Riccardo Nodari 
  
Michel Drancourt 
  
Rémi Barbieri 
email: remibarbieri@hotmail.fr
  
  
  
Paleomicrobiology of the human digestive tract: a review

Keywords: Coprolite, dental calculus, microbiome, microbiota, mummified tissue, paleomicrobiology, paleogenomics, paleoproteomics

The microbiota is a hot topic of research in medical microbiology, boosted by culturomics and metagenomics, with unanticipated knowledge outputs in physiology and pathology. Knowledge of the microbiota in ancient populations may therefore be of prime interest in understanding factors shaping the coevolution of the microbiota and populations. Studies on ancient human microbiomes can help us understand how the community of microorganisms presents in the oral cavity and the gut was shaped during the evolution of our species and what environmental, social or cultural changes may have changed it. This review cumulates and summarizes the discoveries in the field of the ancient human microbiota, focusing on the remains used as samples and techniques used to handle and analyze them.

Introduction

In the last 20 years, there has been an exponential increase in interest in the microbiome and its effect on human health. We currently know that the microbiome plays a fundamental role in the host via the development, maintenance and priming of the immune system [START_REF] Kamada | Role of the gut microbiota in immunity and inflammatory disease[END_REF][START_REF] Belkaid | Homeostatic immunity and the microbiota[END_REF][START_REF] Sanna | Causal relationships among the gut microbiome, short-chain fatty acids and metabolic diseases[END_REF], defense against pathogens [START_REF] Ichinohe | Microbiota regulates immune defense against respiratory tract influenza A virus infection[END_REF][START_REF] Pickard | Gut microbiota: Role in pathogen colonization, immune responses, and inflammatory disease[END_REF], metabolism, digestion and the production of vitamins [START_REF] Rowland | Gut microbiota functions: metabolism of nutrients and other food components[END_REF]. Furthermore, slight modification of the bacterial equilibrium of the microbiome (dysbiosis) due to changes in diet, physical exercise or antibiotic treatments can lead to major consequences for the host [START_REF] Dethlefsen | The pervasive effects of an antibiotic on the human gut microbiota, as revealed by deep 16S rRNA sequencing[END_REF][START_REF] Alou | Diet influence on the gut microbiota and dysbiosis related to nutritional disorders[END_REF][START_REF] Francino | Antibiotics and the human gut microbiome: dysbioses and accumulation of resistances[END_REF][START_REF] Monda | Exercise modifies the gut microbiota with positive health effects[END_REF][START_REF] Singh | Influence of diet on the gut microbiome and implications for human health[END_REF]. Recent studies have focused their attention on the composition of the microbiome of our ancestors and its evolution throughout history. Particular attention was given to the periods of major revolutions in human lifestyles, such as the Neolithization process (debuted 12,000 years BCE [START_REF] Eddine | Demographic expansion of an African opportunistic carnivore during the Neolithic revolution[END_REF]) and the industrialization period (1760-1840 CE).

With the Neolithization process, we observed the transition from a nomadic huntergatherer diet characterized by the consumption of only wild and unprocessed food foraged and hunted from the environment [START_REF] O'keefe | Cardiovascular disease resulting from a diet and lifestyle at odds with our Paleolithic genome: how to become a 21st-century hunter-gatherer[END_REF] to a sedentary one based on agriculture and livestock. Then the industrialization period arose the advent of modern sanitation and Western diet, characterized by food that has been processed and modified and has a low quantity of vegetables and fibers [START_REF] Maslowski | Diet, gut microbiota and immune responses[END_REF][START_REF] Stiemsma | The hygiene hypothesis: current perspectives and future therapies[END_REF][START_REF] Moles | The Impact of Diet on Microbiota Evolution and Human Health. Is Diet an Adequate Tool for Microbiota Modulation?[END_REF].

In the literature, there is some confusion about the definition of the terms "microbiota" and "microbiome" and are often used interchangeably. The term "microbiota" refers to all the microbial taxa associated with the host [START_REF] Ursell | Defining the human microbiome[END_REF], while "microbiome" can refer to "the ecological community of commensal, symbiotic, and pathogenic microorganisms that literally share our body space and have been all but ignored as determinants of health and disease" [START_REF] Lederberg | Ome SweetOmics--A genealogical treasury of words[END_REF] or to "the collective genome of our indigenous microbes" [START_REF] Hooper | Commensal host-bacterial relationships in the gut[END_REF].

Diets of past and present human populations are very variable and mostly depend on resource availability and ecological settings [START_REF] Weyrich | Neanderthal behaviour, diet, and disease inferred from ancient DNA in dental calculus[END_REF]. Comparative studies on the microbiota among human populations with different dietary habits have shown how differences in diet are reflected in differences in the microbiota composition [START_REF] Maslowski | Diet, gut microbiota and immune responses[END_REF][START_REF] Moles | The Impact of Diet on Microbiota Evolution and Human Health. Is Diet an Adequate Tool for Microbiota Modulation?[END_REF].

For instance, De Filippo and colleagues [START_REF] De Filippo | Impact of diet in shaping gut microbiota revealed by a comparative study in children from Europe and rural Africa[END_REF] showed how children from urban Europe, with a modern Western diet, and children from rural Africa, with a diet very high in fibers, present differences in microbiota composition that can be attributed to an evolutionary adaptation to the diet composition, allowing each population to maximize the nutritional value of each diet. Other studies on mouse models have shown how changing diet correlated with changes in the microbial composition of the gut microbiota [START_REF] Turnbaugh | A core gut microbiome in obese and lean twins[END_REF]. Moreover, Groussin et al. [START_REF] Groussin | Unraveling the processes shaping mammalian gut microbiomes over evolutionary time[END_REF] demonstrated how microbiota composition reconstructed from ancient mammal remains could be used to reconstruct ancient diets of these animals and that information about dietary shift can be recorded by the gut microbiome. For these reasons, ancient microbiota studies are not restricted to the microbial diversity and composition of the ancient remains but also to the dietary information that is preserved inside these specimens. The first study to target the ancient DNA of multiple species of bacteria on human remains was conducted by Ubaldi et al, analyzing the gut microbiome from the colon of a mummy recovered in Cuzco, Peru, that dated back to the 10th-11th century CE [START_REF] Ubaldi | Sequence analysis of bacterial DNA in the colon of an Andean mummy[END_REF].

Following by many other PCR-based studies on coprolites and mummified samples [START_REF] Cano | Sequence analysis of bacterial DNA in the colon and stomach of the Tyrolean Iceman[END_REF][START_REF] Luciani | Molecular characterization of a pre-Columbian mummy and in situ coprolite[END_REF][START_REF] Rollo | Persistence and decay of the intestinal microbiota's DNA in glacier mummies from the Alps[END_REF]. In 2008, Tito et al. performed the first study on an ancient microbiota using NGS techniques, and from that point, the number of ancient microbiome analyses multiplied [START_REF] Tito | Phylotyping and Functional Analysis of Two Ancient Human Microbiomes[END_REF].

Retrieving information on ancient human microbiomes is not easy and is strictly dependent on the availability of suitable samples for the analysis. Dental calculus and coprolite are the only two human remains that persist long enough to be used for these studies, with the exceptions of frozen and mummified tissues [START_REF] Warinner | Ancient human microbiomes[END_REF]. In this review, we will present the remains used as starting samples for ancient human microbiota studies and the methods used to retrieve this information.

Literature search strategy and terminology use

All the papers used for this review were obtained from PubMed and Google Scholar.

The keywords used alone or in combination for the search were "paleomicrobiology", "ancient", "human", "paleo", "microbiota", "microbiome", "oral", "dental calculus", "gut", "intestinal", "feces", "faeces", "paleofeces", "paleofaeces", "coprolite", "latrines", "mummy", "mummified", "tissue", "metagenomic", "shotgun", and "proteomics".

Only studies written in English and on samples of human origin that targeted multiple species from the digestive tract microbiota of the host were considered. The results of this bibliographical research are shown in Table 1 (last search March 2021).

As described in the introduction section, the two terms "microbiota" and "microbiome" are often used interchangeably, and since a discussion on the terminology was not one of the purposes of this review, we used the two terms as synonyms, following the definition given by Lederberg [START_REF] Lederberg | Ome SweetOmics--A genealogical treasury of words[END_REF].

Contamination prevention and authentication

Paleomicrobiological studies on ancient molecules must follow standard protocols to avoid modern exogenous contamination and ensure the authenticity of the results [START_REF] Cooper | Ancient DNA: do it right or not at all[END_REF]. Contaminating molecules can come from the burial site, handling, transport, storage, and laboratory environments; from the materials and instruments used during the analysis; and from the operators at each step of the study [START_REF] Drancourt | Palaeomicrobiology: current issues and perspectives[END_REF][START_REF] Yang | Contamination controls when preparing archaeological remains for ancient DNA analysis[END_REF].

Regardless of the starting sample type, all the steps of the analysis of ancient molecules must be performed in a dedicated clean hood and laboratory, ideally exclusively dedicated to work on ancient remains, excluding any positive controls, and including several negative controls that should be handled strictly in parallel with investigated samples [START_REF] Drancourt | Palaeomicrobiology: current issues and perspectives[END_REF]. Authentication of ancient DNA can be performed by checking for fragmentation (ancient DNA rarely exceeds 200-300 bp length) [START_REF] Tito | Insights from Characterizing Extinct Human Gut Microbiomes[END_REF][START_REF] Santiago-Rodriguez | Gut microbiome of an 11 th century AD Pre-Columbian Andean mummy[END_REF] and degradation (e.g., assessing the PCR success related to the size of the amplicon of a selected DNA sequence) [START_REF] Tito | Insights from Characterizing Extinct Human Gut Microbiomes[END_REF]. Multiple bioinformatics tools can contribute to the authentication of ancient molecules. Software like MapDamage 2.0 [START_REF] Jónsson | mapDamage2.0: fast approximate Bayesian estimates of ancient DNA damage parameters[END_REF][START_REF] Hagan | Comparison of extraction methods for recovering ancient microbial DNA from paleofeces[END_REF] quantify the patterns of damage in NGS datasets generated from ancient DNA and therefore help differentiate endogenous from exogenous/contaminating DNA. Other tools like SourceTracker [START_REF] Tito | Insights from Characterizing Extinct Human Gut Microbiomes[END_REF][START_REF] Knights | Bayesian community-wide culture-independent microbial source tracking[END_REF] estimate the proportion of DNA sequences that come from the source environments to determine whether the reconstructed microbial communities observed are endogenous to the samples. Moreover, directly comparing the DNA sequences obtained from different tissues with those from soil from the site where samples have been collected through bioinformatic analysis may facilitate the interpretation of the data [START_REF] Santiago-Rodriguez | Gut microbiome of an 11 th century AD Pre-Columbian Andean mummy[END_REF].

Ancient Oral Cavity Microbiota.

Dental calculus

Dental calculus, or tartar, is a mineralized bacterial biofilm that forms on the teeth as a result of the action of bacteria and saliva in the oral cavity and is very common in adults without active dental hygiene [START_REF] Warinner | Ancient human microbiomes[END_REF]. Dental calculus presents some characteristics that make it the most reliable source for information about the oral microbiota. It is common and relatively abundant in archaeological sites; it has the capability to preserve ancient biomolecules, avoiding environmental contaminants; and it contains a high quantity of DNA originating from the oral microbiome [START_REF] Warinner | Ancient human microbiomes[END_REF][START_REF] Warinner | Pathogens and host immunity in the ancient human oral cavity[END_REF][START_REF] Mann | Differential preservation of endogenous human and microbial DNA in dental calculus and dentin[END_REF]. In fact, it can be found on teeth in all past and present human populations and can survive for thousands and even millions of years. Accordingly, dental calculus remains were obtained from a 12-8 million-year-old fossil of the ape Sivapithecus [START_REF] Hershkovitz | Oral bacteria in miocene Sivapithecus[END_REF].

Geographical distribution of the specimens analyzed for the oral microbiota are represented in Figure 1.

Analysis of ancient DNA from dental calculus.

After the recent confirmation of the presence and abundance of DNA in dental calculus [START_REF] Preus | Ancient bacterial DNA (aDNA) in dental calculus from archaeological human remains[END_REF], multiple studies have successfully extracted and analyzed DNA sequences from this type of sample. Different protocols have been applied for DNA extraction in the past. In general, it is very similar to apply the extraction methods used for other types of samples, such as bones and teeth, with a "lysis step" followed by a "purification step". The lysis step usually relies on decalcification through ethylenediaminetetraacetic acid (EDTA) with or without Tris-HCl and protein digestion using proteinase K with or without sodium-dodecyl-sulfate (SDS), with a variable incubation time and temperature (usually 24 h at 56 °C) [START_REF] Warinner | Pathogens and host immunity in the ancient human oral cavity[END_REF][START_REF] Adler | Sequencing ancient calcified dental plaque shows changes in oral microbiota with dietary shifts of the Neolithic and Industrial revolutions[END_REF][START_REF] Ziesemer | Intrinsic challenges in ancient microbiome reconstruction using 16S rRNA gene amplification[END_REF][START_REF] Huynh | Restricted diversity of dental calculus methanogens over five centuries, France[END_REF][START_REF] Ozga | Successful enrichment and recovery of whole mitochondrial genomes from ancient human dental calculus[END_REF][START_REF] Velsko | The dental calculus metabolome in modern and historic samples[END_REF].

Occasionally, in the lysis step, Tris-HCl and SDS are added to the sample to improve decalcification and protein digestion [START_REF] Warinner | Pathogens and host immunity in the ancient human oral cavity[END_REF][START_REF] Fuente | Dna from Human Ancient Bacteria: A Novel Source of Genetic Evidence from Archaeological Dental Calculus[END_REF]. After the lysis step, purification of DNA is performed using the phenol:chloroform:isoamyl alcohol (25:24:1) method [START_REF] Fuente | Dna from Human Ancient Bacteria: A Novel Source of Genetic Evidence from Archaeological Dental Calculus[END_REF] preferentially followed by Qiagen MinElute column purification [START_REF] Warinner | Pathogens and host immunity in the ancient human oral cavity[END_REF][START_REF] Ziesemer | Intrinsic challenges in ancient microbiome reconstruction using 16S rRNA gene amplification[END_REF][START_REF] Ozga | Successful enrichment and recovery of whole mitochondrial genomes from ancient human dental calculus[END_REF][START_REF] Velsko | The dental calculus metabolome in modern and historic samples[END_REF] or using commercial kits for DNA purification, such as the EZ1 DNA tissue kit (Qiagen) [START_REF] Huynh | Restricted diversity of dental calculus methanogens over five centuries, France[END_REF][START_REF] Bringuier | Real-Time PCR Quantification of Methanobrevibacter oralis in Periodontitis[END_REF] and QIAamp DNA Investigator Kit (Qiagen) [START_REF] Adler | Sequencing ancient calcified dental plaque shows changes in oral microbiota with dietary shifts of the Neolithic and Industrial revolutions[END_REF]. It is also possible to use an in-house silica-based method for the extraction and purification of ancient DNA [START_REF] Weyrich | Neanderthal behaviour, diet, and disease inferred from ancient DNA in dental calculus[END_REF].

Polymerase chain reaction (PCR) amplification and subsequent sequencing can be used to analyze DNA sequences specific for microorganisms from the oral microbial community. PCR primers were specifically designed for five species of bacteria, Actinomyces naeslundii, Fusobacterium nucleatum, Porphyromonas gingivalis, Streptococcus gordonii and Streptococcus mutans, by De La Fuente et al. [START_REF] Fuente | Dna from Human Ancient Bacteria: A Novel Source of Genetic Evidence from Archaeological Dental Calculus[END_REF], which were detected in dental calculus from 4,000-year-old to modern samples. Specific primers are useful for the identification of single species of microorganisms, such as pathogens or common microbes of the oral microbiota; to determine the conservation of DNA in the sample; and to study specific genes [START_REF] Weyrich | Ancient DNA analysis of dental calculus[END_REF].

The amplification of a conserved bacterial region of the 16S ribosomal RNA (16S rRNA) gene and subsequent high-throughput sequencing yields information about the diversity of bacteria present in the samples, describing the bacterial community of the ancient oral microbiota [START_REF] Weyrich | Neanderthal behaviour, diet, and disease inferred from ancient DNA in dental calculus[END_REF][START_REF] Warinner | Pathogens and host immunity in the ancient human oral cavity[END_REF][START_REF] Adler | Sequencing ancient calcified dental plaque shows changes in oral microbiota with dietary shifts of the Neolithic and Industrial revolutions[END_REF][START_REF] Santiago-Rodriguez | Insights of the dental calculi microbiome of pre-Columbian inhabitants from Puerto Rico[END_REF][START_REF] Santiago-Rodriguez | Commensal and Pathogenic Members of the Dental Calculus Microbiome of Badia Pozzeveri Individuals from the 11th to 19th Centuries[END_REF]. Using this method, it is possible to identify hundreds of species with a single PCR amplification [START_REF] Weyrich | Ancient DNA analysis of dental calculus[END_REF]. Adler et al. [START_REF] Adler | Sequencing ancient calcified dental plaque shows changes in oral microbiota with dietary shifts of the Neolithic and Industrial revolutions[END_REF] used the results of high-throughput sequencing to compare the bacteria present in the oral cavity of Mesolithic, Neolithic, Bronze Age, medieval and modern individuals, reporting a reduction in the bacterial diversity and a shift toward cariogenic bacterial dominance after medieval times, concomitant with the industrial revolution [START_REF] Adler | Sequencing ancient calcified dental plaque shows changes in oral microbiota with dietary shifts of the Neolithic and Industrial revolutions[END_REF].

Following the same principle, regions conserved among any organism of interest can be amplified. PCR sequencing of 16S rRNA and methyl coenzyme M reductase (mcrA) genes was used to detect and describe the methanogen community present in the oral human microbiota, allowing the identification of multiple archaea, such as Candidatus Methanobrevibacter sp. N13, Methanobrevibacter oralis and Methanoculleus bourgensis [START_REF] Huynh | Restricted diversity of dental calculus methanogens over five centuries, France[END_REF]. Unfortunately, this approach has limited applicability when the aDNA is known to be highly degraded and fragmented or when the targeted region contains extensive length polymorphisms that induce a bias toward taxa with the shortest amplicon lengths [START_REF] Ziesemer | Intrinsic challenges in ancient microbiome reconstruction using 16S rRNA gene amplification[END_REF].

In contrast to targeted gene amplification, shotgun sequencing allows the sequencing of random DNA fragments present in the sample independently of their origin (eukarya, bacteria, archaea, and viruses), overcoming targeted sequencing problems [START_REF] Warinner | Pathogens and host immunity in the ancient human oral cavity[END_REF][START_REF] Ziesemer | Intrinsic challenges in ancient microbiome reconstruction using 16S rRNA gene amplification[END_REF]. This approach allows the analysis of all the sequences inside the sample at the same time without any prior knowledge, providing both taxonomic and functional information [START_REF] Weyrich | Ancient DNA analysis of dental calculus[END_REF]. Shotgun metagenomics applied to ancient human dental calculus allowed the characterization of the oral microbiota from multiple archaeological sites [START_REF] Weyrich | Neanderthal behaviour, diet, and disease inferred from ancient DNA in dental calculus[END_REF][START_REF] Warinner | Pathogens and host immunity in the ancient human oral cavity[END_REF][START_REF] Mann | Differential preservation of endogenous human and microbial DNA in dental calculus and dentin[END_REF], providing information about antibiotic resistance and metabolic functions of ancient bacteria [START_REF] Weyrich | Neanderthal behaviour, diet, and disease inferred from ancient DNA in dental calculus[END_REF][START_REF] Warinner | Pathogens and host immunity in the ancient human oral cavity[END_REF]. Data obtained with this approach showed a possible correlation between behavior, diet, and health and the oral microbiota composition of two populations of European Neanderthals [START_REF] Weyrich | Neanderthal behaviour, diet, and disease inferred from ancient DNA in dental calculus[END_REF]. This finding suggested a central role of meat consumption in early hominid microbiota composition and that the repertoire of microorganisms preserved in dental calculus could be used to derive the dietary behavior of ancient populations by comparing the shotgun data obtained to those obtained for other ancient calculus specimens from populations with a known diet. Moreover, the shotgun metagenomic approach also allowed the reconstruction of draft genomes of organisms present in ancient dental calculus, such as the bacterium Tannerella forsythia [START_REF] Warinner | Pathogens and host immunity in the ancient human oral cavity[END_REF] and the archaeon Methanobrevibacter oralis [START_REF] Weyrich | Neanderthal behaviour, diet, and disease inferred from ancient DNA in dental calculus[END_REF].

Analysis of ancient protein from dental calculus.

Similar to shotgun metagenomics for nucleotides, shotgun proteomics allows the detection and study of extracted peptides from ancient human dental calculus [START_REF] Yates | Mass spectrometry and the age of the proteome[END_REF].

Despite the better preservation capability of proteins than DNA molecules, proteomic approaches are relatively new in the field of paleomicrobiology, providing valuable information about the diet, microbiota function and composition, host health and immune response [START_REF] Cappellini | Biochemistry. Unlocking ancient protein palimpsests[END_REF][START_REF] Barbieri | Paleoproteomics of the Dental Pulp: The plague paradigm[END_REF].Warriner and colleagues showed how tandem mass spectrometry (MS/MS) used for shotgun proteomics can produce information about the presence of bacterial species-specific proteins, virulence factors, and antigenic proteins, as well as human immune response proteins (antimicrobial gene products) [START_REF] Warinner | Pathogens and host immunity in the ancient human oral cavity[END_REF][START_REF] Jersie-Christensen | Quantitative metaproteomics of medieval dental calculus reveals individual oral health status[END_REF]. In addition, it has been shown that mass spectrometry for proteomic analysis can be used to describe the oral human metabolome (the collection of all the lowweight metabolites produced by metabolism [START_REF] Velsko | The dental calculus metabolome in modern and historic samples[END_REF]), providing important information about salivary and microbiome-related proteins [START_REF] Velsko | The dental calculus metabolome in modern and historic samples[END_REF] and dietary information from ancient populations [START_REF] Warinner | Direct evidence of milk consumption from ancient human dental calculus[END_REF][START_REF] Hendy | Proteomic evidence of dietary sources in ancient dental calculus[END_REF].

Microscopical analysis on dental calculus.

Microscopic analysis of dental calculus allowed the detection of aliments and the presence of calcified microorganisms [START_REF] Meller | Prevalence of oral pathologic findings in an ancient pre-Columbian archeologic site in the Atacama Desert[END_REF][START_REF] Huynh | Bacteria and archaea paleomicrobiology of the dental calculus: a review[END_REF]. Examination through scanning electron microscopy (SEM) can be performed without treating the sample, allowing complete preservation [START_REF] Charlier | The microscopic (optical and SEM) examination of dental calculus deposits (DCD). Potential interest in forensic anthropology of a bio-archaeological method[END_REF], while optical microscopy and transmission electron microscopy (TEM) need a pretreatment to be performed that partially or completely disrupts the sample [START_REF] Charlier | The microscopic (optical and SEM) examination of dental calculus deposits (DCD). Potential interest in forensic anthropology of a bio-archaeological method[END_REF]. For SEM, a preliminary step for the decalcification of the sample is performed using hydrochloric acid (HCl) at different concentrations [START_REF] Warinner | Pathogens and host immunity in the ancient human oral cavity[END_REF][START_REF] Hardy | Pleistocene dental calculus: Recovering information on Paleolithic food items, medicines, paleoenvironment and microbes[END_REF].

For TEM, ancient samples follow routine procedure, with treatment with osmium tetroxide fixative and epoxy resin embedding [START_REF] Preus | Ancient bacterial DNA (aDNA) in dental calculus from archaeological human remains[END_REF]. Optical microscopy can be used to distinguish between gram-positive and gram-negative bacteria [START_REF] Warinner | Pathogens and host immunity in the ancient human oral cavity[END_REF][START_REF] Charlier | The microscopic (optical and SEM) examination of dental calculus deposits (DCD). Potential interest in forensic anthropology of a bio-archaeological method[END_REF][START_REF] Linossier | Paleomicrobiological study in dental calculus: Streptococcus mutans[END_REF]. Optical and electron microscopy usually do not allow the identification of species but can provide important pieces of information about the presence, dimension and shape of microorganisms in the samples [START_REF] Huynh | Bacteria and archaea paleomicrobiology of the dental calculus: a review[END_REF]. Microscopic analysis can also be used for biomolecular investigations, using gold-labeled antibody TEM to detect the presence of DNA [START_REF] Preus | Ancient bacterial DNA (aDNA) in dental calculus from archaeological human remains[END_REF]; fluorescence microscopy and polyclonal antibodies for the identification of specific bacteria, such as Streptococcus mutans [START_REF] Linossier | Paleomicrobiological study in dental calculus: Streptococcus mutans[END_REF]; and fluorescent in situ hybridization (FISH) to reveal archaea, such as Candidatus Methanobrevibacter sp. [START_REF] Huynh | Restricted diversity of dental calculus methanogens over five centuries, France[END_REF].

Other sources of ancient oral microbiota.

Despite the vast majority of studies on ancient oral microbiota have been performed on dental calculus, some authors tried to think outside of the box obtaining interesting results. In 2019, Jensen and colleagues analyzed a chewed birch pitch from Denmark dated to 5,700 years ago and revealed the presence of preserved DNA material. Starting from this specimen, they reconstructed a complete ancient human genome and identified microbial DNA sequences that reflected the oral microbiome of the person who chewed the pitch [START_REF] Jensen | A 5700 year-old human genome and oral microbiome from chewed birch pitch[END_REF]. This work highlighted the potential utility of chewed birch pitch in the field of paleomicrobiology for the study of ancient microbiota.

Moreover, the analysis of buccal swabs from Inca mummies through shotgun proteomics analysis was used to describe active states of infection on an individual at the time of death by providing information on the immune response and potentially on the pathogens present when combined with DNA amplification [START_REF] Corthals | Detecting the Immune System Response of a 500 Year-Old Inca Mummy[END_REF].

Ancient Gut Microbiota.

Coprolites and palaeofaeces.

The primary sources for information about the ancient gut microbiota are coprolites, which are "any formed fecal mass remains, including mineralized, desiccated, or frozen feces and even the intestinal contents of mummies" [START_REF] Reinhard | Coprolite Analysis: The analysis of ancient human feces for dietary data[END_REF]. These remains can be preserved for thousands or even millions of years [START_REF] Dentzien-Dias | Tapeworm eggs in a 270 million-year-old shark coprolite[END_REF], providing information about the gut microbiota components, the presence of pathogens and the diet of past human and animal populations [START_REF] Appelt | Human Coprolites as a Source for Paleomicrobiology[END_REF]. In fact, traces of aliments consumed by the host, such as bones of small animals, feathers, seafood shells, and plant seeds, are commonly found in coprolites [START_REF] Reinhard | Coprolite Analysis: The analysis of ancient human feces for dietary data[END_REF][START_REF] Reinhard | Coprolite analysis: a biological perspective on archaeology[END_REF][START_REF] Reinhard | Hunter-gatherer use of small animal food resources: coprolite evidence[END_REF][START_REF] Cano | Paleomicrobiology: revealing fecal microbiomes of ancient indigenous cultures[END_REF][START_REF] Shipley | Evidence for the Paleoethnobotany of the Neanderthal: A Review of the Literature[END_REF]. Moreover, it is possible to correlate the presence of animal parasites with the diet of an ancient population [START_REF] Cano | Paleomicrobiology: revealing fecal microbiomes of ancient indigenous cultures[END_REF][START_REF] Rivera-Perez | Retroviral DNA Sequences as a Means for Determining Ancient Diets[END_REF][START_REF] Wiscovitch-Russo | Pre-Columbian zoonotic enteric parasites: An insight into Puerto Rican indigenous culture diets and life styles[END_REF].

Molecular analysis on coprolites.

DNA analysis can potentially produce additional information about the complete set of species inside the coprolite and the evolution of these organisms. To reduce environmental contamination, extraction of DNA is performed on the core of the coprolites after the removal of a few millimeters (3 mm -1 cm) of coprolite surface.

Multiple protocols and commercial kits are available for DNA extraction from fecal and soil samples and are also used on ancient samples, e.g., UltraClean Fecal DNA Isolation Kit (MOBIO) [START_REF] Tito | Insights from Characterizing Extinct Human Gut Microbiomes[END_REF] and PowerSoil® DNA Isolation Kit (MOBIO) [START_REF] Cano | Paleomicrobiology: revealing fecal microbiomes of ancient indigenous cultures[END_REF][START_REF] Rivera-Perez | Retroviral DNA Sequences as a Means for Determining Ancient Diets[END_REF][START_REF] Wiscovitch-Russo | Pre-Columbian zoonotic enteric parasites: An insight into Puerto Rican indigenous culture diets and life styles[END_REF][START_REF] Santiago-Rodriguez | Microbial Communities in Pre-Columbian Coprolites[END_REF].

Protocol specific for coprolites that does not require commercial kits have also been developed, such as the one from Kuch et al. [START_REF] Kuch | Extraction of DNA from paleofeces[END_REF]. In 2019, Hagan and colleagues tested the efficacy of 5 different methods for DNA extraction from ancient fecal material [START_REF] Hagan | Comparison of extraction methods for recovering ancient microbial DNA from paleofeces[END_REF], indicating that despite every tested method being valuable, methods used for modern microbiota analysis recovered less DNA than methods developed and optimized for ancient bone material [START_REF] Mann | Differential preservation of endogenous human and microbial DNA in dental calculus and dentin[END_REF][START_REF] Dabney | Ancient DNA damage[END_REF].

Massive sequencing of specific amplified regions of the DNA, such as 16S rDNA, provided information about the prokaryotic community inside the coprolite [START_REF] Santiago-Rodriguez | Gut microbiome of an 11 th century AD Pre-Columbian Andean mummy[END_REF][START_REF] Cano | Paleomicrobiology: revealing fecal microbiomes of ancient indigenous cultures[END_REF][START_REF] Santiago-Rodriguez | Microbial Communities in Pre-Columbian Coprolites[END_REF].

The same approach can be used for the eukaryotic community, e.g., by using primers that target the 18S ribosomal DNA (18S rDNA) or Internal transcribed spacer (ITS) region for fungal diversity [START_REF] Cano | Paleomicrobiology: revealing fecal microbiomes of ancient indigenous cultures[END_REF][START_REF] Santiago-Rodriguez | Microbial Communities in Pre-Columbian Coprolites[END_REF]. Whole-genome shotgun sequencing does not require previous amplification of the DNA and gives information on the entirety of DNA sequences present in the sample, allowing both taxonomic and functional characterization [START_REF] Tito | Phylotyping and Functional Analysis of Two Ancient Human Microbiomes[END_REF][START_REF] Santiago-Rodriguez | Gut microbiome of an 11 th century AD Pre-Columbian Andean mummy[END_REF][START_REF] Wiscovitch-Russo | Pre-Columbian zoonotic enteric parasites: An insight into Puerto Rican indigenous culture diets and life styles[END_REF][START_REF] Appelt | Polyphasic analysis of a middle ages coprolite microbiota, Belgium[END_REF]. Furthermore, pathogen DNA sequences, including those of Clostridium botulinum, Trypanosoma cruzi and human papillomaviruses (HPVs) [START_REF] Santiago-Rodriguez | Gut microbiome of an 11 th century AD Pre-Columbian Andean mummy[END_REF], as well as drug resistance genes [START_REF] Santiago-Rodriguez | Gut microbiome of an 11 th century AD Pre-Columbian Andean mummy[END_REF][START_REF] Appelt | Polyphasic analysis of a middle ages coprolite microbiota, Belgium[END_REF], are detected. Moreover, viral metagenomes from coprolites have been described [START_REF] Rivera-Perez | Retroviral DNA Sequences as a Means for Determining Ancient Diets[END_REF][START_REF] Appelt | Viruses in a 14th-century coprolite[END_REF].

Microscopic and immunoassay analysis on coprolites.

Rehydration of samples is the preliminary step for subsequent microscopic analysis.

Different protocols have been developed for coprolite rehydration [START_REF] Camacho | Recovering parasites from mummies and coprolites: an epidemiological approach[END_REF]. These protocols all rely on using 0.5% trisodium phosphate (Na3PO4) aqueous solution sometimes complemented with 5% glycerinated water and formalin (Le Bailly 2010) or hydrochloric acid (HCl) to dissolve the calcium carbonates [START_REF] Mitchell | Human intestinal parasites in crusader Acre: evidence for migration with disease in the medieval period[END_REF]. This step can last from 24 h to one week [START_REF] Seo | Gymnophalloides seoi Eggs from the Stool of a 17th Century Female Mummy Found in Hadong, Republic of Korea[END_REF][START_REF] Reinhard | Pinworm Infection at Salmon Ruins and Aztec Ruins: Relation to Pueblo III Regional Violence[END_REF] and can be combined with a sedimentation step [START_REF] Reinhard | Coprolite analysis: a biological perspective on archaeology[END_REF][START_REF] Wiscovitch-Russo | Pre-Columbian zoonotic enteric parasites: An insight into Puerto Rican indigenous culture diets and life styles[END_REF][START_REF] Appelt | Polyphasic analysis of a middle ages coprolite microbiota, Belgium[END_REF]. Microscopic analysis allows the identification of multicellular parasites, such as helminth eggs [START_REF] Wiscovitch-Russo | Pre-Columbian zoonotic enteric parasites: An insight into Puerto Rican indigenous culture diets and life styles[END_REF][START_REF] Appelt | Polyphasic analysis of a middle ages coprolite microbiota, Belgium[END_REF][START_REF] Cleeland | Clarifying prehistoric parasitism from a complementary morphological and molecular approach[END_REF]; protozoan cysts [START_REF] Ortega | Cryptosporidium, giardia, and cyclospora in ancient Peruvians[END_REF][START_REF] Fugassa | Paleoparasitological results from coprolites dated at the Pleistocene-Holocene transition as source of paleoecological evidence in Patagonia[END_REF][START_REF] Frías | Studies on protozoa in ancient remains-A Review[END_REF]; and food traces [START_REF] Reinhard | Food, parasites, and epidemiological transitions: A broad perspective[END_REF][START_REF] Pucu | Diet analysis reveals pre-historic meals among the Loma San Gabriel at La Cueva de Los Muertos Chiquitos, Rio Zape, Mexico (600-800 CE)[END_REF].

Parasite identification relies on morphometric characterization with light and electron microscopy, which is based on the experience and ability of the operator. Cases have been reported in which pollen grains, which are morphologically similar to pinworm eggs, have been confused for parasitic eggs [START_REF] Camacho | Confusing a Pollen Grain with a Parasite Egg: an Appraisal of "Paleoparasitological Evidence of Pinworm (Enterobius Vermicularis) Infection in a Female Adolescent Residing in Ancient Tehran[END_REF]. The use of confocal laser scanning microscopy (CLSM) has been revealed to be a powerful tool for the identification of parasites in coprolites. This technique allows better morphological identification, detects intrinsic autofluorescent molecules and has the great advantage of being less destructive to the specimen, allowing further analyses to be performed (e.g., molecular analysis) on the same specimen [START_REF] Morrow | Application of Autofluorescence for Confocal Microscopy to Aid in Archaeoparasitological Analyses[END_REF]. Moreover, immunofluorescence assays (IFAs) or enzyme-linked immunosorbent assays (ELISAs) have been used for the detection of intestinal protozoa, such as Giardia spp. [START_REF] Ortega | Cryptosporidium, giardia, and cyclospora in ancient Peruvians[END_REF][START_REF] Gonçalves | Detection of Giardia duodenalis antigen in coprolites using a commercially available enzyme-linked immunosorbent assay[END_REF][START_REF] Bailly | New finding of Giardia intestinalis (Eukaryote, Metamonad) in Old World archaeological site using immunofluorescence and enzyme-linked immunosorbent assays[END_REF][START_REF] Mitchell | Dysentery in the crusader kingdom of Jerusalem: an ELISA analysis of two medieval latrines in the City of Acre (Israel)[END_REF][START_REF] Eskew | Intestinal Parasites in an Ottoman Period Latrine from Acre (Israel) Dating to the Early 1800s CE[END_REF][START_REF] Leles | Are immunoenzymatic tests for intestinal protozoans reliable when used on archaeological material?[END_REF], Cryptosporidium spp. [START_REF] Ortega | Cryptosporidium, giardia, and cyclospora in ancient Peruvians[END_REF][START_REF] Leles | Are immunoenzymatic tests for intestinal protozoans reliable when used on archaeological material?[END_REF][START_REF] Morrow | Cryptosporidium parvum Among Coprolites from La Cueva de los Muertos Chiquitos (600-800 CE), Rio Zape Valley[END_REF], and Entamoeba histolytica [START_REF] Mitchell | Dysentery in the crusader kingdom of Jerusalem: an ELISA analysis of two medieval latrines in the City of Acre (Israel)[END_REF][START_REF] Eskew | Intestinal Parasites in an Ottoman Period Latrine from Acre (Israel) Dating to the Early 1800s CE[END_REF][START_REF] Leles | Are immunoenzymatic tests for intestinal protozoans reliable when used on archaeological material?[END_REF][START_REF] Goncalves | Amoebiasis distribution in the past: first steps using an immunoassay technique[END_REF][START_REF] Bailly | Parasitism in Kansas in the 1800s: a glimpse to the past through the analysis of grave sediments from Meadowlark cemetery[END_REF].

Culture-dependent analysis on coprolites.

Finally, a culture-dependent investigation was performed on a 14th-century coprolite found in Belgium in parallel to a metagenomic analysis [START_REF] Appelt | Polyphasic analysis of a middle ages coprolite microbiota, Belgium[END_REF]. A portion from the inner part of the coprolite was inoculated into Schaedler and R2A liquid and solid culture media and maintained for several days at 30 °C under various atmospheres created using gas-generating pouch systems (BD Gas PakTM EZ). Small colonies were observable after 10 days of incubation, and ten different bacterial species 

Mummified tissues.

Other than coprolites, natural and artificial mummified tissues are also valuable sources for ancient human microbiota studies. DNA, proteins, and even entire parasites (eggs, larvae, and adults) have been found in mummified tissues. Wellpreserved mummies offer the rare possibility to study microbiota both inside and outside of the digestive tract, allowing the identification of specific pathogens of certain organs, i.e., Helicobacter pylori [START_REF] Maixner | The 5300-year-old Helicobacter pylori genome of the Iceman[END_REF], and even compare the microbial communities present in different organs from the same individual [START_REF] Cano | Sequence analysis of bacterial DNA in the colon and stomach of the Tyrolean Iceman[END_REF]. Mummified tissues from the digestive tract are used for the identification of the microbial community of the gut, stomach, and oral cavity. Similar to the methods used for coprolite analysis, mummified tissues can be analyzed for parasite and protozoan detection through microscopy. The rehydration step can be performed following the same methods used for coprolites with trisodium phosphate [START_REF] Camacho | Recovering parasites from mummies and coprolites: an epidemiological approach[END_REF] or with a solution of potassium hydroxide at 4-7% [START_REF] Camacho | Recovering parasites from mummies and coprolites: an epidemiological approach[END_REF][START_REF] Hidalgo-Argüello | PARASITOLOGICAL ANALYSIS OF LEONESE ROYALTY FROM COLLEGIATE-BASILICA OF ST. ISIDORO, LEÓN (SPAIN): HELMINTHS, PROTOZOA, AND MITES[END_REF].

Techniques of 16S rRNA gene high-throughput sequencing and metagenomics performed on mummified digestive tract tissues were used for the characterization of ancient microbiota. The presence of DNA sequences homologous to many organisms of medical interest were also detected, such as Clostridium botulinum, Trypanosoma cruzi, HPVs, Pseudomonas spp., and Leishmania donovani [START_REF] Ubaldi | Sequence analysis of bacterial DNA in the colon of an Andean mummy[END_REF][START_REF] Santiago-Rodriguez | Taxonomic and predicted metabolic profiles of the human gut microbiome in pre-Columbian mummies[END_REF][START_REF] Lugli | Ancient bacteria of the Ötzi's microbiome: a genomic tale from the Copper Age[END_REF]. The genomes of 5,300-year-old Helicobacter pylori [START_REF] Maixner | The 5300-year-old Helicobacter pylori genome of the Iceman[END_REF], Clostridium perfringens, Clostridium sp. Ade.TY, Clostridium algidicarnis, and Pseudomonas veronii [START_REF] Lugli | Ancient bacteria of the Ötzi's microbiome: a genomic tale from the Copper Age[END_REF] were reconstructed and used for phylogenetic analysis to study the evolution of these organisms. Moreover, metagenomic analysis allowed the identification of sequences homologous to bacteriophages [START_REF] Santiago-Rodriguez | Natural mummification of the human gut preserves bacteriophage DNA[END_REF], metabolic profiles [START_REF] Santiago-Rodriguez | Taxonomic and predicted metabolic profiles of the human gut microbiome in pre-Columbian mummies[END_REF], multiple sequences associated with antibiotic resistance and virulence-related genes in old mummified gut tissues [START_REF] Santiago-Rodriguez | Gut microbiome of an 11 th century AD Pre-Columbian Andean mummy[END_REF][START_REF] Lugli | Ancient bacteria of the Ötzi's microbiome: a genomic tale from the Copper Age[END_REF][START_REF] Santiago-Rodriguez | Gut Microbiome and Putative Resistome of Inca and Italian Nobility Mummies[END_REF]. Data obtained from mummified gut remains could also potentially be used to infer ancient dietary habits [START_REF] Santiago-Rodriguez | Gut Microbiome and Putative Resistome of Inca and Italian Nobility Mummies[END_REF].

Organs connected to the digestive tract have been studied using microscopy or DNA-related techniques for the presence of pathogens and parasites: studies on gallbladder samples detected Clonorchis sinensis [START_REF] Liu | Comparison of ancient and modern Clonorchis sinensis based on ITS1 and ITS2 sequences[END_REF], Mycobacterium tuberculosis [START_REF] Donoghue | Tuberculosis in Dr Granville's mummy: a molecular re-examination of the earliest known Egyptian mummy to be scientifically examined and given a medical diagnosis[END_REF]; studies on liver samples detected hepatitis B virus [START_REF] Bar-Gal | Tracing hepatitis B virus to the 16th century in a Korean mummy[END_REF].

Geographical distribution of the specimens analyzed for the gut microbiota are represented in figure 1.

Perspectives

We have just begun to understand the relationships between diet, health, pathological conditions, and the composition of our microbiota, but it is clear that the gut microbiota plays a role in the health and disease conditions of humans. This explains the strong interest in medical research for this subject. Combining modern techniques and protocols used in the field of paleomicrobiology for the analysis and the extraction of data from ancient human remains, we can study the past of humankind and its microbiota. An evolutionary framework that leads us to understand how these changes in human lifestyle have influenced changes in the microbiota can be built through the comparison of the microbiota composition among different eras and with data on the microbiota in the modern world. Studies on the microbiota of our ancestors can help us describe the evolutionary path that led humans and their microbiota to where we are now, revealing how changes in diet, innovations in modern medicine, hygiene, and antibiotics have changed the composition and, therefore, how the characteristics of our microbiota have shaped humans as a species. Table 1. Scientific studies performed on ancient human digestive tract microbiota catalogued per archaeological site, dating, sample type, and method used for the analysis. Only studies written in English, published before March 2021, and on samples of human origin that targeted multiple species from the digestive tract microbiota of the host were considered. 
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  Paenibacillus macerans, Bacillus jeotgali, Staphylococcus pasteuri, Staphylococcus epidermidis, Staphylococcus cohnii, Micrococcus luteus, Pseudomonas geniculate, Stenotrophomonas maltophilia, Bacillus horti and Clostridium magnum) were identified by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) and 16S rRNA gene sequencing. Additionally, a portion from the inner part of the coprolite was cultured in BD BACTEC, Lytic/10 Anaerobic and Aerobic bottles enriched with 7 mL of defibrinated sheep blood and incubated at 37 °C. After two days, cultures were diluted and plated onto COS culture plates (bioMérieux) and reincubated at 37 °C under different atmospheres. Eight different bacterial species, Rhodanobacter sp. organism, Paenibacillus sp. organism, Paenibacillus macerans, Paenibacillus thiaminolyticus, Paenibacillus ehimensis, Staphylococcus arlettae, Propionibacterium acnes and Enterobacter cloacae, were isolated and identified from the blood-enriched cultures using MALDI-TOF-MS and 16S rRNA gene sequencing.

Figure 1 .

 1 Figure 1. Geographical localization of ancient human remains analyzed for microbiota studies in the World. Colour indicate the dating of the analyzed samples from 6000 BCE to 1918 CE. Oral microbiota and gut microbiota studies are indicated with two symbols representing a tooth and the gut respectively. The corresponding references are listed in Table1. Map generated with QGIS software[START_REF] Qgis | QGIS Geographic Information System. QGIS Association[END_REF]. In the upper part of the figure, 6 pictures representative of the original samples used to study the digestive tract microbiota[START_REF] Mann | Differential preservation of endogenous human and microbial DNA in dental calculus and dentin[END_REF][START_REF] Jensen | A 5700 year-old human genome and oral microbiome from chewed birch pitch[END_REF][START_REF] Cano | Paleomicrobiology: revealing fecal microbiomes of ancient indigenous cultures[END_REF][START_REF] Mackie | Preservation of the metaproteome: variability of protein preservation in ancient dental calculus[END_REF][START_REF] Borry | CoproID predicts the source of coprolites and paleofeces using microbiome composition and host DNA content[END_REF][START_REF] Philips | Analysis of oral microbiome from fossil human remains revealed the significant differences in virulence factors of modern and ancient Tannerella forsythia[END_REF].
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