGKGGGPGPMGLMGPRGPPGASGAPGPQGFQGPPGEPGEPGQTGPAGARGPPGPPGKAGEDGHPGXPGR GPKGSPGEAGRPGEAGLPGAKGLTGSPGSPGPDGKTGPPGPAGQDGRPGPPGPPGARGQAGVMGFPGPKGA AGEPGKAGERGVPGPPGAVGPAGKDGEAGAQGPPGPAGPAGERGEQGPAGSPGFQGLPGPAGPPGEAGKPG EQGVPGDLGAPGPSGARGERGFPGERGVQGPPGPAGPRGANGAPGNDGAKGDAGAPGAPGSQGAPGLQGMP GPPGRDGQPGHKGERGYPGNAGPVGAVGAPGPQGPVGPAGKHGNRGEPGPAGAVGPAGAVGPRGPSGPQGI RGDKGEPGDKGPRGLPGLKGHNGLQGLPGLAGHHGDQGAPGAVGPAGPRGPAGPTGPAGKDGRTGQPGAVG PAGIRGSQGSQGPAGPPGPPGPPGPPGPSGGGYDFGFDGDFYRA QFDGKGGGPGPMGLMGPRGPPGASGAPGPQGFQGPPGEPGEPGQTGPAGARGPPGPPGKAGEDGHPGXPGR PGERGVVGPQGARGFPGTPGLPGFKGIRGHNGLDGLKGQPGAPGVKGEPGAPGENGTPGQTGARGLPGERG RVGAPGPAGARGSDGSVGPVGPAGPIGSAGPPGFPGAPGPKGELGPVGNPGPAGPAGPRGEVGLPGLSGPV EQGVPGDLGAPGPSGARGERGFPGERGVQGPPGPAGPRGANGAPGNDGAKGDAGAPGAPGSQGAPGLQGMP GERGAAGLPGPKGDRGDAGPKGADGAPGKDGVRGLTGPIGPPGPAGAPGDKGETGPSGPAGPTGARGAPGD RGEPGPPGPAGFAGPPGADGQPGAKGEPGDAGAKGDAGPPGPAGPAGPPGPIGNVGAPGPKGARGSAGPPG GPPGRDGQPGHKGERGYPGNAGPVGAVGAPGPQGPVGPAGKHGNRGEPGPAGAVGPAGAVGPRGPSGPQGI RGDKGEPGDKGPRGLPGLKGHNGLQGLPGLAGHHGDQGAPGAVGPAGPRGPAGPTGPAGKDGRTGQPGAVG PAGIRGSQGSQGPAGPPGPPGPPGPPGPSGGGYDFGFDGDFYRA QFDGKGGGPGPMGLMGPRGPPGASGAPGPQGFQGPPGEPGEPGQTGPAGARGPPGPPGKAGEDGHPGXPGR PGERGVVGPQGARGFPGTPGLPGFKGIRGHNGLDGLKGQPGAPGVKGEPGAPGENGTPGQTGARGLPGERG RVGAPGPAGARGSDGSVGPVGPAGPIGSAGPPGFPGAPGPKGELGPVGNPGPAGPAGPRGEVGLPGLSGPV GPKGSPGEAGRPGEAGLPGAKGLTGSPGSPGPDGKTGPPGPAGQDGRPGPPGPPGARGQAGVMGFPGPKGA AGEPGKAGERGVPGPPGAVGPAGKDGEAGAQGPPGPAGPAGERGEQGPAGSPGFQGLPGPAGPPGEAGKPG EQGVPGDLGAPGPSGARGERGFPGERGVQGPPGPAGPRGANGAPGNDGAKGDAGAPGAPGSQGAPGLQGMP AGRTGPPGPAGISGPPGPPGPAGKEGLRGPRGDQGPVGRTGETGASGPPGFAGEKGPSGEPGTAGPPGTPG Strict consensus tree: L=145 steps, CI=0.7379, RI=0.6696 PQGXLGXPGFLGLPGSRGERGLPGVAGSVGEPGPLGIAGPPGARGPPGNVGNPGVNGAPGEAGRDGNPGND GPPGRDGQPGHKGERGYPGNAGPVGAVGAPGPQGPVGPAGKHGNRGEPGPAGAVGPAGAVGPRGPSGPQGI Majority-rule consensus tree 50%: L=132 steps, CI=0.8106, RI=0.7826
	GERGAAGLPGPKGDRGDAGPKGADGAPGKDGVRGLTGPIGPPGPAGAPGDKGETGPSGPAGPTGARGAPGD RGDKGEPGDKGPRGLPGLKGHNGLQGLPGLAGHHGDQGAPGAVGPAGPRGPAGPTGPAGKDGRTGQPGAVG PGERGVVGPQGARGFPGTPGLPGFKGIRGHNGLDGLKGQPGAPGVKGEPGAPGENGTPGQTGARGLPGERG GERGAAGLPGPKGDRGDAGPKGADGAPGKDGVRGLTGPIGPPGPAGAPGDKGETGPSGPAGPTGARGAPGD GPPGNPGANGLPGAKGAAGLPGVAGAPGLPGPRGIPGPVGAAGATGARGLVGEPGPAGSKGESGNKGEPGA ATGFPGAAGRVGPPGPSGNAGPPGPPGPAGKEGSKGPRGETGPAGRPGEVGPPGPPGPAGEKGAPGADGPA GPPGNPGANGLPGAKGAAGLPGVAGAPGLPGPRGIPGPVGAAGATGARGLVGEPGPAGSKGESGNKGEPGA GERGAAGLPGPKGDRGDAGPKGADGAPGKDGVRGLTGPIGPPGPAGAPGDKGETGPSGPAGPTGARGAPGD RGDKGEPGDKGPRGLPGLKGHNGLQGLPGLAGHHGDQGAPGAVGPAGPRGPAGPTGPAGKDGRTGQPGAVG acids comprised between positions 162 and 1217, and between positions 80 and 1117 respectively for COL1A1 and COL1A2. Cladograms were then generated, and amino acids RGEPGPPGPAGFAGPPGADGQPGAKGEPGDAGAKGDAGPPGPAGPAGPPGPIGNVGAPGPKGARGSAGPPG ATGFPGAAGRVGPPGPSGNAGPPGPPGPAGKEGSKGPRGETGPAGRPGEVGPPGPPGPAGEKGAPGADGPA GAPGTPGPQGIAGQRGVVGLPGQRGERGFPGLPGPSGEPGKQGPSGASGERGPPGPMGPPGLAGPPGESGR PAGIRGSQGSQGPAGPPGPPGPPGPPGPSGGGYDFGFDGDFYRA >XP_777777777.1 PREDICTED Alpha 1 chain type I collagen [Pelea RVGAPGPAGARGSDGSVGPVGPAGPIGSAGPPGFPGAPGPKGELGPVGNPGPAGPAGPRGEVGLPGLSGPV GPPGNPGANGLPGAKGAAGLPGVAGAPGLPGPRGIPGPVGAAGATGARGLVGEPGPAGSKGESGNKGEPGA VGQPGPPGPSGEEGKRGSTGEIGPAGPPGPPGLRGNPGSRGLPGADGRAGVMGPAGSRGATGPAGVRGPNG RGEPGPPGPAGFAGPPGADGQPGAKGEPGDAGAKGDAGPPGPAGPAGPPGPIGNVGAPGPKGARGSAGPPG ATGFPGAAGRVGPPGPSGNAGPPGPPGPAGKEGSKGPRGETGPAGRPGEVGPPGPPGPAGEKGAPGADGPA GAPGTPGPQGIAGQRGVVGLPGQRGERGFPGLPGPSGEPGKQGPSGASGERGPPGPMGPPGLAGPPGESGR >XP_170000000.1 PREDICTED Partial Alpha 1 chain type I collagen [Tragelaphus imberbis] QLSYGYDEKSTGISVPGPMGPSGPRGLPGPPGAPGPQGFQGPPGEPGEPGASGPMGPRGPPGPPGKNGDDG VGQPGPPGPSGEEGKRGSTGEIGPAGPPGPPGLRGNPGSRGLPGADGRAGVMGPAGSRGATGPAGVRGPNG DSGRPGEPGLMGPRGFPGSPGNIGPAGKEGPAGLPGIDGRPGPIGPAGARGEPGNIGFPGPKGPTGDPGKA GEKGHAGLAGPRGAPGPDGNNGAQGPPGLQGVQGGKGEQGPAGPPGFQGLPGPAGTAGEAGKPGERGIPGE GAPGTPGPQGIAGQRGVVGLPGQRGERGFPGLPGPSGEPGKQGPSGASGERGPPGPMGPPGLAGPPGESGR EGAPGAEGSPGRDGAPGAKGDRGETGPAGPPGAPGAPGAPGPVGPAGKSGDRGETGPAGPAGPIGPVGARG PAGPQGPRGDKGETGEQGDRGIKGHRGFSGLQGPPGPPGSPGEQGPSGASGPAGPRGPPGSAGTPGKDGLN >XP_270000000.1 PREDICTED Alpha 1 chain type I collagen [Raphicerus campestris] QLSYGYDEKSTGISVPGPMGPSGPRGLPGPPGAPGPQGFQGPPGEPGEPGASGPMGPRGPPGPPGKNGDDG VGQPGPPGPSGEEGKRGSTGEIGPAGPPGPPGLRGNPGSRGLPGADGRAGVMGPAGSRGATGPAGVRGPNG DSGRPGEPGLMGPRGFPGSPGNIGPAGKEGPVGLPGIDGRPGPIGPAGARGEPGNIGFPGPKGPTGDPGKA GEKGHAGLAGPRGAPGPDGNNGAQGPPGLQGVQGGKGEQGPAGPPGFQGLPGPAGTAGEAGKPGERGIPGE RGEPGPPGPAGFAGPPGADGQPGAKGEPGDAGAKGDAGPPGPAGPAGPPGPIGNVGAPGPKGARGSAGPPG PAGIRGSQGSQGPAGPPGPPGPPGPPGPSGGGYDFGFDGDFYRA Alpha 1 and alpha 2 chains of type I collagen ATGFPGAAGRVGPPGPSGNAGPPGPPGPVGKEGSKGPRGETGPAGRPGEVGPPGPPGPAGEKGAPGADGPA GAPGTPGPQGIAGQRGVVGLPGQRGERGFPGLPGPSGEPGKQGPSGASGERGPPGPMGPPGLAGPPGESGR >XP_370000000.1 PREDICTED Partial Alpha 1 chain type I collagen 25 taxa (species) with 2 outgroups (Sus scrofa and Lipotes vexillifer) substitutions added to each node. EGAPGAEGSPGRDGAPGAKGDRGETGPAGPPGAPGAPGAPGPVGPAGKSGDRGETGPAGPAGPIGPVGARG PAGPQGPRGDKGETGEQGDRGIKGHRGFSGLQGPPGPPGSPGEQGPSGASGPAGPRGPPGSAGTPGKDGLN GLPGPIGPPGPRGRTGDAGPAGPPGPPGPPGPPGPPSGGYDLSFLPQPPQEKAHDGGRYYRAK capreolus] QLSYGYDEKSTGISVPGPMGPSGPRGLPGPPGAPGPQGFQGPPGEPGEPGASGPMGPRGPPGPPGKNGDDG EAGKPGRPGERGPPGPQGARGLPGTAGWPGMKGHRGFSGLDGAKGDAGPAGPKGEPGSPGENGAPGQMGPR DSGRPGEPGLMGPRGFPGSPGNIGPAGKEGPVGLPGIDGRPGPIGPAGARGEPGNIGFPGPKGPTGDPGKA GEKGHAGLAGPRGAPGPDGNNGAQGPPGLQGVQGGKGEQGPAGPPGFQGLPGPAGTAGEAGKPGERGIPGE FGLPGPAGARGERGPPGESGAAGPAGPIGSRGPSGPPGPDGNKGEPGVVGAPGTAGPSGPSGLPGERGAAG EGAPGAEGSPGRDGAPGAKGDRGETGPAGPPGAPGAPGAPGPVGPAGKSGDRGETGPAGPAGPIGPVGARG PAGPQGPRGDKGETGEQGDRGIKGHRGFSGLQGPPGPPGSPGEQGPSGASGPAGPRGPPGSAGTPGKDGLN GLPGPIGPPGPRGRTGDAGPAGPPGPPGPPGPPGPPSGGYDLSFLPQPPQEKAHDGGRYYRA EAGKPGRPGERGPPGPQGARGLPGTAGWPGMKGHRGFSGLDGAKGDAGPAGPKGEPGSPGENGAPGQMGPR GLPGERGRPGAPGPAGARGNDGATGAAGPPGPTGPAGPPGFPGAVGAKGEAGPQGPRGSEGPQGVRGEPGP PGPAGAAGPAGNPGADGQPGAKGANGAPGIAGAPGFPGARGPSGPQGPSGPPGPKGNSGEPGAPGSKGDTG FGLPGPAGARGERGPPGESGAAGPTGPIGSRGPSGPPGPDGNKGEPGVVGAPGTAGPSGPSGLPGERGAAG IPGPKGEKGETGLRGDVGSPGRDGARGAPGAVGAPGPAGANGDRGEAGPAGPAGPAGPRGSPGERGEVGPA GPNGFAGPAGAAGQPGAKGERGTKGPKGENGPVGPTGPVGAAGPSGPNGPPGPAGSRGDGGPPGATGFPGA GLPGPIGPPGPRGRTGDAGPAGPPGPPGPPGPPGPPSGGYDLSFLPQPPQEKAHDGGRYYRA >XP_240000000.1 PREDICTED Alpha 2 chain type I collagen [Oreotragus oreotragus] EAGKPGRPGERGPPGPQGARGLPGTAGLPGMKGHRGFSGLDGAKGDAGPAGPKGEPGSPGENGAPGQMGPR GLPGERGRPGAPGPAGARGNDGATGAAGPPGPTGPAGPPGFPGAMGAKGEAGPQGPRGSEGPQGVRGEPGP PGPAGAAGPAGNPGADGQPGAKGANGAPGIAGAPGFPGARGPSGPQGPSGPPGPKGNSGEPGAPGSKGDTG FGLPGPAGARGERGPPGESGAAGPAGPIGSRGPSGPPGPDGNKGEPGVVGAPGTAGPSGPSGLPGERGAAG IPGPKGEKGETGLRGDIGSPGRDGARGAPGAVGAPGPAGANGDRGEAGPAGPAGPAGPRGSPGERGEVGPA GPNGFAGPAGAAGQPGAKGERGTKGPKGENGPVGPSGPVGAAGPSGPNGPPGPAGSRGDGGPPGATGFPGA EGAPGAEGSPGRDGAPGAKGDRGETGPAGPPGAPGAPGAPGPVGPAGKSGDRGETGPAGPAGPIGPVGARG PAGPQGPRGDKGETGEQGDRGIKGHRGFSGLQGPPGPPGSPGEQGPSGASGPAGPRGPPGSAGSPGKDGLN GLPGPIGPPGPRGRTGDAGPAGPPGPPGPPGPPGPPSGGYDLSFLPQPPQEKAHDGGRYYRA [Litocranius walleri] 2096 characters : 1959 constant sites (93%) QLSYGYDEKSTGISVPGPMGPSGPRGLPGPPGAPGPQGFQGPPGEPGEPGASGPMGPRGPPGPPGKNGDDG EAGKPGRPGERGPPGPQGARGLPGTAGWPGMKGHRGFSGLDGAKGDAGPAGPKGEPGSPGENGAPGQMGPR 85 variables sites non-informative
	GLPGERGRPGAPGPAGARGNDGATGAAGPPGPTGPAGPPGFPGAVGAKGEAGPQGPRGSEGPQGVRGEPGP IPGPKGEKGETGLRGDVGSPGRDGARGAPGAVGAPGPAGANGDRGEAGPAGPAGPAGPRGSPGERGEVGPA AKGEPGPTGIQGPPGPAGEEGKRGARGEPGPAGLPGPPGERGGPGSRGFPGADGVAGPKGPAGERGAPGPA AGRTGPPGPAGISGPPGPPGPAGKEGLRGPRGDQGPVGRTGEPGAAGPPGFVGEKGPSGEPGTAGPPGTPG AKGEPGPTGIQGPPGPAGEEGKRGARGEPGPAGLPGPPGERGGPGSRGFPGSDGVAGPKGPAGERGAPGPA AGRTGPPGPAGISGPPGPPGPAGKEGLRGPRGDQGPVGRTGEPGAAGPPGFAGEKGPSGEPGTAGPPGTPG GLPGERGRPGAPGPAGARGNDGATGAAGPPGPTGPAGPPGFPGAMGAKGEAGPQGPRGSEGPQGVRGEPGP 52 informative sites
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(Phylogenetic Analysis Using Parsimony *and other methods, 4.0 version, build 168, Sunderland, Massachusetts, Supplementary Material 4), strict consensus tree and majorityrule consensus tree were generated with heuristic searches, with random stepwise option set, 1000 replicates addition and TBR Branch swapping. In addition to the nineteen species de novo sequenced, we added COL1A1 and COL1A2 sequences of B. taurus (AAI05185.1 and AAI49096.1), B. mutus (L8IV51 and L8HQF7), C. hircus (XP_017920382.1 and XP_005678993.1), O. aries (XP_027830506.1 and XP_004007775.1) and chose the domestic pig Sus scrofa (A0A287A1S6 and A0A1S7J1Y9) and the baiji, the Chinese dolphin Lipotes vexillifer (A0A340XY16 and A0A340WPK2) as outgroups. The two outgroup species were chosen for two main reasons: their sequences are equally close and distant from those of Bovidae and they belong to the same order of Cetartiodactyla. In order to obtain valid trees, we considered only Part two -Paper 1 Supplementary Material 1. Raphicerus campestris = Capra nubiana Antidorcas marsupialis = Nanger dama = Gazella dorcas = Nanger granti = Ourebia ourebi = Nanger sommerringii = Eudorcas rufifrons

Table 4

 4 Differences between sheep, goat, bovine, suid and human COL1A1 peptide 921-936.

	Species	COL1A1 peptide (921-936)	[M + H] + m/z monoisotopic	[M + 2H] 2+ m/z
	Ovis aries; O. aries musimon	AGEVGPPGPPGPAGEK	1416.7118	709.3559
	Capra hircus	P……………	1442.7274	722.3637
	Bos taurus; B. mutus; B. indicus; B. bison	P……………	1442.7274	722.3637
	Equus caballus; E. asinus; E. caballus przewalskii	P..A…………	1414.6961	708.3480
	Sus scrofa; S. scrofa domesticus	P..A…………	1414.6961	708.3480
	Homo sapiens	P……………	1442.7274	722.3637

Table 5

 5 Synthetic table of results presenting the best sequence coverages for the two chains of collagen type I, the protocol that allowed best sequence coverage for the whole collagen type I and collagen preservation estimated by ATR-FTIR.

	Sample	Best sequence	Best sequence	Protocol providing	%collagen
		coverage of	coverage of	the best sequence	preserved
		COL1A1	COL1A2	coverage for COL1	(ATR-FTIR)
	TOT_09 28%	34%	Tris-EDTA	5.72%
	TOT_15 25%	34%	Tris-EDTA	5.38%
	TOT_14 36%	44%	Tris-EDTA	3.58%
	TOT_11 18%	23%	Tris-EDTA	2.94%

Table 6

 6 Synthetic table of morphological attributions of Toteng remains refined with the combination of palaeoproteomic and biogeographical and chronological data.

	Sample code	Morphological	Palaeoproteomics	Biogeochronological
		attribution	identification	attribution
	TOT_09	Long bone	Suidae	Phacochoerus or
		unidentified		Potamochoerus
		mammal		
	TOT_11	Tooth Equus sp.	Equidae	Equus burchellii
	TOT_14	Metapodial	Ovis aries	-
		medium size		
		bovid		
	TOT_15	Tooth Equus sp.	Equidae	Equus burchellii

  ). The relative chronology based on ceramics suggests that the samples included in this study (n=9) are from the Middle, Late and Post-Aksumite periods, and date from 400 to 1200 CE(Munro-Hay, 1991, 
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	Geduld		GE_81	Ovis aries	no result
	Toteng		TOT_14	Size 2/3 bovid	Ovis aries
			LC_113	Caprine	Antidorcas marsupialis
			LC_114	Size 2/3 bovid	Ovis aries
			LC_115	Size 2/3 bovid	Ovis aries
			LC_116	Size 2/3 bovid	Ovis aries
			LC_117	Size 2/3 bovid	Ovis aries
			LC_118	Size 2/3 bovid	Ovis aries
			LC_119	Size 2/3 bovid	Ovis aries
			LC_120	Size 2/3 bovid	Ovis aries
			LC_121	Size 2/3 bovid	Ovis aries
			LC_122	Size 2/3 bovid	Ovis aries
			LC_124	Size 2/3 bovid	Ovis aries
			LC_125	Caprine	Ovis aries
			LC_126	Caprine	Ovis aries
			LC_127	Caprine	Ovis aries
	Leopard Cave		LC_128	Caprine	Ovis aries
			LC_129	Caprine	Ovis aries
			LC_130	Caprine	Ovis aries
			LC_131	Ovis aries	Ovis aries
			LC_132	Antidorcas/Aepyceros	Ovis aries
			LC_133	Antidorcas/Aepyceros	Ovis aries
			GvJm_66 LC_134	cf. Capra Antidorcas/Aepyceros	Ovis aries Aepyceros melampus
			GvJm_67 LC_135	Caprine Caprine	Capra hircus Ovis aries
			MLK_144 LC_136	Size 3 bovid Antidorcas/Aepyceros	Pelea capreolus Ovis aries
			MLK_145 LC_137	Caprine (?) Antidorcas/Aepyceros	Pelea capreolus Ovis aries
			MLK_146 LC_138	Size 3 bovid Size 2/3 bovid	Pelea capreolus Ovis aries
			MLK_147 LC_139	Size 3 bovid Size 2/3 bovid	Pelea capreolus Ovis aries
			MLK_148 LC_149	Size 3 bovid Caprine	Pelea capreolus Antidorcas marsupialis
			MLK_149 LC_176	Size 3 bovid Caprine	Pelea capreolus Antidorcas marsupialis
			MLK_150	Caprine (?)	Pelea capreolus
			MLK_151	Size 3 bovid	Pelea capreolus
			MLK_152	Size 3 bovid	Pelea capreolus
			MLK_153	Size 3 bovid	Aepyceros melampus
	Melikane	Lesotho	MLK_154	Size 3 bovid	Pelea capreolus
			MLK_155	Size 3 bovid	Pelea capreolus
					Ourebia ourebi or Oreotragus
			MLK_156	Caprine (?)	oreotragus
			MLK_157	Size 3 bovid	Pelea capreolus
			MLK_158	Size 3 bovid	Pelea capreolus
			MLK_159	Size 3 bovid	Pelea capreolus
			MLK_160	Ovis aries	Pelea capreolus
			MLK_161	Ovis aries	Pelea capreolus
			MLK_162	Ovis aries	Pelea capreolus
			CHA_140	Size 2/3 bovid	Capra hircus
			CHA_141	Size 2/3 bovid	Tragelaphus sp.
	Charè	Namibia	CHA_142	Size 2/3 bovid	Nanger dama or Ourebia ourebi
			CHA_143	Size 2/3 bovid	Antidorcas marsupialis

Table 2 .

 2 ATR-FTIR results for all the samples included in the study.

		Site (country)	Species (molecular ID)	Age BP Uncertainty Calibration (2σ, 95.4%)
	GAR_91 [ECHo_2997]	Garu (Ethiopia)	C. hircus	86	27	1691-1920 CE
	WAK_34 [ECHo_2996]		C. hircus	677	28	1276-1390 CE
	WAK_41 [ECHo_2995]	Wakarida (Ethiopia)	O. aries	1643	28	266-538 CE
	KUR_58 [ECHo_2990]	Kurub (Djibouti)	O. aries	-628	25	Post-bomb (modern)
	LG_61 [ECHo_2988]		O. aries	251	25	1524-1800 CE
	LG_62 [ECHo_2989]	Laas Geel (Somaliland)	O. aries	1461	34	560-650 CE
	GvJm_65 [ECHo_2991]		C. hircus	2257	29	383-185 BCE
	GvJm_66 [ECHo_2992]	Vaave Makonge	O. aries	2133	30	338-49 BCE
	GvJm_67 [ECHo_2994]	(Kenya)	C. hircus	2226	29	376-147 BCE
	TOT_14 [ECHo_2769]	Toteng (Botswana)	O. aries	1410	30	605-773 CE
	CHA_140 [ECHo_3468]	Charè (Namibia)	C. hircus	5796	22	4709-4506 BCE
	LC_131 [ECHo_2770]	Leopard Cave	O. aries	871	30	1160-1272 CE
	LC_135 [ECHo_2768]	(Namibia)	O. aries	959	30	1032-1208 CE
	Discussion					
	Preservation of type I collagen in the African archaeological record		
	Considering the high degree of homology of type I collagen sequences within the Bovidae
	family, sub-family, gender or species attribution appear impossible to provide in the case of
	poorly preserved remains. In this study, we generally observed good protein preservation and
	only a limited number of remains (31 over the 117 analysed) presented an insufficient level of
	organic phase preservation that prevented species attributions. Overall, the identification of
	73.5% of the archaeological samples analysed here is of particular interest regarding the low
	number of biomolecular studies in Africa. Considering the variety of archaeological contexts
	represented in this study, the tendencies observed within the dataset we had access to cannot be
	generalized. The obtained results appear to vary according to various taphonomic factors: the
	context of the sites (open-air, rock shelter or tombs, sediment acidity or environmental
	conditions) and their age.				
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Towards species identification of problematic archaeological remains: type I collagen sequences of African wild bovids By L. Le Meillour, J. Lesur, V. Barriel, D. Pleurdeau, A. Zazzo & S. Zirah Sequences of alpha 1 chain and alpha 2 chain of type I collagen for the nineteen species included to this work.

Supplementary Table 1

MS/MS spectrum of peptide GYPGNAGPVGAVGAPGPQGPVGPAGK, [M+2H] 2+ , m/z 1131.07, rt 8.2 min in sample corresponding to a specimen of Ammordorcas clarkei.

Supplementary Material 2

PSMs counts for each of peptide markers in associated samples.

Supplementary Table 3

Parameters used for the parsimony search using PAUP* and resulting data and trees.

Supplementary Material 4

Supplementary Material 2. MS/MS spectrum of peptide GYPGNAGPVGAVGAPGPQGPVGPAGK, [M+2H] 2+ , m/z 1131.07, rt 8.2 min in sample corresponding to a specimen of Ammordorcas clarkei.

Part two -Paper 1 Supplementary Table 3. PSMs counts for each of peptide markers in associated samples Click on link to access Supp. Table 3 Paper 3 

Palaeoproteomics gives new insight into early southern African pastoralism

Bioarchaeological contributions to the study of human subsistence strategies during the Later Stone Age in Eastern and Southern Africa

Louise Le Meillour 1,2,* , Antoine Zazzo 1 , David Pleurdeau 3 , Séverine Zirah 2 , Olivier Tombret 1,3 , Diane Gifford-Gonzalez 4 , Emmanuelle Vila 5 , Lamya Khalidi 6 , Jacqueline Studer 7 , Marie Millet 8 , Xavier Gutherz 9 , Jessie Cauliez 10 , Peter Mitchell 11 , Imogen Gunn 12 , Elisabeth Hildebrand 13 , John Arthur 14 , Louis Chaix 7 & Joséphine Lesur 1

Abstract

Regarded as a radical shift in subsistence economies, the adoption of domesticates might rather be seen as a slow process in the case of Africa. Then, the use of the term "neolithization" is used with a lot of caution in archaeological studies on the continent, this might partly be explained by the blurry occurrences of domesticates in archaeological assemblages from several African regions. In the case of domesticated caprines, one of the most advanced assumptions is that, after their introduction in the northern part of the continent, herds were spread in Western and Eastern Africa, and from the latter reached the Southern part of the continent, leading to hypotheses concluding in the existence of exchanges between the two regions. Here, we used a biomolecular approach, palaeoproteomics, combined to a newly published database of African wild small bovids type I collagen sequences for the purpose of identifying domesticated caprines presence in archaeological sites both in Eastern and Southern Africa, with large time-range repartition (V th millennium BCE -XVII th c. CE). The goal of our study was first to confirm or infirm the presence of domesticated caprines in the sites we accessed material from. If identified by proteomics, the domesticates were systematically radiocarbon dated in order to propose a clear chronology for the sites where identified. Our results indicate the presence of domestic caprines in Eastern Africa around 2300 cal. BCE and in Southern Africa during the XI th c. CE.

In all assemblages where caprines have been identified, they are associated with wild fauna, suggesting that past human populations continue hunting along with herding. These preliminary results offer new perspectives on the study of the advent of food production both in Eastern and Southern Africa and empower the use of palaeoproteomics studies on a continent where other bioarchaeological methods have shown limitations.

Supplementary Table 1).

The site of GB20, or Mota Cave (number 4, Fig. 1), is a rock shelter in southwestern Ethiopia, in the Gamo region (Arthur et al., 2019). It forms a complex with two other sites, Tuwatey and Gulo caves at an altitude of 1963 m asl. During the archaeological campaign, three different occupations were highlighted: the Pre-Pottery period (4520-3340 cal. BP), the Early Pottery period (2370-160 cal. BP) and the Historic period (330-300 BP). This site provided evidence for admixture between Eurasian and ancient Eastern African based on genomic analyses on a male individual from a Pre-Pottery burial dated from 4500 years (Llorente et al., 2015). At Mota Cave, zooarchaeological analyses indicate a transition from hunting wild animals to livestock management of domesticates ca. 1700-1600 years ago, with a continuity in the presence of wild animals (e.g., bush pig, bushbuck, klipspringer, (Arthur et al., 2019). The four remains included in this study come from a variety of layers dated between the IV th millennium and the IV th c. BCE (Supplementary Table 1).

Part of the Kafa Archaeological project (2004-2006), the site of Kumali (number 5, Fig. 1) is located in South-West Ethiopia, North of the Omo river, at an altitude of 2260 m asl (Hildebrand et al., 2010). The rock shelter takes advantage of the moist and chilled climate of the south-west highlands of Ethiopia and presents an occupation from the third millennium BCE to the third c. CE (Hildebrand et al., 2010). Excavations at the site allowed the recovery of lithic industries and dried plants (banana, enset) and charcoal. Amongst the fauna, rodents and chiroptera, still present in the area, suggest a persistence in the climatic conditions reigning of the region. Mammalian remains recovered from Kumali include hare and hyrax that might Part three -Paper 4 have been consumed by humans, whereas the presence of Suidae, Cercopithecidae and lesser kudu might be due to humans or other carnivores (Hildebrand et al., 2010). Within domesticates, a dog, cattle and caprines remains have been reported. The material included to this study includes a bone documented from a layer dated on charcoal from the first c. CE (Table 1, TU3, level 9, Hildebrand et al., 2010).

In the Gamo region, the Southern Ethiopian Ethnoarchaeological Project (2005-2012) collaborated with local Borada people who indicated the abandoned village of Garu (number 6, Fig. 1, Weedman Arthur et al., 2010, 2009). The ancient leatherworkers' settlement has been occupied between the XVI th and XVII th c. CE and yielded a large faunal assemblage with an overrepresentation of domesticates (cattle and caprines) with cutmarks and anatomical parts representation typical of what the site was used for (Lesur et al., 2018). In the lower Awash valley in Central Afar is conducted the VAPOR-Afar project since 2014. During prospections, a set of nine archaeological sites were discovered in the Kurub Bahari area. Among those sites is Kurub 07 (Khalidi et al., 2016, Fig. 1, number 8). The assemblage of the site comprises lithic industries (mostly obsidian), pottery that resemble the ceramic of Neolithic traditions in Djibouti, botanical remains (analyses still pending) and faunal remains. Amongst the latter, an entire mandible of cattle was retrieved, possible caprines, wild taxa (large mammals, including bovids) and fish fragments. Radiocarbon dates carried out on charcoal indicate an occupation between the IV th and the II nd millennium BCE (Khalidi et al., 2020).

In the Gobaad basin near Lake Abhe, two similar archaeological habitation sites were discovered: Asa Koma (number 7, Fig. 1, Cauliez et al., 2008; Gutherz, 2017; Gutherz et al., 1996) and Wakrita (number 10, Fig. 1, Lesur et al., 2014). Asa Koma lies on a basaltic hilltop overlooking the Wadi Dagadlé depression and Wakrita is located ca. 2 km West away. Both sites are well documented on various aspects (ceramics, lithics, etc.) and dated (Coudert et al., 2018; Gutherz, 2017; Lesur et al., 2014) indicating an exploitation starting from the IV th millennium BCE. The lithic industry indicates a Later Stone Age exploitation of the sites. Both the faunal and botanical remains indicate a local exploitation of the arid steppe environment: the Chenopodiaceae family is well represented (Newton et al., 2008) and the faunal spectra show a large exploitation of fish (catfish and tilapia essentially), wild animals (hare and wild bovids) and domesticates, included in this paper (Coudert et al., 2018; Lesur et al., 2014). Material accessed for this study comprises five samples (two from Asa Koma and three from Wakrita, Table 1).

The last site of the area, Hedaito le Dora (number 9, Fig. 1) is located near Asa Koma and Wakrita, belongs to the Hara Idé facies (Cauliez et al., 2020, 2008; Gutherz, 2017; Gutherz et al., 2013). It is dated from the second half of the III rd c. BCE and has yielded two mandibles Part three -Paper 4 morphologically identified as sheep including one added to the samples in this paper, along with five other remains presumed of domestic caprines (Table 1).

Somaliland has given one the most impressive archaeological sites of Eastern Africa.

The rock art that can be found at Laas Geel is without any doubt to remember (Gutherz et al., 2003, Fig. 1, number 11). The site is located on a granite inselberg in a plain between the cities of Hargeisa and Berbera. It contains around twenty small rock shelters of some, facing East, are engraved and painted with large panels of humpless cows, human figures, Canidae, giraffe and some antelopes (Diaz, 2009; Gutherz et al., 2014; Gutherz and Jallot, 2011). One of the shelters, LG 7 yielded alternating occupation layers from 40,000 to 2,200 BCE. Different periods have been identified: a phase corresponding to the transition between Middle and Later Stone Age with lithic industries and a low amount of bones (between 43ky and 38ky BCE); a Later Stone Age period comprising three sub-phases (ancient LSA XVII th -XV th c. BCE, superior LSA XIII th -XI th c. BCE and final LSA VIII th c. BCE) and a later phase with lithic, bone tools, faunal remains and charcoal comprised between 3500 and 2500 BCE (Lesur et al., 2014). The material included in this study originates from recent excavations and comes from levels dated from the III th millennium BCE (Table 1).

In Kenya, along Lukenya Hill, North of the Nderit river, a group of archaeological sites were excavated by American teams during the 1970's and 1980's. They are either referred to in the literature as GrJi1 and GvJm44 or Prolonged Drift (number 12, Fig. 1) and Vaave Makonge, respectively (number 13, Fig. 1). Based on the radiocarbon dates obtained at both sites (Supplementary Table 1), the occupation covers a period between the IV th millennium and the III rd c. BCE. Excavations conducted at Prolonged Drift (Gifford et al., 1980) indicate a single phase of occupation described as Pastoral Neolithic based on the large number of microlithic flaked stone in obsidian and the mixed assemblage dominated by domesticates (mostly cattle, a few caprines) and wild (antelopes, zebra, rhino, warthog). At Vaave Makonge (Nelson and Kimengich, 1984, D. Gifford-Gonzalez, pers. comm), three different phases were identified: Horizon 1, 2 and 3, possibly reflecting multiple occupations corresponding to a local Later Stone Age (D. Gifford-Gonzalez, pers. comm.). No botanical remains were recovered and the faunal assemblage resemble the one in Prolonged Drift. (Table 1).
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Southern African sites

North bank of the Ugab River, approximately 35 km southwest from the town of Outjo is the rock shelter of Geduld (number 14 on Fig. 2). Excavations at the site took place between 1978 and 1986 revealing a sequence beginning ca. 2000 years ago (Smith et al., 1995). The material retrieved from the site showed a predominance of lithic cores and waste corresponding to a Later Stone Age industry. The botanical analysis highlighted a large spectrum of plants, in which mostly are food plants, and some are pharmaceuticals. Several of the ligneous genera identified by charcoal at Geduld are also present in the seed/fruit assemblage (Boscia, Terminalia), even if charcoal record show that Acacia and Acacia-related taxa, which are rare in the seed/fruit assemblage are predominant. The identified plants at Geduld are in a very large majority still present, in the surroundings of the site, tending to indicate a quite similar environment as the one encountered today (Mvimi, 2019; Smith et al., 1995). The faunal record covers a large spectrum of species, including birds, reptiles and microfauna, although dominated by Part three -Paper 4 undetermined small bovids. Six sheep bones were reported and only one of them has been temporarily exported and is part of this study (Table 1).

Discovered in 2006 and excavated until recently is the site of Leopard Cave (number 15, Fig. 2, Pleurdeau et al., 2012). Part of the excavations of the Franco-Namibian research team (MANam project), Leopard Cave is located on the territory of Omandumba West far, near the city of Omaruru in the Erongo mountains. The rock shelter is approximately fifty square meters with its half covered with boulders. Its sequence covers the end of the Middle Stone Age and mostly the Later Stone Age, that is to say from the third millennium to the turn of era, with a filling mostly composed of granitic arena, ashes and silt texture. The lithic industry revealed tools mostly made of local basalt and quartz, and some basalt grinding stones and pigment fragments were discovered near the few rock art of the site (Mauran et al., 2019).

Archaeobotanical material (both charcoal and plant seeds) was abundantly recovered throughout the sequence, and its analysis revealed that the vegetation communities around the site did not change much through time and are very similar to present days (Mvimi, 2019). They represent typical arid sweet bushveld (as described by Palmer and Staden, 1992), dominated by several Acacia species (from shrubs to trees up to more than fifteen meters), accompanied by dwarf shrubs (Dichrostachys cinerea or genus Grewia), which are still common in the Erongo area (Mvimi, 2019). The faunal spectrum is dominated by wild bovids (springbok, klipspringer, bovids size 1, 2 and 3), reptiles and birds. The presence of early domestic caprines was described at the site and then reassessed using palaeoproteomics, showing that domesticates were present at Leopard Cave during the XII th and XIII th c. CE (Le Meillour et al., 2020). The material described here is composed of the twenty-fifth remains previously described in Le Meillour et al. (2020).

South from the capital of the country is the site of Charè (or Charé, number 16, Fig. 2).

Located southeast from the site of Mirabib, in the banks of the Kuiseb river, it lies over a dune sea (Sandelowsky, 2004, 1983). Its archaeological sequence is revealed under a dung floor layer and is very similar to the one at Mirabib, and covers 7000 years of occupation, mostly covering the Later Stone Age. The archaeological assemblage is composed of stone tools from Later Stone Age industry, seed coats of Nara plant (A. horrida) and both marine shells and bovids (wild antelopes and sheep, Imalwa, 2009). The material from Charè included in this study and temporarily exported from the National Museum of Namibia comes from the end of the 1970's excavations conducted by Beatrice Sandelowsky and no information concerning their precise position in the stratigraphy is available (Table 1).
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In northern Botswana, West of the Ngami lake basin lies the sites of Toteng 1 & 3 (number 17, Fig. 2). First excavated in 1991 (Campbell, 1992; Robbins et al., 1998; Sadr, 1997), the sites were re-opened in 2003 to refine the stratigraphy (Robbins et al., 2008, 2005). Both sites' stratigraphies cover Middle and Later Stone Age occupations, without being certain if these occupations were seasonal or long-term ones. More than a thousand stone artefacts were excavated with a large variety of raw material. Organic material (mostly charcoal) was also recovered from the different campaigns (Robbins et al., 2008), including a recent sampling mission organised in Toteng 1 (Mvimi, 2019). Although scarce, charcoals fragments suggest that, along the sequence, the site was surrounded by mixed bushveld/shrubland (Capparaceae and Combretaceae families) as well as arid sweet woodlands (thorny Acacia species) (Mvimi, 2019).

Despite a high number of fragmented bones preventing a precise identification, approximately 1600 faunal remains were identified covering a spectrum including wild (hippo, lion, mongoose, monkey, antelopes, etc.) and domesticates (cattle and caprines). Some of the macroscopically identified cattle (Bos taurus) and caprines (Ovis aries) bones from Toteng 1 were directly dated by means of radiocarbon and yielded some of the oldest ages between ca. 2000 and 1350 cal. BP for domesticates from the region (Robbins et al., 2008, 2005). Recently, a palaeoproteomics study conducted by our team on splinters from Toteng 1 and 3 identified one bone as belonging to domestic sheep (Table 1, Le Meillour et al., 2018). This bone was directly radiocarbon dated and results are presented in this study.

Finally, the last site of this study is located in the Qasha's Nek district of Eastern Lesotho, 70 m above the Melikane river, which gave its name to it. Melikane rock shelter (number 18, Fig. 2) was first excavated in 1974 (Carter, 1976; Carter and Vogel, 1974; Mitchell, 1992) and was subject to a re-opening on the opportunity of the AMEMSA project between 2007 and 2009 (Stewart et al., 2012). P. Mitchell (1992) first interpreted the occupation of Melikane as seasonal -winter only-, and based his interpretation on both lithic industry, botanicals and the large spectrum of mammals discovered along the sequence that covers both Middle and Later Stone Age (from the XII th millennium BCE to the turning of the era). On the other hand, the new campaigns revealed multiple occupations of the sites, or "pulses" (Stewart et al., 2012). The material from Melikane included in this paper comes from P. Carter's 1974 excavations stored at the Archaeology Department of the University of Cambridge, UK, where two of the authors performed morphological attributions (JL) and sampling (LLM), along with strict documentation of the remains (Table 1).
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Table 1: Material included in this study described by site, lab code and information regarding their context. The species identification of remains were based on comparative anatomy methods and performed by J. Studer (Kerma), E. Vila (Wakarida), D. Gifford-Gonzalez (Vaave Makonge and Prolonged Drift) and J. Lesur for all other sites. When referenced, identifications were assessed using palaeoproteomics and are described in the paper next to the species name.

Archaeological site

Country Part three -Paper 4

Bioarchaeological analysis

Ancient proteins extraction and characterisation

Ten to twenty milligrams of bone or tooth powder of the 118 archaeological remains were sampled using an ethanol clean diamond drill (Table 1). Five samples of Wakarida were mandibles with their teeth and were sampled in the bone and in one tooth, for which organic phase preservation was assessed using the method described in Lebon et al. (2016). Only the best-preserved sample according to the threshold discussed in Le Meillour et al. ( 2018) is presented here (Supplementary Table 2). The exact same protocol as the one described in Le Meillour et al. ( 2020) was applied to the samples in this paper.

Briefly, bone or tooth powders were decalcified in a neutral pH buffer (tris(hydroxymethyl)aminomethane (Tris) 0.05 M and ethylenediaminetetraacetic acid (EDTA) 0.5 M, final pH 7.4) for 1-8 days. Solutions were first replaced every ½ day, then every 24 h, and the "decalcification solutions" (hereafter D) were kept in clean 5 mL tubes. When completely decalcified (i.e., until only a "phantom" remains), the pellets were rinsed. The extracted proteins were solubilized in 50 mM ammonium bicarbonate (ABC, Sigma Aldrich, pH 8) for 3 h at 65 °C. Solutions were centrifugated for 10 min at 3000 g and collected into new microtubes, labelled E for "extract solutions". We performed buffer exchange on D solutions to ABC using 5 mL Vivaspin (3 kDa, Amicon Ultra, Merck Millipore). D and E solutions extracted proteins were finally reduced with dithiothreitol (DTT, final concentration of 10 mM, 20 min, 56 °C, 350 rpm), alkyled with iodoacetamide (10 mM, 30 min, in the dark, at room temperature)

and hydrolysed using trypsin (0.01 μg/μL, Trypsin Gold, Promega). The digests from D solutions were treated by solid phase extraction (SPE) using C8 cartridges (Sep-Pak C8 Plus Short 400 mg Sorbent, Waters).

Mass spectrometry and bioinformatic analyses

The digests were analysed by ultra-high-performance-liquid-chromatography coupled to tandem mass spectrometry (UHPLC-MS/MS), using the workflow described in Le Meillour ). The species attribution was validated through counting the spectrum matches (PSMs) for each peptide marker.

Direct dating of remains identified as domesticated caprines

The remains molecularly identified as either sheep or goat were directly radiocarbon 

Results

Relying on alpha 1 and alpha 2 type I collagen sequences (COL1A1 and COL1A2) of wild small African bovids de novo sequenced in Le Meillour et al. (in prep.) combined to available ones in international databases, we propose gender or species attributions for 86 of the remains, Part three -Paper 4

73.5 % of the material examined in this study. Based on the sequence homology observed on some species (within the Gazella gender for instance), some of the attributions stick to the gender, or even, for some of them, in the case of not enough preserved peptides, at family level.

Proteins were not preserved in five out of the eighteen archaeological sites: Kumali (Ethiopia), Asa Koma, Hedaito le Dora, Wakrita (Djibouti) and Geduld (Namibia). This prevents us from proposing molecular species identification of the remains in these sites. Five other sites present contrasted results, with species or gender identifications enabled ranging from a fourth and a third of the remains: Kerma (three identified remains over nine) and Muweis (two over eight remains) in Sudan, Kurub (one remains identified over five) in Djibouti, Mota

Cave (two over four remains) in Ethiopia and Laas Geel (two over three remains identified) in Somaliland. In the other sites, the species identification was successful for all analysed remains:

Garu and Wakarida (Ethiopia), Prolonged Drift and Vaave Makonge (Kenya), Melikane (Lesotho) and Charè and Leopard Cave (Namibia). Results for the Botswanan site of Toteng are described in detail in Le Meillour et al. ( 2018) and thus, only the singular remains identified as sheep and its associated radiocarbon date will be discussed in this paper.

Our results show the presence of domesticates in ten sites (five in Eastern Africa, three in Southern Africa), represented in red on Fig. 3. In Eastern Africa, one remains was identified as sheep at Kurub, Garu, Prolonged Drift, Vaave Makonge, two at Kerma, Laas Geel and four at Wakarida along with two goats in Vaave Makonge and Garu and five at Wakarida. In Southern Africa, one remains was identified as sheep at Toteng, twenty-four at Leopard Cave and one goat at Charè (Fig. 3). Ultimately, three archaeological sites (Muweis in Sudan, Mota

Cave in Ethiopia and Melikane in Lesotho) presented remains belonging to different wild bovids species. At Muweis, the preservation of the organic phase of the remains did not allow us to secure identification below the family level. At Mota Cave, two impalas were identified over the four samples we had access to. At Melikane, finally, over the nineteen analysed samples in our possession, seventeen were identified as belonging to the Reduncinae species Pelea capreolus (the rhebok), along with an impala (Aepyceros melampus) and one provided protein signature of oribi (Ourebia ourebi) or klipspringer (Oreotragus oreotragus), the COL1 sequences for the two species being too close to clearly identify the poorly preserved remains.
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Identification rates, although variable, are globally lower when samples have been recovered from open-air sites (between 0 and 100%) than the rock shelters (between 50 and 100%) independently of their localization (NE, Eastern or Southern Africa). A possible explanation could be that temperature is lower and more constant throughout the year in rock

shelters than in open air sites. Two rock shelters though, did not allow to provide any identification: Geduld and Kumali. In the case of Geduld, the bone was charred, preventing organic phase preservation (Zazzo et al., 2013). At Kumali, no particular degradation of the bone matrix was observed on the remains, and well preserved macrobotanic samples have been reported at the site (Hildebrand et al., 2010). Nevertheless, the salty clayey nature of the sediment, might be responsible for altering skeletal remains integrity. Further analyses on other samples of the site could be considered in the future to validate this point. Surprisingly, the two sites from Kenya, Prolonged Drift and Vaave Makonge, provide identification for all of their sampled remains, although these sites are both open-air (Gifford et al., 1980). Moreover, the two Sudanese open-air sites, Kerma and Muweis, present comparable identification rates (between 25 and 33% of the analysed samples), although Muweis remains are not preserved enough to provide identification below the family. The Kerma remains that allowed species and family identification (KER_105, KER_106 and KER_107) are dated from the New Empire or Late Kerma, that is to say approximately from the XIII th c. BCE (Edwards, 2004). Because the remains we accessed come from undisturbed tombs, it appears that organic phases did preserve quite well, considering the proximity with the river Nile and the antiquity of the remains. At

Muweis, the remains we sampled have been recovered from a different context, since they come from the same stratigraphic unit, currently not directly dated (but as it is the case for the site occupation, comprised between the IV th c. BCE and the V th c. CE) and were buried in a very acidic soil, which is more likely to degrade the organic phase of ancient bones. Although it is highly difficult to propose general comments due to the limited number of samples and the contexts variety, we do observe a "regional" pattern of organic preservation. In Djibouti, the three sites where proteins were not preserved (Asa Koma, Wakrita and Hedaito le Dora) are all located in the same area (Gobaad basin region) and all are open air sites. In all the Ethiopian sites, the identification rate is variable and ranges from 16-50% (Mota Cave, Kurub and Kumali) to 100% (Wakarida, Garu). These results are to be nuanced regarding the dating of the sites. Indeed, Mota Cave and Kumali are dated between the V th -VI th millennium BCE and the III rd c. CE whereas occupations at Wakarida and Garu are more recent, which could be one of the causes of the inter-site variability in protein preservation. Finally, all sites where we identified caprines remains were fairly recent, with 14 C dates ranging between the IV th c. BCE Part three -Paper 4

and the XX th c. CE. In southern Africa, an overall good preservation allowed species identification at all sites but Geduld. That being said, it should be nuanced by the small datasets of analysed remains from each of the eighteen sites and the fact that remains were chosen because they presented features to be of domesticated caprines, thus skewing our interpretations.

The particular case of Charè

The case of Charè, particularly, is very peculiar: the date obtained for the sample identified as a goat is comprised between 4709 and 4506 BCE (2σ, 95.4%), thus much more ancient than expected for a sample at such a low depth (30-35 cm). The presence of domesticated caprines in Namibia is indeed thought to be much more recent, by at least two millennia (Henshilwood, 1996; Pleurdeau et al., 2012; Robbins et al., 2005; Vogel et al., 1997) and recent bioarchaeological studies recent studies have tended rather to push this date back, at least for some of them, to the early centuries after the turn of the era, or even more recently and questioned the attributions of antique remains of domestic sheep or goat (Guillemard, 2020; Horsburgh et al., 2017, 2016b, 2016a; Le Meillour et al., 2020). Although there is no evidence of wild Caprinae in Southern Africa in the archaeological record, J. S. Brink (1999) reports an extinct caprine representative in the Cape Fold Mountain Belt and the southern Drakensberg during the late Quaternary. He argues that this new species and its morphological features lies between Ammotragus lervia and Capra ibex to some extent and possibly appeared in the Miocene based on its teeth morphology. One could argue that the antiquity of the date obtained for the Capra specimen here identified at Charè might be an example of this ancient extinct species as

Brink clearly indicates that it is "goat-like", and that it persisted until the mid-Holocene in the region. However, not only this is the only statement of a wild caprine representative in Southern

Africa, but also no other wild caprine remain was ever reported in Namibia. Palaeoproteomics analyses of the pre-pastoralist specimens of caprinae described by J. S. Brink from Boomplaas

Cave could help solve the problem regarding the ancient goat identified at Charè, by comparing the sequences of the remains. Indeed, like it has been observed at Uan Afuda during the VIII th and VII th millennium (di Lernia, 2001; di Lernia et al., 1996), the presence of aoudads, or Barbary sheep (Ammotragus lervia) which have been parked may have been an attempt of domestication of these wild animals (Lesur, 2017). Because we cannot assess if this animal is wild or domesticate, we will exclude the sample of Charè in the forthcoming discussion. The presence of a goat in Namibia around 4500 BCE is indeed very surprising, and should be taken Africa is currently largely admitted amongst archaeologists (Bousman, 1998; Close, 2002; Kindermann et al., 2006; Sadr, 2015), despite the fact that the morphological similarities between the two caprines species (Salvagno and Albarella, 2017) highly restrict such an assumption. Sheep and goats present differences in their dietary preference and environmental adaptation and are often farmed for different economical purposes (Balasse and Ambrose, 2005). Even though the two species present breeds that adapt well to harsh environments, it could appear surprising to observe a predominance of one species over the other in African archaeological assemblages, notably because they are herded together nowadays. Indeed, from the breeds currently observed in Eastern and Southern Africa, it appears that the south-western Asian fat-tailed sheep, more adapted to harsh environments (such as mountainous and arid ones) should have been introduced in the two regions through the north-eastern and Horn and survived because of their adaptation capacities (Muigai and Hanotte, 2013). With particular biology, such as the ability to survive to low proportion of food incoming and to draw on their resources for reproduction, the fat-tailed sheep breed appears as better suited to tropical environment (Atti et al., 2004; Mohapatra and Shinde, 2018) and thus could explain the quasiexclusive presence of sheep in the sampled archaeological sites. However, it is worth noticing that the sheep of Kerma have been described as "long-legged hairy breed" and of thin-tailed breeds (Blench and MacDonald, 2006; Ryder, 1984), suggesting that both thin-and fat-tailed breeds of sheep spread across the continent. However, the breed question cannot, as for now, Part three -Paper 4 be resolved using palaeoproteomics data, especially when looking at the highly conservative protein that is type I collagen.

Although some of the bones identified as domestic caprines provided the expected age, most of them yielded ages that were more recent than the ones proposed in the literature for the associated archaeological layers. For example, in the case of Laas Geel, albeit surprising in (Guillemard, 2020; Sadr, 2015). With this in mind, the hypothesis of an introduction of domestic caprines first in Eastern Africa and their late following dispersal up to Southern Africa remains.

Indeed, although more recent, our results indicate the presence of domestic caprines in Kenya as early as the IV th c. BCE and in Botswana during the VII th c. CE, with a subsequent attestation during the XI th c. CE in Namibia. As described by Sadr (2015), three scenarii are currently proposed based on archaeological, linguistic and genetic data: either the caprine herds were brought by consequent Khoe-speaking groups (Prendergast et al., 2019; Smith et al., 2008), or they were traded from one place to another without human presence (Jerardino et al., 2014), or even, their diffusion was more sporadic, into hunter-gatherer groups who slowly became 'hunters with sheep' (Fauvelle-Aymar, 2008; Sadr, 2008). Not intended to document the first occurrences of domesticated caprines in both Eastern and Southern Africa, our dataset allows us to observe the associated presence of wild species of antelopes and domesticated caprines at all studied sites. These data suggest a mixed subsistence economy, with a continuity of hunting associated with the reliability on herding. Although limited, our conclusions on species attributions coupled to the direct radiocarbon dating of sheep and goat could suggest a pattern of caprine presence from Eastern to Southern Africa. From what we observe from our data, caprines were first present in Sudan, and their presence at Vaave Makonge is attested during the IV th c. BCE. Then, animals might have then taken a path avoiding the presence of pathogens (Gifford-Gonzalez, 2000) through the Zambezi river basin to reach the Kalahari population migration to southern Africa around the IX th c. CE, probably migrating with herds of caprines, and sharing genetic features with Levantine and Eastern African populations (Skoglund et al., 2017). The pattern of diffusion described above appears to correspond to the spreading route of domestic caprines through Africa, following the path of a tsetse free corridor (Gifford-Gonzalez, 2000; Sadr, 2015), and highlight the massive time lap in the presence of domesticates between the two regions.

Finally, even though we acknowledge the strong biases of our dataset (low number of sites, selection of faunal remains that may correspond to caprines, lack of early occurrences), palaeoproteomics analyses coupled to direct dating of molecularly identified remains helps refine the history of caprine herding in Eastern and Southern Africa and offer a countless amount of perspectives to document the subsistence strategies of past African populations.

Supplementary information

Bioarchaeological ATR-FTIR results for all the samples included in the study.

Supplementary Table 2
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Supplementary Table 1. Synthesis of archaeological sites from which the material included in this study originate.

click on the link to access Supp. Table 1