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We report a molecular methodology to obtain and analyse ancient bacterial DNA from
archaeological dental calculus. Recent and archaeological DNA samples, as old as 4000 BP,
were successfully extracted and amplified with species-specific PCR primers. We propose this
approach in order to: detect the presence of specific bacterial species infecting past human
populations; compare the composition of ancient oral microbiomes among human popula-
tions; and analyse the genetic variability and covariation of bacteria and human host popu-
lations. Genomic analysis of bacteria from dental calculus is a promising source of evidence
for palaeopathological and micro-evolutionary studies, focused either on micro-organisms or
their human hosts.
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INTRODUCTION

The human body is colonized by a myriad of micro-organisms, commensals and parasites, which
were with our species even before the first migration from Africa. The dynamics between
micro-organisms and humans depends on diverse factors such as pathogenicity, virulence, host
susceptibility and ecological features related to infections (reviewed in Ashford 2000; Wirth et al.
2005). Such dynamics can influence processes of genetic change affecting micro-organisms
and their host (i.e., co-evolution and parallel genetic drift), which allows the use of the genetic
diversity of micro-organisms to infer aspects of the micro-evolutionary history of the ecological
interaction itself, or as an approximation to the micro-evolutionary history of host human
populations.

Several studies have shown a geographically structured covariation between the genetic diver-
sity of micro-organisms and human hosts (Templeton 2007). These observations have motivated
the use of viral and bacterial genomes as a source of indirect genetic markers, which means using
the micro-organism genetic variation to infer past evolutionary events of the human host popu-
lations. This approach differs from the analysis of direct genetic markers or the analysis of
genetic polymorphism from the human genome. However, inferences about the host evolution
using indirect genetic markers need to take into account the mode of transmission, mutation rates,
strength of vertical transmission and pathogenicity (Holmes 2004; Wirth et al. 2005).

According to current evidence, indirect genetic markers from viral genomes are suitable for
inferring recent migration events, as has been shown by analysing molecular polymorphisms of
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the JC virus (Agostini et al. 1997; Sugimoto et al. 1997; Pavesi 2005), the papilloma virus (Chan
et al. 1992), the HTLV virus (Miura et al. 1994) and the hepatitis G virus (Pavesi 2001). On the
other hand, analyses of Helicobacter pylori genetic variation in a phylogeographical framework
have revealed more ancient events, covering the period from the origin of the infection of
pre-modern human populations to the subsequent major migrations (Suerbaum and Josenhans,
2007; Castillo-Rojas et al. 2008; Yamaoka, 2009).

Recently, Nasidze et al. (2009) analysed the bacterial diversity from human oral microflora in
order to identify species suitable for use as sources of indirect genetic markers. They described
a broad diversity of microflora communities among human hosts, but a limited geographical
structure of this diversity. The more ubiquitous genera were Streptococcus, Prevotella, Veil-
lonella, Neisseria, Haemophilus, Rothia, Porphyromonas and Fusobacterium; these genera were
identified as potential sources of genetic evidence of human micro-evolution. Using a different
approach, Caufield (2009) evaluated the geographical distribution of Streptococcus mutans,
which is part of the normal oral microflora and one of the principal cariogenic agents. Despite the
strength of vertical transmission, the genetic markers analysed in this study did not consistently
reflect the evolutionary history of their hosts; and because of this, Caulfield suggested the use of
multiple loci to avoid this limitation.

Here, we propose to extend the analysis of genetic variation of oral bacteria to ancient
populations, using dental calculus as a source of DNA. Tartar, or dental calculus, is formed on the
surface of teeth due to the incorporation of crystals of calcium phosphate, principally hydroxy-
apatite, whitlockite, octacalcium phosphate and brucite, to the organic matrix of dental plaque
(Liébana 1995; Lieverse 1999), and is composed of a diverse community of micro-organisms and
polymers coming from the host and from the bacteria themselves (Li et al. 2004; Marsh 2005).

Due to its composition, dental calculus emerges as a potential material from which to obtain
DNA from bacteria, which could be used as a source of indirect palaeogenetic markers as well as
direct genetic markers for the analysis of oral microflora in the context of palaeopathology
research. It should also be possible to obtain human DNA from dental calculus, as forensic
studies have shown (Kawano et al. 1995), due to the incorporation of human cells (epithelial
cells, leucocytes and macrophages) in calculus (Xie et al. 2010; Hunter et al. 2011).

Previous microscopic studies of ancient dental calculus have shown that general cell structure
is maintained even in skeletons as old as 60 000 bp, in calculus samples from Neanderthals
(Vandermeersch et al. 1994; Pap et al. 1995; Linossier et al. 1996). Cell walls from ancient
samples dating to between 1000 and 500 bp are still able to produce Gram-positive reactions,
which implies that the cell surface remains more or less intact (Linossier et al. 1996). Compari-
son between archaeological and living human dental calculus shows that morphotypes are very
similar (Linossier et al. 1988, 1996; Vandermeersch et al. 1994; Pap et al. 1995), further sup-
porting the idea that bacteria are well preserved over long periods of time. Nevertheless, DNA
from bacteria associated with dental calculus has not yet been surveyed; only human mitochon-
drial DNA (mtDNA) from this source has been used for forensic purposes (Kawano et al. 1995).
Recently, Preus and collaborators demonstrated the presence of DNA in the bacterial cytoplasm
from ancient dental calculus, using specific monoclonal antibodies for thymine dimers and
transmission electron microscopy (Preus et al. 2011).

This work constitutes the first report of molecular genetic evidence obtained from fossil
bacteria associated with archaeological dental calculus. Here, we show the results of a simple
protocol for successful extraction and amplification of bacterial DNA from contexts dated up to
4000 bp. In addition, the implications of a preliminary scan of oral microflora biodiversity from
archaeological and current dental calculus are discussed.
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MATERIALS AND METHODS

Sampling

A total of 38 samples of dental calculus (from 38 individuals), taken from historic burials and
bioarchaeological collections, were analysed in this study. The calculus samples were mechani-
cally extracted from osteological remains from nine archaeological sites or collections described
in Table 1. These collections are held by the Faculty of Social Sciences, University of Chile, and
the Museo Arqueológico R. P. Gustavo Le Paige (San Pedro de Atacama, II Región, Chile). In
addition, samples from archaeological sites in southern Chile and Argentina were included.

Bioanthropological collections from Catarpe 2, Pica-8 and Tarapacá-40 had previously been
retrieved from archaeological sites assigned to the Solor Phase (Late Intermediate Period),
the Pica–Tarapacá cultural complex (Late Intermediate Period) and the Formativo complex
(Tarapacá-40) of northern Chile, respectively. The Chono samples are from different archaeo-
logical sites from southern Chile, assigned to the indigenous group known as the Chono.

DNA extraction

DNA was extracted from approximately 10 mg of dental calculus using a modified protocol
designed for the extraction of DNA from bones (Kemp et al. 2006). Dental calculus was extracted
directly from dental pieces using a curette (a dental instrument with sharp edges, used to remove
dental calculus) and placed in a 1.5 ml tube. The samples were treated with 500 ml of sodium
hypochlorite at commercial concentration (4–6%) for 1 min, in order to eliminate surface con-
taminants, and then washed three times in ddH2O to eliminate the sodium hypochlorite. The

Table 1 The samples used in this study

Sample N Chronology Location Reference(s)

Cementerio
General

12 1960–1970 Región Metropolitana, Chile –
(33°28′S, 70°35′W)

Caserones-
Tarapacá 40

4 1500–1000 bp Región de Tarapacá, Chile True (1980), Núñez (1982)
(19°58′S, 69°33′W)

Pica 8 6 1000–500 bp Región de Tarapacá, Chile Zlatar (1984)
(20°29′S, 69°19′W)

Catarpe 2 3 1000–500 bp Región de Antofagasta, Chile Schiappacasse et al. (1989),
Uribe et al. (2004)(22°54′S, 68°12′W)

Chono 10 500 1 70 bp* Guaitecas–Peninsula of Taitao, Chile Ocampo and Aspillaga
(1984)(43°52′S, 73°57′W)

RB02 1 3741 1 51 bp† Site Río Bote 1, Santa Cruz, Argentina Franco (2008)
(50°15′S, 7143′W)

OB03 1 3565 1 45 bp Site Oreja de Burro 1, Santa Cruz, Argentina L’Heureux and Barberena
(2008)(52°07′S, 69°33′W)

IP11 1 4520 1 60 bp Site Ayayema, Madre de Dios Island,
Occidental Archipelagos Patagonia, Chile

Legoupil and Sellier (2004)

(50°21′S, 75°20′W)

*Dating from bark associated with human remains.

†Dating corresponds to individual RB01, found in the same stratigraphic level as RB02.
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demineralization was performed using 450 ml of 0.5 M EDTA at room temperature and continu-
ous rotation for 24 h. Subsequently, proteins were digested using 50 ml of 10% SDS, 20 ml of 1 M
Tris-HCl pH 8.0 and 3 ml of proteinase-K (20 mg ml–1) at 53°C for 16 h.

Protein and cell components were eliminated by two treatments of phenol:chloroform:
isoamyl alcohol (25:24:1) and one extraction in chloroform:isoamyl alcohol (24:1). DNA was
precipitated in one volume of 5 M ammonium acetate and two volumes of isopropanol for 16 h.
Isopropanol was eliminated by centrifugation at 13 000 rpm for 15 min and the pellet was washed
in 1 ml of 75% ethanol. Finally, DNA was resuspended in 50 ml of TE buffer.

To avoid sample contamination, all extraction procedures and polymerase chain reaction (PCR)
set-ups were carried out in a laboratory devoted exclusively to ancient sample analysis; that is, one
separated from those in which modern DNA is extracted and from the post-PCR laboratory. This
laboratory has positive pressure (filtered air, HEPA quality, treated with ultraviolet light) and UV
lamps on all working surfaces. Only disposable sterile plastic materials and DNA-free reagents
were used. Reagents and samples were manipulated only below a laminar flow cabinet. Every set
of extractions included six samples plus one blank extraction. All steps of DNA extraction and
amplification were carried out at the Faculty of Medicine, University of Chile.

As an additional validation criterion for the results, we repeated three tartar samples from the
Cementerio General; both sampling and DNA extraction were performed months after the first
analysis.

Primer design and PCR amplification

The PCR primers were designed to produce amplicons 179 bp or less in length, considering the
constraints imposed by degradation and fragmentation, which affect DNA over time (Willerslev
and Cooper 2004). The primers were designed from bacterial genomes deposited in GenBank
(http://www.ncbi.nlm.nih.gov/guide/) and the PCR parameters were determined using the
program Primer3 Input (Rozen and Skaletsky 2000). Specificity was tested using PrimerBlast
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). For each species, different sets of genes were selected to
be amplified.

PCR primers were designed for five species of bacteria (Table 2): Actinomyces naeslundii,
Fusobacterium nucleatum, Porphyromonas gingivalis, Streptococcus gordonii and Streptococcus
mutans. The first four species were selected on the basis of their incidence in dental plaque
(Kolenbrander et al. 2002; Duncan 2003; Avila et al. 2009; Hojo et al. 2009; Filoche et al. 2010).
S. mutans was selected because it was identified in a previous microscopic study of dental
calculus (Linossier et al. 1996). S. gordonii, S. mutans and A. naeslundii are Gram-positive,
facultative anaerobic species, which play a role in the primary colonization of dental plaque
(Kolenbrander et al. 2002). P. gingivalis and F. nucleatum are Gram-negative anaerobic bacteria.
The former is associated with the development of pathological conditions such as periodontal
disease, being part of the late colonization of oral plaque, while the latter acts as a bridge between
early and late colonizers and has not been associated directly with pathologies (Kolenbrander
et al. 2002). Details of the DNA fragments and PCR primers used for each species are summa-
rized in Table 2. The reaction mix (25 ml total volume) contained: 0.2 ml of GoTaq HotStart
enzyme (5 U/ml)(Promega), 5 ml enzyme buffer 5¥, 2 ml of dNTPs (2.5 mM), 2 ml of MgCl2

(25 mM), 1.25 ml of each primer (10 mM), 0.7 ml of BSA and 3 ml of the extracted DNA. The
PCRs were performed with the following conditions: initial denaturation at 95°C for 5 min, 45
cycles of denaturation at 95°C for 30 s, annealing for 30 s using specific temperatures for each
primer (see Table 2) and elongation at 72°C for 30 s, with a final elongation at 72°C for 5 min.
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Negative extraction and PCR blank controls were included in all PCR procedures as monitors for
potential contamination generated during the study.

Additionally, we have a database of bacterial sequences included in this study from the saliva
of the first author (C. de la F.), who performed the procedures for the DNA extraction and PCR
amplification. These sequences were compared with the sequences of ancient samples in order to
evaluate any potential contamination.

DNA cloning and sequencing

In order to reveal whether two or more strains belonging to one bacterial species occur in the
same sample, the amplified DNA fragments were cloned using Plasmid pGEM®-T (Promega) as
the cloning vector, according to the instructions provided by the manufacturer. Ligation was
performed at 4°C overnight. The amount of PCR product included in the ligation solution was 1:1
in relation to the amount of cloning vector. Transformation was performed by heat shock using
competent cells JM109 (Promega), incubated at 37°C for 1.5 h. Ten colonies were sampled from
each plaque for subsequent PCR and sequencing. Ligation success was evaluated by PCR
amplification using plasmid primers (T7 and SP6), followed by evaluation of fragment sizes in
agarose electrophoresis.

The PCR products from the extracted DNA were submitted for direct sequencing. Then, the
PCR products were cloned and subsequently sequenced by Macrogen Inc. A BLAST search was
performed in order to confirm the expected species-specific amplification according to the primer
design.

Endogenous mtDNA amplification

Although the analysis of human mitochondrial DNA is not the objective of this study, we know
that there are human cells included in dental calculus, and thus it should be possible to amplify
endogenous human DNA. The characterization of the HV1 region of the mtDNA of the samples

Table 2 The DNA fragments amplified in this study

Species Gene Function GenBank
accession
number

Primers Tm

(oC)
Size
(bp)

Reference

A. naeslundii uref Urease accessory
protein

AF048783 F:5′cacacccactgaccccttc3′ 59 179 Morou-Bermudez
and Burne
(1999)

R:5′agcccctcggagaaggtc3′

S. gordonii sspA Surface protein coding
gene associated with
adherence

NC_009785 F:5′gtctgattggtggcctcatt 3′ 52 166 Kolenbrander
et al. (2002)R:5′tttgcagcatctgtttcagc 3′

S. mutans gbpA Glucan-binding protein
A, involved in
virulence

NC_004350 F:5′cttcaccgctgtctttgtca3′ 58 149 Matsumura et al.
(2003)R:5′cgatggcaaacgtgtatcag3′

F. nucleatum fadA Colonization and
adherence to oral
plaque

DQ012979 F:5′gcagtttctgcttcagcattt3′ 53 166 Han et al.
(2005)R:5′tgcttgaagtctttgagctcttt3′

P. gingivalis fimA Biofilm synthesis and
adhesion

AB195790 F:5′tgcgacgctatatgcaagac3′ 52 166 Lo et al. (2010)
R:5′tcttcaaaaccacgctgatg3′
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may be used as a criterion of authenticity, as long as it is consistent with the population origin of
the sample and different from that of the investigator who performs the analysis. A database is
maintained of the mitochondrial DNA sequences of all researchers who enter the ancient DNA
facilities.

A total of 327 bp mtDNA (positions 16055–16382) was sequenced using three sets of primers
(Malhi et al. 2007) that amplified overlapping fragments of the mtDNA hypervariable region I.
The length range of the PCR products was 202–212 bp. Amplification of the three DNA frag-
ments was performed as described previously, except that the annealing temperature was changed
to 51°C. The PCR products were sequenced by Macrogen Inc. in both directions.

RESULTS AND DISCUSSION

Of the 38 samples analysed, 16 showed amplicons for one to four bacteria (Table 3). Nine of
those samples were from southern Chile, most of them revealing two to four bacterial species.
Only three samples from northern Chile showed amplicons for F. nucleatum and S. gordonii. The
remaining four samples showing positive PCR products were from the collection of the Cemen-
terio General. F. nucleatum had the greatest number of positive results; it was detected in 14
samples. On the other hand, S. mutans was detected only in one sample. P. gingivalis and S.
gordonii were identified in nine and 12 samples, respectively, while A. naeslundii was found in
four. The saliva sample analysed (C. de la F.) amplified only for the bacteria F. nucleatum, A.
naeslundii and S. mutans. Note that A. naeslundii and S. mutans only amplified in four and one
samples of ancient dental calculus, respectively, while S. gordonii, which was well represented in
the ancient samples, and P. gingivalis did not amplify from the saliva of the researcher.

Table 3 Bacteria species identified from historic burials (Cementerio General) and archaeological samples: species
identified are indicated with crosses (¥)

Sample Collection/site A. naeslundii F. nucleatum P. gingivalis S. gordonii S. mutans

B0095 Cementerio General ¥ ¥ ¥ ¥
B0219 Cementerio General ¥ ¥
B0233 Cementerio General ¥ ¥ ¥
B0339 Cementerio General ¥ ¥
B0495 Pica-8 ¥ ¥
1819 Catarpe 2 ¥ ¥
1825 Catarpe 2 ¥ ¥
4025 Chono ¥ ¥ ¥ ¥
4033 Chono ¥
4093 Chono ¥ ¥ ¥ ¥
C27 Chono ¥ ¥ ¥
CH1 Chono ¥ ¥
CH3 Chono ¥ ¥ ¥
CH4 Chono ¥
RB02 Río Bote 1 ¥ ¥ ¥
IP11 Ayayema ¥ ¥
Total 4 (25%)* 14 (87.5%)* 9 (56.25%)* 12 (75%)* 1 (6.25%)*

The nucleotide sequences from this study are available in GenBank (accession numbers: JX398007–JX398072).

*The total number of amplicons by bacterium and their percentages were calculated on the basis of total number of samples with

amplificons (16).
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Our results are in line with a previous study that reported a high prevalence of F. nucleatum in
dental plaque (Handfield et al. 2008). A preliminary study allowed us to identify this bacterial
species in 39 samples (100%) from living individuals from Santiago (Chile), suggesting that
success in PCR amplification is affected by DNA degradation over time in archaeological
samples. However, diet and dental hygiene also probably affect the dental microbiome differen-
tially among human populations. Differences in bacterial morphotypes have been reported
among dental calculus samples from prehistoric populations, which have been explained as
resulting from different dietary patterns (Linossier et al. 1988, 1996).

Also in those studies, dental calculus from Atacameño populations (northern Chile) was
analysed, and showed a wide variation of bacteria at the morphological level and well-preserved
cell walls. Those samples have similar datings to those from Catarpe-2, Pica-8 and Tarapacá-40;
these three groups have been identified as farmers. However, in this study only three samples
from northern Chile gave positive results, suggesting that in spite of the morphological conser-
vation of the bacteria in this geographical area, ancient DNA from dental calculus is particularly
affected. As other studies have shown, ancient DNA from arid and dry areas, such as those of
northern Chile, are more susceptible to oxidative damage of ancient DNA, inhibiting the PCR
reaction and therefore reducing the success of DNA extraction and amplification (Poinar and
Stankiewicz 1999; Gilbert et al. 2003; Willerslev and Cooper 2004). The samples analysed in this
study were from different collections than those analysed by Linossier and collaborators, but both
sets of samples come from locations with similar environmental conditions.

Finally, 34 DNA sequences were obtained from four species of bacteria; three from A.
naeslundii, 13 from F. nucleatum, eight from P. gingivalis and 10 from S. gordonii. These
sequences were evaluated by using BLAST, confirming in all cases that they corresponded to
bacteria and the expected fragment. The three replicated samples from the Cementerio General
all yielded the same sequences, supporting the endogenous character of the amplified DNA.
Neither the negative extraction controls nor the PCR controls gave amplification signals.

There are few nucleotide differences between the sequences obtained from A. naeslundii, P.
gingivalis and S. gordonii and the published sequences, which suggests that the DNA fragments
analysed are very conservative. In the case of F. nucleatum, we observed double peaks in some
positions in the chromatograms, which is not surprising, since the co-infection of two strains of
F. nucleatum has previously been reported, using molecular identification of subspecies (Kim
et al. 2010). Also, the variable sites identified (double peaks) have been reported in published
sequences in genomic databases (Han et al. 2005). Considering the above information and the
fact that the amplification by PCR was performed in a multi-bacterial medium, it is unlikely that
contamination or oxidative damage can account for this variability. To resolve the variants of this
bacterium, the DNA fragments were cloned and subsequently sequenced. Two to four haplotypes
were found per amplicon (Fig. 1).

We compared 78 sequences of F. nucleatum (supporting information, sheet 1) corresponding
to seven published sequences (Han et al. 2005), 66 clones from the samples analysed in this study
and five from the saliva of C. de la F. Three of the sequences of the researcher had unique
mutations that were absent in the studied samples, while two were similar to published strains.
Both the supplementary data table and the dendrogram constructed from it (see supporting
information, sheet 1 and Fig. 2) show two principal groups: a first group composed mainly of
clones from the Cementerio General and published strains; and a second group with a diverse
composition, including published strains and clones of differing origins, including clones from
both northern and southern Chile (Chono, Ayayema) and Argentina (Río Bote). Also, within the
second group there were two clades composed exclusively of clones of the same sample, CH1
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and CH3, respectively. The marked differentiation of CH1 is explained by the high frequency of
G>A changes (10 sites) observed in all clones, which is consistent with post mortem oxidative
deamination of guanine or cytosines in the complementary strand (the most common post mortem
DNA modification). By contrast, in CH3 the mutations observed were the C>T (sites 94, 108,
114, 179 and 181), T>C (sites 115 and 207), A>G (142) and G>A (102) transitions and one A>C
transversion (site 143). The C>T transitions could be explained by post mortem deamination,
except for those at sites 94 and 181, which could be original mutations. All other modifications
could possibly be chemical damage (Willerslev and Cooper 2004).

In the other sequences, the majority of the changes are not attributable to post mortem DNA
damage; their analysis supports the endogenous character of the bacterial DNA extracted.

As part of the controls for authenticity of the results, six samples were amplified with primers
for human mtDNA (two Catarpe, two Chono and two Cementerio General); four of these
amplified for fragments of hypervariable region 1 (one Catarpe, one Chono and two Cementerio
General) (supporting information, sheet 2). The samples from Catarpe and Chono had the specific
changes of subhaplogroup C1b (Tamm et al. 2007; Achilli et al. 2008), which is highly repre-
sented in South American Amerindian populations—the only difference was the presence of
transition 16311C in Catarpe (the sequence of C. de la F. shares the same transition in HVI with
this last sample). One of the samples from the Cementerio General belongs to a recently
described variant of the Amerindian haplogroup D1, characterized by the transition 16187T
(Bodner et al. 2012), while the other belongs to the macro-haplogroup R (T or J) of Indo-
European populations (Torroni et al. 2006), in this case probably supplied by the European
component of the mixed Chilean population. The presence of four different sequences consistent
with the population origins of the samples confirms the endogenous character of the amplified
DNAs, even though one of them is shared with C. de la F.

Figure 1 Chromatograms from a fragment of F. nucleatum fadA gen. (a) A sequence obtained directly from a sample of
dental calculus from the Cementerio General, showing four single nucleotide polymorphisms (SNPs) (indicated with
arrows) and, therefore, rendering 16 possible sequences. (b, c) Sequences obtained from the cloning of the DNA fragment
shown in (a), revealing that only two strains are responsible for the polymorphisms.
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CONCLUSIONS

At least two properties of bacteria from dental calculus may be suggested as potential contribu-
tions for studies of micro-evolutionary processes of human host populations. First, bacterial
genomes have shown high mutation rates associated with short generation times, rendering more
highly geographically structured populations than human populations (reviewed in Wirth et al.
2005; Nieberding and Olivieri 2007; Kitchen et al. 2008). In this case, the genes analysed in each
bacterial species were very conservative, but useful for standardizing the DNA extraction tech-
nique and identifying each bacterium. Second, bacterial DNA from dental calculus can easily
be obtained from differing archaeological contexts, avoiding massive destruction of dental and
osteological remains (Kawano et al. 1995). This study demonstrates that DNA from bacteria
associated with dental calculus is indeed a valuable source of genetic evidence, one that can
easily be obtained.

Our approach allowed us to amplify bacterial DNA from dental calculus from diverse geo-
graphical and chronological contexts, ranging from current to archaeological populations dated
around 4000 bp. We demonstrated that different bacterial species can easily be recovered from the
ancient context; however, F. nucleatum seems to be more abundant, therefore being a more
reliable target for indirect reconstruction of human micro-evolutionary processes. Additional
analysis of the genetic variability of this species should be undertaken, in order to detect genomic
regions rendering enough genetic and phylogenetic signals to be used as indirect markers.
Especially in this species, we observed the simultaneous presence of two or more variants in the
same individual, something that should be studied in greater depth in order to characterize these
strains or variants, and to evaluate their variability at three levels; intra-individual, intra-
population and among populations.

Genomic analysis of bacteria from dental calculus is a promising source of evidence for
palaeopathological and evolutionary studies, focused either on micro-organisms or human hosts.
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